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Broad molecular classification based on stoichiometric ratio relationships has been used extensively to charac-
terize the chemical diversity of aquatic dissolved organic matter (DOM). However, variability in the molecular
composition within this classification has remained elusive, thus limiting the interpretation of DOM dynamics,
especially with respect to transport versus transformation patterns in response to hydrologic or landscape

Phytochemical
Pth(;clpfgl::osids changes. Here, leveraging high-frequency spatiotemporal sampling during rainfall events at a Critical Zone
Fatty acids Observatory project site in Clear Creek, Iowa, we apply a metabolomics-based analysis validated with frag-

mentation using tandem mass spectrometry to uncover patterns in the molecular features of the DOM compo-
sition that were not resolved by classification based on stoichiometric ratios in the chemical formulae. From
upstream to downstream sites, beyond the increased aromaticity implied by changes in the stoichiometric ratios,
we identified an increased abundance of flavonoids and other phenylpropanoids, two important subgroups of
aromatic compounds. The stoichiometric analysis also proposed a localized decline in the abundance of lipid-like
compounds, which we attributed specifically to medium-chain and short-chain fatty acids; other lipids such as
long-chain fatty acids and sterol lipids remained unchanged. We further determined in-stream molecular tran-
sitions and specific compound degradation by capturing changes in the molecular masses of terpenoids, phe-
nylpropanoids, fatty acids, and amino acids. In sum, the metabolomics analysis of the chemical formulae resolved
molecular variability imprinted on the stoichiometric DOM composition to implicate key molecular subgroups
underlying carbon transport and cycling dynamics in the stream.

1. Introduction

The composition of stream dissolved organic matter (DOM), which is
considered to be of terrestrial (allochthonous) sources from surrounding
landscapes or of aquatic (autochthonous) sources due to in-stream
metabolic activities, can be influenced by biological, chemical, and
physical processes (Bauer and Bianchi, 2012; Fasching et al., 2020,
2016; Giorgio and Pace, 2021; Lynch et al., 2019; Stutter et al., 2013;
Tanentzap et al., 2019). Therefore, along a stream path, the diversity of
DOM composition is expected to depend on the source and levels of
DOM in the headwaters, the fresh DOM input from the landscape, and
the extent of DOM transformation within the stream (Creed et al., 2015;
Giorgio and Pace, 2021; Kamjunke et al., 2019; Lynch et al., 2019; Singh
et al., 2014). Traditionally, the chemical composition and functional
properties of natural DOM have been inferred using chromophoric and
fluorescent properties (Bhattacharya and Osburn, 2020; Vione et al.,
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2021; Yang et al., 2015). Recent applications of high-resolution mass
spectrometry (HRMS)-based approaches using primarily Fourier trans-
form ion cyclotron resonance mass spectrometry (FTICR-MS) have led to
an unprecedented molecular investigation of DOM dynamics in terres-
trial waters based on the stoichiometric ratio representation of chemical
formulae often illustrated by a Van Krevelen diagram (Gonsior et al.,
2011; Maizel et al., 2017; McDonough et al., 2020; Phungsai et al., 2016;
Sleighter and Hatcher, 2008; Valle et al., 2020; Zhang et al., 2018). To
date, Van Krevelen analyses have provided valuable information on
DOM composition, dynamics, and transformations in aquatic environ-
ments (Pang et al., 2021; Riedel et al., 2016). However, the Van Kre-
velen  diagram used as a  classical  two-dimensional
stoichiometry-dependent chemical class assignment, primarily based on
three elements [carbon (C), oxygen (O), and hydrogen (H)], provides a
limited categorization of biomolecules and thus may lead to incorrect
classification of molecular classes (Rivas-Ubach et al., 2018). A recently
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proposed multidimensional stoichiometric compound (MSC) classifica-
tion approach (Rivas-Ubach et al., 2018), which was validated by
including six abundant elements [C, H, O, nitrogen (N), phosphorus (P),
and sulfur (S)], enabled the classification of compounds into five groups
(phytochemicals, carbohydrates, nucleotides, proteins, lipids, and
amino sugars)—these molecular groups refer to broad classes of bio-
molecules, except that “phytochemicals” represent a diverse group of
keto-aromatic biomolecules that could be derived from plants, algae,
and microorganisms. Despite the diverse molecular profiles of com-
pounds within each stoichiometry-based molecular grouping,
within-group molecular variability has not been explored. Such
high-resolution molecular information is necessary for the accurate
evaluation of the stream DOM dynamics and transformation (Garay-
buru-caruso et al., 2020; Lynch et al., 2019), which is crucial in deter-
mining lability, persistence, metabolism, and functional identity of the
DOM composition (Cyle et al., 2020; Lusk and Toor, 2016; Lynch et al.,
2019; Remucal et al., 2012).

Water flow promotes the connectivity of carbon pools between the
landscape and aquatic environments and contributes to the flushing of
organic matter from riparian areas and soil surfaces into surrounding
2019; Singh et al., 2014).

streams (Fasching et al., 2016; Lynch et al.,
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The DOM export during storm events, which can comprise two-thirds of
the stream DOM load annually, can introduce rapid changes in the
molecular features in the DOM composition along the stream path
(Creed et al., 2015; Oeurng et al., 2011). This DOM export can result in
elevated levels of vascular plant-derived organic matter with high mo-
lecular complexity and aromaticity from terrestrial sources whereas
base flow-associated DOM may contain a high fraction of protein-like
and lipid-like compounds derived from autochthonous sources (Lu and
Liu, 2019). Moreover, increased heteroatom content of the DOM
observed in the downstream areas (including wetlands) are often
attributed to autochthonous sources due to microbial and algal meta-
bolism (Fasching et al., 2020; Fellman et al., 2009). Beyond broad
classification based on chromophoric and fluorescent properties and
stoichiometric analysis, still lacking is an in-depth and high-resolution
characterization to capture molecular characteristics of spatial and
temporal variations of stream DOM composition.

Here, we seek to obtain this molecular characterization for the
stream DOM in Clear Creek, lowa, a site extensively characterized by the
Intensively Managed Landscapes — Critical Zone Observatory (IML-CZO)
project and other studies (Papanicolau et al., 2010; Hou et al., 2018;
Kim et al., 2020; Blair et al., 2021 and citations within). High-resolution
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Fig. 1. Overview of study site and analysis workflow, and DOC concentrations and compound abundance at the three sampling locations over the storm duration. a,

The watershed topography and the sampling locations, South Amana (upstream), Oxford (midstream), and Coralville (downstream) .

b, Analysis workflow of

compound classification using stoichiometric ratios versus metabolomics-based analysis. ¢, The DOC concentrations (mg L'!) and discharge (m® s!) at each sampling
point during the storm event. d, Similarities and differences between the number of unique chemical formulae at each site. The values in overlapping areas in the
interlocked circles indicate the number of common chemical formulae. e, variation in the number of unchanged, appeared, and disappeared compounds in com-
parison to the previous sampling point at the three sites. Note the different scale of the secondary y-axis in ¢ due to nearly a difference of two orders of magnitude for
the range of discharge values at the three sites. Abbreviations in b: HPLC, high-performance liquid chromatography; ESI-, electrospray ionization operated in
negative mode; HRMS, high-resolution mass spectrometry. The gray areas in ¢ and e indicate the rising limb of the hydrograph.
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time-resolved stream sampling was performed at three locations along
an approximately 45 km-stretch of Clear Creek immediately prior to and
following a spring storm event (Fig. 1a; Supplementary Fig. S1). The
upland agricultural portions of the watershed have steeper hillslopes
that facilitate connectivity between the erodible surfaces and the
channel (Fig. 1a). Runoff from floodplains and forested riparian buffers,
which are prevalent downstream, intercept agricultural runoff from
upstream (Blair et al., 2021). Therefore, the different landscape features
of this watershed provide an appropriate case study to investigate the
spatiotemporal dynamics in our molecular investigation of the stream
DOM composition (Fig. 1a). The application of a metabolomics-based
high-resolution chemical fingerprinting of small compounds (or me-
tabolites) derived from plants and microorganisms is an attractive
method to advance a molecular understanding of the source and fate of
stream DOM (Lynch et al., 2019) (Fig. 1b). Using high-performance
liquid chromatography (LC) coupled with orbitrap-based HRMS for an
untargeted investigation, we characterized molecular variabilities in the
stream DOM composition dynamics using metabolomics-based molec-
ular identities and, for comparative analysis, stoichiometry-dependent
MSC classification (Fig. 1b).

2. Site description and methods
2.1. Site description

Clear Creek, a tributary of the Iowa River (in east-central Iowa, USA),
drains an approximate 275 km? watershed (Blair et al., 2021; Hou et al.,
2018; Kim et al., 2020). The baseflow in this watershed is driven by
groundwater and subsurface agricultural drainage (or tile drainage),
which could contribute up to 50% of the streamflow (Schilling et al.,
2012; Schilling and Helmers, 2010). Soils in the Clear Creek watershed
are silty clay to silt loam Mollisols and Alfisols, with an organic carbon
content ranging from ~2 wt% in agricultural soils to ~ 4 wt% in
restored prairie soils (Hou et al., 2018). Prior to the start of the growing
season, which begins in early May and continues until early October,
flash floods can result due to intense storms, lack of vegetation cover,
and fine soil textures (Hou et al., 2018; Kim et al., 2020). The South
Amana site captures a predominantly headwater signature from mostly
tile-drained croplands dominated by corn-soybean crop rotations (Blair
et al.,, 2021). Land use in the South Amana sub-basin comprised 86%
agricultural, 6% developed, and 8% natural lands. The subtle V-shaped
cross-section of the valley facilitates the transport of hillslope erosion
from the fields to the channel. By contrast, the valley cross-section of the
downstream sites, Oxford and Coralville, is more U- or box-shaped due
to the presence of floodplains. The Oxford site is downstream of a small
town (Oxford, Jowa) and receives water from a mixture of forest and
grass lands (23%), though corn and soybean cultivation still dominates
(69%) (Papanicolaou et al., 2010). The Coralville station integrates
water from 92% of the Clear Creek watershed, comprising 60% agri-
cultural and 28% natural lands. Urban land use, which is low (11%), is
localized in the downstream portion of the Coralville sub-basin. The
three sampling sites along Clear Creek capture DOM export from the
upper sub-basin (South Amana), middle sub-basin (Oxford), and lower
sub-basin (Coralville) locations (Fig. 1a). The drainage area for these
three sites is 26.2, 157.5, and 254.3 kmz, respectively (Blair et al.,
2021). The geomorphology of this river corridor has been implicated in
the temporal (within a storm event) and spatial (downstream transport)
responses of particulate organic carbon (POC) in previous studies (Blair
et al.,, 2021; Kim et al., 2020). Water discharge at South Amana was
determined using a stage-discharge relationship, as previously detailed
(Blair et al., 2021). Discharge for Oxford and Coralville were obtained
from the USGS website (https://waterdata.usgs.gov/ia/nwis/; gaging
stations # 05454200 and # 05454300, respectively).
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2.2. Sample collection

A total of 63 stream water samples were acquired from the three
sampling locations at 2- to 4 h intervals over a near 48 h period to cover
shortly before and during a spring storm event (March 29th to March
31st, 2017) in coordination with the IML-CZO (Kim et al., 2020). For
each sample, ~800 mL of stream water was collected using ISCO auto-
samplers (Teledyne ISCO) with 1 L Nalgene bottles after triple-rinsing
the sampling line with stream water. After collection, the samples
were filtered through pre-combusted fiber filters (0.7 um pore size,
Millipore) and were kept frozen until further analysis. The hourly pre-
cipitation data for nearby Iowa City (from the Iowa State Environmental
Mesonet website, https://mesonet.agron.iastate.edu), showed that a
total of 32.5 mm of rainfall occurred during the study period.

2.3. Dissolved organic carbon (DOC) and metabolomics-based analyses

First, using an Apollo 9000 TOC Combustion Analyzer (Teledyne
Tekmar Co.), we quantified the DOC concentration at each sampling
point for each station. For this TOC analysis, standards were run at the
start, in the middle, and at the end of the analysis run for each set of
samples analyzed for independent quality checks. Second, we obtained
mass spectra of the DOM in the stream samples using a LC-HRMS
approach. After filtration (0.2 um nylon) of thawed samples, two 1 mL
aliquots of each sample were concentrated 20 times by drying under a
gentle flow of nitrogen gas (99.9% purity) before dissolving in ultra-pure
water (Thermo Scientific™ Barnstead™) followed by centrifugation for
10 min at 10,000 g and 4 °C. The supernatants were analyzed by high-
performance LC equipped with a ion-paired reverse phase column
(Thermo Scientific Dionex UltiMate 3000) with HRMS (Thermo Scien-
tific Q Exactive Hybrid Quadrupole-Orbitrap), which ran in full-scan
(72-840 m/z) negative ion mode (Aristilde et al., 2017b; Kukurugya
etal., 2019). The MS instrument was calibrated weekly to an accuracy of
< 0.5 ppm. For LC separations, we used a 25-min gradient run (solvent
A: 3% methanol/15 mM acetic acid/10 mM tributylamine and Solvent
B:100% methanol) with a Waters Acquity UPLC BEH C18 (1.7 pm x 2.1
mm x 100 mm), at the flow rate of 180 uL min~'. The solvent gradient
with respect to solvent A was the following: 0 min, 100%; 2.5 min,
100%; 5 min, 80%; 7.5 min, 80%; 10 min, 45%; 12 min, 45%; 14 min,
5%; 17 min, 5%; 18 min, 0%; 25 min, 0%. All solvents were Optima™
LC/MS Grade (Fisher Chemical™).

Focusing on compounds in the DOM composition with < 840 Da,
compound peak identification and subsequent grouping of spectral
features were conducted using the XCMS package (v 3.14.0) in R pro-
gramming Language (v 4.1.0) (Benton et al., 2010; Smith et al., 2006;
Tautenhahn et al., 2008). Signals were obtained with a 25-ppm mass
tolerance and a minimum intensity of 10%. The adducts and natural
isotopes were found using the CAMERA package in R (Kuhl et al., 2012).
Following deduction of chloride ion adducts and isotopic daughter ions,
the spectral features were further refined by applying blank subtraction
(min signal/blank ratio=5) and identifying peaks in technical duplicates
using an in-house code in R programming environment (Venables et al.,
2020). To annotate chemical formulae, the OmicsCraft online database
(http://tools.omicscraft.com/MetaboQuest/) was used to search the
m/z against different compound databases (PubChem, HMDB, LIPID
MAPS, KEGG, and MMCD) with the mass tolerance of 20 ppm. The
majority of annotated chemical formulae (75%) had a mass error of <
+10 ppm. First, the annotated chemical formulae were categorized
using the stoichiometry-dependent MSC classification approach, which
considers the heteroatom content of biomolecules (C, H, O, N, P, S) and
four different stoichiometric ratios (O/C, H/C, N/C, P/C) to classify
compounds as carbohydrate-like (carbohydrates and amino sugars),
lipid-like, nucleotide-like, phytochemicals, or protein-like (Rivas-Ubach
et al., 2018). Second, the annotated chemical formulae were subjected
to metabolomics-based classification by cross-referencing the returned
results with KEGG Brite hierarchy files (https://www.kegg.jp) using an
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R code followed by manually scrutinizing each group for accuracy. For
simplicity of presentation, the metabolites were grouped into 14 cate-
gories: flavonoids, phenylpropanoids, terpenoids, alkaloids, poly-
ketides, glycosides, fatty acids, other lipids (e.g., fatty acyls and sterol
lipids), carbohydrates, amino acids (including dipeptides), carboxylic
acids, nucleotides and their associated derivatives (nucleotides, nucle-
osides, and nucleobases), other secondary metabolites (betalains, natu-
ral toxins, vitamins, cofactors, hormones, and transmitters), and
multiclass isomers (chemical formulae with multiple entries in the KEGG
database regarding their functional categorization). We employed
collision-induced MS/MS (or tandem MS) analysis to obtain fragmen-
tation patterns to resolve uncertainties in determining chemical struc-
tures, especially when the metabolomics-based classification of a
compound differed from or was not determined by the MSC classifica-
tion. Data-dependent acquisition (top 5 peaks) with normalized collision
energies of 15, 30, and 45 were used on a selected number of samples (4
from each site). Fragmentation spectra were acquired at resolution 17,
500; precursor ions were isolated using 1 m/z width. Analysis of MS/MS
fragmentation spectra was performed in R using XCMS package (Benton
et al., 2010; Smith et al., 2006; Tautenhahn et al., 2008). Extracted
fragments were analyzed using Xcalibur software (Thermo Scientific),
and when available, the METLIN tandem mass spectrometry database
was used for compound identification (Smith et al., 2005).

2.4. Statistical analysis

Statistical analysis (F-test, t-test, and multivariant analysis) and data
visualization based on kernel density estimation were performed in JMP
(Statistical Discovery™ from SAS Institute Inc.). Multivariant analysis
including principal component analysis (PCA) and redundancy analysis
is widely used to connect metrics of DOM composition and landscape
characteristics (Bhattacharya and Osburn, 2020; Frost et al., 2006;
Graeber et al., 2012). We conducted the PCA analysis to evaluate the
correlation between the molecular groupings of chemical formulae with
respect to the discharge and location along the stream. For this analysis,
to account for the impact of increased flow from upstream to down-
stream, discharge (Q) was normalized by maximum discharge at each
site (Qmax)- In addition, the abundance for each molecular group at each
site was normalized by the total number of characterized compounds at
each site.

3. Results
3.1. Spatiotemporal DOM variations as a function of discharge

First, we examined changes in the DOC levels in response to the
storm event at the three site locations (Fig. 1a, c). At both South Amana
and Coralville, there was no clear trend between the discharge and the
DOC concentrations (Supplementary Fig. S2), which varied from 14.9
mg L1 to 20.9 mg L ™! and from 11.7 mg L™! to 18.7 mg L}, respec-
tively (Fig. 1c). However, at Oxford, a steady decrease in DOC concen-
tration from 36.8 mg L ! to 13.4 mg L ™! during the storm event reflected
a DOC dilution at this site, which would result from a limited DOC input
as a function of the increased discharge at this site (Singh Dhillon and
Inamdar, 2014) (Fig. 1c). The highest compound diversity was found at
the midstream Oxford site (Fig. 1d). While we annotated 2441 chemical
compounds (1810 unique chemical formulae, by excluding isomers) at
Oxford, we only found a total of 1509 chemical compounds (1192
unique chemical formulae) at South Amana and 1633 chemical com-
pounds (1361 unique chemical formulae) at Coralville (Fig. 1d). Mark-
edly, the identification of a relatively small amount (358) of common
chemical formulae across all three site locations highlighted the spatial
variation in the DOM chemical composition in Clear Creek, implying a
fast turnover of the DOM consistent with the lack of increasing DOC
concentration during the storm (Fig. 1d).

At South Amana, there was a small temporal variability in the
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number of compounds (from 1007 to 1089 from the start to the end of
the study period), with 41% of the compounds consistently present at all
samples across the sampling time (Fig. le; Supplementary Fig. S3). At
Oxford, the dynamic appearance and disappearance of compounds at
each subsequent sampling time resulted in an overall 50% decrease in
the number of distinct compounds by the end of the sampling period
(Fig. le). At Coralville, these dynamic changes led to an overall 15%
decrease in the number of identified compounds by the end of the storm
(Fig. 1e). Therefore, relatively greater temporal variations at Oxford and
Coralville relative to South Amana during the storm implied the influ-
ence of different DOM source contributions or DOM transformations at
the different sites (Supplementary Fig. S3). To obtain further insights
into changes in the molecular identities of the compounds, we first
evaluated changes in the DOM stoichiometry (Fig. 2).

3.2. DOM stoichiometry implies dynamics in molecular diversity

Most annotated compounds (> 80%) had O/C ratios < 0.5, which
have been attributed previously to lipids, proteins, and lignin-derived
compounds (Fig. 2a) (D’Andrilli et al., 2013; Lu et al., 2015; Rivas-U-
bach et al., 2018). While the Oxford site had the most O-containing
compounds consistent with its high compound diversity, the average
O/Cratio (0.42) was the greatest at Coralville, highlighting the presence
of relatively more oxidized compounds at the downstream location
(Fig. 2a, Supplementary Fig. S5). At the beginning of the storm, com-
pounds had well distributed H/C between 1 and 2.1 at all three sites,
indicating the presence of diverse compounds in the stream before the
rise of the discharge as was also reported for POC (Fig. 2a) (Rivas-Ubach
et al., 2018). Approximately 20% of unsaturated compounds with high
aromaticity and fewer alkyl groups (H/C < 1.3) disappeared by the peak
of the flow, and those with H/C > 1.3 persisted at South Amana and at
Oxford (Fig. 2a). During the receding limb of the hydrograph at Oxford,
when the influence of subsurface interflow would be more pronounced
than at the rising limb, compounds with relatively higher H/C ratios (1.5
< H/C < 2) became predominant (Fig. 2a). At the downstream location
(Coralville), the average H/C ratio (=1.27) of the compounds was lower
than the two upstream sites (average H/C = 1.37) (p < 0.05) (Fig. 2a;
Supplementary Fig. S4), indicating a shift to unsaturated compounds
both with fewer alkyl groups and with increased aromaticity
downstream.

The proportion of N-containing chemical formulae (44-49%) was
relatively higher than reported previously in terrestrial lakes (12-32%;
Gonsior et al., 2011; Maizel et al., 2017), lake sediments (21-34%;
Zhang et al., 2018), and the ocean (up to 10%; Sleighter and Hatcher,
2008) (Supplementary Fig. S5). At South Amana and Oxford, the N/C
values of the compounds remained relatively constant (0 < N/C < 0.5)
during the sampling period, but the peak discharge at Coralville
revealed the transport of compounds with higher N/C values (Fig. 2a).
Coralville had the highest average N/C value (0.26) among the three
sites (p < 0.001; Supplementary Fig. S4). A small percentage (6-8%) of
the compounds had P in their chemical composition (Fig. 2a) (Riva-
s-Ubach et al., 2018). The P/C ratio in most of these compounds
remained the same (at about P/C < 0.1) but the density of P-containing
compounds with this P/C ratio increased downstream over the sampling
period (Fig. 2a). Most detected S-containing compounds had one S atom
in their chemical composition at all three sites before and after the
storm, stressing the persisting presence of mono-thiolated compounds
such as cysteine and glutathione or the presence of sulfonated com-
pounds widely detected in natural waters (Chu et al., 2016); low
abundance of di-sulfated compounds (with two S), which could include
cystine (a cysteine dimer), was also detected (Fig. 2a).

Instead of the widely-used Van Krevelen plots, whose compound
classification is based on the atomic ratios of H/C versus O/C (Supple-
mentary Fig. S6), we analyzed the abundance of compounds in relation
to the atomic ratios of O/C, H/C, N/C, and P/C present in the chemical
formulae using the MSC classification to obtain five stoichiometry-based
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Fig. 2. Variability in spectral features with respect to stoichiometry and m/z during the storm event along the stream. a, Changes in atomic ratios of O/C, H/C, N/C,
P/C, and the number of S atoms in chemical formulae during the storm event for the three sites. b, Proportion of all identified compounds categorized with respect to
multidimensional stoichiometry compound (MSC) classification at each of three sites along Clear Creek. ¢, Changes in m/z values for compounds categorized by MSC
classification approach. The illustrations in a and ¢ are non-parametric density contours wherein the density number in the legend indicates the percentage of total
compounds: white surfaces represent 100% of the compounds and dark gray surfaces represent 20% of the compounds.

groupings of the annotated compounds (Fig. 1b) (Rivas-Ubach et al.,
2018). The majority of the compounds across the three sites were clas-
sified as phytochemical-like (28-34%) and lipid-like (22-31%) com-
pounds, whereby the percentage of phytochemical-like compounds
increased from upstream to downstream, accompanied by a decrease in
the proportion of more labile lipid-like compounds (Fig. 2b and Sup-
plemental Table S1), consistent with previous reports of preferential
degradation of lipid-like compounds (Ladd et al., 2021). Protein-like

compounds comprised 12-13% of the annotated compounds (Fig. 2b).
Carbohydrate-like (2-4%) and nucleotide-like (< 1%) compounds
comprised a small fraction of the classified compounds (Fig. 2b).
Regarding the phytochemical-like compounds, they were clustered pri-
marily at two ranges of m/z of ~ 200 and at 350 at South Amana but, at
Oxford, these compounds had a well-distributed m/z during the rising
limb of the hydrograph, and, at Coralville, phytochemical-like com-
pounds with lower m/z were less abundant (Fig. 2c). At the beginning of
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the sampling period at all three sites, there were well-distributed m/z
values (200-400) of lipid-like compounds (Fig. 2c). As discharge
increased at South Amana, the abundance of low-molecular-mass lip-
id-like compounds (m/z < 300) diminished (Fig. 2c). By contrast, at
Oxford, the lipid-like compounds with a wide range of m/z values
declined steadily during the storm (Fig. 2c; Supplementary Fig. S7). And,
at Coralville, the lipid-like compounds had relatively constant m/z
values during the study period, but there was a surge in lipid-like
compounds with 200 < m/z < 400 after the early flush (~ first 30 h)
(Fig. 2¢). For protein-like compounds, the range of the m/z values at
South Amana decreased at the crest of the hydrograph when the abun-
dance of compounds with m/z < 300 declined but, at Coralville, these
compounds appeared after the early flush, implying their upstream to
downstream transport (Fig. 2¢). The majority of carbohydrate-like and
nucleotide-like compounds had a relatively constant abundance and m/z
(150-200 m/z for carbohydrate-like compounds and ~ 350 m/z for
nucleotide-like compounds) along the stream and during the study
period (Fig. 2¢; Supplementary Fig. S7). In sum, the stoichiometry-based
data analysis implied, from upstream to downstream sites, an enrich-
ment in aromatic plant-derived compounds and a preferential decom-
position of lipid-like compounds, which were reported previously to be
bioreactive (Ladd et al., 2021; Lu et al., 2015).
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3.3. High-resolution metabolomics-based molecular characterization with
fragmentation validation

To capture variability in the molecular-level composition of the
aforementioned broad stoichiometry-based classification of the DOM
dynamics, we subjected the LC-HRMS data to a metabolomics-based
analysis scheme for the identification of specific compounds (or de-
rivatives) from plant and microbial metabolism (Figs. 1b and 3). The
compound identities based on the metabolomics-based analysis (13% of
the total unique chemical formulae) were classified into the following 14
molecular groupings of metabolites with functional roles in metabolism:
carboxylic acids, amino acids (including dipeptides), carbohydrates
(including monosaccharides, disaccharides, and amino sugars), flavo-
noids, terpenoids, alkaloids, other phenylpropanoids, glycosides, poly-
ketides, fatty acids, other lipids, nucleotides and their derivatives,
multiclass isomers, and other secondary metabolites (Fig. 3). Towards
validating our metabolomics-based molecular grouping, we also per-
formed MS/MS fragmentation analysis to obtain molecular fragments
determinants of specific molecular functional classes, particularly for
compounds that were categorized differently by the MSC classification
(Fig. 3a). For instance, tyrosine (an aromatic amino acid), which was
considered a phytochemical-like compound by the broad MSC classifi-
cation, was classified correctly as an amino acid by the metabolomics-
based protocol through the identification of the carboxyl-amino moi-
ety (m/z = 72.0077) (Fig. 3a). Guanosine, correctly binned as a nucle-
otide derivative through metabolomics-based assignment via the
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guanine fragment (m/z = 150.0414), was classified incorrectly as a
protein-like compound by MSC classification (Fig. 3a). Several glyco-
sides, which generate a sugar fragment and at times contained lipid
components, were categorized broadly as carbohydrate-like or lipid-like
by the stoichiometry-based analysis (Fig. 3a and 3). For example, 8-
epideoxyloganic acid is a terpene glycoside (or an iridoid glycoside),
which contains both lipid and sugar moieties, but it was annotated as
lipid-like compound by the MSC approach (Fig. 3a). Importantly, our
metabolomics-based scheme identified carboxylic acids, which were
among the uncategorized compounds or incorrectly annotated as
carbohydrate-like compounds under the MSC classification (Fig. 3a and
b).

For all the cross-categorized chemical formulae, the agreement be-
tween the MSC and metabolomics-based classifications varied between
44% and 100% (Fig. 3b). We found that 100% of the chemical formulae
categorized as nucleotide-like compounds by the MSC classification
were assigned as nucleotides (or nucleotide derivatives) by the metab-
olomics-assisted approach (Fig. 3b). Moreover, based on the
metabolomics-based classification, 71% of the compounds classified as
carbohydrate-like were found to be carbohydrates (Fig. 3b). However,
among those compounds broadly grouped as protein-like by MSC clas-
sification, the metabolomics-based assignment determined that 44% of
them belonged to amino acids (and dipeptides). Furthermore, due to
stoichiometric similarities with small peptides as N-containing com-
pounds, the MSC approach categorized nucleotides as protein-like
compounds, but they were assigned accurately as nucleotides or nucle-
otide derivatives by the metabolomics analysis. We note, however, that
proteins and large peptides were not characterized by the metabolomics-
based approach (Fig. 3b). A large fraction (79%) of phytochemical-like
compounds was assigned to compounds generally attributed to plant-
derived compounds such as flavonoids, alkaloids and phenyl-
propanoids; a small fraction (5%) was annotated as other secondary
metabolites such as betalains (Fig. 3b). Still, there are important groups
of plant-derived compounds, including alkaloids and terpenoids, which
were not categorized by the MSC approach but were captured by the
metabolomics analysis (Fig. 3b). Furthermore, a diverse group of
metabolomics-identified compounds including carboxylic acids (e.g.,
hydroxybutyric acid; Fig. 3a), short-chain fatty acids, nucleotides and
their derivatives remained uncategorized by the MSC approach
(Fig. 3b). In sum, these aforementioned differences in the compound
categorizations by the metabolomics-based approach highlight the
broad, mis-categorization, or lack of categorization by the MSC
approach (Fig. 3b). Therefore, the metabolomics-based assignments
offered additional and detailed molecular insights into the stream DOM
dynamics beyond the molecular features proposed by the MSC classifi-
cation (Fig. 3b). These new insights afforded a new picture of the mo-
lecular variability in the stream DOM as discussed in the following
section.

3.4. Metabolomics-based analysis of spatial and temporal molecular
variability in stream DOM

Here we present the insights into the spatiotemporal molecular
transitions resulting from the metabolomics-based analysis. In relation
to the dynamic changes in the broad molecular classes deduced from the
stoichiometric patterns of the DOM, we analyzed the abundances of the
metabolomics-based group of metabolites associated with each molec-
ular class as well as within-group dynamics of the metabolites by
monitoring changes in m/z along the steam (Fig. 4; Supplementary Figs.
S7 and S8). At South Amana, during the rising limb of the hydrograph,
we found that an initial increase (from 316 to 409) and subsequent
decrease (to 362) in the abundance of lipid-like compounds coincided
with increased abundance of fatty acids and other lipids at this site
(Supplementary Figs. S7 and S8). At Oxford, among the decreased
abundance observed for a diverse group of compounds during the storm,
lipid-like compounds had the sharpest decline (from 577 to 282;
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Fig. 4. Spatial dynamics of metabolomics-based profiling of DOM composition
along the stream. Violin plots of m/z values of molecular grouping classified by
the metabolomics-based approach at the three sampling locations along
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Supplementary Fig. S7). The metabolomics-based analysis determined
that this decline was attributed primarily to a decrease in the number of
fatty acids (from 99 to 16) at Oxford, while there were minimal changes
in the abundance of other lipids (predominantly fatty acyls and sterol
lipids) during the storm event (Supplementary Fig. S8).

At Coralville, the abundance of different compounds changed
dynamically during the early flush of the storm event (Supplementary
Fig. S8). For instance, the number of identified fatty acids fluctuated
between 9 and 35 during this period, or between 8 and 32 for nucleo-
tides and associated derivatives (Supplementary Fig. S8). Analysis of
within-group dynamics of the metabolites revealed that medium-chain
fatty acids (C16-C18; m/z > 250) were the most abundant at South
Amana, but short-chain fatty acids appeared at Oxford and Coralville
(Fig. 4a). Moreover, the abundance of other lipids with m/z of 300-350,
corresponding to sterol lipids, remained the same across all three sites.
Furthermore, in accordance with increased abundance (from 296 to
372) of phytochemical-like (or keto-aromatic) compounds during the
rising limb of the hydrograph followed by a decline during the falling
limb (to ~330), the metabolomics-based analysis revealed a corre-
sponding pattern for the flavonoids (Supplementary Fig. S7 and S8).
Specifically, a shift from high-molecular-weight compounds (400 < m/z
< 500) to the low-molecular-weight compounds (250 < m/z < 350) in
the abundance of flavonoids was reminiscent of the breakdown of the
glycosylic bond facilitated by glycosyl hydrolases or related enzymes
commonly found in streams (Hill et al., 2010; Santos et al., 2019). Such
breakdown pattern was also manifested in the disappearance of other
glycosides with high m/z (400 < m/z < 450) at Coralville (Fig. 4). In
addition, a shift in m/z values was also observed for other phenyl-
propanoids, from 300 < m/z < 400 to 200 < m/z < 300 (Fig. 4).
Furthermore, a decreased abundance of low-molecular-weight terpe-
noids (m/z~250) downstream also reflected the degradation in the
terpenoid group of compounds (Fig. 4). In contrast, the consistent
occurrence of similar m/z values for both amino acids and carboxylic
acids at all three sites reflected the ubiquity of these compounds in
natural waters (Fig. 4) (Mostofa et al., 2013).

To explore further the spatiotemporal molecular variations in the
DOM dynamics, we performed principal component analysis (PCA) to
evaluate variation in the normalized abundance of chemical formulae in
each molecular grouping (using either MSC classification or
metabolomics-based analysis) with respect to the different sites, the
falling and rising limb of the storm hydrograph, the DOC concentration,
and the normalized discharge (Fig. 5). For MSC classification, the first
principal component (PC1) explained 55% variations in the abundance
of annotated compounds (Fig. 5). This component positively corre-
sponded with phytochemical-like (33% loading), nucleotide-like (28%
loading), protein-like (3.2% loading), and carbohydrate-like (0.5%
loading) compounds, and negatively corresponded with lipid-like com-
pounds (34% loading) (Fig. 5). The second principal component (PC2)
explained 27% of the variations and largely corresponded with protein-
like (43% loading), carbohydrate-like (54% loading), and lipid-like
(1.6% loading) compounds (Fig. 5). For compounds classified by the
metabolomics-based approach, the PC1 and PC2, together, explained
58.6% of the variation (Fig. 5). The PC1 was positively associated with
flavonoids (15% loading), other phenylpropanoids (14% loading), and
polyketides (comprised of mono and polycyclic aromatics; 7% loading),
and negatively corresponded with fatty acids (7.2% loading), other
lipids (14% loading) (Fig. 5). The PC2 was positively associated with
fatty acids (9% loading) and other lipids (1% loading) (Fig. 5). Notably,
for both MSC and metabolomics-based classifications, the PC1 distin-
guished Coralville (the downstream site) from the other two upstream
sites and the PC2 separated South Amana and Oxford (the upstream
sites); both the flow stage (i.e., rising and falling limb of hydrograph)
and discharge played a small role in explaining the variability of the
abundance of molecules while DOC levels correlated negatively with
PC1 (Fig. 5).

Therefore, for the compounds classified by either MSC or
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Fig. 5. Correlation of molecules to hydrologic and landscape features of the
stream. Biplots of the principal component analysis (performed on% of the total
at each site) of the abundance of compounds classified by MSC classification
and metabolomics-based classification. Discharge values during the storm were
normalized to the maximum discharge observed at each site; “rising” and
“falling” indicate the rising and falling limbs of the hydrograph, respectively.

metabolomics-based classification approaches, the PCA revealed a
divergence in the molecular composition of the DOC from upstream to
downstream sites and highlighted a greater impact of spatial location
compared to storm hydrograph in maintaining this divergence (Fig. 5).
Firstly, the PCA of compounds categorized by the MSC classification
confirmed a transition from a high abundance of lipid-like compounds at
South Amana to an enrichment of phytochemical-like (or keto-aromatic)
compounds at Coralville (Fig. 5). These, changes in the molecular pat-
terns of the DOM could implicate different spatiotemporal contributions
of DOM inputs or different transport of the DOM along the stream.
Providing high-resolution molecular insights on the identities of the
phytochemical-like compounds associated with Coralville, the PCA of
the metabolomics-based classification of compounds correlated flavo-
noids, phenylpropanoids, and both mono and polycyclic aromatics with
this downstream location, demonstrating a molecular signature of plant-
derived compounds sourced from the different agricultural and forested
areas in the watershed (Fig. 5). Secondly, the abundance of N-containing
metabolites (amino acids, nucleotides and derivatives) correlated posi-
tively with both PC1 (~ 6% loading) and PC2 (~ 3% loading), consistent
with a low percentage of N-containing compounds at Oxford (Fig. 5,
Supplementary Fig. S5). Thirdly, glycosides and carbohydrates nega-
tively corresponded with PC1 and PC2 (Fig. 5). Fourthly, the PCA of the
metabolites depicted the consistent presence of carboxylic acids at all
three sites in the stream (Fig. 5), characterized by a weak correlation
with PC1 (2% loading) and no correlation with PC2 (Fig. 5). Taken
collectively, the statistical analysis of our data identified the sampling
location as the primary determinant of DOM variability in relation to the
change in landscape features and in-stream processes at each location.
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4. Discussion

Elucidating temporal and spatial changes in the DOM composition of
streams and rivers is critical to unraveling the role of this DOM in the
cycling and transport fluxes of carbon in a watershed. Towards deci-
phering the chemical diversity of aquatic DOM underlying these fluxes
has been the application of high-resolution mass spectrometry to
annotate chemical formulae (D’ Andrilli et al., 2013; Gonsior et al., 2011;
Lu et al., 2015; Maizel et al., 2017; Sleighter and Hatcher, 2008; Zhang
et al., 2018). These chemical formulae are typically analyzed based on
stoichiometric ratio relationships to determine their classification with
respect to broad molecular categories, thereby resulting in
low-resolution elucidation of the molecular patterns in DOM composi-
tion. Capturing high-resolution molecular patterns is especially impor-
tant in streams and rivers wherein DOM composition is highly dynamic
due to, beyond the DOM sourcing from the surrounding landscape and
in-stream biotic and abiotic processes, hydrologic events that control the
load and residence of DOM spatially and temporally (Battin et al., 2009;
Bauer and Bianchi, 2012; Creed et al., 2015; Fasching et al., 2020, 2016;
Fellman et al., 2009; Giorgio and Pace, 2021; Lu and Liu, 2019; Lynch
et al.,, 2019; Oeurng et al., 2011; Singh et al., 2014; Tanentzap et al.,
2019). Here, to advance high-resolution molecular characterization of
stream DOM dynamics, we performed a metabolomics-based analysis of
DOM from high-frequency sampling at three different sites on a small
stream through a storm event. The measured DOC concentrations at
Clear Creek were within the DOC range observed in streams and agri-
cultural effluents (Dhillon and Inamdar, 2013; Hassanpour et al., 2017;
Wise et al.,, 2020). Importantly, our metabolomics-based analysis
captured different patterns in the molecular composition of the stream
DOM at the different sites, which shed light on the spatiotemporal dy-
namics of DOM cycling and transport beyond what could be achieved
solely based on a stoichiometric-based analysis.

Indeed, stoichiometry of chemical formulae can provide valuable
preliminary insights into the DOM dynamics in the stream with respect
to the extent of oxidation, aromaticity, and heteroatom content (Roth

| Oxygen o | Carbon @ | Nitrogen e

South Amana Oxford
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et al., 2019). Increased heteroatom content of compounds in the
downstream location has been previously attributed mainly to autoch-
thonous production (D’Andrilli et al., 2013; Maizel et al., 2017; Riva-
s-Ubach et al., 2018). Here, our data depicted a time-dependent
heteroatom content related to discharge during the storm event, thus
illustrating an association between DOM transport and dynamics in
heteroatom composition that could be due to transport of diverse DOM
derived from both allochthonous and autochthonous production in the
stream. In lieu of the widely-used Van Krevelen plots, which may result
in inaccurate assignments of biomolecules solely based on the atomic
ratios of H/C versus O/C (Lu et al., 2015; Rivas-Ubach et al., 2018), we
employed the MSC classification to analyze the abundance of com-
pounds in relation to multiple atomic ratios of O/C, H/C, N/C, and P/C
present in the chemical formulae (Rivas-Ubach et al., 2018).

In sum, from upstream to downstream sites, the stoichiometry-based
analysis highlighted an enrichment in phytochemical-like compounds,
broadly representing keto-aromatic compounds, and depletion of lipid-
like and protein-like compounds. The greater abundance of lipid-like
and protein-like compounds at the upstream site could be attributed to
greater slope upstream to result in greater contribution of groundwater
from soil profiles (Frost et al., 2006), enriched in compounds of micro-
bial origins and relatively depleted in plant-derived compounds (Kaiser
and Kalbitz, 2012; Roth et al., 2019), due to lower mobility of these
compounds adsorbed to soil particles (McDonough et al., 2020). More-
over, the metabolomics-based analysis revealed that the increased
abundance of keto-aromatic moieties of relatively lower molecular
weights was due to the breakdown of flavonoids and other phenyl-
propanoids (Fig. 6), which are components of tannins commonly found
in stream DOM (Leenheer and Rostad, 2004; Lu and Liu, 2019).
Decreasing molecular weight and increasing aromaticity in the outlet of
watersheds were previously connected to photo- and microbial degra-
dation (Lambert et al., 2015), and low molecular weight organic com-
pounds were observed previously to tend to be susceptible to
degradation (Hodgkins et al., 2016; Roth et al., 2019; Valle et al., 2020).

Furthermore, we determined that spatial changes in the abundance
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Fig. 6. Conceptual overview of key molecular variability resolved by metabolomics-based analysis of the DOM composition dynamics. Designation of depleted or
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of lipid-like compounds were due to localized depletion or enrichment of
short-chain and medium-chain fatty acids at each site, whereas sterol
lipids remained unchanged throughout (Fig. 6). We also captured
persistence of small amino acids in all three sites, disappearance of
selected carboxylic acids at the downstream site, and breakdown of
glycosides at the downstream sites (Fig. 6). Glycosides are seldom
detected in natural water samples, partly due to organic matter extrac-
tion methods that hydrolyze the glycosidic bond, but the presence of
glycosides in water has ecosystem implications due to their antimicro-
bial characteristics (Hawkes et al.,, 2018; Merder et al., 2021).
Short-chain carboxylic acids (C < 6), which are not specifically char-
acterized by stoichiometric ratio relationships despite being a common
component of natural organic matter (Adeleke et al., 2017; Aristilde
et al., 2017a), are ubiquitous in stream waters as they have high turn-
over rates (Kiisel and Drake, 1998) and can be produced both biotically
or abiotically by photo-oxidation (Hassanpour and Aristilde, 2021;
Moran and Zepp, 1997).

In headwaters of large watersheds, increased discharge has been
reported to promote better connections between river channels, thus
leading to a convergent DOM composition with greater similarities due
to a greater mixing and availability of nutrients (Lynch et al., 2019).
Along a stream, the river continuum concept (Vannote et al., 1980)
suggests a continual decrease in the molecular diversity of DOM,
although this shift can be influenced by landscape features and
anthropogenic activities (Creed et al., 2015; Kamjunke et al., 2019),
especially in small streams. Here, in Clear Creek, site-specific inputs
from natural areas and tributaries contributed to the increased molec-
ular diversity and DOC concentrations from the upstream site (South
Amana) to midstream site (Oxford). However, an inverse association
between DOC and the downstream site (Coralville) (Fig. 5), presumably
due to both the contribution of a larger area of the watershed and
increased retention time at this downstream site, in addition to the
immediate urban areas surrounding this site (Frost et al., 2006).

Temporal changes of DOM composition based on our untargeted
metabolomics-based analysis at the upstream location of South Amana
were similar to those reported for the POC using targeted analysis of
biomarker compounds (Blair et al., 2021; Kim et al., 2020). The input
sequence of POC into Clear Creek was identified to be fatty acids due to
in-channel sources dominated by algae, lignin phenols from surface soils
from row crop fields, and finally a complex mixture of upstream sources
that became increasingly dominated by channel bank erosional material
with transport downstream (Blair et al., 2021; Kim et al., 2020). At the
downstream locations (Oxford and Coralville), however, the patterns of
DOC and POC differed. Facilitated transport of DOC as a result of the
storm flow was not observed at the Oxford site, contrasting the obser-
vation that POC at Clear Creek was mobilized during storm events due
increased sediment erosion (Kim et al., 2020). Specifically, in lieu of the
reported significant mobilization of POC by erosive forces (Singh Dhil-
lon and Inamdar, 2014), the decrease in compound diversity along with
the dilution of the DOC concentration at the Oxford site indicated the
lack of sufficient increase in new DOC inputs during the increased
runoff, albeit differences between POC and DOC trends may be
season-dependent.

We acknowledge that our metabolomics-based approach was focused
on small molecules (m/z < 840) and comprehensive classification of the
annotated chemical formulae is currently not possible due to compound
coverage limitation in existing metabolomics databases. Nevertheless,
the metabolomics-based analysis presented here spanned a wide variety
of compounds belonging to a diverse array of molecular subgroups that
are relevant and significant in environmental samples.

5. Conclusion
An important component of carbon cycling in a watershed is the fate

of DOM in streams and rivers. The advent of high-resolution mass
spectrometry-based techniques has advanced molecular understanding
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of the chemical diversity of aquatic DOM. However, stoichiometry-
focused analysis of chemical formulae has led to a limited understand-
ing of the dynamic changes in the DOM composition, due to low-
resolution molecular classification. Here we employed a
metabolomics-based approach to achieve high-resolution fingerprinting
of molecular derivatives of plant and microbial metabolism. We ob-
tained spatiotemporal molecular insights into the DOM composition of a
stream traversing different landscape types. Interestingly, using either
the stoichiometry-based or the metabolomics-based classification, sta-
tistical data analysis attributed the dynamic change in the molecular
classes or groupings at each site in the stream to carbon flux from the
surrounding landscapes combined with in-stream transformations,
while the flow stage and the increased discharge played a limited role.
However, the metabolomics-based analysis afforded high-resolution
evaluation of the spatial divergence in the molecular identities of the
compounds, which was not resolved by the stoichiometric analysis. For
instance, increased abundance of phytochemical-like compounds was
due to the dynamics of specific molecular subgroups captured by
metabolomics-based analysis involving increased abundance of poly-
ketides, flavonoids and other phenylpropanoids from upstream to
downstream. Through several illustrations of the spatiotemporal mo-
lecular variations of the DOM composition in the Clear Creek corridor,
we demonstrate here that metabolomics-based analysis can offer addi-
tional molecular insights consistent with or unresolved by stoichio-
metric classification. Thus, the application of such metabolomics-based
analysis combined with stoichiometric-based -categorization can
advance our molecular understanding of the fate of carbon in aquatic
environments, a critical component of the global carbon cycle (Lu et al.,
2015; Lynch et al., 2019).
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