? frontiers ‘ Frontiers in Marine Science

@ Check for updates

OPEN ACCESS

EDITED BY
Liyang Yang,
Fuzhou University, China

REVIEWED BY
Bin Yang,

Jiangsu Ocean Universiity, China
Jeonghyun Kim,

Jeju National University, Republic of Korea

*CORRESPONDENCE

Yong Zhang
yongzhang@sdu.edu.cn

Huixiang Xie
huixiang_xie@ugar.ca

RECEIVED 08 March 2024
ACCEPTED 24 April 2024
PUBLISHED 10 May 2024

CITATION

Zhang Y, Fang K, Liu M, Liu J, Zhao X, Zhai W,
Zhang H, Wang X and Xie H (2024) High
photoreactivity of chromophoric

dissolved organic matter derived

from Ulva prolifera and Sargassum.

Front. Mar. Sci. 11:1397705.

doi: 10.3389/fmars.2024.1397705

COPYRIGHT
© 2024 Zhang, Fang, Liu, Liu, Zhao, Zhai,
Zhang, Wang and Xie. This is an open-access
article distributed under the terms of the

Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Marine Science

TvPE Original Research
PUBLISHED 10 May 2024
po110.3389/fmars.2024.1397705

High photoreactivity of
chromophoric dissolved organic
matter derived from Ulva
prolifera and Sargassum

Yong Zhang*, Kaili Fang*, Mengmeng Liu*, Jihua Liu*?,
Xiaobo Zhao!, Weidong Zhai®, Hongsheng Zhang®,
Xiaotong Wang* and Huixiang Xie*

Hnstitute of Marine Science and Technology, Shandong University, Qingdao, Shandong, China,
2Qingdao Key Laboratory of Ocean Carbon Sequestration and Negative Emission Technology,
Shandong University, Qingdao, China, *Southern Marine Science and Engineering Guangdong
Laboratory, Zhuhai, China, “Institut des sciences de la mer, Université du Québec a Rimouski,

Rimouski, QC, Canada

The epipelagic macroalgae of Ulva prolifera and Sargassum are the primary
contributors to widespread seaweed tides globally. Both ocean plants release
large amounts of chromophoric dissolved organic matter (CDOM) into the
surrounding seawater. The photochemical reactivity of this CDOM, however,
has not been adequately addressed. In this study, we extracted CDOM from Ulva
prolifera and Sargassum, examined their ultraviolet (UV)-visible absorption
characteristics, and quantified their broadband apparent quantum yields (AQY)
of absorbance photobleaching and photomineralization (in terms of CO,, CO,
and CH4 photoproduction). On a per-unit-weight basis, Sargassum leached 3.5
times more CDOM than did Ulva prolifera in terms of the absorption coefficient
averaged over 254-500 nm. Both Ulva prolifera and Sargassum CDOM were
characterized by quasi-exponential decay absorption spectra, with Sargassum
CDOM exhibiting a distinct shoulder over 310-350 nm suggestive of
mycosporine amino acids. The Sargassum CDOM had a higher photobleaching
AQY but lower photomineralization AQYs compared to Ulva prolifera CDOM.
The photobleaching and photomineralization AQYs of both macroalgal CDOM
are, however, orders of magnitude higher than those of CDOM in various natural
waters. Potential photoproduction rates of CO, and CO from the Ulva prolifera
CDOM and Sargassum CDOM during the bloom periods are several times to
orders of magnitude higher than the air-sea fluxes of these gases in the absence
of the macroalgae. This study demonstrates that CDOM released by Ulva
prolifera and Sargassum is extremely prone to photobleaching and
photomineralization, rendering floating mats of these plants in oceans as
potential "hotspots” of greenhouse gas emissions to the atmosphere. This
photochemical feedback should be considered when assessing ocean
afforestation as a CO, removal approach to mitigate climate warming.
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1 Introduction

Chromophoric dissolved organic matter (CDOM) plays
important roles in ocean optics and marine ecology and
biogeochemistry. Absorption of light by CDOM reduces the
penetration of solar radiation into the water column and
mitigates the harmfulness of ultraviolet (UV) radiation to marine
organisms (Hider et al,, 2011). Moreover, CDOM undergoes
photochemical transformation, decreasing its absorbance (i.e.,
photobleaching, e.g., Osburn et al., 2009), producing biologically
labile substrates (Mopper et al., 2015) and climate-active gases such
as carbon dioxide (CO,), carbon monoxide (CO), and methane
(CH,) (i.e., photomineralization, e.g., White et al., 2010; Powers and
Miller, 2015; Zhang and Xie, 2015).

CDOM in the ocean can be classified as being either
allochthonous (e.g., terrestrial inputs, sedimentary release) or
autochthonous (i.e., in situ biological production). Autochthonous
CDOM is derived from various organisms, including bacteria
(Ortega-Retuerta et al., 2009), phytoplankton, zooplankton, and
macroalgae (Nelson and Siegel, 2013 and references therein).

Ulva prolifera (U. prolifera) and Sargassum are two widespread
epipelagic macroalgae in global oceans (https://www.gbif.org). U.
prolifera belongs to the order of Ulvales and the family of Ulvaceae,
whereas Sargassum falls in the order of Fucales and the family of
Sargassaceae. These two macroalgae are the primary contributors to
the widespread occurrence of seaweed tides globally (Smetacek and
Zingone, 2013). One notable location for U. prolifera outbreaks is
the southern Yellow Sea in the northwestern Pacific. Blooms of U.
prolifera, known as green tides, have become an annual event in the
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Yellow Sea since 2007, occasionally accompanied by outbreaks of
Sargassum, known as golden tides (Figures 1A, C) (Zhang et al.,
2019a, Zhang et al., 2019b). Floating Sargassum has historically
been most abundant in the Sargasso Sea, and since 2011 a Great
Atlantic Sargassum Belt extending from west Africa to the Gulf of
Mexico has been observed (Figure 1B), representing the world’s
largest macroalgal aggregation (Wang et al., 2018, 2019). Although
outbreaks of macroalgae may pose challenges to manage coastal
environments (Smetacek and Zingone, 2013), using open-ocean
afforestation to capture atmospheric CO, to mitigate global
warming has received increasing attention (Bach et al., 2021).
Both U. prolifera and Sargassum release substantial amounts of
CDOM at variable rates into surrounding seawater throughout their
life stages (e.g., Shank et al., 2010a; Perry et al., 2018; Powers et al.,
2019, 20205 Li et al., 2022, 2023). Given the massive biomass of these
macroalgae, which can reach millions of tons wet weight (Wang
etal, 2018; Xing et al., 2018; Bach et al., 2021), their contribution of
CDOM is likely to have a substantial impact on regional marine
DOM budgets. While the fate of U. prolifera- and Sargassum-
derived CDOM with respect to microbial degradation has been
relatively well studied (e.g., Zhang and Wang, 2017; Chen et al,
20205 Li et al., 2023; Xiong et al., 2023), less attention has been paid
to their photochemical degradation. Shank et al. (2010b) found that
CDOM leached from Sargassum (S-CDOM hereinafter) could be
readily photodegraded by simulated solar radiation, losing
absorbance and producing CO, and CO. Sun et al. (2020)
reported that both the abundance and molecular weight of U.
prolifera-derived CDOM (UP-CDOM hereinafter) decreased
under solar irradiation. We observed that U. prolifera washed
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FIGURE 1

Maps of the southern Yellow Sea (A), dashed lines show the traditional boundaries; the Sargasso Sea, the Caribbean Sea (CS) and Gulf of Mexico
(GOM) in the Atlantic Ocean (B), the Great Atlantic Sargassum Belt in summer months is indicated by the golden line (Wang et al.,, 2019); floating U.
prolifera in the southern Yellow Sea (C), photographed on June 22, 2021; U. prolifera fronds washed ashore in Qingdao, China, exhibiting a
whitening effect under natural sunlight (D), captured on June 29, 2023. The map was made using GeoMapApp (https://www.geomapapp.org)/CC

BY/CC BY (Ryan et al,, 2009).
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ashore turned white (Figure 1D), a phenomenon likely attributable
to the photobleaching of the plants.

In this study, we compared the absorption characteristics of S-
CDOM and UP-CDOM and their photoreactivities with respect to
absorbance photobleaching and photoproductions of CO,, CO, and
CH,. The significance of photomineralization to the fate of the S-
and UP-CDOM and to the regional atmospheric greenhouse gas
budgets was discussed.

2 Materials and methods
2.1 Sample collection and pretreatment

Fresh fronds of U. prolifera and Sargassum were collected
during the bloom stage from the coast of Qingdao, China in June
2021. Immediately after sampling, they were taken to the
laboratory, thoroughly rinsed with autoclave-sterilized seawater
(115°C, 30 min), air-dried, and refrigerated at -20°C for further
treatments. The fronds (10 g) were cut into small pieces using a
ceramic knife and ground to a finer consistency in an agate mortar.
The ground fronds were added to 2 L of artificial seawater (salinity
36.03, ASTM D1141-98, 2021) in a glass beaker and ultrasonic-
pulverized for 10 min. The suspension was prefiltered through a
6.5-um bolting silk, followed by filtration sequentially through glass
microfiber GF/F filters (Whatman) and 0.20 um Nylon membranes
(Millipore) to remove particles including microorganisms. The final
absorbances of the filtrates were below 1.0 (cell pathlength: 1 cm) at
280 nm so that Beer-Lambert Law was obeyed. The corresponding
concentration of dissolved organic carbon (DOC) was 959.6 umol
L' for the U. prolifera filtrate and 3537.8 umol L' for the
Sargassum filtrate.

The filtrate was then bubbled with a mixture of nitrogen (N,)
and oxygen (O,) with a mole ratio of 79:21 to reduce the
background content of CO,, CO, and CH,. For CO and CH,
samples, the filtrate’s pH increased during bubbling and was
adjusted to its original value (7.36) using 0.10 mol L'

10.3389/fmars.2024.1397705

hydrochloric acid; whereas for CO, samples, the samples’ pH was
preadjusted to 4 with 1.0 mol L™ HCI before bubbling and was
adjusted back to the original value using 0.10 mol L' NaOH after
bubbling. The filtrate was then siphoned into 95.0-mL cylindrical
quartz tubes (length: 25.0 cm; i.d.: 2.2 cm). The tubes were sealed
without headspace using ground glass stoppers following
profuse overflow.

Before use, the GF/F filters were pre-combusted at 450°C for 5 h
and Nylon membranes were thoroughly rinsed with Mill-Q water;
all glassware was thoroughly rinsed with Milli-Q water, air-dried,
and then combusted at 450°C for 5 h.

2.2 Irradiation

Irradiations were performed using a solar simulator (Q-SUN
Xe-1, Q-Lab Corporation, USA) equipped with a 1800-W xenon
lamp. A special UV glass filter was installed to remove UV radiation
with wavelengths< 290 nm. The sample-filled quartz tubes were
horizontally immersed (~2 mm below the water surface) in a
temperature-controlled water bath (20.0 + 0.5°C) located
immediately beneath the exposure chamber of the solar simulator.
The samples were irradiated under full spectrum for 10 min to
determine the photoproduction rate of CO and for 24 h to
determine the photoproduction rates of CO, and CH,. All
irradiations were accompanied by dark controls. Samples were
incubated and analyzed in triplicate.

The photon fluxes of the solar simulator at the upper surface of
the irradiation cells were measured using an OL-756
spectroradiometer fitted with a 2-inch OL IS-270 integrating
sphere and calibrated using an OL 752-10E irradiance standard.
Figure 2 shows a comparison of the solar simulator’s photon flux
spectrum with those of sunlight recorded hourly on June 30, 2023,
in Qingdao, China (36.369°N, 120.690°E). The solar simulator’s
photon flux integrated over the UVB region (280-320 nm) was 0.57
times that of sunlight measured at 11:30, 0.89 times over the UVA
region (320-400 nm), and 0.59 times over the VIS region (400-600
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FIGURE 2

The UV and visible spectral photon fluxes of the Q-Sun solar simulator (the black line with dots) and the clear-sky sun recorded hourly on June 30,

2023 in Qingdao (36.369°N, 120.690°E), China (colored lines).
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nm). Summing these hourly solar photon fluxes yields the daily
photon flux in Qingdao on June 30, 2023. The 24-h simulated
irradiation for the full spectrum (280-600 nm) corresponds to 2.1
days of the solar irradiation on that specific date (1.88 days for the
UVB band, 2.81 days for the UVA band and 1.85 days for the
VIS band).

2.3 Analyses

CH, and CO were measured using a static headspace method as
described by Zhang et al. (2020). Briefly, water samples were
transferred to a 50-mL glass syringe fitted with three-way valves
(glass fiber-reinforced polypropylene). The syringe was rinsed with
sample water before the final drawing. Then 5 mL N, were
introduced into the syringe to obtain a 1:6 gas-to-water ratio. The
syringe was vigorously shaken for 6 min and the equilibrated
headspace gas was injected into a Peak Performer 1 FID gas
chromatograph (I-mL sample loop; Peak laboratories, USA) for
quantification of CH, and CO. The analyzer was equipped with a
methanizer to convert CO to CH, and standardized by frequent
injections of a gaseous standard containing 5.00 ppmv CH, and
4.43 ppmv CO in pure N, (National Institute of Metrology, China).
In keeping with the sample’s 100% relative humidity, the dry
standard gas was saturated with water vapor before injection. To
estimate the analytical blank, a water sample was repeatedly
extracted with pure N, until the CH4 and CO signals diminished
to stable levels. For CH,, ten sequential analyses of the extracted
sample arrived at a mean blank of 0.007 nmol kg " with a standard
deviation of 0.002 nmol kg'. The lower detection limit, defined as
three times the standard deviation, was thus 0.006 nmol kgfl. For
CO, the blank was 0.003 nmol kg'1 and the lower detection limit was
0.007 nmol kg™'. The analytical reproducibility was determined to
be + 4% (n = 10) for CH, at a concentration of ~5 nmol kg1 and +
6% (n = 10) for CO at a concentration of ~4 nmol kg’l.

CO,; (in the form of dissolved inorganic carbon, DIC) was
measured using an infrared CO, detector-based AS-C3 DIC
Analyzer (Apollo SciTech Inc., USA) calibrated against the
Certificated Reference Materials from Andrew G. Dickson’s lab at
the Scripps Institution of Oceanography, with a precision of + 2
umol kg' (Chen et al, 2022). The amounts of photochemically
produced CO,, CO, and CH, were calculated as the differences
between the irradiated samples and the parallel dark controls.

Absorbance spectra (250-600 nm, 1-nm intervals) of the filtered
water samples were recorded at room temperature using a UV-
visible spectrophotometer (Cary 100, Agilent, USA). The samples
were placed in 1-cm quartz cuvettes and referenced to Milli-Q
water. Absorbance was baseline-corrected by subtracting the
average absorbance over an interval of 5 nm around 685 nm
(Babin et al., 2003). The Napierian absorption coefficient, acpom
(M) (m™"), where A is wavelength in nanometers, was calculated as
2.303 times the absorbance divided by the cuvette’s pathlength in
meters (0.01 m). The lower detection limit for the absorption
coefficient measurement, defined as three times the standard
deviation of five replicate analyses of pure water, was determined
to be 0.02 + 0.01 m™ over 280-600 nm.
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Spectral slope coefficients over 275-295 nm (8,75 295) of CDOM
absorption spectra were calculated using linear regression of the
log-transformed absorption spectra, following the method of Helms
et al. (2008). Sy75_295 has been used as an indicator of the mean
molecular weight of CDOM, with higher S,75 595 values associated
with lower molecular weights (Helms et al., 2008).

DOC was quantified using a TOC-L Analyzer (Shimadzu,
Japan) equipped with an ASI-L autosampler. All samples were
pre-acidified with H3PO, to pH = 2. The instrument was calibrated
using potassium hydrogen phthalate standard solutions and
checked every six sample runs against the reference deep seawater
(DOC: 41-44 umol L") provided by the Hansell laboratory at the
University of Miami. The relative standard deviation of replicate
measurements of the reference deep seawater was approximately
2%. Instrumental blanks were determined using Milli-Q water and
deducted from the samples’ results.

An Orion Versa Star Pro benchtop meter (Thermo Scientific)
fitted with a Ross Ultra pH electrode (Orion 8157 BNUMD) was
used to determine pH; the system was standardized with three NIST
buffers at pH 4.01, 7.00 and 10.01.

2.4 Calculations of absorbed photons and
apparent quantum yield

The photon flux absorbed by CDOM at wavelength A (nm),
Qcpom(A) (mol photons s nm™), was calculated according to Hu
et al. (2002):

acpom(4)

Qcpom(A) = Qp(A) x W

x Sx [1—exp(—a(A) xL)] (1)

"' nm™) is the photon

In Equation 1, Qo (mol photons m™> s~
flux at the upper water surface inside the quartz cell; acpom(A)(m ™)
the geometric mean of the absorption coefficients measured before
and after irradiation; a(A) (m™) the sum of acpom(A) and the
spectral absorption coefficient of pure water (Buiteveld et al., 1994;
Pope and Fry, 1997); S the longitudinal cross-section of the quartz
tube (0.0042 m?); L the light pathlength of the tube (0.0268 m),
calculated as the squared root of the latitudinal cross-section of the
tube (Osburn et al., 2001).

AQY, defined as the number of moles of a photoproduct formed
per mole of photons absorbed by CDOM, is used to characterize the
efficiency of a given CDOM photoreaction (Hu et al., 2002).
Broadband (280-500 nm) AQYs for CO, (AQYco, in mol CO,
(mol photons)™), CO (AQY¢o in mol CO (mol photons)™), and
CH, (AQY 4 in mol CH, (mol photons)'l) were calculated using
Equation 2.

AQY of CO,,CO or CH,
_ Photoproduction rate of CO,, CO or CH,

500 (2)
Qcpom(MdA
280

Since the concentrations of CDOM chromophores are
unknown, apparent AQY for photobleaching was calculated as
the loss of acpom at a given wavelength (e.g., 330 nm, Osburn
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etal,, 2009) divided by the number of moles of photons absorbed by
CDOM (AQY},(330) in m™* (mole photons)™)):

Decrease of acpoy(330)
500 ®)

Qcpom(A)dA

280

AQY4,(330) =

In Equation 3, the wavelength of 330 nm was chosen to facilitate
comparison with earlier studies (e.g., Osburn et al., 2009) and also
because maximum photolysis rates of aquatic CDOM occur at or
near this wavelength (Hu et al., 2002).

For comparison with earlier studies reporting spectrally resolved
AQYs but without providing broadband AQYs, we calculated
simulated solar spectrum-weighted mean AQYs ( AQY) over the
wavelength range of 280-500 nm according to Zhang et al. (2006):

500
Q;AQY;dA

AQU=I2 o @

QudA

280

In Equation 4, Q, denotes the spectral irradiance of the solar
simulator used in this study (Figure 2); AQY) the spectrally resolved
AQY of absorbance photobleaching, CO,, CO, or CH, reported
previously. To assess the uncertainty of using AQY for comparison
with broadband AQYs, we calculated both the broadband AQY and
AQY of CO (280-500 nm) for water samples collected from the
Estuary and Gulf of St. Lawrence using the spectral CO AQYs and
full-spectrum CO photoproduction rates obtained by Zhang et al.
(2006). The ratios of the broadband AQY to AQY averaged 1.09

with a standard deviation of 0.29 (n = 54).

3 Results and discussion

3.1 Absorption characteristics of
macroalgal CDOM

The absorption coefficients of the original (i.e., unirradiated)
UP- and S-CDOM decreased quasi-exponentially with increasing
wavelength over the UV-visible range (280-600 nm). A shoulder
over 310-355 nm, however, superimposed the general trend of the
S-CDOM spectrum, while the UP-CDOM spectrum lacked
discernible shoulders (Figures 3A, B). The peak wavelength of the
S-CDOM shoulder-converted peak was found to be ~330 nm
(Figure 3B inset), which is characteristic of mycosporine-like
amino acids (Carreto et al., 2005). Based on the absorption
coefficients averaged over 254-500 nm, respectively, Sargassum
leached out 3.5 times more CDOM than did U. prolifera per unit
wet weight of the macroalgae. The DOC-normalized absorption
coefficient at 254 nm (a*cpom(254)), an indicator of the aromaticity
of DOM (Weishaar et al.,, 2003), was 0.49 L mgC’1 m! for UP-
CDOM and 0.68 L mgC™" m™ for S-CDOM. The relatively higher
value for S-CDOM is probably due to Sargassum containing a high
content of phlorotannins, a class of polymers of phloroglucinol
(1,3,5-trihydroxybenzene) synthesized by brown algae but absent in
green algae (Stern et al., 1996; Powers et al., 2020). The disparities in
the absorption spectral shape and a*cpom(254) between the UP-
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and S-CDOM suggest that different macroalgae may produce
different compounds that possess distinct CDOM absorption
features. However, the two CDOM pools displayed similar S,;5
595 values (UP-CDOM: 0.0214 nm™; S-CDOM: 0.0208 nm™),
implying that they had comparable average molecular weights.
The values of a¥cpom(254) from this study are lower than those
reported in the surface Yellow Sea during spring and summer (2.0-
25 L mg C' m™, Yang et al, 2021). This difference may be
attributed to sulfated polysaccharides present in the cell wall and
intercellular substance of U. prolifera and Sargassum (Rushdi et al.,
2020; Zhong et al., 2020). These polysaccharides contribute much
less to the aromaticity than to the DOC content according to their
molecular structures. It is also plausible that DOM in the surface
Yellow Sea contains significant amounts of terrigenous materials,
which are known to be enriched with aromatic moieties relative to
marine DOM (Liang et al., 2023). The values of S,;5.595 from this
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FIGURE 3

The absorption spectra of UP-CDOM (A) and S-CDOM (B) before
and after 24-h irradiation and the spectral photon flux absorbed by
UP-CDOM and S-CDOM over the 24-h irradiation (C). Grey lines in
(A, B) represent the percent decreases in acpom(M) after the
irradiation. In (B), the dotted lines represent the exponential fits of
acpom(M) to the wavelength ranges of 300-310 nm and 355-365
nm combined. The inset indicates the residuals between the
measured and fitted acpom(A) over the shoulder wavelength range
of 310-355 nm. The residuals convert the shoulders into peaks to
facilitate the identification of the peak wavelength (~330 nm).
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study are comparable to those reported for fresh, autochthonous  nm (Figure 3B inset), decreased by 21%. This decrease was less than
CDOM in the northern Yellow Sea (range 0.0200-0.0211, mean  the 53% reduction in the corresponding background area
0.0205 + 0.0007 nm’", Zhang et al,, 2018) and the Bohai Sea (range  represented by the integral of the background acpom(A) (dotted
0.0228-0.0241 nm™", mean 0.0235 + 0.0006 nm™', Zhang et al,  lines) over the same wavelength range (Figure 3B), suggesting that
2022). In contrast, older CDOM in these two areas exhibited higher  the shoulder-specific compound is less prone to photobleaching
S575.205 values (0.0260 and 0.0270 nm™’, respectively) (Zhang et al.,  than the rest of the S-CDOM.
2018, 2022). The 24-h irradiation decreased the acpom(330) by 44% (from
138 m t0 0.78 m™") for UP-CDOM and by 48% (from 12.01 m™* to
6.29 m™) for S-CDOM. Following Equation (3), AQYy.(330) is
3.2 Photobleaching of macroalgal CDOM calculated to be 466 m™" (mole photons)™ for UP-CDOM and 1108
m™ (mole photons)'1 for S-CDOM (Table 1). S-CDOM was thus
After the 24-h irradiation, the mean absorption coefficient in ~ more susceptible to photobleaching than UP-CDOM. Note that the
the UVB, UVA, and VIS regimes decreased, respectively, by 37.3%,  wavelength of 330 nm is within the absorption shoulder of S-
39.2%, and 28.3% for the UP-CDOM (Figure 3A) and by 40.6%, CDOM. Since the shoulder-specific compound is relatively less
51.9%, and 22.9% for the S-CDOM (Figure 3B). UVA thusled tothe  susceptible to photobleaching than the background S-CDOM (see
largest reduction of the mean absorption coefficient for both  above), the difference in AQY(330) between the two CDOM
CDOM pools, in line with the absorbed photon flux being  pools could be even larger if only the background S-CDOM were
strongest within this band (Figure 3C). The photobleaching  considered. The AQYy(330) values for UP- and S-CDOM are
increased Sy75.205 by 86% (from 0.0214 to 0.0399 nm™") for UP-  much higher than those reported previously for CDOM in the
CDOM and by 49% (from 0.0208 to 0.0310 nm™) for S-CDOM, Saguenay river (154 m™ (mole photons)'l) (Zhang and Xie, 2015),
indicating decreases in the average molecular weight of CDOM.  CDOM in groundwaters of the Iles-de-la-Madeleine in the Gulf of
Notably, the characteristic shoulder in the S-CDOM spectrum  St. Lawrence, Canada (0.02-0.18 m™ (mol photons)’l) (Qi et al,
persisted after the irradiation (Figure 3B) but the shoulder area, 2018) and CDOM in waters across the Mackenzie shelf of the
calculated as the integral of the shoulder acpopm(A) over 310-355  western Canadian Arctic (0.080-0.140 m™ (mole photons)’l)

TABLE 1 Comparison of broadband AQY},(330), AQYco2, AQYco, and AQYcpy4 in this study with the broadband AQY,,(330), AQYp2, AQYo, and
broadband AQYcp4 derived from literature over 280-500 nm.

CDOM AQYCOZ or AQYCO (o] g
Source AQYz3g A0V s 10y References
AQYco2 AQYco
Southern U. prolifera 466 2.35x 107 3.46 x 107 522 x 10°®
Yellow Sea B s , This study
Sargassum 1108 6.80 x 10 5.29 x 107 1.62 x 10°
Amazon / 459 x 107 / /
Congo / 4.81 x 107 / /
Danube / 3.52 % 107 / /
G _
anges / 199 x 10 / /
Brahmaputra
Lena / 4.89 x 107 / / Aarnos
et al., 2018
Mekong / 2.67 x 107 / /
Mississippi / 5.76 x 107 / /
Inshore Parana / 2.89 x 107 / /
St. Lawrence / 419 x 10° / /
Yangtze / 2.78 x 107 / /
Zhang and
i 154 .10 x 107
Saguenay river 5 / / 9.10 x 10 Xie, 2015
Mississippi and / (0.58-2.80) x (0.13-1.02) x / Powers and
Atchafalaya river 104 10° Miller, 2015
Zh:
St. Lawrence river / / 1.20 x 107 / ang
et al., 2006
/ / /
(Continued)
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TABLE 1 Continued
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CDOM AQYco or
S T References
ource AQYco
Lak d
axes a'n (0.47-4.75) x Koehler
reservoirs 104 et al, 2016
worldwide >
Bedford Basin of ) 624 % 10° / , Johannessen and
Halifax Harbor ’ Miller, 2001
Groundwaters of
the fles-de- 0.02-0.18 / / / Qi et al, 2018
la-Madeleine
Arctic Permafrost ) ) (0.40-1.05) x , Hong
derived soil DOM 10° et al,, 2014
Bohai and (1.23-3.29) x
Zh:z t al., 2015
Yellow Seas ! / 10° ! aoeta
Northern Gulf / (0.49-6.49) x (2.79-8.84) x / Powers and
of Mexico 10 10° Miller, 2015
Northern Gulf ) 56 x 107 / , Fichot and
of Mexico ’ Benner, 2014
Southeastern (0.96-4.26) x
S t al., 2013
Beaufort Sea ! ! 10° ! ong et a
Southeastern / (1.45-3.68) x / / Beélanger
Beaufort Sea 10° et al., 2006
2.64-7.06 A
Coastal Baltic Sea / ( 5 ) % / / amos
10 et al.,, 2012
South Atlantic / (0.22-2.78) x (2.09-9.71) x , Reader and
Bight (Georgia) 10 10°¢ Miller, 2012
0.33-2.45 Whit
Delaware Estuary 3.59 x 107 ¢ 5 ) e
/ 10 et al., 2010
Osburn
Mackenzie Shelf
ackenzie She 0.080-0.140 ! / / et al., 2009
St. Lawrence , / (2.12-6.55) x , Zhang
Estuarine system 10° et al., 2006
Mid-Atlantic 4 Johannessen and
) / 311 % 10 / / .
Bight (Coastal) Miller, 2001
Beaufort Sea / / (4'051_3,'61 ) x / Xie et al., 2009
Gulf of Mexico and Ziolkowski and
- 420 x 10°°
Open-ocean Northwest Atlantic / / 0% 10 / Miller, 2007
h: and
Mid-Atlantic Bight / 123 x 10 / / Johannessen an
Miller, 2001

(Osburn et al., 2009) (Table 1). This comparison indicates that the
UP- and S-CDOM are far more sensitive to photobleaching than
CDOM in natural waters on an absorbed-photons basis.

3.3 Photomineralization of
macroalgal CDOM

3.3.1 Broadband AQYs of CO,, CO and CH,4

For CDOM derived from both macroalgae, AQYco, is the
highest, followed sequentially by AQYco and AQYcyy (Table 1).

Frontiers in Marine Science

The ratio of AQYco, to AQY o is 6.8 for UP-CDOM and 12.9 for
S-CDOM. These ratios are in line with those of 7-22.5 obtained
from coastal waters (e.g., Johannessen, 2000; Xie et al., 2009; White
et al,, 2010; Reader and Miller, 2012), higher than that of 2 for the
Halifax Harbor, and lower than that of 63 for the Mid-Atlantic
Bight (Johannessen, 2000). The ratio of AQY¢o to AQY ¢4 is 6628
for UP-CDOM and 32857 for S-CDOM. The ratio for UP-CDOM
(6628) closely aligns with those for CDOM in the upper St.
Lawrence estuary (6300-9594) and is an order of magnitude
higher than those for CDOM in blue waters of the North Atlantic
and North Pacific (460-499) (Li et al., 2020). The ratio for S-CDOM
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(32857) markedly exceeds those for CDOM in waters across the
land-ocean continuum (460-15869) (Li et al., 2020).

The two macroalgal CDOM pools displayed substantially
different AQYs for the three gaseous photoproducts. The AQY of
UP-CDOM is 3.5 times that of S-CDOM for CO,, 6.5 times for CO,
and 32.5 times for CH, (Table 1). CO, photoproduction has long
been considered to result from photodecarboxylation and is thus
linked to carboxylic groups (Miles and Brezonik, 1981; Xie et al.,
2004). CO photoproduction likely involves both carbonyls (Pos
et al, 1998) and methoxy-substituted aromatics as precursors
(Stubbins et al., 2008; Ossola et al., 2022). Photoproduction of
CH, plausibly goes through the generation of methyl radicals from
methyl groups, followed by H-abstraction from diverse substrates
(Bange & Uher, 2005). Several methyl compounds, such as acetone
(Bange & Uher, 2005), dimethyl sulfide (Zhang & Xie, 2015), and
acetaldehyde (Xie et al., 2019), have been identified as potential CH,
precursors. The different AQYs of UP- and S-CDOM could partly
stem from differing photochemical efficiencies of the relevant
precursory substrates and/or different proportions of these
substrates in the bulk CDOM pools. The higher photobleaching
AQY (Section 3.1) but lower photomineralization AQYs of S-
CDOM relative to UP-CDOM imply that a higher proportion of
the S-CDOM was photochemically transformed into transparent or
weakly absorbing materials instead of mineralized products.

Both the AQY o, and AQY o values of the UP- and S-CDOM
in this study are orders of magnitude higher than those of CDOM in
inshore, coastal, and open-ocean waters worldwide (Table 1). The
AQYcpy values for UP- and S-CDOM are 2-57 times higher than
those for CDOM in the Saguenay River water (9.1 x 10'%, Zhang
and Xie, 2015). These results indicate that the fresh UP- and S-
CDOM are more prone to photomineralization than CDOM in
various natural waters. The lower AQY¢o values for CDOM in
natural waters could partly result from CDOM photobleaching by
pre-exposure to sunlight in the environment. Photobleaching,
particularly at the initial stage, can rapidly reduce the CO
photoproduction efficiency (Zhang et al., 2006).

3.3.2 Potential contributions to the cycles of
CO,, CO, and CHy in the southern Yellow Sea

The high photoreactivities of UP- and S-CDOM demonstrated
above suggest that these CDOM pools may significantly contribute to
the cycles of CO,, CO, and CH, in surface oceans at local or regional
scales during blooms of U. prolifera and Sargassum. In principle, the
photoproduction rates of these gases from the macroalgal CDOM in
surface oceans can be approximated by multiplying their broadband
AQYs by the solar photon fluxes absorbed by the macroalgal CDOM,
ignoring the difference between the spectral composition of the solar-
simulated radiation used for determining the broadband AQYs and
that of the natural solar radiation reaching the surface oceans
(Figure 2). It is, however, difficult to obtain the fraction of solar
photon fluxes absorbed by the macroalgal CDOM within floating
macroalgal mats because of the strong and irregular interference of the
underwater light field by the macroalgae. In this study, we therefore do
not target floating macroalgal mats themselves. Instead, we will focus
on the areas immediately downstream of the floating mats, assuming
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that the surface-water concentrations of the macroalgal DOM in these
areas are similar to those inside the macroalgal mats.

In 2017, surface-water DOC concentration in the southern
Yellow Sea area with floating U. prolifera increased from 105.2
umol C L™ at the early stage of the U. prolifera bloom (April) to
136.4 pmol C L™ during the peak bloom (June), and fell to 107.3
umol C L during the senescing period (late August and early
September) (Wang et al., 2020). Given that the southern Yellow Sea
receives no large river runoff and that its surface water residence
time is about 5-6 years (Liu et al., 2019), the difference in DOC
concentration between April and June (i.e., 31.2 pmol C L") can be
approximately equated to the net accumulation of DOC newly
released from U. prolifera. This new DOC accounted for 23% of the
bulk DOC in the surface water in June 2017. In June 2019, DOC in
waters covered by dense U. prolifera was 36% higher than those
without U. prolifera in the southern Yellow Sea (Li et al., 2023). U.
prolifera usually blooms (i.e., green tides) from mid-April to mid-
August (https://www.mnr.gov.cn/sj/).

The monthly-mean daily photon fluxes over 280-500 nm during
green-tide periods in the southern Yellow Sea are derived using the
Simple Model of the Atmospheric Radiative Transfer of Sunshine
version 2.9.5 (SMARTS) (Gueymard, 1995, 2001). The key inputs of
this model are as follows: site pressure: 101.325 mb; altitude: 0 km,
height: 0 km; default atmosphere: mid-latitude summer; CO,
concentration: 413 ppmv; extraterrestrial spectrum: Gueymard, 2004
(synthetic); aerosol model: S&F_Maritime; albedo: fixed broadband
albedo. Outputs of the model are presented in Table 2. Assuming that
the UV and visible absorption coefficients of CDOM are roughly
proportional to DOC and that CDOM is the dominant light absorber
over 280-500 nm in surface water immediately downstream of the U.
prolifera bloom, ~29% (the average of 23% and 36%) of the daily
photon flux is absorbed by the UP-CDOM released during the U.
prolifera bloom. Multiplying the broadband AQYs for the UP-CDOM
(Table 1) by the daily photon fluxes absorbed by the UP-CDOM yields
photoproduction rates of 1.57-1.83 x 10* umol CO, m™> d™, 2.31-2.69
% 10° pmol CO m™? d™, and 0.35-0.41 umol CH, m2 d™* (Table 2). In
this calculation, the DOC ascribed to release from U. prolifera obtained
from June was applied to the entire bloom period (i.e., mid-April to
mid-August). The ranges represent the maximum variation of the solar
irradiance among different months.

The Yellow Sea overall is a sink of atmospheric CO, at an influx
of 356-2740 umol m~2d?! (Choi et al., 2019; Wang and Zhai, 2021;
Ko et al., 2022). The estimated photoproduction rate of CO, is 6-51
times this influx, suggesting that the influx of CO, in areas
downstream of floating U. prolifera mats may be reduced or even
the sign of the CO, flux may be reversed.

The estimated CO photoproduction rates from UP-CDOM
(2.31-2.69 x 10> umol m? d') are two orders of magnitude
higher than the CO photoproduction rates (50.8 umol m™ d™' in
spring (Yang et al,, 2011) and 23.8 umol m? d? in autumn (Zhao
et al,, 2015) and two to three orders of magnitude higher than the
sea-to-air CO fluxes obtained in the Yellow Sea areas free of green
tides, 1.23-18.60 pmol m?2d!in spring (Yang et al,, 2011) and
0.08-4.58 pmol m* d™* in summer (Wang et al.,, 2015). Therefore,
CDOM released during U. prolifera outbreaks could greatly
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TABLE 2 Monthly-mean daily total irradiance integrated over 280—500 nm derived from SMARTS 295 and estimated photoproduction rates of CO,,
CO and CH,4 from UP-CDOM or S-CDOM during the bloom periods of U. prolifera or Sargassum in different regions.

Irradiance CO, Cco
Regions Algae Month mol photons m™2  Fraction pmol m™2 umol m2
d—l d—l -1
April 23.04 0.29 1.57 x 10* 231 x 10° 3.49 x 107"
May 25.78 0.29 1.76 x 10* 2.59 x 10° 3.90 x 107
u.

Southern Yellow Sea prolifera June 26.83 0.29 1.83 x 10* 2.69 x 10° 4.06 x 107
July 26.31 0.29 1.79 x 10* 2.64 x 10° 3.98 x 107!

August 24.14 0.29 1.65 x 10" 242 x 10° 3.65 x 107!

March 23.38 0.18 2.86 x 10° 2.23 x 10° 6.82 x 107

April 24.85 0.18 3.04 x 10° 2.37 x 10° 7.25 x 10

May 25.08 0.18 3.07 x 10° 2.39 x 10° 7.32 x 107

Sargasso Sea Sargassum | June 24.89 0.18 3.05 x 10° 2.37 x 10° 7.26 x 107
July 24.88 0.18 3.04 x 10° 2.37 x 10° 7.26 x 107

August 24.76 0.18 3.03 x 10° 2.36 x 10° 7.22 x 107

September 23.76 0.18 291 x 10° 2.26 x 10° 6.93 x 10

March 19.62 0.18 2.40 x 10° 1.87 x 10 573 x 107

April 23.53 0.18 2.88 x 10° 2.24 x 10° 6.87 x 107

May 25.71 0.18 3.15 x 10° 2.45 x 10° 7.50 x 10

Great Atlantic 3 5 3

Sargassum | June 26.45 0.18 324 x 10 2.52 x 10 7.72 x 10
Sargassum Belt

July 26.03 0.18 3.19 x 10° 2.48 x 10° 7.60 x 10

August 2431 0.18 2,97 x 10° 2.31 x 10° 7.09 x 10

September 20.99 0.18 2,57 x 10° 2.00 x 10° 6.13 x 107

Fraction means the percentage of the daily photon flux absorbed by the macroalgal CDOM.

accelerate local or regional biogeochemical cycling of CO, including
its emission to the atmosphere and microbial consumption (Wang
et al., 2015).

The estimated CH, photoproduction rates from the UP-CDOM
(0.35-0.41 pmol m2 d™) are close to the lower end of the reported
sea-to-air CH, flux range in the Yellow Sea areas free of green tides
in spring and summer (0.81-17.5 pumol mZ2d?l, Zhang et al., 2004,
2023). Hence, U. prolifera outbreaks may also enhance CH,
emission fluxes locally or regionally.

The effect of S-CDOM on photoproduction of these gases in the
southern Yellow Sea cannot be assessed due to lack of data on the
contribution of Sargassum to DOC or CDOM in this region.

3.3.3 Potential contributions to the cycles of
CO,, CO, and CH, in the Sargasso Sea

Sargassum blooms (i.e., golden tides) typically occur from
March to September in the tropical Atlantic (Johns et al., 2020).
During the bloom season, Sargassum carbon can account for ~18%
of the phytoplankton carbon in the Great Atlantic Sargassum Belt
(Wang et al,, 2018). Similarly, assuming that the UV and visible
absorption coefficients of CDOM were roughly proportional to the
carbon content and that CDOM was the dominant light absorber in
surface water, ~18% of the daily photon flux was absorbed by the S-
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CDOM released during the Sargassum bloom. Assuming that the
broadband AQYs of CO,, CO and CH, for CDOM derived from the
Sargassum in the southern Yellow Sea also apply to the Sargassum
in the Sargasso Sea (Table 1), the photoproduction rate of the gases
are calculated to be 2.57-3.24 x 10° wmol CO, m2d? 1.87-2.52 x
10> pumol CO m?d, and 5.73-7.72 x 10 pmol CH, m* d™* in the
golden-tide area in the Sargasso Sea and the Great Atlantic
Sargassum Belt (Table 2).

Although the Sargasso Sea is a net sink for atmospheric CO, on
an annual basis (0.68-1.92 x 10> umol m™ d™") (Bates et al., 1998;
Nelson et al,, 2001), in summer it is a CO, source at an efflux of
1.92-2.53 x 10° umol m™ d™ in the area clear of Sargassum (Bates
et al., 1998). The estimated CO, photoproduction rate from S-
CDOM (2.57-3.24 x 10> umol m > d™") is 1.3-3.8 times the summer
efflux, potentially enhancing the strength of the CO, emission.

The estimated CO photoproduction rates from S-CDOM (1.87-
2.52 x 10 umol m d™") are one to two orders of magnitude higher
than the CO photoproduction rate of ~50 umol m™ d”', CO bio-
consumption rate of 7.75-98.58 umol m2d™, and sea-to-air CO flux
of 2.93-6.54 umol m™> d™" at the onset of spring and midsummer in
the upper Sargasso Sea near Bermuda (Zafiriou et al., 2008).

The estimated CH, photoproduction rate from the S-CDOM
(5.73-7.72 x 107> pumol m~ d') is three orders of magnitude lower
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than the sea-air CH, efflux of 1.6-4.4 umol m™ d' in the upper
Sargasso Sea (Holmes et al., 2000) or the average efflux of 1.9 umol
m™ d” in the subtropical North Atlantic (Kolomijeca et al., 2022).
The photoproduction rates of CO,, CO, and CH, in the Great
Atlantic Sargassum Belt are also presented in Table 2. They are in
similar magnitudes to those in the Sargasso Sea. Although no
sufficient literature data of these gases are available for the
Sargassum Dbelt, it is reasonable to posit that photomineralization
of S-CDOM may also significantly enhance the cycling of CO, and
CO, including their outgassing rates, during the bloom periods.

4 Conclusions

Both UP- and S-CDOM displayed quasi-exponential decay
absorption spectra over the UV-VIS range. The S-CDOM
spectrum, however, possessed a broad shoulder over the 310-355
nm range that is suggestive of mycosporine amino acids. S-CDOM
gave rise to a higher a*cpom(254) than that of UP-CDOM,
indicating a higher aromaticity of S-CDOM. The different
chemical and optical characteristics of the two CDOM pools led
to S-CDOM showing a higher photobleaching efficiency but a lower
photomineralization efficiency compared to UP-CDOM. However,
the photobleaching and photomineralization efficiencies of both
CDOM pools are orders of magnitude higher than those of COOM
in various natural waters. Moreover, the two macroalgal CDOM
pools showed the highest AQYs for CO,, followed sequentially by
CO and CH,.

The presumed release of large amounts of fresh CDOM from
extensive mats of floating U. prolifera and Sargassum in surface
oceans, combined with the very high photoreactivity of this
macroalgal CDOM, may provide photochemical “hotspots”
leading to enhanced emissions of greenhouse gases, such as CO,
CO and CHj, to the atmosphere on local or regional scales. This
effect should be considered when assessing ocean afforestation as a
CO, removal method to mitigate climate warming.

This study only serves to offer a first-approximation assessment
of photochemical release of greenhouse gases from floating U.
prolifera and Sargassum mats. Potentially large uncertainties
remain and need to be mitigated in the future. These include but
are not limited to 1) a verification of if the photoreactivity of CDOM
leached from the ground fronds of these macroalgae is similar to
that of CDOM released from live macroalgae, and 2) field
investigations quantifying CDOM released from U. prolifera and
Sargassum in the real environments.
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