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Redox-driven internal phosphorus (P) loading from lake sediments is a key process for propagating and sus-
taining cyanobacterial blooms in freshwater lakes. Missisquoi Bay in Lake Champlain, VT regularly experiences
cyanobacterial blooms driven by internal P loading as well as from seasonal transitions, but the response of
dissolved organic matter (DOM) to these changing conditions has previously not been investigated in this system
and seldom in other redox-dynamic freshwaters. In this study, Fourier transform-ion cyclotron resonance mass
spectrometry (FT-ICR MS) has been employed to explore the seasonal transformation and distribution of DOM,
including organic P (DOP), from spring 2017 to winter 2018 along with high-frequency geochemical monitoring.
DOM was largely composed of allochthonous compounds with unique molecules from seasonal autochthonous
sources and greater proportions of N,S-containing formulae after the early summer bloom season and during the
winter. DOM compositions from spring to late summer was more aliphatic during the early bloom season, while
DOM between late summer to winter was more aromatic with greater similarities between the two seasons. In
contrast, DOP compositions from all seasons were highly dissimilar and suggested a compartmentalized water
column, where riverine DOP compounds that were degraded during transport and in surface waters were largely
absent in the benthic DOP. Additional sediment core incubation experiments were implemented to study the
effects of short-term oxygen limitation on DOM and DOP composition to better constrain potential redox-based
drivers of their mobility between sediment and the water column. Short-term incubations suggested an increase
in aliphatic DOM and new DOP compounds, with little change in aromatic DOM, suggesting selective mobili-
zation driven by microbial iron(III) and manganese(IV) reduction. Together, these detailed FT-ICRMS data show,
for the first time, how DOM and DOP from various sources respond to changing physical and geochemical
conditions in redox-dynamic freshwaters, demonstrating how these compounds cycle in freshwater settings and
likely impact nutrient bioavailability.

1. Introduction

Freshwater eutrophication is characterized by trophic shifts from
excess nutrient concentrations, namely nitrogen (N) and phosphorus (P),
resulting in polluted ecosystems and restriction of water resources
(Smith et al., 1999). Aquatic primary producers consume excess nutri-
ents promoting unrestricted phytoplankton growth and allowing for
resilient cyanobacteria to outcompete algal communities, forming

blooms of aggregated biomass (Mur et al., 1999). These blooms have
resulted in adverse consequences for aquatic and human health
including reduction of water clarity, fish kills, and production of un-
pleasant taste and odor compounds as well as harmful toxins (Paerl and
Otten, 2013). Furthermore, blooms and their associated impacts are
expected to increase globally due to temperature and hydrological ef-
fects promoted by climate change and anthropogenic pollution (O’neil
et al., 2012; Nazari-Sharabian et al., 2018).
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Anthropogenic nutrient pollution from point and nonpoint sources
transports bioavailable P species, particularly inorganic orthophosphate
(PO37), into freshwaters that can be utilized by cyanobacteria to pro-
mote and sustain bloom conditions (Paerl and Otten, 2013). Addition-
ally, dissolved organic P (DOP) originates from both allochthonous (e.g.,
terrestrial) and autochthonous (e.g., aquatic) sources, serving as a po-
tential pool of bioavailable P that can be mineralized through biological
reactions and some abiotic processes (Baldwin et al., 2005; Bai et al.,
2015; Klein et al., 2019). The dominant biological reactions governing
DOP bioavailability are mediated by extracellular hydrolytic enzymes
such as alkaline phosphatase and nucleotideases, or by direct microbial
uptake of DOP (Heath, 2005). In both cases, DOP hydrolysis produces
orthophosphate and dissolved organic matter (DOM), which diffuse into
the water column, assimilate into biomass, or deposit with lake sedi-
ment. Freshwater DOM is a complex mixture of organic molecules with
various functional groups, and like DOP, have both terrestrial and
aquatic sources, each containing unique geochemical signatures (Koch
et al., 2005; Kellerman et al., 2014; Kellerman et al., 2015; Johnston
et al., 2019). DOM is also an integral part of aquatic energy transfer,
representing a large portion of reactive carbon responsible for the global
cycling of organic carbon to COy (Tranvik et al., 2009; Drake et al.,
2018) as well as sequestration of refractory compounds in the sediment
(Valle et al., 2018). As aquatic DOM is supplied by primary producers
and consumed by microorganisms to meet energy demands, DOP is also
produced and metabolized to fulfill biological requirements. Therefore,
in the context of eutrophication, the aquatic C and P cycles are linked
through the exchange of phosphate groups between DOM and DOP.

Internal loading is a means by which P species, both inorganic and
organic, are released from the sediment into the water column (Rey-
nolds and Davies, 2001; Sgndergaard et al., 2003; Ahlgren et al., 2011);
often driving cyanobacterial blooms in shallow freshwaters (O’neil
etal., 2012; Liet al., 2014). These blooms can produce anoxic conditions
below the surface, resulting in nutrient release from the sediment
(Rozan et al., 2002; Smith et al., 2011; Giles et al., 2016). This release is
driven by the activity of anaerobic microbial communities that couple
the metabolic oxidation of organic matter to the reduction of Mn(IV)
first, followed by Fe(III) (Lovley, 1991). In these lakes, bioavailable Fe
(II) originates from poorly-crystalline (oxy)hydroxide minerals with
high adsorptive capacities for phosphate groups (Wang et al., 2013), and
highly oxygenated DOM functional groups (Chassé and Ohno, 2016).
Upon reductive dissolution of these minerals, P species and DOM are
desorbed and mobilized from the sediment, fueling primary productivity
in a positive feedback cycle where blooms are sustained from liberated
nutrients and produce further anoxic conditions (Sgndergaard et al.,
2003; Parsons et al., 2017). The cycle breaks with bloom collapse from
water column mixing or temperature decrease (Paerl and Otten, 2013),
restoring dissolved oxygen as the terminal electron acceptor in the
bottom water. This induces precipitation of Fe(III) (oxy)hydroxides and
readsorption of P species and DOM (Reynolds and Davies, 2001; Smith
etal., 2011; Voegelin et al., 2013), thereby recharging the sediment with
nutrients.

Missisquoi Bay is a shallow, freshwater bay in Lake Champlain, hy-
drologically connected to both the Laurentian Great Lakes and the
Atlantic Ocean, that experiences seasonal eutrophication driven partly
by an internal loading process (Smith et al., 2011). Cyanobacterial
blooms occur during the summer and become less frequent as the tem-
perature decreases through fall (Isles et al., 2015). In winter the bay
freezes over and creates a stratified water column with suboxic to
hypoxic conditions in the bottom (Joung et al., 2017). Snowmelt in the
spring loads P, Fe, and organic C into the bay from its watershed that
supplies the initial excess nutrients for cyanobacterial blooms to develop
when water temperatures are sufficiently warm (Isles et al., 2015; Isles
etal., 2017b; Rosenberg and Schroth, 2017). The bay has been the target
of several geochemical studies, including the use of long-term moni-
toring stations, resulting in abundant data regarding nutrient mobility
and bioavailability (e.g., Smith et al., 2011; Giles et al., 2015; Schroth
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et al., 2015; Giles et al., 2016; Isles et al., 2017a, 2017b; Joung et al.,
2017; Rosenberg and Schroth, 2017; Kurek et al., 2020); however, the
contributions of DOM and DOP to internal loading have not been
addressed in detail.

Fourier transform-ion cyclotron resonance mass spectrometry (FT-
ICR MS) has been used extensively to investigate DOM molecular
compositions in a multitude of freshwater lakes and rivers (e.g., Zhang
et al., 2014; Wagner et al., 2015; Gonsior et al., 2016; Johnston et al.,
2019) as well as incubated experiments (e.g., Dadi et al., 2017; Mosto-
vaya et al., 2017; Valle et al., 2018). In this technique, DOM is routinely
ionized in electrospray (ESI) with either negative mode (—), preferen-
tially ionizing acidic and aromatic compounds, or positive mode (+),
selecting for more basic and aliphatic compounds (Ohno et al., 2016).
Neither approach has been widely applied to DOP analysis, in part due
to the poor ionization efficiency of phosphate groups in ESI and low
abundance of P in natural waters (Cooper et al., 2005); none to our
knowledge have directly compared both. However, in eutrophic systems
with elevated phosphorus concentrations, FT-ICR MS has demonstrated
its utility for describing the distribution of organic P molecular classes in
both freshwaters and leachates (Llewelyn et al., 2002; Brooker et al.,
2018; Kurek et al., 2020). Though these approaches are largely quali-
tative due to the nature of FT-ICR MS data (Hertkorn et al., 2007), they
provide insight into the mobility of DOP within aquatic systems and
potential sources. Therefore, we employed a similar non-targeted FT-
ICR MS approach in Missisquoi Bay combined with high frequency in
situ sensor and electrochemical analyses to thoroughly describe the
seasonal and intra-water column distribution of different DOM pools.
The objectives of this study were: 1) to characterize the seasonal and
spatial composition of DOM and DOP using FT-ICR MS in both ESI (—)
and (+) and 2) to relate the observed DOM/DOP compositions with
potential mobilizing events such as riverine input and benthic release to
derive key processes driving DOM and DOP speciation.

2. Methods
2.1. Site description

Missisquoi Bay is a shallow, eutrophic basin of Lake Champlain that
shares a border with Vermont (VT) and Quebec (see location map and
details in Isles et al., 2015). The bay experiences harmful cyanobacterial
blooms in the late summer months due to internal and external nutrient
loading (Smith et al., 2011; Giles et al., 2016). The lake usually freezes
completely during December with periodic thawing throughout the
winter until April when it melts entirely. The watershed of the bay is
mostly forested (70%) with agricultural (25%) and urban (5%) inputs
spanning a total of 3100 km? (Joung et al., 2017). External nutrient
loading is primarily supplied by surface runoff from three river systems:
the Missisquoi, Pike, and Rock River. Major loading events occur in the
spring following the melting of snowpack resulting in the highest sus-
tained discharge and during the summer months when periodic storm
events temporarily increase hydrologic surface flow paths to the bay
(Rosenberg and Schroth, 2017).

2.2. Sampling and long-term monitoring

Water column samples from Missisquoi Bay were collected into acid-
washed Nalgene bottles using a peristaltic pump during sampling events
in May 2017, September 2017, and January 2018 along with manual YSI
SONDE profiles (details in Schroth et al., 2015). On May 17, 2017 the
total depth of the bay was recorded at 4.1 m and water samples were
taken at the surface (top), 2.0 m (middle), and 3.2 m (bottom). On
September 11, 2017 the total depth was 3.5 m with samples collected at
the surface (top), 1.0 m, 2.0 m (middle), 3.0 m, and 3.1 m (bottom).
Additionally, surface water from the Missisquoi River was sampled on
September 13, 2017 at the USGS gaging station in Swanton, VT. On
January 10, 2018 the total water column depth was 3.3 m and sampled
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beneath ice cover at the surface (top), 2.0 m (middle), and 3.1 m (bot-
tom). All water samples were immediately transported to the laboratory
on ice, kept in the dark, and vacuum filtered through GF/F filters
(precombusted at 450 °C for 5 h) for solid phase extraction. Sediment
cores for incubation experiments were also collected on the same days as
water sampling. The cores were obtained with a gravity coring device
into acrylic tubes (6.7 cm diameter) and immediately transported to the
laboratory on ice.

High-frequency water quality measurements were collected hourly
in the Missisquoi Bay surface and bottom from June 28, 2017 to
November 9, 2017 using an automated YSI vertical profiling system
described in Giles et al. (2016). Surface and bottom water for total
dissolved phosphorus (TDP) and soluble reactive phosphorus (SRP) were
sampled weekly from July 28, 2017 to November 1, 2017 and analyzed
optically using methods described in Joung et al. (2017). DOC concen-
trations in Missisquoi Bay vary minimally between seasons (mean = 5.1
mg L7}, 4.2-6.1 90% CI) and have not varied significantly over the
course of a 9-year study (Bowling et al., 2015).

2.3. Solid phase extractions

Solid phase extraction (SPE) procedures were adapted from Dittmar
et al. (2008) to concentrate and desalt DOM for FT-ICR MS analysis. We
determined that single PPL extractions from Missisquoi Bay were
representative of the extractable DOM between replicates with low
(<28% RSD) variability in molecular formulae and compositional ho-
mogeneity between extractions (Kurek et al., 2020). Immediately after
filtering, DOM from water samples was extracted using 500 mg bond
elut PPL columns, a styrene divinyl copolymer with the greatest and
most consistent DOM recovery (Dittmar et al., 2008; Shakeri Yekta et al.,
2012; Perminova et al., 2014; Swensen et al., 2014; Li et al., 2016). The
columns were prepared by activating with 3 mL of methanol and
washing with acidified water at pH 2. Then, filtered water samples
(0.5-1.0 L) were acidified to pH 2 by dropwise addition of HCl and
extracted through the columns by gravity feeding. After extraction, the
columns were rinsed with acidified water at pH 2 and stored at —20 °C
until analysis. Immediately before FT-ICR MS analysis, DOM from the
columns was eluted with 5 mL of HPLC grade methanol into glass vials to
a final concentration in the range of 0.34-0.66 mg C mL~! based on
mean DOC concentrations from Missisquoi Bay (Bowling et al., 2015).

2.4. Fourier transform ion cyclotron mass spectrometry

Methanolic extracts were analyzed using a Bruker Solarix 12 Tesla
(Bruker Daltonics, Bremen, Germany) Fourier Transform-Ion Cyclotron
Resonance Mass Spectrometer (FT-ICR MS) with electrospray ionization
(ESD) in negative and positive mode. The extracts were prepared in
methanol and then injected using a microliter pump at a flow rate of 120
pL h™! with a nebulizer gas pressure of 138 kPa and a drying gas pres-
sure of 103 kPa. A source heater temperature of 200 °C was kept,
ensuring rapid desolvation of the ionized droplets. The spectra were zero
filled to a processing size of 4 megawords and 500 scans were collected
for each sample mass spectrum with the ion accumulation time tuned for
each sample. Spectra in ESI (—) and ESI (+) contained on average
around 17,000 peaks (See supplemental methods). All spectra were
internally calibrated using an appropriate reference mass list to obtain a
mass accuracy of less than 0.2 ppm. Data processing was conducted
using Compass Data Analysis 4.1 (Bruker, Bremen, Germany) and for-
mula assignments were processed by in-house software. The exact
masses were defined and their molecular compositions were batch
calculated by an in-house software tool (mass error 0.2 ppm). The
formulae were validated by setting sensible chemical constraints (N-
rule, oxygen-to-carbon (O/C) ratio < 1, hydrogen-to-carbon (H/C) ratio
< 2n + 2(CyH2p- 2), element counts: C < 80, H unlimited, O < 60, N <5,
S <1, P < 2) with an automated theoretical isotope pattern comparison.
Formula assignments were only considered if their mass peaks yielded a
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single theoretical formula with a corresponding 2C peak (See supple-
mental methods). By incorporating these requirements, the amount of
potential molecular formula was reduced, but the confidence in mini-
mizing false assignments was maximized, especially for low abundance
organic P molecules.

Final molecular formula assignments were branded into groups
containing CHO(P), CHON(P), CHOS(P) and CHONS(P) molecular
compositions, which were used to reconstruct the group-selective mass
spectra. Chemical properties including the modified aromaticity index
(AI), double bond equivalence (DBE), and carbon-normalized DBE
(DBE/C) were calculated according to Koch and Dittmar (2006, 2016) as
well as the average carbon oxidation state (CHO index) according to
Mann et al. (2015). Molecular classes were also subjected to HPOs-based
Kendrick mass defect (KMD) analysis for identification of homologous
series of compounds that differ in structure by just one HPO3 mass group
(Hughey et al., 2001). Post processing and statistical analysis of the
filtered mass lists were conducted using Microsoft Excel and R (R Core
Team, 2020) with the ggplot2 (Wickham, 2016), vegan (Oksanen et al.,
2013), and eulerr (Larsson, 2018) packages.

2.5. Sediment core incubations

Cores collected in May and September were made anoxic by bubbling
nitrogen gas into the surface water for one week (three days for the
January core) in a cold-water bath (5 °C) and obscured from light using
aluminum foil sheets. At the end of the incubations, 500 mL of the core
water was siphoned into a glass beaker and filtered through a pre-
combusted GF/F filter for solid phase extraction and FT-ICR MS. The
degree of reduction for each core was determined by detecting dissolved
Mn(II) and/or Fe(Il) at or above the sediment-water interface (SWI)
using in situ microelectrodes. Sediment cores from Missisquoi Bay have
displayed spatially homogenous redox profiles (Smith et al., 2011),
therefore only a single profile was completed for each core. Cyclic vol-
tammetry was conducted using a three-electrode system on a model
DLK-70 potentiostat (Analytical Instrument Systems, Inc.) with a gold
amalgam microelectrode (working), an Ag/AgCl electrode (reference),
and a platinum wire electrode (auxiliary) after established techniques
(Brendel and Luther, 1995; Smith et al., 2011; Slowey and Marvin-
DiPasquale, 2012). Further details are described in the supplementary
information (Supplemental methods).

2.6. Analysis of model DOP compounds

A group of 3P NMR-active compounds including, glucose-1-
phosphate (G1P), adenosine-5-monophosphate (AMP), and phenyl-
phosphonic acid (PPA), were analyzed for their solid phase extraction
and ionization efficiencies to determine if FT-ICR MS could yield pre-
viously detected organic P from Missisquoi Bay using 3P NMR (Giles
etal., 2015). G1P and AMP were selected to represent biomolecules with
phosphomonoester bonds (O—P) while PPA was chosen to represent
compounds with phosphonate bonds (C—P) with higher molecular
weights that could easily be ionized in FT-ICR MS. Stock solutions were
made by dissolving each compound in Milli-Q water to final concen-
trations of 88 mg L™! G1P, 68 mg L' AMP, and 103 mg L™! PPA. The
solutions were extracted using the PPL SPE procedure and the permeate
(the liquid that passes through the column during extraction) was
collected for total P quantification. The permeates were diluted 1:10 in
Milli-Q water and analyzed on a Perkin Elmer ICP-OES for total P.
Sample reproducibility, calculated from three replicates, was within 5%.
The samples were blank-corrected, and percent retention was calculated
as the stock concentration minus the eluted concentration relative to the
stock concentration for each compound. The PPL columns were then
stored at —20 °C prior to elution for FT-ICR MS (section 2.4).
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2.7. Statistical analysis

Non-metric multidimensional scaling (NMDS) was implemented to
construct a “seasonal map” of Missisquoi Bay DOM due to the minimal
assumptions it makes regarding the distribution and linearity of the
input data (Paliy & Shankar, 2016). NMDS biplots (k = 2, stress <0.1)
were made using the vegan package in R (Oksanen et al., 2013) from
Bray-Curtis distances using mean square root transformed parameters
derived from the FT-ICR MS spectra (e.g., H/C, O/C, N/C, etc.) in each
ionization mode and data from the SONDE profiles. All reported vari-
ables were statistically significant (o« = 0.05).

Linear correlations between the FT-ICR MS variables and a subset of
the SONDE variables were also modeled in R with the Hmisc package
(Harrell Jr., 2020) and their correlation coefficients reported at the o =
0.05 significance level. Additionally, mean values of the FT-ICR MS
variables between the bottom water and incubated core water were
compared using a two-sample t-test in R.

3. Results
3.1. Seasonal water column sensor and geochemistry data

Automated SONDE profiles measured temperature (T), dissolved Oy
(DO), pH, chlorophyll-a (Chl a), and phycocyanin (blue-green algae
pigment, [BGA]) at the surface (black line) and bottom (red line)
(Fig. 1A-E). Throughout the summer and late fall, pH, DO, Chl a, and
phycocyanin increased during warmer surface temperatures and were
higher in the surface than the bottom in two distinct periods. The first
period occurred from early July to early September while the second
period was from mid-September to early October, consistent with past
data from Missisquoi Bay (Giles et al., 2016). Total dissolved P (TDP) in
the surface and bottom (solid lines) decreased from mid-July to
November while soluble reactive P (SRP) (dashed lines) gradually
increased (Fig. 1F).

Individual SONDE profiles measured the same day as water sampling
for May, September, and January are provided in the supplemental in-
formation (Fig. S.1). In general, Chl a, phycocyanin, and pH decreased
from May to January while temperature followed the order of
September > May > January. DO was uniform through depth in May
(109% sat.) and September (95% sat.), but more stratified in January
(changing from 97 to 55% sat. with depth).
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3.2. Model DOP compound retention and ionization

Retention of the model DOP compounds in the PPL columns was
variable following the order of PPA (41.7%) > G1P (30.5%) > AMP
(3.5%). In ESI (-), both G1P and PPA were identified in their mass
spectra, but AMP was not. Furthermore, possible AMP degradation
products such as adenosine, glucose, G1P, or adenine were also absent
from the mass spectrum. In ESI (+), none of the model compounds were
detected, though the presence of adenosine in the AMP spectra sug-
gested the potential degradation product was preferentially ionized over
AMP. The presence of all the organic P standards in the PPL columns
indicates that SPE can retain some of the same compounds that are 3P
NMR-active, but their variability in the FT-ICR MS spectra suggests that
their detection is highly dependent on ionization mode. By considering
DOP compounds in both ESI (—) and ESI (+) spectra, we extended our
analytical window to reveal functionally different molecules whose
compositions are consistent across replicate PPL extractions (Kurek
et al., 2020).

3.3. FT-ICR MS analysis of water column DOM

Analysis of assigned molecular formulae was separated into non-P-
containing (DOM) and P-containing (DOP) molecules to identify
trends within the two groups. Compounds were further grouped into
molecular classes based on their atomic composition and visualized
using van Krevelen diagrams which display the formulaic H/C ratio
against the formulaic O/C ratio of each molecule. Points in van Krevelen
space represent molecular formulae which may consist of many isomers
following predictable trends (Hertkorn et al., 2007). In general, com-
pounds with higher H/C are more saturated and aliphatic, while those
with lower H/C are unsaturated. Similarly, molecules with higher O/C
values are more oxygenated than those with lower O/C. Commonality
between samples was assessed by the relative molecular formulae
shared between FT-ICR MS spectra, visualized in size-proportional Venn
diagrams. Samples that share many of the same formulae have a high
commonality corresponding to a greater area of intersection, whereas
those that share few formulae have a low commonality and are more
“unique”.

A matrix of the DOM and DOP compounds in ESI (—) and ESI (+) is
depicted in Figs. 2 and 3, supplemented with mass spectral character-
istics in table S.1. Samples in each column were collected from the same
season while samples across each row are from the same depth. Like-
wise, Venn diagrams at the top of each column describe the presence/
absence of each molecule between the water column spectra and the
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Fig. 1. High-frequency YSI SONDE data collected in from June 28, 2017 to November 9, 2017 for (A) temperature, (B) dissolved oxygen, (C) pH, (D) chlorophyll-a
(Chl a), and (E) blue-green algae phycocyanin (BGA) in the surface (black) and bottom water (red). (F) Phosphorus was measured from July 28, 2017 to November 1,
2017 as total dissolved (solid lines) and soluble reactive (dashed lines) in the surface (black) and bottom water (red). The vertical dashed line indicates the water
column sampling on September 11, 2017. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



M.R. Kurek et al. Chemical Geology 573 (2021) 120212
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Fig. 2. van Krevelen diagrams of assigned non-P-containing formulae ionized in ESI (+) FT-ICR from the Missisquoi Bay water column. A grey dashed line at H/C =
1.5 represents the molecular lability boundary (MLB). Venn diagram sizes are proportional to the total number of formulae and correspond to samples in the water
column of the same month (columns) and depths across different months (rows). Elemental compositions bearing combinations of C, H, O, N and S atoms are defined
as follows: blue (CHO), green (CHOS), orange (CHON) and red (CHONS). Bubble sizes are scaled proportionally to m/z ion intensity.
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Fig. 3. van Krevelen diagrams of assigned P-containing formulae ionized in ESI (+) FT-ICR MS from the Missisquoi Bay water column. A grey dashed line at H/C =
1.5 represents the molecular lability boundary (MLB). Venn diagram sizes are proportional to the total number of formulae and correspond to samples in the water
column of the same month (columns) and depths across different months (rows). Colour-code represent the elemental compositions bearing blue (CHOP), orange
(CHONP), green (CHOSP), and red (CHONSP) molecular compositions. Bubble sizes are scaled proportionally to m/z ion intensity.
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Venn diagrams at the end of each row correspond to the same depth
across each season. A molecular lability boundary (MLB) at H/C = 1.5,
classifies compounds that are generally more biolabile (D’ Andrilli et al.,
2015) and is depicted as a grey dashed line in the van Krevelen dia-
grams. Formulae that plot above this line are thought to share charac-
teristics similar to biolabile compounds (D’Andrilli et al., 2015).

3.3.1. FT-ICR MS DOM

In ESI (—), the May water column DOM had the lowest molecular
diversity, defined as the total number of assigned formulae (Fig. 2,
vertical Venn diagrams; Table S.1), and the lowest commonality within
the water column compared to September and January. May was mostly
composed of CHO-containing formulae with a unique cluster of CHONS
formulae in the surface above the MLB, while September and January
had more CHON and CHOS formulae than in May (Fig. 2, Fig. S.2). From
September to January, there was an overall increase in saturated com-
pounds (Table S.1) and more CHOS formulae above the MLB (Fig. 2).
Across all seasons, formulae from the same depth were less common
through time except between September and January which shared
more formulae with each other than with May (Fig. 2, horizontal Venn
diagrams).

Water column DOM ionized in ESI (+) was more saturated, less
oxygenated, and had lower molecular diversity than in ESI (-)
(Table S.1). Molecular class distributions also differed with more satu-
rated CHON formulae above the MLB and CHOS formulae at lower H/C
and O/Cratios (Fig. 2). Proportionally, DOM analyzed in ESI (4) ionized
more unique compounds in each sample than in ESI (—). Similar to ESI
(—), May differed from September and January, having the lowest mo-
lecular diversity and commonality within the water column as well as
being almost entirely composed of CHO formulae with the exception of
CHONS clusters above the MLB (Fig. 2, Fig. S.2). September and January
both increased in CHON and CHOS-containing formulae with similar
proportions (Fig. S.2), but September had greater commonality within
the water column (Fig. 2). At each depth, the proportion of formulae
shared across the seasons were lower than in ESI (—), with January and
September still sharing more formulae with each other than with May
(Fig. 2).

3.3.2. FT-ICR MS DOP

Unlike the DOM trends, DOP compositions in ESI (—) were less
uniform within the water column, with most molecules unique to each
depth (Fig. 3, vertical Venn diagrams). Most DOP compounds were
CHONP or CHONSP-containing with formulae above the MLB increasing
from May to January (Fig. 3). DOP compounds were also largely unique
to each season, with only a few formulae shared between September and
January (Fig. 3). In contrast, the ESI (+) spectra contained proportion-
ally more DOP compounds than in ESI (—), comprising 6.9 to 20.7% of
all formula assignments (Fig. S.2). DOP compounds were also largely
unique to each depth especially in May, but overall had more intra-water
column commonality than in ESI () (Fig. 3). The ESI (+) May water
column consisted of mainly CHONP, and CHONSP-containing formulae
(Fig. 3). However, in September and January there was a shift to mostly
CHOP-containing formulae. These formulae plotted above the MLB
spanning an O/C range of 0.4-0.9 while the other formulae were more
unsaturated, clustering in a lower and narrower O/C range (Fig. 3). May
was clearly distinct from September and January, sharing almost no
formulae with either month, while September and January had pro-
portionally more commonality with each other than in ESI (-) (Fig. 3,
horizontal Venn diagrams).

3.4. Linking environmental variables to DOM composition

FT-ICR MS data are information-dense. They contain detailed de-
scriptions of molecules from each sample but make larger scale re-
lationships between multiple samples difficult to conceptualize.
Combining water column FT-ICR MS data and water quality SONDE data
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through ordination provided a holistic view of how DOM was processed
and mobilized (Fig. 4). NMDS biplots revealed that differences in bulk
molecular properties (e.g., O/C, H/C, Al etc.) guided the overall DOM
variations from May to January that were seen in van Krevelen space
(Fig. 2, Fig. 3). DOM from ESI (-) (Fig. 4A) and ESI (+) (Fig. 4B) were
clearly separated along NMDS1 by season and strongly guided by
phycocyanin, chlorophyll-a, and pH as well as aliphaticity (H/C) and S-
content (CHOS and S/C). NMDS2 separated samples by depth and were
strongly guided by temperature and FT-ICR MS variables characteristic
of each ionization mode such as N- and P-content as well as aromaticity
(AI) and oxygenation (O/C, CHO index) in ESI (+) (Fig. 4B).

Relationships between temperature, DO, pH and the FT-ICR MS DOM
were further investigated through analysis of significant (a = 0.05)
correlations (Fig. 5). Differences in ionization revealed negative corre-
lations between temperature and pH with S/C in ESI (—) (Fig. 5A) and
positive correlations with N/C in ESI (4) (Fig. 5C). Subsequently, the
analysis was focused on formulae that were common in both ionization
modes to target the formulae that one may encounter in either ionization
mode (Fig. 5A). We recognize that by restricting our analysis to the
peaks common between both modes we are selecting for compounds
with the most ionizable functional groups. However, by doing this we
are consistently comparing the same fraction of DOM compounds
spatially and temporally and minimizing the effect of lower intensity
peaks that are unique to either ESI (—) or ESI (+). In the common
fraction, temperature correlated negatively with H/C and positively
with the CHO index and AI, while pH only correlated positively with Al
In contrast, DO correlated positively with H/C and negatively with Al
(Fig. 5A). Correlations between AI and H/C with DO also appeared
separately in the ESI (—) and ESI (+) spectra (Fig. 5B, C), suggesting this
trend occurred across various functional groups.

3.5. Fluvial DOM

DOM from the Missisquoi River was compared with surface water
from September to investigate the contribution of allochthonous DOM
and DOP to the water column. Riverine DOM was mostly composed of
CHO and CHON-containing formulae in both ESI (—) (Fig. S.4A) and ESI
(+) (Fig. S-4B) that had similar H/C and O/C ranges as the surface water.
The riverine ESI (+) DOM also contained more DOP compounds than the
ESI (—) DOM (Fig. S.4) and was composed of the same cluster of
aliphatic formulae above the MLB that were found in the ESI (+) water
column. In contrast, riverine DOP in ESI (—) was more dispersed with
lower intensities, similar to the water column DOP (Fig. 3).

DOM formulae present in both ionization modes from surface water
were highly similar to DOM from the Missisquoi River (Fig. 6A). 82.7%
of the riverine DOM formulae were present in the surface water in ESI
(—) (red lines) decreasing through the water column to 62.9% at the
bottom with a similar trend for ESI (+) (blue lines), and the shared
formulae (purple lines) (Fig. 6A). Riverine loss also occurred in the DOP
compounds, but at a greater percentage compared to DOM (Fig. 6). In
ESI (-), the surface only contained 23.8% of riverine DOP and decreased
to 1.6% at the bottom. Commonality was greater in ESI (+) with the
surface containing 67.7% of riverine DOP formulae and decreasing to
27.3% at the bottom (Fig. 6B).

3.6. DOM transformations during incubation

Missisquoi Bay sediment cores were studied to observe the mobili-
zation of DOM and DOP from sediment during periods of short-term
oxygen limitation (e.g., bloom onset conditions). Reducing conditions
at the SWI were achieved up to seven days after incubation and were
confirmed by the presence of Mn(II) and/or Fe(Il) and absence of O at
or above the SWI (Fig. 7). DOM from the reduced cores was analyzed
using FT-ICR MS and compared to the bottom water for each month to
investigate changes in chemical composition. Only the formulae com-
mon between ESI (—) and ESI (+) in each sample were considered for
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Fig. 5. Correlation table of temperature (°C), dissolved oxygen (mg L’l), and
pH from manual SONDE profiles of Missisquoi Bay with mean m/z (Da), H/C,
0/C, CHO index, AI, N/C, and S/C obtained from FT-ICR MS formulae (A)
common in both ionizations, (B) in ESI (—), and (C) ESI (+). Circles represent
statistically significant (« = 0.05) correlations and are colored by Pearson’s
correlation coefficient (positive = blue, negative = red). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

this analysis (see section 3.4). Despite the seasonal heterogeneity of the
sediment, compounds in all seasons shifted to significantly (« = 0.05)
lower mean masses, Al, and CHO indices while increasing in H/C
(Table 1) compared to the bottom water after each incubation. O/C
values were also lower in the cores, though not significantly in May
(Table 1).

Unlike DOM, changes in DOP formulae between the bottom water
and incubation were minimal with a consistent percentage of P-con-
taining formulae and P/C ratios (Table S.2). Few DOP molecules from
the bottom water were retained after the incubation, especially in ESI
(=), but an entirely different set of DOP compounds were ionized
(Table S.2). Due to the minimal commonality of DOP between ESI (—)
and ESI (4), DOP compounds from both ionization modes were grouped
together and compared between the bottom water and incubations.
Overall, reduction resulted in DOP compounds with significantly (a« =
0.05) lower masses, CHO indices, and higher H/C with no significant
trends in O/C or aromaticity (Table S.3).

4. Discussion
4.1. Seasonality of Missisquoi Bay DOM composition

In Missisquoi Bay, May represented the “pre-bloom” season at the
end of the spring melt (Fig. S.5) and the beginning of summer with rising
temperatures, pH, and increased phototrophic activity (Isles et al.,
2017a; Fig. S.1). May DOM was mostly composed of unsaturated CHO
formulae (Fig. 2) likely loaded into the bay from the recent spring melt
(Fig. S.5), but also contained distinct aliphatic CHONS formulae that are
likely characteristic of diverse algal metabolites (Zhang et al., 2014; Ly
et al., 2017), coincident with the onset of autochthonous production
from spring phytoplankton blooms (Isles et al., 2017a; Fig. 1). As surface
temperatures increased through the summer (Fig. 1A), productivity
from algae and cyanobacteria increased, forming an early season bloom
in July before collapsing in early September during a brief cool period
(Fig. 1D,E).

During the September sampling, more oxidized DOM had accumu-
lated in the bay (Fig. 5) with greater homogeneity between each depth
(Fig. 2) following bloom collapse, suggestive of vertical mixing
(Fig. S.1). Much of the DOM from May was still present in the September
water column but the overall DOM composition had experienced bio-
logical processing resulting in the production of many unique formulae
(Fig. 2; Fig. S.2), possibly from various bacteria and microalgae (Bittar
et al., 2015b; Mangal et al., 2016; Kamjunke et al., 2017a). Thus, the
September DOM increased in chemodiversity (Table S.1), heteroatom
(N,S) content, and aliphatic compounds (Fig. 2; Fig. S.2), illustrating a
relatively short diversification event of aquatic DOM between early to
late summer. Additionally, photooxidation may have been important for
production of saturated DOM during stratified summer periods (Gonsior
et al., 2013), but these highly oxygenated photoproducts were absent
from the September surface DOM following the bloom period (Fig. 2;
Table S.1), suggesting that vertical mixing could also be responsible for
redistributing DOM through shallow water columns.

The September DOM was also compared to the Missisquoi River
DOM to investigate the distribution of terrestrial inputs (Fig. 6). Mis-
sisquoi River DOM was composed of mainly high O/C and low H/C
formulae (Fig. S.4) likely representing allochthonous compounds
sourced from the watershed (Kellerman et al., 2015; Wagner et al., 2015;
Gonsior et al., 2016). Between both ionization modes (Fig. 6A, red and
blue lines) and formulae common between the two (Fig. 6A, purple line),
most of the original riverine DOM was retained in the surface water with
over 60% still present in the bottom water. This distribution suggests
that a large fraction of allochthonous DOM arriving into the bay was
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Fig. 6. Line plots depicting the percentage of
formulae from the Missisquoi River detected in the
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Calculated mean values of H/C, O/C, m/z, CHO index, and Al before and after
(before | after) reduction for ions common between both ionization modes
where the first value indicates bottom water and the following value indicates
reduced core water. All differences between bottom water and reduced core
water are statistically significant (o« = 0.05), except for May O/C indicated by an
asterisk (*).

H/C 0/C m/z (Da) CHO index Al
May 1.16 | 0.42 | 408.7124 | —0.33 | 0.33 |
1.23 0.41* 394.7072 —-0.41 0.29
September  1.17 | 0.45 | 440.2091 | —0.26 | 0.31 |
1.25 0.43 415.1408 —-0.38 0.27
January 1.17 | 0.43 | 440.8340 | -0.31 | 0.32
1.25 0.41 423.4111 —0.44 0.27

contrast, DOM fractions unique to the surface water (Fig. 6A Venn di-
agrams) represented only a minority of compounds in ESI (—) (Fig. 6A
red Venn) and the shared formulae (Fig. 6A purple Venn), but was
almost half of the compounds in ESI (+) (Fig. 6A blue Venn). The unique
fractions likely represent a combination of autochthony and degradation
byproducts (Koch et al., 2005; Bittar et al., 2015a, 2015b) that were
more abundant in ESI (+) due to the ionization preference of alcohols
and amines (Sleighter and Hatcher, 2007), which are often associated
with autochthonous DOM (Zhang et al., 2014).

Following a brief cool period in September, surface temperatures
increased (Fig. 1A) and discharge into the bay stagnated (Fig. S.5),
which supported favorable conditions for a late season algal and cya-
nobacterial bloom (Fig. 1D, E) promoting water column redox gradients
(Fig. 1B). Although we did not sample DOM from this period, we suspect
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DOM compositions would have been similar to the stable allochthonous
compounds seen in September (Fig. 6A), with more saturated and N- and
S-containing formulae at the surface from heightened productivity
(Fig. 1D, E). However, these compositions would only be transient as
high discharge periods in November following the bloom collapse
(Fig. S.5) would have decreased water residence time and flushed out or
diluted much of the processed DOM (Kellerman et al., 2014) replacing
these bloom compounds with allochthonous DOM.

By January 2018, discharge had subsided to baseflow (Fig. S.5) and
the surface had frozen over (Fig. S.1; Joung et al., 2017), cutting off the
water column from terrestrial and atmospheric influence. The water
column reflected this change in weather, with greater geochemical
stratification (Fig. S.1) and DOM composition differing from the early
and late summer periods in ESI (—) and ESI (+) (Fig. 4). Overall, January
DOM was closer in composition and shared more common formulae
with September than with May (Fig. 2, Fig. 4), which could have been
partly due to winter ice cover attenuating the photodegradation of ar-
omatic compounds (Stubbins et al., 2010; D’Andrilli et al., 2013; Gon-
sior et al., 2013). However, January differed by its unique aliphatic
content, consisting of more formulae above the MLB and S-containing
formulae (Fig. 2, Fig. 4). Furthermore, the increase in high-intensity
aliphatic CHOS-containing series (Fig. 2) was probably biogenic since
reactive sulfur species (e.g., HS-, polysulfides) have never been detected
in this water column making abiotic sulfurization improbable. The in-
creases in aliphatic molecules underneath the ice could be explained by
a combination of lessened riverine input during winter and a shift in
microbial activity to heterotrophy resulting in distinct autochthonous
DOM (Romano et al., 2014; Morling et al., 2017; Johnston et al., 2019).
Since microorganisms both produce and consume labile organic matter
(Guillemette and del Giorgio, 2012), the unique January compounds are
likely a combination of both processes. The resulting autochthonous
DOM is consumed preferentially over allochthonous DOM (Kamjunke
et al., 2017b; Mostovaya et al., 2017) and could serve as a source of
labile organic carbon following the thaw period when mixing is facili-
tated by atmospheric oxygen in the water column and increased surface
temperatures (Schroth et al., 2015; Joung et al., 2017).

4.2. Missisquoi Bay DOP cycling

FT-ICR MS analyses (using SPE and ionization in both modes) com-
plemented with quantitative analysis of TDP and SRP concentrations
revealed spatial and temporal DOP dynamics that has not been previ-
ously investigated as a component of bloom activity in eutrophic
freshwater lakes. A depletion of DOP through the early summer bloom
period was evident from the decrease of TDP from July to September as
the SRP concentration remained relatively constant (Fig. 1F). This
decrease in both the surface and bottom water suggested that DOP was
being consumed, possibly as a source of phosphorus given that SRP
concentrations were low during this period and productivity was high
(Fig. 1B, D-F). The decrease of this DOP fraction was also accompanied
by a shift in molecular DOP compositions between May and September
(Fig. 3) likely due to the microbial processing of organic matter during
the early summer bloom period (Bittar et al., 2015a, 2015b; Fig. 2).
Additionally, the fraction of SRP relative to TDP in the surface differed
from the bottom in Missisquoi Bay, particularly in early July and late
Summer (Fig. 1F), suggesting that there are spatial differences in DOP
cycling even within meters of shallow freshwater. DOP formulae also
displayed poor intra-water column commonality during each timepoint
and between seasons in both ionization modes (Fig. 3), further sug-
gesting that DOP in Missisquoi Bay was rapidly altered. Though we
recognize that the absence of shared DOP compounds between samples
may be due to additional factors, including ion suppression of DOP
compounds by more highly ionizable functional groups (Sleighter and
Hatcher, 2007), the changes seen in the FT-ICR MS DOP compounds
agree with the quantitative changes between organic and inorganic P
species (Fig. 1F).
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Kendrick mass defect analysis of HPO3 unit loss/addition pairs also
revealed that many of the DOP compounds were possibly linked to
precursor DOM molecules within the water column by the addition/
removal of a single phosphate group (Fig. S.3). Although the structure of
these DOP molecules remains uncharacterized, the vast majority of
aquatic DOP compounds contain either phosphate or phosphonate
functional groups (Baldwin, 2013) differing from DOM by HPOj3 units.
The presence of these Kendrick series suggests that many of the DOP
compounds could be hydrolyzed (HPOj3 loss), producing DOM and
inorganic phosphate groups, which could be scavenged by microor-
ganisms (Heath, 2005; Baldwin, 2013). The Kendrick series also sup-
ported the differences in DOP compositions seen between each season as
evidenced by their low commonality and stoichiometric differences,
particularly through the early summer (Fig. 3) where DOP concentra-
tions were high (Fig. 1F). Between September and January, DOP stoi-
chiometries were more similar in both ionization modes with greater
shared formulae than with May, suggesting less consumption of DOP as
SRP became more available during and after the late season bloom
(Fig. 1F) and when primary productivity was low (Fig. S.1).

During the low-productivity period in September, DOP compounds
in Missisquoi Bay were highly dissimilar from riverine DOP both at the
surface and through the water column (Fig. 6B), in contrast to the DOM
(Fig. 6A). This dissimilarity suggests that DOP compounds were actively
supplied to the mouth of the bay from allochthonous sources, but absent
in the water column after traveling through the Missisquoi River delta.
Such lateral transport has also been shown to degrade DOP in other
wetlands, resulting in the retention of only a minimal number of
allochthonous compounds and could be a source of SRP to the surface
water through hydrolysis (Llewelyn et al., 2002; El-Rifai et al., 2008).
Although these comparisons were only drawn in September, it is likely
that transport and degradation processes were different in winter and
spring. DOP external loading in winter was lower due to ice cover
restricting riverine input (Joung et al., 2017) and lessened discharge
(Fig. S.5) limiting mobilization from soils and litterfall. In contrast,
many DOP compounds in May could have originated from the recent
spring melt (Fig. S.5) flushing out autochthonous DOM that has accu-
mulated underneath the ice (Rosenberg and Schroth, 2017) and loading
anthropogenic DOP from the surface soils (Turner, 2005; Wagner et al.,
2015; Brooker et al., 2018). This could partly explain why the DOP
compositions in May were so different within the water column and
between September and January in ESI (+) (Fig. 3).

4.3. Internal loading

Benthic DOM compositions in redox-dynamic freshwater are often
controlled by the interplay of sorption/desorption processes with Fe
minerals (Chassé and Ohno, 2016; Riedel et al., 2013; Dadi et al., 2017;
Klein et al., 2019) and microbial processing (Kamjunke et al., 2017b;
Mostovaya et al., 2017; Valle et al., 2018). These processes are a key
component of the inorganic biogeochemical cycling within Missisquoi
Bay (Smith et al., 2011; Schroth et al., 2015) and possibly DOM cycling.
Across all samples, DO correlated positively with H/C and negatively
with aromaticity, meaning saturated compounds were expected to in-
crease in oxic waters, while aromatic and unsaturated DOM should be
more abundant within oxygen-limiting conditions (Fig. 5). This is due to
hypoxic conditions promoting reductive Fe(IIl) dissolution which re-
leases larger, aromatic, and more oxygenated compounds into the
overlying water by desorption (Riedel et al., 2013; Chassé and Ohno,
2016; Coward et al., 2018). Interestingly, NMDS biplots in both ioni-
zation modes indicated that the January bottom water was more similar
to the September water column than the surface water from January,
even though January in general had more saturated DOM (Fig. 2, Fig. 4).
September retained a portion of allochthonous DOM in the water col-
umn (Fig. 6A), enriched in aromatic and oxygenated compounds that
over time would adsorb onto mineral surfaces in the sediment (Riedel
et al., 2013) as the bay froze over and riverine input was attenuated.
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While aromatics were depleted in the January surface DOM, they were
abundant in the bottom water during oxygen-limiting conditions, likely
originating from reductive dissolution of poorly crystalline Fe(III) min-
erals that released these DOM compounds (Schroth et al., 2015; Joung
et al., 2017).

Redox incubations from cores collected in May, September, and
January (Fig. 7) afforded DOM that was more aliphatic, less aromatic,
and smaller than the DOM prior to the incubations (Table 1), the
opposite of what is expected to desorb from oxide mineral surfaces
(Riedel et al., 2013). This compositional shift suggested that despite the
presence of Mn(II) and some Fe(II) at the SWI (Fig. 7A,B,D), extensive
desorption from Fe(IIl) mineral surfaces had not yet occurred at the
surface in these incubations. Rather, this short-term anoxic period was
characterized by a rapid shift to Mn(IV) reduction (Lovley, 1991) and
was followed by the presence of aliphatic organic compounds likely
from anaerobic microbial DOM processing (Boye et al., 2017; Valle
et al., 2018; Valle et al., 2020). DOP compositions also responded in a
similar way, producing more aliphatic and smaller compounds at the
end of the incubations (Table S.3) suggesting that the sediment could be
a source of bioavailable DOP compounds to the bottom water (Ahlgren
et al., 2011; Parsons et al., 2017; Kurek et al., 2020). Furthermore, the
DOP compositions released from the sediment followed a consistent
pattern across all seasons (Table S.2; Table S.3), despite the seasonal
variability in the sedimentary organic P biomolecular classes (Giles
et al., 2015) and providing more evidence for benthic DOP being largely
independent of riverine input and surface processes (Fig. 6B).

The results from the incubation experiments suggested that the
benthic DOM released from initial short-term oxygen limitation events,
such as bloom onset, was compositionally much different than DOM
released from continual suboxic conditions such as during prolonged
blooms or underneath ice cover (Table 1; Table S.3). By the end of the
reduction period in all cores, microbial activity in the upper layers of the
sediment was just beginning to reduce Fe(Il) as Mn(IV) was being
consumed (Fig. 7), and was accompanied by a flux of aliphatic and
heteroatom-rich DOM and DOP compounds from porewaters (Table 1;
Table S.3). Prolonged oxygen-limitation would have promoted greater
reductive dissolution of Fe(Ill) oxyhydroxides, and eventually desorbed
DOM into the bottom water that was more aromatic, such as in January
(Fig. 4). While dissolution of these Fe(Ill) oxyhydroxides mobilizes
much of the bioavailable orthophosphate into Missisquoi Bay (Smith
et al., 2011; Giles et al., 2016), the initial pulse of DOM and DOP may
also have a priming effect on the microbial communities, given that past
studies have suggested DOM with similar aliphatic-like composition can
be biolabile (D’Andrilli et al., 2015). Early release of autochthonous
DOM during bloom formation might serve as a substrate for other mi-
croorganisms, particularly DOP that can be hydrolyzed to orthophos-
phate and consumed as a nutrient source during early bloom formation
(Paerl and Otten, 2013). Excess P might further promote biomass
growth, eventually leading to anoxic conditions in the bottom water,
which could be responsible for most of the orthophosphate released
from the sediments driving this feedback cycle (Smith et al., 2011; Giles
et al., 2015; Giles et al., 2016).

4.4. DOM compositions across redox-dynamic freshwaters

DOM compositions have varied spatially within other redox-dynamic
freshwaters (Gonsior et al., 2013; Dadi et al., 2017; Valle et al., 2020)
and were driven by vertical mixing, adsorption, and biological pro-
cessing. Some of these processes resulted from physiochemical condi-
tions that influenced the overall seasonal DOM composition, such as pH
and temperature, while others, like oxygen, influenced the spatial DOM
distributions (Fig. 5). Geomorphology and hydrology have also driven
much of the allochthonous composition within lakes (Kellerman et al.,
2014; Kellerman et al., 2015). For instance, the large watershed-to-lake
area ratio for Missisquoi Bay and its confined outlet topography provide
a consistent source of terrestrial DOM and nutrients from various land
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types (e.g., agricultural, forested). Furthermore, these controls on basin-
wide hydrodynamics impact the residence time of allochthonous DOM,
and thus the opportunity for microbial processing during higher tem-
perature periods, as seen across many high latitude lakes (Kellerman
et al., 2014; Kellerman et al., 2015). Additionally, aquatic ecosystems
can be influenced by DOP compositions (Baldwin, 2013) with high
mineralization potential and utilization during each season (Bai et al.,
2015), as suggested from this study and supported by previous work
(Kurek et al., 2020). Therefore, we expect similar redox-dynamic lakes
within a temperate climate to transform DOM both seasonally and
spatially, while lakes that do not experience pronounced seasons and are
relatively static in redox character would contain DOM that is more
uniform, less diverse, and supplied from a regular source. We also expect
other redox-driven eutrophic lakes to experience a similar DOP turnover
between seasons and within water columns.

DOM compositions are complex and although SPE FT-ICR MS only
provides a fraction of the compounds found in freshwaters, this same
fraction was investigated consistently and revealed clear seasonal and
spatial trends (Fig. 4). We also investigated a pool of DOM that was
present in both ionization modes to make comparisons between depth,
seasons, and sources more consistent. For instance, the riverine com-
pounds common between both ionization modes (Fig. 6A, purple lines)
followed the same trend while retaining a greater percentage of riverine
DOM through the water column, suggesting that this portion of highly-
ionizable DOM can also be a reliable of a tracer of allochthonous DOM in
redox-dynamic freshwaters. By considering DOM in both modes,
analytical sensitivity was increased, and the influence of low abundance
ions unique to each ionization mode was minimized (Gonsior et al.,
2011; Ohno et al., 2016; Hawkes et al., 2020). Additionally, The ESI (+)
spectra were used to supplement the ESI (—) spectra, which are more
commonly analyzed for DOM due to the broad range of carboxylic acids
that are ionized (Sleighter and Hatcher, 2007). ESI (+) spectra also
identified many additional N- and S-containing formulae, absent from
ESI (—), that are thought to be characteristic of microbial DOM (Zhang
et al., 2014) possibly accounting for the observed large unique fractions
(Fig. 2; Fig. 6B).

DOP compositions also differed between ionization modes, sharing
few formulae between the two (Fig. 3; Fig. 6B), and revealing a wide
range of functional groups from various potential sources (Baldwin,
2013) that are not captured using >'P NMR analysis. Although this study
did not explicitly sample DOM and DOP during an active bloom, their
compositions were detected in both ionization modes with clear differ-
ences before the bloom season (May), during an inter-bloom period
(September), and at the end of the bloom season (January) (Fig. 4).
Therefore, investigating the molecular characteristics using both ioni-
zation modes may be beneficial in identifying the role of DOM and DOP
during ongoing early and late bloom events where the compositions are
driven by both allochthonous and autochthonous sources containing
various functional groups mobilized by redox gradients. By character-
izing DOM and DOP compositions and identifying their physiochemical
drivers we aim to gain insight into the scale of these transformations at
the ecosystem level and further investigate the coupling of carbon and
nutrient cycling with microbial communities within Missisquoi Bay as
well as across other temperate aquatic systems.

5. Conclusion

Missisquoi Bay DOM composition varied both seasonally and
spatially during a sampling year. Pre-bloom DOM was mainly composed
of allochthonous CHO-containing formulae transported from the recent
spring melt. Progression through the early summer bloom season
transformed much of the aquatic DOM resulting in more N- and S-con-
taining formulae with a strong uniformity within the water column as
well as stable allochthonous input during baseflow conditions. The
transition into colder temperatures in winter transformed less DOM than
during the early bloom period, but was characterized by more aliphatic
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compounds, likely from a shift to heterotrophy. Furthermore, the winter
suboxic water retained many of the same summer terrestrial com-
pounds, suggesting a pool of stable DOM was desorbed from the sedi-
ment during prolonged low oxygen conditions under ice cover, whereas
reduced and aliphatic compounds were released from anaerobic pore-
waters at the onset of simulated hypoxic conditions. In contrast to DOM,
DOP shared very few compounds within the water column, from
different fluvial sources, and between other seasons, but was processed
during the summer bloom period and coincided with quantitative
changes in P speciation. These differences suggest aquatic DOP com-
positions are unique to each depth and season and may impact P
bioavailability in redox-dynamic freshwaters.
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