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ABSTRACT: Dissolved organic matter (DOM) is a master variable in  Which molecular families track fluorescence in natural waters?
aquatic systems. Modern fluorescence techniques couple measure-
ments of excitation emission matrix (EEM) spectra and parallel factor
analysis (PARAFAC) to determine fluorescent DOM (FDOM)
components and DOM quality. However, the molecular signatures
associated with PARAFAC components are poorly defined. In the
current study we characterized river water samples from boreal
Québec, Canada, using EEM/PARAFAC analysis and ultrahigh
resolution mass spectrometry (FTICR-MS). Spearman’s correlation
of FTICR-MS peak and PARAFAC component relative intensities DOM: Dissolved Organic Matter
determined the molecular families associated with 6 PARAFAC [povt coloed fuctionof DOV
components. Molecular families associated with PARAFAC compo-

nents numbered from 39 to 572 FTICR-MS derived elemental formulas. Detailed molecular properties for each of the classical
humic- and protein-like FDOM components are presented. FTICR-MS formulas assigned to PARAFAC components
represented 39% of the total number of formulas identified and 59% of total FTICR-MS peak intensities, and included significant
numbers compounds that are highly unlikely to fluoresce. Thus, fluorescence measurements offer insight into the biogeochemical
cycling of a large proportion of the DOM pool, including a broad suite of unseen molecules that apparently follow the same
gradients as FDOM in the environment.
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1. INTRODUCTION

Dissolved organic matter (DOM) is a key constituent within
. 1 . . 2 e e e

aquatic ecosystems, attenuating light,” initiating photoreac-

tions,’ influencing metal and pollutant transport and bioavail-

ability,** and connecting soil organic carbon stores to those of

the ocean.’ The aromatic fraction of the DOM pool is colored

(CDOM),”® and a subfraction of CDOM fluoresces (fluo-

search terms fluorescen* and “dissolved organic matter”).
However, the chemistry and percentage of DOM molecules
that fluoresce remain ill-defined. Furthermore, the quantity and
quality of nonfluorescing DOM molecules that track
fluorescence components in natural waters is also unknown.
This latter gap in knowledge is of significance to scientists using
FDOM as a prism through which to interpret the broader

rescent DOM; FDOM).9 FDOM excitation emission matrix
spectra (EEMS) reveal fluorescence features that provide
information about DOM source, diagenetic state, reactivity,
ecological function and chemistry.”~" Early studies defined
these features using peak picking techniques,”'® whereas
current research predominantly utilizes a statistical fitting
approach—parallel factor analysis (PARAFAC)—to define
fluorescent components.'* As the components determined by
PARAFAC are unique to the sample set analyzed, it is useful to
compare PARAFAC components to the classically defined
fluorescence peaks commonly found in natural DOM.

Due to the simplicity and low cost of fluorescence
measurements, they are increasingly applied to assess DOM
quality, with 276 articles published in 2013 (Web of Science
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DOM pool, and is the primary topic addressed in the current
study.

In the progression toward a molecular understanding of
DOM, ultrahigh resolution Fourier transform ion cyclotron
mass spectrometry (FTICR-MS) is offering novel insight and
fostering greater recognition of DOM’s complexity.'>'¢
FTICR-MS resolves thousands of peaks within a single DOM
sample so precisely that elemental formulas (i.e., C,H,O,N,S,)
can be assigned. Although resolved by elemental formula,
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Table 1. Excitation and Emission Maxima, Descriptors and Relation to the Nomenclature of Coble et al.”** for PARAFAC
Components P1 to P6 and their Biogeographic Distribution and Lability as Defined by Lapierre et al.'®

PARAFAC Exc:Em maxima corresponding assumed
component (nm:nm) classical peak nomenclature; assumed properties biolability ~ assumed photolability
P1 <275(295):420  Peak A humic-like highly processed terrigenous low high
P2 <275:480 shoulder of Peak A humic-like highly processed terrigenous low high
P3 <345(275):430  Peak C(Peak A) humic-like less processed terrigenous moderate highest
P4 335:440 Peak C/M marine/aquatic humic-like terrigenous; autochthonous; high moderate; also
microbially processed photoproduced
Ps 300:390 Peak M/N aquatic humic-like terrigenous; autochthonous; microbially high moderate
processed
P6 275:336 Peak B+T amino acid-like freshly added to the environment from highest moderate

autochthony, land or microbes

FTICR-MS does not directly resolve DOM structure. Thus,
each FTICR-MS peak likely contains many different structural
isomers, each with different sources, sinks, and ecological roles.
In this study, we determined FTICR mass spectra and the
PARAFAC fluorescence components for 22 DOM samples
from boreal rivers spanning a wide range in chemical,
watershed, and DOM properties. The molecular families
associated with each PARAFAC component are described.

2. MATERIALS AND METHODS

2.1. Sample Collection and Processing. We sampled 11
boreal rivers and streams in the Abitibi region, Quebec, Eastern
Canada, covering a large range in Strahler stream order (1-6),
DOM concentration, and CDOM absorption (Supporting
Information (SI) Table S1). Rivers were sampled under
contrasting hydrology, yielding a total of 22 samples and
increasing the diversity of samples (SI Table S1). Water was
filtered on-site (0.45 um; Sarstedt), stored cold and dark in
acid-washed glass vials (<1 month) until DOC and optical
analyses. Samples for FTICR-MS were frozen until analysis.

2.2. Dissolved Organic Carbon and Optical Character-
ization. Dissolved organic carbon (DOC) was measured in
duplicate on an OI Analytical TIC/TOC Analyzer. Standards
were prepared using sodium phthalate. The coefficient of
variation of duplicates, average precision, and average accuracy
relative to standards were 2%, 0.1 mg-C L'ats mg-C L™}, and
3% or 0.15 mg-C L™" at 5 mg-C L™, respectively.

CDOM absorbance spectra (190—900 nm) were recorded
using a 2 cm quartz cell and an Ultrospec 2100 ultraviolet—
visible spectrometer (Biochrom). Ultrapure water (Milli-Q)
blank-corrected spectra were further corrected by subtraction of
the average absorbance between 700 and 800 nm.'” Data were
converted to Napierian absorption coefficients, a (m™)."*
Specific Ultraviolet Absorbance (SUVA; mg-C L™' m™") was
calculated as the Decadic absorption coeflicient at 254 nm
(m™") divided by DOC concentration (mg-C L7

EEM spectra were measured in 1 cm quartz cells in a RES301
PC spectrofluorometer (Shimadzu; SI Sla). The 22 samples
analyzed by FTICR-MS in the current study were selected from
a set of over 1000 samples from lakes, rivers, ponds, and
wetlands in boreal Québec, Canada (see ref 19). A PARAFAC
model was developed for this full data set'” using Matlab
DOMfluor 1.7."* Consequently, the PARAFAC components
presented here represent fluorescent properties that are
widespread across boreal aquatic ecosystems.'® For further
details see SI Sla.

2.3. Solid Phase Extraction and Mass Spectrometry.
Further details of the extraction and FTICR-MS methods are in
SI S1b. In brief: Electrospray ionization (ESI) of DOM is

sensitive to sample matrix. Thus, samples were solid phase
extracted (SPE) using Varian Bond Elut PPL to generate pure
DOM isolates.”® At the University of Oldenburg, methanol
PPL-DOM extracts were mixed 1:1 (v:v) with ultrapure water
and infused into the ESI source of a 15 T FTICR-MS (Solarix
Bruker). Molecular formulas were assigned to peaks with signal-
to-noise ratios >5 based on published rules.”'~>* Peaks below a
standardized detection limit were filled to prevent false
negatives for the absence of a peak within samples with low
dynamic range.

Assigned formulas were categorized by compound class
based upon elemental stoichiometries.>* Modified aromaticity
index (Al.4)* values were calculated as follows:

Al ;= (1+C-050-S - 0.5H)
/(C-050—-S—-N-=-P)

Al q values 0.5 to 0.67 and >0.67 were assigned as aromatic
and condensed aromatic structures, respectively.”® Further
compound classes were defined as follows: highly unsaturated,
low oxygen = Al 4 < 0.5, H/C < 1.5, O/C < 0.5; highly
unsaturated, high oxygen = Al 4 < 0.5, H/C < 1.5, O/C 0.5—
0.9; aliphatics = H/C 1.5-2.0, O/C < 0.9, N = 0; peptides =
H/C 1.5-2.0, O/C < 0.9 and N > 0; sugars = O/C > 0.9.
Although consistent with peptide and sugar stoichiometries, the
last two assignments are ambiguous as the formulas may also
occur in alternative isomeric arrangements.

2.4. Spearman’s Correlation Coefficient. PARAFAC
component intensities were normalized to the sum of
component fluorescence intensities for a given sample. The
intensities of FTICR-MS peaks were normalized to the total
intensity of all peaks to which formulas were assigned within a
sample. Relative intensities of FTICR-MS peaks across samples
were not normally distributed, precluding use of Pearson’s
correlations. Therefore, Spearman’s correlations were derived
between FTICR-MS and PARAFAC data (JMP Pro 11.0.0
SAS). For an n of 22 samples, a Spearman’s coefficient (r) of
0.49 was calculated to be significant at the 99% confidence limit
(Student’s t test; see SI Slc). Thus, molecular formulas
correlated to PARAFAC component intensities across the 22
samples with Spearman’s r > 0.49 were assigned to each
PARAFAC component. A similar approach was applied in ref
21.

3. RESULTS AND DISCUSSION

3.1. Concentrations and Optical Properties. Concen-
trations of DOC varied by a factor of 4, from 4.6 to 19.8 mg-C
L7, a,,CDOM by a factor of ~28, from 9 to 250 m™", and
SUVA by a factor of 17, from 0.4 to 6.3 mg-C L' m™" (SI
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Table 2. Number of Formulas, Average Molecular Weights (MWs), and Structural Groupings of Molecular Formulas As
Determined by Fourier Transform Ion Cyclotron Mass Spectrometry Found within the Suite of 22 River Water Samples (All);
Found to Correlate with Each of the Six Fluorescence PARAFAC Components Identified (P1 to P6); and Those Which Did Not
Correlate with Any of the PARAFAC Components (No Correlation)”

all no correlation P1
no. total formulas 4109 2517 556
(% of intensity) (100%) (41%) (12%)
average MW (Da.) 450 468 536
(intensity weighted) (379) (391) (397)
no. formulas without N 2547 1539 506
(% of intensity) (100%) (41%) (13%)
no. formulas with N 1562 978 N
(%) (100%) (44%) (1%)
black carbon 165 53 95
(% of black carbon) (100%) (21%) (65%)
aromatic 845 547 151
(% of aromatic) (100%) (42%) (40%)
highly unsaturated 2752 1682 285
(% of highly (100%) (41%) (8%)
aliphatics 282 177 25
(% of aliphatics) (100%) (63%) (9%)
sugars S1 46 0
(% of sugars) (100%) (89%) (0%)
peptides 14 12 0
(% of peptides) (100%) (99%) (0%)

P2 P3 P4 PS P6
39 223 333 572 244
(1%) (18%) (9%) (28%) (12%)
414 445 316 369 282
(372) (424) (329) (378) (279)
39 181 72 175 169
(1%) (20%) (7%) (26%) (13%)
0 42 261 397 75
(0%) (1%) (33%) (42%) (9%)
3 1 8 6 4
(2%) (0%) (7%) (4%) (5%)
8 8 84 76 37
(0%) (0%) (8%) (6%) (15%)
23 213 224 480 138
(1%) (22%) (9%) (32%) (11%)
0 1 15 10 65
(0%) (0%) (5%) (4%) (23%)
5 0 0 0 0
(8%) (0%) (0%) (0%) (0%)
0 0 2 0 0
(0%) (0%) (1%) (0%) (0%)

“For MW, values in parentheses report intensity weighted average MW. All other values in parentheses represent the percentage of peak intensity
contributed by each classification of molecular formulas. Note that the summation of percentages from P1 to P6 in each row does not correspond to

100% because components share some molecular formulas.

Table S1). This encompasses a wide range of the spectrum
observed for rivers, lakes, and wetlands for boreal Québec and
Eastern Canada.”®”’ Looking further afield, average a,;,CDOM
levels across 30 major U.S. rivers ranged from 6 to 442 m ™" and
SUVA from 1.3 to 4.6 mg-C L™' m™!, with DOC
concentrations in rivers globally typically between 0.5 and 50
mg-C L'.%%%° Thus, SUVA, DOC and aCDOM values in the
22 samples studied covered a wide range of the values found in
rivers globally. The wide range in SUVA values for the 22
selected samples indicates the samples’ DOM varied signifi-
cantly in its optical properties.”

The PARAFAC model included 1349 samples from across
boreal Québec and resolved six fluorescent components (SI
Figures $1—S3; Table 1)."” The components are listed from P1
to P6 in order of their contribution toward the sample set’s
total fluorescence intensity. The PARAFAC model, together
with the biolability and photolability of the identified
fluorescence components are described in ref 19.

Peaks A and C, the two predominant terrigenous humic-like
fluorescence peaks in the literature,”" are represented by P1
and P3, respectively (SI Figures S1—S3; Table 1). Peaks A and
C are near-ubiquitous in aquatic environments, reaching
highest levels in rivers draining wetland and forested catch-
ments, and are associated with highly aromatic, high molecular
weight (MW) DOM."> An additional, apparently terrigenous
humic-like fluorescence component was identified (P2), with
an emission peak shifted to slightly longer wavelengths than
Peak A and C (SI Figure S1—S3). Of these three humic-like
components, P3 was the most photolabile,'® possibly because
its excitation maximum extends furthest into the solar
spectrum®® (Table 1; SI Figure SI).

P4 fell close to Peak C, with a shoulder extending toward
Peak M and a secondary maximum near Peak A. PS’s maximum
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intensity lay between Peaks M and N (SI Figure S1—S3; Table
1). Peaks M and N are commonly reported to be of mixed—
terrigenous, autochthonous, and microbially reworked—
source.'” Peak M is further described as low MW.'> Peak N
can be rapidly biodegraded by bacteria.*"*> PARAFAC
components P4 and P5 may also represent fresh inputs of
DOM from terrigenous sources, due to their prevalence in
brown waters throughout boreal Québec.”” P6 was the main
driver of DOC biolability across lakes, rivers and wetlands in
boreal Québec'® and represents Peak B and T (SI Figure S1—
S3; Table 1), which are classically interpreted as representing
protein-like, nitrogen-rich, low MW, highly biolabile DOM.*?

However, other studies have shown that N-free low molecular
weight aromatics (e.g, gallinic acid) also fluoresce in this
region.34

3.2. Molecular Signatures of Boreal River DOM.
FTICR-MS enabled the assignment of molecular formulas to
4109 peaks (Table 2 and SI Table S2), demonstrating the
molecular complexity of boreal river DOM. Nitrogen-free peaks
accounted for 61% of formulas and 91% of the intensity of all
formulas (Table 2). Nitrogen-containing formulas (Table 2)
accounted for 38% of peaks and 9% of total intensity. The 485
molecular formulas containing S represented 12% of peaks or
3% of intensity.

Elemental formulas were used to estimate molecular
structural classes (Section 2.3). Dissolved black carbon
(condensed aromatics) accounted for 165 formulas (1% of
intensity), aromatics for 845 formulas (11% of intensity), and
aliphatics for 282 formulas (4% of intensity; Table 2). Highly
unsaturated formulas were the most prevalent (2752 formulas,
84% of intensity). Elemental formulas classified as highly
unsaturated cover a range of possible structural isomers with
varying biogeochemical qualities. For instance, lignin-colored,
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Figure 1. Excitation emission spectra (EEMS) and van Krevelen plots for PARAFAC components P1 and P3. In the EEMS, color indicates
fluorescence intensity and bold white text the approximate positions of the classical fluorescent dissolved organic matter Peak A, C, M, N, B, and T
defined in the text. The van Krevelen plots show the molecular families associated with each PARAFAC component and data points are colored by
molecular weight. Panels A and B represent PARAFAC components 1 and 3, respectively.

Table 3. Numbers of Formulas and Percentages of Mass Spectral Peak Intensity Shared between Each PARAFAC Component

P1 P2
no. of formulas shared with P1 556 1
(% of intensity) (100%) (<1%)
no. of formulas shared with P2 1 39
(% of intensity) (<1%) (100%)
no. of formulas shared with P3 0 15
(% of intensity) (0%) (39%)
no. of formulas shared with P4 0 0
(% of intensity) (0%) (0%)
no. of formulas shared with P3 0 0
(% of intensity) (0%) (0%)
no. of formulas shared with P6 12 0
(% of intensity) (2%) (0%)

P3
0
(0%)
15
(7%)
223

(100%)

0
(0%)
77
(35%)
0
(0%)

P4
0
(0%)
0
(0%)
0
(0%)
333
(100%)
224
(67%)
45
(14%)

PS
0
(0%)
0
(0%)
77
(14%)
224
(39%)
572
(100%)
7
(1%)

P6

12
(5%)
0
(0%)
0
(0%)
45
(18%)
7
(3%)
244
(100%)

photolabile and biolabile, aromatic biomarkers of terrestrial
land plants®?*7>—and carboxylic-rich alicyclic molecules
(CRAM)—noncolored, biorefractory carboxylic-rich alicyclic
molecules of potential microbial origin'®—both have elemental
stoichiometries that fall in this class despite differences in their
structure, source and biogeochemical reactivity. Given the

terrigenous nature of DOM in the current samples, most of the

highly unsaturated formulas identified are likely plant and soil

derived, with some aromatic/lignin-like character. However, a

portion of these peaks’ intensities may have been contributed

by aromatic-free isomers, such as CRAM. Few formulas were

assigned as sugars (S1 formulas, <1% of intensity) and peptides

(14 formulas, <1% of intensity). These patterns, as well as the
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MWs (Table 2), are broadly consistent with previous FTICR-
MS studies of riverine DOM.>**"3®

3.3. Relating PARAFAC Components to Molecular
Formulas. The elemental formulas associated with each
PARAFAC component are listed in SI Table S2. Utilizing
Spearman’s rank correlations at the 99% confidence limit
(Section 2.4), 39% of molecular formulas and 59% of peak
intensities were assigned to one or more PARAFAC
components (Table 2). Thus, PARAFAC components
apparently deliver information about the gradients for more
than half the DOM within the analytical window of coupled
PPL extraction and negative ionization ESI FTICR-MS. The
molecular formulas that did not correlate with any PARAFAC
component were enriched in aliphatic and sugar formulas that
are not expected to absorb light or fluoresce, and were depleted
in condensed aromatic moieties that are known components of
CDOM.*” Individual PARAFAC components were ascribed
between 39 and 572 formulas (Table 2). The information-
richness contained in each molecular family assigned to a
PARAFAC component is apparent by the widespread of data in
van Krevelen plots (Figure 1 and SI Figure S3).

The use of Spearman’s correlations purposefully allowed
molecular formulas to correlate with one or more PARAFAC
components as a given FTICR-MS molecular formula can
include many different structural isomers. P4 and P$ shared the
most formulas. Of the 333 formulas assigned to P4, 224 (67%
of P4 formulas) were shared with PS (Table 3). These 224
shared formulas represented 39% of the 572 formulas assigned
to PS. P1 was assigned 556 formulas, and shared the least
number (13) and percentage (2%) of formulas with other
PARAFAC components (Table 3).

A MANOVA on 3 molecular characteristics (MW, modified
aromaticity index, and nitrogen content) revealed that the
molecular formulas associated with each PARAFAC component
represented statistically different families (contrast analysis of
the MANOVA fit data, p < 0.0001). A canonical centroid plot
shows that these molecular families separate mostly on the basis
of N content and MW, and confirmed that the P4 and PS5
molecular families are more similar to one another than any
other two molecular families (Figure 2). The P2 and P3
molecular families also plot close to one another, supporting

Mass
74
X
- P1
6 a mAI
3 &)
2 54 p
=} ]
8
44
®
. 5
@6 @Z Nitrogen|
3 -
2 T T T T T

Canonical 2

Figure 2. Centroid canonical plot from the MANOVA run on 3
characteristics derived from the elemental formulas (molecular weight,
modified aromaticity index, and nitrogen content) of the molecular
families associated with each PARAFAC component. Multivariate
contrasts showed that the molecular families associated with each
PARAFAC component are significantly different from one another (p
< 0.0001).

the conclusion reached from the optical signatures (Section
3.1) that P2 represents terrestrial humic-like DOM.

3.4. Molecular Signature of P1 (Classical Peak A). The
14% of molecular formulas correlated with P1 accounted for
12% of total MS peak intensity (Table 2). P1 formulas were
enriched in high MW, high AIL_ 4 low N molecular formulas
(Figure 2). Only 9% contained N (Table 2; Figure 1A, and
SIS3A), and of all the PARAFAC components, P1 associated
formulas were the most enriched in aromatic (27%) and black
carbon (17%) compounds, had the highest average MW (536
Da), and the second highest intensity-weighted average MW
(397 Da; Table 2). Highly unsaturated compounds accounted
for 51% of P1 formulas (Table 2). These formulas likely
represented molecules with some terrigenous, aromatic
character in these terrestrially dominated river samples (Section
3.2). Thus, together with the aromatic and black carbon
moieties, they may contribute directly to the optical properties
of P1.

In addition, 58% of all black carbon formulas (65% of
summed black carbon peak intensities) and 18% of aromatics
(40% of aromatic peak intensities) were associated with P1,
indicating that the majority of highly conjugated molecules
correlated with this humic-like fluorescence. Black carbon here
refers to condensed aromatics formed at high temperature, for
instance during forest fires.** Once formed, black carbon is
ultrabiorefractory, persistin§ in both soils and the ocean water
column for millennia.*'™* For soils, the main loss term is
through dissolution into river waters, where dissolved black
carbon constitutes approximately 10% of total DOC.*~* In
the water column, photodegradation by sunlight is the main
identified sink.”>* The quantitative significance of black
carbon in the soil and riverine carbon cycle, its utility as a
tracer of fire-derived organics, and its biostability and
photolability, make black carbon an interesting component of
the DOM pool to track. Our study shows for the first time that
humic-like Peak A may provide an easy-to-measure optical
proxy for dissolved black carbon monitoring in natural and
impacted waters.

P1 associated molecules spanned the largest extent of van
Krevelen space (Figure 1A, SI S3A), MWs (167 to 899 Da),
and modified aromaticity index values of any molecular family
(Figure 3; Table 2). That such a diversity of molecules track
one fluorescent feature demonstrates that FDOM provides a
window, not just upon DOM fluorophores, but also a broad
family of nonfluorescent molecules that apparently track
FDOM in the environment. Molecules within each family
may covary with one another and fluorescence across samples
due to similarities in their sources and sinks, i.e. they may be
biogeochemically related families. However, there may be a
more fundamental, chemical reason behind their covariation,
particularly in the case of P1.

Early work viewed humic substances as large macromolecules
with physically defined MWs sometimes exceeding 1 million
Da.**® However, such high MWs are at odds with results from
FTICR-MS (MWs <1000 Da; Figure 3)°° and the apparent
macromolecular properties of humics may derive from the
aggregation of smaller molecules.*”*® Coupling liquid chroma-
tography and multidimensional nuclear magnetic resonance
(NMR), Simpson et al.>' postulated that the apparent
macromolecular properties observed for humics derive from
the aggregation of a mixture of relatively small (< ~ 2000 Da)
aliphatics, aromatics, polysaccharides and polypeptides. There-
fore, the diverse suite of small molecules tracking P1 may
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Figure 3. Molecular weight (Panel A) and modified aromaticity index (Panel B) distributions of elemental formulas within each molecular family

associated with PARAFAC components 1— 6.

represent the aggregated molecules that en masse have
previously been classified as humic substances. The presence
of such aggregates could also enhance the dissolution of some
of the component compounds, such as black carbon, which
might otherwise be expected to have a relatively low
solubility.>* Thus, molecular trends for P1 are consistent with
reports that humic Peak A represents an aggregation of highly
diverse, relatively high MW (still below 1000 Da), carbon-rich,
nitrogen-poor, terrigenous molecules.”'>?¥!

3.5. Molecular Signature of P2 (Unknown Humic-
Like). Only 1% percent of formulas correlated with P2 (Table
2). A large fraction of P2 formulas were shared with P3 (39%),
the latter defined as humic-like Peak C (Table 3). As for humic-
like P1 and P3, P2 was enriched in high MW, high aromaticity
and low N molecular formulas (Figure 2; Table 2). Of the
formulas assigned to P2, none contained N, 2% were black
carbon, 21% aromatics, and 59% highly unsaturated (SI Figure
S3B; Table 2). In common with P1, P2 formulas covered a
large range in MWs and modified aromaticity index values
(Figure 3). In contrast to P1, no aliphatic compounds were
associated with P2. Based upon its long wavelength shifted
fluorescence, high MW, low N content, and high aromatic
content, P2 appears indicative of a form of terrigenous humic-
like DOM.

3.6. Molecular Signature of P3 (Primary Maximum
Classical Peak C). The 5% of formulas that correlated with P3
(Table 2) tended to be high MW, high aromaticity and low N
molecular formulas (Figure 2). The average (445 Da) MW of
P3 formulas was less than for P1 formulas, but greater than the
average across all formulas (Table 2). The intensity-weighted
average MW for P3 formulas (424 Da) was the highest among
all families (Table 2). Similarly, P3 formulas were depleted in N
compared to all formulas, but enriched in N compared to P1
and P2 molecular families (Table 2; Figure 1B, SI S3C). The
tighter mass and aromaticity index distribution of P3 molecules
(Figure 3), as well as their tight clustering in van Krevelen
space (Figure 1B, SI S3C), indicate a more homogeneous
mixture of compounds than associated with P1. The area of van
Krevelen space occupied by P3 formulas is consistent with
lignin-like compounds, the structural biopolymer widely used as
a biomarker for vascular land plants.>” Lignin-derived phenols
are highly photolabile,>> as was P3."” Thus, although depleted
in aromatic (4%) and black carbon (<1%; Table 2), P3
molecular traits were consistent with a family of predominantly
terrigenous molecules of lower conjugation, lower diversity, and
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higher N than P1 formulas. Such traits suggest a pool of plant-
derived organics that have undergone less reworking in soils
and natural waters since production, and are less involved in
aggregate formation than P1 formulas.

3.7. Molecular Signature of P4 (Between Peak C and
M). The 333 (8%) molecular formulas tracking P4 (Table 2)
were enriched in high N, lower MW and lower aromaticity
molecules (Figure 2). Aromatics accounted for 25%, black
carbon 2%, highly unsaturated compounds 67%, and aliphatics
5% of P4 formulas (Table 2), and P4 formulas were enriched in
N (78%) compared to all other PARAFAC components (Table
2). P4 formulas had an average MW of 316 Da and an intensity-
weighted average MW of 329 Da (Table 2). P4 formulas were
tightly grouped in van Krevelen space (SI Figure S3D), and
covered a narrow range of MW and aromaticity index values
(Figure 3). In the EEM plot (SI Figure S3D), P4 falls near the
classically defined terrigenous Peak C, extending toward marine
Peak M. The molecular signatures of P4 formulas suggest a
pool of N-enriched, low MW DOM, with modest hetero-
geneity. This description more closely matches that of
classically defined Peak M, than Peak C,1#3132 suggesting
that P4 is more closely related to Peak M, than Peak C. Peak M
is most often associated with marine and other waters where
autochthonous or microbial DOM is abundant,'® but P4
determined here, has been shown to increase during photo-
degradation of boreal DOM."

3.8. Molecular Signature of P5 (Between Peak M and
N). The 14% of molecular formulas associated with PS (Table
2) constituted 28% of mass spectral intensity, indicating a large
number of abundant molecules track PS (Table 2). The 224
formulas shared with P4 equated to 67% of all P4 formulas
(333) or 39% of PS formulas (572; Table 3). As a result, P4
and PS fall close to one another in the canonical centroid plot,
which shows both molecular families to be enriched in N-
containing, low aromaticity, low MW formulas (Figure 2).
Average (369 Da) and intensity-weighted average (378 Da)
MWs of PS formulas were lower than the overall average (450
Da; 379 Da), but higher than for P4 (316 Da; 329 Da; Table
2). PS formulas were depleted in aromatics (13%), contained
few condensed aromatics (1%), and were enriched in N (69%)
compared to all other PARAFAC components bar P4 (Table
2). As for P4, the distributions of PS formulas with mass and
aromatic index (Figure 3), as well as in van Krevelen space (SI
Figure S3E), indicate a pool of chemically related molecules. In
summary, the PS molecular family indicates a pool of N-
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enriched, low MW DOM. These characteristics fit well with
classical descriptions of fluorescent Peaks M and N,'>*'3*
between which PS sits in the EEM spectrum (SI Figure S3E).
3.9. Molecular Signature of P6 (Peak B and T). Of the
244 P6 formulas (Table 2), 31% contained N. These relatively
low N levels were unexpected as P6 corresponded to protein-
like fluorescence Peaks B and T, which correlate with
concentrations of hydrolyzable amino acids in natural waters.>*
Use of PPL and negative mode ESI may have discriminated
against N-rich compounds.”>*® However, P6 formulas were of
lower N-content than the formulas associated with P4 and PS
in this study, and were not enriched in N compared to bulk
DOM detectable via PPL extraction and ESI FTICR-MS
(Table 2). This was also apparent in the canonical plot, where
P6 formulas were of similar N-content, but of lower MW and
aromatic content than the bulk DOM (Figure 2). Peaks B and
T optical properties may also stem from low MW, N-free
aromatic compounds, such as gallinic acid, which has a strong
fluorescence signal in the region of Peaks B and T.** Further
examination revealed that 75% of the 37 (aromatics) aromatics
associated with P6 contained N. Thus, although the total
population of molecules tracking P6 is N-depleted, the
aromatics are N-enriched; suggesting a significant proportion
of P6 fluorescence comes from N-containing aromatics.
Although the compounds responsible for P6 fluorescence
require further elucidation, the formulas correlated with P6 had
a distinct molecular signature. These P6 formulas had the
lowest average (244 Da) and intensity-weighted average (279
Da) MWs, and were enriched in aliphatics (27%) (Table 2;
Figure 3, SI S3F). Many P6 formulas do not fluoresce (e.g,
many were aliphatic). The above molecular characteristics are
consistent with a fresh DOM pool, and reports that Peaks B
and T represent the most biolabile fraction of FDOM.'**%%¢

4. IMPLICATIONS FOR INTERPRETATION OF DOM
FLUORESCENCE

Almost 40% of the 4109 molecular formulas identified and 60%
of FTICR-MS peak intensities were associated with a
PARAFAC component, including nonaromatic compounds,
indicating that coupled EEM/PARAFAC analyses offer
information not just about the fraction of dissolved organic
molecules that fluoresce, but about broader families of
biogeochemically related molecules that track one another in
the environment. Molecular families associated with PARAFAC
components were broadly consistent with previous chemical
and ecological interpretations of fluorescence features, offering
reassurance to environmental scientists using either fluores-
cence or FTICR-MS to study DOM. Although encouraging for
those using fluorescence to track the bulk pool of DOM, this
also highlights the complexity of the molecular underpinnings
of fluorescence signatures, and suggests caution should be
applied in the interpretation of DOM optical signatures,
particularly when moving between systems (e.g., river/glacier/
ocean).

Presumably there is a core group of aromatic fluorophores
that give rise to the fluorescent properties of DOM. Defining
these fluorophores is important to develop a mechanistic
understanding of DOM optical properties and the caveats
involved in utilizing fluorophores to define the unseen
molecules with which they covary. Isolating and characterizing
the elemental, structural and optical properties of each
dissolved organic molecule present in a natural water sample
is a major, perhaps impossible task. Even with such information,

a complete, reductionist understanding of DOM optical
properties may remain beyond reach as each fluorescent
molecule’s optical properties are also altered by the environ-
mental matrix in which they are dissolved—not least the other
organics present.”” This is apparent when considering that the
molecules giving rise to classical humic Peak A, may not
represent a large macromolecule (>thousands of Da) with
diverse functional moieties, but an aggregation of loosely
associated small (~<2000 Da) molecules, perhaps held in
association with cations such as iron.>* Thus, some of the
fluorescent properties of DOM should be considered an
emergent property of the milieu of fluorophoric and non-
fluorophoric, organic and inorganic compounds, dissolved in
natural waters.

Other processes may also cause covariation between
fluorescent and nonfluorescent molecules. Covariation may be
related to a common origin and cotransport of molecular
families from land to the aquatic environment. It is possible that
covariation reflects not only this passive cotransport, but also a
common cycling. For example, humic-like and protein-like
FDOM components are both consumed and produced by
microbes and abiotic photochemistry in laboratory incuba-
tions.'”*® Consequently, the net change of these components is
a function of both intrinsic DOM properties, such as origin and
lability, and the factors that influence microbial metabolism
(e.g, nutrients)*® and photochemistry (e.g, light field)."”
Fluorescent components vary greatly with respect to their
photoreactivity: components such as Peak A and C (here the
equivalent of P1 and P3) are quickly removed by light; while
others, such as P4, may be produced."” It is more difficult to
conceptualize the covariation in this scenario, because non-
colored molecules are intrinsically less reactive to light. That
said, FTICR-MS data for photoirradiated Congo River water
revealed that a broad suite of dissolved organics, including
noncolored aliphatics, were photolabile,”® possibly due to
secondary photoreactions. It is further possible, that some of
the covarying molecular families may be bio- or photo-
degradation products of the actual fluorophores. These
different processes probably coexist. Understanding the
mechanistic basis of the molecular correlates of PARAFAC
components will help understand and more effectively predict
the links that have been observed between the optical
properties of DOM and its biological and photochemical
reactivity, a key element in our understanding of aquatic
ecosystem function, including CO, dynamics and emissions.”’”

As with any empirical correlation, the molecular families
described should not be regarded as universally associating with
each PARAFAC component. In different systems, where the
dissolved organic milieu is the result of different sources and
processes, the molecular family tracking a fluorescence
component may differ from those detailed here. Thus, further
work is required to determine variability in the chemistry and
ecological functions of the larger suite of dissolved organic
molecules that track specific fluorescence features in a variety of
natural waters.

The optical and molecular signatures of the 22 DOM
samples studied were broadly representative of DOM in other
freshwater samples, including the 1349 samples in the
PARAFAC analysis that yielded the six fluorescence compo-
nents to which molecular families were ascribed. Consequently,
the trends presented here provide a guide as to the qualities of
seen and unseen molecules that track the commonly identified
DOM fluorescence features in natural waters.
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