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Abstract Wetlands are integral to the global carbon cycle, serving as both a source and a sink for organic
carbon. Their potential for carbon storage will likely change in the coming decades in response to higher
temperatures and variable precipitation patterns. We characterized the dissolved organic carbon (DOC) and
dissolved organic matter (DOM) composition from 12 different wetland sites across the USA spanning gradients
in climate, landcover, sampling depth, and hydroperiod for comparison to DOM in other inland waters. Using
absorption spectroscopy, parallel factor analysis modeling, and ultra‐high resolution mass spectroscopy, we
identified differences in DOM sourcing and processing by geographic site. Wetland DOM composition was
driven primarily by differences in landcover where forested sites contained greater aromatic and oxygenated
DOM content compared to grassland/herbaceous sites which were more aliphatic and enriched in N and S
molecular formulae. Furthermore, surface and porewater DOM was also influenced by properties such as soil
type, organicmatter content, and precipitation. Surfacewater DOMwas relatively enriched in oxygenated higher
molecular weight formulae representing HUPHigh O/C compounds than porewaters, whose DOM composition
suggests abiotic sulfurization from dissolved inorganic sulfide. Finally, we identified a group of persistent
molecular formulae (3,489) present across all sites and sampling depths (i.e., the signature of wetlandDOM) that
are likely important for riverine‐to‐coastal DOM transport. As anthropogenic disturbances continue to impact
temperate wetlands, this study highlights drivers of DOM composition fundamental for understanding how
wetland organic carbon will change, and thus its role in biogeochemical cycling.

Plain Language Summary Dissolved organic matter (DOM) is often the most reactive form of
organic carbon in wetlands, but its molecular characteristics and distribution are not well defined across
different wetland types. We characterized DOM and analyzed dissolved organic carbon (DOC) concentrations
across 12 temperate USA wetlands during wet and dry seasons from both surface‐ and porewaters. Wetland
DOM primarily originates from the landscapes with greater DOC concentrations than similar inland waters such
as lakes and rivers. DOM composition differs mostly by geographic site, suggesting that forested wetlands
contain more aromatic DOM compounds from vegetation and soil than grassland/herbaceous wetlands, which
contain DOM that is more processed. DOM composition between surface and porewaters is influenced by local
ecological properties such as soil content and precipitation, with porewater compositions heavily impacted by
mineral interactions. Finally, we identified commonmolecular signatures across all wetlands that have also been
found in the largest arctic rivers, highlighting the role of wetlands as potential organic carbon sources to rivers
and coastal systems. As precipitation and temperature patterns continue to change across temperate regions, the
balance between different carbon pools will likely respond, particularly between the distribution and
composition of wetland surface and porewater organic matter.
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1. Introduction
Wetlands occupy only 4%–8% of Earth's land surface, but store 20%–30% (∼2,500 Pg) of the world's total soil
carbon (C) within the first meter (Lal, 2008; Mitra et al., 2005). Wetlands provide important ecosystem functions
for water quality management, wildlife refuge, flood control, and atmospheric C cycling (Ballard et al., 2013;
Kolka et al., 2018; Mitra et al., 2005). Due to their frequent inundation and high productivity, wetland soils often
experience prolonged anoxic conditions leading to anaerobic C respiration via alternate terminal electron ac-
ceptors, such as sulfate, and ultimately methanogenesis (Bridgham et al., 2013; D'Angelo & Reddy, 1999; Pester
et al., 2012). Wetlands represent the largest natural source of atmospheric methane (CH4) globally emitting
between 101 and 179 Tg C yr− 1 (Bridgham et al., 2013; Saunois et al., 2020). A significant portion (∼45 Tg C) of
these CH4 emissions occur across North American wetlands; however, their extent varies spatially with differ-
ences in soil type (mineral vs. organic) and vegetation cover (forested vs. non‐forested; Kolka et al., 2018). In
contrast, wetlands also have great potential for C storage in vegetation and soil, making their role as a C sink or
source highly variable by region. For instance, North American wetlands store around 161–220 Pg C, with
wetlands soils from the conterminous USA storing between 12 and 20 Pg C between various physiographic
regions (Bridgham et al., 2006; Kolka et al., 2018; Nahlik & Fennessy, 2016). Due to the increased rate of
anthropogenic greenhouse gas emissions and the high radiative forcing of CH4, many wetlands do not currently
sequester enough carbon dioxide (CO2) to offset their CH4 emissions, but over time somemay become net C sinks
(Bridgham et al., 2006; Mitsch et al., 2013). Therefore, understanding the composition and transfer between
different wetland C pools will become increasingly important as inundation patterns change (Ballard et al., 2013;
Easterling et al., 2017; Knapp et al., 2008) and anthropogenic land conversion mobilizes large stocks of soil C
(Sanderman et al., 2017). Both of which are likely to expose wetland soils and increase CO2 fluxes from
weathering and decomposition (Bridgham et al., 2006; Kolka et al., 2018; Nahlik & Fennessy, 2016).

In addition to greenhouse gases, organic C is also an important component of wetland C cycling, potentially as
both a C source and sink (Cole et al., 2007; Drake et al., 2018; Tranvik et al., 2009). Dissolved organic carbon
(DOC), the commonly quantified subset of dissolved organic matter (DOM), can be laterally transferred across
aquatic ecosystems via fluvial systems and serve as a common substrate for heterotrophic respiration, cycling
terrestrial C back into the atmosphere (Battin et al., 2009; Tranvik et al., 2009; Zarnetske et al., 2018), or per-
sisting in aquatic systems for extended periods depending on its intrinsic chemical properties and environmental
constraints (Boye et al., 2017; Kellerman et al., 2018; Zark & Dittmar et al., 2018). Aquatic DOM represents a
mixture of organic molecules from both terrestrial and internally produced sources and contains distinct chemical
features that contribute to its function in aquatic ecosystems (Hansen et al., 2016; Kellerman et al., 2018; Rossel
et al., 2013). For instance, DOM originating from fresh vegetation and algal biomass is considered highly bio-
labile on short timescales, while DOM that is more aromatic or has undergone extensive processing is typically
less biolabile and respired over longer time scales (Guillemette et al., 2013; Hansen et al., 2016; Hensgens
et al., 2021). In contrast, highly aromatic DOM is susceptible to photomineralization, which may degrade larger
aromatic structures and produce smaller, more aliphatic molecules (Helms et al., 2008; Osburn et al., 2011).
Furthermore, DOC concentrations and DOM composition in aquatic systems are heterogeneous and dependent on
several external factors such as hydrology (Hanley et al., 2013; Zarnetske et al., 2018), climate and geo-
morphology (Hertkorn et al., 2016; Sobek et al., 2007), and landcover (Mann et al., 2014; Vaughn et al., 2021).

Due to the complexity of DOM mixtures, several analytical techniques are commonly utilized to identify and
characterize specific components (e.g., D’Andrilli et al., 2022). Absorption spectroscopy has been used to identify
and quantify bulk aromaticity in chromophoric dissolved organic matter (CDOM; Hansen et al., 2016; Helms
et al., 2008; Weishaar et al., 2003), while fluorescence spectroscopy has been used to detect organic fluorophores
within CDOM as well as quantify bulk properties using fluorescence‐based indices (Fellman et al., 2010; Hansen
et al., 2016; McKnight et al., 2001). Additionally, molecular‐level DOM analysis has been conducted using
Fourier‐transform ion cyclotron resonance mass spectrometry (FT‐ICR MS) to resolve mass differences between
tens of thousands of individualmolecular DOM formulae (Smith et al., 2018). FT‐ICRMS analysis has been useful
for identifying molecular degradation pathways (Kurek et al., 2020; Zark & Dittmar et al., 2018), characterizing
non‐chromophoric DOMcomponents (Hertkorn et al., 2016; Kellerman et al., 2018), and quantifying bulk organic
N and S (Kurek et al., 2020; Poulin et al., 2017). A combined approach utilizing bulk‐ and molecular‐level
analytical techniques has been useful in characterizing pools of organic C across boreal lakes (Johnston
et al., 2020; Kurek et al., 2023), various soil types (O’Donnell et al., 2016; Ohno et al., 2014; Seifert et al., 2016),
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rivers (Behnke et al., 2021; Jaffé et al., 2012), and can be utilized to compare DOM components across various
wetlands.

Previous wetland DOM comparative studies have focused on systems from subtropical‐tropical areas (e.g.,
Hertkorn et al., 2016; Mann et al., 2014; Poulin et al., 2017) or on the terrestrial fringes of hydrologically
connected boreal lakes (e.g., Johnston et al., 2020; Kurek et al., 2023), but few, if any, have investigated across
extensive temperature and precipitation regions of the USA. These regions, such as the Prairie Potholes (Dalcin
Martins et al., 2017; Osburn et al., 2011; Sleighter et al., 2014), and the perhumid coastal temperate rainforest of
southeast Alaska (D’Amore et al., 2015; Fellman et al., 2009, 2017), are important sources of terrestrial C, but
their DOM composition has not been characterized in the context of other regional wetland sites. Furthermore,
some past studies have characterized the DOM composition across broad regions from North American head-
waters (Jaffé et al., 2008, 2012; Spencer et al., 2012), but largely omit the influence of wetlands, which are
important contributors to lateral DOC and CDOM export (Hanley et al., 2013; Majidzadeh et al., 2017; Spencer
et al., 2013; Zarnetske et al., 2018). Given the potential of wetlands to transfer large C pools, we present a novel
assessment of DOC and DOM composition across a large climatic gradient of USAwetland sites, between surface
waters, porewaters, and spanning wet, dry, and neutral hydroperiods.

The objectives of this study were: (a) to characterize DOC concentrations and DOM composition across various
USA wetlands and to compare them to other well‐studied wetlands (e.g., tropical‐subtropical, boreal) as well as
major riverine and lacustrine systems. (b) Compare differences in DOM composition between the different
wetland sites within the context of geochemistry, hydrology, and landscape coverage. (c) Investigate differences
between the vertical distributions of wetland DOM composition (surface vs. porewaters). As wetlands respond to
changes in precipitation and temperature, their organic matter composition will likely also change, making this
large‐scale study important for future work investigating how anthropogenic climate and land use changes will
affect wetland C cycling.

2. Materials and Methods
2.1. Study Sites and Field Sampling

Water samples (n = 66; Table S1) were collected from 12 wetland sites spanning various geographic regions of
the United States (Figure 1; Table 1) at different hydrologic periods and depths from 2019 to 2021. Sampling
locations were categorized based on National Wetlands Inventory classes (NWI; USFWS, 2021), land cover
(NLCD; Dewitz & US Geological Survey, 2019), and dominant soil order (USDA STATSGO, 1994). Soil
percent organic matter (OM) and top layer contents were obtained from the USDA Web Soil Survey (USDA‐
NRCS, 2019). Individual samples were grouped into local “wet,” “dry,” and “neutral” hydroperiods based on the
Standardized Precipitation Index (SPI) calculated over the month prior to the sampling date (see Text S1 and
Table S2 in Supporting Information S1; Table S1).

Water quality parameters including pH and specific conductivity (SpC) were measured using hand‐held probes in
the field. Samples were collected from standing surface water (surface water samples, n= 36) and soil porewaters
(porewater samples, n = 30) 15 cm below the soil surface by drawing water through a perforated stainless steel
rod under negative pressure. Both surface and porewater samples were filtered in the field through precombusted
(450°C, >4 hr) 0.7 μm GF/F filters into acid‐rinsed high‐density polyethylene (HDPE) bottles. Two 15 mL al-
iquots were subsampled into separate bottles for Fe and dissolved sulfide analysis (see supplemental methods).
Dissolved sulfide was preserved by adding 10% Zn acetate into the sample containers. Filtered samples were kept
cold (4°C) and stored in the dark during transport and then frozen (− 20°C) until analysis. Porewaters from the
Florida Everglades were sampled slightly differently using a Teflon sipper and sulfide was measured by ion‐
selective electrodes (Tate et al., 2023).

2.2. DOC and Optical Analysis

Filtered water samples from wetlands were acidified (HCl, pH 2) and the DOC concentration was measured on a
Shimadzu TOC‐L CPH high temperature catalytic oxidation total organic carbon analyzer (Shimadzu Corp.,
Kyoto, Japan). Samples were sparged with air and DOC was quantified with a 5‐point calibration curve following
an established methodology (e.g., Kurek et al., 2020).
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UV‐vis absorbance spectra were measured at room temperature in a 1‐cm quartz cuvette with a Horiba Sci-
entific Aqualog (Horiba Ltd., Kyoto, Japan) at wavelengths of 230–800 nm. CDOM was determined as the
Napierian absorption coefficient at 350 nm (a350; m

− 1). Spectral slopes have been related to aromaticity and
molecular weight and were calculated from 275 to 295 (S275‐295; nm

− 1) and 350–400 nm (S350‐400; nm
− 1); the

spectral slope ratio (SR) was determined by dividing S275‐295 by S350‐400 (Helms et al., 2008). The ratio of
absorbance at 250 and 365 nm (a250:a365), which is inversely proportional to aromaticity and molecular weight,
was determined from absorbance spectra at 250 and 365 nm, respectively (Peuravuori & Pihlaja, 1997).
Specific UV absorbance at 254 nm (SUVA254; L mg C − 1 m− 1) was related to CDOM content and was
calculated by dividing the decadic absorption coefficient at 254 nm by the DOC concentration (mg L− 1;
Weishaar et al., 2003).

Excitation‐Emission matrices (EEMs) fluorescence spectra were also measured at room temperature in a 1‐cm
quartz cuvette using a Horiba Scientific Aqualog (Horiba Ltd., Kyoto, Japan). EEMs were collected at excitation
wavelengths of 250–500 nm and emission wavelengths of 300–600 nm with 5 and 2 nm intervals, respectively, at
integration times ranging from 0.2 to 10s. EEMs were corrected for lamp intensity (Cory et al., 2010), inner filter
effects (Kothawala et al., 2013), and normalized to Raman units (Stedmon et al., 2003). Parallel factor analysis
(PARAFAC) was modeled with 66 individual EEMs and validated using core consistency diagnostics and split‐
half validation (Murphy et al., 2013), producing a 5‐component model that explained 99.82% of the variance. The
model was compared to previously identified components using an online library (www.openfluor.org; Murphy
et al., 2013). Finally, the fluorescence index (FI), which describes terrestrial and microbial contributions to DOM
composition, was calculated from the emission intensity at 470 and 520 nm at excitation 370 nm (Cory &
McKnight, 2005; McKnight et al., 2001).

Figure 1. Amap of the wetland sampling sites (black points, letters) and state names (white text) is described in Table 1. The
base map is colored according to geographic relief with low relief denoted by green and increasing relief from yellow, brown,
and white.
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2.3. Solid Phase Extraction (SPE) and FT‐ICR MS

Filtered water samples were acidified (HCl, pH 2) and extracted with Bond‐Elut PPL columns (Agilent Tech-
nologies Inc., Santa Clara, CA) following established procedures (Dittmar et al., 2008). Columns were prepared
by soaking with methanol (>4 hr), rinsing with methanol, and rinsing twice with Milli‐Q water (pH 2).
Approximately 50 μg C was isolated onto 100 mg 3 mL bed volume PPL columns (assuming at least 65% re-
covery), eluted with 1 mL methanol into precombusted (550°C, >4 hr) glass vials, and stored at − 20°C until
analysis. DOC recovery was assessed on several wetlands with duplicate extractions. Methanol extracts were
collected in 40 mL glass vials and the methanol was evaporated by gently drying (50°C, overnight). The organic
residue was redissolved in Milli‐Q water (pH 2) and the DOC concentrations were measured using methods
described in Section 2.2.

Methanolic extracts were analyzed on a custom‐built hybrid linear ion trap ultra‐high resolution FT‐ICR mass
spectrometer equipped with a 21T superconducting solenoid magnet at the National High Magnetic Field Lab-
oratory (Tallahassee, FL; Hendrickson et al., 2015). Negatively charged ions from DOM were produced via
electrospray ionization (ESI) at a flow rate of 500 nL min− 1 conditionally co‐added to yield 100 individual time‐
domain transients of 3.1 s each. Mass spectra were phase‐corrected (Xian et al., 2010) and peaks were internally
calibrated based on highly abundant O‐containing series using a “walking” calibration (Savory et al., 2011) as
described previously (e.g., Kurek et al., 2020). Further details regarding FT‐ICRMSmethodology are provided in
the supplemental methods.

Mass spectral peaks (>6σ root‐mean‐square (RMS) baseline noise) were exported to a peak list and
processed using PetroOrg © (Corilo, 2014). Molecular formulae were assigned to ions constrained by C4‐75

H4‐150O1‐30N0‐4S0‐2 not exceeding 300 ppb error (e.g., Kurek et al., 2022). For all spectra, between 12,000
and 26,000 species were assigned elemental compositions with RMS error between 70 and 90 ppb and
achieved resolving power >2,000,000 at m/z 400. Molecular formula properties, including the modified
aromaticity index (AImod) and nominal carbon oxidation state (NOSC), were calculated according to Koch
and Dittmar (2006, 2016) and Boye et al. (2017), respectively. Mass‐weighted stoichiometric ratios were
averaged (H/C, O/C, N/C, S/C) and formulae were also grouped based on the percent relative abundance of
their heteroatoms (CHO, CHON, CHOS, and CHONS). Molecular formulae were grouped into compounds
based on Šantl‐Temkiv et al. (2013) including condensed aromatics (CA; 0.67 < AImod), polyphenolics (PPh;
0.50 < AImod < 0.67), highly unsaturated and phenolic low O/C (HUPLow O/C; AImod < 0.50, H/C < 1.5, O/
C < 0.5), highly unsaturated and phenolic high O/C (HUPHigh O/C; AImod < 0.50, H/C < 1.5, 0.5 > O/C),
and aliphatic (Ali; 1.5 < H/C), and the percent relative abundance of each class was summed.

2.4. Statistical Analysis

Data analysis including linear regression analysis and hypothesis testing (α = 0.05 significance level) was per-
formed in R (R Core Team, 2020) and visualized using the ggplot2 package (Wickham, 2016). A Principal
Component Analysis (PCA) of the wetland sites according to their DOC and DOM properties was conducted with
the factoextra package in R (Kassambara & Mundt, 2017). PARAFAC modeling was conducted in MATLAB
using packages from Murphy et al. (2013).

3. Results
3.1. DOC Concentrations, Optical Parameters, and Geochemical Properties

DOC concentration and optical DOM properties spanned several orders of magnitude across the wetland sites,
with no consistent differences between porewater and surface water or hydroperiod (Figure 2a). Most sites had
DOC concentrations between 10 and 100 mg L− 1, while sites E and J had concentrations >100 mg L− 1, and a
porewater sample from the Prairie Potholes (I) had a concentration of 4,930 mg L− 1 (Figure 2a). CDOM
absorbance at 350 nm (a350) was between 10 and 100 m

− 1 in most samples while CDOM absorbance from sites E,
I, and J was >100 m− 1 (Figure 2b). S275‐295 ranged from 0.012 to 0.024 nm− 1 at most sites but were consistently
lower (0.012–0.015 nm− 1) in sites E, K, and L (Figure 2c). Other spectral slope parameters (S350‐400, SR) and
absorbance ratios (a250:a365) had similar trends to S275‐295 (Table S1). Finally, SUVA254 values were between 1
and 4 L mg C − 1 m− 1 at most sites but notably higher at sites E, K, and L (Figure 2d).
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Similarly, SpC varied by several orders of magnitude with most sites between 100 and 1,000 μS cm− 1, while sites
C, D, I, and J had SpC >1,000 μS cm− 1 (Figure S1a in Supporting Information S1). Wetland pH was circum-
neutral with most sites between 7 and 8 while sites E, K, and L were slightly acidic (4–6; Figure S1b in Supporting
Information S1). Dissolved sulfide was significantly higher in porewater samples and nearly undetectable in
surface waters (mean surface: 0.2 mg L− 1, mean porewater: 2.3 mg L− 1, p < 0.05), while Fe only varied slightly
between depths (mean surface: 0.4, mean porewater: 1.0 mg L− 1, p = 0.053; Figures S1c and S1d in Supporting
Information S1).

Wetland DOC concentrations were notably higher than in various North American headwaters (0.5–30 mg L− 1;
Jaffé et al., 2008) river systems (1–46 mg L− 1; Hanley et al., 2013; Spencer et al., 2012) as well as subtropical
wetlands (6.6–28.6 mg L− 1; Hertkorn et al., 2016; Poulin et al., 2017). In contrast, DOC concentrations were
comparable to concentrations from forested North American boreal lakes (10–80 mg L− 1; Kurek et al., 2023).
Optical aromaticity was similar to North American rivers in terms of S275‐295 (0.012–0.023 nm− 1; Spencer
et al., 2012) but overall lower than in North American arctic‐boreal lakes (0.012–0.030 nm− 1; Kurek et al., 2023).
SUVA254 was similar to North American rivers (1.3–4.7 L mg C − 1 m− 1; Hanley et al., 2013; Spencer et al., 2012)
and subtropical wetlands (2.7–5.1 L mg C − 1 m− 1; Hertkorn et al., 2016) but slightly higher than in North
American arctic‐boreal lakes (0.5–4.0 L mg C − 1 m− 1; Kurek et al., 2023).

3.2. SPE Recovery

SPE‐DOC recoveries were assessed on a subset of wetland samples representative of the entire data set (ND1,
FL4, AK1; Table S1). The average DOC recovery was 64.2 ± 4.6% for the three sites (ND1: 61.2 ± 0.7%, FL4:
67.5 ± 5.9%, AK1: 64.0 ± 5.7%) and comparable to recoveries measured from North American arctic‐boreal
lakes (52%–62%; Kurek et al., 2023) and riverine/coastal DOM (62%–65%; Dittmar et al., 2008). The high
DOC recovery from these wetland sites suggests that the majority of DOM was extracted in PPL and could be

Figure 2. Boxplots of (a) Dissolved organic carbon, (b) CDOM absorbance (a350), (c) S275‐295, and (d) SUVA254 for wetland samples ordered by site. Colors indicate
surface water samples (green) and porewater (brown). Sites are ordered along a latitudinal gradient from the southernmost sites (FL‐EV, A) to the northernmost site
(AK, L).
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represented in the FT‐ICR MS spectra. Although approximately 30%–40% of DOC was not retained via PPL,
SPE‐DOM has been shown to be highly comparable across studies and proportional to bulk DOM optical and
isotopic properties across diverse aquatic ecosystems (e.g., Kellerman et al., 2018; Kurek et al., 2023).

3.3. FT‐ICR MS Properties

Heteroatom composition differed across wetland sites (Figure 3) with no consistent trends between surface water
and porewater nor with hydroperiod. The greatest relative abundance included CHO‐containing formulae (45%–
90%, mean = 77.3%; Figure 3a), followed by CHON‐containing formulae (5%–25%, mean = 15.6%; Figure 3b),
CHOS‐containing formulae (2%–25%, mean = 10.2%; Figure 3c), and CHONS‐containing formulae having the
lowest relative abundance (0%–6%, mean = 1.7%; Figure 3d). Sites K and L were the most relatively depleted in
heteroatoms (Figure 3a), while sites A, H, I, and J were the most relatively enriched in N and S formulae
(Figures 3b–3d).

Similarly, the relative abundance of molecular compound classes did not follow consistent trends between surface
water and porewater nor between hydroperiod. Instead, inferred compound classes varied by wetland site
(Figure 4). HUPHigh O/C formulae had the greatest relative abundance (35%–65%, mean = 52.7%; Figure 4b),
followed by HUPLow O/C formulae (25%–40%, mean = 27.0%; Figure 4c), CA + PPh formulae (5%–25%,
mean = 14.5%; Figure 4a), and aliphatic formulae having the lowest relative abundance (2%–14%, mean = 5.9%;
Figure 4d). Sites E, K, and L were enriched in aromatic and HUPHigh O/C formulae (Figures 4a and 4b) and had a
lower relative abundance of aliphatic and HUPLow O/C formulae (Figures 4c and 4d). Furthermore, these sites had
fewer assigned molecular formulae (Figure S2a in Supporting Information S1), which had greater average mo-
lecular weights (Figure S2b in Supporting Information S1), aromaticity (Figures S2c and S2e in Supporting
Information S1), and oxygenation (Figures S2d and S2f in Supporting Information S1).

Figure 3. Boxplots of FT‐ICR MS properties including the relative abundance (%) of formulae that are: (a) CHO‐containing, (b) CHON‐containing, (c) CHOS‐
containing, and (d) CHONS‐containing for wetland samples ordered by site. Colors indicate surface water samples (green) and porewater (brown). Sites are ordered
along a latitudinal gradient from the southernmost sites (FL‐EV, A) to the northernmost site (AK, L).
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Heteroatom distributions in wetland samples were similar to North American arctic‐boreal lakes (Kurek
et al., 2023) and temperate coastal Chinese wetlands (Lu et al., 2020) but had a lower relative abundance of
CHON than subtropical wetlands (20%–35%; Hertkorn et al., 2016). Wetland samples from this study were also
more aromatic, as evident from the greater relative abundance of CA + PPh formulae (6%–26%) compared to
arctic‐boreal lakes (5%–15%; Kurek et al., 2023) and temperate coastal Chinese wetlands (1%–5%; Lu
et al., 2020). Finally, molecular aliphaticity in wetlands from this study were slightly higher than in subtropical
wetlands (H/C: 1–1.1; Hertkorn et al., 2016; Figure S2c in Supporting Information S1), while oxygenation was
comparable between the studies (O/C: 0.46–0.56; Hertkorn et al., 2016; Figure S2d in Supporting
Information S1).

3.4. Molecular‐Level Signatures

Molecular formulae that were common across all samples (denoted as wetlandCommon) including each geographic
state and water depth were identified and their average atomic stoichiometries were calculated (Figure 5; Table S3
in Supporting Information S1). We identified 3,489 unique peaks common across all 66 wetland mass spectra
consisting of CHO‐, CHON‐, and CHOS‐containing formulae (Figure 5a). These formulae were then compared to
formulae from the Core Arctic Riverine Fingerprint (CARF), which is a group of 1,328 individual formulae
identified in the six largest arctic rivers across various years and hydroperiods and is thought to represent a stable
source of organic C to marine systems (Behnke et al., 2021). From this subset, we found 1,255 CARF formulae
(∼95%) common in all wetland samples, including surface water and porewater, which were slightly more
saturated (higher H/C) than the wetlandCommon formulae (Figure 5b).

Next, using the wetlandCommon formulae, we identified peaks that had consistently greater mean normalized
abundances in surface water samples and porewater samples, respectively. Peaks that were more abundant in
surface water samples (n = 1,588) were more oxygenated (higher O/C; Figure 5c) and had mass distributions

Figure 4. Boxplots of FT‐ICRMS properties including the relative abundance (%) of formulae that are: (a) condensed aromatic and polyphenolic (CA+ PPh), (b) highly
unsaturated and polyphenolic high O/C (HUPHigh O/C), (c) highly unsaturated and polyphenolic low O/C (HUPLow O/C), and (d) Aliphatics for wetland samples ordered
by site. Colors indicate surface water samples (green) and porewater (brown). Sites are ordered along a latitudinal gradient from the southernmost sites (FL‐EV, A) to
the northernmost site (AK, L).
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skewed to lower mass (m/z < 400) as well as tail extending to higher masses (700 < m/z < 800; Figure 5e). In
contrast, peaks which were more abundant in porewaters (n = 1,901) had less oxygenation similar to HUPLow O/C

formulae and greater CHOS content (Figure 5d) with a more Gaussian mass distribution centered around m/
z = 400 (Figure 5e).

3.5. PARAFAC Modeling

PARAFAC analysis of the wetland sites yielded a five‐component model (Figure S3 in Supporting Informa-
tion S1), which was validated through split‐half analysis (Figure S4 in Supporting Information S1). The five
components (C1–C5) were compared with other DOM fluorophores using the online library OpenFluor based on
their greatest percent similarity (Murphy et al., 2013). C1 (Ex240,340, Em442) was similar to terrestrial fluorophores
in treated wastewater (Moona et al., 2021), “humic‐like” fluorophores in sea ice (Stedmon et al., 2007), and
correlated positively with parameters linked to aromatic DOM (Table S4 in Supporting Information S1). C2
(Ex270,385, Em504) was similar to terrestrial fluorophores from surface waters (Wünsch et al., 2017), treated
wastewater (Moona et al., 2021), and also correlated positively with parameters linked to aromatic DOM (Table
S3 in Supporting Information S1). C3 (Ex240,310, Em395) was similar to “fulvic‐like” fluorophores from aqua-
culture DOM (Gullian‐Klanian et al., 2021), recently processed terrestrial fluorophores (Moona et al., 2021), and

Figure 5. van Krevelen diagrams of molecular formulae (a) found in all samples, (b) found in all samples that are also found
in the Core Arctic Riverine Fingerprint (CARF; Behnke et al., 2021), (c) more abundant in surface water spectra than in
porewater spectra, and (d) more abundant in porewater spectra than surface water spectra. Points are colored according to
their heteroatomic composition (CHO‐containing, blue; CHON‐containing, orange; CHOS‐containing, green). (e) mass
spectra of peaks with a greater mean normalized abundance in surface water samples (positive peaks, green) and peaks with a
greater mean normalized abundance in porewater samples (negative peaks, brown).
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correlated positively with aliphaticity and heteroatom‐content (Table S4 in Supporting Information S1). C4
(Ex250, Em450) was similar to “humic‐like” fluorophores in DOM from lake ice (Imbeau et al., 2021), fluo-
rophores from tropical peatlands (Zhou et al., 2019), and correlated positively with DOC and heteroatom‐content
(Table S3 in Supporting Information S1). Finally, C5 (Ex275, Em325) was similar to protein‐like fluorophores
from wetlands (Yamashita et al., 2010), streams (Graeber et al., 2021), and correlated positively with aliphaticity
and %CHON (Table S4 in Supporting Information S1).

3.6. FDOM Composition

FDOM composition varied mostly by wetland site, with the exception of FI, which was significantly higher in
porewaters than surface waters (mean surface = 1.54, mean pore = 1.62, p < 0.05; Figure 6a). Wetland FI values
were similar to DOM from various North American headwaters (1.1–1.8; Jaffé et al., 2008) and North American
arctic‐boreal lakes (1.3–1.7; Kurek et al., 2023), but higher than in subtropical wetlands (1.3–1.4; Hertkorn
et al., 2016). C1 was on average the dominant component ranging from 25% to 45% (mean = 33.4%; Figure 6b),
followed by C3 (20%–35%, mean = 26.6%; Figure 6d), C2 (10%–30%, mean = 18.5%; Figure 6c), C4 (5%–20%,
mean= 14.3%; Figure 6e), and C5 with the lowest proportion (1%–12%, mean= 7.2%; Figure 6f). FI was notably

Figure 6. Boxplots of FDOM properties including: (a) Fluorescence Index, (b) %C1, (c) %C2, (d) %C3, (e) %C4, and (f) %C5 for wetland samples ordered by site. Colors
indicate surface water samples (green) and porewater (brown). Sites are ordered along a latitudinal gradient from the southernmost sites (FL‐EV, A) to the northernmost
site (AK, L).
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lower and terrestrial fluorophores were higher at sites E, K, and L, while
protein‐like fluorophores were higher in sites F and H (Figure 6). There were
no consistent trends between FDOM composition and hydroperiod.

4. Discussion
4.1. Properties of Wetland DOM

This study encompasses a continental range of wetland DOM properties
including DOC, optical properties (absorbance, fluorescence), and molecular
composition (FT‐ICR MS analysis) revealing differences in DOM cycling
between wetlands and other inland aquatic systems. DOC concentrations and
DOM composition were distinct to each sampling site and varied over the
course of the sampling year (hydroperiods) and by depth (surface water vs.
porewater) by geographic differences in soil properties, vegetation, and
precipitation.

These comparisons highlight that wetlands contain some of the highest DOC
concentrations compared to other inland aquatic systems and incorporate
terrestrial DOM from the surrounding landscape, much like North American
rivers and several tropical‐subtropical wetlands (e.g., Hertkorn et al., 2016;
Spencer et al., 2012). Strong coupling of DOC to terrestrial DOM is supported
by the positive correlation of DOC with a350 (Figure 7), which is similar to
North American (Spencer et al., 2012) and central African rivers (Lambert
et al., 2015). Despite their similarities, these temperate USA wetlands differ
from the subtropical‐tropical wetlands in their higher FI values (Hertkorn
et al., 2016; Mann et al., 2014), suggesting differences in microbial and

aquatic DOM sourcing (Fellman et al., 2010; Hansen et al., 2016; McKnight et al., 2001). Most temperate
wetlands from this study likely undergo cycles of inundation and drying, where terrestrial DOM (low FI values)
accumulates during periods of high precipitation and is subsequently degraded and mixed with internally pro-
duced DOM (high FI values) during receding water. This is further supported by the positive correlation of FI with
%C3 (r2= 0.53, p < 0.001) suggesting higher FI is related to processed and reworked aromatic DOM. In contrast,
large tropical wetlands, such as the Amazon and Congo, are permanently inundated and connected to river
systems with little changes to the water level (Prigent et al., 2007). In these wetlands, as well as southeast Alaska
(sites K and L), terrestrial DOM is constantly supplied from surrounding vegetation and flushed into connected
fluvial systems, resulting in highly aromatic DOM with low FI values and limited mixing with internally pro-
duced DOM sources.

Across all wetland sites and hydroperiods, we identified a set of highly abundant molecular formulae in each
sample, wetlandCommon, across both porewater and surface waters (Figure 5a; Table S3 in Supporting Informa-
tion S1). This group includes a network of oxygenated CHON‐containing formulae (O/C: 0.4–0.8) that has been
identified across several tropical‐subtropical wetlands, as well as a cluster of saturated CHOS‐containing
formulae (H/C: 0.9–1.6) more prevalent in the Florida Everglades (Hertkorn et al., 2016; Poulin et al., 2017).
The diversity of these persistent N and S‐containing formulae across all the wetlands suggests a commonality of
degradation processes during DOM transport, despite the differences in terrestrial and aquatic sourcing between
sites and sampling depths (e.g., Hensgens et al., 2021; Rossel et al., 2013). Furthermore, the PPL‐extractable
fraction mostly represents nonpolar to polar hydrophobic acids and omits lower molecular weight and hydro-
philic species, which are typically more saturated (Li et al., 2017; Raeke et al., 2016). This likely means that
wetland DOM is far more diverse across sites and between sampling depths, and the utilization of complimentary
isolation procedures may reveal additional differences in DOM composition such as sourcing and inferred bio-
lability. Regardless, DOM parameters from the PPL‐fraction are proportional to bulk properties (Table S4 in
Supporting Information S1) and represent high molecular‐level commonality across other studies.

Such commonality is consistent with findings from other broad scale DOM studies of inland waters (e.g., Behnke
et al., 2021; Jaffé et al., 2012). For instance, within the wetlandCommon formulae, we find over 95% of the CARF
formulae from the six largest Arctic rivers, which are exported to marine systems (Behnke et al., 2021; Figure 5b).
The high commonality of the CARF formulae within these wetland samples provides further support for their

Figure 7. Relationship between dissolved organic carbon and chromophoric
dissolved organic matter absorbance at 350 nm (a350) across all wetland
sites. Samples are denoted by surface water (triangles) and porewater
(circles) and colored according to their geographic state and sampling site.
Dashed line represents the linear regression of all samples while the solid
line represents the linear regression of all samples except for ND. Shading
around the solid line describes the 95% confidence interval.
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stability and that wetlands connected to riverine systems could be an important C source for marine DOM.
However, these compositional trends differ slightly when compared to major tropical rivers with wetland in-
fluence (e.g., Amazon, Congo River). WetlandCommon formulae were in similar mass ranges to molecular
formulae found in both the Amazon and Congo River, but wetlandCommon CHO and CHON‐containing formulae
had higher average O/C ratios, possibly reflecting differences in tropical soil organic matter and processing during
transport in higher Strahler order rivers (Figure 5a; Kurek et al., 2022). Although we recognize that these mo-
lecular formulae likely represent thousands of individual isomers, DOM formulae from marine and freshwater
systems have been shown to share many structural features that represent common degradation mechanisms and
can be useful for identifying common pathways in aquatic DOM cycling (Zark & Dittmar, 2018).

4.2. Drivers and Sources of Wetland DOM Composition

A principal components analysis (PCA) was conducted to visualize trends in DOM composition and how they
relate to sites, wetland types, sampling depth and landcover (Figure 8). Two components (PC1 and PC2)
explained 77.8% of the variance between all the samples. PC1 (61.2%) correlated positively with S275‐295, FI, H/C,
%CHON, and %C3 and negatively with SUVA254, AImod, Mass, %CHO, %C1, and %C2 (Figure 8a). This
suggests that PC1 relates to aromaticity and processing where negative values (PC1 < 0) indicate greater
aromaticity and molecular stability from higher molecular‐weight terrestrial fluorophores, while positive values
(PC1 > 0) indicate input from more diverse non‐aromatic DOM sources as well as photochemical and microbial

Figure 8. Principal component analysis biplot (PC1 vs. PC2) of dissolved organic carbon (DOC) and dissolved organic matter (DOM) properties via absorbance,
fluorescence, and FT‐ICR MS analysis. (a) DOC and DOM variables are represented as solid vectors. Symbols are colored according to: (b) geographic and sampling
site, (c) NWI wetland category (USFWS, 2021), and (d) dominant land cover. Wetland samples are denoted by surface water (triangles) and porewater (circles). Note:
shapes with a color gradient represent significant influence of both corresponding categories.
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processing. In contrast, PC2 (16.6%) correlated positively with DOC, NOSC, O/C, %C4, and a350 and negatively
with %C5 (Figure 8a), suggesting that it was related to terrestrial bulk organic matter quantity. Positive values
(PC2 > 0) denote samples with greater DOC concentrations, which tend to originate from oxidized terrestrial
sources, while negative values (PC2 < 0) denote samples with lower DOC, which tend to be depleted in
terrestrial DOM but enriched in protein‐like fluorophores.

We did not observe any consistent trends with the DOM composition and hydroperiod in the principal component
space as there was extensive overlap on both axes between the wet, dry, and neutral hydroperiods (Figure S5 in
Supporting Information S1). Similarly, wetland samples did not separate by sampling depth and instead clustered
together mostly by sampling site, wetland type, and dominant landcover, which was illustrated by differences in
forested and emergent/herbaceous vegetation (Figure 8). The greatest separation was between two clusters of
sites along PC1: E, K, L (forested and pasture sites) and I, J, A (grassland and herbaceous sites; Figure 8). This
separation corresponds to a gradient of SpC and pH values where the two clusters represent opposite composi-
tional endmembers in PC1 as well as upper and lower ranges in SpC and pH values, resulting in a significant
inverse relationship between aromaticity with SpC and pH (Figure S6 in Supporting Information S1).

The samples with the lowest SpC and pH (sites E, K, L) represent forested and shrub‐dominated wetlands with
DOM that is highly aromatic, oxidized, and depleted in N, S‐content (Figure S6 in Supporting Information S1,
Figure 8c). Their composition was similar to DOM from leaf litter and forested riverine catchments, particularly
in their enrichment of condensed aromatic and polyphenolic formulae (15%–23%; Textor et al., 2018; Vaughn
et al., 2021). Furthermore, the Pocosin Lakes wetlands (E) are surrounded by a mixture of pastures, forests, and
rewetted peatlands, while sites from southeast Alaska (K, L) are also underlain by organic‐rich peat but sur-
rounded by evergreen forests (Figures 8d and Table 1). These were also similar to CDOM leached from organic
rich surface soils (Hansen et al., 2016; Seifert et al., 2016) as well as condensed aromatic and polyphenolic
formulae from forested soil organic matter (20%–30%; O’Donnell et al., 2016; Ohno et al., 2014). Their
compositional similarity to forested vegetation suggests that the forested wetland DOM is highly terrestrial and
originates from the landscape during periods of inundation (Fellman et al., 2009; Majidzadeh et al., 2017). As
these wetland sites had overall higher soil organic matter content and percent organic matter than the grassland
and herbaceous sites (Figure S7 in Supporting Information S1), it is likely that much of their aromatic DOM also
originated from hydrologically connected soils. Furthermore, while DOM from both sites is highly aromatic, site
E has higher DOC and bulk CDOM than the southeast Alaska sites (Figure 2), suggesting that anthropogenically
impacted wetlands could serve as a significant source of DOC to surrounding surface waters.

In contrast, sites I, J, and A had the highest SpC and pH, representing freshwater emergent wetlands/grasslands
with more aliphatic DOM, microbial fluorophores, and N,S‐content (Table 1; Figure 8). This distinct clustering
suggests this DOM is more processed and originates from non‐forested landscapes (Jaffé et al., 2012; Rossel
et al., 2013; Seifert et al., 2016) and vegetation such as grasses, bulrush, and macrophytes whose leachates are also
relatively enriched in aliphatics (16%–30%; Johnston et al., 2019). Furthermore, DOM from sites I, J, and A, as
well as the estuarine and marine sites (C,D), are enriched in CHOS formulae which have also been identified in
other DOM samples from the Prairie Potholes and Florida Everglades (7%–38%; Dalcin Martins et al., 2017;
Hertkorn et al., 2016; Poulin et al., 2017; Sleighter et al., 2014). The high relative abundance and unique dis-
tributions of these CHOS formulae likely originate from abiotic sulfurization reactions between terrestrial DOM
and reduced sulfur species (e.g., inorganic sulfide). These inorganic sulfides are produced in anoxic porewaters
via microbial sulfate reduction of groundwater or seawater sulfate (Pester et al., 2012).

Abiotic sulfurization is further supported by relatively higher dissolved sulfide concentrations at sites A, C, D, I,
and J (Figure S1c in Supporting Information S1), which are comparable to previous studies of the Florida Ev-
erglades (Poulin et al., 2017) and Prairie Potholes (Dalcin Martins et al., 2017). Additionally, anoxia preserves
reduced organic matter in floodplain porewaters as more oxidized compounds are respired during sulfate
reduction (Boye et al., 2017). Thus, the combination of organic matter sulfurization and slow DOM degradation
rates in anoxic waters may be an important mechanism for organic carbon preservation in similar wetland sites
(Lu et al., 2020), resulting in unique CHOS distributions.

Finally, differences in DOM sourcing along PC1 are illustrated in Figure 7, where the DOC‐a350 regression slope
becomes shallower and the overall relationship is weaker (lower r2) after including the Prairie Pothole sites (I, J).
This is likely due to the low soil organic carbon and organic matter content of these soils (Figure S7 in Supporting
Information S1), which limit the overall availability of aromatic organic matter for transport. Furthermore, limited
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precipitation (Table 1) restricts the input of terrestrial organic matter from the soils and evaporation concentrates
solutes such as internally produced DOC in surface waters (Figure 2a; Figure S1a in Supporting Information S1).
Prolonged water residence removes aromaticity via photodegradation, resulting in steeper spectral slopes
(Figure 2c) and lower SUVA254 (Figure 2d), while DOC was replenished from autochthonous production and
subsurface microbial sources as suggested by high FI values (Figure 6a), C3 fluorescence (Figure 6d), and pH
(Figure S1b in Supporting Information S1). Diverse organicmatter sourcing in the Prairie Potholes also agreeswith
previous studies that reported high DOC concentrations, autochthonous signatures, low lignin yields (i.e., limited
vascular plant contributions), andmicrobial fluorescent peaks (DalcinMartins et al., 2017; Osburn et al., 2011) and
may serve as a compositional endmember for similar emergent wetlands in semiarid climates and grasslands.

4.3. Differences Between Surface Water and Porewater DOM

Porewaters had significantly higher FI values (Figure 6a), sulfide (Figure S1c in Supporting Information S1), and
Fe (Figure S1d in Supporting Information S1) than surface waters. These differences suggest that wetland
porewaters experience more dynamic redox conditions where microorganisms utilize alternate terminal electron
acceptors (e.g., sulfate, Fe) to oxidize thermodynamically favorable DOM compounds, while reduced DOM
molecular formulae (i.e., lower NOSC) are preserved (Boye et al., 2017; Lau & del Giorgio, 2020). Molecular
formulae that are more abundant across all the surface waters are generally more oxygenated (higher O/C) and
exhibit a non‐Gaussian mass distribution that extends to higher masses (Figures 5c and 5e). This suggests that
wetland DOM is dominated by higher molecular‐weight terrestrial polymers that are processed and result in a
distribution of lower molecular weight and oxidized DOM formulae, as has been identified in other terrestrial
surface waters (Aukes & Schiff, 2021; Mann et al., 2014). In contrast, molecular formulae that are more abundant
in porewaters follow a more Gaussian distribution centered on medium masses and are shifted to lower O/C
values with greater diversity of N‐ and S‐containing formulae (Figures 5d and 5e). These formulae are likely
sourced frommicrobial exudation and continuous degradation of soil and plant‐derived biopolymers (Lehmann &
Kleber, 2015), both of which have been shown to afford similar DOM compositions (Hensgens et al., 2021; Roth
et al., 2019).

In contrast to these findings, previous studies have reported significant differences in DOM molecular compo-
sition between depths. For instance, studies of Canadian freshwaters have identified significantly greater
aromaticity and higher molecular weight in porewater DOM compared to the overlying water (Aukes &
Schiff, 2021; Prijac et al., 2022); however, porewaters from these sites were collected at greater depths (50 cm)
than in this study (15 cm). The shallow depth and vertical connectivity of surface waters with porewaters from this
study is further illustrated by the nearly identical DOM molecular composition of formulae common to pore-
waters with the formulae common to all surface waters (Table S3 in Supporting Information S1). This similarity
contrasts with DOM observed in deep peat columns (50–200 cm), which undergo various biogeochemical pro-
cessing due to their vertical stratification (Tfaily et al., 2018). Furthermore, it is possible that our individual spot
sampling did not capture the average DOMmolecular compositions at each site, which is influenced by soil layer
depths, organic horizon extent, and mineral surface adsorption (Lehmann & Kleber, 2015; Roth et al., 2019). To
illustrate, porewaters from Chinese coastal wetlands were sampled from homogenized sediments and displayed
significantly greater aromaticity and S‐content than DOM from the overlying water (Lu et al., 2020).

Finally, these wetland study sites represent diverse ecological and pedological zones, each with geochemical
constraints on subsurface organic matter. For instance, precipitation events will saturate pore spaces and increase
vertical connectivity with surface waters, transporting DOC and nutrients (D’Amore et al., 2015), while creating
intermittent periods of anoxia (Knapp et al., 2008). In contrast, drying increases the exposure of surface and
subsurface soil organic matter to oxygen (Knapp et al., 2008). Differences in soil mineralogy also likely account
for the inconsistency of porewater DOM composition between sites. For example, the lower aromaticity in the
forested FL (B) porewaters than surface waters could be due to the high Fe oxide and clay content of the sur-
rounding alfisols. These minerals preferentially adsorb oxygenated and aromatic DOM compounds, excluding
them from the porewater solution (Groeneveld et al., 2020; Riedel et al., 2013).

4.4. Future Outlook

There is great uncertainty regarding how the biogeochemistry of temperate USA wetlands will respond to future
climate scenarios as C storage and transport are highly dependent on landcover and soil content (Kolka
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et al., 2018; Mitsch et al., 2013). However, given the importance of wetlands for transporting organic carbon to
fluvial systems and greenhouse gas cycling, wetland DOM composition will have important downstream effects
as it responds to changes. Projected warming and precipitation patterns will vary across North America
(Almazroui et al., 2021; Easterling et al., 2017), making large scale predictions of wetland responses impractical.
Instead, we explore regional outcomes of likely warming and precipitation scenarios in forested (southeast
Alaska) and grassland/herbaceous (Prairie Potholes) wetland endmembers from this study and consider how their
current DOM composition will respond and influence biogeochemical C cycling.

Average air temperatures are predicted to increase across most of North America (Almazroui et al., 2021), which
will likely influence DOC decomposition and export from wetlands undergoing substantial warming. For
example, increased soil temperature is a dominant control on DOC production and export from connected
wetlands in southeast Alaska and during periods of increased lateral flow, which result in high DOC fluxes to the
surrounding watersheds (Fellman et al., 2009; D’Amore et al., 2015). Warming may induce greater DOM sol-
ubilization from soil organic matter, increasing both DOC concentrations in wetlands as well as DOC mineral-
ization rates and CO2 production from the decomposition of solubilized biolabile DOM (Fellman et al., 2017;
O’Donnell et al., 2016). Thus, if we consider the DOM composition of forested wetlands with high organic matter
soil content from this study (sites E, K, L), ambient warming may increase overall bulk DOC concentrations and
CDOM in porewaters and surface waters, but decrease available biolabile DOM (Figure 9a). Compositionally,
this DOM will be enriched in biostable condensed aromatics and polyphenolics, as these fractions correlate
positively with soil organic matter (Table S5 in Supporting Information S1), while biolabile DOM, such as
protein‐like fluorophores (C5) and aliphatics, may increase initially due solubilization but will likely degrade over
short time scales (Guillemette et al., 2013: Figure 9a). DOM oxygenation (O/C, NOSC) may also increase from
the decomposition of larger biopolymers (Lehmann & Kleber, 2015; Roth et al., 2019); however, HUPHigh O/C

Figure 9. Conceptual diagram of wetland dissolved organic matter (DOM) responses from this study to projected changes in warming and precipitation. (a) Under
warming conditions in forested wetlands, dissolved organic carbon and chromophoric dissolved organic matter will be released from soil organic matter and accumulate
in porewaters and well‐connected surface waters. Higher temperatures will lead to greater respiration of biolabile protein‐like and aliphatic DOM. (b) Under increased
precipitation in grassland/herbaceous wetlands, more aromatic DOM from the landscape will be transported into surface waters and stable DOM components will be
exported to connected riverine systems during flushing periods. (c) Extensive ponding will amplify differences between surface water DOM and the subsurface in
grassland/herbaceous wetlands. Thermodynamic constraints will preserve DOM from the landscape and microbial processing will result in unique aliphatic compounds
rich in N and S. Reducing conditions will promote respiration via alternate terminal electron acceptors and methanogenesis.
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compounds did not correlate significantly with soil organic matter at these sites, suggesting they may instead be
controlled by vegetation (Table S5 in Supporting Information S1).

Total precipitation is predicted to increase across southeast Alaska, the eastern USA, and the central USA
(Easterling et al., 2017; Lader et al., 2020). This includes the Southeast Prairie Potholes region (I, J) where greater
precipitation will lead to wetland expansion and ponding that persists into the midsummer dry season (Ballard
et al., 2013). Under this precipitation scenario, wetland surface water connectivity to the landscape will increase
across grasslands and herbaceous wetlands, likely resulting in greater terrestrial organic matter transport from
vegetation and soil (Johnston et al., 2020; Kurek et al., 2023; Majidzadeh et al., 2017; Figure 9b). This is
illustrated by positive correlations between the total monthly accumulated precipitation and condensed aromatics,
polyphenolics, and HUPHigh O/C compound classes (Table S5 in Supporting Information S1). Along with these
aromatic compounds, fresh biolabile DOM input will likely also increase as these DOM fractions are typically
coupled in aquatic systems with strong terrestrial influence (Lapierre & del Giorgio, 2014).

Due to constant flushing, bulk DOC and CDOM will likely decrease in standing surface waters as solutes are
diluted and persistent DOM compounds are transported via fluvial systems (e.g., CARF formulae, Figure 9b).
Extensive ponding will also form a barrier to oxygen diffusion and promote redox stratification between surface
waters and deeper subsurface pore spaces where respiration occurs via alternate terminal electron acceptors
(D'Angelo & Reddy, 1999; Pester et al., 2012; Figure 9c). This stratification will further amplify differences
between porewater and surface water DOM composition as biolabile reduced aliphatic and HUPLow O/C com-
pounds are thermodynamically preserved and unique N,S‐containing compounds are produced from microbial
processing and abiotic sulfurization (Figure 9c). Although preserved in the subsurface, they may become ther-
modynamically available for respiration as they are transported or introduced to oxic conditions during drying
periods, stimulating biological activity (Boye et al., 2017). Furthermore, while overall soil organic matter content
and porewater DOC concentrations may increase due to thermodynamic constraints, processing of these reduced
carbon pools may provide additional substrates for fermentation and methanogenesis (Lau & del Giorgio, 2020),
further increasing the already high CH4 fluxes from this region (Dalcin Martins et al., 2017).

Many regions, including the Prairie Potholes, will experience concurrent increases in both warming and pre-
cipitation (Almazroui et al., 2021; Ballard et al., 2013), meaning that DOC concentrations and DOM composition
will be shaped by combined effects of soil warming and saturation. In these regions, DOM cycling would
therefore represent a combination of effects from panels A and B (Figure 9) and will be constrained by factors
such as specific vegetation type and soil content. However, the extent to which combined warming and pre-
cipitation will influence wetland organic matter transport and cycling compared with other anthropogenic impacts
such as drainage, agricultural expansion, and urbanization is currently unknown. Therefore, this and other large‐
scale assessments of wetland DOM will be important for comparing baseline DOC and DOM composition as
wetlands respond to changing conditions and potentially mobilize large pools of carbon.

5. Conclusion
This study characterizes DOC and DOM across various temperate USA wetland types and explores their
composition with respect to geographic differences. DOC concentrations and aromaticity were similar to those of
North American rivers and major tropical‐subtropical wetland systems, highlighting their primary terrestrial
sourcing and interaction with the surrounding landscape. However, several wetland sites contained key differ-
ences in internal DOM sourcing and degradation due to soil properties and hydroclimate. Across the sites, wetland
DOM composition was driven by differences in landcover, where aromatic DOM was more prevalent in forested
sites, whereas grassland/herbaceous wetlands contained more aliphatic molecular formulae. DOM composition
also differed by sampling depth, where surface waters were enriched in oxygenated formulae spanning both high
and low‐molecular weights in contrast to porewaters which displayed extensive S‐content. Furthermore, we
identified a group of persistent DOM formulae across all sites, sampling depths, and hydroperiods (i.e., the
molecular level signature of wetland DOM), many of which were also found in the largest arctic rivers, high-
lighting the important contribution of wetland DOM to riverine/coastal carbon export. Finally, increased tem-
perature and precipitation patterns will likely deliver DOC and aromatic DOM into wetlands while amplifying the
differences between surface and subsurface processing. As wetlands across the USA experience changes in
hydroclimate and land use, the composition and role of DOM will become increasingly important for under-
standing carbon balance between landscapes, aquatic systems, and the atmosphere.
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