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driven photomineralization and
photoproduction of dissolved organic matter in
a large estuary: implications for coastal ocean
biogeochemical cycles

Guisheng Song, *a Fuxin Niu,b Yao Gong,b Philippe Massicotte,c Han Zuo,a

Mengting Lia and Huixiang Xie *d

Photochemistry can convert dissolved organic matter (DOM) to inorganics (mainly CO2) and “new” DOM, hence

impacting aquatic carbon cycling. The apparent quantum yields (AQYs) of these photoprocesses usually decrease

with increasing wavelength. This study reports exceptions to this paradigm and discusses the biogeochemical

implications of this phenomenon. Specifically, we determined the broadband AQYs over ultraviolet-B (UVB),

ultraviolet-A (UVA), and visible (VIS) radiations for photomineralization of dissolved organic carbon (DOC) and

photobleaching of chromophoric and florescent DOM (CDOM, FDOM) in the freshwater, brackish water, and

seawater samples from the Pearl River estuary. UVB-broadband AQYs of DOC photomineralization (AQYDOC)

and of CDOM and humic-like FDOM photoleaching were considerably higher than their UVA and VIS

counterparts for all three water samples. Surprisingly, the broadband AQYDOC over VIS was significantly higher

than that over UVA for the brackish water and seawater samples, contrary to the above-mentioned paradigm.

Moreover, exposure of all three water samples to VIS produced protein-like FDOM, while significant losses of

this FDOM pool occurred in the presence of UV. Per depth-integrated contributions in the water column, UVB

or UVA primarily controlled CDOM and FDOM photobleaching, while VIS dominated DOC photomineralization

and protein-like FDOM formation. These results suggest photochemistry may cause CO2 and biolabile DOM

accumulations in VIS-dominated sunlit waters below surface mixed layers, contributing to coastal ocean DOM

biogeochemical cycling, acidification, and deoxygenation. This shall be a self-intensified process since UV-

driven CDOM photobleaching in surface layers reinforces and extends further deeper the VIS-induced

subsurface CO2 and biolabile DOM photoproduction.
Environmental signicance

Sunlight-driven photoreactions can photobleach and photomineralize dissolved organic matter (DOM), and produce more biolabile DOM. The efficiencies of
DOM photoreactions usually decrease with increasing light wavelength. This study, however, demonstrates that visible light (VIS) dominates DOM photo-
mineralization and photoproduction of proteinaceous (biolabile) DOM, while ultraviolet radiation (UV) mainly controls DOM photobleaching. As both pho-
tomineralization and microbial degradation of DOM consume oxygen and form CO2, VIS-induced photoreactions may cause CO2 and biolabile DOM
accumulations in subsurface waters where VIS can reach but UV is absent, thereby contributing to subsurface DOM cycling, acidication, and oxygen depletion
in coastal oceans. This shall be a self-intensied process since UV-induced DOM photobleaching in surface waters allows more VIS to reach subsurface waters.
1 Introduction

Dissolved organic matter (DOM) plays a crucial role in global
carbon cycling and climate change.1 The chromophoric fraction
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ts, 2026, 28, 1262–1275
of DOM (CDOM) absorbs solar ultraviolet (UV) and visible (VIS)
radiation, while the uorescent constituent of DOM (FDOM)
emits uorescence upon absorbing light.2 Based on its uo-
rescence excitation–emission characteristics, FDOM can be
further classied into humic-like and protein-like components,3

with the former being largely bio-refractory and the latter bi-
olabile. In sunlit waters, CDOM undergoes photochemical
transformations with biogeochemical and optical ramica-
tions, including photomineralization (i.e., conversion of di-
ssolved organic carbon (DOC) into CO2 and CO),
photobleaching of chromophores and uorophores, which
increases water transparency, and photoproduction of biolabile
This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Map of sampling stations in the Pearl River estuary. Water
depths at stations M01, M08, and M10 are 12.0, 6.9, and 20.4 m,
respectively.
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DOM,4 including protein-like FDOM.5–9 CDOM photo-
mineralization alone or coupled with microbial uptake of pho-
toproduced biolabile DOM is considered as an important DOM
sink in marine ecosystems.10–14 Moreover, as both DOC photo-
mineralization and microbial oxidation of photoproduced bi-
olabile DOM produce CO2 and consume O2, DOM
photochemistry may affect natural waters' pH and oxygen
content.15–17

DOM photoreactivity to a large extent is controlled by its
source of formation, with terrestrial DOM generally being more
susceptible to photomineralization and photobleaching than
DOM ofmainly marine origin.18–21 Different DOM fractionsmay,
however, display varying photochemical susceptibilities. For
instance, humic-like FDOM uorescence photobleaching was
observed to be faster than CDOM absorbance photobleaching,
followed by DOC photomineralization, for DOM collected from
marine waters,9,22 river plume waters,7 lake waters,23 and cya-
nobacteria cultures.24 Furthermore, certain trace metals (e.g.,
iron) may enhance the DOM photoreactivity.25–28

DOM photoreactivity is also sensitive to the wavelength of
solar radiation initiating the photoprocesses. The efficiencies
(i.e., apparent quantum yields, AQYs) of DOM photoprocesses,
including DOC photomimeralization and CDOM photo-
bleachng, usually decrease with increasing wavelength,18,29–35

which, combined with increasing solar irradiance with wave-
length, leads to UVA oen playing a central role in DOM
photoreactions among the three solar spectral regimes (UVB:
290–320 nm; UVA: 320–400 nm; and VIS: 400–700 nm).31,34,36–39

Here, we report exceptions to this traditional view of the wave-
length dependence of DOM photoreactions based on water
samples collected from the Pearl River Estuary (PRE).

The Pearl River, located in southeastern China, is the 13th

largest world river based on freshwater discharge (285 × 109 m3

year−1).40 The PRE is a typically human-impacted estuary, with
an annual input of ∼9.0 × 1012 kg of industrial and domestic
sewages.41 The abundance, composition, and properties of
DOM in the PRE vary signicantly from land to sea.20,42–44 In this
study, DOM samples collected from the freshwater, brackish
water, and seawater zones of the PRE were irradiated under
three spectral regimes of simulated solar radiation to (1)
elucidate the spectral (UVB, UVA, and VIS) and spatial variations
in the AQYs of DOC photomineralization, CDOM and FDOM
photobleaching, and FDOM photoproduction, and (2) assess
the relative contributions of solar UVB, UVA, and VIS to these
photoprocesses. Results demonstrate that VIS plays unexpect-
edly important roles in DOC photomineralization and biolabile
DOM photoproduction, suggesting profound implications for
DOM-related biogeochemical cycles in river-impacted coastal
oceans.

2 Methods
2.1 Sample collection

Water sampling was carried out during the dry season (10–14
January) of 2016. In situ water temperatures and salinities were
recorded using an SBE-25 conductivity-temperature-depth
(CTD) proler (Li et al., 2019).44 Surface water (∼1 m depth)
This journal is © The Royal Society of Chemistry 2026
was collected using a 5 L plexiglass sampler from the head (Sta.
M01), the main mixing zone (Sta. M08), and the shelf (Sta. M10)
of the PRE (Fig. 1), hereinaer referred to as M01, M08, and
M10, respectively. The bulk water was immediately ltered
through a 0.2 mm polyethersulfone (PES) lter (Pall Life
Sciences) under low vacuum. The ltrate was transferred into
a 5 L clear-glass bottle, sealed with Teon-lined polypropylene
caps, stored cold (∼4 °C) in the dark, and transported to the
land-based laboratory within one week for photochemical
incubations.

Before use, the glass ltration systems and glass bottles had
been cleaned sequentially with acid washing, Milli-Q water
rinsing, combustion at 450 °C for 4 h. The polypropylene caps
had been sequentially acid-washed, Milli-Q water rinsed, and
then dried at room temperature. The PES lters had been
thoroughly rinsed with Milli-Q water and sample water.
2.2 Irradiation experiments

The ltered samples were warmed up to room temperature in
the dark, and re-ltered through 0.2 mm PES lters to further
ensure the samples' integrity. Then the trate was transferred
into 15 quartz-windowed cylindrical cells (volume: 120 mL;
height: 13 cm; pre-combusted at 450 °C) and side-sealed free of
headspace.9 Nine cells were wrapped with black electric tape on
the sidewalls and bottom to avoid light interference between the
cells. The other six cells were completely wrapped with electric
tape to serve as dark controls. The sample-lled quartz cells
were placed vertically in a temperature-controlled water bath
(20 °C) and irradiated for 4 days (d) under a SUNTEST XLS+
Environ. Sci.: Processes Impacts, 2026, 28, 1262–1275 | 1263
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solar simulator equipped with a 1.5 kW xenon lamp and a UV
lter to remove radiation with wavelengths <290 nm. Three
spectral light treatments were made by screening the incident
light using a quartz plate, a Mylar-D lm, and a UF-5 Plexiglas
lter to yield full-spectrum (290–700 nm, FS), UVA plus visible
(320–700 nm, UVA + VIS), and visible-only (400–700 nm, VIS)
irradiation,16 respectively. The contributions of UVB (290–320
nm) and UVA (320–400 nm) to various DOM photochemical
processes were assessed as the differences between FS and UVA
+ VIS, and between UVA + VIS and VIS,16 respectively. Light
treatments (in triplicate) were accompanied by dark controls (in
duplicate). Aer incubation, all the irradiated and dark-control
samples were transferred into 20 mL glass bottles for DOC
analysis and into 100 mL glass bottles for determining CDOM
absorption and FDOM uorescence spectra.

Spectral irradiances reaching the top of the quartz cells under
each light treatment weremeasured at 1 nm intervals from 290 to
600 nm using an OL-756 spectroradiometer tted with an OL IS-
270 2-inch integrating sphere calibrated with an OL756-10E
irradiance standard (Gooch & Housego, USA).19 The spectrally
integrated irradiances under FS, UVA + VIS and VIS were 376.1,
308.5 and 264.8 W m−2 s−1, respectively (Fig. S1). The integrated
photon uxes over the UVB, UVA and VIS were 0.67, 1.71 and 1.64
times those of the monthly-averaged noontime clear-sky solar
radiation in January 2016 at 22.5 °Nmodeled using the SMARTS2
model,45,46 based on the input conditions shown in Table S1. The
4-d solar-simulated irradiation under FS equaled to 10.8-d UVB,
27.2-d UVA and 26.2-d VIS monthly-averaged clear-sky irradia-
tions in January 2016 at 22.5 °N.

2.3 Sample analysis

The determinations of DOC concentration, CDOM absorption
and uorescence spectra followed the procedure of Yang et al.
(2020)9 and Li et al. (2019).44 DOC concentration was measured
using a Shimadzu TOC-LCPH analyzer calibrated with standard
potassium hydrogen phthalate solutions. Low-carbon water
(1–2 mmol L−1) and deep-water reference (41–44 mmol L−1)
from D. A. Hansell's laboratory (University of Miami) were
analyzed at the intervals of 10 sample analyses to monitor the
stability of the analyzer. The measured DOC concentrations
were 2.1 ± 0.1 mmol L−1 for the low-carbon water reference
and 43 ± 1 mmol L−1 for the deep-water reference. The coef-
cient of variation for ve replicate sample injections was
<2%.

CDOM absorption spectra were determined using a Shi-
madzu UV-2550 dual-beam spectrophotometer tted with 10 cm
quartz cuvettes and referenced to Milli-Q water. The absorption
spectra were scanned from 800 to 200 nm at 1 nm intervals. The
average absorbance between 683 and 687 nm was subtracted at
each wavelength to remove baseline dris.47 The Napierian
CDOM absorption coefficient at wavelength l (nm), aCDOM(l)
(m−1), was calculated as follow:

aCDOM(l) = 2.303A(l)/L (1)

where A(l) is the spectral absorbance at wavelength l (nm) and L is
the light pathlength of the cuvette inmeters (0.1 m). Spectral slopes
1264 | Environ. Sci.: Processes Impacts, 2026, 28, 1262–1275
of CDOM absorption between 275 nm and 295 nm (S275–295)48 and
between 300 nm and 600 nm (S300–600)49 were derived using
nonlinear tting adapted from the methods of Helms et al. (2008)48

and Stedmon and Markager (2001),49 respectively. The specic UV
absorption coefficient of CDOM at 254 nm (a*CDOMð254Þ) is calcu-
lated by normalizing the Napierian aCDOM(254) by DOC concen-
tration (units: L mg−1 m−1).50 In this study, aCDOM(330),
a*CDOMð254Þ, and S275–295 are used as indicators of CDOM abun-
dance,5,32,51 aromaticity,50 and molecular weight (MW),48 respec-
tively. The calculation of spectral slopes over two different
wavelength ranges, with S275–295 conned to the short-UV band and
S300–600 covering both the UV and VIS domains, allows for assessing
if CDOM photobleaching under the three light treatments (i.e., FS,
UVA + VIS, and VIS only) affects the two spectral slopes differently.

Fluorescence excitation–emission matrices (EEMs) were
acquired using a Hitachi F-4600 uorescence spectrophotom-
eter tted with a 1 cm quartz cell. The excitation wavelength
range was 200–450 nm at 5 nm intervals, and the emission
spectra were determined from 230 to 600 nm at 2 nm incre-
ments. Raman scattering was removed by subtracting the EEMs
of Milli-Q water scanned on the same day as those for the
samples. The spectral uorescence intensities were normalized
to Raman unites (R.U.) according to Lawaetz and Stedmon
(2009),52 and the potential inner-ltering effects were corrected
according to Ohno (2002).53

PARAFAC analysis of the EEMs for characterizing FDOM
components54 followed the procedure reported by Li et al.
(2019).44 Four FDOM components (C1–C4) were identied by
PARAFAC modeling (Fig. 2). C1 and C2 are designated as
protein-like FDOM, and C3 and C4 as humic-like FDOM.3 The
strong linear relationships between C1 and C2 (R2 = 0.992, p <
0.01, n = 12), and between C3 and C4 (R2 = 0.973, p < 0.05, n =

12), including both the unirradiated and irradiated samples
(Fig. S2), indicated similar sources and photochemical behav-
iors within each FDOM category. To facilitate discussion, the
two protein-like components (C1 and C2) were aggregated and
denoted as CP, and the two humic-like components (C3 and C4)
as CH.

Changes of interested parameters (i.e., DOC, aCDOM(330),
S275–295, S300–600, CP, and CH) in the dark controls were #3% of
their initial values and were subtracted from the corresponding
light treatments for calculating the photochemical changes.
2.4 Calculation of broadband AQYs

The broadband AQY is dened as the observed photochemical
change for a given process over the spectral band of interest
divided by the number of photons absorbed by CDOM over that
band (QCDOM, mol photons), which was calculated according to
Hu et al. (2002):55

QCDOM ¼ area� t�
ðl2
l1

Q0ðlÞ � ðaCDOMðlÞ=atotalðlÞÞ

��
1� e�atotalðlÞ�l

�� dl (2)

where Q0(l) is the spectral photon ux reaching the upper
water surface inside the quartz cell (mol photons m−2 s−1 nm−1);
This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Excitation–emission contours of four components identified by PARAFAC modeling (left panels) and split-half validations of excitation
and emission loadings (right panels). Excitation/emission maximum wavelengths are: C1: 275/320 nm; C2: < 240(280)/340 nm; C3: 260(360)/
450 nm; C4: 245(320)/390 nm.
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aCDOM(l) the geometric mean of the initial and nal absorption
coefficients during the 4-d irradiation, assuming that CDOM
photobleaching follows rst-order kinetics;56 atotal(l) the sum of
aCDOM(l) and the absorption coefficient of pure water obtained
from Pope and Fry (1997)57 and Buiteveld et al. (1994);58 l1 and l2

the lower and upper bound of the integration wavelength range
(UVB: 290–320 nm; UVA: 320–400 nm; VIS: 400–600 nm); area the
upper surface area of the quartz cell (9.23 × 10−4 m2); l the light
pathlength of the irradiation cell (0.13 m); and t the irradiation
duration (4 d). Broadband AQYs were calculated for photo-
chemical removals of DOC (AQYDOC), aCDOM(330) (AQYCDOM),
and PARAFAC-modeled humic-like CH (AQYHFDOM) and protein-
like CP (AQYPFDOM) over the UVB, UVA, and VIS bands, respec-
tively. The units of aCDOM(l) are assigned as m−1 m−3 and those
of CP, and CH as R.U. m−3 for the AQY calculations according to
Vähätalo and Wetzel (2004)30 and Osburn et al. (2009).32 For
brevity, AQY for a specic spectral band will be designated as
AQY(band name); for example, AQYDOC(UVB), AQYDOC(UVA), and
AQYDOC(VIS) represents the DOC photomineralization AQY over
the UVB, UVA, VIS bands, respectively.
2.5 Statistical analyses

MATLAB (version: R2023b) and Ocean Data View (version: 5.5.1)
were used for statistical analyses and graph production. Paired
two-sample t-tests (a = 0.05) assuming unequal variances were
performed to determine the signicance of difference between
two groups. One-tailed probability (p) values and two-tailed p
values from the t-tests are shown in Tables S2–S4, and will not
be repeated in the text below.
This journal is © The Royal Society of Chemistry 2026
3 Results and discussion
3.1 Properties of original water samples

In situ temperature and salinity both increased seaward from Sta.
M01 to Sta. M08 to Sta. M10 (Table 1). The M01 sample was
composed of 99.4% freshwater, M08 32.9%, andM10 6.8%, based
on a simple mixing model that assumes the salinities of the
freshwater and seawater endmembers to be zero and 35, respec-
tively. Hence, the M01 sample can be considered as freshwater,
M08 as brackish water, and M10 as being of more marine nature.

DOM variables summarized in Table 1 indicate that (1) DOC,
CDOM (proxy: aCDOM(330)), protein-like FDOM (proxy: CP), and
humic-like FDOM (proxy: CH) in the original samples were most
abundant in the M01 sample, followed successively by M08 and
M10; (2) MW (indicator: S275–295) and aromaticity
ðindicator : a*CDOMð254ÞÞ of CDOM showed a similar trend
among the three samples, and (3) protein-like FDOM was more
abundant than humic-like FDOM (i.e., CP/CH > 1) in all three
samples, with the enrichment in the descending order of M01 >
M10 > M08. These results align with other studies showing that:
(1) DOM in the PRE is rich in protein-like FDOM, particularly in
the head region, due in part to sewage inputs;59,60 (2) continually
dilution of riverine DOM by seawater during its seaward
transport;44,59–62 and (3) faster microbial removal of protein-like
FDOM relative to humic-like FDOM in the head region of the
estuary;44,60 (4) a higher proportion of planktonic DOM in the
bulk DOM pool over the shelf (M10) relative to the main mixing
zone (M08) of the estuary,43,63,64 as suggested by the higher CP/
CH over the shelf (Table 1).
Environ. Sci.: Processes Impacts, 2026, 28, 1262–1275 | 1265
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Table 1 In situ temperature, salinity, dissolved organic carbon (DOC),
CDOM absorption coefficient at 330 nm (aCDOM(330)), protein-like
FDOM (CP), humic-like FDOM (CH), specific UV absorption coefficient
of CDOM at 254 nm (a*CDOMð254Þ), spectral slopes of CDOM between
275 nm and 295 nm (S275–295) and between 300–600 nm (S300–600),
and the CP/CH ratio of the original (i.e., unirradiated) water samples

Sta. M01 Sta. M08 Sta. M10

In situ temperature (°C) 17.88 18.89 19.69
Salinity 0.21 23.50 32.61
DOC (mmol L−1) 196.3 � 1.5 91.9 � 0.3 85.1 � 1.1
aCDOM(330) (m

−1) 3.53 � 0.06 0.88 � 0.05 0.40 � 0.02
CP (R.U.) 3.74 � 0.02 0.49 � 0.01 0.15 � 0.005
CH (R.U.) 0.86 � 0.01 0.17 � 0.01 0.05 � 0.002
a*CDOMð254Þ (L m−1 mg−1) 5.03 � 0.10 3.24 � 0.01 2.03 � 0.12
S275–295 (mm

−1) 15.8 � 0.03 19.4 � 0.03 27.1 � 0.40
S300–600 (mm

−1) 16.9 � 0.04 15.6 � 0.04 10.4 � 0.06
CP/CH 4.36 � 0.001 2.85 � 0.002 3.07 � 0.01
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3.2 Photochemical alternations of DOM properties

The three water samples were subjected to varying degrees of
self-shading during the irradiation experiments due to different
CDOM contents (see aCDOM(330) in Table 1). In addition, self-
shading intensied toward short wavelengths, with the visible
wavelengths (400–600 nm) exhibiting little self-shading in all
three samples (Fig. S3). The variability in self-shading renders it
difficult to quantitatively compare different samples and
different spectral bands based on photochemical changes
unnormalized by absorbed photons.28,55 This section thus
mainly describes intra-sample and intra-spectral band photo-
chemical changes. Quantitative inter-sample and inter-spectral
band comparisons can be found in Section 3.3 on AQYs,
a quantity normalized by absorbed photons.

FS exposure diminished a*CDOMð254Þ in all three samples
(Fig. 3A). Under UVA + VIS and VIS-only, a*CDOMð254Þ also
decreased signicantly in the M01 and M08 samples but the
change was negligible in M10. S275–295 increased in all three
samples under FS and UVA + VIS (Fig. 3B). Under VIS-only, S275–295
decreased signicantly in M10 but essentially remained
Fig. 3 Absolute changes (dark control minus irradiated) of a*CDOMð254Þ (A
under full-spectrum (FS), UVA and visible (UVA + VIS), and visible (VIS) rad
an increase. Error bars represent one standard deviation. * and ** indicate
p < 0.05 and p < 0.01, respectively. p values of statistical tests for comparin
in Table S3.
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unchanged in M01 and M08. These results indicate that the
aromaticity and MW of CDOM generally declined in the presence
of UV, but the effect varied among different samples under VIS-
only exposures. Unlike S275–295, S300–600 decreased in all three
samples, under all three light treatments except for a relatively
small increase inM01 under FS (Fig. 3C). Notably, the decreases in
S300–600 under VIS-only were comparable to or larger than those
under UVA + VIS and were only moderately smaller than those
under FS. This is unexpected given the much lower photon
energies in the visible wavelengths than within the UV band. The
VIS-induced decreases in S300–600 imply that VIS eliminated
shortwave absorption faster than it did to longwave absorption on
a relative basis, supposedly through optical charge-transfer
interactions.65

Under FS and UVA + VIS exposures, DOC, aCDOM(330), CP and
CH signicantly decreased in all three samples (Fig. 4A–D), with
their relative losses in the descending order of CH > CP z a330 >
DOC, similar to the results of previous studies (Bittar et al.,
2015; Yang et al. 2020).9,24 VIS exposure led to signicant losses
of DOC in all three samples (Fig. 4A), and of aCDOM(330) and CH

in the M01 sample but not in M08 and M10 (Fig. 4B and D).
Remarkably, VIS exposure resulted in signicant increases in CP

(i.e., production of protein-like FDOM) in all three samples
(Fig. 4C). Previous studies have demonstrated that microbial
labile DOM can be photochemically generated.9,10,33,66,67 The
increase in CP under VIS observed in the present study suggests
that VIS may induce the photoproduction of biolabile,
proteinaceous DOM. The mechanism of photoproduction of
protein-like FDOM remains unclear. Results from a recent
study,68 however, suggest that photochemical conversion of di-
tyrosine, which is likely present in seawater and marine
biomass,68 to tyrosine could be one plausible pathway. Di-
tyrosine shows humic-like FDOM characteristics68 while tyro-
sine is a typical model compound with uorescence features of
protein-like FDOM in natural waters.3,69 Note that the loss of CP

under FS and UVA + VIS does not signify the inability of UV to
generate protein-like DOM since the decomposition of protein-
like FDOM by UV could have overtaken its production by UV and
VIS combined in these treatments.8 In fact, accumulations of
), S275–295 (B), and S300–600 (C) after 4-day photochemical incubation
iation. Positive values denote a decrease, while negative values denote
statistically significant differences between different light treatments at
g different samples under UVB, UVA + VIS, and VIS exposure are shown

This journal is © The Royal Society of Chemistry 2026

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5em01004g


Fig. 4 Absolute changes (dark control minus irradiated) of DOC (A), aCDOM(330) (B), CP (C) and CH (D) after 4-day photochemical incubation
under full spectrum (FS), UVA and visible (UVA + VIS), and visible (VIS) radiation. Positive values denote a decrease (loss), while negative values
denote an increase (production). Note that the Y-axis of panel (C) is on logarithmic scale. Error bars represent one standard deviation. * and **

indicate statistically significant differences between different light treatments at p < 0.05 and p < 0.01, respectively. p values of statistical tests for
comparing different samples under UVB, UVA + VIS, and VIS exposure are shown in Table S3.
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protein-like FDOM under FS exposure have indeed been
observed in certain open-ocean water samples,8,9 suggesting
that whether a net production of protein-like FDOM occurs in
the presence of UV likely depends on the chemical properties of
DOM being irradiated. The mechanisms for VIS-induced
photoproduction of protein-like FDOM is unclear. Amino
acids and primary amines are known biolabile photoproducts
from DOM, including humic substances,70–72 which are photo-
reactive under VIS.36 It remains to be determined whether more
complex proteinaceous compounds can be photochemically
produced from DOM.
3.3 Broadband AQYs

Among the three spectral bands tested, AQYDOC(UVB) was
highest followed sequentially by AQYDOC(UVA) and AQYDOC(VIS)
for the M01 sample (Fig. 5A), aligning with previous observa-
tions of decreasing AQYDOC with increasing wavelength.32,73 For
M08 and M10, although AQYDOC(UVB) was also the highest,
AQYDOC(VIS) was 1.4 (M08) and 3.1 (M10) times AQYDOC(UVA).
To our knowledge, this is the rst time that VIS is found to be
This journal is © The Royal Society of Chemistry 2026
more efficient than UVA at DOC photomineralization, though
White et al. (2010)73 reported the AQYs of CO photoproduction
to be higher at VIS than at UVA for low-salinity samples in the
Delaware estuary. As the shape of AQYDOC is affected by the
DOM composition,27 the seaward decrease of AQYDOC(UVA) but
increase of AQYDOC(VIS) (Fig. 5A) could be related to the
increasing proportion of planktonic DOM relative to terrestrial
and sewage DOM towards the lower estuary.43,63,64 It is note-
worthy that AQYDOC(VIS) co-varied with DS300–600 under VIS,
both increasing seaward (Fig. 3C and 5A). However, the rela-
tionship between the two variables is not signicant due to the
small number of samples (r = 0.90, p = 0.29, n = 3). Expanded
studies are needed to ascertain if S300–600 can serve as good
metrics for AQYDOC(VIS) and thus facilitate modeling DOC
photomineralization rates in natural waters.

DOC photomineralization has long been attributed to
photodecarboxylation of carboxylic groups in DOM.74,75 Both
aliphatic and aromatic carboxylic acids containing long-chain
conjugate structures possess maximum absorbances in the
VIS domain76,77 and can be decarboxylated under VIS.76,78
Environ. Sci.: Processes Impacts, 2026, 28, 1262–1275 | 1267
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Fig. 5 UVB, UVA, and VIS broadband AQYs of DOC photomineralization (A), CDOM photobleaching represented by aCDOM(330) (B), protein-like
FDOM photobleaching or photoproduction represented by CP (C), and humic-like FDOM photobleaching represented by CH (D). Negative AQYs
(blue bars) in panel (C) indicate photoproduction of protein-like FDOM. Error bars represent one standard deviation. * and ** indicate statistically
significant differences between different light treatments at p < 0.05 and p < 0.01, respectively. p values of statistical tests for comparing different
samples under UVB, UVA and VIS exposure are shown in Table S4.
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Moreover, the double-bond equivalents (DBE) and carboxylic-
rich alicyclic-like molecules (CRAM) in DOM of the PRE
increase from the mixing zone to the shelf,62,79 suggesting that
the relative content of unsaturated (i.e., conjugated) carboxylic
acids increases seaward. Additionally, iron can accelerate
photodecarboxylation under VIS.80,81 The increasing dissolved
iron82 and CRAM from the mixing zone to the shelf, combined
with the maximum VIS absorbances of long-chain conjugate
carboxylic acids, may thus lead to higher AQYDOC at VIS than at
UVA.

Regarding photobleaching of CDOM and humic-like FDOM,
AQYCDOM and AQYHFDOM decreased from UVB to UVA to VIS for
all three samples (Fig. 5B and D), consistent with
previous studies.30,39,83 For photobleaching of protein-like
FDOM, AQYPFDOM(UVB) was 4.4 times AQYPFDOM(UVA) for
M08, while UVB and UVA yielded comparable AQY values for
M01 and M10 (Fig. 5C). As the protein-like FDOM was produced
under VIS (Section 3.2), its AQYs over VIS refer to the photo-
production efficiency and thus cannot be compared with the
photobleaching AQYs over UVB and UVA.

Among the three samples examined, M01 displayed the
highest AQYDOC(UVA), AQYCDOM(UVA), and AQYCDOM(VIS),
1268 | Environ. Sci.: Processes Impacts, 2026, 28, 1262–1275
followed in descending order by M08 and M10; the same spatial
distribution pattern held for AQYHFDOM and AQYPFDOM across
all three spectral regimes (Fig. 5). An opposite inter-samples
trend was observed for DOC photomineralization AQYs over
VIS (Fig. 5A). On the other occasions, the AQYs were comparable
either between all three samples (AQYCDOM(UVB)) or between
two of the three samples (AQYDOC(UVB), AQYHFDOM(UVA), and
AQYPFDOM(UVA) for M01 and M08).
3.4 Contributions of different spectral regimes to water-
column photochemical rates

The depth-integrated photochemical change (i.e., loss or
production) rate of a DOM property (DOC, aCDOM(330), CP, and
CH) in the euphotic zone of the PRE is calculated as the sum of
its depth-integrated change rates under UVB, UVA, and VIS:

PT = PUVB + PUVA + PVIS (3)

where PT is the total photochemical change rate of a given DOM
property, and PUVB, PUVA and PVIS denote the rates under UVB,
UVA and VIS, respectively. PUVB, PUVA and PVIS are calculated as
the numbers of photons absorbed by CDOM in the water
This journal is © The Royal Society of Chemistry 2026
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column multiplied by the broadband AQYs over the corre-
sponding spectral bands, assuming negligible vertical varia-
tions in the AQYs and CDOM absorption coefficients in the
euphotic zone. The SMARTS2 model45,46 (see input parameters
in Table S1) was used to derive the monthly mean daily clear-sky
spectral solar photon uxes (290–600 nm) at 22.5 °N in January
Fig. 6 Modeled absolute changes and percent contributions of UVB, UVA
D), CP (E and F) and CH (G and H) in the water column at each station.
protein-like FDOM. Note that the contribution of visible light is absent in p
the bars of the right panels denote the percent contribution values of U
deviation.

This journal is © The Royal Society of Chemistry 2026
2016. The detailed procedure for calculating the photon uxes
absorbed by CDOM is presented in Text S1. The estimated
absolute rates for each spectral band and their percent contri-
butions to the total rate are shown in Fig. 6.

For DOC photomineralization, UVB (50.2%) contributed
more than did UVA (29.3%) and VIS (20.5%) at Sta. M01, while
and VIS to the photodegradation of DOC (A and B), aCDOM(330) (C and
Negative PPFDOM (blue bars) in panel (E) indicate photoproduction of
anel (F) since protein-like FDOM is produced under VIS. The numbers in
VB, UVA and VIS. Error bars in the left panels represent one standard
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VIS was the dominant contributor at both Sta. M08 (72.3%) and
Sta. M10 (56.9%), followed by UVB (21.6% and 40.4%) and UVA
(6.1% and 2.7%) (Fig. 6B). The 20.5% VIS contribution at Sta.
M01 is comparable to those in the Yangtze River estuary
(19.6%)38 and a European lake (23%).36 The VIS contributions at
Sta. M08 andM10 are well above the greatest VIS contribution to
DOC photomineralization previously reported for the Saguenay
River surface water (44%).37 Such high VIS contributions
contrast with many earlier observations showing that UV played
a dominant role in DOC photomineralization.30,36 The higher
VIS contributions to DOC photomineralization at Sta. M08 and
M10 can be ascribed to a combination of the relatively higher
AQYDOC(VIS) than AQYDOC(UVA) (Fig. 5A) and the larger frac-
tions of photons absorbed by CDOM at VIS than at UV in the
water column (Fig. S4C). In contrast to the case at Sta. M08 and
M10, the fraction of VIS photons absorbed by CDOM at Sta. M01
is lower than that of UV photons (Fig. S4C), which, in
conjunction with the lower AQYDOC at VIS than at UVB and UVA
(Fig. 5A), leads to less DOC mineralized by VIS in the water
column at this location.

Unlike DOC photomineralization, CDOM and humic-like
FDOM photobleaching at all three stations were dominated by
UV (290–400 nm) (Fig. 6D and H): UVB contributed 60.5–71.0%
and UVA 19.1–28.4% to CDOM photobleaching; UVB contrib-
uted 34.8–44.2% and UVA 31.6–50.6% to humic-like FDOM
photobleaching, depending on sampling stations. In contrast,
VIS only contributed 9.9–11.4% to CDOM photobleaching and
13.2–25.9% to humic-like photobleaching, with the VIS contri-
butions to CDOM photobleaching being within the ranges of
those found in the Yangtze River estuary (19.8 ± 0.04%)38 and
temperate lakes in North and South America (6–44%).39 For
protein-like FDOM photobleaching, the UVA contributions
(56.1–87.2%) were far more important than the UVB contribu-
tions (12.8–43.9%) at all three stations (Fig. 6F). Therefore, the
Fig. 7 Conceptual diagram of DOM photodegradation within differen
estuarine, nearshore, and offshore waters.

1270 | Environ. Sci.: Processes Impacts, 2026, 28, 1262–1275
relative contributions of UVA to the photobleaching of both
humic- and protein-like FDOM are consistently higher than
those to CDOM photobleaching, demonstrating that FDOM
photobleaching is more photosensitive to UVA than non-
uorescent CDOM photobleaching. The VIS-induced photo-
production of protein-like FDOM could account for 42.3% and
70.9% of the UV-induced photochemical losses at Sta. M01 and
Sta. M10, respectively (Fig. 6E). At Sta. M08, the production
surpassed the loss by 35%, suggesting a net photochemical
accumulation of proteinaceous DOM in the water column of the
main mixing zone.
3.5 Implications for ocean DOM cycling, acidication, and
deoxygenation

During riverine discharge through estuaries to coastal zones
and to open oceans, the water turbidity continuously decreases
due to successive settlement of particles. Consequently, the
euphotic zone gradually becomes deeper and more solar radi-
ation can be absorbed by CDOM in the water column, thereby
accelerating CDOM photoreactions (Fig. 7). CDOM photo-
bleaching shall be restricted to the upper part of the euphotic
zone while DOC photomineralization and proteinaceous (bi-
olabile) DOM photoproduction can be extended to the lower
part of the euphotic zone due to faster attenuation of UV than
VIS combined with UV-dominated CDOM photobleaching and
VIS-dominated DOC photomineralization and biolabile DOM
photoproduction (Fig. 7). This vertical photochemistry zonation
tends to enhance DOM cycling via in part the VIS-induced bi-
olabile DOM photoproduction in the lower part of the euphotic
zone, stimulating microbial activities there (Fig. 7).

In river plume-inuenced coastal/shelf waters, the upper
water column can be entirely stratied or is mixed only to
shallow depths due to freshwater input into the surface,84,85
t optical layers of the euphotic zone along a seaward axis covering

This journal is © The Royal Society of Chemistry 2026
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causing the euphotic zone to be deeper than the surface mixed
layer (SML). Then, DOC photomineralization and biolabile
DOM photoproduction may contribute to CO2 buildup and O2

consumption in sunlit deeper water, given that both DOC
photomineralization and microbial uptake of biolabile DOM
consume O2 and produce CO2. CDOM photochemistry may,
therefore, partly contribute to the increasing acidication and
deoxygenation in coastal/shelf waters. Notably, this photo-
chemically induced acidication and deoxygenation (PIAD)
shall be a self-intensifying process in the sense that the UV-
dominated CDOM photobleaching in surface water allows
more VIS to transmit into deeper water. Taking the PRE as an
example, summertime O2 deciency has been observed at
depths as shallow as ∼2.5 m below the surface in the lower
estuary and surrounding shelf areas (including Sta. M10 in the
present study)86,87 where VIS can penetrate to deeper than 5 m.88

At Sta. M10 in the shelf area, the 1% VIS penetration depth (i.e.,
the bottom of the euphotic zone) was estimated to be 5.5 m and
the 1% UV penetration depth to be 1.4 m (Text S2). Between
depth 1.4 and 5.5 m, the monthy depth-resolved photoproduc-
tion rates of protein-like FDOM (PPFDOM) and CO2 (PCO2

)
(approximately equivalent to the DOC photomineralization
rate) were calculated using a coupled photochemical-optical
model (Text S2 and Fig. S5). At the 2.5 m depth, the estimated
monthy PPFDOM and PCO2

in January 2016 were 4.6 × 10−6 R.U.
L−1 and 1.6 mmol L−1, occupying 3% and 2% of the protein-like
FDOM and DOC concentrations at this depth. The monthly
photochemical oxygen loss rate (LO2

) was estimated as 1.6–3.2
mmol L−1, assuming the ratio of O2 consumption to CO2

production during DOC photomineralization to be 1–2.75,89,90 As
the water temperature in summer (30 °C) is ∼10 °C higher than
that in winter (20 °C),44 the DOC photomineralization rate in
summer could be 1.3 times that in winter, positing a similar
temperature dependence of DOC photomineralization under
VIS to that under full spectra.33 Moreover, the SMART2 model
results indicate the solar VIS irradiance in summer is ∼1.5
times that in winter. Taking into account the higher water
temperature and irradiance yields summertime PCO2

and LO2
of

3.2 mmol L−1 and 3.2–6.4 mmol L−1, respectively. The monthly
photochemical O2 consumption rate in summer accounts for 3–
6% of the total oxyen consumption (∼90–100 mmol L−1)87,91 at
2.5 m over the same time period. Note that the total DOM
photochemistry-induced O2 consumption could be substan-
tially higher since the above estimation does not include the O2

uptake by microbial degration of the photochemically produced
labile DOM under VIS. Additionally, the contribution of
photochemical O2 consumption to total O2 consumption is ex-
pected to further increase seaward due to decreasing suspended
particle loads and stronger light penetration.

In a broader context, many areas in open oceans, particularly
in the tropics and subtropics, possess a euphotic zone deeper
than the SML.92 PIAD in sunlit subsurface water could be
widespread in global oceans if the spectral dependence patterns
of the CDOM photoprocesses identied in this study hold for
open oceans. Note that PIAD may not be noticeable from
vertical proles of pH and dissolved oxygen if CO2 consumption
and O2 production by photosynthesis in sunlit subsurface
This journal is © The Royal Society of Chemistry 2026
water, oen characterized by a subsurface chlorophyll
a maximum,93 may offset or even overtake PIAD. Global warm-
ing is expected to enhance PIAD because warmer temperatures
tend to strengthen water-column stratication and shoal
SMLs.94 Further studies are needed to verify the existence and
signicance of PIAD on global ocean scales and assess the
impact of climate warming on PIAD.

4 Summary

The photoreactivities of DOM in the freshwater, brackish water,
and seawater zones of the PRE were investigated over the UVB,
UVA, and VIS domains. In terms of broadband AQY, the effi-
ciencies of UVB-initiated DOC photomineralization and CDOM
and humic-like FDOM photobleaching, as expected, are much
higher than those initiated by UVA and VIS regardless of
sampling locations. The study, however, reveals two previously
unrecognized aspects of CDOM photochemistry: VIS dominates
DOC photomineralization and leads to proteinaceous DOM
photoproduction. As VIS may penetrate the SML, DOC photo-
mineralization and microbial degradation of the photoproduced
proteinaceous DOM may cause CO2 buildup and O2 depletion
below the SML and thus contribute to DOM cycling, acidication,
and deoxygenation in river plume-inuenced coastal waters.
Moreover, the subsurface PIAD is further enhanced as a result of
the UV-dominated CDOM photobleaching in surface waters,
thereby creating a self-intensifying mechanism. More work is
needed to elucidate the broader implications for these biogeo-
chemical cycles in other ocean areas, including open oceans.
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