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ABSTRACT: Dissolved organic matter (DOM) plays an im- Different pools of DOM have different photoreactlwty
portant role in carbon cycling within inland surface waters. Under [
sunlight irradiation, DOM undergoes complete photooxidation to
produce carbon dioxide (CO,) and partial photooxidation that
alters the molecular composition of DOM. However, a mechanistic
understanding of the relationship between DOM composition and
its susceptibility to partial and complete photooxidation in surface
waters is currently lacking. This work combines light exposure
experiments with high-resolution mass spectrometry to investigate
DOM photooxidation using two DOM isolates and DOM from 16
lakes that vary in trophic status and size. High ratios of oxygen -

g 7 . ] : o:C o:C
consumption to dissolved inorganic carbon (DIC) production )\ J
demonstrate that all samples undergo extensive partial photo-
oxidation. At the molecular level, more oxidized, aromatic DOM formulas are associated with oxygen consumption and DIC
production. Bulk level measurements indicate that DOM becomes less aromatic and lower in apparent molecular weight following
partial photooxidation, and there is molecular level evidence of oxygen addition and loss of CO, in all samples. However, formulas
most susceptible to photooxidation vary depending on the initial DOM composition. Collectively, this work provides insights into
the relationship between DOM composition and photooxidation, which has important implications for carbon cycling in diverse
surface waters.

-
Aliphatic DOM - high DIC Aromatic DOM > most
and O, quantum yields susceptible to photooxidation
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Bl INTRODUCTION photolysis in surface waters.”” However, several studies
suggest that photooxidation may be dominant in certain
environments, particularly in terms of CO, emissions.”” The
relative importance of each pathway likely depends in part on
the composition of DOM. For example, photooxidation may
be responsible for ~10% of DOM mineralization (ie.,
complete photooxidation) in Swedish lakes'® and up to 33%
of CO, production in terrestrially dominated arctic lakes on a
landscape scale.” Despite the potential importance of photo-
oxidation for DOM processing, lake carbon cycling models
generally do not include photooxidation or consider variable
DOM composition in these systems.””"'

In addition to complete oxidation, DOM composition can
be altered by partial oxidation. Partial photooxidation, which is
characterized by high ratios of oxygen (O,) consumption to
CO, production,”'*"? can be dominant over microbial partial

Inland surface waters, such as lakes, play an important role in
the global carbon cycle despite making up <1% of the Earth’s
surface area.’ Lakes and their sediments are major carbon
pools and contribute to storage, transport, and processing of
organic carbon.'” For example, the processing of dissolved
organic matter (DOM) can mineralize organic carbon and
produce carbon dioxide (CO,), an important greenhouse
gas.”* As a result lakes are typically net sources of CO, to the
atmosphere.” For example, lakes in the Northern Highlands
Lake District in Wisconsin, USA release 28 Gg-C/yr, which is
~14% of local CO, emissions.” On a global scale, lakes and
inland surface waters release 2.1 Pg-C/yr,® which is equivalent
to ~6% of global carbon emissions from fossil fuel use in 2020
(34.8 Pg-C/yr).” Thus, lakes are hotspots of carbon cycling
and greenhouse gas emissions. It is important to understand
how organic carbon is processed in these environments to

create accurate carbon budgets. Received: February 23, 2023
DOM transformation within lakes occurs via either bio- Revised:  July 10, 2023
logical processing or photolysis. Both mechanisms can result in Accepted:  July 17, 2023

partial oxidation that alters the composition of DOM or Published: July 31, 2023

complete oxidation (i.e., mineralization) to CO,.* Microbial
processing is often considered to be more important than
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oxidation in some environments." Changes in DOM
composition have implications for its subsequent reactivity.
For example, photooxidation of DOM can produce small acids,
such as carboxylic and pyruvic acids,"*”"” that are readily
bioavailable. Alternatively, photooxidation can form more
recalcitrant DOM, such as carboxyl-rich alicyclic mole-
cules."™"? As a result, photooxidation has been shown to
either increase'®'®***! or decrease bioavailability of
DOM,'®" with several studies observing both trends.”>2*
Previous studies using bulk scale analyses such as ultraviolet—
visible (UV—vis) and fluorescence spectroscopy”>” > and size
exclusion chromatography®” demonstrate that aromaticity™ ="
and molecular weight (MW) typically decrease during
photolysis.”****7*> Analysis by high-resolution mass spec-
trometry generally show similar removal of aromatic
formulas”*****” and formation of more saturated photo-
products.”'>>*3»3%3673%  However, changes in extent of
oxidation are variable, with both increases®® and decreases®”
reported. Existing studies using both bulk and high-resolution
analyses are limited to a few samples or locations in a single
study, making it difficult to explain variable trends across
different waters.

The aim of this study is to investigate how DOM
composition impacts its susceptibility to partial and complete
photooxidation. We characterize DOM using bulk measure-
ments and high-resolution mass spectrometry before and after
photooxidation to fully assess changes in DOM composition.
These data are then combined with O, consumption and
inorganic carbon production measurements to develop the first
molecular level relationships for photomineralization, building
on previous attempts to relate bulk level DOM composition to
its photoreactivity.”'®**** We use the North Temperate
Lakes-Long Term Ecological Research (NTL-LTER) network
to obtain samples with highly variable DOM composition, as
well as nearshore sites on Lake Michigan and Lake Superior,
potentially making the results of this study applicable to a wide
range of surface waters.

B MATERIALS AND METHODS

Sample Collection and Materials. Samples were
collected in May 2021 from lakes in the NTL-LTER network ™’
in the Northern Highland Lakes District and the Yahara
watershed in Wisconsin, USA. Northern lakes include Trout
Lake (O4), Trout Bog (D2), Sparkling Lake (O3), Crystal Bog
(D1), Crystal Lake (O2), Allequash Lake (M1), and Big
Muskellunge Lake (O1). Yahara watershed lakes include Lakes
Mendota (E1), Monona (E2), and Wingra (E3). Samples were
collected just under the surface at designated buoys in each
lake (Tables S1 and S2). Three samples each were collected
from nearshore Lake Michigan (G1—G3) and Lake Superior
(G4—G6; depth <30 cm). Samples were filtered through 0.4S
um glass fiber filters within 48 h of collection and stored in
pre-baked (450 °C, 8 h) amber glass jars at 4 °C in the dark;
samples were re-filtered every 6 months and before all
experiments. Organic matter isolates Suwanee River NOM
(I1) and Upper Mississippi River NOM (I2) were used to
enable comparison with other studies. All chemicals are
described in Section S2.

Bulk Water Chemistry. Sample pH was measured using a
Mettler Toledo EL20 meter. Dissolved organic carbon
([DOC]) and dissolved inorganic carbon ([DIC]) concen-
trations were measured using a GE Sievers MS5310C total
organic carbon analyzer. Ions and metals were quantified using

ion chromatography (Table S3) and inductively coupled
plasma optical emission spectroscopy (Table S4), respectively.

UV—vis spectra were collected using a Shimadzu 2401PC
spectrophotometer in 1 nm increments from 200 to 800 nm
and referenced against ultrapure water. Specific UV absorbance
(SUVA,s,) was determined by dividing absorbance at 254 nm
by [DOC].*" E,:E, is the ratio of absorbance at 250 to 365
nm.”” Electron donating capacity (EDC) was determined using
a spectrophotometric method (Section $3).**~** Fluorescence
excitation emission matrices were collected using an Horiba
Aqualog in 5 nm excitation increments from 250 to 800 nm,
referenced against ultrapure water, and corrected for inner
filter effects and Rayleigh scattering. Fluorescence index (FI),
humification index (HIX), and biological index (BIX) were
determined as described in Section $3.*°7*

Dissolved Gas Quantification. Dissolved oxygen con-
sumption and inorganic carbon production were quantified in
17 mL glass TOC vials, which were filled with air-saturated
samples with no headspace and closed with screw top septa
caps. DIC production was used as a proxy for CO, production.
Caps were wrapped in parafilm to further limit gas exchange
(Figure S1). Samples were irradiated in triplicate in a Rayonet
photoreactor with 365 + 10 nm bulbs.*® These wavelengths
are within the solar spectrum, overlap with DOM absorbance
spectra, and are important for DOM photomineraliza-
tion.**”**7>! Dark controls remained at 23.9 + 0.2 °C,
while light-exposed samples reached 26.9 + 0.1 °C. Samples
were irradiated for 22 h based on preliminary kinetics
experiments (Figures S1, S2, and Section S$4).

Due to their high ambient [DIC] (Table S1), Yahara
watershed samples were adjusted to a pH of 2.5, sparged with
nitrogen gas for >30 min to remove DIC, and readjusted to
the original pH prior to dissolved gas irradiation experiments
as described previously.'’ pH adjustment and sparging remove
some organic compounds and may impact apparent quantum
yield values.”” Organic matter isolates (5 mg-C/L) were
prepared using air-saturated ultrapure water and adjusted to a
pH of 7.5 using sodium hydroxide but were not buffered. All
other experiments were conducted using waters with ambient
[DIC]. pH stayed within +0.5 units during photolysis. All
experiments were conducted in triplicate alongside a para-
nitroanisole/pyridine actinometer.”>>* Identical triplicate
sample vials were held at room temperature in the dark as
controls. Inorganic carbon concentrations (i.e., the sum of
CO,, carbonic acid, bicarbonate, and carbonate) were
quantified in acidified samples using a total organic carbon
analyzer (LOD = 0.68 uM DIC). Dissolved oxygen was
quantified using a FireSting-GO2 oxygen meter (PS-FSGO2)
and an oxygen probe (PS-OXROB10; LOD = 4.69 uM).
SUVA,,, E,:E;, EDC, and fluorescence indices were quantified
in irradiated samples as described above.

Quantum Yields. The actinometer was used to calculate
light intensity as described previously.”* Quantum yields of
DIC production (®p;c) and oxygen consumption (P,) were
calculated as described in Section SS.

High-Resolution Mass Spectrometry. Irradiation experi-
ments to assess changes in DOM molecular composition
relative to dark controls were conducted in 500 mL samples in
borosilicate glass bottles. The larger volume was used to
facilitate solid-phase extraction (SPE). All samples were
irradiated for 24 h, which resulted in the same photon flux
as that observed over 22 h in smaller containers (Figure S3). In
addition, six samples (M1, D2, E1, O1, G3, and I1) were
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Figure 1. (a) DOC and (d) DIC (i.e, a proxy for CO,) production following 22 h of photoirradiation. Spearman rank correlations between the
relative intensity of common DOM formulas and (b) carbon-normalized oxygen consumption, (c) carbon-normalized DIC production, (e) @c,,
and (f) ®pc. Formulas that are positively correlated with these parameters are in yellow, orange, and red. Negative correlations are in blue.
Formulas were found in all 14 samples with detectable changes in gas concentrations. Boxes correspond to (1) lignin-, (2) tannin-, and (3) protein-

. .7
like regions. ?

irradiated for 2, 6, and 24 h to assess the kinetics of DOM
composition changes in samples with varying changes in
dissolved gas concentrations.

DOM was extracted from samples before and after light
exposure using SPE.>>"® Samples (500 mL) were acidified
with hydrochloric acid (pH < 2.0) and loaded onto activated
(5 mL methanol) BondElut PPL cartridges. The cartridges
were rinsed with 0.1% HCI (1 mL), opened to achieve dry
sorbent beds, and extracted with methanol (5 mL). Previous
studies using this SPE method report extraction efficiencies of
0% 555960

Methanol extracts were diluted 100x in 60:40 acetonitrile/
H,O and analyzed using Fourier transform ion cyclotron
resonance mass spectrometry (FT-ICR MS; SolariX XR 12T)
via direct injection with negative mode electrospray ionization
(voltage = —1.4 kV; gas pressure = 0.3 psi; 350 readings per
sample). The m/z ions with a signal-to-noise ratio of >3 were
exported, converted to neutral masses by adding the mass of a
proton, and linearly calibrated using common DOM
formulas.***°~®" Formulas considered for matching included
Co.50"°Co.1Ho.14000.50Np.2S0.1- Potential formulas were required
to have O:C > 0, 0.3 < H:C < 2.3, and 0 < DBE < 40.
Nitrogen-containing formulas were validated using the nitro-
gen rule. Matched formulas were required to have a <0.5 ppm
error and be part of a homologous series (+CH, or CH, vs O)
with at least three members.” Weighted averages of elemental
ratios (H:C,; O:C,) and double bond equivalents (DBE,,)
were calculated from identified formulas.>

Spearman rank analysis was performed to relate intensities of
common matched formulas to dissolved gas concentrations, as
well as to DOM parameters (e.g., SUVA,s,). Changes in DOM
composition during photolysis were assessed in three ways.

11878

First, the time series subset was used to identify changes in
formula intensity as a function of irradiation time. Second,
changes in formula intensity between initial and final (24 h
irradiation) samples were analyzed. Finally, unique photo-
product formulas associated with oxygen addition and loss of
CO, were identified to determine their mechanism of
formation and provide molecular level evidence of partial
and complete photooxidation. Additional details are provided
in Section S6.

Statistical Analyses. Linear regression analysis was
performed on normally distributed data to explore correlations
between DOM characteristics, oxygen consumption, and DIC
production (Section S6). Error bars represent standard
deviation of triplicate measurements.

B RESULTS AND DISCUSSION

Variability in DOM Composition. The initial DOM
composition is first characterized using bulk scale analyses and
high-resolution mass spectrometry. Dystrophic and mesotro-
phic waters have DOM with high aromaticity (SUVA,g,: 2.5—
4.1 L mg-C™' m™"), high apparent MW (E,:E; < ), high
phenolic content (EDC: 1.6—2.1 mmol../g-C), and high
extent of oxidation (O:C, ~0.4; Tables S5—S7). DOM in
these waters is similar to terrestrially derived DOM in terms of
fluorescence indices (FI ~1.4, HIX ~1.0, and BIX <1.0; Table
§7)34345:46,50,59,63269 41 d similar to the NOM isolates used in
this study. In contrast, DOM from eutrophic and small
oligotrophic lakes is less aromatic (SUVA,g,: <2 L mg-C™*
m™'), lower in apparent MW (E,:E; > 6), lower in phenolic
content (EDC: 0.2—2.5 mmol,./g-C), and generally more
reduced (O:C,;: 0.29—0.45). DOM from these lakes is likely
photo-processed and/or microbial in origin (FI >1.5, HIX
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<0.8, and BIX >0.7; Table S7 and Figure SS).%’50 The Great
Lakes samples are relatively aromatic (SUVA,g,: 2.0—3.4 L mg-
C™' m™") and have higher apparent MW (E,:E;: >5) and low
phenolic content (EDC: 0.2—1.6 mmol, /g-C), which is
similar to previous nearshore measurements in Lake Michigan
and Lake Superior (Section §7).°7077¢

Evidence of Partial Photooxidation. The extent of
partial and complete photooxidation is measured by
quantifying oxygen consumption and DIC production after
irradiation.”® Decreases in oxygen range from <4.7 to 126.5
#M, and increases in DIC range from <0.7 to 36.5 yM. Unlike
quantum yields, these absolute gas yields are not corrected for
light screening (Table S8). For both gases, values are the
highest in dystrophic lakes (D1 and D2) and G3 (Figure 1a,d
and Table S8). This trend is partly explained by [DOC] as
these three samples have the highest [DOC] (12.0-23.1 mg-
C/L vs 2.1-5.5 mg-C/L in all other waters). While oxygen
consumption does not have a significant relationship with
[DOC], there is a positive relationship between DIC
production and [DOC] (Figure S6).

DIC production is lower than oxygen consumption in all
samples, which indicates that DOM consumes O, without
undergoing complete mineralization. The ratio of O,
consumption to DIC production ranges from 2 to 11 (Figure
S7d), demonstrating that partial photooxidation is the
dominant pathway of photolytic processing (i.e., assuming
that a 1:1 molar ratio of O, consumption to DIC production is
indicative of complete photooxidation).”” Ratios of <1 to ~2
have been reported for terrestrially derived arctic DOM™®’
and up to ~6.6 for black carbon.'” High values observed in two
oligotrophic samples are attributable to their low DIC yields.
The extent of partial oxidation in DOM from temperate
regions or in microbially derived DOM using dissolved gas
measurements has not been reported previously.

Quantum yields for O, consumption and DIC production
vary with the DOM source. The isolates, dystrophic lakes, and
mesotrophic lake have the lowest oxygen quantum yields (0.32
to 0.52 mmol-O,/mol-photons), while eutrophic (0.52 to 1.70
mmol-O,/mol-photons) and oligotrophic waters (0.26 to 1.85
mmol-O,/mol-photons) have higher values (Figure S7b and
Table S9). Similar trends are observed for @ (Figure S7c),
which ranges from 0.09 to 0.11 mmol-DIC/mol-photons in the
isolates, dystrophic lakes, and mesotrophic DOM, 0.11 to 0.26
mmol-DIC/mol-photons in eutrophic DOM, and 0.09 to 0.21
mmol-DIC/mol-photons in oligotrophic DOM. Similar ®g,
values of 0.30 to 0.38 mmol-O,/mol-photons in SRNOM at
369 nm’’ (0.32 in our study), 0.63 to 1.44 mmol-O,/mol-
photons in the Everglades (300—400 nm),”® and up to 3.77
mmol-O,/mol-photons in the Gulf of Maine (300—400 nm)”®
have been reported. CO, quantum yields in the literature range
from ~1 to >5 mmol-CO,/mol-photon in the Arctic (350
nm)”* and from 0.05 to 0.61 in lake samples (300—400 nm)."”

Significant positive relationships are observed between
dissolved gas concentrations and rates of light absorbance
(Figure $6), highlighting the importance of [DOC] and light-
absorbing DOM in photooxidation. Interestingly, the samples
that consume the most O, and produce the most DIC (ie.,
dystrophic lakes and G3) have low quantum yields. While
these three samples have high rates of light absorption due to
their high [DOC] (Table SS), they are less efficient in terms of
complete and partial photooxidation, suggesting that the
underlying DOM composition influences its susceptibility to
partial and complete photooxidation.

Role of DOM Composition in Partial Photooxidation.
To investigate how DOM composition influences its ability to
consume O, and undergo complete photomineralization to
CO,, we first use linear regression analysis to compare gas
consumption and production with DOM parameters. The
considered bulk parameters are independent of [DOC]
because they are either normalized to [DOC] (e.g,
SUVA,,) or are ratios derived from optical measurements
(e.g, E,:E;). Similarly, FT-ICR MS weighted averages are
normalized to relative formula intensity. Therefore, this
approach allows us to assess how DOM composition impacts
quantum yields, which are normalized to the rate of light
absorbance, and carbon-normalized gas concentrations across
this diverse set of DOM samples.

D, is positively correlated with E,:E;, BIX, and H:C,, and
negatively correlated with SUVA,;,, DBE,, and carbon-
normalized double bond equivalents (DBE,/C; p < 0.05;
Figure S8). Similarly, @pc is positively correlated with E,:E,
and FI (Figure S9). ®p¢ trends with BIX, H:C,, SUVA,,,
EDC, DBE,, and DBE,/C are similar to @, trends but are
not significant. These trends indicate that the DOM that is
lower in MW, highly saturated, and more reduced (..,
microbially derived and/or highly processed) is more efficient
at consuming O, and producing DIC. A previous study found
positive correlations between @, and SUVA,;, using DOM
from 25 lakes,'” which is the opposite of the insignificant
negative trend observed here. Interestingly, carbon-normalized
DIC production has many of the opposite trends, displaying
positive correlations with SUVA,,,, EDC, DBE, and DBE:C
and negative trends with E,:E;, H:C,, and BIX. This suggests
that more aromatic compounds are associated with DIC
production. Carbon-normalized O, consumption had no
significant relationships.

Spearman rank analysis using FT-ICR MS data demonstrates
that unique pools of DOM formulas are associated with O,
consumption and DIC production. This analysis relates the
relative intensity of common individual molecular formulas
(1409 formulas in 17 samples) to parameters associated with
photooxidation (Section S6). As with linear regression analysis,
this comparison includes parameters that are independent of
[DOC] (ie., carbon-normalized gas concentrations and
quantum vyields) because FT-ICR MS data are based on
relative intensity.

Formulas associated with carbon-normalized DIC produc-
tion and oxygen consumption are in the portion of the van
Krevelen diagram typically associated with lignin- and tannin-
like formulas’® (ie, low H:C; Figure 1bc). These same
formulas are also associated with SUVA,s, and EDC (Figure
S11), indicating that highly aromatic, redox-active formulas are
the most likely to react with oxygen and are the most
susceptible to decarboxylation. Previous studies indicate that
the most photolabile formulas identified using FT-ICR MS are
similarly highly aromatic.”***” This group of formulas are also
associated with reactions with oxidants like chorine,’®®
reactive chlorine species,’®*" ozone,” and hydroxyl radical.*”
Collectively, this analysis demonstrates that electron-rich,
aromatic formulas are the most susceptible to photooxidation.

Formulas associated with @q, and ®@pc (Figure lef) are
much more highly saturated and more reduced than formulas
associated with carbon-normalized gas measurements. As
observed with carbon-normalized gas concentrations, both
quantum yields are positively correlated with each other
(Figure S12). Similar highly saturated formulas are also

https://doi.org/10.1021/acs.est.3c01500
Environ. Sci. Technol. 2023, 57, 11876—11885


https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c01500/suppl_file/es3c01500_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c01500/suppl_file/es3c01500_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c01500/suppl_file/es3c01500_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c01500/suppl_file/es3c01500_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c01500/suppl_file/es3c01500_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c01500/suppl_file/es3c01500_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c01500/suppl_file/es3c01500_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c01500/suppl_file/es3c01500_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c01500/suppl_file/es3c01500_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c01500/suppl_file/es3c01500_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c01500/suppl_file/es3c01500_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c01500/suppl_file/es3c01500_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c01500/suppl_file/es3c01500_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c01500/suppl_file/es3c01500_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c01500/suppl_file/es3c01500_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c01500/suppl_file/es3c01500_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c01500/suppl_file/es3c01500_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c01500/suppl_file/es3c01500_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c01500?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

FENTNOCFNOSTENOTOO-N
S0QUWWWOO000VVLOVO™™

FENTNOCNOTENOTOO-N
S0QUWWWOOO000VVOVO™™

5 20 2.2
@ Mesotrophic (a) (b) o (C)
@ O Dystrophic X 2.0 A
< 4 <&  Eutrophic % x
£ @ A Oligotrophic ° 15 4 [
b v  Great Lakes T18 %
Q ® Isolates Se A7 =
2 3 v r s ¥ 8 &
£ ° e w o a @ c s
2 vy 10 1 & v @ 1.6 1 ¢ Ay
e e® v vy u o v ? s ¥
3 a <& ¥ ® Ayy V7 _® o . 9VVY o
< 21 & v v A v © S 1.4 A n® N °
> <o A v ¥ B8 5 & % @
5 & ag 5/leg8 ¢ V vv,e T o Lyg %
» e ¢ Bg vyT¥ o
11 A 1.2 A
—— —— T 1.0 —— T
TENTFNOCTNOT NSO ~N TENTFNMNMTNNME~NOITNO N TEANTFNMNMETNNT NN NDO N
S0QUWWWOO000VOOLOOLO™™ S0QUWWWOO000VLOLVLOO™™ S0QUWWWOO000VOLOLOO™™
4 1.5 ry 0.6
(d) (e) ()
1.4 |
~ 34 [ a
o A v
& ¢ of & . 05{ g o
\6 1.3 1 & v v o v v °®
° 5] @ é o @ <o v o B 8 ¢
2 | = ~ o v
; { T12] o v ol ° o A . a ¥, e
- I a v A v
2 |4 3 : o °l o4 go” 42 ¥ ¥
w | o
! % %§ % % 1 8 A
A [u] N
S Ls
&
0 +—t+F— 10— 3 """

FENTENOCENOTENOTOO N
S0QUWWWOO00VOVLOOLO™ ™

Figure 2. (a) Specific UV absorbance (SUVA,,), (b) E,:E;, (c) fluorescence index, (d) EDC, (e) H:C,, and (f) O:C,, before (filled) and after
(hollow) photooxidation of DOM for 22 h. Error bars are present for all samples except H:C,, and O:C,, and correspond to the standard deviation

of triplicate measurements.

associated with singlet oxygen ('O,) and triplet state DOM
(*DOM) quantum vyields,**"*" which are photochemically
produced reactive intermediates (PPRI) that contribute to
indirect contaminant photolysis and likely to DOM partial
photooxidation.*****

The deviation between formulas associated with carbon-
normalized gas concentrations and quantum yields is
attributable to several factors. Highly aromatic formulas absorb
more light and are more susceptible to oxidation because they
are electron-rich.** However, on a per photon basis, saturated
formulas are more efficient at consuming O, and producing
DIC. Previous work has shown that high MW, aromatic DOM
(i.e, formulas associated with carbon-normalized gas concen-
trations; Figure 1b,c) is able to quench DOM efficiently.”*
Similarly, these highly aromatic compounds can act as
antioxidants,”>* leading to negative correlations between
SUVA,, and quantum yields and positive correlations with
highly saturated formulas (Figure S8). Therefore, highly
aromatic formulas absorb light efficiently and also quench
reactive species that are likely to be involved in DOM
photooxidation. As a result, @, and ®p;c are associated with
more saturated DOM at the molecular level.

Changes in DOM Bulk Composition after Photolysis.
It is important to understand how DOM composition changes
during photooxidation because this impacts its subsequent
reactivity. For example, DOM can become either more or less
bioavailable after photooxidation.'>'*'®'%2%*! This variable
behavior suggests that photooxidation may change DOM
composition in different ways,*”'*'>*” which we hypothesize
is attributable to initial DOM composition.

To investigate how DOM composition changes during
photolysis, we first quantify changes in bulk parameters. Most

samples decrease in [DOC] or have [DOC] changes below the
LOD during photolysis (Figure S7a), in agreement with
previous studies' *?7*"*>°%** and with the low DIC yields in
this study (Figure 1d). E,:E; increases and SUVA,, decreases
in all samples (Figure 2a,b and Table SS), indicating that lower
MW, aliphatic molecules are produced'*~"” or that higher MW
aromatic compounds are photodegraded. While some studies
show little or no change in E,:E; or the spectral slope,”” most
studies show increases in these parameters4’9’29_31’33_35’50’85
and highlight the photolability of aromatic DOM.***"*°

FI and HIX decrease in all but two samples and BIX
increases in all samples after irradiation (Figures 2c and S5 and
Table S7). Decreases in HIX and increases in BIX are expected
as a result of photooxidation.”® While the decrease in FI is
unexpected because low FI values indicate less highly
processed DOM, similar decreases in FI have been observed.*’
However, changes in fluorescence indices should be inter-
preted carefully given the narrowband light source used in this
study.*® Nonetheless, this contradictory result suggests that
photooxidation can complicate the interpretation of fluo-
rescence indices for determining the DOM origin.

EDC decreases in nine samples and increases in nine
samples (Figure 2d). Decreasing EDC is consistent with the
loss of aromatic compounds (i.e., decreasing SUVA,,; Figure
2a) and with past observations during photolysis of wastewater
and DOM isolates.’”®” In contrast, the increases in EDC
observed in this study may be due to the formation of phenols
or polyphenols during photooxidation*”***’ (e.g, via OH
addition to aromatic rings due to the reaction with hydroxyl
radical). As discussed below, variable changes in EDC are likely
attributable to the initial DOM composition.
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Figure 3. Spearman rank correlations between irradiation time (0, 2, 6, and 24 h) and common formulas in (a) oligotrophic Big Muskellunge Lake
(01), (b) dystrophic Trout Bog (D2), and (c) mesotrophic Allequash Lake (M1). Formulas were required to be present in all four timepoints.
Formulas in yellow, orange, and red show formulas that are negatively correlated with increasing light exposure time (i.e., formulas decrease in
relative intensity over time). Formulas in blue show formulas that are positively correlated with increasing light exposure time (i.e., formulas
increase in relative intensity). (d) Formulas associated with the loss of CO, (blue) and the addition of oxygen (red) during photooxidation of
eutrophic Lake Mendota (E1). (e) Formulas present only before photooxidation and (f) formulas present only after photooxidation in Lake
Mendota (E1). Analogous figures for the remaining lakes are presented in Figures S13—S24. Boxes correspond to (1) lignin-, (2) tannin-, and (3)

protein-like regions.79

Changes in DOM Molecular Composition after
Photolysis. As observed with EDC, variable changes in
DOM composition after photolysis are observed at the
molecular level. Note that this analysis only considers formulas
that are extracted via SPE and that are ionized via negative
mode electrospray ionization. Four samples decrease in H:C,,
three samples increase in H:C,, and 11 samples have no
change. In terms of O:C,, four samples decrease, 11 increase,
and three do not change during photooxidation (Figure 2e,f).
In general, the samples that decrease in O:C,, also increase in
H:C,. Overall, previous studies show that H:C, typically
increases during photolysis,”'>*>*>**3°73% and 0:C,, either
increases”™**%?" or decreases™*>”' during photolysis,
although most of these studies only include a small number
of samples. The decreases in H:C,, in some samples may be
attributable to the degradation of highly saturated formulas
associated with @ and @, (Figure le,f). The increase in
0:C,, may be due to extensive partial photooxidation, which
could incorporate oxygen into DOM molecules during the
photooxidation process.

At the individual formula level, there are five possible
outcomes after photolysis. Formulas that decrease in relative
intensity are considered to be photodegraded, whereas
formulas that increase in relative intensity are considered to
be photoproduced. Additionally, formulas may be only present
in the initial sample (“completely consumed”) or only present
after photoirradiation (“unique photoproducts”). Finally,
formulas with no change in relative intensity are considered
to be inert.

We first consider photoproduced and photodegraded
formulas in six samples that were irradiated for three different

11881

timepoints (Table S10), which allows us to conduct Spearman
rank analysis using time as the independent variable (Section
S6). The photodegraded formulas in mesotrophic DOM, Lake
Michigan, and SRNOM (negative rho values; samples M1, G3,
and 11; Figures 3c and S13b,c) are reduced and/or aromatic,
whereas photoproduced formulas are oxidized and highly
saturated. Thus, photooxidation of these three samples
produces DOM that is more oxidized and aliphatic. The
photodegraded formulas are similar to the formulas associated
with O, consumption, DIC production, SUVA,,, and EDC
(Figures 1b,c, and S11).

Different trends are observed in the dystrophic, oligotrophic,
and eutrophic lake DOM. DOM from D2 becomes more
oxidized (i.e., similar to M1) and more aromatic following
photolysis (Figure 3b). We hypothesize that the phenolic and
aromatic compounds in this sample act as quenchers for
reactive species and/or react with PPRI to form more aromatic
compounds. In contrast, DOM from O1 and E1 becomes more
reduced and more aliphatic (Figures 3a and S13a), which is the
opposite to the molecular trends observed in M1, G3, and I1.
DOM from the oligotrophic and eutrophic lakes is highly
processed due to a long hydraulic residence time (Table S2)
and eutrophic nature, respectively.’ Therefore, it is likely that
the most highly reactive formulas have already been removed
via photolytic or biological processing. The reduced nature of
photogroducts is similar to that in previous studies in the
Arctic”* and to that of photooxidized marine DOM.**

DOM composition changes in the remaining 12 samples
follow one of these three patterns or exhibit little to no change
(Figures S14 and S15). These samples were irradiated for one
timepoint and assessed based on >10% changes in relative
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intensity before and after light exposure (£, vs t,4; Section S6
and Figure S4). As observed for M1, G3, and 11, DOM from
Gl1, E3, and O4 become more highly saturated and more
oxidized following photolysis (Figures S14f and S15i,g). D1
and 12 DOM become more aromatic and more oxidized
(Figures Sl4c and S1Sh), as observed for D2. G2 behaves
similarly to E1 and Ol, forming DOM that is more highly
saturated and reduced (Figure S14g). There is an overlap
between photodegraded and photoproduced formulas in the
remaining samples (02, E2, O3, G4, GS, and G6); these
samples also had small changes in weighted averages and gas
concentrations (Figures la,d and 2e,f) and therefore undergo
minimal changes during photooxidation. Overall, despite
previous studies suggesting that DOM should become more
oxidized******* and more aliphatic,”'>*>3»3*3673¢
that overall changes in weighted averages and in common
individual formulas are highly variable.

Despite the differences observed in formulas present both
before and after irradiation, completely consumed formulas
and unique photoproducts are similar across all samples. We
identify 351 & 71 completely consumed formulas and 309 +
77 photoproducts (Figures 3e,f and S16—S21 and Table S12).
The photoproducts are generally more oxidized and more
saturated than the consumed formulas, with O:C,, and H:C,, of
the unique formulas increasing by 6.7 + 23.2 and 2.7 &+ 11.7%,
respectively, on average. While deviations from this trend are
observed in a few samples with very small changes in DOM
composition, these results are consistent with the hypothesis
that photooxidation generates DOM that is more oxidized and
aliphatic in nature even though overall changes in DOM
produce opposite trends in many waters.

There is molecular level evidence for partial photooxidation
via oxygen addition in all samples. Photoproduct formulas that
are attributable to the addition of a single oxygen atom are
identified by comparing unique photoproducts with the initial
DOM formula assignment mass list (Section S6). As observed
in studies using '*O labeling to observe oxygen addition,”"*
these photoproducts are tightly clustered at O:C > 0.4 (Figures
$22—824). The number of oxygenated photoproducts ranges
from 113 in O1 to 288 in D1 (Table S12). Therefore, partial
photooxidation occurs in all samples, regardless of the amount
of oxygen consumption or changes in O:C,. For example, O2
and G2 do not have significant oxygen consumption, yet have
128 and 175 oxygenated formulas, respectively. Similarly, GS
has 119 oxygenated formulas despite a decrease in O:C,,.

Loss of CO, at the molecular level similarly provides
evidence of complete photooxidation. The number of
decarboxylated formulas ranges from 39 in D2 to 147 in G2
(Figures S22—S24 and Table S12). As observed with oxygen
addition, the number of decarboxylated formulas does not
correlate with measured DIC production. However, a lower
number of decarboxylated formulas than that of oxygenated
photoproducts is consistent with lower DIC production
compared to oxygen consumption (Figure 1a,d). Additionally,
these highly saturated and reduced formulas are similar to the
formulas associated with decarboxylation of DOM due to the
reaction with hydroxyl radical,*” suggesting that PPRI such as
hydroxyl radicals may contribute to photodecarboxylation.
While outside the scope of this study, more work is needed to
identify specific PPRI and the role that they play in this
process.

we show

B ENVIRONMENTAL IMPLICATIONS

DOM from a wide variety of temperate lakes, including
nearshore samples from two Great Lakes, is susceptible to
extensive partial photooxidation. Importantly, there is evidence
of oxidation and photodecarboxylation at the molecular level in
all cases (Figures 3d and S22—524), regardless of the amount
of oxygen consumption, DIC production, or the change in
0:C,, during photooxidation. Within these waters, aromatic
formulas are the primary drivers of DIC production and O,
consumption (Figure 1b,c); these same formulas are generally
consumed during photooxidation. In contrast, high O, and
DIC quantum yields are associated with saturated formulas
(Figure lef), as observed for quantum yields of 'O, and
3DOM. 546!

The molecular composition of DOM determines its
susceptibility to partial photooxidation. More aromatic and
terrestrial DOM (e.g, from dystrophic lakes and G3) have
lower ratios of oxygen consumption to DIC production
(Figure S7d), indicating that it is more susceptible to complete
photooxidation. More highly processed waters (e.g., eutrophic,
oligotrophic, and Great Lakes DOM) are dominated by partial
photooxidation and will produce less DIC. These findings have
important implications for understanding and potentially
predicting the extent of CO, production in inland waters.
Overall, this variability reflects previous observations of
terrestrially derived DOM being more susceptible to photo-
oxidation and more likely to undergo complete mineralization,
whereas more “processed” DOM has already undergone
extensive reactions in the environment and is less reactive
with sunlight.”

The change in DOM composition following partial photo-
oxidation is also influenced by its composition. Many of the
lakes with highly aromatic DOM become more aliphatic and
more oxidized, which is the expected change in DOM
composition following photooxidation. However, other highly
aromatic DOM from waters with heavy input from wetlands
(D2, D1, and I2) become more aromatic and more oxidized,
while waters with DOM that is more highly processed or more
microbial in nature, such as many of the eutrophic and
oligotrophic lakes of the NTL-LTER network, become more
reduced and more aliphatic or have very minimal changes in
composition at the molecular level. The wide variety in
changes in DOM composition in this study helps explain the

variable trends in bioavailability of DOM following photo-
-3 14,16,19-25,27,28,92,93
oxidation.
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