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Abstract

To better understand the sources and behavior of estuarine labile organic matter, we measured stable carbon isotope pat-
terns of individual amino acids in suspended particles and surface sediments from the Pearl River Estuary in China; samples
were taken along a salinity transect in December, 2016. Here we demonstrate that carbon isotope values (d13C) of individual
amino acids in these samples gradually increase with salinity downstream, reflecting the increase in d13C values of algal-
derived organic carbon along the salinity gradient. The isotopic difference between amino acids and bulk organic carbon var-
ies, most likely due to changes in the relative contributions of algal-derived organic matter and refractory terrestrial input. In
addition, algal-derived organic matter can consist of labile and semi-labile organic matter in varied proportions depending on
degradation state. This isotopic difference between amino acids and bulk organic carbon is much larger in surface sediments
than in suspended particles, suggesting that labile organic carbon contributed more to suspended particles than to sediments.
Using the relative abundances and d13C ratios of amino acids and total organic carbon, a Lability Model was constructed to
evaluate the relative contributions of three forms of estuarine organic carbon: labile algal material as amino acids, semi-labile
algal material as lipids and acid-insoluble material, and refractory terrestrial organic material. The model suggests highly
dynamic contributions of semi-labile algal-derived organic carbon and terrestrial organic carbon to estuarine particulate
organic carbon. This evaluation of organic carbon sources illustrates the importance of decomposition in shaping the molec-
ular composition and isotopic signature of particulate organic carbon in the estuary.
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1. INTRODUCTION

Carbon isotope values (d13C) of algal cells are deter-
mined by two factors, the inorganic carbon source of the
cell and the isotopic fractionation during carbon fixation
(Rau et al., 1992; Popp et al., 1998). Although they share
the same carbon source, individual compounds within the
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cell have different d13C values due to differing extents of
fractionation during the various metabolic pathways used
to synthesize these compounds (Degens et al., 1968;
DeNiro and Epstein, 1977; Wilkes et al., 2017, 2018). Thus,
the d13C value of bulk organic carbon depends on the rela-
tive composition and d13C of all the individual compounds
(Hayes, 2001). Among the individual organic compound
classes in algae, amino acids and carbohydrates have
slightly higher d13C values relative to bulk organic carbon,
while lipids are generally lower in 13C relative to the bulk
(Hayes, 2001; Close, 2019). The molecular composition of
algal materials changes over time as the algae decompose
(Wakeham and Lee, 2019). In the equatorial Pacific, for
example, amino acids account for 67% of net plankton,
while in the deep water, most of those amino acids have
been either transformed or preferentially removed, leaving
most of the organic matter (OM) molecularly uncharacter-
ized (Wakeham et al.,1997; Hedges et al., 2000; Hwang
et al., 2006). The isotopic signature of one part of this
uncharacterized material has been investigated as the
‘acid-insoluble fraction’ (AIF, Wang et al., 1998; Hwang
and Druffel, 2003; Roland et al., 2008). AIF is an opera-
tional definition referring to the OM fraction that cannot
be extracted by acid or organic solvent. The AIF is assumed
to be a refractory component of biological origin (Hedges
et al., 2000; Hwang et al., 2006) that shares similar carbon
isotope values to lipids, generally 4.53‰ lower in 13C than
total hydrolyzable amino acids (Hwang and Druffel, 2003).
Meanwhile, organic compounds vary in their lability, i.e.,
their tendency to be decomposed. Under the same environ-
mental conditions, refractory OM like AIF will have a
slower decomposition rate than more labile OM like amino
acids. As a result, a decrease of bulk organic carbon d13C
can be observed as organic matter decomposes, due to more
labile compounds being lost and AIF increasing in relative
abundance (Jeffrey et al., 1983; Wang et al., 1998).

The production of algal-derived OM can be high in estu-
aries where there is an abundant supply of nutrients
(Canuel et al., 1995; Qian et al., 1996; Canuel and
Hardison, 2016). Terrestrial plant debris and soil OM can
also be sources of organic matter to estuaries. Particulate
OM in estuaries is a combination of various amounts of
all three sources and depends on location (Bianchi and
Bauer, 2011). Algal-derived OM is dominated by rather
labile OM like amino acids, carbohydrate and lipids; for
example, amino acids account for 20–50% of algal carbon
compared to <5% amino acids in terrestrial vascular plants
(Whitehead et al., 2008, Canuel and Hardison, 2016).
Therefore, algal-derived OM is usually subject to more
rapid decomposition in estuaries compared to more recalci-
trant terrestrial OM from soil OM or vascular plants
(Mannino and Harvey, 1999; McCallister et al., 2006;
McIntosh et al., 2015). These changes in molecular compo-
sition due to degradation alter the lability of estuarine OM
and hence the fate of compounds that are exported to the
ocean (Hedges et al., 1997). Quantifying the effect of degra-
dation on OM is particularly challenging in estuarine sys-
tems where highly labile algal-derived OM and more
recalcitrant terrestrial OM are both present (Roland
et al., 2008; Canuel and Hardison, 2016). Thus, quantitative
evaluation of the fate of organic carbon in the estuary and
its export to the ocean has large uncertainties (Hedges et al.,
1997).

Differences in bulk organic carbon d13C values are fre-
quently observed in estuaries, with lower d13C OM at the
river end than at the ocean end (Peterson and Fry, 1987).
This isotopic difference has been widely applied using
two-end member mixing models to indicate terrestrial vs.
marine origin of organic matter (Bianchi and Bauer, 2011
and the reference therein). A three-end member model com-
bining bulk organic carbon d13C values with molecular
composition information (e.g., lignin content) can improve
the differentiation of organic carbon into soil OM, terres-
trial plant OM, and marine OM (Goñi et al., 1998;
Gordon and Goni, 2003; Zhang et al., 2014; Li et al.,
2014; Yao et al., 2015). However, the application of this
type of model is frequently limited due to the complicated
sources of estuarine organic matter having overlapping iso-
tope values (Cloern et al., 2002). Moreover, organic matter
from different sources can have different molecular compo-
sitions and labilities so that the extent of OM transforma-
tion also varies in the estuary (Mannino and Harvey,
1999; McCallister et al., 2006; Bianchi, 2011).

Carbon isotope values of individual compounds can
provide detailed information on the source and transforma-
tion of estuarine organic matter (Qian et al., 1996; Hedges
et al., 1997; McIntosh et al., 2015; Canuel and Hardison,
2016). Distinctive carbon isotope values of amino acids
have been identified among major domains of organisms
(Scott et al., 2006; Larsen et al., 2009, 2012, 2013; Tang
et al., 2017). The carbon isotope values of individual amino
acids in both marine and fresh water environments have
been used to identify the metabolic origin of labile organic
matter in sediments (Keil and Fogel, 2001; Larsen et al.,
2015), sinking particles (McCarthy et al., 2004), and sus-
pended particles (Hannides et al., 2013; Sabadel et al.,
2019). An investigation of amino acid carbon isotope values
in sediment OM and phytoplankton in the Columbia River
Estuary shows how amino acid isotopic values were deter-
mined by their OM sources and by microbial reworking
(Keil and Fogel, 2001).

This preliminary study investigated the contribution of
algal-derived OM and its degradative products in the Pearl
River estuary using a Lability Model based on the carbon
isotope values of amino acids. In this model, the organic
matter in suspended particles was assumed to consist of
1) labile algal material (LabiAM) as amino acids, 2) semi-
labile algal material (SemiAM) as lipids and acid-
insoluble material (AIF) from algae, and 3) refractory ter-
restrial organic material (TerrOM). We assumed that the
carbon isotope values of bulk particulate organic carbon
(POC) reflect the relative abundance of these three groups
of OM and their characteristic carbon isotopic values.
Using the model, we then quantified the distribution of
these three forms of organic carbon in the estuary, and
characterized the relative lability of algal-derived organic
matter specifically. The application of this model provides
a novel approach to evaluate the contribution of algal
organic matter and its degradational transformation to par-
ticulate organic carbon in estuaries.
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2. MATERIALS AND METHODS

2.1. Sampling area

The Pearl River is the second largest river in China.
Pearl River water discharge shows significant seasonality
as a result of the East Asia Monsoon. This results in a
longer residence time for water discharge and a characteris-
tic salt wedge in the winter dry season (Dai et al., 2014).
The most populated area in South China is located at the
upper reaches of the Pearl River estuary (Fig. 1). After a
number of reservoirs and dams were built in the Pearl River
basin in the 1990s, the sediment load and suspended partic-
ulate matter concentrations in the estuary decreased greatly
(Dai et al., 2008a; Zhang et al., 2008). Due to constrained
physical mixing and increased anthropogenic nutrient
inputs from industrial and agricultural activities, phyto-
plankton production has become the major source of
organic matter to this estuary (Chen et al., 2004; Guo
et al., 2015; Zhang et al., 2014), and this biodegradable
organic matter experiences extensive consumption and dia-
genetic alteration during transport in the estuary (He et al.,
2010a,b; Li et al., 2018).

2.2. Sample collection and analysis of chlorophyll a and

nitrate

Suspended particle samples were collected along a tran-
sect down the Pearl River estuary (Fig. 1) on board the R/V
Haishun in December 2016. Water was collected from 1 to
2 m below the surface using Niskin bottles, and immedi-
ately filtered onto separate precombusted 0.7-lm GF/F fil-
ters for analysis of chlorophyll, total suspended material
Fig. 1. Location of sampling sites along the Pearl River Estuary in
December 2016 is shown in the zoomed inset of the dashed area in
the larger map of the South China Sea and adjacent East Asia
continent. Particle samples were collected at 9 stations, P04, P07,
A01, A02, A04, A05, A06, A08 and A10, and sediment samples
were collected at 5 stations, P03, P06, A03, A06, and A09.
(Produced using Ocean Data View version 4.7.9).
(TSM), isotopes of individual amino acids, and isotopes
of total organic carbon. Water was also immediately filtered
through 0.4-lm polycarbonate filters for measurement of
nitrate (NO3

�) concentrations. All samples were stored at
�20 �C until analysis. In the lab, chlorophyll a (Chla) was
extracted with methanol in the dark, and fluorescence of
the extract was measured using a Turner fluorometer
(Strickland and Parsons, 1972). NO3

� concentrations were
measured colorimetrically using an AA3 Auto-Analyzer
(Technicon, Bran-Lube) (Dai et al., 2008b). TSM was cal-
culated by weighing the dried particles on the GF/F filters.

Surface sediment samples were collected by scraping the
top centimeters from a box core and then stored at �20 �C.
They were later freeze-dried in the lab and sieved through a
65-lm mesh before amino acid and organic carbon isotopic
analysis.

2.3. Bulk organic carbon and bulk d13C

Inorganic carbon was removed from filtered samples
and sediments by acidification with a few drops of 1 N
HCl, then dried overnight at 60 �C (Kao et al., 2012). Acid-
ified filters and sediments were analyzed by elemental ana-
lyzer (EA)-isotope ratio mass spectrometry (IRMS,
Isoprime 500). The organic carbon concentrations and
d13C values were calibrated using glutamic acid (USGS-
40) and acetanilide (Merck) standards. The analytical rela-
tive standard deviation (RSD) was 1.1% for the isotopic
analysis and 2.5% for the bulk carbon concentrations.

2.4. Compound specific d13C analysis - amino acids

Particulate amino acids (PAA) and sediment amino
acids (SAA) were released from samples by hydrolysis with
HCl and then derivatized using a modification of Silfer
et al. (1991) as described in Tang et al. (2017) (see Supple-
mentary Materials S1.1). Amino acid derivatives were sep-
arated on a gas chromatography column (60 m � 0.25 mm,
0.25 lm, HP-5MS, Fig. S1), and carbon isotope ratios of
individual amino acids were measured by coupled isotope
ratio mass spectrometry (GC-C-IRMS, Thermo Delta V
Advantage isotope ratio mass spectrometer coupled with
a Trace GC via GC Isolink interface). Norleucine (Sigma-
Aldrich) was added before hydrolysis as an internal stan-
dard. To correct isotopic values of the derivatized amino
acids, an external standard of amino acids (Sigma-
Aldrich) with known d13C values calibrated by EA-IRMS
was prepared in parallel; this standard included alanine
(Ala), glycine (Gly), threonine (Thr), leucine (Leu), valine
(Val), isoleucine (Ile), proline (Pro), aspartic acid + as-
paragine (Asx), glutamic acid + glutamine (Glx), and
phenylalanine (Phe), together with the internal standard
norleucine.

Duplicates or triplicates of particle and sediment
extracts were analyzed; standard deviations ranged from
0.0‰ to 4.3‰ among individual amino acids, and the aver-
age standard deviation ranged from 0.1‰ to 1.5‰ for aver-
aged amino acids. The concentrations of individual amino
acids were calibrated by comparing the peak area of CO2

of samples and internal standard norleucine with the
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external mixed amino acid standard. For each sample, each
individual amino acid d13C value was multiplied by the rel-
ative carbon molar concentration of that amino acid. The
sum of these values is wAA d13C, the weighted mean of
amino acid d13C values. In addition, isotopic values of indi-
vidual amino acids relative to total amino acid d13C were
obtained by subtracting the absolute d13C value of each
individual amino acid from the weighted mean value
(wAA d13C) to show the relative changes among individual
amino acids. These will be referred to as ‘‘relative individual
amino acid d13C values”.

2.5. Statistical analysis

A degradation index (DI) calculation and a linear dis-
criminant function analysis (Larsen et al., 2013) were
applied to the data using the relative abundance (mol%)
and relative individual amino acid d13C values measured
in both particles and surface sediments of the Pearl River
estuary (see Supplementary Materials).

2.6. Lability Model development and assumptions

To better differentiate between the diverse estuarine
organic carbon sources, we developed a Lability Model
with the following assumptions about composition and iso-
topic values:

(1) Composition: We assumed that particulate organic
matter (POM) in the Pearl River estuary originates
either from algal production or from terrestrial input.
For our purposes, algal derived organic carbon is
made up of labile algal material (LabiAM), e.g., ami-
no acids, and semi-labile algal material (SemiAM),
e.g., AIF and lipids. Other cellular components,
e.g., carbohydrates, amino sugars, etc., account for
less than 10% of total algal organic carbon
(Whitehead et al., 2008), and are thus ignored in
the model. We assumed that amino acids are pro-
duced only as LabiAM and that LabiAM is subject
to degradative changes during transport in the estu-
ary. To make a solution possible, we assumed that
terrestrial organic matter (TerrOM) comes only from
soil OM and experiences no degradative modification
during its transport in the estuary (Yu et al., 2010).
Other terrestrial inputs, e.g., woody tissues, account
for a negligible contribution to estuarine POC in this
region (Zhang et al., 2014). The contribution of
macrophytes and benthos were also assumed to be
negligible since the samples were collected from the
surface water of the estuary with faster discharge.

(2) Isotopic signature: We assumed that the isotopic
value of LabiAM is the mean of the d13C values of
total amino acids (wAA d13C) measured in this study.
In our model, lipids and AIF (SemiAM) are assumed
to share the same isotopic signature, which is 4.53‰
lower than amino acids from the same algal source.
This assumption for d13C difference between Semi-
AM and LabiAM (D) was based on the average iso-
topic difference between amino acids and AIF
identified in sinking particles from the Equatorial
Pacific (�4.53 ± 0.48‰, n = 14) by Hwang and
Druffel (2003). During decomposition, a progressive
decrease in relative abundance of LabiAM concen-
tration is accompanied by a relative increase in Semi-
AM, with both retaining their characteristic d13C
values (Wang et al., 1998). It then follows the mass
balance that the d13C values of algal organic carbon
depends on the relative abundance and d13C values of
the two parts. Thus the ratio fLabiAM/fSemiAM gener-
ally reflects the change in lability of algal organic
matter. We assume that terrigenous organic matter
from soil OM (TerrOM) has an isotopic value (d13-
CTerrOM) of �24.1 ± 1.0‰ as reported for Pearl Riv-
er estuary riverbank sediment (Yu et al., 2010).

With these assumptions, our model used the measured
trends in relative distribution and d13C value of LabiAM,
SemiAM and TerrOM throughout the estuary to describe
the concomitant trends in major carbon inputs. To summa-
rize, we divided estuarine POC as follows: 1) LabiAM with
its d13C value being the wAA d13C calculated from data
presented here; 2) SemiAM with d13CSemiAM of 4.53‰
lower than LabiAM; 3) TerrOM with d13CTerrOM of
�24.1‰. With the identification of wAA d13C, the carbon
isotope values of LabiAM, SemiAM and TerrOM can be
predicted for each particulate sample. Based on mass and
carbon isotope balances, the following two equations can
be established:

dPOC ¼ f LabiAM � dLabiAM þ f SemiAM � dSemiAM þ f TerrOM

� dTerrOM ð1Þ
1 ¼ f LabiAM þ f SemiAM þ f TerrOM ð2Þ
where fLabiAM, fSemiAM and fTerrOM are percentages of the
three groups relative to POC. The value of fLabiAM can be
obtained from AA carbon yields. In this way, the relative
contributions of the rest two groups of POM can be calcu-
lated. Then, the concentrations of organic carbon from the
three groups can be quantified by multiplying POC concen-
trations by the three percentages (fLabiAM, fSemiAM and
fTerrOM). Error propagation of the above two equations is
described in the Supplementary Materials S1.4.

3. RESULTS

3.1. Hydrology and geochemistry of Pearl River estuary

The nitrate concentrations in Pearl River estuary
decreased rapidly along the surveyed salinity transect, from
389 mmol/L to values below our detection level (Fig. 2).
Total suspended materials (TSM) showed a significant
increase in areas with intermediate salinity values (A01,
A04, Fig. 2), although it was not directly associated with
the turbidity maximum. The highest concentrations of Chla
(P03, P04) were at the upper end of the estuary. These high
concentrations were gradually diluted with distance down-
stream. A small peak in Chla was also observed at the saline
end near Sta. A08 where lower TSM favors the growth of
phytoplankton.
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Fig. 2. Distribution of salinity, total suspended matter, nitrate and
Chla concentrations in surface water along the Pearl River Estuary.

P. Kang et al. /Geochimica et Cosmochimica Acta 294 (2021) 1–12 5
3.2. Distribution of amino acids and bulk organic carbon

d13C values

Amino acid d13C values were measured in surface sus-
pended particles collected along the transect and ranged
from �36.1‰ to �9.8‰ (Fig. 3a, Table S2). Large differ-
ences in isotope ratios were observed among individual
amino acids in the same samples, with leucine and valine
as the most isotopically depleted AA and glycine and thre-
onine as the most enriched AA in C13. Similar patterns were
observed in surface sediments (Fig. 3c, Table S1), suggest-
ing that suspended particles and surface sediments share a
similar amino acid source and diagenetic pathway.

Relative individual amino acid d13C values were then
compared across stations by subtracting each individual
amino acid d13C from wAA d13C (Fig. 3b, d), where
wAA d13C is the weighted mean of all ten amino acid
d13C values measured in the sample. These are referred to
as relative individual amino acid d13C values. Val and
Thr in suspended particles showed the largest variations
in relative AA d13C among stations, up to 9.6‰ for Val
and 12.6‰ for Thr, while Leu and Glu (including glu-
tamine) d13C values had the least variation throughout
the stations surveyed, 1.7‰ and 2.7‰, respectively. A
slightly different response was observed in surface sedi-
ments, with the largest relative d13C variation in Gly and
Thr, and the smallest in Asp and Glu. The differences in rel-
ative amino acid d13C values suggests that amino acid iso-
tope fractionations are not uniformly generated and
altered during their transport through the estuary.
Although OC and AA concentrations in both particles
and sediments showed no clear pattern with salinity
(Fig. 4a, b), there was a general increase in wAA d13C
and d13C values of bulk organic carbon in samples from
the river end to the mouth of the estuary (Fig. 4c, d). This
increase in d13C ranged from �29.2‰ to �18.3‰ for par-
ticulate amino acids and from �29.0‰ to �19.1‰ for
POC. Amino acids were slightly enriched in 13C relative
to bulk organic carbon, and the isotopic difference between
amino acids and POC across the stations was in the range
of �1.2‰ to 2.8‰. Amino acids in surface sediments were
also elevated in d13C, ranging from �21.5‰ to �15.8‰.
This isotopic range is smaller than that in the suspended
particles (Fig. 4c, d). This smaller isotope range in surface
sediments results from a much higher wAA d13C in river-
end sediment of �21.5‰ compared to the �29.2‰ value
in the freshwater particles, but a smaller difference in
wAA d13C values between suspended particles and sediment
from saline stations. Meanwhile, the d13C of bulk organic
carbon in surface sediments (SOC) was rather constant at
about �25‰ upstream, but was slightly higher at the more
saline stations, about �22‰ (Fig. 4d). This results in a lar-
ger difference in d13C of up to 6.0‰ between amino acids
and bulk organic carbon in sediment compared to the iso-
topic difference (�1.2‰ to 2.8‰) found in suspended
particles.

3.3. Model results describing sources and lability of POM

LabiAM usually accounts for a small portion of POC
(Fig. 5b). Exceptions are at Sta. P07 and A02, where
LabiAM accounts for up to 64% of the POM. SemiAM is
a major component of estuarine POM, ranging from
4.6 mmolC L�1 to 38.6 lmolC L�1 across the transect,
and accounting for 18.7–81.1% of POM (Fig. 5b, c). The
relative abundance of TerrOM (fTerrOM), calculated using
Eqs. (1) and (2), show considerable variation, ranging from
16.9% to 77.4% (Fig. 5b). This is equivalent to a terrestrial
input of up to 48.9 lmolC L�1 at A04 (Fig. 5c). Stations
with higher TerrOM input (Sta. A01 and A04) contain
higher loadings of TSM (Fig. 2c, 5b, 5c). These higher
TSM stations also have lower fLabiAM values (Fig. 5b).
The ratio of fLabiAM over fSemiAM can be considered as an
indicator of lability of algal OM (Fig. 5d). A ratio of
fLabiAM/fSemiAM from 0.14 to 3.44 was observed but only
two stations were greater than 1 (Sta. P07 and A02), which
indicates a dominance of freshly produced OM there.

The model failed to predict fTerrOM at the lower reaches
of the estuary (A06, A08 and A10) because predicted d13C
values for SemiAM and TerrOM are so close to each other
(Fig. 5b) at these saline stations that Eqs. (1) and (2) could
not distinguish between fSemiAM and fTerrOM as suggested by
error propagation (Table S8). For this reason, terrestrial
input is potentially underestimated at these stations. To
evaluate the potential influence of the presumed offset D,
an uncertainty of 15% was considered as the upper limit
of D, which results in up to a five time increase in the uncer-
tainty of fSemiAM (Table S8). Consequently, the model can
only be applied at upstream stations like P04 and A01.
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4. DISCUSSION

4.1. Contribution of algal OM to the estuarine POM

(1) Labile algal material

Values of d13C in both amino acids and bulk organic
carbon in suspended particles increase from upstream sta-
tions to ocean stations (Fig. 4c). In spite of tidal and sea-
sonal variations expected to influence this distribution,
this gradient in amino acid d13C is consistent with ‘‘phyto-
plankton” d13C values predicted from dissolved inorganic
carbon d13C observed in the Pearl River estuary during
the dry season (�28‰ to �21‰, Guo et al., 2015; Zhao
et al., 2020). This consistency in the carbon isotope distri-
bution indicates that carbon fixation by phytoplankton is
likely the dominant process causing the d13C gradients
observed in amino acids along the estuary. In addition to
changes in dissolved inorganic carbon isotopic values, a
shift in isotope fractionation can potentially influence the
gradients of wAA d13C caused by changing phytoplankton
community, which responds to the changing growth rate,
cell geometry and other physiological factors among species
(Popp et al., 1998). Following up on this idea, a linear dis-
criminant function analysis provides evidence that microal-
gae and bacteria are the dominant sources of particulate
amino acids in the Pearl River estuary compared to sea-
grasses and terrestrial plants (Figs. S3, S4).

Similar carbon isotope gradients between fresh and sal-
ine waters have been observed in particulate lipids and Chla
from Gulf of Mexico estuaries, where d13C values in the
total lipid extract and chlorophyll ranged from �31‰ to
�20‰, and from �31‰ to �18‰, respectively, compared
to bulk organic carbon d13C values that ranged from
�27‰ to �18‰ (Qian et al., 1996). These isotope gradients
in labile organic compounds like amino acids, short-chain
lipids and pigments imply that isotope values of freshly pro-
duced organic carbon along the salinity transect reflect both
their inorganic carbon source and their fractionation during
carbon fixation (McIntosh et al., 2015). The wAA d13C val-
ues observed in surface sediments show a similar increase
with increasing salinity (Fig. 4d), but to a lesser extent
(ranging from �21.5‰ to �15.8‰ in sediment wAA d13C
compared to those in suspend particles ranging from
�29.2‰ to �18.3‰, Fig. 4c, d). The smaller increase in
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sediment wAA d13C relative to suspended particles may
result either from salt water intrusion in the deep water
or from somewhat longer residence times of amino acids
in surface sediments (Dai et al., 2014; Lin et al., 2019).

Algal amino acids are subject to rapid remineralization
and molecular alteration in aquatic environments. The car-
bon isotope values of amino acids observed in the estuary
are in good agreement with that seen in particles collected
from the open ocean and from the Columbia River (Keil
and Fogel, 2001; McCarthy et al., 2004; Hannides et al.,
2013). The d13C values of individual amino acids are a
net result of both autotrophic production and degradative
alteration, which are driven by either heterotrophic bacte-
rial reworking or zooplankton grazing. Wang et al. (1998)
found that d13C values of bulk hydrolyzable amino acids
in sinking particles were constant with depth from the sur-
face water to the sediment, indicating that the characteristic
amino acid isotopic signature from primary production and
decomposition in the surface water experienced little
change during sinking in the water column. This is sup-
ported by our finding that the relative d13C values of indi-
vidual amino acid had less variation among stations
(Fig. 3b, d), although wAA d13C increased due to the
d13C changes in dissolved inorganic carbon.

(2) Semi-labile algal material

In the Lability Model, both lipids and AIF are assumed
to be included in SemiAM since they share the same iso-
topic signature (Hwang and Druffel, 2003). In phytoplank-
ton cells, most SemiAM is in the form of lipids. It has been
reported that lipids usually account for less than 10% of the
cellular carbon (Whitehead et al., 2008). In decomposed
organic matter, more SemiAM is in the form of AIF, which
is more refractory against further degradation (Wang et al.,
1998; Hwang et al., 2006; Wakeham and Lee, 2019).
Regardless of how fresh or refractory the SemiAM is, we
assume that LabiAM and SemiAM account for most of
the organic carbon in marine particles: for example, these
two components account for about 40–70% of phytoplank-
ton, 85% in zooplankton and more than 80% of total OC in
sinking particles from the Equatorial Pacific and suspended
particles from the continental shelf (Wakeham et al., 1997;
Wang et al., 1998; Chen et al., 2004). Other compounds,
like carbohydrates and amino sugars, make a lesser contri-
bution to POC. Therefore, the relative abundance (fLabiAM,
fSemiAM) and isotopic values (dLabiAM, dSemiAM) of LabiAM
and SemiAM determine the d13C values of most of the par-
ticulate organic carbon. In the open ocean, a rather con-
stant carbon isotope difference of 4.53‰ has been
observed between LabiAM and SemiAM in sinking parti-
cles (calculated from Fig. 3 in Hwang and Druffel, 2003).
Isotope differences among organic classes are widely
observed, and depend on the metabolic pathways by which
the molecules are synthesized (Hayes, 2001 and reference
therein). A rather consistent depletion in lipid 13C has been
predicted globally relative to the total biomass of natural
populations of phytoplankton (�3.5‰ to �4.5‰, Hayes,
2001), suggesting a relatively constant isotope difference
among major classes of organic compounds across diverse
marine environments.

However, unlike the open ocean where most organic
matter is produced by phytoplankton in surface waters
(e.g., Wang et al., 1998; Roland et al., 2008), coastal
organic matter originates from more diverse sources (e.g.,
Hedges and Keil, 1999; Canuel, 2001). Chen et al. (2008)
measured the d13C values of amino acid, lipid and AIF frac-
tions isolated from suspended particles and sediments on
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the shelf adjacent to the Pearl River estuary. Particulate
d13C values varied among the amino acids (�20.7‰), lipids
(�26.1‰) and AIF (�24.9‰). This observation appears to
contradict our assumption of isotopic similarity between
lipid and AIF fractions. Since a major portion of terrestrial
OM may be in the form of AIF, the observation that AIF is
isotopically heavier than lipids in the shelf particles could
result from the contribution of terrestrial OM when using
a direct measurement of the bulk fractions. Therefore, a
direct investigation of OM chemical fractions cannot sepa-
rate OM from diverse estuarine OM sources (Roland et al.,
2008). However, the shift in estuarine AIF does not influ-
ence our model, which sorts OM based on isotopic signa-
ture. The SemiAM in our model only considers AIF from
algal production, which has a constant isotopic linkage
with LabiAM, while AIF from terrestrial OM is included
in TerrOM. Considering this, the changing terrestrial input
only influences the f of the three fractions, but not their
d13C values.

Application of the Lability Model showed a major con-
tribution of SemiAM in the estuarine POC (Fig. 5b, c). The
contribution of SemiAM was usually larger than LabiAM
except at Station P07 and A02 (Fig. 5b). The sum of algal
LabiAM and SemiAM usually accounts for about half of
the POM in most stations (with only one exception,
22.6% at Sta. A01), indicating a dominance of algal OM
to the estuarine OM. However, the variation in fLabiAM/
fSemiAM ratio along the salinity transect (Fig. 5d) suggests
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that the lability of algal OM varies significantly, probably
as a result of the balance between prevailing production
and degradation processes during its transport across the
estuary. The elevated fLabiAM/fSemiAM ratio in the upstream
stations may result from higher phytoplankton growth as a
response to elevated nutrient inputs, as is frequently
observed in the upper reaches of the Pearl River estuary
(He et al., 2010b). In the middle stations, high turbidity
inhibits phytoplankton growth but decomposition contin-
ues. Even though the Lability Model cannot separate
SemiAM from TerrOM at downstream stations, A06,
A08 and A10, SemiAM should still be the major OM com-
ponent considering the limited influence from sediment
resuspension and terrestrial input downstream.

(3) Terrestrial organic carbon

Terrestrial organic matter originating from vascular
plant and soil OM is dominated by refractory components,
like lignin and carbohydrates from vascular plants, and
humic substances from soil (Benner et al., 1987; Bianchi,
2011; Whitehead et al., 2008). Thus terrestrial organic mat-
ter can have a much longer residence time than algal
organic matter (Benner et al., 1987), and thus neither the
molecular composition nor the isotope signature of terres-
trial POC are subject to major change during transport
through the estuary. This is likely why we observed little
change in bulk d13C values in upstream surface sediment,
and why the TerrOM d13C value of �24.1‰ was applied
uniformly in the model for terrestrial organic carbon in
the estuary from soil OM (Yu et al., 2010). Results from
the Lability Model suggest a dominant but highly variable
TerrOM contribution to surface suspended particles for the
Pearl River estuary (Fig. 5b); this contribution was usually
higher than that of SemiAM, with the highest contribution
at stations A01 and P04 where higher TSM input was also
observed (Fig. 2c). Higher values of both fTerrOM and TSM
at A01 and P04 in suspended particles suggest that terres-
trial input originates from local resuspension of sediment
or lateral transported OM along the watershed, rather than
input from river discharge; otherwise, a decrease of fTerrOM

would be observed downstream.
However, several processes can alter TerrOM composi-

tion, such as selective aggregation/coagulation of certain
compounds during the mixing of river and saline water
masses, production of macrophytic and benthic OM, resus-
pension of highly degraded sediment OM, the input from
the adjacent mangrove and marsh (Bianchi and Bauer,
2011), as well as photooxidation of terrestrial OM (Ward
et al., 2013, 2015). The potential influence of these processes
on TerrOM d13C is poorly constrained in the estuary.
Another challenge for our model is to evaluate the influence
of anthropogenic inputs. Heavy loadings of nutrients and
anthropogenic organic matter may enter the estuary in sew-
age from adjacent urban areas (He et al., 2014). We found
higher amino acid concentrations in the upper reaches of
the estuary (Fig. 4a), where the largest metropolitan areas
in southern China are found. However, it is hard to differ-
entiate the sources of these amino acids, whether they came
directly from anthropogenic sources, or resulted from algal
growth in response to anthropogenic nutrient inputs. The
latter may be more important to estuarine organic carbon,
because wAA d13C values at the upper reaches of the estu-
ary are consistent with in situ algal production from local
dissolved inorganic carbon, rather than from sewage input,
which has d13C values of bulk organic carbon ranging from
�22.9‰ to �28.0‰ (Rumolo et al., 2011, and references
therein). Thus, amino acids produced due to anthropogenic
nutrient inputs might best be included in algal-derived
organic carbon.

Taken together, these evidences demonstrate that Ter-
rOM plays an important role in the estuarine POC flux,
and that TerrOM distributions are influenced by local
resuspension of sedimentary OM and/or laterally trans-
ported OM along the watershed. The influences of seasonal
variations, storm events, and other process may be underes-
timated in our study due to the limited temporal resolution
of sampling.

4.2. Implications and limitations of the Lability Model

This preliminary study of amino acid d13C distribution
in the Pearl River estuary provides us with new insights into
estuarine OM and its contribution to the ocean carbon
cycling. First, algal OM is subject to rapid changes in
molecular composition and isotope values during its trans-
port in the estuary. These rapid changes make it particu-
larly challenging to quantitatively evaluate algal OM
contributions to estuarine POM. Two common strategies
have been widely applied to assess this problem: (1) quanti-
fying algal OM abundance using an algal-specific biomar-
ker as a proxy (Bianchi and Canuel, 2011 and references
therein), and (2) differentiating algal OM from other
sources by its characteristic isotope value (Peterson and
Fry, 1987). The former strategy assumes a constant relative
abundance of biomarker to algal OM even during decom-
position. The latter strategy assumes that algal OM pro-
duced in the estuary has an isotope value that remains the
same throughout the estuary regardless of degradative
modifications (Hedges et al., 1997). Both assumptions run
into problems in estuaries where dynamic production and
degradation processes affect labile organic matter. Instead,
the Lability Model simulates the changing molecular com-
position and isotope values of algal OM during decomposi-
tion. This approach circumvents the isotope shift in bulk
organic carbon that occurs during degradation and pro-
vides a more precise evaluation of algal OM distribution
(both labile and semi-labile) in the estuary. This model is
particularly useful in ecosystems where highly dynamic
hydrological and geochemical gradients limit a precise
quantification of organic carbon from different sources.

Secondly, the fate of estuarine OM in the ocean is lar-
gely determined by its lability and its flux to the ocean. It
has been generally assumed that exported estuarine OM is
dominated by more refractory terrestrial OM which has
bypassed the estuary and buried in the coastal ocean (e.g.,
Cai, 2011). The major contribution of SemiAM in the Pearl
River estuary indicates that algal OM in the estuary is pref-
erentially in the form of semi-labile components like lipid
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material and AIF. Thus, the autochthonous carbon pro-
duced by estuarine algae is not just remineralized locally
(Canuel and Hardison, 2016), but a large portion of it
has also been transformed into SemiAM and exported into
the coastal ocean. Thus, we must reconsider the origin and
fate of OM from estuaries in coastal ocean carbon budgets
(Najjar et al., 2018). This process is potentially more and
more important as higher contributions from algal
production have been predicted for future estuaries due to
increasing anthropogenic activities (Canuel and Hardison,
2016).

In future applications of the Lability Model, its limita-
tions must be better evaluated. This model separates algal
OM into LabiAM and SemiAM according to their distinc-
tive lability and isotopic signatures (Wang et al., 1998;
Hwang and Druffel, 2003). It assumes that LabiAM and
SemiAM have constant isotopic values once they are pro-
duced, but that their relative abundances are subject to
change during degradation. Thus, a reliable prediction from
the Lability Model requires the following: First, the d13C
values of compounds from individual sources must be dis-
tinguishable from each other. This is a major reason why
the model failed to quantify TerrOM in the downstream
stations where SemiAM and TerrOM show similar d13C
values. This limits application of the Lability Model to
environments where organic compounds from distinctive
origins have overlapping ranges of isotope values. Second,
the isotopic offset between LabiAM and SemiAM (D) must
be well identified. Based on our uncertainty analysis, the
model can only be applied to the uppermost stations when
the offset D has an uncertainty of 15% (Supplementary
materials S1.4, Table S8). This uncertainty may result from
the changing isotope relationship among individual mole-
cules which is originally determined by the diverse metabo-
lisms of source organisms. The uncertainty could also result
from the varied abundance of laterally transported
LabiAM and SemiAM along the estuary due to the differ-
ence in their residence time. Uncertainty in the offset D
can be largely constrained when both amino acid and algal
lipid d13C values and concentrations are available. Third,
the molecular composition and isotopic signature of recal-
citrant terrestrial OM must remain constant during trans-
port of the POM from one location to another.
Alternatively, the d13C and concentration of terrestrial
biomarkers like lignin could be incorporated into the model
to better evaluate the TerrOM contribution.

Overall, this model demonstrates the potential of com-
pound specific isotope studies to decipher both sources
and transformations of particulate organic carbon in an
estuary. It emphasizes the geochemical importance of bet-
ter understanding the intrinsic isotopic relationship among
individual molecules and the application of multiproxy in
compound-specific isotope analysis. Our model, to the best
of our knowledge, is one of the few that has considered
the influence of molecular transformation during OC
transport. This model could also be applied to other estu-
aries, e.g., the Amazon and Changjiang, to examine
sources and transformation of algal organic carbon in
those systems.
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