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Abstract Terrestrial dissolved organic carbon (tDOC) is significant for coastal carbon cycling, and
spectroscopy of chromophoric and fluorescent dissolved organic matter (CDOM, FDOM) is widely used to
study tDOC cycling. However, CDOM and FDOM are often amongst the more labile components of tDOC.
Because few studies have compared spectroscopy to measurements of both bulk tDOC concentration and tDOC
remineralization, it remains unclear how accurately CDOM and FDOM actually trace tDOC in coastal waters
when tDOC undergoes extensive remineralization. We collected a 4‐year coastal timeseries in Southeast Asia,
where tropical peatlands provide a large tDOC input. A carbon stable isotope mass balance shows that on
average 53% of tDOC was remineralized upstream of our site, while 74% of CDOM was bleached. Despite this
extensive tDOC remineralization and preferential CDOM loss, optical properties could still reliably quantify
tDOC. CDOM spectral slope properties, such as S275–295, are exponentially related to tDOC; these are highly
sensitive tDOC tracers at low, but not at high, tDOC concentrations. Other properties are linearly related to
tDOC, and both specific ultraviolet absorbance (SUVA254) and DOC‐normalized fluorescence intensity may be
suitable to quantify tDOC over a wider range of concentrations. However, the optical properties did not show
consistent changes with the extent of tDOC remineralization. Our data support the validity of CDOM and
FDOM spectroscopy to trace tDOC across coastal gradients even after the majority of tDOC has been
remineralized, but they also show that these measurements may not provide direct information about the degree
of natural tDOC processing.

Plain Language Summary Dissolved organic carbon (DOC) derived from land plays an important
role in coastal carbon cycling, which is widely studied using optical measurements. However, since there is a
lack of environmental data sets that have measured optical properties together with both terrestrial DOC (tDOC)
concentration and tDOC degradation, it remains unclear how accurately optical properties can quantify tDOC in
coastal waters when tDOC is largely lost. In this study, we analyzed samples from coastal Southeast Asia and
found that light‐absorbing compositions of DOC is lost∼21%more than the total tDOC.Meanwhile, commonly
used optical tDOC tracers all show ability of quantifying tDOC concentration but with different sensitivities.
However, these optical properties may not reveal natural processing of tDOC quantitatively in coastal waters
because of complex interactions of different processes.

1. Introduction
Annually around 0.25 Pg C of terrestrial dissolved organic carbon (tDOC) are transported from land to ocean,
playing an important role in global and especially coastal carbon cycling (Ciais et al., 2013; Dai et al., 2012;
Raymond & Spencer, 2015). A large fraction of tDOC is remineralized in ocean margin environments (Bélanger
et al., 2006; Letscher et al., 2011; Painter et al., 2018). For instance, it is reported that 40%–70% of tDOC is
remineralized on the Louisiana Shelf, in the Eurasian Arctic Shelf Sea and in the Sunda Shelf Sea before reaching
the open ocean (Fichot & Benner, 2014; Kaiser et al., 2017; Zhou et al., 2021). The remineralization results in the
formation of dissolved inorganic carbon (DIC) along with transformation of nutrient elements, thus lowering
seawater pH (Capelle et al., 2020; Semiletov et al., 2016; Wit et al., 2018; Zhou et al., 2021) and influencing
nutrient distributions (Alling et al., 2012; Qualls & Richardson, 2003; Vähätalo & Zepp, 2005). In addition, a
fraction of tDOC—chromophoric dissolved organic matter (CDOM)—can absorb light, causing light attenuation
in natural waters and affecting primary productivity and ecological functioning (Aksnes et al., 2009; Martin
et al., 2021; Urtizberea et al., 2013).
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Since terrestrial dissolved organic matter (tDOM) is rich in CDOM and fluorescent DOM (FDOM), absorbance
and fluorescence spectroscopy are widely exploited to trace tDOC in aquatic environments, due to their high
sensitivity and ease of measurement (Bauer & Bianchi, 2011; Coble, 2007; Dittmar, 2015; Stedmon &
Nelson, 2015). The most commonly used optical properties (Table 1) include absorption coefficients (aλ, m

− 1),
CDOM spectral slopes (such as S275–295, nm

− 1) and the CDOM spectral slope ratio (SR = S275–295/S350–400),
specific ultraviolet absorbance (SUVA254, L mg‐C

− 1 m− 1), the fluorescence index (FI) and the humification
index (HIX). Typically, tDOC is characterized by higher values for aλ, SUVA254 and HIX, and lower values for
S275–295, SR and FI, as compared to autochthonous DOC produced in aquatic environments (Gandois et al., 2014;
Huguet et al., 2009; Kida et al., 2018; Stedmon et al., 2011). In addition, parallel factor analysis (PARAFAC) of
FDOM spectra is commonly used to identify and quantify terrestrial fluorescent components to trace tDOC
distribution in natural environments (Murphy et al., 2008; Stedmon et al., 2003). Apart from these indices of
terrestrial source materials, the FDOM biological index (BIX) and more recently the CDOM spectral slope be-
tween 320 and 412 nm (S320–412, nm

− 1) are used as tracers for in situ production of autochthonous DOM
(Table 1).

However, while these optical properties are clearly useful, especially as qualitative markers for identifying the
presence and biogeochemical cycling of tDOC, it is still often unclear how accurate they really are as tracers of
tDOC concentration across coastal gradients where tDOC undergoes extensive remineralization. Several studies
have shown that some of the optical properties (aλ, S275–295) are related to tDOC composition in estuarine and
coastal environments, and that these optical properties can therefore be used to quantify tDOC concentration
(Fichot & Benner, 2012; Fichot et al., 2016; Hernes & Benner, 2003; Mann et al., 2016). However, on the one
hand, terrigenous CDOM and FDOMmay be more labile and lost preferentially relative to bulk tDOC, especially
when subject to photodegradation (Benner & Kaiser, 2011; Moran et al., 2000; Osburn et al., 2009). Yet on the
other hand, tDOC itself can only be estimated from proxy measures, and comparisons between optical properties
and tDOC have primarily relied on lignin phenols as a biomarker to quantify tDOC. While lignin phenols
unambiguously show that tDOC is present, they are only a small fraction of the bulk tDOC (Fichot & Ben-
ner, 2012; Louchouarn et al., 2000; Osburn & Stedmon, 2011), and may also decompose more easily than bulk
tDOC during remineralization, especially from photodegradation (Benner & Kaiser, 2011; Cao et al., 2018;
Hernes & Benner, 2003). This is further demonstrated by the fact that lignin phenols are scarce in the open‐ocean
DOC pool (Hedges et al., 1997; Meyers‐Schulte & Hedges, 1986; Opsahl & Benner, 1997), although molecular
and carbon isotope data suggest that oceanic DOC may in fact contain more tDOC than previously recognized
(Cao et al., 2018; Medeiros et al., 2016; Zigah et al., 2017). Moreover, few studies have compared the various
different optical properties comprehensively to evaluate which are the most reliable for tracing tDOC in natural
samples with mixed sources. Where systematic comparisons have been conducted, they have been largely based
on laboratory studies using DOM from a limited range of plant, soil, or microbial sources, and subject to purely
photochemical or purely microbial degradation experiments (Hansen et al., 2016; M.‐H. Lee et al., 2018).
Specifically, Hansen et al. (2016) showed that individual optical properties depended on both source and DOM
degradation processes, with photochemical and microbial degradation often causing opposing changes. They
recommended that multiple optical properties should be used to evaluate DOM sources in a qualitative
perspective but did not show any quantitative information. Similarly, M.‐H. Lee et al. (2018) concluded that
SUVA, BIX and FI are reliable to infer specific biogeochemical processes because they are rarely affected by UV
irradiation, biodegradation and adsorption, respectively, but no statistical relationships were derived between
optical properties and tDOC either. While these laboratory experiments have provided important insights, we do
not know how closely these results reflect what happens in the coastal environment, where the DOM pool may
consist of many more different sources, and physical, photochemical, and microbial processes interact in
potentially complex ways (Antony et al., 2018; Bushaw‐Newton & Moran, 1999; Grunert et al., 2021; Miller &
Moran, 1997). Consequently, more environmental data sets are needed in which optical parameters can be directly
compared and related to the actual tDOC concentration across a known gradient of tDOC remineralization.

Isotope analysis can provide clear identification of DOC sources in coastal waters. Because of biological isotope
fractionation, tDOC produced by C3 plants is depleted in 13C, leading to a more negative stable isotope ratio
(δ13C) than DOC from primary production in aquatic environments (Boutton, 1991). Based on the known ranges
of δ13C from different sources (Fry & Sherr, 1989; Lamb et al., 2006), δ13C is thus used to distinguish the
presence and transformation of tDOC in coastal waters (Alkhatib et al., 2007; Han et al., 2021; S. A. Lee
et al., 2020; Ye et al., 2018). Specifically, δ13CDOC values are used to quantify tDOC based on endmember mixing
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models (Humborg et al., 2017; Ye et al., 2018; Zhou et al., 2021). Similarly, the deviations of DIC concentration
and δ13CDIC values from their corresponding conservative mixing are used to calculate the remineralization of
tDOC, because tDOC remineralization causes DIC production while lowers the δ13CDIC (Humborg et al., 2017;
Samanta et al., 2015; Su et al., 2017). Thus, carbon stable isotope mass balances can provide quantitative esti-
mates of tDOC concentration in samples with DOC from mixed sources, and of the prior remineralization of
tDOC.

In this study, we used a multi‐year time series of DOC concentration, DOC and DIC carbon stable isotope
composition, and DOM optical analysis from coastal Southeast Asia. Southeast Asia's extensive tropical peat-
lands deliver around 10% of global land–ocean DOC flux (Baum et al., 2007; Huang et al., 2017; Moore
et al., 2011), while the region's archipelagic geography and monsoon‐driven ocean current reversal result in long
water residence times on the shelf (Mayer et al., 2022), allowing the majority of tDOC to be remineralized within
the shelf sea (Wit et al., 2018; Zhou et al., 2021). We used a carbon stable isotope mass balance approach to
calculate both the percentage contribution of tDOC to the bulk DOC pool (tDOC%) and the proportion of tDOC
that had been remineralized to DIC. This allows us to test how accurately different optical properties can quantify
tDOC%, and also to test whether any of the optical properties change purely as a function of the extent of tDOC
remineralization. In addition, we compared our environmental data to results obtained from laboratory tDOC
remineralization experiments to examine whether the changes in optical properties during such simplified ex-
periments reflect the patterns we observed in our environmental data. This study not only provides a large
biogeochemical and optical data set from a hotspot for carbon cycling, but also demonstrates the validity of
applying spectroscopic techniques to broadly trace tDOC quantitatively in natural environments.

2. Data Set and Methods
2.1. Data Sets Used in the Present Analysis

The main data set used in the present analysis is a multi‐year time series of DOC concentration, stable carbon
isotope composition, and optical properties collected in the Singapore Strait. In the Singapore Strait, the monsoon
system causes a seasonal reversal of water currents (Mayer et al., 2022; Susanto et al., 2016; van Maren &
Gerritsen, 2012): this causes tDOC originating from peatlands on Sumatra to be transported to our study site
during the Southwest (SW) Monsoon (May to September), while water from the South China Sea with a mostly
marine DOC pool is delivered during the Northeast (NE) Monsoon (November to March; Figure S1 in Supporting
Information S1; Zhou et al., 2021).

Because we lack optical data from the peatland‐draining rivers on Sumatra that form the riverine endmember for
our study site (Martin et al., 2022; Zhou et al., 2021), we complement our analysis using two other data sources.
For CDOM absorption (as a440), we calculated the discharge‐weighted average for the main peatland‐draining
rivers based on Siegel et al. (2019) and Wit et al. (2018), detailed in Section 2.5.2. The resulting values of
a440 and DOC follow the same CDOM‐DOC relationship found for the various peatland‐draining rivers in
Sarawak (Figure S2 in Supporting Information S1; Martin et al., 2018). This indicates that the tDOC composition
and optical properties are broadly similar across Southeast Asian peatlands, which is also consistent with the fact
that DOC concentrations in peatland‐draining rivers follow a single, strong relationship to catchment peatland
cover across both Sumatra and Borneo (Rixen et al., 2022). Therefore, for the other optical properties, we used
CDOM and FDOM data acquired from three expeditions in rivers in Sarawak, Borneo (Martin et al., 2018; Zhou
et al., 2019). The Sarawak data were divided into three categories: peat‐majority rivers (salinity < 1) with
catchment peatland coverage ≥50%, non‐peat‐majority rivers (salinity < 1) with catchment peatland coverage
<50%, and Sarawak estuarine and coastal water (salinity ≥ 1).

2.2. Singapore Strait Timeseries Sampling

The Singapore Strait timeseries data were collected from October 2017 to July 2021. Water samples were
collected from 5‐m depth at two sites in the Singapore Strait using a Niskin bottle. Sampling was undertaken
monthly except during pandemic‐related restrictions (March to June 2020). The water was filtered onboard
through a pre‐rinsed 0.22 μm polyethersulfone membrane (Supor, Merck Millipore) with a peristaltic pump for
analyses of DOC and DIC concentrations, CDOM and FDOM spectra, stable isotope composition of DOC and
DIC (δ13CDOC and δ

13CDIC) and total alkalinity (TA). All vials and tubes had been washed with 1 M HCl and
ultrapure water (18.2 MΩ cm− 1). Amber borosilicate vials for DOC and optical measurements were pre‐
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combusted at 450°C for 4 hr after washing. Specifically, CDOM and FDOM spectra were measured upon carried
back to our lab while samples of DIC and TA were stored dark at +4°C and analyzed 1 day after collection.
Samples of DOC (30mL) were acidified with 100 μL 50% sulfuric acid to achieve pH≤ 2 and stored dark at+4°C
before analysis. Samples of δ13CDOC were stored dark and frozen, and thawed and acidified before sent out for
analysis, while samples of δ13CDIC were kept dark at room temperature (22 ± 0.5°C). Detailed information about
collection and preservation of biogeochemical samples were provided in a previous publication (Zhou
et al., 2021). At each station, a depth profile of salinity and temperature was measured using a fastCTD Profiler
(Valeport Ltd). The water column typically does not show stratification (Martin et al., 2022).

2.3. Sample Analysis

2.3.1. Dissolved Carbon and Total Alkalinity Analysis

Triplicate DOC samples (30 mL) were analyzed at room temperature (22 ± 0.5°C) on a Shimadzu TOC‐L system
with a high‐salt combustion kit. For each sample, 5–7 replicate injections were performed to ensure that the
coefficient of variation was less than 2%. For each run, potassium hydrogen phthalate standards were used for
calibration, and deep‐sea water (42–45 μmol/L DOC) from the University of Miami, USA was analyzed as
certified reference materials (long‐term mean and standard deviation from our 2017–2022 analysis:
46.7 ± 4.2 μmol/L). DIC was analyzed on an Apollo SciTech AS‐C5 DIC analyzer at room temperature
(22 ± 0.5°C). Each sample was measured 3–5 times to obtain a relative standard deviation less than 0.1%.
Certified reference material from Scripps Institution of Oceanography (Batch 172) or an in‐house secondary
standard of Singapore Strait seawater was used for calibration. The analytical precision was ±0.15%.

TA was analyzed at room temperature (22 ± 0.5°C) on an Apollo SciTech AS‐ALK2 titrator with a ROSS
combination glass pH electrode (Orion 8302BNUMD), conducting the Gran titration (Gran, 1952) automatically.
The titration was conducted with a 25‐mL aliquot and 0.1 M hydrochloric acid (HCl) and repeated 2–4 times for
each sample. The CRM or secondary standard above was used for calibration and the analytical precision
was ±0.13%.

Stable isotope ratio of DOC (δ13CDOC) samples were stored at − 20°C, then thawed and acidified with 35 μL
concentrated HCl to pH of 2–3 and analyzed at the Ján Veizer Stable Isotope Laboratory, University of Ottawa,
Canada (2‐sigma analytical precision of ±0.4%).

Stable carbon isotope ratio of DIC (δ13CDIC) samples were stored dark at room temperature (22 ± 0.5°C) until
analysis. Samples were analyzed using a Gas Bench connected to an isotope ratio mass spectrometer, partly at the
Stable Isotope Facility, University of California, Davis (analytical precision of ±0.1‰), and partly in the Marine
Geochemistry Laboratory, Nanyang Technological University, Singapore (analytical precision of ±0.2‰).
Details of the measurements in Singapore were described in Zhou et al. (2021). Interlaboratory correction was
performed for the measurements in Singapore using the international consensus value of δ13CDIC of the Dickson
CRM (0.78‰; Cheng et al., 2019), and this correction mostly accounted for less than 0.4‰.

2.3.2. Optical Analysis

Samples for CDOM and FDOMwere analyzed at room temperature (22 ± 0.5°C) on the day of collection or after
overnight storage at 4°C. CDOM absorption was measured on a Thermo Evolution 300 dual‐beam spectro-
photometer from 230 to 900 nm at 1‐nm resolution in 10‐cm or 2‐mm quartz cuvettes with ultrapure water as a
reference. They were baseline‐corrected according to Green and Blough (1994) and further analyzed using the
R package “hyperSpec” (Beleites & Sergo, 2018). We calculated the following properties: a350 or a440 (m

− 1),
S275–295 (nm

− 1; Helms et al., 2008), S320–412 (nm
− 1; Danhiez et al., 2017), SR (Helms et al., 2008) and SUVA254

(L mg‐C− 1 m− 1; Weishaar et al., 2003).

FDOM steady‐state fluorescence excitation–emission matrices (EEMs) were measured on a HORIBA Jobin
Yvon FluoroMax‐4 fluorometer in a 1‐cm or 3‐mm quartz cuvette at excitation wavelength of 250–450 nmwith 5‐
nm intervals and emission wavelength of 290–550 nm with 2‐nm intervals, with 5 nm for both bandwidths. EEMs
of ultrapure water were analyzed to record Raman and Rayleigh scattering. EEMs were processed using the
Matlab drEEM toolbox (Murphy et al., 2013) to achieve inner filter effects correction, blank subtraction, and
conversion to Raman units (RU; Lawaetz & Stedmon, 2009). We calculated the fluorescence index (FI; Cory
et al., 2010), humification index (HIX; Ohno, 2002) and biological freshness index (BIX; Huguet et al., 2009).
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The calculations of these optical properties and the information that they are considered to provide are described
in Table 1.

2.4. Photodegradation Experiments

We used data from the same photodegradation experiments reported by Zhou et al. (2021) that were conducted
with water samples from a peatland‐draining river on Borneo (Maludam River) and from the Singapore Strait
during the SW Monsoon. Although we used the same data set as the previous publication, our purpose here is to
identify whether any of the properties is quantitatively related to the extent of tDOC photochemical remineral-
ization, which was not addressed in Zhou et al. (2021). The experimental methods are described in detail in Zhou
et al. (2021); briefly, 30 mL filtered water was added into replicate cylindrical quartz cells (50 mm pathlength,
50 mm diameter) with Teflon screw caps, and irradiated under a xenon lamp with daylight optical filter in an Atlas
Suntest CPS + solar simulator. Dark controls of filtered water were placed in Duran bottles fully wrapped with
aluminum foil in the solar simulator. Two replicate cells of samples under light exposure and two replicates of the
control samples were taken at each time point for DOC concentration and optical measurements.

2.5. Statistical Analysis

2.5.1. Parallel Factor Analysis

PARAFAC can partition fluorescence EEMs into underlying fluorescent components to characterize and quantify
the relative contribution of different fractions (Cory & McKnight, 2005; Murphy et al., 2013; Stedmon &
Bro, 2008). A total of 550 sample EEMs, including environmental data from the Singapore Strait and Sarawak,
Borneo, and experimental data from photodegradation and bio‐incubation for coastal seawater and Maludam
water (Zhou et al., 2019, 2021), were analyzed by PARAFAC using the drEEM toolbox in MATLAB (Murphy
et al., 2013). Eleven EEMs were excluded because they were identified as outliers by visual inspection. A five‐
component model was generated and validated by split‐half analysis. The excitation and emission peak wave-
lengths of the 5 components (C1–C5, Figure S3 in Supporting Information S1) were compared with other studies
and with the OpenFluor database (Coble, 1996; Murphy et al., 2008, 2014; Osburn et al., 2016; Stedmon &
Markager, 2005a; Stedmon et al., 2003; Zhou et al., 2019) to attribute possible sources of the DOM fractions that
they represent (Table S1 in Supporting Information S1). The fluorescence intensity at the excitation and emission
maximum (Fmax) is a measure of the contribution to total fluorescence and of the concentration of each DOM
fraction represented by the corresponding PARAFAC component.

2.5.2. Mixing Models and Carbon Isotope Mass Balance Calculation

We assessed the mixing behavior of the optical parameters across the whole salinity gradient. Moreover, we used
a carbon isotope mass balance approach to calculate the amount of tDOC that had been remineralized, following
the approach of previous publications (Humborg et al., 2017; Samanta et al., 2015; Su et al., 2017; Zhou
et al., 2021). Specifically, we used two‐endmember mixing models to estimate expected distributions of measured
parameters across the salinity gradient for purely conservative mixing between a riverine and a marine end-
member. We obtained riverine endmember values of δ13CDOC, δ

13CDIC, DIC and TA (Table S2 in Supporting
Information S1) by taking discharge‐weighted averages of data from the four main peat‐draining rivers on
Sumatra (the Indragiri, Kampar, Siak and Batanghari in Figure S1b in Supporting Information S1) that are the
most plausible sources of peatland tDOC to the Singapore Strait (Siegel et al., 2009, 2019; Wit et al., 2018; Zhou
et al., 2021). The resulting riverine endmember value for a440 was corroborated by the fact that the a440 and DOC
fall onto the same CDOM–DOC relationship found for the various peatland‐draining rivers in Sarawak (Figure S2
in Supporting Information S1; Martin et al., 2018). This suggests that peatland tDOM pools and their optical
properties are quite similar across Southeast Asian peatlands, and that variation in tDOC concentration among
rivers is primarily a function of catchment peatland coverage rather than reflecting differences in tDOM char-
acteristics (Rixen et al., 2022). Since δ13CDOC in peatland‐draining rivers of Southeast Asia mostly ranges be-
tween − 30‰ and − 28‰ (Evans et al., 2014; Gandois et al., 2014; Zhu et al., 2020), we adopted an approximated
value of − 29‰ as the riverine endmember. Photodegradation and combined photo‐biodegradation of tDOC can
cause fractionation of − 1.4‰ to − 5.8‰ between the original δ13CDOC and the produced δ

13CDIC values (Opsahl
& Zepp, 2001; Osburn et al., 2001; Spencer, Stubbins, et al., 2009). Given that peatland‐derived tDOC in
Southeast Asia appears to be fairly refractory to direct biodegradation but shows high photo‐lability (Nichols &
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Martin, 2021; Zhou et al., 2021), we adopted a fractionation of − 3‰, thus taking − 32‰ as the δ13CDIC value for
remineralized tDOC in our calculation. Marine endmember values were determined as averages of the mea-
surements during late February and March, when marine water from the open South China Sea, which contains
little tDOC, predominates in the Singapore Strait (Figure 1). All riverine and marine endmember values are
provided in Table S2 in Supporting Information S1. The fractional contributions of freshwater and seawater were
determined from salinity.

To quantify the remaining tDOC concentration and how much tDOC had already been remineralized to DIC, we
assumed that tDOC is the only source of remineralized terrigenous carbon while terrigenous particulate organic
carbon (POC) does not contribute, and that autochthonous DOC cycling does not influence our estimation. These
assumptions are discussed in Section 4.1. The equations for the carbon isotope mass balance calculation are
provided in Supporting Information S1 (Samanta et al., 2015; Zhou et al., 2021). Briefly, the concentration of
tDOC in each sample was calculated from the measured δ13CDOC and DOC concentration using a two‐

Figure 1. Timeseries data of salinity, Dissolved organic carbon (DOC) concentration and optical properties in the Singapore
Strait. Data from Northeast (NE) Monsoon and Southwest (SW) Monsoon are distinguished by different shading colors.
Detailed information about optical properties (a440, S275–295, SR, S320–412, SUVA254, fluorescence index [FI], humification
index [HIX] and biological index [BIX]) are listed in Table 1. Salinity, DOC concentration, a440, S275–295, SR, SUVA254, FI
and HIX presented seasonal changes driven by the monsoonal current reversal, while S320–412 and BIX showed limited or no
seasonality.
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endmember isotope mixing model based on the riverine and marine endmember δ13CDOC values. We refer to this
as “remaining tDOC concentration” because it represents the fraction of the initial tDOC input that remains in
form of DOC, as opposed to the fraction that has been remineralized. We divided the remaining tDOC con-
centration by the measured DOC concentration of our collected samples to obtain the percentage contribution of
tDOC in the bulk DOC (tDOC%). We then used the observed deviation of the δ13CDIC from conservative mixing
(Figure S4 in Supporting Information S1) to back‐calculate how much tDOC had already been remineralized for
each sample prior to that sample water reaching our sampling site, following the approach used in previous studies
(Humborg et al., 2017; Samanta et al., 2015; Su et al., 2017; Zhou et al., 2021). This calculation is based on the
deviation of δ13CDIC from the predicted conservative mixing, together with the known stoichiometric effects of
primary production, remineralization, calcium carbonate production and dissolution, and air‐sea CO2 exchange
on the deviations of DIC and TA from their conservative mixing values (Figure S4 in Supporting Information S1;
Zeebe &Wolf‐Gladrow, 2001), and on the fractionation of δ13CDIC during these processes (Opsahl & Zepp, 2001;
Osburn et al., 2001; Spencer, Aiken, et al., 2009). We refer to the sum of remaining tDOC and remineralized
tDOC as the “total initial tDOC concentration.” The extent of tDOC remineralization was then calculated as the
ratio of remineralized tDOC to the total initial tDOC.

The mixing patterns of both the remaining tDOC and total initial tDOC showed a linear (and therefore
conservative) relationship to salinity (see Section 3.3). We therefore used these relationships to estimate the
apparent and actual riverine endmember tDOC concentrations by extrapolating both relationships back to
salinity 0. The errors of tDOC extrapolation were the standard deviations calculated from Monte Carlo
simulation by taking all uncertainties of measurements and calculation into consideration (Table S2 in
Supporting Information S1) and recalculating 10,000 times. Similarly, the apparent riverine endmember value
of a440 was obtained by extrapolating our a440 timeseries data to salinity 0 based on the conservative mixing
model. The actual riverine endmember a440 was obtained from the discharge‐weighted average as explained
in the previous paragraph. The errors of apparent and actual riverine endmember a440 were obtained directly
from the linear regression of a440 against salinity and as the standard deviation from the discharge‐weighted
average calculation, respectively. These endmember values are presented in Table S3 in Supporting
Information S1.

3. Results
3.1. Temporal Variation of DOM Optical Properties in the Singapore Strait

There is a seasonal change in biogeochemistry in the Singapore Strait driven by the monsoonal current reversal.
The extended timeseries data in the present study demonstrates similar seasonal patterns compared to previous
publications (Martin et al., 2021, 2022; Zhou et al., 2021). Here, we further examine additional optical parameters
(S320–412, FI, BIX, HIX, and C2 from PARAFAC analysis) to assess the application of spectroscopic techniques to
quantify the concentration and remineralization of tDOC in the natural environment directly, instead of using
other proxies such as lignin phenols to represent the bulk tDOC.

During the SW Monsoon (May to September), currents carry freshwater from the east coast of Sumatra to our
study site in the Singapore Strait, causing salinity to drop from approximately 33 to around 29 (Figure 1a and
Figure S1a in Supporting Information S1). DOC and CDOM (a440) concentrations increased by, respectively, 1–2
and 2–10 times compared to other seasons, with maximum concentrations showing clear interannual variability
(Figures 1b and 1c). S275–295 and SR showed the lowest values during the SW Monsoon, in the range of 0.016–
0.020 nm− 1 and 0.95–1.23, respectively (Figures 1d and 1e). In contrast, SUVA254 and HIX reached peak values
of higher than 3.3 L mg‐C− 1 m− 1 and 0.9, respectively (Figures 1f and 1g). This seasonality in the optical
properties indicates a large amount of tDOC input by freshwater. During the NEMonsoon and the following early
inter‐monsoon season (December to March), water without much terrestrial input flows from the South China Sea
to the study site, resulting in relatively high S275–295, low SR, low SUVA254 and low HIX. In contrast, FI and BIX
tended to have consistently low values during the SWMonsoon, respectively at around 1.4 and 0.7, but exhibited
variable values in the other seasons, so that the overall seasonal contrast was less strong than that for optical
properties typically associated with tDOC (Figures 1h and 1i). Finally, S320–412 showed very little variation and no
seasonality, with values mostly from 0.015 to 0.019 nm− 1 (Figure 1j).
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3.2. Temporal Variation of PARAFAC Components in the Singapore Strait

Five fluorescent components (C1–C5) were identified by PARAFAC analysis (Figure S3 and Table S1 in
Supporting Information S1), explaining 99.4% of the variability of the data set. Among these 5 components, C1,
C2, and C3 emitted mostly at visible wavelengths, which may suggest a large contribution of molecular
conjugation or interaction (Y. Chen et al., 2020; Coble, 1996; Del Vecchio & Blough, 2004a). Specifically, C1
has been identified in different water bodies (Stedmon &Markager, 2005a) and is typically associated with fulvic
acid fluorophores. Emission peaks of C2 at around 430 nm with two excitation maxima at 250 and 430 nm have
been respectively assigned as humic‐like components peak A and C in previous work (Coble, 1996), and have
been widely thought to represent DOM fractions with high apparent molecular weight (Jaffé et al., 2014;
McKnight et al., 2001; Stedmon et al., 2003; Yamashita et al., 2008). C2 has been reported to be highly correlated
with lignin phenol concentrations (Yamashita et al., 2015) and is found only at low intensities in the open ocean
(Murphy et al., 2008), thus is considered to be terrestrially derived. Additionally, DOC‐normalized C2 intensity
was used previously to estimate tDOC percent contribution in the Sarawak FDOM data set (Zhou et al., 2019). C3
also resembles the maxima characteristic of peak A but possessed a wider emission wavelength range, which has
been found dominated by DOM derived from forest and wetland regions (Stedmon et al., 2003). Although C4 was
considered related to marine humic‐like material in some studies (Coble, 1996; Yamashita et al., 2015), it was
related to microbial processed materials (Grunert et al., 2021; Osburn et al., 2016) and was found to have sig-
nificant terrestrial signals in Southeast Asia (Harun et al., 2016; Zhou et al., 2019) and in the boreal region
(Kothawala et al., 2012). In the present study, the terrestrial origin of C4 was proven by the consistent seasonal
change with freshwater input caused by monsoon‐driven currents. Finally, C5 shows high similarity to peak T and
peak B, which have been considered as protein‐like fluorophores produced from microbial processes, and usually
associated with fresh phytoplankton‐produced DOM (Coble, 1996; Kowalczuk et al., 2013; Stedmon & Mark-
ager, 2005b; Yamashita & Tanoue, 2003; Yang & Hur, 2014). These components attributions were validated by
comparison to the OpenFluor database, in which humic‐like components include C1–C4 in the present study and
protein‐like components include C5 (Murphy et al., 2014).

Generally, the signals of C1–C4 exhibited similar seasonal changes during the 4 years, with high fluorescence
contribution during the SW Monsoon, roughly 4–11 times greater than those during other seasons (Figures 2a–
2d). This seasonality is consistent with the reported attribution of PARAFAC components mentioned above and
the monsoon‐driven freshwater delivery to the sampling site. There was also an interannual variability of peak
values, consistent with that observed in DOC concentration, a440 and SUVA254. Among these four components,
their intensities followed an order of C3 > C2 > C4 > C1. In contrast, Fmax of C5 stayed within the range of
0.015–0.035 RU without obvious seasonality (Figure 2e). This suggests that there is a steadily low level of
marine‐sourced DOM in the Singapore Strait that is hardly influenced by seasonal water advection and mixing.

3.3. Carbon Isotope Mass Balance and Preferential CDOM Loss Relative to tDOC

During the SW Monsoon, δ13C tended to be more negative for both the DOC and DIC pool, with values mostly
from − 25.5‰ to − 24‰ and − 1.8‰ to − 0.9‰, respectively (Figures 3a and 3b), indicating the large contri-
bution of terrigenous carbon. Based on our carbon isotope mass balance, the remaining tDOC and total initial
tDOC concentrations reached peak values of 50–60 and ∼120 μmol L− 1, respectively, during the SW monsoon
(Figures 3c and 3d). During the NEMonsoon and the following inter‐monsoon seasons, in contrast, the timeseries
data exhibited the most enriched δ13CDIC and δ

13CDOC and thus the lowest values for the remaining tDOC and
total initial tDOC concentrations.

We observed linear relationships with salinity (and therefore apparent conservative mixing) for both the
remaining (r2 = 0.57, p < 0.01) and the total initial tDOC (r2 = 0.45, p < 0.01) concentrations (Figure 3e). By
extrapolating these relationships back to salinity 0, we inferred an apparent riverine tDOC concentration of
386 ± 97 μmol L− 1 and an actual riverine tDOC concentration of 814 ± 133 μmol L− 1. Our actual riverine tDOC
concentration is within the uncertainty range of the discharge‐weighted average DOC (890 ± 159 μmol L− 1)
reported from the four main peat‐draining rivers in Sumatra that represent the most plausible source of tDOC
input to Singapore (Wit et al., 2018). Our estimate is also very close (within 9%) to the value published previously
based on a shorter timeseries (Zhou et al., 2021). The difference between the apparent and actual endmember
tDOC concentrations indicates that, on average, 53% of the initial tDOC is remineralized before reaching our
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sampling site. The remaining tDOC concentration measured at our site is therefore the result of both reminer-
alization and physical dilution with open seawater from the South China Sea.

We quantified CDOM using the a440 rather than a350 to allow a direct comparison to the data published from
Sumatra (Siegel et al., 2009, 2019). CDOM a440 showed a strong linear relationship with salinity in the Singapore
Strait (r2 = 0.76, p < 0.01, Figure 3f), from which we inferred an apparent riverine endmember a440 of
2.7± 0.2 m− 1. This is 77% lower than the discharge‐weighted riverine endmember a440 of 10.3± 0.8 m

− 1 that we
calculated based on the data in Siegel et al. (2019) and Wit et al. (2018). We therefore conclude that on average
74 ± 9% of CDOM absorption is lost before reaching our sampling site. This shows that there is preferential loss
of CDOM relative to tDOC.

3.4. Mixing Patterns of DOM Optical Properties in Singapore and Sarawak

The compiled Singapore and Sarawak carbon and optical data plotted against salinity showed that the DOM
properties at the two sites broadly fell within an overlapping range on the same mixing continuum (Figure 4). The
Sarawak data showed a clear distinction for DOC concentration and for a440 of samples from rivers with >50%
and <50% peatland in their catchments (squares in Figure 4). Clear differences between peat‐majority and non‐
peat‐majority rivers were also seen for SUVA254, FI, HIX, and BIX, but less so for the CDOM spectral slope
parameters. At low salinities (<25), corresponding to estuarine samples, high variability for DOC concentration,
a440 and SUVA254 was observed while the values for S275–295, SR, FI, HIX and BIX were less variable (triangles in
Figure 4).

Between salinities of 27–33, corresponding to more mixed coastal waters beyond the dominant influence of a
single river, the values of these DOM properties for Singapore and Sarawak coastal water largely overlapped for a
given salinity (triangles and circles in Figure 4). Given that the marine endmember water for Singapore and

Figure 2. Timeseries data of fluorescent dissolved organic matter (FDOM) component intensities derived from parallel factor
analysis analysis. Components 1–4 (C1–C4) were identified as terrestrial components as their variability was consistent with
seasonal freshwater input. The highest values were observed during the Southwest (SW)Monsoon when terrestrial dissolved
organic matter (tDOM) is delivered from the west coast of Sumatra by water currents while consistent low values were
observed during the Northeast (NE) Monsoon. Component 5 (C5), which was attributed to marine‐sourced DOM, showed
little variability.
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Sarawak is the southern South China Sea, the overlap in DOM properties for a given salinity suggests that the
riverine endmembers from Sarawak and Sumatra have similar average tDOM composition and optical properties,
as also suggested by the similar relationship of CDOM a440 to DOC concentration for the river data (Figure S2 in
Supporting Information S1). Because optical properties other than a440 had not been measured in rivers on
Sumatra, we therefore used the freshwater data from the river systems in Sarawak to provide indicative ranges of
these parameters for samples of pure tDOC in our further analysis of the Singapore data below.

3.5. Relationships of Optical Properties to tDOC Content

Our isotope mass balance calculation for the Singapore Strait timeseries allows us to estimate for each sample
both the proportion of the bulk DOC pool that is tDOC and the amount of initially present tDOC that has been
remineralized. We can therefore test how well the different optical properties are related to the tDOC content and
whether they reflect the extent of prior remineralization. Given the similarity in DOM optical properties between
our Singapore and Sarawak coastal water data (Figure 4 and Figure S2 in Supporting Information S1), we used the
river data from Sarawak (at salinity 0) to provide an estimated range of values for the optical properties at 100%
tDOC, prior to experiencing remineralization in the coastal environment.

Most of the optical properties showed significant relationships with the percentage of the remaining tDOC to the
bulk DOC (tDOC%, Figure 5, statistical parameters are listed in Table 2). Consequently, a correlation matrix
(Figure S5 in Supporting Information S1) shows that most of the optical properties are strongly correlated with

Figure 3. Timeseries data of stable carbon isotope ratios and terrestrial dissolved organic carbon (tDOC) concentrations, and
mixing behaviors of tDOC and chromophoric dissolved organic matter (CDOM). (a) δ13CDOC and (b) δ

13CDIC presented the
most depleted values during the SW Monsoon due to freshwater input, while (c) the remaining tDOC and (d) total initial
tDOC concentrations showed the highest values during this season. (e) The results of conservative mixing for tDOC
concentrations suggested that on average 53% of tDOC is remineralized (error bars represent standard deviations), while
(f) on average 74% of CDOM is bleached before reaching our study site, with error bars as the standard deviation from the
discharge‐weighted average calculation (red) and directly from the linear regression of a440 against salinity (blue).
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each other and with tDOC% (mostly r ≥ 0.75), except for somewhat weaker correlations with FI (r = 0.67–0.73)
and weak or non‐significant correlations (mostly r < 0.4) for BIX and S320–412. Specifically, a440 presented a
strong and linear relationship with tDOC% (Figure 5a), although owing to the preferential CDOM loss (Figures 3e
and 3f), this relationship deviated from the river data. The spectral slope properties S275–295 and SR showed
exponential relationships with tDOC%, with both r2 of 0.55. When the relationships were extrapolated to 100%
tDOC, they fell in the range of the Sarawak river data (Figures 5b and 5c), suggesting that these properties are
applicable across the full range of tDOC%. The CDOM spectral slope S320–412, which is indicative of fresh
primary production of DOM (Danhiez et al., 2017), did not vary much throughout the whole tDOC% range
(Figure 5d). SUVA254 was linearly related to tDOC% and had the highest r

2 (0.66) of any of the optical properties
(Figure 5e). Moreover, the relationship also fell within the range of the river data when extrapolated to 100%
tDOC. Furthermore, compared to S275–295 and SR, SUVA254 showed less scatter around the linear fitting line and
possessed relatively narrower confidence and prediction intervals. For the fluorescence properties, there was a
linear relationship between FI and tDOC% (Figure 5f) and the extrapolation fell within the range of collected river
data, although the river values showed relatively large scatter. In contrast, HIX showed an exponential rela-
tionship with tDOC% and the relationship did not extrapolate into the range of the river data (Figure 5g). There
was no relationship of BIX against tDOC% because BIX, like S320–412, is more related to autochthonous marine
DOM (Huguet et al., 2009). Finally, the DOC‐normalized Fmax value of PARAFAC component 2 (C2‐Fmax/
DOC), which was previously used to estimate tDOC contribution in Sarawak estuaries (Zhou et al., 2019), was
linearly related to tDOC%, showing similarly high r2 (0.64) as SUVA254 and falling in the range of the river data
when extrapolated to salinity 0 (Figure 5i).

3.6. Relationships of Optical Properties to tDOC Remineralization

Our isotope mass balance showed that the tDOC had experienced a varying extent of remineralization (quantified
as the percentage of remineralized tDOC to total initial tDOC) before reaching our sampling site. Unlike the
strong relationships with tDOC%, none of the optical properties were related to the extent of tDOC

Figure 4. Dissolved organic carbon (DOC) concentration and optical properties (Table 1) of coastal water in the Singapore Strait, and of rivers and estuarine/coastal
waters in Sarawak (Borneo) against salinity. River data from Sarawak are distinguished by whether the catchment has >50% (peat‐majority river) or <50% (non‐peat‐
majority river) peatland. For all parameters, the data from the Singapore Strait fall within the same mixing continuum as coastal waters from Sarawak.
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remineralization, even though the extent of tDOC remineralization ranged from 7% to 75% during the SW
Monsoon (Figure 6). This suggests that although most of the optical properties can be used as tracers of tDOC%,
they do not appear to be sensitive to the extent of tDOC remineralization from complex biogeochemical processes
in the natural environment. We restricted this analysis to include only data from the SW Monsoon as this is the
only season with sufficiently large tDOC input to quantify the remineralization percentage accurately. The ab-
solute concentration of tDOC is much lower in the other seasons, with both the remaining and total initial tDOC
mostly less than 30 μmol L− 1 (Figures 3c and 3d). Although small variations in δ13CDIC only give small values of

Figure 5. Relationships between optical properties (information listed in Table 1) and percentage contribution of terrestrial dissolved organic carbon (tDOC) to total
DOC (tDOC%). The relationships were calculated only with the Singapore Strait data during NE Monsoon, Inter‐Monsoon‐1 (IM‐1, the intermonsoon after NE
Monsoon), SW Monsoon and Inter‐Monsoon‐2 (IM‐2, the intermonsoon after SW Monsoon), but were extrapolated to 100% tDOC to compare to the reference river
data from Sarawak. Shaded areas represent 95%prediction level (light gray) and 95% confidence level (dark gray).

Table 2
Summary of Statistical Relationships of Optical Properties With tDOC% (All N = 76, p < 0.05)

Optical property Fitting formula

Parameter

Adjusted r2 Consistent with river dataaa b

a440 (m
− 1) y = a × tDOC% + b 4.75 × 10− 3 3.08 × 10− 2 0.60 ×

S275–295 (nm
− 1) y = exp(a × tDOC% + b) − 8.52 × 10− 3 − 3.59 0.55 √

SR y = exp(a × tDOC% + b) − 1.06 × 10− 2 5.83 × 10− 1 0.55 √

SUVA254 (L mg‐C
− 1 m− 1) y = a × tDOC% + b 3.14 × 10− 2 7.86 × 10− 1 0.66 √

FI y = a × tDOC% + b − 3.17 × 10− 3 1.62 0.45 √

HIX y = exp(a × tDOC% + b) 6.21 × 10− 3 − 4.43 × 10− 1 0.62 ×

C2‐Fmax/DOC y = a × tDOC% + b 1.07 × 10− 5 1.29 × 10− 4 0.64 √
aConsistency corresponds to whether the extrapolated relationship at 100% tDOC falls within the reference river data from Sarawak:√—falls in the range, ×—falls out
of the range.
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tDOC remineralization, if the denominator of total initial tDOC is also small, the inferred percentage tDOC
remineralization can then vary erratically over a large range. We therefore excluded the data from the other
seasons in which there is not a strong influence from peatland tDOC.

In contrast, most of the optical properties did show clear relationships to percentage tDOC loss in our
laboratory photodegradation experiments, both with pure tDOC samples from a peatland‐draining river
(Maludam) and with coastal water samples from the Singapore Strait during the SW Monsoon (Figure 7). For
Maludam river samples, CDOM a440 decreased linearly with tDOC loss while S275–295 and SR increased
linearly by 64% and 156%, respectively (Figures 7a–7c). S320–412 and SUVA254 showed exponential decreases
from ∼0.016 to ∼0.012 nm− 1 and from ∼5.2 to ∼1.5 L mg‐C− 1 m− 1, respectively (Figures 7d and 7e).
However, fluorescence properties showed more variability. FI first dropped by ∼10% upon 30%–40% tDOC
loss, after which it increased (Figure 7f). HIX always stayed at around 0.93 across the whole percent tDOC
loss (Figure 7g) and BIX started to rise once tDOC loss exceeded 50% (Figure 7h). C2‐Fmax/DOC exhibited
a general increase of more than two times of the initial value. For the two coastal water samples from
Singapore, we estimated tDOC loss by taking the prior natural tDOC remineralization (from our isotope mass
balance) into account, and we conservatively assumed that all DOC lost during the incubation was tDOC,
because marine DOC at our site is not very photo‐sensitive (Zhou et al., 2021). Although only little DOC was
remineralized in the coastal water samples, S275–295 and SR changed by more than twofold relative to the
initial values, while SUVA254, HIX and C2‐Fmax/DOC decreased linearly to a smaller degree with percent
tDOC loss. S320–412 and BIX only changed slightly.

Figure 6. The relationship between optical properties and percentage terrestrial dissolved organic carbon (tDOC) remineralization (as calculated from the proportion of
remineralized tDOC relative to total initial tDOC based on the carbon stable isotope mass balance). Coastal water data from the Singapore Strait are shown in blue
circles (SW Monsoon season only) while Sarawak river data are showed in light and dark brown squares for rivers with, respectively, <50% (non‐peat‐majority river)
and >50% (peat‐majority river) peatland coverage in their catchments. We found no significant correlations for the Singapore data, indicating that these optical
properties may not be able to quantify the extent of tDOC remineralization.
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4. Discussion
4.1. Reliability of tDOC Calculation

Carbon stable isotope measurements can provide strong insights into sources and biogeochemical processing of
DOM (Alling et al., 2008; Bauer & Bianchi, 2011; S. A. Lee et al., 2020). As DOM from terrestrial sources and
marine environments possess distinctive carbon isotope compositions, the δ13CDOC values are widely used as
fingerprints to distinguish DOC from different sources based on endmember mixing models (Humborg
et al., 2017; Ye et al., 2018; Zhou et al., 2021). Our estimated endmember δ13CDOC values (Table S2 in Sup-
porting Information S1) conform to the generally reported ranges of − 25‰ to − 32‰ and − 21‰ to − 22‰ for
riverine and marine endmembers, respectively (Bauer, 2002; Beaupré, 2015; Gandois et al., 2014). From our
estimated endmember values for δ13CDOC and the measured DOC concentrations in our coastal samples we could
therefore use a mixing model to estimate the remaining tDOC concentration (Section 2.5.2 and Text S1.1 in
Supporting Information S1).

Several previous studies have applied a stable carbon isotope mass balance approach to quantify the contribution
of terrestrial organic matter degradation to the observed DIC and δ13CDIC in different regions (Humborg
et al., 2017; Samanta et al., 2015; Su et al., 2020; Zhou et al., 2021). For example, it was estimated from the
depletion in δ13CDIC that annually 4.0 Tg terrestrial organic matter is respired in the central and outer Laptev Sea
in the Arctic (Humborg et al., 2017). Based on a compiled data set including DIC, δ13CDIC, dissolved calcium and
oxygen, it was found that remineralization is the main cause of the deviation from conservative mixing in the
Hooghly River estuary in India (Samanta et al., 2015). Similarly, a mass balance calculation in the hypoxic zone
of the Pearl River estuary in China demonstrated that on average 35% of the total organic matter remineralization
was of terrestrial organic matter (Su et al., 2017), while in the Chesapeake Bay in the US, remineralization of
autochthonous organic matter was the dominant oxygen‐consuming process (Su et al., 2020). The deviation of

Figure 7. Changes in optical properties as a function of the percentage loss of terrestrial dissolved organic carbon (tDOC) during pure photodegradation experiments for
Singapore coastal water and water from a peatland‐draining river in Sarawak (Maludam River). Unlike the patterns of optical properties against percent tDOC loss in
natural coastal water, most of the parameters did present certain correlations to tDOC loss in laboratory incubation purely under photo exposure, but the correlations
were different for different water types. Shapes of symbols represent the experimental water sample, with circles representing river water (Maludam) and triangles
representing coastal seawater (Singapore).
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measured δ13CDIC from its conservative mixing value in our data set (around − 1‰ during the SW Monsoon) is
similar to the deviation observed in these previous studies, which suggests that our mass balance calculation
provides robust estimates of tDOC remineralization.

The riverine DOC and CDOM endmember concentrations inferred from our analysis (Figure 3) can be considered
to consist entirely of tDOC and terrigenous CDOM. The DOC concentration in these and other peat‐draining
rivers in Southeast Asia is linearly related to catchment peat coverage, indicating that peatlands are the main
source of DOC in these rivers (Rixen et al., 2022). Blackwater rivers on Sumatra and Borneo also have low
concentrations of nutrients (dissolved inorganic nitrogen often <15 μmol L− 1) and chlorophyll (<1 μg L− 1)
(Bange et al., 2019; Baum & Rixen, 2014; Martin et al., 2018), and the extremely high concentrations of CDOM
absorb most sunlight within a few tens of centimeters. These blackwater rivers also have notably low pH and
oxygen concentrations, reaching hypoxic levels (Alkhatib et al., 2007; Bange et al., 2019; Rixen et al., 2008; Wit
et al., 2015). Moreover, DOC accounts for >95% of the total organic carbon in these peatland‐draining rivers
(Baum et al., 2007; Moore et al., 2011; Müller et al., 2015), and hence terrestrial POC can only have at most a
minor influence over the observed DIC and δ13CDIC in the water column.

4.2. Preferential Loss of CDOM Compared to tDOC During Natural Remineralization

tDOC generally has a high content of chromophores, and CDOM in estuaries and coastal waters is therefore often
of terrestrial origin (Asmala et al., 2012; Z. Chen et al., 2015; Osburn et al., 2016; Santos et al., 2016). This
characteristic provides the basis for using optical properties to study tDOC. Absorption coefficients (aλ) often
show strong correlations with bulk DOC concentrations in rivers, estuaries and coastal waters (Asmala
et al., 2012; Fichot et al., 2016; Mann et al., 2016; Martin et al., 2018; Stedmon et al., 2011). However, we also
observed preferential removal of CDOM compared to tDOC remineralization, although the difference was
relatively modest (74% vs. 53% loss). This finding is consistent with previous work on biological and photo-
chemical processes of DOM for freshwater (Benner & Kaiser, 2011; Martin et al., 2018; Spencer, Stubbins,
et al., 2009) and coastal waters (Moran et al., 2000; Osburn et al., 2009). For example, the half‐life time of CDOM
in theMackenzie River was estimated to be shorter than that of DOCwhen the river water was exposed to sunlight
(Osburn et al., 2009). Similarly, removal of CDOMwas found to be 21%more than that of DOC in biodegradation
incubations conducted with water from a coastal estuary in Georgia after it was photo‐exposed (Moran
et al., 2000). Moreover, a large decrease in a355/DOC ratio against salinity was observed in waters from the
Middle Atlantic Bight, especially when the solar irradiance was higher (Del Vecchio & Blough, 2004b). A key
mechanism driving preferential CDOM loss is likely that aromatic structures in chromophores can be partly
oxidized to non‐chromophoric DOC, especially by reactive oxygen species formed under photo exposure (Cory &
Kling, 2018; Del Vecchio & Blough, 2002; Vione et al., 2009). Our finding that CDOM loss is greater than tDOC
loss is therefore fully consistent with previous experimental and observational research in other regions.

Pure biodegradation of Southeast Asian peatland DOM appears to be too slow to account for the observed extent
of remineralization (Nichols & Martin, 2021). A large fraction of this DOM is photolabile, yet the rate of pure
photochemical degradation is also too low to explain the observed tDOC remineralization in this region (Zhou
et al., 2023). This is consistent with the limited contribution of pure photochemical tDOC remineralization re-
ported from other environments (Fichot & Benner, 2014; Osburn et al., 2009; Reader & Miller, 2012), even
though the contribution of pure photochemical remineralization does appear to be higher in Southeast Asia than
elsewhere (Zhou et al., 2023). Therefore, it is most likely that interactive photo‐stimulated biodegradation plays
an important role in tDOC remineralization and CDOM decomposition. Notably, although there is a large extent
of tDOC and CDOM removal, the tDOC and CDOM concentrations still showed a pattern of conservative mixing
at our study site. While this might appear to be contradictory, in fact this only indicates that physical mixing over
the salinity range observed at our site occurs faster than the remineralization rate, and that the majority of the
observed remineralization therefore takes place upstream of our sampling site.

4.3. Accuracy of Optical Properties as Quantitative Tracers of tDOC Content in Natural Water

DOM optical properties have been widely measured in estuarine and coastal environments, and it is clear that they
can be sensitive indicators of the presence of tDOC (Fichot & Benner, 2012; Kaiser et al., 2017; Massicotte
et al., 2017; Mizubayashi et al., 2013; Painter et al., 2018; Stedmon & Nelson, 2015). Several environmental
studies have also demonstrated that some optical properties (aλ and S275–295) can be used to quantify tDOC
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concentration as calculated from lignin phenols (Fichot & Benner, 2012; Fichot et al., 2016; Hernes & Ben-
ner, 2003; Lu et al., 2016; Walker et al., 2013). However, lignin phenols are a small (typically 0.1%–4% of DOC;
Hernes et al., 2007; Opsahl & Benner, 1997; Osburn et al., 2016) and potentially rather labile (Benner & Kai-
ser, 2011; Cao et al., 2018; Hernes & Benner, 2003) fraction of tDOC, while terrigenous CDOM and FDOMmay
also be preferentially removed relative to bulk tDOC (Benner & Kaiser, 2011; Moran et al., 2000; Osburn
et al., 2009). Specifically, both lignin and CDOM/FDOM are composed to a significant degree of aromatic
moieties, which are especially photo‐labile, while most aliphatic compounds are less susceptible to photo-
degradation (Berggren et al., 2022; Opsahl & Benner, 1998; Osburn et al., 2001; Schmitt‐Kopplin et al., 1998). In
contrast, aromatic components are generally more recalcitrant to microbial processes (Kang & Mitchell, 2013).
These differences in reactivity can likely account for preferential removal of lignin phenols and of CDOM/FDOM
relative to the bulk tDOC. For example, it was reported that the removal of lignin phenols and CDOM was more
than twice as high as the loss of DOC during combined photo‐ and bio‐degradation of water from Broad River in
South Carolina in the US (Benner & Kaiser, 2011). However, the degree to which optical properties are lost
preferentially is likely dependent on the relative rates of different degradation processes, which are poorly
quantified in natural environments. Therefore, it is still unclear how accurately these optical properties can trace
total tDOCwhen it is also being subjected to natural remineralization processes. In the present study, we therefore
used δ13CDOC to estimate tDOC concentration and δ

13CDIC to estimate the extent of prior tDOC remineralization.
Our results provide robust statistical evidence that all the optical properties typically used to identify tDOM are
significantly related to tDOC% even when more than half of tDOC has already been remineralized (Figures 3 and
5). However, the different properties have variably strong relationships and differ in their sensitivity to tDOC in
different parts of the tDOC% range.

The strong linear relationship between a440 and tDOC% shows that CDOM absorption coefficients can still be
used to quantify tDOC in coastal water even when extensive remineralization has taken place. However, the fact
that we did observe preferential removal of CDOM relative to tDOC (Figures 3e and 3f) underscores the fact that
aλ–tDOC relationships are sensitive to the extent of tDOM biogeochemical degradation and must therefore
change significantly across estuarine and coastal gradients. In addition, the high variability of a440 in estuaries can
result from the mixing of seawater and different rivers with highly distinctive concentrations of tDOC and CDOM
depending on the catchment coverage of peatland (Rixen et al., 2022). Caution would therefore be needed in
attempting to calculate tDOC concentrations from aλ when the range in remineralization might be large and when
the riverine influence is complex.

The non‐linear relationships we observed for S275–295 and SR with tDOC% are consistent with previous studies
showing exponential relationships for S275–295 with lignin phenol concentration (Benner et al., 2005; Fichot &
Benner, 2012) and linear correlation for SR with carbon‐normalized lignin yield (Spencer et al., 2010). Besides,
after extrapolating the fitting curve to salinity 0, the relationships showed good consistency with tropical peatland
river data, suggesting that unlike CDOM absorption, these spectral slope‐based properties maintain a constant
relationship to tDOC% even as tDOC is remineralized. Based on the r2 and confidence intervals, both S275–295 and
SR show similar accuracy for quantifying tDOC% (Figure 5 and Table 2), resulting from the relatively steady S350–
400 across the whole salinity gradient (data not shown), consistent with previous research (Fichot & Ben-
ner, 2012). It is interesting to note that compared to S275–295, the slope ratio SR shows less variability at mid‐
salinities in the data from Sarawak, suggesting that SR might be less sensitive to the mixing among different
rivers (Figure 4d). However, in our time series data from the Singapore Strait, S275–295 and SR are equally well
related to tDOC% (Figure 5).

SUVA254 is usually interpreted as a measure of DOM aromaticity, as shown by 13C‐NMR measurements with
organic matter from a variety of aquatic environments (Weishaar et al., 2003). Moreover, SUVA254 was recently
proposed as a measure to distinguish between primarily photochemically labile tDOC and bio‐labile tDOC in the
UniDOM biogeochemical modeling framework (Anderson et al., 2019). Our study demonstrates that SUVA254 is
linearly related to tDOC% and performs better than other CDOM measures as a quantitative tDOC tracer, given
that the relationship shows less scatter (r2 = 0.66) and narrower confidence and prediction intervals (Figure 5e).
This is consistent with the robust positive relationships between SUVA254 and the fraction of humic substances
obtained from a diverse range of watersheds in the US (Spencer et al., 2012). We note that our SUVA254–tDOC%
relationship extrapolates to the lower boundary of available river data. While the true SUVA254 for rivers on
Sumatra is not known, this result likely indicates some sensitivity of SUVA254 to preferential CDOM loss during
tDOC remineralization, which perhaps helps to explain some of the scatter in the relationship. SUVA254 also
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ignores absorption at longer wavelengths, which can include effects such as charge transfer (Y. Chen et al., 2020;
Sharpless & Blough, 2014). Our data cannot confirm whether reduction in SUVA254 reflects the conversion of
primarily photo‐labile tDOC to bio‐labile structures as suggested in the UniDOM model (Anderson et al., 2019),
but they do suggest that SUVA254 can provide a good measure of tDOC in coastal environments.

The FI and HIX are also widely used as tDOC tracers but mainly as qualitative indicators. It is suggested that
when FI is less than 1.4, the DOC pool is dominated by terrestrial matter, while FI larger than 1.4 indicates an
increasing dominance of microbially‐derived DOC (Cory et al., 2010; McKnight et al., 2001). Our data show that
FI has a clear linear relationship with tDOC% (Figure 5f), which notably contrasts with the poor relationship
between FI and the proportion of humic substances in DOM reported from a river basin in eastern Thailand (Kida
et al., 2018). However, the formula of FI calculation is not strictly fixed, depending on how fluorescence spectral
correction is conducted (Cory & McKnight, 2005; Cory et al., 2010; McKnight et al., 2001). Additionally, it has
been suggested that FI changes by at least 0.1 units when there is a source change in DOM (McKnight
et al., 2001). It is clear that FI can change up to 0.3 in the Singapore Strait over a range of tDOC% from 0 (during
inter‐monsoon seasons) to ∼60% (during the SW Monsoon). However, FI is also the most variable parameter in
the river data, with some rivers having FI values similar to the inter‐monsoon data from the Singapore Strait,
despite carrying predominantly tDOC (Zhou et al., 2019). FI is therefore potentially less useful as a tDOC tracer
than the other optical properties.

It is expected that HIX rises along with tDOC% increase because it indicates humification level, and humic
substances are an important component of tDOC (Ohno, 2002; Zsolnay et al., 1999). However, similar to FI, the
HIX calculation is not identical in different studies (Birdwell & Engel, 2010; Inamdar et al., 2011; M.‐H. Lee
et al., 2018; Ohno, 2002). We choose to use the formula after inner‐filtering correction (Ohno, 2002) as our data
set spans a large range of DOC concentrations. HIX does show a clear relationship with tDOC%, but notably, the
river data do not fall on the same relationship extrapolated from the coastal water data. It is well known that humic
substances can be broken down after tDOC experiences biogeochemical processes, reducing the humification
level (Catalán et al., 2013; Hansen et al., 2016; Huguet et al., 2009; Wilske et al., 2020). Nevertheless, some
studies also report that DOM can be transformed to humified materials under photo‐exposure or during microbial
degradation, thus causing HIX to increase (M. Chen & Jaffé, 2014; Garcia et al., 2018; Hansen et al., 2016; Kieber
et al., 1997; Ortega‐Retuerta et al., 2010). The complex changing patterns during biogeochemical processes may
make HIX insensitive above a certain level of humification or tDOC%. For example, we note that HIX showed
almost no change during photo‐exposure of the Maludam River samples (Figure 7g).

We additionally consider C2‐Fmax/DOC, as it was used previously to estimate tDOC% for the Sarawak data,
assuming that there would be no preferential removal of C2 relative to bulk tDOC over the small spatial scales of
the estuaries in Sarawak (Zhou et al., 2019). Our new data from Singapore correspond to a longer water residence
time, providing more opportunity for preferential removal of C2, which is expected to be fairly photo‐labile
(Grunert et al., 2021; Sankar et al., 2019). Some other studies have investigated relationships between abso-
lute Fmax values and tDOC tracers such as lignin phenols (Osburn & Stedmon, 2011;Walker et al., 2013; Yang &
Hur, 2014). However, given the substantial physical dilution of riverine tDOC and FDOM across a salinity range
from freshwater to salinity >25, DOC normalization is appropriate. C2‐Fmax/DOC is thus analogous to
SUVA254. Our data confirm that this measure is able to quantify tDOC% nearly as well as SUVA254 across the
large range (0%–60%) seen in our Singapore Strait data, with a strong correlation coefficient (r2 = 0.64,
Figure 5i). This agrees with the strong linear correlation of C2 fluorescence to concentrations of lignin phenols
obtained from Arctic rivers (Walker et al., 2013).

In contrast to these optical measures associated with tDOC, neither S320–412 nor BIX were related to tDOC%, and
indeed showed little variation throughout our time series. The Singapore Strait does not appear to experience large
seasonality in phytoplankton production, with chlorophyll concentrations mostly <2 μg L− 1 (Martin et al., 2022),
and the production and microbial processing of autochthonous DOC are likely closely coupled year‐round, with a
relatively refractory marine DOC pool (Zhou et al., 2021). While our data thus cannot evaluate howwell these two
optical properties can trace the presence of freshly produced autochthonous DOC, our results do show that in the
absence of large changes in fresh autochthonous DOC inputs (Martin et al., 2022), they show fairly stable values
even as the DOC pool receives highly variable amounts of additional tDOC input (Figures 1f and 2e). Inter-
estingly, S320–412 and BIX were not correlated with each other or with chlorophyll‐a concentration (Figure S6 in
Supporting Information S1), but given the low variability in all three variables this result is not surprising.
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Overall, our data thus demonstrate that all optical properties that are typically associated with tDOC (a440,
S275–295, SR, SUVA254, FI, HIX, and C2‐Fmax/DOC) are indeed quantitatively related to tDOC% in coastal
water, even after the tDOC has undergone a substantial degree of remineralization. However, the optical
properties differ in the shape of the relationship to tDOC%, indicating differences in applicability. S275–295, SR
and HIX show non‐linear change with tDOC%, which makes them very sensitive to small changes in tDOC
concentration at low tDOC%, but much less sensitive to tDOC% above a certain level (∼40%–60%). On the
other hand, a440, SUVA254, FI and C2‐Fmax/DOC present linear behaviors. This means that they are less
sensitive than the non‐linear‐related indicators at low tDOC%, but they show a consistent ability to quantify
tDOC% at least within the range of 0%–60%. Clearly, however, the preferential removal of CDOM means that
aλ needs to be used cautiously to quantify tDOC if the range in possible remineralization extent is large. The
fact that SUVA254 and C2‐Fmax/DOC are normalized to DOC concentration appears to make these measures
more robust, although the need for DOC measurements makes these parameters less easy and less rapid to
measure. Thus, it is essential to understand basic characteristics of certain water samples and consider
measurement limitations before choosing appropriate optical indicators to quantify tDOC%.

4.4. Qualitative Proxies of tDOC Biogeochemical Processes

Our carbon stable isotope mass balance shows clearly that a variable proportion of the original tDOC was
remineralized before reaching our site. It has previously been demonstrated that biodegradation and UV irradi-
ation can cause optical properties to change in different directions and/or at different rates (Hansen et al., 2016;
Helms et al., 2008; M.‐H. Lee et al., 2018). Subsequently, such changes might allow one to use optical properties
to diagnose certain biogeochemical processes: for example, photochemical and microbial degradation of tDOC
are reported to affect SR differently (Hansen et al., 2016; Helms et al., 2008), while photochemical degradation
consistently increases S275–295 (Fichot & Benner, 2012; Helms et al., 2014; Zhou et al., 2021). Here, we addi-
tionally tested whether the optical properties can also be used to infer the extent of natural tDOC remineralization
in the natural environment. However, unlike the strong relationships to tDOC%, and despite spanning a range of
20%–80% tDOC loss, none of the optical properties showed any consistent trends with tDOC loss (Figure 6).

The fact that the optical properties show little change with tDOC loss percentage could arise from the complexity
of biogeochemical processes in the natural environment, where photodegradation, biodegradation, and their in-
teractions take place simultaneously and coastal mixing occurs (Del Vecchio & Blough, 2002; Fovet et al., 2020;
Lønborg et al., 2010; Osburn et al., 2009; Ward et al., 2017). Generally, photodegradation is considered to play a
significant role in tDOC remineralization. Yet, the extent and rate of photo‐induced remineralization and optical
property change can vary depending on light intensities, irradiation wavelengths and specific origins of tDOC
(Clark et al., 2020; Du et al., 2016; Hansen et al., 2016; M.‐H. Lee et al., 2018; Moran et al., 2000). It has been
shown that biodegradation may cause optical properties of DOM to change less and possibly in an opposite
direction compared to photodegradation (Hansen et al., 2016; Hernes & Benner, 2003; Hur et al., 2011; M.‐H. Lee
et al., 2018). Microbial remineralization of tDOC is often significantly enhanced after partial photodegradation
(Hansen et al., 2016; Miller &Moran, 1997; Moran et al., 2000), but conversely, photochemical reactions can also
compete with microbial processes (Amado et al., 2015;Ward et al., 2017). In natural coastal environments, photo‐
induced reactions and microbial remineralization most likely always co‐occur and interact at least to some degree.
It is therefore possible that different co‐occurring remineralization processes result in more limited changes in
optical properties than those observed in single‐process incubation experiments. A recent experimental study
showed that microbial and combined photochemical + microbial degradation caused the optical properties of
different plant leachates to converge over time despite large differences in initial properties (Harfmann
et al., 2019). Tropical peatland tDOM experiences partial degradation within the peat dome before entering rivers
(Gandois et al., 2014), so it is possible that the optical properties of the riverine tDOM pool have already un-
dergone “microbial buffering” (Harfmann et al., 2019). Subsequent interactive photochemical and microbial
degradation might then only have a limited impact on CDOM and FDOM spectral characteristics, consistent with
our observations.

In the case of riverine tDOC from Southeast Asian peatlands, pure microbial remineralization appears to be
relatively slow and no clear alteration of optical properties was found in microbial incubation experiments of 3–
6 months duration (Nichols & Martin, 2021; Zhou et al., 2021). We therefore compare our environmental data to
results from pure photodegradation experiments. For most parameters, especially S275–295, SR, and SUVA254, we
observed clear changes with consistent direction (i.e., increasing or decreasing) as a function of tDOC loss

Journal of Geophysical Research: Biogeosciences 10.1029/2024JG008147

CHEN ET AL. 19 of 26



percentage for both the peatland‐draining river samples and the coastal water samples, and these changes are
consistent with those reported previously for tDOM photobleaching experiments (Du et al., 2016; Helms
et al., 2013; M.‐H. Lee et al., 2018; Magyan & Dempsey, 2021). Notably, we observed that the coastal water
samples mostly showed much more obvious changes in optical properties for a given %tDOC loss than the river
samples. The different rates of change are to be expected because coastal water samples contain overall less
CDOM and FDOM, and consist of a mixture of marine and terrestrial DOM, while the river samples still consisted
of tDOM even at the end of the incubations. The results of bio‐ and photo‐incubation for water from the peatland‐
draining river suggest that Southeast Asian peatland‐derived tDOM behaves similar to other highly humified
photo‐labile but bio‐refractory tDOM during remineralization (M. Chen & Jaffé, 2014; Dempsey et al., 2020).
The fact that our environmental data do not demonstrate such clear relationships between optical properties and
tDOC loss therefore suggests that natural tDOC remineralization in this region proceeds through complex
interactive degradation processes that do not leave clear signatures in a single optical property. More degradation
experiments are therefore needed to reveal whether these optical properties can be used in combination to
distinguish specific biogeochemical processes in the natural coastal water as M.‐H. Lee et al. (2018) did for DOM
from certain sources. It would also be especially valuable for further research to examine how simultaneous
photo‐ and biodegradation of tDOM alter its optical properties, as both processes would take place simultaneously
in the natural environment.

5. Conclusions
In summary, our study shows that there is preferential removal of optically active tDOM relative to total tDOC,
but that DOM optical properties are nevertheless robust and potentially quantitative indicators of tDOC% in
coastal waters. The commonly used optical properties a440, S275–295, SR, SUVA254, FI, and HIX, as well as C2‐
Fmax/DOC, can all quantify tDOC% in coastal water, but their relationships with tDOC% exhibit different
shapes, accuracies and applicable ranges. Specifically, CDOM spectral slope parameters are very sensitive to the
presence of low levels of tDOC, but show little further change once tDOC exceeds ∼40% of total DOC. In
contrast, SUVA254 and C2‐Fmax/DOC show linear relationships with tDOC contribution across a larger range of
values. However, none of the optical properties we considered show a relationship to the extent of tDOC
remineralization, which we attribute to the likely complexity of multiple interacting biogeochemical degradation
processes in the natural environment.

Data Availability Statement
Processed data are available in Data Set S1. The data that support the findings of this study (Y. Chen et al., 2023)
are openly available in Nanyang Technological University Data Repository at https://doi.org/10.21979/N9/
Q1L9HR.
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