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Abstract

Understanding dissolved organic matter (DOM) export to the ocean is needed to assess the impact of climate change on
the global carbon cycle. The molecular-level characterization of DOM compositional variability and complexity in aquatic
ecosystems has been analytically challenging. Advanced analytical studies based on ultra-high resolution mass spectrom-
etry (FT ICR MS) have proven highly successful to better understand the dynamics of DOM in coastal ecosystems. In this
work, the molecular signature of DOM along a freshwater-to-estuarine gradient in the Harney River, Florida Everglades
was analyzed for the first time using a novel approach based on tandem high resolution ion mobility and ultra-high resolu-
tion mass spectrometry (ESI-TIMS-FT ICR MS). This method enhances traditional DOM molecular characterization by
including the molecular isomeric complexity. An average of six and up to 12 isomers were observed per chemical formula
and characteristic isomers to each section of the freshwater-to-estuarine gradient were successfully identified. We measured
a decrease in the chemical complexity and diversity (both in the number of molecular formulas and number of isomers
per chemical formula) with increasing salinity; this trend is representative of the biogeochemical transformations of DOM
during transport and along source variations, showing both clear degradation products and formation of new components
along the salinity transect. The inclusion of the isomeric content at the molecular formula allowed to differentiate isomeric
species that are present along the transect (mainly lignin-type components) and responsible for the DOM refractory nature.
DOM isomeric fingerprints characteristic of the molecular variability along the Everglades freshwater-to-estuarine gradient
are also described.

Keywords TIMS-FT-ICR MS - DOM - Isomers - Harney River - ESI-TIMS-FT-ICR MS - Molecular-level characterization -
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A wide variety of analytical techniques have been applied
to obtain comprehensive information on the spatial and tem-
poral variability of DOM in aquatic systems. Traditional
measurements of dissolved organic carbon concentrations
and other water quality parameters along with optical
properties (UV-VIS and fluorescence) have been the most
explored methods for bulk characterization of DOM (Wang
et al. 2021; Fellman et al. 2010; Yamashita et al. 2013;
Hansen et al. 2016; Gongalves-Araujo et al. 2016; Clark
et al. 2022; Zhang et al. 2018). More advanced analytical
studies based on nuclear magnetic resonance (NMR) and
ultra-high resolution mass spectrometry (FT-ICR MS) have
proved to be critical to understanding chemical transforma-
tions of DOM and linking sources with compositional sig-
natures (Kellerman et al. 2015; Roebuck et al. 2018; Seidel
et al. 2014; Osterholz et al. 2015; Koch et al. 2005; Hertkorn
et al. 2013).

The Florida Everglades is a complex mosaic of wetland
ecosystems connected hydrologically through both natural
and human-altered processes that are changing biogeo-
chemical patterns across the landscape (Kominoski et al.
2020; Regier et al. 2020). Although several studies have
approached the influence of environmental factors on the
variability of DOM in the Everglades (Maie et al. 2014;
Regier et al. 2020; Cawley et al. 2014; Yamashita et al. 2010;
Chen et al. 2013; Regier and Jaffé 2016; Ya et al. 2015), few
of them explored detailed molecular level analysis (Hertkorn
et al. 2016; Wagner et al. 2015). For example, Hertkorn et al.
(2016) conducted a comparison of DOM samples from vari-
ous wetlands, including the Everglades, integrating optical
properties including EEM-PARAFAC, as well as NMR and
ultrahigh-resolution mass spectrometry demonstrating for
the first time the extensive molecular diversity and com-
positional complexity of DOM in wetlands. Despite simi-
lar compositional patterns found across the samples, dis-
tinctive signatures could be explained by combinations of
environmental drivers such as source variations, wildfires,
and anthropogenic influences. Regarding the latter (mainly
observed for CHOS species), anthropogenic sources associ-
ated with agriculture were primarily attributed to the singu-
lar DOM sulfur classes found. Combining optical proper-
ties, including PARAFAC fluorescence, and FT-ICR MS,
Wagner et al. (2015) studied DOM from Shark River Slough
and Taylor Slough in the Everglades. Several thousands of
chemical compounds mainly distributed in the CHO, CHON,
and CHOS heteroatom classes were detected across the sam-
ples and were closely correlated with the UV and fluorescent
properties of the DOM, allowing for a good estimate of the
origin and variability of DOM in this coastal ecosystem.

Recent efforts have increased the analytical power of
ultra-high resolution mass spectrometry with the coupling of
complementary separation techniques (Hawkes et al. 2016;
Petras et al. 2017; Patriarca et al. 2018; Spranger et al. 2019;
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Venter et al. 2018; Tose et al. 2018; Leyva et al. 2022). How-
ever, the high DOM chemical complexity and diversity has
proven analytically challenging due to the close structural
similarity at the molecular level. An alternative to tradi-
tional separations is the use of ion mobility spectrometry
in tandem with mass spectrometry (IMS-MS) with focus on
DOM separations (Tose et al. 2018; Robinson et al. 2006;
Ruotolo et al. 2007; Fernandez-Lima et al. 2009; Schrader
et al. 2014; Benigni et al. 2015; Leyva et al. 2019, 2020;
Olanrewaju et al. 2021; Lu et al. 2018, 2021; Law et al.
2021; Gao et al. 2019). For instance, a dissimilarity at the
isomeric level of samples from freshwater and marine end-
members was clearly observed using IMS-MS experiments
(Lu et al. 2021); a limiting factor has been the relatively
low IMS and MS resolution of commercial IMS-MS instru-
ments (Lu et al. 2018, 2021; Morrison et al. 2020; He et al.
2022). Our previous research has developed novel analytical
workflows that integrate high-resolution mobility analyzers
(e.g., trapped ion mobility spectrometry, TIMS) with ultra-
high mass resolution (e.g., Fourier transformed ion cyclotron
resonance mass spectrometry, FT-ICR MS) for the molecu-
lar characterization of DOM (Tose et al. 2018; Leyva et al.
2019, 2020; Benigni and Fernandez-Lima 2016). In TIMS,
gas phase ionized species are trapped and separated in space
using a DC electric field applied across the funnel and tunnel
axis. Packages of ions with a given ion mobility are gated
out of the TIMS cell and accumulated in the collision cell
before their analysis in the ICR cell (Ridgeway et al. 2016;
Fernandez-Lima et al. 2011a; Hernandez et al. 2014). The
high resolving power of the TIMS cell (R >400 reported),
along with the high mass accuracy and ultra-high mass reso-
lution of the FT-ICR MS, have allowed a better description
of the isomeric complexity of DOM (Fernandez-Lima et al.
2011a, b; Hernandez et al. 2014). Recently, we advanced the
TIMS-FT-ICR MS/MS capabilities by generating mobility
selected chemical formula fragmentation pathways and pro-
viding candidate structures based on their collisional cross
sections (CCS) and fragmentation patterns (Leyva et al.
2019, 2020).

Previous works have demonstrated the applicability of
advanced analytical methods to advance our understanding
of Everglades DOM biogeochemistry and have shown the
necessity to further expand such studies and explore novel
approaches to better understand how environmental drivers
affect the DOM dynamics at the molecular level in vulner-
able coastal ecosystems (Hertkorn et al. 2016; Wagner et al.
2015). Here, we conduct the first-ever characterization of
the isomeric complexity of DOM along a freshwater-to-
estuarine gradient in the Harney River, Florida Everglades,
using a novel approach based on tandem high resolution ion
mobility and ultra-high resolution mass spectrometry (ESI-
TIMS-FT ICR MS). Unique and common DOM molecu-
lar signatures have been successfully identified across the
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transect as a proxy to understand biogeochemical processes,
the role of input sources in DOM spatial variability, and
DOM involvement in near coastal processes.

Experimental
Sample collection and treatment

Water samples were collected along a salinity transect of the
Harney River, Everglades National Park (Fig. 1), at the end
of the subtropical dry season (April-May 2021). The Har-
ney River exports fresh water from the upstream Everglades
marshes, through a mangrove estuary, and out into the Gulf
of Mexico. Salinity was measured on-site using a YSI sensor
(YSI, Yellow Springs, OH, USA). Surface water was col-
lected 50 cm below the surface and stored in HCI pre-washed
2 L amber plastic bottles (Nalgene®, Whaltham, MA, USA).
Samples were kept on ice during transportation to the lab
and filtered (0.22 pm, Whatman, Maidstone, UK) within
2 days after collection. Filtered samples were stored at 4 °C
before treated by a solid-phase-extraction (SPE) procedure
following the protocol developed by Dittmar et al. (2008).
Briefly, one liter of sample previously acidified to pH 2 with
Hydrochloric Acid was loaded onto a 1g-Bond Elut PPL
cartridge (Agilent, Santa Clara, CA, USA) preconditioned

Fig. 1 Map of sampling points
located at the Harney River,
Everglades National Park
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with one-cartridge volume of methanol followed by 2-car-
tridges-volume of water (pH 2). The loaded cartridge was
then rinsed with water (pH 2) and dried with N, gas for
5 min prior to the elution of DOM molecules with 20 mL of
methanol. SPE methanol extracts were stored in pre-washed
glass vials at —20 °C. For comparison purposes, a dilution
was used based on the estimated DOC content of the SPE
extracts (less that 2X variation across samples). The purpose
of the dilution is to have similar ionization and matrix effects
across the transient samples. All samples were diluted to a
final concentration of ~12 mg/l C in a 1:9 methanol : etha-
nol v:v solution mixture. All solvents used were of Optima
LC-MS grade obtained from Fisher Scientific (Pittsburgh,
PA, USA). Dissolved Organic Carbon (DOC) concentrations
were analyzed at the NELAC-accredited CAChE Nutrient
Analysis Core facility at Florida International University.

ESI-TIMS-FT ICR MS

A custom-built ESI-TIMS-FT-ICR MS platform based on a
Solarix 7T FT-ICR MS equipped with an infinity ICR cell
(Bruker Daltonics Inc., MA) was used for the experiments.
An electrospray ionization source (Apollo II ESI design,
Bruker Daltonics, Inc., MA) was utilized in negative ion
mode and sample solutions were infused at 130 pL/h.
Typical operating conditions were 3200-3500 V capillary
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voltage, 4 L/min dry gas flow rate, 1.0 bar nebulizer gas
pressure, and a dry gas temperature 180°C. The instrument
was optimized for high transmission of ions in the 100-1200
m/z range. Typical operational parameters included funnel
rf amplitude 220 peak-to-peak voltage (Vpp), capillary exit
— 100 V, deflector plate —90 V, skimmerl -60 V, transfer
line rf 350 Vpp, octupole rf amplitude 350 Vpp and collision
cell rf 1000 Vpp. Mass spectra were collected with a 4 MW
data acquisition size for a mass resolution of ~300K at 400
m/z. lons were accumulated for 20 s in the instrument col-
lision cell before their transmission to the ICR cell. Experi-
mental run time was about 3 hours using the FT-ICR MS
serial mode. Solvent blanks were analyzed under the same
experimental conditions as the samples and mass peaks
detected in the blanks were removed from the samples mass
lists. Agilent Tuning Mix calibration standard was used dur-
ing the instrument tuning and control optimization.

The fundamentals on the gas phase ion TIMS separa-
tion and the coupling the FT-ICR MS can be found else-
where (Tose et al. 2018; Benigni and Fernandez-Lima 2016;
Benigni et al. 2017; Benigni et al. 2018). Briefly, an elec-
tric field is applied in the TIMS cell to hold ions stationary
against a flowing gas, so that the drag force is evened with
the electric field and ions are spatially separated across the
TIMS analyzer axis based on their mobility (Fernandez-
Lima et al. 2011a; Hernandez et al. 2014; Fernandez-Lima
et al. 2011b). A quadrupolar field is also used during the gas
phase separation to confine the ions radially, thus enhancing
the trapping efficiency. The mobility, K, of an ion in a TIMS
cell is described by the Eq. (1):

Ve A
ETV,. v 1

elution out

K():

where v, E, A, Vejyion, and V,,, are the velocity of the gas,
electric field, a calibration constant, elution voltage, and tun-
nel out voltage, respectively.

Values of K, can be converted into ion—neutral CCS (£,
A?) using the Mason—Schamp Eq. (2):
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where z is the charge of the ion, kp is the Boltzmann con-
stant, N* is the number density, and m; and m,, are the masses
of the ion and bath gas, respectively(McDaniel and Mason
1973).

The TIMS analyzer was controlled using an in-house
software, written in National Instruments LabVIEW, and
synchronized with the FTMS control acquisition program.
Ion mobility separation was conducted in the oversampling
mode (Tose et al. 2018; Leyva et al. 2019; Leyva et al. 2020;
Benigni and Fernandez-Lima 2016) using nitrogen as a bath
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gas at ca 300 K, P, =2.4 mbar and P,=1.0 mbar, and a 220
Vpp rf. Briefly, an ion mobility range that is sampled in a
TIMS analyzer is defined by the voltage ramp (Vramp). A
voltage step increment (Vstep) is used to sample the fol-
lowing ion mobility range until the full ion mobility space
of the sample is interrogated. In the oversampling mode
(Vstep < < Vramp), the same ion mobility range is sampled
multiple times, thus increasing the number of analytical
points across a mobility peak. The TIMS cell was operated
using a simultaneous fill/trap sequence synchronized with
the accumulation during detect mode of the FTMS control
software. A voltage difference of 4 V across the AE gra-
dient and a 0.2 V stepping scan function across the total
AViump 10 V-110 V were utilized. The deflector (Vy), fun-
nel entrance (Vy,,) and funnel out (V) voltages were as
follow: V4 ;=—-110/50 V, V¢, = 0/0 V and V,_ ,,=—-6V/30
V. A maximum of 1000 IMS scans were collected per mass
spectrum.

Data analysis

ESI-TIMS-FT-ICR MS data was processed using Data
Analysis (v. 5.2, Bruker Daltonics, City, CA, USA). Chem-
ical formula assignment was conducted using Composer
software (version 1.0.6, Sierra Analytics, City, CA, USA)
and confirmed with Data Analysis (version 5.2, Bruker
Daltonics). Molecular formulas with the lowest errors,
isolated assignments removal (de-assignment of peaks
belonging to classes with only a few sparsely scattered
members) and the presence of isotopologue signals were
used as validation parameters. Theoretical formula con-
straints of C,_soHy_100N¢_300_25S0_2, S/N>3, m/z range
100-650, error< 1 ppm and 0<O/C< 1, 0.3<H/C<2.5,
and DBE-O < 10 (Herzsprung et al. 2014) were considered.
Near 50 mass peaks of predefined oxygen homologous series
(05-0,() compounds spaced approximately 14 mass units
across the 200-600 m/z range were utilized for internal
calibration in Composer. The walking internal recalibration
resulted in an average error < 110 ppb for the mass range
200-600 Da. The TIMS spectra were externally calibrated
for mobility using the Agilent Tuning Mix calibration stand-
ard (Stow et al. 2017). The number of isomers per chemical
formula are estimated by deconvoluting (fitting gaussian
peaks under the IMS profiles) the extracted ion mobili-
ograms of the assigned chemical formulas in the samples.
This process was conducted using a custom-built Software
Assisted Molecular Elucidation (SAME) written in Python
v3.7.3. The SAME algorithm utilizes noise removal, mean
gap filling, asymmetric least squares smoothing for base
line correction, continuous wavelet transform (CWT)-based
peak detection (SciPy package), and Gaussian fitting with
non-linear least squares functions (Levenberg—Marquardt
algorithm) (Benigni et al. 2017). Plots were created using
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Microsoft Excel 365, OriginPro 2016 (Originlab Co., MA),
and Python 3.7.3. To compare the molecular signatures of
DOM along the transect, isomeric weighted averages of spe-
cific molar ratios (H/C, O/C, #N), modified aromatic index
(Al,,,4) were calculated for all samples based on the number
of isomers assigned to each molecular formula using a simi-
lar approach as the ones previously reported (Seidel et al.
2014; Koch and Dittmar 2006). Chemical formulas identi-
fied across DOM samples were tagged with their underlying
isomeric information (TIMSCCSNz values). A comparison of
the chemical formulas- "™SCCSy, across DOM samples
considering an 8% matching error on "™SCCS, values was
conducted using mathematical sets in Python 3.7.3.

Results and discussion

The ESI(-)-TIMS- FT ICR MS analysis of the five SPE-
DOM samples collected along the salinity transect of the
Harney River estuary resulted in the typical single, broad
trend line of [M-H]™ molecular species (1/K,, range: 0.6—1.2
Vs/cm?) in the 2D IMS-MS domain (Fig. 2A). Overall, a
Gaussian-like MS distributions across 190-650 m/z with
the apex centered at ~370 m/z were found for all samples
(See Fig. 2A insets). Interestingly, a slightly different profile
depleted in mass signals over 400 m/z was found for the sam-
ple HR-4, which may suggest a change in the compositional
nature of this sample.

Around 70% of the chemical formulas detected at the
freshwater marsh station were identified at the marine end-
member. This decreasing trend in molecular diversity reso-
nates with a declining pattern of CDOM (UV absorbance,
254 nm) previously observed in the same system (Cawley
et al. 2014). The change in DOM molecular diversity per-
ceived along the Harney River could be partially explained
by the fact that much of the DOM in the upper headwaters of
the Harney River is derived from the Everglades freshwater
marshes. This freshwater signal is reduced along the salin-
ity transect through biogeochemical processing including
bio- and photo- degradation, while a smaller but significant
amount of DOM components is added from the mangrove
marsh and the marine end member (Cawley et al. 2014).
Other studies (Seidel et al. 2015; Sleighter and Hatcher
2008) have reported similar trends for more geographically
extensive watersheds (compared to this study) and sug-
gested this pattern to be driven by the river continuum con-
cept (RCC), where low stream orders (headwaters) feature
more chemically complex DOM than high stream orders
(estuary) since more labile DOM components may degrade
downstream (Creed et al. 2015; Vannote et al. 1980). In
agreement with the literature, the difference in molecular
diversity observed at the station HR-5 (1625 formulas)
compared to HR-4 (1373 formulas), suggests a potential

Table 1 Summary of the isomeric information obtained for the Har-
ney River DOM samples using TIMS-FT-ICR MS

Parameter Sample ID
HR-1 HR-2 HR-3 HR-4 HR-5
mlz,, 41436 40647 396 379.23  378.23
C, 18.56 19.47 18.84 18.15 17.89
N, 0.35 0.42 0.41 0.42 0.39
0, 10.09 8.57 8.38 7.92 7.97
S, 0.24 0.22 0.26 0.23 0.3
H/C,, 1.00 1.21 1.22 1.24 1.23
o/C,, 0.55 0.45 0.46 0.45 0.46
N/C,, 0.02 0.03 0.03 0.03 0.03
S/C,, 0.02 0.01 0.02 0.02 0.02
DBE,, 10.51 8.99 8.61 8.16 8.1
Almod,, 0.143 0.115 0.107 0.106 0.11
Total isomers 22,185 18,236 12,549 10,414 13,256
CHO isomers 11,783 11,027 7591 6817 7475

CHO isomers% 53.1 60.5 60.5 65.5 56.4
CHON isomers 5109 3127 1733 1228 1848
CHON isomers% 23.0 17.1 13.8 11.8 13.9

CHOS isomers 5293 2981 2359 1527 3206
CHOS isomers% 23.9 16.3 18.8 14.7 24.2
CHONS isomers 0 1101 866 842 727
CHONS isomers% 0.0 6.0 6.9 8.1 55

contribution of mangrove and marine-derived DOM at the
marine endmember.

An increase in unsaturation of higher molecular mass
and size DOM components was clearly observed (Fig. 2B).
The decrease in the number of compounds with higher m/z
and DBE values observed along the salinity gradient sug-
gests that highly unsaturated DOM components are mainly
derived from the Everglades freshwater marsh environment
and are preferentially transformed during their transport
from land to sea. A detailed inspection of Table 1 confirmed
a decrease of DBE,, and an increase in the H/C,, along the
transect. Previous reports have concluded that unsaturated
aromatic DOM compounds are favorably bleached during
the photodegradation of DOM samples from fresh/brack-
ish waters (Sleighter and Hatcher 2008; Kujawinski et al.
2004; Minor et al. 2007; Dalzell et al. 2009; Wilske et al.
2020; Gonsior et al. 2009). Furthermore, it has been found
that molecular species resulting from photodegraded fresh-
water DOM resembled the composition of higher salinity
samples (Minor et al. 2007; Stubbins et al. 2010). A closer
view at the van Krevelen plots in Fig. 2C evidenced that
the removal of unsaturated, tannins-like compounds at the
freshwater endmember significantly contributed to the over-
all decreasing trend observed in aromaticity and degree of
unsaturation along the transect. These findings suggest that

@ Springer
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Fig.2 2D IMS-MS profiles of Harney River SPE-DOM samples
obtained from ESI-TIMS-FT ICR MS (A). Broadband MS! projec-
tions shown as insets. 2D IMS-MS profiles including DBE distribu-
tion of molecular formulas assigned in each sample. Note the con-
sistent decrease of highly unsaturated molecules (red color) along
the transect (B). Van Krevelen plots of the assigned molecular spe-

photodegradation plays a crucial role during DOM transport
and mineralization in the Harney River.

The projection of the elemental ratios in the composi-
tional space revealed a set of core molecules in the lignin-
type area of the van Krevelen plot that remained unaltered
along the salinity transect (See Fig. 2 C). Previous studies
using optical properties, in particular EEM PARAFAC, have
shown that while some components increased or decreased
along the salinity gradient (suggesting additional contribu-
tions from the mangrove marshes and seagrass, and DOM
removal resulting from degradation processes), one PARA-
FAC component remained unaltered showing high resistance
to degradation and a conservative mixing behavior along
the salinity transect (Cawley et al. 2014). The unaltered and
seemingly resistant isomers observed in this study may be
related to this PARAFAC component. These DOM compo-
nents have been previously associated with a constrained
set of terrestrial recalcitrant material (e.g. aliphatic and
carboxylic-rich alicyclic molecules) that partially resist
degradation(Stubbins et al. 2010). However, a visual inspec-
tion of the plots in Fig. 2 C indicates that an important set of
CHO, CHON, and CHOS molecular species change signifi-
cantly from the freshwater marshes to the estuary. A detailed
analysis of Table 1 confirmed an overall decrease in the
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cies (chemical classes indicated by colors) denoting a change in the
molecular complexity of the samples as a function of the salinity (S).
Van Krevelen plots indicating a decrease in the isomeric content from
freshwater DOM to the estuary influenced DOM (D) (colour figure
online)

number of compounds for all the heteroatom classes along
the transect. Interestingly, while heteroatom components are
clearly bio- or photo-degraded along the salinity gradient,
the enriched molecular complexity observed at the lower
estuary (site HR-5) compared with HR-4 is primarily attrib-
uted to an increase in CHON (~30%) and CHOS (~50%)
molecular formulas. The source for these heteroatomic com-
ponents at higher salinity is usually associated with DOM
inputs from the mangrove swamps and/or marine vegeta-
tion, or biogeochemical transformations of DOM compo-
nents transported along the transect.(Seidel et al. 2014,
2015; Sleighter and Hatcher 2008; Osterholz et al. 2016b)
Although there is no documented ultrahigh-resolution mass
spectrometry analysis of the Harney River DOM, a previous
report based on optical properties and stable isotopes found
significant contributions of seagrass DOM to the pool of
DOC in several regions of Florida Bay(Ya et al. 2015), and
a biomarker-based study of sediments in the Harney River
estuary reported on seagrass as a potential source of sedi-
mentary organic matter in the estuary(Jaffé et al. 2001). A
molecular-level analysis of DOM performed at a terrestrial-
salinity transect in Elizabeth River, Virginia, correlated the
significant input of CHON and CHONS molecular species
at the estuary with a source of primary producers(Sleighter
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and Hatcher 2008). In contrast, the enrichment of CHOS
components to the DOM signature at the mangrove-estuary
region has not been clearly elucidated(Wagner et al. 2015;
Sleighter and Hatcher 2008).

A decreasing pattern, analogous to the one observed for
molecular formulas, was found for the estimated number
of isomers along the salinity transect (Fig. 3). Nearly two-
fifth of the isomers detected at the freshwater end-member
were not found above the signal-to-noise ratio defined or
transformed downstream, in contrast with a freshwater-to-
estuarine isomeric complexity enrichment in a salinity gra-
dient in a tributary channel of the Mississippi River (based
on isomeric distinctive cluster percentage reported from
IM Q-TOF LC/MS by Lu et al. (2021). Overall, the spike
in isomeric complexity (over 3000 new isomers) observed
at the downstream-most estuarine site (station HR-5) was
highly influenced by CHON and CHOS compound classes
(Table 1). These results suggest that the spatial variability
observed in DOM isomeric complexity along the Harney
River may be highly influenced by the input from mangroves
and potentially seagrass. Reports from Schmidt et al. ( 2009)
and Powers et al. (2021) have suggested that sulfurization
processes may contribute to the characteristic compositional
signature of porewater DOM in coastal areas. Interestingly,
lignin-like components hold the highest isomeric complex-
ity across the samples with an average of 10-12 isomers per
molecular formula (See Fig. 2D).

The Venn diagram depicted in Fig. 3 shows that near 800
molecular features were shared by all DOM transect samples
suggesting that a group of terrestrial-derived components
persisted unaltered along the Harney River. On the other
hand, molecular formulas were also found to be unique
to each section of the transect. While the total number of
molecular formulas decreases along the salinity transect, a
slight increase was found at the marine endmember com-
pared to the sampling points at intermediate salinity. This
result agrees with previous findings on the contribution of

HR-1
HR-2
HR-3
HR-4
HR-5

2.4 A

1.6 1
1.2 4
0.8 -
0.4 -

L} TN
772 formulas |

marine-derived components to the pool of DOM molecules
in the Harney River.

Inspection of the DOM composition based on unique and
common molecular formulas across the transect as a func-
tion of DBE (Fig. S1) reveals the removal of highly unsatu-
rated components from the freshwater endmember. These
results confirmed previous findings of the significant export
of saturated refractory lignin-type DOM components in
coastal ecosystems (Koch et al. 2005; Sleighter and Hatcher
2008). A closer view of the van Krevelen plots of molecular
formulas shared by all samples (Fig. S2A) shows an enrich-
ment in DOM isomeric complexity at the segment HR-1
to HR-2, followed by a pattern that exhibits a less complex
DOM until the river estuary. The same analysis extended to
heteroatom classes (Fig. S2B-D) indicated that CHO species
were the main contributor to the surge in isomeric complex-
ity at the sampling point HR-2. Since salinity at the upper
estuary (e.g. HR-2) is usually higher during the dry season
when freshwater discharge into the estuary is lower, DOM
is exposed to higher phosphorus conditions in this ‘upside
down’ estuary (Childers et al. 2006), and thus to different
microbial conditions under less nutrient limitations. This
fact might enhance degradation of DOM components that
were more refractory under freshwater conditions.

Over 1100 distinctive molecular formulas, with mostly
tannins-like characteristics, were identified at the freshwater
sample (See van Krevelen plot of Unique HR-1 in Fig. 3).
Plant-derived material exported to freshwater has been rec-
ognized as the main source of the DOM signature observed
at the Everglades coastal wetlands (Hertkorn et al. 2016;
Wagner et al. 2015; Maie et al. 2005). In comparison to the
molecular signature of unique components detected at HR-1,
the mid-salinity sampling points in the mangrove estuary
revealed a major removal of tannins-like species derived
from the freshwater endmember. Reports from incuba-
tion experiments have attributed the sink of such aromatic
tannins-like species to several biogeochemical processes
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*¥1187 formulas 163 formulas

2.4 4

1.2 A
0.8 -
0.4 -

Unique HR-3

85 formulas
T T

DA L PR

%, o Ste

59 formulas

| Unique HR-4 Unique HR-5 104 formulas
- ;

02 04 06

0.8

1 0.2

06 0.8 1

T T T 1

0.4 02 04 06 08 1

Fig.3 Venn diagram indicating the common and unique molecular species identified by ESI-FT-ICR MS across the salinity transect (left). Van
Krevelen plots of common and site-specific DOM molecular species (right)
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including biodegradation (Ward et al. 2013) and photo min-
eralization (Gonsior et al. 2009; Stubbins et al. 2010; Ward
and Cory 2016). Nevertheless, other potential mechanisms
such as co-precipitation (Maie et al. 2008), flocculation
(Asmala et al. 2016), sorption (Groeneveld et al. 2020), dilu-
tion (Medeiros et al. 2015), and non-conservative mixing
are very likely to also influence the observed compositional
changes.

Unique CHNO and CHOS molecular species were also
detected at the freshwater end member (See Fig. 3). Previ-
ous works have suggested that sulphate contributions from
different sources (agriculture, sea spray, etc.) may contribute
to the CHOS signature of DOM at the Everglades wetlands
(Hertkorn et al. 2016; Wagner et al. 2015).

Few unique DOM molecular species were found across
samples HR-2 to HR-5 compared to HR-1, indicating that
the compositional fingerprint of DOM exported to the ocean
is highly dominated by the molecular signature of marsh
derived DOM from the freshwater endmember. However,
a minor input of unique molecular compounds observed
downstream is a clear indication of the contribution of the
Everglades mangrove forest and seagrass to the estuary
DOM. Although this is the first report on the molecular level
characterization of DOM along the Harney River, previous
studies of carbon dynamics in the same area utilizing optical
properties (Cawley et al. 2014; Regier and Jaffé 2016) have
suggested up to 20% DOC contributions from the fringe
mangrove system. In agreement with our results, a com-
parative study of DOM dynamics in three coastal wetland
systems across the world, using optical properties, has found
some mangrove-derived DOM material at regions of inter-
mediate salinities in the Harney River that are equivalent
to our sampling points HR-2 and HR-3 (Maie et al. 2014).

Interestingly, a set of common compounds to samples
HR-2-HR-5, mainly CHO and CHNOS, was found, indicat-
ing an export of lignin-like refractory DOM from the man-
grove forests and/or the formation of degradation products
from the freshwater endmember along the salinity gradi-
ent (Fig. S3). In a recent study (Harir et al. 2022), sequen-
tial photo degradation and photo generation of CHNO and
CHOS compounds were observed during a light exposed
time series of freshwater DOM from the Everglades. The
exact source and environmental dynamics of CHNOS DOM
compounds could not be clearly determined in this study.
Nevertheless, the distribution of the two CHNOS compound
clusters in the compositional space (Fig. S3) indicates that
the reduced (O/C <0.4) and relatively unsaturated species
and the oxidized (O/C > 0.8) aliphatic material might be
possibly associated with sulfur containing protein degrada-
tion products (Osterholz et al. 2016a; Seidel et al. 2014,
2015; Sleighter and Hatcher 2008) given the high diversity
in reaction pathways of DOM N-bearing components in the
estuary-marine interface (Schmidt et al. 2011).
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The ESI-TIMS-FT-ICR MS analysis provided ion mobil-
ity information at the chemical formulae level. Each isomer
can be characterized by its "™SCCSy,, which is an indication
of the size and shape of the chemical structure. For example,
a long aliphatic chain structure exhibits larger "™SCCSy,
values than a more compact isomeric structure. The addi-
tion of the isomeric dimension, based on TIMSCCSNZ, to each
chemical formula reveals a novel layer of structural informa-
tion which is invisible in the mass domain. The chemical for-
mulas assigned to each DOM sample were tagged with their
corresponding isomeric information ("™SCCSy, values). A
further comparison of concatenated chemical formulas with
their "™SCCSy, values was conducted across DOM samples
for the identification of characteristic and common isomeric
species along the transect. Over 4,000 structural isomers
linked to 772 molecular formulas shared by the five DOM
samples were transported from the freshwater end member
to the sea (See Venn diagram in Fig. 4). In another study, a
structural analysis based on CID fragmentation of selected
DOM precursor molecules in the geographically much more
extensive Delaware estuary found no significant differences
among DOM structural features of molecular formulas
common to all samples collected along a salinity gradient
(Osterholz et al. 2016a). The authors suggest that these con-
sistent DOM features along the salinity gradient could be
the result of a high degree of recalcitrance of the terrestrial
endmember DOM, resulting in negligible biogeochemical
degradation, or that while some of the DOM components
are actually removed during transport, similar compounds
are produced at the same time, as previously suggested by
Sleighter and Hatcher (Sleighter and Hatcher 2008). In con-
trast, while our results suggested a major change in the DOM
isomeric pool along the salinity transect (only ~20% of the
total number of isomers detected at the freshwater end mem-
ber were presumably transported downstream), an analogous
reasoning as the one utilized by Osterholz et al. (2016b) in
the molecular formula domain could be extended here at
the isomeric level. Thus, we hypothesize that while dilution
and degradation processes may lead to a potential deple-
tion of some isomeric species during their transport from
land to sea, the input at higher salinities of isomers derived
from fringe mangrove and marine end member sources
share close structural similarities to the terrestrial derived
compounds found upstream (i.e., T™SCCSy, values within
8%A?). Such process could function as an apparent “iso-
meric replacement”. This information, obtained for the first
time at a complex aquatic ecosystem, provides new insights
into the isomeric nature of DOM components. Yet, further
studies are needed to clearly understand the role of input
sources on shaping the isomeric signature of DOM and the
potential structural features that contribute to the long-term
stability of refractory DOM components.
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Fig.4 Venn diagram indicating the common and unique isomeric
species filtered by their ™SCCS,y, values determined from ESI-
TIMS-FT-ICR MS with a threshold error of <8% (left panel). The

The number of isomeric compounds unique to each DOM
sample along the estuarine transect, filtered based on both
chemical formula and "™SCCSy, values, showed a declin-
ing profile in the order HR-1>HR-2>HR-5>HR-3 > HR-
4. This trend resembles the one obtained for the site-specific
chemical formulas (See Venn diagram of Fig. 3). However,
some slight differences can be highlighted here. First, a
highly diverse isomeric content attributed to the sample
HR-1 (> 12,000 unique structural isomers detected) clearly
shows that degradation along the transect may have a major
impact on DOM isomeric diversity. Second, the increased
isomeric complexity found at HR-5 compared to the near-
est upstream sites (HR-3 and HR-4), suggests a preferential
input of isomeric components presumably from primary
production at the marine end member.

The van Krevelen plots of common DOM isomers found
across the transect (Fig. 4) suggests that the main contribu-
tion to the isomeric diversity of DOM exported from the
Everglades to the coastal system is preferentially derived
from lignin-like species originated at the freshwater end-
member (average of 6 isomers per chemical formula). Note-
worthy, two isomeric diverse clusters can be distinguished
from the van Krevelen diagram at sample points HR-1 and
HR-5. In the first case, highly structurally complex tannin-
like molecules observed at HR-1 support our previous find-
ings that the structural diversity of these particular compo-
nents is substantially reduced though downstream estuarine
biogeochemical processes. On the other hand, the protein-
like signature detected at HR-5 with an average of 6-8 iso-
mers per chemical formula (yellow dots in the van Krevelen
plot) clearly suggests DOM contributions of more isomeric
complex mangrove and/or marine derived DOM. The unique

06 08 1.0 02 04 06 08 10 02 04 06 08 10
o/C

van Krevelen plots of common and unique isomers with the number
of isomers plotted as a third dimension (right panel)

and common isomeric species identified by ESI-TIMS-FT-
ICR MS across the samples in this study could be further
explored as potential chemo-markers to fingerprinting natu-
ral sources of DOM in this coastal ecosystem.

Heatmaps highlighting the total isomeric content of the
chemical formulas (indicated in parenthesis) common to all
sites as a function of DBE, oxygen class and salinity are
described in Fig. 5. The analysis of the isomeric content
along the transect (horizontal trend) as a function of the
oxygen class revealed a decreasing profile in the isomeric
diversity with increasing salinity for relatively poor oxy-
genated isomers (up to 6 oxygens). On the contrary, more
oxygenated species exhibited a varying isomeric pattern
along the transect with and initial apparent isomeric enrich-
ments at the second lowest salinity site HR-2, followed by a
decreasing isomeric enrichment until a second enrichment
at the highest salinity site HR-5 (see O7-O10 profiles). The
observed relative increase in the isomeric content observed
at HR-2 and HR-5 could be associated with the input of
isomers resulting from early degradation processes occur-
ring in the upper estuary, when phosphorus limitations are
first reduced, followed by isomeric inputs derived from
mangrove and marine derived DOM observed at HR-5. A
closer view at the Fig. 5 shows that the isomeric diversity
of more unsaturated compounds (7 < DBE < 10) changed
with increasing salinity regardless of the chemical formula
diversity and the oxygen class. In contrast, the more aliphatic
structural isomers (DBE < 6), showed a higher resistance to
molecular transformations. Note that since we are consider-
ing the sum of estimated isomers for all chemical formulas
of the same O-class and DBE, other trends at the chemical
formula level may not be uncovered.
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0,

DBE (Chemical formulas)

Salinity

Fig.5 Contour plots showing the distribution of the isomeric diver-
sity from chemical formulas common to all sites as a function of
DBE, oxygen class and salinity. Note that each box in the contour

The inspection of the isomeric information at the level of
DOM chemical formulas can illustrate previous observed
trends across the salinity transect of the Harney River (Fig.
S4, see example for C;,H;,0; and C;sH,0¢). In the exam-
ples shown, the number of isomers across the salinity tran-
sect correlates with the transformation trends described
before (see Fig. 5). That is, the higher oxygenated and
higher DBE C,,H,,0; strongly varies in isomeric diversity
(decreased from 12 to 5 minimum isomers along the tran-
sient), suggesting that higher oxidized and more unsatu-
rated isomeric species are more prone to biogeochemical
transformations. In contrast, other molecular species with
lower oxygenation and DBE C,sH,,O4 showed no varia-
tion in the number of potential isomers along the transient.
Although our results seem to contrast with the degradation
patterns as a function of salinity observed by Osterholz et al.
(20164) for less oxygenated polyphenol chemical formulas
(0.5 < AImod <0.66), critical differences in both approaches
need to be highlighted. While Osterholz’s data involved nor-
malized abundances of chemical formulas assigned from FT-
ICR MS signals, our approach rests on estimated number of
isomers obtained by ion mobility spectrometry. Neverthe-
less, changes in the relative abundance across the isomers
per chemical formula observed along the transect best reflect
the isomeric chemical diversity with salinity. While only a
small number of isomers are accounted for in this analy-
sis, other isomeric trends could be present and not acces-
sible based on differences in mobility per chemical formula.
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plot included the sum of the estimated number of isomers for all the
chemical formulas sharing the same DBE (number in parenthesis)

Further, more in depth studies in this field are warranted to
uncover additional information that isomeric data can pro-
vide to better understand biogeochemical cycling of DOM.

Conclusion

A characterization of DOM isomeric complexity using ESI-
TIMS-FT ICR MS was conducted for the first time along
a freshwater marsh fed mangrove estuary salinity transect
(the Harney River in the Florida Everglades). Overall, while
the number of detected DOM molecular formulas decreased
with increasing salinity, the compositional signature of
DOM varied from more unsaturated and oxygenated to more
aliphatic and heteroatom diverse components along the tran-
sect. While the estimated number of isomeric DOM com-
pounds consistently declined downstream, a relatively small
set of terrestrial-derived DOM components remained struc-
turally unchanged (isomers with ATMSCCS, values < 8%).
Our results provide novel evidence of the increase in refrac-
tory character for DOM isomeric species as both DBE and
oxygenation decreases, contrasting with unchanged isomeric
patterns detected along a similar freshwater-to-estuarine
system (Osterholz et al. 2016a). A detailed examination of
unique molecular components to each sample evidenced
that DOM chemical fingerprint in this estuary is highly
influenced by multiple input sources from different origins
including the freshwater marsh, mangrove, and primary pro-
ducers. Nevertheless, several biogeochemical degradation
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and transformation processes are also likely involved in the
modulation of DOM isomeric molecular fingerprint along
the transect. Though previous works using traditional and
optical techniques (i.e., DOC and fluorescence) have pro-
vided valuable information of bulk DOM change along the
Harney River freshwater-to-marine system, our results con-
stitute the first view of DOM variability at the isomeric level.
The analysis of ion mobility data from molecular formulas
unique to each sample indicates that terrestrial, freshwater
marsh-derived material is up to four times more isomeric
complex than marine primary producers and mangrove
DOM. The inspection of the isomeric information at the
level of DOM chemical formulas revealed that higher oxi-
dized and more unsaturated isomeric species are more prone
to biogeochemical transformations. Moreover, the unique
molecular features identified across all the samples in this
study, along with their specific isomeric characteristics may
be used as potential chemo-markers that can help to better
elucidate the linkage between DOM molecular fingerprint
and input sources and/or related biogeochemical process-
ing during transport. Our findings on tracking the changes
in chemical and isomeric signatures of DOM along coastal
gradients illustrate that ESI-TIMS-FT-ICR MS is a useful
tool that will help to expand the current knowledge of the
carbon fate in coastal aquatic ecosystems.
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