AGU100 &,

JGR Biogeosciences

RESEARCH ARTICLE
10.1029/2018JIG004817

Key Points:

«+ Ultrahigh-resolution mass
spectrometry revealed molecular
hysteresis of dissolved organic
matter in a forested New England
catchment

« Aliphatic compounds were enriched
at storm onset, and aromatic
compounds were enriched at peak
discharge

« Similarities in molecular hysteresis
across stream orders suggested
event-driven transport of fresh
organic material further
downstream

Supporting Information:
« Supporting Information S1

Correspondence to:
5. Wagner,
s.wagner@northeastern.edu

Citation:

Wagner, S., Fair, J. H., Matt, S., Hosen,
1. D., Raymond, P., Saiers, J., et al.
(2019). Molecular hysteresis:
Hydrologically driven changes in
riverine dissolved organic matter
chemistry during a storm event. Journal
of Geophysical Research: Biogeosciences,
124. https://doi.org/10.1029/
2018]G004817

Received 18 SEP 2018
Accepted 24 FEB 2019
Accepted article online 5 MAR 2019

©2019. American Geophysical Union.
All Rights Reserved.

Molecular Hysteresis: Hydrologically Driven Changes
in Riverine Dissolved Organic Matter Chemistry
during a Storm Event

Sasha W’a.gl:narl , Jennifer Hoyle Fair*?, Serena Matt?, Jacob D. Hosen?*
James Saiers?, James B. Sha.nleys, Thorsten Dittmar®

, Peter Raymm:ld2 ,
, and Aron Stubbins’

'Departments of Marine and Environmental Sciences, Civil and Environmental Engineering, and Chemistry and
Chemical Biology, Northeastern University, Boston, MA, USA, 2School of Forestry and Environmental Studies, Yale
University, New Haven, CT, USA, *Now at US. Geological Survey, Northborough, MA, USA, o Geological Survey,
Montpelier, VT, USA, *Now at School of Forest Resources and Conservation, University of Florida, Gainesville, FL, USA,
®Research Group for Marine Geochemistry (ICBM-MPI Bridging Group), Institute for Chemistry and Biology of the
Marine Environment, Carl von Ossietzky University of Oldenburg, Oldenburg, Germany

Abstract Hydrological events, driven by rainfall, control the amount and composition of dissolved
organic matter (DOM) mobilized through river networks. In forested watersheds, the concentration,
composition, and reactivity of DOM exported changes as baseflow transitions to storm flow, with major
implications to downstream biogeochemistry. Hysteresis describes an observed difference between
in-stream solute concentration/signal and discharge. By studying the relationship between DOM and stream
discharge, we refine our understanding of the environmental and hydrological factors that influence the
quantity and quality of stream DOM. The main objective of this study was to track hysteretic changes in
riverine DOM molecular composition during storm events. Samples were collected from nested sites within
the Passumpsic River catchment (Vermont, USA), a tributary of the Connecticut River. High-resolution
monitoring of fluorescent DOM (via in situ sensors) and automated collection of discrete samples captured
short-term, hydrologically driven variations in DOM concentration and composition. Ultrahigh-resolution
mass spectrometry revealed an enrichment in aliphatic compounds at storm onset, while aromatic and
polyphenolic compounds were more enriched at peak discharge. Molecular hysteresis patterns were similar
across stream orders, indicating that fresh, terrigenous DOM is quickly shunted downstream, through the
river network, during pulses of high discharge.

Plain Language Summary During storm events, rainfall-runoff processes mobilize large
amounts of dissolved organic matter from the land and through river networks. The relationship between
stream discharge and dissolved organic matter quantity and composition can vary over the course of a storm
event; this variation is termed hysteresis. We examined hysteresis in a forested New England watershed
(Vermont, USA) to better understand the location and timing of dissolved organic matter reactivity in river
systems. In-stream sensors captured high-frequency, storm-driven changes in dissolved organic matter
quantity. Discrete water samples were collected across the storm event for molecular analysis of dissolved
organic matter. Molecular analyses revealed differences in dissolved organic matter composition between
storm onset and peak discharge. Storm events shunt molecularly diverse organic material further
downstream, potentially shifting reactivity hotspots from upper to lower reaches of the watershed.

1. Introduction

Rainfall-runoff processes have emerged as key controllers of the quantity and quality of terrestrial dissolved
organic matter (DOM) exported from the landscape to inland waters. Hydrological events result in increased
river discharge and a concomitant input of large amounts of dissolved organic carbon (DOC) into fluvial net-
works (Buffam et al., 2001; Dhillon & Inamdar, 2014; Inamdar et al., 2006; Yoon & Raymond, 2012). In New
England (USA) forested watersheds, it is estimated that ~60% of annual DOC export occurs during these
events (Raymond & Saiers, 2010), spotlighting the importance of event-driven hydrology on DOM flux
and reactivity. Observed relationships between DOC and discharge led to the development of the pulse-
shunt concept, a theoretical framework for conceptualizing and predicting the impacts of short-term hydro-
logical events on the amount, composition, reactivity, and timing of DOM mobilized through river networks
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(Raymond et al., 2016). The pulse-shunt concept suggests that during periods of high discharge, a large
amount of terrestrial DOM is mobilized to rivers (pulse). During these pulse events, rivers transition from
active to passive pipes and transport labile, terrestrial DOM further downstream (shunt) than under baseflow
conditions. During storms, this event-driven pulse-shunt is proposed to relocate biogeochemical hotspots for
DOM processing from the upper to the lower reaches of the watershed (Raymond et al., 2016). To assess how
the event-driven export of DOM impacts ecosystem function and carbon cycling a more comprehensive
understanding of hydrological controls on the quality and quantity of DOM within rivers is needed.

Hysteresis is defined as the variation in in-stream solute concentration/signal with stream discharge. The
analysis of hysteretic patterns illuminates the interplay between watershed hydrology and the quantity
and quality of DOM mobilized during storm events (Butturini et al., 2008; Evans & Davies, 1998; House &
Warwick, 1998; Lloyd et al., 2016; Vaughan et al., 2017). The slope, rotational direction (clockwise or coun-
terclockwise), and size of hysteresis loops reflect the source, timing, and relative contributions of terrestrial
DOM to rivers (Butturini et al., 2006, 2008). For example, elevated DOC concentrations on the falling limb of
the discharge hydrograph result in a counterclockwise hysteresis loop, indicating that DOC sources are
distal or are transported to the stream via slow-flow pathways (Pellerin et al., 2012). Spectrophotometric
techniques (absorbance and fluorescence) have emerged as an efficient means of tracking event-driven
changes in DOM quality, revealing higher degrees of aromaticity and humic-like content for DOM exported
at high discharge (Eckard et al., 2017; Hood et al., 2006; Inamdar et al., 2011; Vidon et al., 2008). Despite the
convenience and utility of these methods, absorbance and fluorescence only represent the chromophoric
portion of the DOM pool and lack the molecular-level information that could further advance our
biogeochemical understanding of event-mobilized DOM.

Due to its high mass accuracy, Fourier transform ion cyclotron resolution mass spectrometry (FT-ICRMS)
can resolve complex DOM mixtures, allowing for the assignment of molecular formulas to individual mass
spectral peaks (Dittmar & Koch, 2006; Kujawinski et al., 2002; Sleighter & Hatcher, 2007). FT-ICRMS data
yield unique molecular formula fingerprints for individual DOM samples. Each assigned formula represents
many possible structural isomers; therefore, a high degree of structural diversity can be contained within the
molecular formulas assigned to mass spectral peaks (Zark et al., 2017). While individual formulas cannot be
inherently linked to specific molecular structures, their elemental composition is used to categorize formulas
into different compound classes (Santl-Temkiv et al., 2013; Stubbins et al., 2010), which summarizes the che-
mical character of DOM. Although many molecular formulas are common to DOM from diverse aquatic sys-
tems (Lechtenfeld et al., 2014; Wagner et al., 2015), FT-ICRMS has revealed DOM chemistry to vary with
watershed climate, land cover, and size (Jaffé et al., 2012; Kim et al., 2006; Mosher et al., 2015). For example,
molecular formulas containing nitrogen, sulfur, and phosphorus are enriched in riverine DOM from anthro-
pogenically impacted watersheds (Wagner, Riedel, et al., 2015). The molecular composition of DOM controls
its reactivity in aquatic systems (Spencer et al., 2015; Stubbins et al., 2010). In the current study, we used FT-
ICRMS to track short-term changes in DOM molecular composition during a storm event (molecular hyster-
esis) within a forested New England watershed. Samples were collected across the hydrograph at four sites
during a November 2016 storm event. Ultrahigh-resolution mass spectral analyses revealed enrichments
in aliphatic molecular formulas during storm onset and enrichments in aromatic molecular formulas during
and after peak discharge. Biogeochemical implications for the rapid mobilization of potentially reactive
DOM during storm events are discussed.

2. Methods
2.1. Site Description

Samples and data were collected from nested sites within the Passumpsic River watershed, a tributary of the
Connecticut River in northern Vermont (USA; Figure 1). W-9 is a first-order stream (drainage
area = 0.41 km?) with a completely forested watershed. Pope Brook is a third-order stream (drainage
area = 8.37 km?) within a primarily forested watershed (81% of basin area) with some areas of agriculture
(14%). Sleepers River is a fourth-order stream (drainage area = 111.3 km?) within a predominantly forested
watershed (75%) with areas of agriculture (14%). Passumpsic River is a sixth-order stream (drainage
area = 1,124 km?®) within a primarily forested watershed (77%), with some agriculture (8%) and wetland
cover (4%). Pope, Sleepers, and Passumpsic also have some developed area within their catchment (3-6%).
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Figure 1. (a) Map of the greater Connecticut River watershed. Samples were collected from the Passumpsic River and its
tributaries, located within the red box. (b) Zoomed in map showing the four nested sampling sites. The black circles
indicate stream sampling locations. The black dotted lines contain drainage areas for W-9, Pope Brook, and Sleepers River.

The Sleepers River location is the outlet of the Sleepers River Research Watershed, a site of long-term
hydrological and biogeochemical research (Shanley et al., 2015). Discharge records were obtained from
U.S. Geological Survey (USGS) gaging stations for W-9 (Pope Brook Tributary; USGS station no.
01135100), Pope (Pope Brook; USGS station no. 01135150), Sleepers (Sleepers River; USGS station no.
01135300), and Passumpsic (Passumpsic River; USGS station no. 01135500).

2.2. In Situ Fluorescent DOM

Fluorescent dissolved organic matter (FDOM), temperature (°C), and turbidity (formazin normalized units)
were measured in situ at 15-min intervals using Eureka Manta 2 water quality sondes (Eureka Water Probes,
Austin, TX, USA). Sondes were deployed at the W-9, Pope, Sleepers, and Passumpsic sampling sites from May
2015 through August 2017, capturing a storm event from 3 to 4 November 2016. Sondes were co-located with
USGS gages where possible. FDOM readings were collected using a Turner Designs (San Jose, CA) submer-
sible fluorescent sensor using an excitation window at 325 + 120 nm and an emission window at 470 + 60 nm.
Sensors were calibrated following manufacturer specifications and USGS protocols (Radtke et al., 2005).
FDOM sensors were calibrated using a six-point quinine sulfate solution calibration curve with a maximum
concentration of 1000 uM. Turbidity was calibrated to formazin normalized units using formazin turbidity
standard (Ricca Chemical Company; Arlington, TX). Once offloaded, all sonde data were checked and mea-
surements impacted by bio-fouling or instrument malfunction were removed from the final data set.

FDOM measurements were corrected for impacts of stream water temperature, turbidity, and light absor-
bance on DOM fluorescence following standard methods (Downing et al., 2012) with two modifications.
First, rather than use a standard temperature-FDOM relationship, we assessed temperature dependence
of DOM fluorescence at each site (equation S1). Second, we developed an empirical relationship between
turbidity and fluorescence attenuation using sediment collected from Bunnell Brook (USGS station no.
01188000) and Hubbard River (USGS station no. 01187300) for turbidity correction (equation (S2)). The
temperature- and turbidity-corrected FDOM was then corrected for light absorbance for each site (equation
(S3)). FDOM corrections are described in detail in the supporting information and reported here in quinine
sulfate equivalents (QSEs).

2.3. Sample Collection and DOC Analysis

Water samples were collected by automated samplers (ISCO Avalanche) triggered by threshold changes in
stream stage. Thresholds were optimized at each site to obtain a comprehensive set of samples over the
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rising limb, peak, and falling limb of the storm hydrograph. Since W-9 is a first order stream, discharge at
this site peaks and recedes rapidly in response to a rain event. Due to the flashy hydrology and longer tem-
poral spacing of sampling (~1.5 hr) at W-9, the autosampler captured fewer water samples during the event
at W-9 (n = 3) than at Pope (n = 14), Sleepers (n = 14), and Passumpsic (n = 13). Samples were brought in
from the field within 24 hr and transported to the laboratory where they were filtered (0.2 pm), acidified (to
PH 2 using hydrochloric acid), and refrigerated until further analysis. DOC was measured as nonpurgable
organic carbon using a Shimadzu total organic carbon analyzer (Stubbins & Dittmar, 2012) within 10 days
of sample collection. A calibration curve was made by analyzing dilutions of a potassium hydrogen phthalate
stock solution and then used to quantify DOC in discrete samples.

2.4. Solid Phase Extraction of DOM

Filtered samples for FT-ICRMS analysis were frozen until solid phase extraction (SPE) by passing the acid-
ified sample through a Varian Bond Elut PPL cartridge (100 mg) as described by Dittmar et al. (2008). Water
was acidified to pH 2 using concentrated HCI. The SPE sorbent was first conditioned with methanol, then
equilibrated with pH 2 Milli-Q water prior to DOM extraction. The acidified sample was then passed through
the cartridge via gravity. The volume of sample passed through each SPE cartridge was carbon-normalized.
For each sample, the target amount of DOC applied to the sorbent was ~170 pg-C. This equated to a target
DOC recovery of 100 pg-C, since SPE PPL DOC recovery for riverine samples is typically ~60% (Dittmaretal.,
2008). After extraction, the sorbent was rinsed with pH 2 Milli-Q water for the removal of excess salts prior to
drying under a stream of carbon-free air. The DOM was then eluted from the sorbent with high-purity
methanol into a precombusted glass vial and stored in the dark at —20 °C until FT-ICR mass
spectral analysis.

2.5. Fourier Transform Ion Cyclotron Resonance Mass Spectrometry

To obtain consistent FT-ICR mass spectra, all samples were prepared and analyzed under the same condi-
tions. The DOM-containing methanol extracts were each mixed with Milli-Q water (1:1 v/v) to yield a final
DOC concentration of 5 mg-C/L. The samples were then continuously infused into the electrospray ioniza-
tion source of a Bruker Solarix 15 T FT-ICRMS instrument (University of Oldenburg, Germany) at a flow
rate of 120 pl/hr in negative ion mode (175 scans per sample, ion accumulation time = 0.200s). The raw mass
spectra were calibrated using a reference mass list to achieve mass accuracies with an error less than
0.1 ppm. Mass spectra were filtered to exclude peaks that were found to be present in less than three samples
across the data set and noise peaks, as defined by the method detection limit (Riedel & Dittmar, 2014). The
method detection limit is a noise correction approach described in detail by Riedel and Dittmar (2014),
which assesses noise from sample mass spectra in mass ranges where peaks for singly charged organic mole-
cules cannot occur (mass defects between 0.3 and 0.9 Da). Peak detection limits were standardized among
samples by adjusting the dynamic range of mass spectral peak abundances of each sample to that with
the lowest dynamic range based upon Stubbins et al. (2014). For each sample, the dynamic range was calcu-
lated as the mean peak abundance of the 500 highest abundance mass peaks divided by the mean abundance
of the 10 lowest abundance mass peaks. The standardized detection limit (SDL) was then set for each sample
by dividing the mean peak abundance of the 500 highest abundance mass peaks by the lowest calculated
dynamic range value within the sample set. For each sample, mass peaks with abundances lower than the
SDL were removed. Equations used for calculating the dynamic range and SDL are included in the
supporting information.

Elemental formulas containing C, H, O, N, S, and/or P were assigned to mass spectral peaks according to
published rules (Koch et al., 2007; Singer et al., 2012; Stubbins et al., 2010). Specific methods used for for-
mula assignment and screening in the current study are detailed in the supporting information. Assigned
formulas were categorized by compound class according to elemental stoichiometries (Santl-Temkiv et al.,
2013). The modified aromaticity index (Al,0q; Koch & Dittmar, 2006, 2016) was used to identity formulas
that were aromatic (polyphenols; 0.5 < Alnoq < 0.67) and condensed aromatic (Alpeg < 0.67). Formulas
were further categorized into highly unsaturated (Al < 0.5, H/C < 1.5, O/C < 0.9) and unsaturated ali-
phatic (1.5 <H/C < 2, 0/C < 0.9, N = 0) compounds. Individual formulas represent multiple isomeric struc-
tures. As such, a degree of potential structural diversity is contained within the molecular formulas assigned
to mass spectral peaks (Zark et al., 2017). Therefore, the above-described compound classifications only
serve as a guide when interpreting mass spectral data and considering the molecular structures present

WAGNER ET AL.
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Figure 2. Stream discharge (grey, dotted line), in situ fluorescent dissolved organic matter (FDOM; black, solid line), and
dissolved organic carbon (DOC) concentration (white diamonds) during the storm event at (a) W-9, (b) Pope Brook,
(c) Sleepers River, and (d) Passumpsic River. In situ FDOM data for Passumpsic were not available for this storm event.

within DOM. Electrospray ionization (in negative ion mode) coupled with FT-ICRMS preferentially ionizes
and detects polar, organic compounds, which makes it the analytical method of choice for the molecular
characterization of complex DOM mixtures (Kim et al., 2003; Kujawinski, 2002). However, it is well
understood that ionization efficiencies are not equal among different molecules and compound classes.
Therefore, observed variations in the relative abundance of FT-ICR mass peaks may not accurately reflect
actual molecular concentrations or represent the molecular diversity of the entire DOM pool.

3. Results

3.1. Event-Driven Variations in Discharge

The early November 2016 storm sampled here resulted in an increase in stream discharge by roughly an order
of magnitude above baseflow at all nested sites (Figure 2). Prestorm baseflow at W-9 was 0.056 mm/hr and
reached a maximum discharge of 0.41 mm/hr at peak flow. At Pope, prestorm baseflow was 0.040 and
0.46 mm/hr at peak discharge. Prestorm baseflow at Sleepers was 0.037 mm/hr and reached a maximum
discharge of 0.41 mm/hr at peak flow. At Passumpsic, prestorm baseflow was 0.044 and 0.17 mm/hr at
peak discharge. Discharge for each sampling event is listed in Table 1. Peak discharge at W-9, Pope,
Sleepers, and Passumpsic was higher than the average storm event that typically occurs in this region
(based upon the average peak discharge within the last 2 years). The time lag of peak discharge from
W-9 at Pope, Sleepers, and Passumpsic was 1.5, 4.75, and 15 hr, respectively.

3.2. Event-Driven Variations in In Situ FDOM

In situ sondes at W-9, Pope, and Sleepers simultaneously captured in-stream FDOM throughout the storm
event. The sonde at Passumpsic was not functioning during the storm; therefore, continuous FDOM data
for this site are not available. At W-9, prestorm baseflow FDOM was 35 QSE, increasing to 91 QSE at peak
discharge (Figure 2a). At Pope, FDOM was 43 QSE during prestorm baseflow and increased to 120 QSE at
peak discharge (Figure 2b). At Sleepers, prestorm baseflow FDOM averaged 45 QSE, increasing to 85 QSE
at peak discharge (Figure 2c). At W-9, Pope, and Sleepers, peak FDOM signal occurred after peak discharge.
FDOM values for individual samples are listed in Table 1.

WAGNER ET AL.
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Table 1

Data and Sample Information for Samples Collected During the November 2016 Storm Event

Site Date Time Discharge (mm/hr) DOC (mg-C/L) FDOM (QSE) Mass (Da) H/C o/C Alnod
W-9 3 November 2016 10:13 0.13 3.68 58 329 0.88 0.32 0.31
W-9 3 November 2016 11:23 0.33 5.37 74 322 0.84 0.32 0.33
Ww-9 3 November 2016 13:08 0.36 6.81 98 322 0.84 0.32 0.33
Pope 3 November 2016 11:15 0.090 4.66 71 328 1.00 0.31 0.26
Pope 3 November 2016 11:45 0.12 4.02 85 332 0.95 0.31 0.29
Pope 3 November 2016 12:15 0.19 4.62 96 335 0.91 0.32 0.30
Pope 3 November 2016 12:45 0.28 515 108 326 0.90 0.32 0.31
Pope 3 November 2016 13:15 0.39 5.81 114 327 0.91 0.31 0.30
Pope 3 November 2016 13:45 0.46 6.06 120 329 0.90 0.31 0.30
Pope 3 November 2016 15:18 0.39 5.97 124 318 0.87 0.30 0.31
Pope 3 November 2016 16:48 0.29 5.20 119 324 0.90 0.31 0.30
Pope 3 November 2016 18:18 0.22 4.71 110 337 0.91 0.31 0.30
Pope 3 November 2016 19:48 0.18 4.27 102 330 0.90 0.31 0.30
Pope 3 November 2016 21:18 0.16 3.90 95 330 0.89 0.31 0.30
Pope 3 November 2016 22:48 0.13 3.73 89 331 0.90 0.32 0.30
Pope 4 November 2016 00:18 0.12 3.50 &5 338 0.92 0.31 0.29
Pope 4 November 2016 01:48 0.11 3.27 81 339 0.92 0.31 0.29
Sleepers 3 November 2016 11:39 0.048 2.79 48 329 0.95 0.30 0.29
Sleepers 3 November 2016 12:39 0.068 2.87 43 322 0.94 0.30 0.29
Sleepers 3 November 2016 13:39 0.11 3.42 51 327 0.94 0.31 0.29
Sleepers 3 November 2016 14:39 0.22 4.28 67 325 0.92 0.30 0.30
Sleepers 3 November 2016 15:39 0.38 511 75 331 0.93 0.32 0.29
Sleepers 3 November 2016 16:39 041 5.38 83 327 0.91 0.31 0.30
Sleepers 3 November 2016 18:41 0.36 859 87 325 0.91 0.31 0.30
Sleepers 3 November 2016 20:41 0.29 5.77 87 336 0.90 0.31 0.30
Sleepers 3 November 2016 22:41 0.23 541 86 331 0.89 0.30 0.30
Sleepers 4 November 2016 00:41 0.19 5.10 85 325 0.90 0.31 0.31
Sleepers 4 November 2016 02:41 0.16 4.76 83 338 0.92 0.33 0.30
Sleepers 4 November 2016 04:41 0.14 4.54 80 333 0.90 0.31 0.30
Sleepers 4 November 2016 06:41 0.12 4.49 79 336 0.89 0.31 0.31
Sleepers 4 November 2016 08:41 0.11 4.24 75 338 0.90 0.31 0.30
Passumpsic 3 November 2016 15:27 0.073 5.34 N/A 325 0.99 0.32 0.27
Passumpsic 3 November 2016 17:27 0.10 3.80 N/A 326 0.91 0.31 0.30
Passumpsic 3 November 2016 19:27 0.12 3.62 N/A 330 0.93 0.31 0.29
Passumpsic 3 November 2016 21:27 0.13 4.21 N/A 330 0.93 0.31 0.30
Passumpsic 3 November 2016 23:27 0.15 4.37 N/A 330 0.92 0.32 0.30
Passumpsic 4 November 2016 01:27 0.16 4.28 N/A 331 0.92 0.32 0.30
Passumpsic 4 November 2016 04:31 0.17 4.47 N/A 332 0.90 0.31 0.30
Passumpsic 4 November 2016 07:31 0.16 5.07 N/A 331 0.90 0.32 0.30
Passumpsic 4 November 2016 13:31 0.14 6.36 N/A 327 0.89 0.32 0.30
Passumpsic 4 November 2016 16:31 0.13 6.71 N/A 328 0.88 0.32 0.31
Passumpsic 4 November 2016 19:31 0.12 6.67 N/A 331 0.89 0.32 0.31
Passumpsic 4 November 2016 22:31 0.12 6.82 N/A 329 0.89 0.32 0.31
Passumpsic 5 November 2016 01:31 0.11 6.66 N/A 337 0.88 0.32 0.31

Note. Includes date and time of sample collected, stream discharge, dissolved organic carbon (DOC) concentration, and in situ fluorescent dissolved organic mat-
ter (FDOM) signal. Abundance-weighted average values for molecular formula mass (Da), H/C ratio, O/C ratio, and the aromaticity index (Alyoq) are also listed.
QSE, quinine sulfate equivalent.

3.3. Event-Driven Variations in DOC Concentration

At Pope, Sleepers, and Passumpsic, 13 to 14 individual samples were collected across the hydrograph to cap-
ture changes in DOC along the rising and falling limbs (Figure 2 and Table 1). Since W-9 is a first-order
stream with flashy hydrology, only three samples were collected during this storm event (two samples on
the rising limb and one sample just after peak discharge; Figure 2a and Table 1). At W-9, DOC concentra-
tions ranged from 3.68 to 6.81 mg-C/L. The initial storm sample at Pope had a DOC concentration of
4.66 mg-C/L, but DOC then dropped to 4.02 mg-C/L before DOC concentrations increased again
(Figure 2a and Table 1). Peak DOC concentration at Pope was 6.06 mg-C/L, which closely coincided with
peak discharge (Figure 2b). At Sleepers, DOC concentrations ranged from 2.79 mg-C/L at storm onset to
5.77 mg-C/L just after peak discharge (Figure 2c and Table 1). At Passumpsic, DOC concentration was

WAGNER ET AL.
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Figure 3. In situ fluorescent dissolved organic matter (FDOM; black, solid line) and dissolved organic carbon (DOC) con-
centration (white diamonds) versus discharge at (a) W-9, (b) Pope Brook, (c) Sleepers River, and (d) Passumpsic River. The
dashed arrows indicate temporal direction from storm onset to falling limb.

5.34 mg-C/L at event onset, decreased to 3 to 4 mg-C/L during the rising limb and at peak discharge, and
then peaked at 6.82 mg-C/L roughly 18 hr after peak discharge (Figure 2d and Table 1).

3.4. Hysteresis in DOC Concentration and In Situ FDOM

While the number of discrete samples collected at W-9 was small (n = 3), continuous FDOM data showed a
clear positive correlation with discharge and a counterclockwise hysteresis (Figure 3a), which suggested that
a similar hysteretic trend would be observed for DOC if discrete samples were collected at higher frequency
across the hydrograph. At Pope, DOC was positively related to discharge with no apparent hysteresis (i.e.,
the relationship between DOC and discharge was the same on the rising and falling limbs of the hydrograph;
Figure 3b), whereas the FDOM data were positively related to discharge, with a counterclockwise hysteresis
(Figure 3b). At Sleepers, DOC was positively related to discharge and exhibited a concave, counterclockwise
hysteresis loop and FDOM was positively related to discharge, with a counterclockwise hysteresis
(Figure 3c). At Passumpsic, where FDOM data were lacking, the slope of the relationship between DOC
and discharge was flat (near zero) and had a counterclockwise, convex hysteresis loop (Figure 3d).

3.5. Comparison of DOM Molecular Composition Across Sites

Raw mass spectra showed peak distributions consistent with those observed for other river DOM samples
(Figure 4; Wagner, Riedel, et al., 2015). In total, 6,148 unique molecular formulas were assigned to FT-
ICRMS peaks across all samples (n = 44). The number of formulas assigned per DOM sample ranged from
4,210 to 4,752. The mean number of formulas assigned to samples collected from W-9 (n = 3), Pope (n = 14),
Sleepers (n = 14), and Passumpsic (n = 13) did not vary significantly (mean + SD): 4,568 + 179, 4,484 + 134,
4,591 + 105, and 4,574 + 136, respectively (t test; p > 0.05; Table 2). Assigned molecular formulas spanned a
mass range of 95 to 775 Da. Most of the molecular formulas contained only C, H, and O (n = 3283). The
remaining formulas (n = 2865) contained N, S, P, or a combination thereof. Mean abundance-weighted aver-
age values for molecular mass at Pope, Sleepers, and Passumpsic were 330 Da with standard deviations of 6,
5, and 3 Da, respectively. Mean abundance-weighted average values for H/C at Pope, Sleepers, and
Passumpsic were 0.91 with standard deviations of 0.03, 0.02, and 0.03, respectively. Mean abundance-
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Figure 4. Exemplary raw mass spectra featuring peaks at 373 m/z for
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m/z

samples collected at Pope Brook during storm onset (3 November 2016
11:15 a.m.), peak discharge (3 November 2016 1:15 p.m.), and from the
falling limb of the hydrograph (4 November 2016 12:18 a.m.). Molecular

formulas in purple are assigned to mass spectral peaks, which were enriched
at storm onset. Molecular formulas in green are assigned to mass spectral
peaks, which are persistent and/or enriched at peak discharge and along the
falling limb of the hydrograph.

Table 2

weighted average values for Al 4 at Pope, Sleepers, and Passumpsic were
0.30 + 0.01. Samples collected at W-9 exhibited, on average, lower molecu-
lar mass (324 + 4 Da), lower H/C (0.85 + 0.02), and higher Al 4
(0.32 £ 0.01) than those collected at higher stream orders. There was no
apparent trend in mean abundance-weighted average O/C values across
the stream orders (values ranged from 0.31 to 0.32). The average propor-
tion of molecular formulas identified as condensed aromatics (13%), poly-
phenals (17%), highly unsaturated compounds (54%), and unsaturated
aliphatics (12%) did not significantly vary among stream orders (p > 0.05;
Table 2). Abundance-weighted average values of molecular mass, H/C,
O/C, and Alyq for individual samples are listed in Table 1. Mean and
standard deviation values for the number of assigned formulas and the
proportion of formulas in each molecular category are listed in Table 2.

3.6. Event-Driven Variations in DOM Molecular Composition

While average molecular characteristics across the nested sites were rela-
tively consistent, the molecular composition of DOM varied at each site
across the hydrograph. Figure 4 compares raw mass spectra for Pope
Brook, collected at storm onset, peak discharge, and along the falling
limb, at 373 m/z. Peaks at higher mass defects (0.18-0.26 Da) were found
to be more abundant (i.e., have a higher relative peak intensity) at storm
onset (Figure 4). Formulas assigned to peaks at higher mass defects have
high H/C ratios (>1.5) compared to formulas assigned to peaks at lower
mass defects. Many of these high mass defect peaks decreased in abun-
dance or fell below the limit of detection in peak discharge and falling
limb samples (Figure 4). The preliminary comparison of raw DOM mass
spectra was the first indication of varied DOM molecular composition
during the storm event. Plotting relative peak abundance against dis-
charge revealed hysteresis of individual molecular formulas (Figures 5
and 6). Some formulas were more enriched on the rising limb and more
depleted on the falling limb, resulting in clockwise molecular hysteresis
(e.g., C1oH300, at Pope, Sleepers, and Passumpsic; Figures 5b-5d).
Other formulas were more depleted on the rising limb and became more
enriched on the falling limb, resulting in counterclockwise molecular hys-
teresis (e.g., C15sHgOy at Sleepers and Passumpsic; Figures 6c and 6d). The

hysteresis of individual molecular formulas was not always similar across stream orders. For example,
although the molecular formula C,sHgO, was more enriched at peak discharge relative to storm onset,
the relationship between relative peak abundance and discharge did not exhibit the clear counterclockwise
shape observed at Sleepers and Passumpsic (Figures 6b—6d). The hysteresis of individual molecular formulas
contributed to observed shifts in bulk DOM composition during the storm event. At W-9, Pope, Sleepers, and
Passumpsic, the abundance-weighted average H/C ratio decreased from 0.88 to 0.84, 1.00 to 0.90, 0.95 to
0.91, and 0.99 to 0.90, respectively, between storm onset and peak discharge (Table 1 and Figure 7). After
peak discharge, on the falling limb of the hydrograph, H/C ratios remained low across all sites (Table 1 and

Figure 7).

Mean (+1 SD) Values for the Total Number of Formulas Assigned and Proportion of Molecular Formulas Categorized to Each Compound Class for Samples Collected

at Each Nested Site

Site No. assigned formulas Condensed aromatics (%) Polyphenols (%) Highly unsaturated (%) Unsaturated aliphatics (%)
W-9 4,568 + 179 13.7 £ 0.5% 17.2 £ 0.5% 541 +1.0% 123+ 1.1%
Pope 4,484 + 134 13.4 + 0.5% 17.3 £ 0.4% 542 +1.2% 126+ 1.2%
Sleepers 4,591 + 105 13.1 + 0.4% 17.2 £ 0.3% 549 + 1.0% 12.1 + 1.0%
Passumpsic 4,574 + 136 13.3 + 0.4% 17.3 + 0.4% 54.3 + 0.5% 12.4 + 0.7%
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Figure 5. Single peak hysteresis for the molecular formula C;9H3004 (exact mass = 322.214410 Da) at (a) W-9, (b) Pope
Brook, (c) Sleepers River, and (d) Passumpsic River.

To compare molecular hysteretic trends across sites, mass spectral data were split into subsets based upon
sampling location (W-9, n = 3; Pope, n = 14; Sleepers, n = 14; and Passumpsic, n = 13) for further analysis.
The abundance of mass spectral peaks were normalized across each subset so abundance values for an indi-
vidual mass peak ranged from 0 to 1 (where 0 and 1 represented the points at which a particular mass peak
had the lowest and highest abundance, respectively, across the hydrograph). The normalization of mass
spectral peaks within each subset of samples allowed for the direct comparison of hysteretic behavior of
thousands of individual assigned formulas at each sampling site. The onset-peak index (which ranges from
—1to +1) was then calculated by subtracting the normalized abundance of a peak in the DOM sample col-
lected at storm onset from the normalized peak abundance in the DOM sample collected at peak discharge.
Methodological details and example of how onset-peak indices were calculated is described in the support-
ing information. An onset-peak index >0 indicated that a molecular formula was more enriched at storm
onset than at peak discharge. An onset-peak index <0indicated that a molecular formula was more enriched
at peak discharge than at storm onset. An onset-peak value = 0 indicated that the molecular formula enrich-
ment was the same at storm onset and peak discharge. The formulas identified in storm samples at each site
(W-9, Pope, Sleepers, and Passumpsic) are displayed in van Krevelen space, where H/C ratios are plotted
against O/C ratios (Figure 8). In Figure 8, each data point represents a single molecular formula and is
colored based upon its onset-peak index.

4. Discussion
4.1. Interpreting DOC and FDOM Hysteresis in a Nested Watershed
DOC concentration and FDOM signal generally increased with increasing discharge across the nested sites.

Positive, counterclockwise hysteresis relationships between DOC and discharge are commonly observed for
tributaries of the Passumpsic River (Pellerin et al., 2012; Shanley et al., 2015). In our results, except for Pope,
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Figure 6. Single-peak hysteresis for the molecular formula C;sHgOg (exact mass = 332.016835 Da) at (a) W-9, (b) Pope
Brook, (c) Sleepers River, and (d) Passumpsic River.

hysteresis patterns for DOC were also counterclockwise (Figure 3). Although the number of discrete samples
collected at W-9 was small (n = 3), DOC was positively related to discharge and we can assume a
counterclockwise hysteresis loop based upon the counterclockwise trend in FDOM (Figure 3a). A peak in
DOC concentration after peak discharge indicated that water with the highest DOC concentrations
arrived latest to the stream. The late arrival of the most DOC-rich waters at W-9, Sleepers, and
Passumpsic could be due to DOC-rich waters originating in sites geographically distal from the stream
(Pellerin et al., 2012) and/or from DOC-rich waters taking flow paths through soils with slower responses
than those of groundwater and surface flow (Evans & Davies, 1998). The closed loop between DOC and
discharge indicates two component mixing for in-stream DOM at Pope (Figure 3b), where baseflow water
(low DOC, low FDOM) mixes with event water (high DOC, high FDOM). Using classical interpretations,
closed loop hysteresis can also indicate that the concentrations of DOC in both surface event water
(overland flow, direct precipitation) and soil water were roughly equivalent to one another and greater
than DOC concentrations in groundwater (Evans & Davies, 1998). While the hysteresis patterns observed
in the current study are consistent with historical data (Shanley et al., 2015), the relationship between
DOC, FDOM, and discharge within the Passumpsic River watershed is known to be dynamic throughout
the year (Pellerin et al., 2012). Therefore, the current set of data, which focuses upon a single storm event,
may not be representative of all hysteresis patterns observed for the Passumpsic River and its tributaries.

4.2. Distinct Molecular Signatures at Storm Onset and Peak Discharge

FT-ICRMS data show a depletion in aromatic compounds during storm onset and an enrichment in aro-
matic compounds during peak discharge (Figure 8). High H/C (>1) molecular formulas were enriched at
storm onset (Figure 9a). Formulas prevalent at storm onset were primarily categorized as unsaturated ali-
phatics and are described as lipid-like, carboxylic-rich alicyclic molecules (Hertkorn et al., 2006) and lignin
degradation products. The potential for high structural diversity (isomeric plasticity) prevents the
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Figure 7. Abundance-weighted average H/C ratios versus stream discharge at (a) W-9, (b) Pope Brook, (c) Sleepers River,
and (d) Passumpsic River. The dashed arrows indicate temporal direction from storm onset to falling limb.

assignment of these formulas to more refined molecular categories (Stubbins et al., 2010). Low H/C (<1)
molecular formulas were enriched during peak discharge (Figure 9b). Formulas prevalent at peak
discharge were primarily categorized as highly unsaturated, polyphenolic (lignin degradation products
and tannins), and condensed aromatic (dissolved black carbon) compounds (Figure 9b). The aromatic
molecular formula signature of DOM exported at high flow is consistent with previous studies, which
show an elevated export of aromatic- and humic-rich DOM (Hood et al., 2006; Inamdar et al., 2011; Vidon
et al.,, 2008), lignin (Eckard et al., 2017; Hernes et al., 2008), and dissolved black carbon (Stubbins et al.,
2015; Wagner et al., 2015) during periods of high flow across diverse river systems. Pope, Sleepers, and
Passumpsic exhibit the highest H/C ratios at storm onset (Figure 7). Abundance-weighted average H/C
ratios drop quickly after storm onset and continue to decrease steadily through peak discharge and along
the falling limb of the hydrograph (Figure 7). This shift from high to low H/C along the hydrograph
further indicates an increase in the overall degree of aromaticity of DOM exported during the storm
event. Since DOC concentrations and humic-like FDOM signals are also elevated during high discharge
(Figure 2), we can conclude that aromatic carbon concentrations and export are also highest during peak
discharge and hydrograph recession.

The low number of discrete samples collected and lack of prestorm/poststorm baseflow and end-member
(soil water, groundwater, etc.) samples prevented statistically robust linkages to be made between DOM
sources and hydrological pathways. However, variations in FDOM (Figure 2) indicated potential shifts in
riverine DOM sources during the storm event. The DOM molecular formula signature also shifted from
being more enriched in aliphatics to being more enriched in aromatics between storm onset and peak dis-
charge. This change in DOM composition is driven by the timing of different DOM sources reaching the
stream. Classical interpretations of hysteresis suggest that groundwater arrives first, surface flow second,
and soil flow last due to the speed at which water movement through these flow paths can respond to
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Figure 8. Van Krevelen plots of molecular formulas in dissolved organic matter at (a) W-9, (b) Pope Brook, (c) Sleepers
River, and (d) Passumpsic River. Individual points are colored based upon the onset-peak index described in the text.
The purple points represent formulas that were more abundant at storm onset. The green points represent formulas that
‘were more abundant at peak discharge.

fresh rainfall (Evans & Davies, 1998). The quality of these end-members is then inferred from the timing of
solute chemistry in the river. In the case of DOC, FDOM, and FT-ICRMS data here, such an interpretation
suggests that groundwater has low FDOM and aliphatic-enriched DOC. This is consistent with what is
known about groundwater chemistry, which generally has low DOC, low humic-like FDOM, and is
enriched in aliphatic formulas, but depleted in aromatic formulas (Inamdar et al., 2011; Kellerman et al.,
2018). As the storm progresses toward peak discharge, DOC, FDOM, and aromatic content increase with
discharge but generally peak after peak discharge, leading to a counterclockwise hysteresis at our sites
(Figures 3 and 6). Following the interpretation of hysteresis forwarded by Evans and Davies (1998), this
implies that surface flow is enriched in DOC, FDOM, and aromatics compared to groundwater, but the
late arriving soil flow paths are further enriched in each of these parameters compared to surface flow.

DOC and FDOM hysteresis patterns for the current storm event are similar to those previously recorded by
Shanley et al. (2015). Using a multitracer approach, they showed the delayed peak in aromatic DOM to be
driven by the flow of water through distal organic soil horizons (Shanley et al., 2015). Highly colored (aro-
matic) DOM is also sourced from the leaching of fresh leaf litter during storms that occur after leaf drop
in autumn (Shanley et al., 2015). In the current study, samples were collected during a storm, which
occurred in the weeks following leaf drop in northern Vermont (USA); therefore, the polyphenolic, aromatic
DOM signature evident at peak discharge (Figure 9b) could be derived from the solubilization of this freshly
deposited organic material. The molecular hysteresis described here lays the groundwork for the
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Figure 9. Van Krevelen plots of molecular formulas, which were consistently enriched at (a) storm onset (onset-peak
index >1) and (b) peak discharge (onset-peak index <1) across all sampling sites (W-9, Pope, Sleepers, and Passumpsic).

identification of molecular formulas or compounds that are mobilized in-stream at different points across
the hydrograph. However, further work is needed to assess between-storm and seasonal variations in
molecular composition and determine which groups of compounds are consistently present/absent or
enriched/depleted across different seasons and storm sizes. Future studies that seek to investigate DOM
molecular hysteresis should collect prestorm and poststorm baseflow samples to verify the unique
presence of the group of aliphatic compounds at storm onset and to determine whether the molecular
compositions of DOM during prestorm and poststorm baseflow are similar.

4.3. Molecular Hysteresis: Implications for Pulse-Shunt and Downstream Biogeochemistry

The river continuum concept hypothesizes that the molecular diversity of DOM is highest in the headwaters
and decreases with increasing stream order (Vannote et al., 1980). The high degree of molecular diversity
proposed for riverine headwaters is driven by the heterogeneity of DOM source and the varied spatiotem-
poral delivery of DOM to the stream channel (Creed et al., 2015). In higher order streams, molecular diver-
sity is hypothesized to be reduced by the biogeochemical processing of DOM as it transits downstream
(Creed et al., 2015). In support of the river continuum concept, Mosher et al. (2015) showed first-order
streams to contain DOM with the highest molecular diversity (highest number of unique molecular formu-
las) when sampled under baseflow conditions. However, in the current study no molecular formulas were
found to be unique to any stream order during the storm event and the variation at a single site (i.e., stream
order) across the storm was greater than variation across stream orders. Furthermore, molecular hysteresis
patterns were found to be quite similar across all stream orders (Figures 8 and 9). This indicates that despite
variations in catchment landscape and basin area, event discharge disrupts the downstream gradient in
DOM molecular composition that is evident at baseflow (Mosher et al., 2015). The homogenization of
DOM composition across stream orders during an event provides further evidence to support the pulse-
shunt concept, whereby rivers are converted from active to passive pipes at high flow, transporting fresh, ter-
restrial DOM further downstream (Raymond et al., 2016). The flushing of terrestrial DOM during storm
events appears to shunt diverse DOM downstream and could relocate biogeochemical hotspots for DOM
processing from the upper to the lower reaches of the watershed.

Hydrological events increase the percentage and flux of biologically available DOM in rivers with forested
watersheds (Wilson et al., 2013). In the Yukon River, the proportion of biolabile DOC was found to be high-
est on the rising limb of the hydrograph (Wickland et al., 2012). The group of compounds preferentially
mobilized during storm onset (Figure 9a) share similar molecular characteristics as formulas, which have
been shown to be highly biolabile in permafrost (Spencer et al., 2015) and forested stream DOM (Kim
et al., 2006). The prevalence of potentially biolabile molecules on the rising limb of the hydrograph across
all stream orders indicates that these biogeochemically reactive compounds are shunted further through
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the river network during periods of high discharge and could serve as a fresh carbon subsidy to microbial
communities present in higher stream orders. However, the observed trends in FT-ICRMS data alone cannot
fully support this hypothesis. Therefore, biolability experiments are needed to determine when biologically
available DOM is most prevalent during storm events in the Passumpsic River watershed. The event-driven
export of these compounds could propagate a surge in labile DOM and associated microbial activity at the
leading edge of storm waters passing through a river network.

At and after peak discharge, DOM was enriched in aromatic molecular formulas (Figure 9b). Aromatic
formulas tend to persist during water column biodegradation experiments (Spencer et al., 2015) but are pre-
ferentially degraded by sunlight (Stubbins et al., 2010, 2017). Therefore, photochemistry may control the fate
of organics transported during pulse-shunt. However, during flood events several factors may limit the
potential for photochemistry to occur in stream. First, during high discharge DOM residence times decrease,
reducing the opportunity for photochemical reactions to occur. Second, at peak discharge, high turbidity
would reduce the proportion of light absorbed by DOM (Figure S1). Finally, increased color and aromaticity
of DOM indicates increased light absorbance of DOM during hydrograph recession (Figures 3 and 7).
Enhanced DOM absorbance would result in DOM self-shading during storm events. If we assume light flux
remains constant during a storm event, but DOM residence time decreases, turbidity increases, and DOM
absorbance increases, then the number of photons per aromatic molecule in the water column decreases.
A reduction in photons per aromatic molecule should promote the survival and transport of potentially
photoreactive DOM molecules from rivers to the coast. Studies in various fluvial systems note that the export
of aromatic-rich organics to the ocean increases during high discharge events (Spencer et al., 2008, 2013). In
these cases, the pulse-shunt relocates the area for terrigenous DOM processing from the fluvial system to the
coastal ocean.

5. Conclusions

Ultrahigh-resolution mass spectral analysis (FT-ICRMS) revealed molecular hysteresis of DOM within a
forested New England watershed. At storm onset, DOM was enriched in aliphatic compounds, compared
to peak discharge, when condensed aromatic and polyphenolic compounds were most prevalent. The obser-
vation of similar molecular hysteretic trends across stream orders within the nested catchment provides sup-
port for the pulse-shunt concept, in which fresh, unaltered, terrestrial DOM is quickly transported
downstream during storm events, or other periods of high discharge. The biogeochemical effects of the
short-term mobilization of reactive terrestrial DOM to the river main stem and coastal margins have yet
to be fully realized. However, the rapid delivery of riverine DOM downstream could ultimately fuel transient
biogeochemical hotspots at higher stream orders or within the coastal zone. The current study provides a
view into molecular-level hysteretic changes in DOM, which is not offered by measurements of bulk DOC
or by optical spectroscopic techniques. Further work on molecular hysteresis would benefit from the collec-
tion of discrete samples at higher resolution across the hydrograph, capturing true prestorm and poststorm
baseflow samples, and obtaining possible end-member DOM samples (groundwater, soil water, etc.) to
better constrain sources that contribute to the DOM molecular formula signature during storm events.
For example, by comparing DOC, FDOM, and molecular formula signatures of hydrologic end-members
(groundwater, surface water, and soil water) to signatures at different points along the hydrograph, we could
infer changes in flow paths and sources of DOM during storm events.
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