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ABSTRACT: The link between composition and reactivity of
dissolved organic matter (DOM) is central to understanding the
role aquatic systems play in the global carbon cycle; yet, unifying
concepts driving molecular composition have yet to be estab-
lished. We characterized 37 DOM isolates from diverse aquatic
ecosystems, including their stable and radiocarbon isotopes (6'°C-
dissolved organic carbon (DOC) and A*C-DOC), optical prop-
erties (absorbance and fluorescence), and molecular composition
(ultrahigh resolution mass spectrometry). Isolates encompassed
end-members of allochthonous and autochthonous DOM from
sites across the United States, the Pacific Ocean, and Antarctic lakes.
Modern A™C-DOC and optical properties reflecting increased
aromaticity, such as carbon specific UV absorbance at 254 nm
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(SUVA,s,), were directly related to polyphenolic and polycyclic aromatic compounds, whereas enriched §'*C-DOC and optical
properties reflecting autochthonous end-members were positively correlated to more aliphatic compounds. Furthermore, the two
sets of autochthonous end-members (Pacific Ocean and Antarctic lakes) exhibited distinct molecular composition due to differ-
ences in extent of degradation. Across all sites and end-members studied, we find a consistent shift in composition with aging,
highlighting the persistence of certain biomolecules concurrent with degradation time.

B INTRODUCTION

Dissolved organic matter (DOM) is a diverse mixture of com-
pounds forming gradients of composition and biogeochemical
reactivity derived from allochthonous, autochthonous, and micro-
bial sources. Dominant controls on DOM composition, and thus
reactivity and persistence, may be intrinsic (e.g., elemental com-
position or structure) or extrinsic (e.g,, environmental controls)
factors. This remains a topic of debate across ecosystems, from
soils"” to freshwaters” and the oceans.*”® The decrease in the
reactivity of DOM from headwaters to the ocean can largely be
explained by residence time.” However, the molecular under-
pinnings of this relationship and whether reactivity is controlled
by intrinsic or extrinsic factors remains unresolved, as to date no
study has examined compositional changes across the aquatic
continuum.

In freshwaters, DOM reactivity (e.g., metal binding, biological,
and photochemical degradation) has been linked to chemical
composition.”'? Thus, detailed chemical characterization of DOM
examining composition, source, and reactivity has become
increasingly common.”™"" Optical measurements (e.g., absorb-
ance and fluorescence) have been extensively used for
characterizing DOM due to rapid sample throughput, low ana-
Iytical cost, and ability to trace DOM composition. Past regional
studies have linked optical DOM measurements to composition
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(e.g, temperate and boreal ecosystems),”'”~"* whereas others
have related optical characteristics to sources."®”"® The oper-
ationally defined humic and fulvic acids have long been credited
as a major source of red-shifted fluorescence from allochtho-
nous sources and blue-shifted fluorescence from autochthonous
sources.'® “Protein-like” fluorescence has often been attributed
to microbial sources'”* and related to amino acid concentrations
in the ocean,” but also linked to lignin phenols and tannins.”**’
Regional studies have highlighted relationships between optical
properties measured on whole water DOM, and Fourier trans-
form ion cyclotron resonance mass spectrometry (FT-ICR MS)
detected DOM molecules in temperate,"> boreal”'” and sub-
tropical systems”* in solid-phase extracted DOM. In marine
systems, compounds most highly associated with A*C-depleted
DOC in the ocean (i.e., the most persistent compounds) have
been associated with a narrow range of molecular composition
(H/C: 1.17 + 0.13; O/C: 0.52 + 0.10; molecular mass: 360 +
28 and 497 + 51 Da), termed the “island of stability” (I0S).*
The persistence of molecules smaller than 1 kDa supports the
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Figure 1. Map of the sampling locations. The white circles indicate the sampling locations of the current study (n = 37). Table 1 and SI Table 1
contain coordinates and compositional data. Made with Natural Earth.

size-reactivity continuum proposed in the ocean, which sug-
gests apparent size controls reactivity.” Studies conducted in
boreal lakes have shown similar directional shifts in DOM com-
position with increasing water residence time,”*® however, the
link between persistence and composition has never been assessed
across the full continuum of aquatic ecosystems.

In this study, we examine the optical properties, stable and
radiocarbon isotopes, and FT-ICR MS derived molecular com-
position, all measured on isolated DOM, from a diverse suite of
37 aquatic ecosystems (Supporting Information (SI) Table 1).
These isolates have been established as highly diverse end-members
of DOM sources and composition”” and were chosen to evaluate if
patterns in DOM sources, optical properties, and molecular
composition generated in past regional studies”'>'*** hold
across a global gradient of aquatic systems. These isolates were
further chosen to reduce artifacts of comparing solid-phase
extracted DOM, necessary for FT-ICR MS analysis, to whole
water optical and isotopic measurements. We hypothesize that
the persistence of DOM will be inherently linked to its com-
position across all aquatic environments and that the most aged
DOM pools will be characterized by a less diverse array of
compounds, dominated by microbial degradation products.

B MATERIALS AND METHODS

DOM Isolation. Hydrophobic organic acids (HPOA; n = 22),
fulvic acids (FA; n = 13), and natural organic matter (NOM;
n = 2) were isolated from a wide variety of aquatic systems,
predominantly freshwater systems across the United States, but
also in the Pacific Ocean, Antarctica, and a reservoir in Norway
(Figure 1, SI Table 1). Samples were taken from surface waters
unless otherwise noted in Table 1. HPOAs and FAs were
isolated using standard methods. Briefly, DOM was passed
through XAD-8 resin, eluted with aqueous NaOH, immediately
acidified to pH 2 with concentrated HC], rinsed with deionized
water, hydrogen-saturated using ion exchange, and then lyoph-
ilized.”®*° FA fractions differ from HPOA in that FA is the
remaining fraction of HPOA after the humic acid portion has
been removed (ie., insoluble at pH 2). FA generally composed
>95% of the HPOA and removing the humic acid fraction was
eventually discontinued over the years.”® Four isolates (Suwannee
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River FA (R13), Nordic Reservoir NOM (NOM1), Upper Mis-
sissippi NOM (NOM2), and Pony Lake FA (A3)) were obtained
from The International Humic Substances Society, two of which
were NOM samples isolated using reverse osmosis/electro-
dialysis.”" All FA samples included in the study, with the excep-
tion of the two FAs obtained from the International Humic
Substances Society, were isolated before 1990; thereafter, sam-
ples were isolated as HPOA.

Absorbance and Fluorescence Spectroscopy. Isolates
were redissolved in Milli-Q to a final concentration of 10 mg C L™
to measure carbon-normalized absorbance and fluorescence prop-
erties. Absorbance and excitation—emission matrices (EEMs)
were collected using a Horiba Scientific Aqualog. Scans were col-
lected over 5 nm increments with excitation wavelengths from
230 to 800 nm and emission wavelengths from 250 to 800 nm.
Samples were run with 1 s integration time. Upon detector sat-
uration, samples were rerun using 0.5 s integration time (n = S).
Two of the Pacific Ocean samples had low fluorescence and
were rerun using an integration time of 10 s (NELHA, Pacific
Ocean, 21 m (P1), and Pacific Ocean, 240 m (P3), see Table 1
and SI Table 1).

Carbon specific UV-absorbance at 254 nm (SUVA,s,),"* spec-
tral indices, such as biological index (BIX),*” fluorescence index
(F1),”” and humification index (HIX),**** and parallel factor
(PARAFAC) analysis were used to analyze the optical data.
SUVA,;, and HIX reflect aromaticity and higher values often
indicate terrestrial sources.'”'®*>** Conversely, high BIX and
FI are often related to higher fractions of microbially produced
DOM.'® PARAFAC analysis was conducted using the drEEM
toolbox”” in Matlab and decomposed the signal of five fluo-
rescence components (SI Figure 1), all of which have been pre-
viously identified. This was confirmed by comparing the com-
ponents to the OpenFluor database.’® The $-component model
explained 99.85% of the variance, and while there was evidence
of a residual fluorescence peak at Ex/Em = 270/300 in some of
the samples, we did not consider a 6-component model based
on visual inspection of the sixth component. The five-com-
ponent model had a low core consistency (1.3%), but the model
was validated using split-half analysis with four splits (SI Figures 1
and 2, SI Table 2). The percent contribution of each component
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30 o &£ to the sum of the Fmax values were calculated for each compo-
- ; ; g & nent and are reported as percent component C1—CS (%C1—%CS;
L5 273 Table 1).
09 o =
L § ; é g, FT-ICR MS. Solid DOM isolates were redissolved in Milli-Q
B 9 § and combined to a final ratio of 30% Milli-Q and 70% meth-
E:; A= - ~ - = anol, containing 40 mg C L™! of DOM. Extracts were stored at
R = 8 E 4 °C prior to analysis on a custom-built 9.4-T FT-ICR mass
i3 g 5 spectrometer with a 22 cm diameter bore at the National High
HE -~ 4 § ‘é Magnetic Field Laboratory (Tallahassee, FL).”” Negatively charged
B oA ions of DOM were produced via electrospray ionization at a flow
ER E 5 . o §*°q} rate of 700 nL min~' and collected over 100 conditionally
SEe— ¥ & 25 coadded scans.
y o~ £ . L .
-g: 25 g g Molecular formulas were assigned to peaks with intensity >60
e gx S o 3 RMS baseline noise based on published rules® using an in-house
o 9 . 39 . . .
- E= software (EnviroOrg™”) developed at the National High Magnetic
é ‘é = 2 _% Field Laboratory within the bounds of C,_4sH;_g,Ny_4O0;_55S0_-
5§58 2 a 2 g The mass error did not exceed 300 ppb. The modified aromat-
2 - < E > icity index (Al,.q) was calculated to determine the degree of
Eo?‘é £ 9 2 85 unsaturation based on the molecular formula.** Compound cat-
75 % Z 5 ¥ egories were defined as follows: condensed or polycyclic aro-
T 5 é % matic (Al,,4 > 0.66), polyphenolic (0.66 > Al,,4 > 0.5), highly
%° - = < -~ 27°g unsaturated and phenolic (Almod <0.5 and H/C < 1.5),
257 3 5 593 aliphatic (2 > H/C > 1.5, N = 0), peptide-like (2 > H/C > L5,
sK g ¢ - N > 0), or sugar-like (O/C > 0.9).”*" The compound cate-
%5 2 & 2 gories peptide-like and sugar-like are based on similarities in
£d E o2 e £ elemental composition and together make up less than 1.5% of
- N - © ug § E the relative abundance of any sample with the exception of the
%@ o5 2 Upper Mississippi NOM, which was high in sugar-like com-
8 b ] _§ 2 pounds (2.5% relative abundance), and Pony Lake FA, which
28 2 L was high in peptide-like compounds (4.0% relative abundance).
£ io % % Although FT-ICR MS allows for the precise assignment of molec-
< § ., 3w © ular formulas to peaks which may represent multiple isomers,
R g, < o y
- s g 25 they describe the underlying molecular compounds comprising
L; * b 5% 8 DOM, thus throughout the paper, the term compound may be
& R E 3 used when discussing the peaks detected by FT-ICR MS.
. § g < g the p Y
=Y o BE Dissolved Organic Carbon Stable and Radiocarbon
s d &85 Isotopic Analyses. Stable carbon isotopes and radiocarbon were
§ £ éo 2z analyzed according to previously described methods.* Briefly,
R 8o 2 °\(E'§ inorganic carbon was removed by sparging acidified samples
§ = =R g2 (0.2 mL of 40% phosphoric acid) with nitrogen. Samples were
= % g _5 subsequently sparged with O, before UV oxidation. The pro-
2 Ea S E 5 duced CO, was cryogenically purified in a vacuum line, con-
g~ ~ AET verted to graphite targets using an iron catalyst under 1 atm H,
] o~ N2 M= 1 1
- B Y g ESR at 550 °C, and analyzed for 6"*C-DOC and AYC-DOC at
p = §§ the National Ocean Sciences Accelerator Mass Spectrometry
= é«ﬂ - o = & (NOSAMS) facility at the Woods Hole Oceanographic Insti-
8 7 g F2= tution and the University of Arizona’s AMS facility. A'*C data
z B %é (in %o) were corrected for isotopic fractionation using mea-
g3 s Ls3 sured 6'3C values.
; 2 e 2y = Data Management and Statistical Analyses. All data
o S —‘;} § 8 generated or analyzed during this study are included in the
i‘TE ) © E 8 & main text or SI of this publication. PARAFAC modeling, calcu-
sE 3 3 2 é 3 lation of optical indices and fluorescence plots were conducted
2 <§, © = 5w 8 in Matlab, using the drEEM toolbox.*® Multivariate, linear and
;:? " ¥ 5 g g nonlinear modeling and remaining graphing were conducted in
<8 5 28 base R* along with the packages vegan** and Hmisc." P-values
T ;570 Q % § x?ﬁf were adjusted for multiple comparisons using the false
E P -, EgE discovery rate correction® in R. A false discovery rate adjusted
‘g’ g 2 & = EX T p-value < 0.0S is considered significant
S T Eiu g 2%
— > A 8 g -% B RESULTS AND DISCUSSION
() 2 . K i
= g2 3 23 g Samples covered a wide spectrum of DOM molecular com-
H ATz &= position, encompassing modern, highly aromatic allochthonous
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DOM, to aged DOM with low aromaticity, dominated by autoch-
thonous production (Table 1). Our analysis of DOM isolates
from groundwaters, rivers, lakes and marine waters supports
previous regional studies”'”'*** by showing that the relation-
ships between highly aromatic, polyphenolic, and polycyclic com-
pounds, and optical properties associated with allochthonous
DOM, such as elevated SUVA,, and long-wavelength emission
fluorescence components, were consistent across the full spec-
trum of aquatic ecosystems. Likewise, DOM in oceanic and
lake ecosystems with limited relative allochthonous inputs had
a higher fraction of aliphatic compounds and compounds with
H/C > 1, and optical properties typical of autochthonous
DOM'*'® (Table 1, SI Table 3). Additionally, we illustrate that
aging results in the distinct chemical composition of DOM
from sites historically considered autochthonous microbial end-
members: recently produced DOM in Antarctic lakes versus
aged DOM from the deep Pacific Ocean.

Gradients between Optical Properties of Allochthonous
and Autochthonous Sources of DOM. SUVA,, ranged from
0.6 to 49 L mg C™' m™" (mean: 3.1 L mg C™" m™"). The
highest values were observed in rivers with a strong influence
from the catchment (Alaskan rivers, Suwannee River, and Penob-
scot River; Table 1). Lower SUVA,q, values were observed
in groundwater and the Pacific Ocean. Similarly, A,s0/Ases
(mean: 6.7; range: 44—14.2), Sg (mean: 0.89; range: 0.65—1.74),
and S,;5_,9s (mean: 0.016 nm™; range: 0.011—-0.028 nm™})
had low or shallow values in systems with a strong influence
from the catchment and high SUVA,, values (Table 1). Fluo-
rescence analyses showed similar trends, which largely reflects
decreasing aromaticity, with low HIX (mean: 9.39; range:
1.05—21.33), high FI (mean: 1.48; range: 1.33—1.89), and high
BIX (mean: 0.60; range: 0.39—1.03) in the Pacific Ocean, large
lakes, and river samples (Table 1).

PARAFAC analysis validated five fluorescence components
(SI Figure 1), all of which have been described previously.*
Components matched between 5 and 15 components previ-
ously uploaded to OpenFluor with a minimum similarity score
of 0.95 from PARAFAC models validated for DOM in a wide
variety of systems: component 1 (C1)—15 matches; C2—11
matches, C3—7 matches, C4—S5 matches, C5—12 matches.
These ranged from studies of DOM across the world including
boreal lakes, alpine streams, tropical rivers, and the ocean. All
PARAFAC components were red-shifted, which is expected of
the extractions targeting the hydrophobic organic acid (HPOA;
n = 22) and fulvic acid (FA; n = 13) fractions of DOM that
form the majority of this data set (examples of excitation—
emission matrices are given in SI Figure 3). Component 1 is
similar to classically described microbial-humic fluorescence with
an excitation maximum <260 nm (secondary at 315 nm), and an
emission maximum at 423 nm. Components 2 (ex: < 260 (345);
em: 476) and 3 (ex: 270 (435); em: 544) are typical of red-
shifted fluorescence, reminiscent of humic and soil-derived fluo-
rescence. Component 4 (ex: < 260 (290); em: 377) is similar to
what is classically described as tryptophan-like fluorescence, and
component 5 (ex: 260; em: 439) is similar to classical peak A'®.
There was a second, shorter emission wavelength protein-like
peak in the residuals of the Pacific Ocean samples and the
Laramie Fox-Hills groundwater sample that could not be val-
idated. The percent contribution of components 1—3 to total
fluorescence (%C1—%C3) was elevated in systems with high
SUVA,;, values and a strong connection to the catchment. The
relative contribution of component 4 (%C4) was highest in
the Pacific Ocean samples at 240 and 21 m, and the Laramie
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Fox-Hills groundwater sample (Table 1). The intensity of com-
ponents 1—3 and component S are broadly related to the percent
contribution of the respective components, for example, C1 is
weakly, yet significantly related to %C1 (Table 1; C1 v. %Cl:
R? = 0.13, p-value = 0.03; C2 v. %C2: R* = 0.26, p-value =
0.001; C3 v. %C3: R? = 0.40, p-value <0.0001; C5 v. %C5: R* =
0.68, p-value <0.0001). C1—C3 and %C1—%C3 are elevated at
sites with high SUVA,, and polyphenolic and condensed aro-
matic compounds. C4 and %C4 are not correlated, as %C4
reaches maximum values in the Pacific Ocean samples, but the
maximum C4 value is observed in samples with an intermediate
SUVA,;,.

Molecular DOM Composition and Associations with
Optical Properties. The FT-ICR MS data showed that sam-
ples were relatively enriched in condensed or polycyclic aro-
matic compounds (mean relative abundance: 7.4%; range: 0.1—
18.8%; Table 1) and polyphenolic compounds (mean: 13.5%;
range: 2.0—24.7%), with the majority of the relative abundance
composed of highly unsaturated and phenolic compounds (mean:
73.0%; range: 53.1—92.5%). A smaller proportion of the relative
abundance was of aliphatic compounds (mean: 5.4%; range: 2.1—
13.3%), peptide-like (mean: 0.4%; range: 0.0—4.0%) and sugar-
like compounds (mean: 0.2%; range: 0.0—1.7%; Table 1 and SI
Table 3). The high range observed within compound groups,
particularly in condensed and polycyclic aromatics and polyphe-
nolic compounds, is consistent with the large range of SUVA,,
values and the extremely red-shifted fluorescence observed. Sam-
ples with high contributions from condensed and polycyclic
aromatics and polyphenolic compounds were samples with DOM
from allochthonous sources. Samples with low contributions from
polycyclic aromatics and polyphenolic compounds generally
exhibited higher contributions from aliphatic compounds and
peptide-like compounds, such as samples with DOM from pre-
dominantly autochthonous sources.

A nonmetric multidimensional scaling (NMDS, stress = 0.046,
k = 3) based on FT-ICR MS derived molecular composition
showed a clear separation between highly aromatic, allochtho-
nous-dominated riverine samples on the negative end of the first
dimension (NMDS1) with Pacific Ocean samples on the positive
end (Figure 2, Table 1 and SI Table 1 and 3). The input param-
eters for the ordination include the percent relative abundance of
condensed aromatic compounds, polyphenolic compounds, highly
unsaturated and phenolic compounds (HUPs), aliphatic com-
pounds, and peptide-like compounds; the total number of assigned
formulas (#Formula); the percent of assigned formulas identified as
CHO, CHON, CHOS, or CHONS; and the relative intensity
weighted averages of mass (i.e, m/z where z = 1), Al 4 the
nominal oxidation state of carbon (NOSC), H/C, O/C, and N/C.
SUVA,;,, humification index, and PARAFAC derived compo-
nents %C1, %C2, and %C3 highly covaried with riverine sam-
ples with a high proportion of polyphenolic and condensed
aromatic compounds (Figure 2b). Conversely, biological index,
fluorescence index, spectral slope ratio (Sg), absorbance ratio
(Azs0/Ases), spectral slope (Sy75_505), and %C4 were positively
related with the first dimension and samples that were less
aromatic and dominated by autochthonous inputs, such as the
Pacific Ocean and Antarctic lake samples (Figure 2b). The
separation of highly aromatic, long emission fluorescence with
high contributions from polyphenolic compounds versus alipha-
tic, short emission fluorescence across DOM from all types of
aquatic systems in diverse biomes strengthens past findings from
regional studies.””® Biological and humification indices also
separate along the second dimension of the NMDS but not as
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Figure 2. Multivariate analysis of molecular composition using
nonmetric multidimensional scaling. (a) The ordination was based
on Bray—Curtis dissimilarities of 16 variables derived from FT-ICR
MS molecular composition (k = 3, stress = 0.046). (b) Optical indices
were fit to the same ordination over 999 permutations, with the color
indicating the significance level: not significant (gray) and p-value <
0.001 (purple). Black labels indicate samples detailed in Table 1 and SI
Table 1 and 3. Other abbreviations: SUVA,, (carbon specific UV
absorbance at 254 nm); HIX (humification index); %C1-%CS
(percent contribution from PARAFAC components); BIX (biological
index); FI (fluorescence index); Sy (spectral slope ratio); A,so/Asgs
(absorbance ratio); and S,75_505 and Ssso_s00 (spectral slope from 275
to 295 nm and from 350—400 nm).

strongly as they do along the first axis (NMDS2; Figure 2b).
This suggests that the second dimension reflects recent autoch-
thonous production, which is supported by the high scores on
NMDS?2 of the weighted average of N/C, the percent of com-
pounds containing N, and the percent relative abundance of
peptide-like compounds (Figure 2a).

The intensity-weighted average of the FT-ICR MS derived
modified aromaticity index (AL,,q) has a significant semilog rela-
tionship with SUVA,, (R* = 0.88, p-value < 0.001; Figure 3a),
however, the percent contribution from polycyclic and polyphe-
nolic compounds shows an even tighter, but exponential rela-
tionship with SUVA,,, saturating at 5.0 L mg C™' m™" (R* = 0.95,
p-value < 0.001; Figure 3b). This suggests that even if the
percent relative abundance of polycyclic and polyphenolic com-
pounds continues to increase, a concurrent increase in SUVA,,
will not be observed. This is consistent with findings over the
past decades where reports of samples from natural aquatic sys-
tems reporting SUVA,, above 5.5 are rare, and likely have not
accounted for absorbance from iron or other interfering con-
stituents.' **”** The fraction of molecular carbon that can be
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tied up in aromatic structures is limited in DOM as aromatic
structures are nonpolar and require functionalized side chains
to remain in solution, suggesting the upper limit of SUVA,;, for
DOM in aquatic systems is due to solubility constraints.

The significant positive relationship between SUVA,, and the
percent relative abundance of polycyclic aromatics and polyphe-
nolic compounds is further reflected in the molecular-level
relationships between SUVA,, and FT-ICR MS detected com-
pounds (SI Figure 4). Compounds significantly positively related
with SUVA,q, (n = 6621) were mostly condensed or polyphe-
nolic aromatic compounds (69%). Conversely, compounds signif-
icantly positively correlated with the biological index are almost
entirely highly unsaturated and phenolic compounds, aliphatic
compounds, or peptide-like compounds (97%). N-containing com-
pounds account for 53%, including the 131 compounds most
strongly associated with the biological index (where Spearman’s
rho >0.88). This highlights the utility of simple optical mea-
surements for assessing DOM composition across the full
spectrum of aquatic ecosystems.

Isotopic Evidence for a Modern, Terrestrial Source of
Condensed Aromatic Compounds. The increase in the rel-
ative abundance of polyphenolic and condensed aromatic com-
pounds with increasing SUVA,s, supports previous findings
that show high SUVA,;, values reflect DOM from allochtho-
nous sources. The terrestrial source of polycyclic and polyphe-
nolic compounds is further supported by the significant rela-
tionship between these compounds and depleted 5'*C-DOC
(R* = 0.84, p-value < 0.01; Figure 3c). A"*C-DOC has a satu-
rating positive relationship with polycyclic aromatic compounds
(R? = 0.81, p-value < 0.05; Figure 3d). Thus, samples with higher
contributions from polycyclic aromatic compounds have a
modern DOM source, which suggests rapid mobilization from
the catchment. Globally, rivers export combustion-derived poly-
cyclic aromatic compounds from catchments to the ocean at an
average + SD of 7.1 + 3.6% of DOC concentration.”” The
enriched A™*C-DOC values for samples with over 12% of the
relative abundance from polycyclic aromatics in the current
study (mean =+ s.e.: 66 + 7%, n = 7) seem to preclude them
from having a fossil source. Therefore, either there is a stock of
modern fire-derived polycyclic aromatic compounds that is rel-
atively universal and proportional to the DOM produced in any
given system, or polycyclic aromatic compounds may be pro-
duced in the absence of combustion on the terrestrial land-
scape, potentially via humification processes.” At the other end
of the spectrum, the relative abundance of polycyclic aromatic
compounds in the Pacific Ocean samples approaches but does
not quite reach zero, in accordance with previous studies that
have measured limited dissolved black carbon in the ocean.”’

Compositional Progression from Modern, Terrestrial
DOM to Aged, Persistent DOM. The abundance of poly-
cyclic aromatic compounds in systems with high connectivity to
the catchment is illustrated by the DOM composition in the
Yukon River at Pilot Station at peak discharge (i.e., low H/C
and low O/C, Figure 4a; Table 1). The percent relative
abundance of polycyclic aromatic compounds decreases from
12.1% in the Yukon River at Pilot Station to 2.0% in Lake
Fryxell, Antarctica (Figure 4b) and 0.1% in the Pacific Ocean
deep DOM (Figure 4c). In addition to the decreased contri-
bution from polycyclic aromatic compounds (1—2 orders of mag-
nitude), the autochthonous end-members (Lake Fryxell versus
Pacific Ocean deep water) are distinct from one another in chem-
ical composition. First, SUVA,;, in Lake Fryxell is twice as high
as in the Pacific Ocean deep water (see Table 1). Second, Lake
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and (d) A*C-DOC against polycyclic aromatic compounds (n = 21).

Fryxell maintains a high molecular richness, with 11 204 molec-
ular formulas assigned, similar to the 11 951 formulas assigned
in the Yukon River; whereas approximately 4788 formulas were
assigned in the deep Pacific Ocean. The fraction of CHON
compounds increases by 20% in Lake Fryxell and only 4% in
the deep Pacific, in comparison to the Yukon River at Pilot
Station. Finally, the percent relative abundance of compounds
that are part of the IOS increases from the Yukon River at Pilot
Station (14%), to Lake Fryxell (18%) to the deep Pacific Ocean
(35%). That is, as the age of the DOC increases, the relative
abundance of the IOS increases proportionally (Figure 4d).
The coupling between age and IOS is evident among all sam-
ples for which A™C-DOC data is available (n = 21; R* = 0.82,
p-value < 0.001; Figure 4d). The compounds that make up the
IOS have previously been suggested as those compounds that
are most strongly correlated to depleted A"*C-DOC in a DOM
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study from the Atlantic Ocean” and fall within the bounds of
carboxylic-rich alicyclic molecules, which have been suggested
as a group of potentially recalcitrant organic compounds in marine
systems.”” This study shows that the association between age
and composition holds across allochthonous to autochthonous
end-members, not only within aged DOM in the ocean. This
loss of modern, aromatic DOM, as well as a significant decrease
in the molecular richness from modern DOM (both allochthonous
and autochthonous), signals a strong control of time on molec-
ular composition leading to the formation of a narrow range of
degradation products, or compounds that resist degradation
and ultimately persist in the deep ocean.

Time Results in Divergent Composition between
Autochthonous End-Members. Antarctic lakes and the Pacific
Ocean are considered end-members of autochthonously sourced
DOM.”**** However, there are stark compositional differences
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Figure 4. Progression of DOM composition over time. Panels (a, b, c)
show the shift in molecular composition from a system with modern
(Y = Yukon River at Pilot Station), intermediate (A = Lake Fryxell,
Antarctica), and old DOC (P = deep Pacific Ocean, 674 m). Panel
(d) shows the relationship between the percent relative abundance of
the “island of stability” against A'*C-DOC. The inner solid circle in
(a, b, ¢) is the avera§e and standard deviation of the elemental com-
position of the IOS." The outer dashed circle encompasses all com-
pounds included in the IOS. Both circles are plotted for reference, but
the actual bounds may vary slightly.

between the two, with DOM from the Antarctic lakes exhibit-
ing modern AC-DOC and higher molecular richness (ie.,
chemodiversity) including a plethora of N-containing com-
pounds. DOM in Antarctic lakes originates from algae and bac-
teria, such as cyanobacteria,” and despite an intermediate SUVA,s,
value there are no sources of terrestrial organic matter in the
catchment, where the soils have an organic content of <0.1%.%
Alternatively, DOM in the Pacific Ocean is highly photochemically
and microbially degraded, thus it is an aged mixture of
compounds produced by photosynthesis in the surface oceans*®
and may contain remnants of highly degraded DOM from
allochthonous inputs, as vast quantities of DOM are delivered
to the ocean.””® Both types of systems contain DOM that
originates from predominantly autochthonous sources, however,
this study shows the extreme differentiation in DOM composition
and diversity that results from differences in extent of degradation,
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suggesting time is not only a driver of degradation,” but also a
dominant control over DOM molecular composition and diver-
sity across aquatic ecosystems.
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