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A B S T R A C T   

Bottom water oxygen depletion is a central concern in estuaries and coastal oceans worldwide. However, a 
mechanistic understanding and quantitative diagnosis of different oxygen-consuming processes are less clear. In 
this study, a multi-stable isotope approach is developed to delineate the role of oxygen respiration and nitrifi
cation contributing to total oxygen consumption in the Pearl River Estuary (PRE), a large eutrophic estuary in 
south China. The approach highly couples with analysis of the carbon isotope composition of dissolved inorganic 
carbon (δ13C-DIC) and with stable nitrogen isotope analysis in ammonium (δ15N-NH+

4 ) and nitrate (δ15N-NO−
3 ). 

In all seasons, relatively low DO concentrations were observed in the upper reach and, to some extent, in the 
outer estuary during summer, while high concentrations of DO were found in the transition zone between the 
inner and outer estuary. On the basis of isotopic differentiation, our data reveal that much more depleted δ13C- 
DIC is coincident with DIC additions and low oxygen in the upper reach and inner estuary during most seasons. 
This is most likely a consequence of organic carbon (OC) degradation via aerobic respiration. Based on the 
carbon isotopic mass balance of DIC and the stoichiometry ratio of − ΔDO/ΔDIC, we found that the OC 
degradation dominates the total oxygen consumption in the upper reach, as well as in the inner estuary during 
summer (48.3%–93.5%). In addition, nitrification is another key process in contributing to total oxygen loss in 
the upper reach, as supported by the well-coupled variations of δ15N of NH+

4 and NO−
3 and apparent oxygen 

utilization (AOU). Using the formerly determined N isotopic fractionation and observed δ15N variation, we 
estimated that nitrification could account for 35.3%–44.1% and 28.5%–31.6% of the total oxygen consumption 
in the upper reach during winter and summer, respectively, while its contribution to total oxygen loss is minor in 
the inner and outer estuary. Overall, this study demonstrates the potential of the multi-stable isotopic approach 
to assess oxygen sink partitioning in large human-perturbed estuaries.   

1. Introduction 

Oxygen depletion is a globally significant challenge facing estuaries 
and coastal oceans, with severe consequences for marine life. In recent 
decades, the prevalence of systems that undergo hypoxic conditions 
(dissolved oxygen [DO] < 62.5 μmol/L) has been increasing, and future 
rises are anticipated due to the ongoing cultural eutrophication and 
global warming (Diaz and Rosenberg, 2008; Vaquer-Sunyer and Duarte, 
2008; Rabalais et al., 2009). Bottom water hypoxic conditions can alter 
the pathways of nutrient cycling (Testa and Kemp, 2012), affect redox 

environments in sediments (Middelburg and Levin, 2009) and enhance 
coastal acidification (Cai et al., 2011). Biological oxygen consumption 
that reduced oxygen levels and water column stratification that acts as 
an effective barrier to the downward transport of oxygen-rich surface 
water to the bottom water are the two principle drivers that lead to the 
development of bottom water hypoxia in estuaries and coastal waters 
(Diaz and Rosenberg, 2008; Bianchi et al., 2010). Although our knowl
edge about the driving mechanisms for seasonal hypoxia has greatly 
advanced in recent years, few studies have quantitatively assessed the 
relative importance of multiple potential biogeochemical processes to 
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the oxygen consumption and in turn the development of bottom water 
oxygen depletion, mainly due to the analytical challenges (Dai et al., 
2008; Strauss et al., 2012). 

From a biological perspective, biological oxygen consumption has 
been considered the most direct and essential condition for the devel
opment of low oxygen conditions. Among the multiple driving mecha
nisms, the turnover processes of carbon (C) and nitrogen (N) are highly 
coupled with oxygen production and consumption (see the schematic 
diagram in Fig. 1). Oxygen demand due to degradation of excess organic 
matter (OM) and high rates of nitrification reduce DO and create con
ditions conductive for the formation of oxygen depletion and hypoxic 
waters (Rabalais et al., 2009; Li et al., 2002; Dai et al., 2008; Bianchi 
et al., 2010). Exactly, there is an evident direct or indirect relationship 
between DO and DIC during OM degradation, which can be roughly 
characterized by the classical Redfield equation and expressed as follows 
(with a traditional ratio of 1.0–1.3 for –ΔDO/ΔDIC) (e.g., Redfield et al., 
1963; Taylor et al., 2003; Zhai et al., 2005). 

(CH2O)106(NH3)16H3PO4 + 138O2→106CO2 + 122H2O + 16HNO3

+ H3PO4 (1) 

Regarding nitrification process, it is typically carried out via the 
combination of two microbial processes, i.e., NH+

4 oxidation and NO−
2 

oxidation (EPA, 1993), 

NH+
4 + 1.5O2→NO−

2 + 2H+ + H2O (2)  

NO−
2 + 0.5O2→NO−

3 (3) 

The stoichiometric coefficients indicate that 1.0 mol NO−
3 addition 

via nitrification requires 2.0 mol of O2 consumption. 
More than concentration data alone, the measurement of stable 

isotopes in C and N pools provides a powerful tool to assess internal 
turnover and sources in estuaries and coastal oceans. Transformation 
processes generally favor the light isotope species (12C and 14N), and 
accordingly, the remaining substrate becomes subsequently enriched in 
heavy isotopes (13C and 15N) as turnover proceeds. For example, respi
ration and degradation of OM typically produces DIC with minor isotope 
fractionation from the OC substrate, and therefore adds 13C-depleted 
respiratory CO2 to the total DIC pool. Nitrification is unique to some 
extent, because it is a two-step with divergent isotope effects. The first 
step, NH+

4 oxidation, is associated with a large 15N fractionation (ε =

14–38‰), and thus could increase δ15N of the residual NH+
4 but add 

isotopically depleted NO−
2 /NO−

3 along with oxygen consumption 
(Cifuentes et al., 1989; Casciotti et al., 2003). The second step, NO−

2 
oxidation, exhibits an inverse fractionation (ε = − 12.8‰) (Casciotti, 
2009). The newly produced NO−

3 is heavier than the source NO−
2 , and the 

residual NO−
2 becomes progressively depleted in 15N during NO−

2 
oxidation. Based on isotope changes of multiform C and N and their link 
to oxygen data, in combination with the associated isotope effects dur
ing biogeochemical processes, it is possible to study the oxygen dy
namics and quantify the contribution of different biogeochemical 
processes on oxygen sinks (Strauss et al., 2012; Wang et al., 2016; Wells 
and Eyre, 2019). For example, using the stable C isotope coupled with a 
three end-member mixing model, Wang et al. (2016) demonstrated that 
the summer hypoxia in bottom waters of Changjiang plume could be 
predominately attributed to decomposition of biomass produced by 
overlying phytoplankton, as the δ13C value (− 18.5 ± 1.0‰) of the 
remineralized OC was very similar to the δ13C of marine sourced POC 
produced in situ (− 18.5 ± 0.3‰). 

Oxygen depletion (<94 μmol/L) or even seasonal hypoxia are 
frequently occurred in the Pearl River Estuary (PRE), a large subtropical 
estuarine system in south China that has been under massive anthro
pogenic pressure (e.g., Yin et al., 2004; Zhang and Li, 2010; Ye et al., 
2013; Qian et al., 2018). The largest corresponding <62.5 μmol/L 
hypoxic zone reported was ~660 km2 in the summer of 2014. High rates 
of OM decomposition, both from external sources or in situ OM caused 
by excess nutrient inputs, and strong water column stratification are the 
two primary mechanisms responsible for the occurrence of bottom water 
oxygen depletion (Yin et al., 2004; Dai et al., 2008; Qian et al., 2018; 
Zhao et al., 2020). Other factors contributing to the variations of DO 
include estuarine circulation, bottom topography and bottom water 
residence time (Yin et al., 2004; Ye et al., 2013). Previous studies have 
mainly addressed the physical mechanisms responsible for the varia
tions of DO and the formation of hypoxia in the PRE. In contrast, the 
biogeochemical sources and sinks of DO are poorly constrained and 
understood. The few published work on oxygen consumption rates are 
confined to the upper reach and discrete sampling stations within the 
estuary (Chen et al., 2004; He et al., 2014). According to previous 
studies (Rabouille et al., 2008 and references therein), the oxygen 
consumption rates in the PRE are comparable or even higher than the 
most severe hypoxic zones in the world (e.g., the northern Gulf of 
Mexico and Chesapeake Bay, USA). For example, aerobic respiration and 

Fig. 1. A conceptual model for multi-carbon and nitrogen stable isotopic constraints on water column oxygen sinks in estuaries and coastal oceans.  
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nitrification substantially contributed to the oxygen depletion in the 
upstream region, among which nitrification can account for one third of 
the total community oxygen consumption in the upmost station during 
wet seasons (Dai et al., 2006, 2008). In recent years, the δ13C of DIC has 
been used to explore the relative contribution of aerobic respiration of 
OM to total oxygen loss in bottom waters of the PRE during the sum
mertime (Su et al., 2017; Zhao et al., 2020). 

In this article, we evaluated multiple potential mechanisms respon
sible for reducing oxygen levels in the Pearl River Estuary from a 
biogeochemical perspective, and quantified the relative effects of these 
drivers using a suite of isotopic measurements and mixing models. Based 
on the tight coupling of organic (inorganic) carbon-reactive nitrogen- 
oxygen dynamics and the associated isotopic variations with oxygen 
consumption, we aimed to (1) delineate whether the developed isotopic- 
metric is possible to trace the DO sources/sinks in the water column, and 
(2) gain further insight into the relative importance of aerobic respira
tion and nitrification in leading bottom water oxygen consumption, 
especially during the summer periods when low oxygen conditions 
generally occur. To the best of our knowledge, this is the first study to 
understanding the role of OM decomposition and nitrification-induced 
oxygen consumption in controlling oxygen dynamics based on in situ 
measurements of multiform C and N isotope. 

2. Materials and methods 

2.1. Study area 

The Pearl River Estuary (PRE) is a bell-shaped subtropical estuary in 
southern China with a mean depth of 4.8 m (maximum water depth of 
>20 m) and a surface area of almost 2000 km2. The estuary is a typical 
freshwater-dominated estuary with weak tides (<1 m at the estuary 
mouth) (Dong et al., 2004). It receives the majority of fresh water from 
the Pearl River (PR), which has three major branches (West River, North 
River and East River) and several small net-like branches in the delta. 
Approximately 80% of the river discharge occurs in the wet season from 
April to September. During wet periods, estuarine mixing conditions are 
largely controlled by elevated river discharge and southwesterly pre
vailing winds, and water column stratification generally forms. During 
dry periods, the estuary is in general partially mixed due to the reduced 
river flow and strong northeast winds. The residence time for freshwater 
is about 2–3 days in wet seasons, but can be prolonged to 1–2 weeks in 
dry seasons (Dong et al., 2009; Sun et al., 2014). 

Over the last 3 decades, the PRE has experienced an increased 
nutrient load as a result of the intensification of agricultural practices 
and growing urbanization in the catchment area. The concentration of 
dissolved inorganic nitrogen (DIN, the sum of NO−

3 , NO−
2 and NH+

4 ) from 
the Pearl River has increased 3-fold in the past 30 years (Ning et al., 
2009). Excess nutrient inputs to the estuary result in increasing primary 
productivity (Harrison et al., 2008). Phytoplankton biomass, together 
with terrestrial OC loads, flux OM to the seafloor and being oxidized by 
bacteria, thereby triggering rapid dissolved oxygen consumption in the 
water column. Consequently, low oxygen waters or even hypoxic con
ditions generally occur, especially during the summer season when 
vertical stratification forms (Yin et al., 2004; Ye et al., 2013; Qian et al., 
2018). Moreover, the sediment load declined drastically since the early 
1990s, due mainly to the construction of dam in the drainage basin 
(Zhang et al., 2008; Wu et al., 2019). As a consequence, there has been a 
shift toward more contributions of biological reactive algal biomass to 
total POC within the estuary (Liu et al., 2012; Guo et al., 2015). 

2.2. Water sampling and sample analysis 

Sampling was performed along the salinity gradient of the PRE on 
the boat Yue-Dongguan-Yu 00589 in each season: autumn (November 
2013), winter (February 2014), spring (May 2014) and summer (August 

2014). According to their geographic distributions, previous studies 
generally divided the sampling locations into three zones, i.e., the upper 
reach (upstream of the Humen outlet), inner estuary and outer estuary 
(Fig. 2, Guo et al., 2008; Ye et al., 2016). Temperature and salinity were 
obtained using a Valeport mini-CTD (conductivity-temperature-depth) 
probe. At each site, water samples were collected using 5 L Niskin bottles 
from both surface (~0.5 m below the air-sea interface) and near bottom 
(~1 m above the bottom). Following collection, each water sample for 
isotopic analysis was filtered through a pre-combusted (450 ◦C) GF/F 
membranes (nominal pore size 0.7 μm). The filtrate was flash frozen 
with liquid N2 and kept at − 20 ◦C until further analysis. The filters for 
particulate matter determination were rinsed with Milli-Q water to 
remove sea salt and then immediately stored frozen. The chlorophyll a 
(Chl a) samples were stored frozen in the dark until analysis. DO con
centrations were measured using the Winkler titration method with a 
precision of 2.1 μmol/L (Strickland and Parsons, 1972). Apparent oxy
gen utilization (AOU) was calculated by the difference between the 
measured DO and the saturated DO with the same physical and chemical 
conditions. 

Nutrient concentrations, including NO−
3 , NO−

2 and NH+
4 , were 

analyzed on autosampler system using the standard colorimetric tech
niques, after the frozen samples were thawed under tap water. The 
precision of the analyses was better than 3% for three N species (Ye 
et al., 2016). The N isotopic composition of nitrate (δ15N-NO−

3 ), nitrite 
(δ15N-NO−

2 ) and ammonia (δ15N-NH+
4 ) was analyzed by the chemical 

conversion method based on procedures outlined in McIlvin and Altabet 
(2005) and Zhang et al. (2007), respectively. In brief, various N species 
are quantitatively converted to N2O using sodium azide in an acetic acid 
buffer, after reduction/oxidation processes. The resultant N2O gas was 
purified and collected on a TraceGas preconcentration system, followed 
by isotopic analysis on an isotope ratio mass spectrometry (IsoPrime 
100, Elementar Inc.). Isotope values are reported in delta notation (δ) in 
units of per mil (‰) as follows: 

Fig. 2. Map of the Pearl River Estuary showing the sampling stations. This 
study divided the estuary into three zones: (1) upper reach; (2) inner estuary; 
and (3) outer estuary. 
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δ15N=([(
15N
14N

)sample

/

(
15N
14N

)standard] − 1) × 1000 

Measurements were referenced to Air N2 (for 15N/14N) using inter
nationally certified standards (NO−

3 : USGS-32, USGS-34 and USGS-35; 
NH+

4 : IAEA-N1, USGS-25 and USGS-26). For NO−
2 isotope analysis, we 

used two in-house nitrite standards with known δ15N values (Lab1: δ15N 
= 0.9‰ and Lab2: δ15N = − 11.8‰) which were determined via EA/ 
IRMS analysis. The analytical precision for nitrate samples was better 
than 0.3‰ for δ15N and 0.5‰ for δ18O (n = 8). For NH+

4 samples, the 
analytical precision of δ15N values was generally better than 0.4‰. 

Dissolved inorganic carbon (DIC) was determined by acid extraction 
using a total organic analyzer (TOC-L, Shimadzu Corporation, Kyoto, 
Japan), using the total inorganic carbon mode. The precision of the 
method is 2.0 μmol kg− 1 for DIC. The δ13C-DIC and δ13C-POC values 
were determined using a Gasbench IIextraction line coupled with an 
isotope ratio mass spectrometer (IRMS, Delta V Advantage) and an 
elemental analysis-IRMS (Delta XL Plus EA-IRMS) respectively, and 
more detailed analytical procedures are described in Guo et al. (2015). 
The δ13C values are given as per mil (‰) deviations from the standard 
Vienna Pee Dee Belemnite (VPDB), i.e., 

δ13C=([(
13C
12C

)sample

/

(
13C
12C

)VPDB] − 1) × 1000 

The standard deviation for the international and in-house standards 
was 0.2‰ for δ13C-DIC and 0.1‰ for δ13C-POC, respectively. The de
viations for the replicate samples were in the same range or better. Note 
that much of data in surface waters including the concentration and 
isotopic composition of DIC/POC and NO−

3 / NH+
4 during summer and 

winter seasons has been published previously (Guo et al., 2015; Ye et al., 
2016). 

2.3. Data analysis 

To examine the sources and turnover of carbon and nutrients in the 
Pearl River Estuary, we evaluate the mixing pattern of these constitutes 
(both concentration and stable isotope) along the salinity gradient by 
using a two end-member mixing model, comparing them to conservative 
mixing. As the marine end-members, we selected the offshore surface 
water for DIC and relative stable subsurface water (100–200 m) from the 
northern South China Sea (NSCS) for DIN, rather than the samples with 
highest salinities (Ye et al., 2016; Zhao et al., 2020). Because the Pearl 
River is composed of three main branches with complex net-like small 
rivers in the estuarine zone (Fig. 1), it is difficult to decide a common 
freshwater end-member at present. Alternatively, we note that the 
distributional patterns of multiple C and N pools as well as their stable 
isotopes varied greatly at an early stage of estuarine mixing in all sea
sons, suggesting that beyond this point, no significant freshwater mixing 
between tributaries and/or anthropogenic input can be identified. In the 
wet season, the mixing mainly occurs in the inner estuary near Humen 
outlet, so we use the sampling station located in the upmost part of the 
inner estuary as the riverine end-member; in the dry season, the mixing 
mainly occurs at the upper Humen area, so the data of station after 
mixing with East River was used as the end-member. We note that these 
are not truly riverine end-members because they also reflect the 

influence of multiple biogeochemical processes that may have occurred 
in the low-salinity regions. A summary of the end-member values used in 
this study is listed in Table 1. More details of the riverine end-members 
can be found elsewhere (Guo et al., 2008; Ye et al., 2016). 

Regarding the salinity distributions of concentration and isotope 
patterns, we divided the salinity gradient into three zones termed (L) 
low-salinity zone (<3.0), (M) the intermediate-salinity waters, and (H) 
high-salinity zone (S > 20–25). In the dry season, the low-salinity zone is 
found in the Guangzhou channel of the upper reach, whereas the 
intermediate-salinity and high-salinity waters are found in the lower 
section of the upper reach as well as inner estuary and outer estuary, 
respectively. In the wet season, however, the low-salinity zone is nearly 
consistent with the region of the upper reach, while the intermediate- 
salinity occupies most of the inner and outer estuary. In fact, similar 
to that of DIC concentration (Cai et al., 2004; Guo et al., 2008), if we 
extended the conservative mixing line of δ13C-DIC to zero salinity, we 
can obtain the effective riverine δ13C-DIC. The δ13C-DIC values of 
− 7.5‰ and − 10.3 to − 10.2‰ can be estimated during the dry and wet 
periods, respectively. These values are consistent with the average 
δ13C-DIC recently reported in the Pearl River Delta (Xuan et al., 2020). 

The mixing behavior of compounds can be assessed using the 
following classical mixing model: 

Xcons =XR × fR + XM × (1 − fR) (4)  

δcons =
δR × XR × fR + δM × XM × (1 − fR)

Xcons
(5)  

where X and δ denote concentration and isotopic composition, the 
subscripts R and M indicate composite riverine and marine end- 
members respectively, f denotes the fraction of riverine in each sam
ple calculated from salinity: 

fR = 1 −
Ssp − SR

SM − SR
(6)  

where sp refers to the salinity of sample. 
By comparing each measured concentration and isotopic composi

tion of DIC and NO−
3 to that expected from conservative mixing, the 

deviations from mixing can be defined as, 

ΔX=Xmeas − Xcons (7)  

Δδ= δmeas − δcons (8) 

The difference (Δ) between the measured and conservative constit
uents represents the magnitude of the biological alternation and/or 
physical sediment-water interaction and/or air-sea gas exchange (for 
DIC). 

The spatial and seasonal variation of DO, multi-form C and N con
centrations and isotopic composition and other relevant parameters 
were plotted using the software Grapher 10. Relationships between DO 
or AOU and these parameters were analyzed with the Pearson correla
tion. All statistical analyses were carried out at a significance level p <
0.05 and were performed with the software SPSS16.0 for windows. 

Table 1 
Definitions of the riverine and marine end-members in the present study.  

Endmember Season Salinity DIC (μM) (μM) NH4
+ (μM) δ13CDIC (‰) δ15NNO3(‰) 

Riverine autumn 2.4 1.65 85.00 22.80 − 7.50 6.60  
winter 5.5 2.20 75.00 30.00 − 6.30 − 0.90  
spring 1.6 1.50 75.00 21.60 − 9.70 5.00  
summer 3.0 1.60 70.40 2.20 − 8.90 5.70 

Marine all seasons 33.7 (DIC) 
34.5 (DIN) 

1.92 5.00 0.01 0.80 4.00  

F. Ye et al.                                                                                                                                                                                                                                       
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3. Results 

In the upper reach (i.e., upstream of the Humen outlet), DO con
centrations were mostly undersaturated, ranging between 73 and 238 
μmol/L, coinciding with high phytoplankton biomass (as indicated by 
Chl a concentration), particularly in the warm summer (Fig. 3). How
ever, low oxygen conditions (<94 μmol/L) appear to occur over a 
limited area during the sampling period. In the inner estuary where SPM 
concentrations were high, DO increased downstream with salinity and 
amounted to 10–20% over the saturation level in dry periods. Further 
downstream with high-salinities (S > 20–25), the O2 concentrations 
remained stable in surface waters but dropped to less than 135 μmol/L in 
bottom waters of the summer cruise. DO exhibited strong vertical var
iations, with much higher concentrations at the surface and lower values 
at the bottom. This was particularly evident in the outer estuary during 
wet seasons. 

The physiochemical characteristics showed significant seasonal 
variations in the PRE (Fig. 3). During wet periods, the freshwater end- 
member (S < 1) was located 0–20 km upstream of Humen in the 
upper reach, but it moved to 40–60 km upstream of Humen in dry pe
riods. The spatial distribution of salinity was highly variable but 
generally increased seaward, which is typical of a freshwater-dominated 
estuary with weak tides and a clear interface between freshwater and 
seawater. The water column was well mixed in most of our study area. In 
contrast, the salinity data from the outer estuary showed a notable 
stratified water column during the wet season, with warm and fresh 

surface water but cool and more saline water at the bottom. Highest 
concentrations of total suspended matter (SPM) were observed in the 
freshwater during most seasons (winter, spring and summer), with a 
second maximum in the transition between the inner and outer estuary. 
In autumn, SPM concentrations in the mixing zones were higher (>40 
mg/L) than those in both landward and seaward sampling stations (<25 
mg/L). On all four cruises, the highest Chl a contents were observed in 
the upper reach, especially in winter and summer. They generally 
declined with increasing salinity, but a second maximum is visible in the 
inner estuary during some cruises. 

The spatial distribution of concentrations and isotopic compositions 
of DIC and DIN forms (NO−

3 , NH+
4 and NO−

2 ) along the flow direction of 
the PRE are shown in Figs. 4 and 5, whereas along the salinity gradient 
of the estuary are shown in Figs. 6 and 7. DIC exhibited a strong seasonal 
and spatial variation, with much higher concentrations in dry seasons 
than wet seasons for the near freshwater samples. In the wet season, DIC 
increased seaward with increasing salinity but with a nonlinear rela
tionship in the low salinity zone (i.e., the upper reach), whereas it 
exhibited an opposite pattern in the dry season. DIC was mostly con
servative in the salinity range from 3 to >30 in all seasons, but with 
some notable deviations in middle to high salinity during both summer 
and winter. The distribution pattern of DIC is consistent with previous 
investigations in the PRE (Cai et al., 2004; Guo et al., 2008). The con
centrations of all inorganic N forms were relatively high in the upper 
reach. The average DIN concentrations were much higher in the dry 
season than in the wet season. It should be noted that there was a 

Fig. 3. Seasonal variation of DO and other physiochemical characteristics along the estuary.  
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significant decrease in [NH+
4 ] but an increase in [NO−

3 ] in the same re
gion, coincident with the sharp decrease in DO. Concentrations there
after decreased sharply in the low-salinity zone during all four cruises. 
Further downstream, concentrations of different N forms decreased 
steadily and were mostly conservative with increasing salinity. How
ever, significant deviations falling above the conservative mixing line 
were seen in the estuarine mixing waters, in particular during the dry 
periods. 

The δ13C-DIC values ranged from − 11.8 to 0.3‰ for the samples 
analyzed in this study. The near freshwater (S < 1.0) in the upper reach 
generally have much lower δ13C-DIC values than the waters collected 
from the outer estuary (Fig. 5). The δ13C-DIC in the near freshwater was 
lowest during the springtime, and increased nearly conservative 
downstream with increasing salinity. In contrast, the DIC in the upper 
reach is slightly more enriched in 13C during other seasons, but decrease 
downstream in the low salinity waters. Low δ13C-DIC values were found 
near Humen outlet during most seasons (i.e., autumn, spring and sum
mer). However, measured δ13C-DIC values were lower than that ex
pected from conservative mixing for a significant number of samples in 
the estuarine mixing zone (Fig. 7). Further offshore, the δ13C-DIC 
pattern can be largely explained by the freshwater-seawater mixing. 

The δ15N composition of different DIN forms exhibited strong spatial 
and seasonal variation (Fig. 5): (1) they are much more variable during 
winter than wet periods, (2) the average δ15N-NO−

3 values were much 
higher in the wet than the dry seasons (5.5–6.7‰ vs. 2.7–4.8‰), 
whereas the δ15N-NH+

4 has an opposite pattern (2.0–7.8‰ vs. 
9.7–20.1‰). (3) With respect to the spatial (salinity) distribution, δ15N- 
NO−

3 decreased sharply in the upper reach with low salinity (S < 3), 
where a dramatic increase in [NO−

3 ] associated with decreasing oxygen 

was found. These variations are associated with a continuously 
increasing enrichment in 15N of NH4

+ but a marked decrease in [NH+
4 ]. 

Further downstream, the δ15N-NO−
3 remained stable and behaved almost 

conservatively up to a salinity of 20–25 during wet seasons, but largely 
distributed below the conservative mixing line in dry seasons (Fig. 7) 
when elevated [NO−

3 ] and high concentrations of SPM were observed, 
and then increased in the most saline sample in all seasons. For the δ15N 
of NH+

4 , it decreased steadily from the lower section of the upper reach 
to outer estuary in the dry period, but exhibited little variation within 
the estuary in the wet period. Outliers with δ15N-NH+

4 ([NH+
4 ]) falling 

below (above) the mixing line are remarkable at the intermediate 
salinity waters (between the inner and outer estuary) during dry periods 
(Figs. 6 and 7), seems to indicate an additional input of 15N-depleted 
NH+

4 , which will be discussed later in section 4.2. Throughout entire 
estuarine gradient, however, it is difficult to understand the real mixing 
curve. Values of δ15N-NO−

2 are more variable than both of δ15N-NO−
3 and 

δ15N-NH+
4 in most seasons, with the exception of spring when the δ15N of 

all N forms are relatively stable along the salinity gradient. 
In the surface water, a positive correlation could be only established 

between AOU and δ15N-NH+
4 during the winter cruise, if all data points 

pooled together. However, in the bottom water, a significant positive 
relationship (p < 0.01) can be found between AOU and δ15N-NH+

4 in all 
seasons except spring when a negative relationship was observed (Figs. 8 
and 9). In contrast, there were no relationships between AOU and δ15N 
of NO−

3 (p > 0.05) in both surface and bottom waters. When the data 
points were pooled separately based on their geographic locations, we 
found significant positive relationships (p < 0.01) between δ15N-NH+

4 
and AOU in the upper reach during winter and summer, a negative 

Fig. 4. The concentrations of surface and bottom DIC, NO−
3 , NH+

4 and NO−
2 versus distance from the Humen outlet. The number 1, 2, 3 illustrate the upper reach, 

inner estuary and lower estuary. 
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correlation in the surface waters of the outer estuary in most seasons, 
whereas no such relationship was observed in the inner estuary in all 
seasons. Among the four sampling seasons, winter and summer were the 
seasons when the δ15N of all forms correlated (p < 0.05), although the 
direction of correlations varied from negative (δ15N-NO−

3 vs. δ15N-NH+
4 

and δ15N-NO−
2 in summer, and δ15N-NH+

4 vs. δ15N-NO−
3 and δ15N-NO−

2 in 
winter) to positive (δ15N-NO−

3 vs. δ15N-NO−
2 in winter and δ15N-NO−

2 vs. 
δ15N-NH+

4 in summer). The relationships between DO and different 
environmental parameters can be also found in Figs. S1–4. 

4. Discussion 

4.1. Isotopic evidence for oxygen consumption due to aerobic respiration 

While the mixing between riverine water and seawater dominated 
the distributions of DIC concentrations and nutrients in the PRE (Fig. 6), 
a number of other processes are clearly important as well, and may 
explain the deviations from conservative mixing. In most cases, the 
major processes moderate the non-conservative behavior of DIC in es
tuaries including biological metabolism, intense physical sediment- 
water interaction and resuspension of sediments, tributary and local 
anthropogenic inputs (Cloern et al., 2002; Wu et al., 2003). Among these 
processes, net biological production (with DIC removal and DO gains) 
and aerobic respiration (with DIC additions and DO loss) are highly 
associated with estuarine oxygen dynamics. In the following, we try to 
distinguish the effects of one from the other in controlling the 
non-conservative behavior of DIC and its δ13C in this subtropical estu
arine system. 

The upper reach had very high concentrations of OC and nutrient in 

the near freshwater area (S < 1). The well coupled signals of decreased 
δ13C-DIC and low oxygen (Figs. 3 and 5), together with the strong OM 
degradation signal (POC and Chl a), allow us to suggest that aerobic 
respiration may play a crucial role in controlling oxygen dynamics in 
this region. In most cases, the DIC produced by the degradation of OM 
via aerobic respiration inherit light 13C signals from OC and will 
therefore add isotopically light DIC to the system. It is interesting to note 
that the riverine δ13C-DIC in spring exhibited much lower values than 
other seasons (− 12 to − 11‰ vs. − 10 to − 7‰), when oxygen concen
trations were also low (Figs. 3 and 5). This suggests that the spring DIC 
may have originated primarily from the weathering of carbonate rocks 
in the early flood season (Guo et al., 2015). The much higher δ13C-DIC 
(− 10 to − 8‰) measured during summer compared to other seasons are 
probably due to an enhanced biological uptake (i.e., photosynthesis), 
either in situ or transported from upstream, as indicated by the high 
phytoplankton biomass and DO concentrations (Fig. 3). A clear seaward 
decrease in δ13C-DIC was seen during autumn and summer (Fig. 5). This 
decrease was accompanied by significant additions of DIC but removal 
of POC (Guo et al., 2015), clearly suggesting the regeneration of DIC 
from OM degradation. Further downstream in the low-salinity waters (1 
< S < 3, i.e., in the lower section of the upper reach in the dry season, 
but in the inner estuary in the wet season), there was a substantial 
change in δ13C-DIC (Fig. 7). This, in conjunction with a rapid decline in 
the concentrations of most constituents (e.g., POC and nutrients), could 
be due to the complicated freshwater mixing of different tributaries in 
the upstream (e.g., Guo et al., 2008; He et al., 2014; Guo et al., 2015). 

To determine the contribution of DIC released from OM degradation 
in the upper reach (fUP), a simple δ13C-based two end-member mixing 
model was used, 

Fig. 5. The isotopic composition of surface and bottom DIC, NO−
3 , NH+

4 and NO−
2 in both surface and bottom water samples versus distance from the Humen outlet. 

The number 1, 2, 3 illustrate the upper reach, inner estuary and lower estuary. 
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fUP(%)= (δ13CDICups − δ13CDICmeas)
/
(δ13CDICups − δ13CDICbio) × 100 (9)  

where δ13CDICups and δ13CDICmeas are δ13C-DIC from upstream rivers and 
those measured in the upper reach. If assuming that (1) OM degradation 
is the predominant process for the observed DIC variation, and (2) there 
is minor isotopic fractionation during OM degradation, then, the 
δ13CDICbio should inherit the isotopic signal of the OC that consumed 
oxygen and produced DICbio (Wang et al., 2016). In this study, we did 
not measure the effective upstream riverine δ13C-DIC, but rather adop
ted a value of − 10.2 ± 1.1‰ and − 8.0 ± 1.2‰ during the wet and dry 
seasons that has been reported for the Pearl River Delta (Xuan et al., 
2020). In fact, the literature data are in good agreement with our esti
mated effective riverine δ13C-DIC, which can be extrapolated from the 
non-linear fitting relationship between salinity and δ13C-DIC in the high 
salinity portion of the estuarine zone to the zero salinity (see Materials 
and methods). It must be noted that the signal of δ13C-DIC could be 
strongly influenced by in situ photosynthetic activity in the freshwater 
of the estuary, especially during winter and summer when high phyto
planktonic biomass (Chl a >20 μg/L) was found (Guo et al., 2015). 
Therefore, an isotopic correction was required before the δ13C-DIC could 
be used to evaluation the importance of biotic effects on oxygen dy
namics. In order to estimate the fraction of DIC (fPP) converted into 
organic matter by phytoplankton during photosynthesis, the following 
two equations are used to distinguish and correct for the effect of 
phytoplankton DIC uptake on the δ13C-DIC (Esposito et al., 2019), 

δ13Cproduct = δ13Cinput − εPP × (1 − fPP) (10)  

where δ13Cproduct is the δ13C of the accumulated product (i.e., the algal 
POC), and the term δ13Cinput represents the isotopic signatures of DIC 
before DIC uptake by freshwater phytoplankton. A fixed fractionation 
factor (εPP) of 20‰ (with a typical range of 18‰–22‰) was used 
(Bianchi and Bauer, 2011 and references therein). 

For the isotopic signature of the residual DIC pool after phyto
plankton DIC uptake, 

δ13Cres =(δ13Cinput + 1000)*(fPP * α+ 1 − fPP) − 1000 (11)  

where α = (1000 + εPP)/1000. 
Based on the measured Chl a concentrations and using the POC/Chl a 

ratio of 33.0 μg C μg− 1 Chl a for freshwater phytoplankton in the upper 
reach of the PRE (Fu et al., 2014), and assuming the DIC uptake by 
phytoplankton follows the classical Redfield ratio between DIC and 
organic matter (Equation (1)), we calculated that the fraction of DIC 
assimilated by phytoplankton accounts for 3–4%, 1–3% and 6–10% of 
the river water DIC concentrations in winter, spring and summer, 
respectively. It should be noted that the photosynthetic uptake of DIC 
decreases to ca. 0% within the estuary. Regarding the effect on the 
δ13C-DIC in the near freshwater, DIC uptake during photosynthesis 
causes C isotopic enrichments of 0.6–0.7% in winter, 0.2–0.5% in spring 
and 1.1–2.1% in summer in the freshwater (i.e., the upper reach) of the 
PRE. After consideration of the photosynthetic effect, the freshwater 
δ13C-DIC could be corrected to − 9.8‰ to − 8.0‰ (average: − 9.0 ±
0.8‰), − 12.2‰ to − 11.3‰ (average: − 11.8 ± 0.3‰) and − 11.2‰ to 
− 10.3‰ (average: − 10.8 ± 0.3‰) during winter, spring and summer 
respectively (Fig. 5). 

Fig. 6. The concentrations of DIC, NO−
3 , NH+

4 and NO−
2 in surface and bottom waters versus salinity in the PRE. L, M, and H indicate the low-salinity, intermediate 

salinity and high-salinity waters. The dashed lines illustrate calculated conservative mixing between the riverine and marine end-members represented by red stars. 
For definitions of end-member values (stars) see ‘Materials and methods’. The turbidity mixing zone is indicated by the gray shaded area. 
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Moreover, taking into account that the variable δ13C-DIC, we 
therefore used the arithmetic average of the upper reach to calculate the 
relative contribution of DIC derived from OM degradation. Based on our 
concurrent δ13C-POC data in the same region, the fraction of DIC derived 
from OC degradation is estimated to be 4.9 ± 1.7%, 10.2 ± 1.3% and 3.1 
± 1.4% during winter, spring and summer respectively. Using a repre
sentative average DIC concentration of 2250, 1480 and 1550 μmol/L in 
winter, spring and summer respectively, it is estimated that the DIC 
additions due to aerobic respiration could range from 48.1 ± 21.7 μmol/ 
L to 151 ± 19.2 μmol/L in the upstream waters. If we further assume a −
ΔDO/ΔDIC ratio of 1.0–1.3 during OC degradation, as determined in the 
same region as this study (Zhai et al., 2005; Qian et al., 2018), the 
corresponding oxygen loss would be 48.1 ± 21.7 μmol/L to 196.3 ±
28.8 μmol/L, which can account for about 44.0 ± 8.3% to 57.2 ± 10.8, 
87.5 ± 2.9% to over 100% and 29.1 ± 4.9% to 37.8 ± 6.2% of the 
corrected apparent oxygen utilization (AOUcorrected, including AOU and 
oxygen supplied by photosynthesis) in the upper reach during winter, 
spring and summer respectively. In contrast, in situ photosynthetic ac
tivity by freshwater algae supplies 32.1 ± 4.9%, 12.3 ± 2.5% and 72.9 

± 6.8% of the AOUcorrected in winter, spring and summer, respectively. 
At the estuarine mixing zone (3 < S < 20) (i.e., the lower section of 

upper reach and inner estuary during the dry season, and the inner and 
outer estuary during the wet season), the mixing between the riverine 
freshwater and seawater dominates the isotopic variability of DIC in the 
water column, especially in March when there is no significant or small 
deviations from conservative mixing (Fig. 6). In contrast, the deviation 
of δ13C-DIC from mixing was considerable in summer, accompanied by 

significant DIC additions (up to 170 μmol/L) and oxygen consumption, 
mostly found in the bottom waters. Moreover, substantial POC removal 
was detected during the same period (Guo et al., 2015). Taken together, 
these findings suggest the DIC production and oxygen consumption due 
to OM remineralization via aerobic respiration. Similar to the case in the 
upper reach, we can simply estimate the contribution of OC degradation 
to the total DIC pools (fMZ) and the associated oxygen consumption by 
the following equation: 

fMZ(%)= (δ13CDICcons − δ13CDICmeas)
/
(δ13CDICcons − δ13CDICbio) × 100 (12)  

where δ13CDICcons and δ13CDICmeas are the conservative and measured 
δ13C-DIC values, respectively. Similarly, the δ13CDICbio is the isotopic 
composition of additional DIC that is produced by OC mineralization, 
which should be identical to the δ13C of the OC (Wang et al., 2016). 

Based on the existing deviations and the concurrent δ13C-POC data 
(Guo et al., 2015), we calculated that OC degradation accounts for up to 
2.5% of the total DIC pools in the estuarine mixing zone, among which 
both marine and terrestrial-derived OM could contribute to the DIC 
additions (Su et al., 2017; Zhao et al., 2020). Also, if we further assume 
the stoichiometry ratio of 1.0–1.3 for oxygen consumption/DIC addition 
during OC degradation was applied. Then, the degradation of OC due to 
aerobic respiration can contribute approximately 48.3–93.5% of the 
observed oxygen loss in the bottom water during summer. With respect 
to the outer estuary, in situ photosynthesis, probably from the surface 
waters, supplies 29.6%–60.7% of the bottom AOU in two sampling sites, 
while OC degradation consumed 26.9%–89.7% of the bottom AOU in 
the other two stations. 

Fig. 7. The isotopic composition of DIC, NO−
3 , NH+

4 and NO−
2 in surface and bottom waters versus salinity in the PRE. L, M, and H indicate the low-salinity, in

termediate salinity and high-salinity waters. The dashed lines illustrate calculated conservative mixing between the riverine and marine end-members represented by 
red stars. For definitions of end-member values (stars) see ‘Materials and methods’. The turbidity mixing zone is indicated by the gray shaded area. 
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In the dry periods, we note that the mid-salinity samples (i.e., the 
inner estuary with salinity range from 10 to 20) have more isotopically 
depleted DIC than mixing, but associated with fully oxic conditions. This 
decoupling could be explained by the combined effects of intense 
physical sediment-water interaction and enhanced air-sea gas exchange 
due to strong wind mixing. Prior work in the PRE have demonstrated 

that the sediment-water fluxes of DIC, which inherits the δ13C signals 
from bulk sediment/particulate OC being mineralized, are high during 
the November 2013 sampling cruise (Cai et al., 2015). These isotopically 
depleted DIC would be diffused into the water column by the enhanced 
wind-driven mixing in the dry period. The effect of sediment-water 
interaction is also reflected by the elevated SPM and POC 

Fig. 8. Relationship between surface water δ15N of NH+
4 and AOU (upper panels), δ15N of NO−

3 and AOU (middle panels) and ΔNH+
4 versus AOU (lower panels) in 

different sections of the PRE. 

Fig. 9. Relationship between bottom water δ15N of NH+
4 and AOU (upper panels), δ15N of NO−

3 and AOU (middle panels) and ΔNH+
4 versus AOU (lower panels) in 

different sections of the PRE. 
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concentrations (Fig. 3) that paralleled the negative deviations of 
δ13C-DIC (Fig. 7). On the other hand, the role of atmospheric CO2 to DIC 
(add DIC to the system with enriched δ13C) is considered to be minor due 
to the high partial pressure of CO2 in the water column (Guo et al., 
2009). However, the atmospheric O2 exchange is active as a result of the 
wind effect on mixing and the substantial oxygen gradient between the 
atmosphere and water column (Qian et al., 2018). Thus, high concen
trations of DO but more depleted δ13C-DIC were found during the dry 
period. Nevertheless, the respective role of low oxygen waters liberated 
from sediments and air-sea O2 exchange on DO dynamics is difficult to 
quantify. 

4.2. Isotopic evidence of nitrification-induced oxygen depletion 

4.2.1. Isotopic evidence for nitrification-induced oxygen consumption 
Nitrification is attributed as an important mechanism contributing to 

O2 consumption in estuaries and coastal oceans (Déri, 1991; Brion et al., 
2000; Dai et al., 2008; Hsiao et al., 2014). For example, it can constitute 
20–64% of the total oxygen consumption at the mid-salinity zone of the 
Mississippi River estuary (Pakulski et al., 1995). Nitrification is a 
two-step process, where ammonium is oxidized via nitrite to nitrate. The 
magnitude of the isotope effect for ammonia oxidation (AO), the first 
step of nitrification, is large (Casciotti et al., 2003). In the second step, 
nitrite oxidation (NO) will transfer NO−

2 with an inverse but limited 
isotope effect (Casciotti et al., 2003). As a consequence, the isotopic 
offset/change between the substrate NH+

4 and product NO−
2 / NO−

3 have 
the potential to be used to assess the relative importance of nitrification 
on biological N turnover processes (Fripiat et al., 2014; Wells and Eyre, 
2019). 

To freshwater-dominated estuaries, the spatial distribution of δ15N of 
NO−

3 and NH+
4 is largely regulated by mixing between freshwater and 

seawater (Cifuentes et al., 1989; Wankel et al., 2006; York et al., 2007). 
However, our work showed that in the low salinity waters, the mixing of 
multiple riverine inputs is not solely responsible for the overall patterns 
of δ15N of both NH+

4 and NO−
3 , indicating other processes such as nitri

fication must be invoked (see following discussion). Further down
stream in the estuarine mixing zone (i.e., the inner estuary) with salinity 
range from 3 to 20, the freshwater-seawater mixing appears mainly 
responsible for the spatial patterns of concentrations and isotopic 
composition of two DIN species (Figs. 6 and 7). In the outer estuary with 
salinities >20, NO−

3 isotopic composition was mainly controlled by the 
freshwater-seawater mixing and phytoplankton drawdown (Fig. 7), see 
details in Ye et al. (2016). 

Multiple N processes contribute to variation in concentration and 
isotopic values of DIN species in the estuarine environments. Among 
these processes, nitrification and OM degradation/photosynthesis are 
processes that couples N transformations and oxygen dynamics. In 
contrast, denitrification, dissimilatory nitrate to ammonium (DNRA) 
and anaerobic ammonium oxidation (anammox) are anoxic (i.e., the 
absence of oxygen) and compete for NOx as electron acceptors. They 
occur mainly in oxygen-depleted water columns and sediments, and act 
as the major sinks of fixed N in coastal oceans (Dong et al., 2009; Fer
nandes et al., 2012; Giblin et al., 2013). However, considering that ox
ygen concentrations in the water column are usually higher than the 
anoxic conditions in most hypoxic (<62.5 μmol/L) estuarine systems, 
these microbial processes should play a minor role in the concentration 
and isotopic variations of total N pools. Even if we consider the sedi
mentary N removal processes, previous studies in the PRE have shown 
that denitrification was the predominant NOX removal process (>70%– 
100%), while DNRA and anammox made up only a minor contribution 
(Tan et al., 2019; Huang et al., 2022). In addition, sedimentary N loss 
involved mainly particulate organic form deposited onto sediments, 
with water column derived NOX acting as the secondary source (Tan 
et al., 2019). Taken together, we assume that with the exception of 
nitrification and OM degradation/photosynthesis, other microbial 

effects are of less importance. 
In the upper reach before the mixing of multiple riverine inputs, the 

δ15N-NH+
4 increased gradually with increasing AOU during both sum

mer (in bottom waters) and winter (in both surface and bottom waters), 
whereas the δ15N-NO−

3 showed the opposite trend (Figs. 8 and 9). The 
decrease in DO concentration was highly coherent and roughly in line 
with the removal of NH+

4 but NO−
3 addition (Fig. 6). These covariation 

trends may be related to nitrification, as it generally adds isotopically 
light N to the NO−

3 pool whereas the 15N of the residual NH+
4 pool be

comes enriched, due to the significant N isotopic fractionation during 
NH+

4 oxidation. Additional evidence confirmed that nitrification domi
nates N turnover process in the low salinity waters comes from the fact 
that the δ15N values of NO−

2 were up to 50‰ depleted than that of NH+
4 

in winter (Fig. 7), and δ15N-NH+
4 / δ15N-NO−

2 negatively/positively 
correlated with NH+

4 /NO−
2 in summer (Fig. 9). Moreover, a sharp 

decrease in phosphate concentration (PO3−
4 ) further precludes the in

fluence of massive sewage effluent during both seasons (data not 
shown). Dissolved oxygen is essential during nitrification process, as 
both ammonia oxidation (consumes 1.5 mol O2 when oxidizing 1 mol of 
NH+

4 ) and nitrite oxidation (consumes 0.5 mol O2 when oxidizing 1 mol 
of NO−

2 ) would enhance oxygen consumption (EPA, 1993). Therefore, 
these lines of evidence suggest that nitrification-induced oxygen con
sumption would contribute to low oxygen conditions within the estuary, 
which is consistent with previous findings (Dai et al., 2006; Ye et al., 
2016). 

Thereafter, both NO−
3 and NH+

4 concentrations decreased sharply 
near the Humen outlet. Associated with the decrease in DIN concen
trations were a significant decrease in δ15N of NO−

3 but there was no 
obvious trend for δ15N of NH+

4 . This is most likely due to the multiple 
river inputs or seawater intrusion and their subsequent mixing. For 
example, the concentration and N isotopic composition of NO−

3 in the 
lower reaches of the Xijiang, the largest tributary of the Pearl River 
system, are much lower than that of the Guangzhou reach, particularly 
in the rainy season (Li et al., 2019). 

Further downstream in the inner estuary with low-to-middle salin
ities (3 < S < 25), both [NO−

3 ] and [NH+
4 ] generally decreased with 

increasing salinity, primarily due to the freshwater-seawater mixing. 
The much higher [NH+

4 ] over conservative mixing (Fig. 6) indicates 
intensive mineralization of POM (in wet seasons) and/or the flux of NH+

4 
from the sediment-water interface re-suspended by physical mixing (in 
dry seasons), as indicated by the much higher [Chl a] or [SPM] 
compared to surrounding waters (Fig. 3). In accordance with this 
pattern, no correlation between δ15N of NH+

4 and AOU was found in both 
summer and winter (Figs. 8 and 9), indicating nitrification is not a pri
mary controlling factor of N dynamics. Nitrification often leads to a 
negative relationship between ΔNH+

4 and AOU, similar to that in low 
salinities. However, the relationship between bottom water ΔNH+

4 and 
AOU appears to be countrintuitive in the mixing zone (Fig. 9). We 
speculate that the degradation of OM in bottom waters or from the 
sediment-water interface re-suspended by physical mixing is largely 
responsible for these patterns, as both processes would result in oxygen 
drawdown and nutrients released by mineralization. In fact, the slopes 
of the regression line for the [NH+

4 ]: AOU plot (0.12–0.15) are in good 
agreement with those reported in the PRE (Zhai et al., 2005; Qian et al., 
2018), and within the typical range of stoichiometry (0.07–0.14) during 
OM degradation via aerobic respiration and/or photosynthesis 
(Broecker et al., 1985; Krasakopoulou et al., 2005), providing further 
evidence that nitrification make a minor contribution to bottom oxygen 
consumption in this study area. 

4.2.2. Quantifying the role of nitrification induced oxygen consumption 
Note that the complete nitrification is carried out via a combination 

of two microbial processes with 1.0 mol NO−
3 addition requires 2.0 mol 

of O2 consumption (EPA, 1993). If nitrification (ammonia oxidation) is 
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assumed to be the major sink for NH+
4 , and conditions are inherently 

dynamic and new substrate is continuously supplied and partially 
consumed in the case of the upper reach, we can quantitatively estimate 
the fraction of ammonia oxidation-removed NH+

4 in the water column 
(fAO) based on the following open system model (or steady-state; Sigman 
et al., 2009). 

δ15N − NH+
4 ​ product = δ15N − NH+

4 ​ initial + εAO × (1 − fAO) (13)  

where δinitial and δproduct denote the initial and product N isotopic 
composition of NH+

4 , respectively. εAO is the isotope effect associated 
with NH+

4 oxidation. 
Based on our formerly determined apparent isotope effects for NH+

4 
oxidation (i.e., 15.3‰ in summer and 23.7‰ in winter respectively, Ye 
et al., 2016), and the δ15N variation of NH+

4 in the upper reach (from 
− 8.8‰ to 3.4‰ and 17‰–36.6‰ in summer and winter, respectively), 
we estimated that nearly 20% and 17% of the initial NH+

4 was removed 
by AO in the water column during summer and winter, and thus fueled 
the oxygen consumption. If further assuming that 1.5 mol (or 2.0 mol) of 
O2 is consumed during NH+

4 oxidation (or during the complete nitrifi
cation process), we can roughly estimate that about 9.3%–12.4% and 
26.5%–35.3% of total oxygen consumption occurred via ammonia oxi
dation/complete nitrification in summer and winter respectively. 

In the second step of nitrification (nitrite oxidation, NO), the δ15N of 
final NO−

3 product is dependent on δ15N of the substrate NO−
2 and the 

associated isotopic fractionation. As noted by Dai et al. (2008), the NH+
4 

oxidation rate was much higher than the NO−
2 oxidation, therefore 

resulting in NO−
2 accumulations at most sampling stations in the PRE. 

Hence, it is more desirable to assess the possible impact of nitrite 
oxidation on oxygen depletion based on NO−

2 isotopes rather than NH+
4 

isotopes. The δ15N of NO−
3 produced during nitrite oxidation can be 

estimated based on Eq. (7), defined by Casciotti (2009): 

δ15N − NO−
3 ​ product = δ15N − NO−

2 ​ substrate − εNO (14)  

where εNO represents the fractionation factor during nitrite oxidation. 
According to the δ15N of NO−

2 and the isotope effect associated with 
nitrite oxidation (− 12.8‰) reported by Casciotti (2009), δ15N of newly 
produced NO−

3 should be − 15.9 ± 1.4‰ and − 3.1 ± 1.4‰ in the near 
freshwater region (S < 1.0) during winter and summer respectively. If 
we further assumed that nitrite oxidation is the predominant NO−

2 
removal process in the upper estuarine waters, as supported by the 
decrease in [NO−

2 ] (Fig. 6). Then, a simple two end-member mixing 
model for δ15N-NO−

3 can be applied to calculate the relative contribution 
of nitrite oxidation-derived NO−

3 to the NO−
3 pool, similar to that of 

δ13C-DIC. Our result indicates that nearly 28.6 ± 2.7% or up to ~31 
μmol (19.8 ± 1.1%, ~38.7 ± 2.2 μmol) of the observed NO−

3 during wet 
(dry) seasons can be attributed to nitrite oxidation in the upper reach, 
which is very close to the observed NO−

3 addition in the same region 
(Fig. 6). 

Note that nitrification is carried out via the combination of two mi
crobial processes with 1.0 mol NO−

3 addition requires 0.5 mol O2 con
sumption during NO−

2 oxidation. In this case, we can simply estimate the 
relative importance of NO-induced oxygen consumption. Our calcula
tions showed that NO-induced oxygen consumption could account for 
ca. 19.2 ± 1.8% and 8.8 ± 0.5% of total oxygen loss in the upper reach 
during summer and winter, respectively. When the effects of ammonia 
oxidation and nitrite oxidation are combined, nitrification-induced ox
ygen consumption can account for 35.3%–44.1% and 28.5%–31.6% of 
the total oxygen consumption in the upper reach during winter and 
summer respectively. These values are in good agreement with previous 
findings (Dai et al., 2008; He et al., 2014), which showed that 
nitrification-induced oxygen consumption can constitute a maximum of 
one third of the total oxygen loss in the upper reach of the PRE, based on 
the seasonal distributions of different N forms and in situ nitrification 

rates. 
Further downstream with increasing salinity, a positive relationship 

was obtained between bottom ΔNH+
4 and AOU but no significant rela

tionship was found between δ15N-NO−
3 and AOU (Fig. 9). This indicates 

that the nitrification-induced oxygen consumption may play only a 
minor role in the overall oxygen loss in the mid and lower estuary, even 
though we cannot entirely rule out the effects of mineralization and 
subsequent nitrification of sedimentary OM on oxygen depletion. 
Similar patterns have also been reported in other large human-perturbed 
estuaries around the world, such as the Mississippi River plume, the 
Changjiang Estuary and Westerschelde Estuarine maximum turbidity 
zone (Soetaert and Herman, 1995; Pakulski et al., 1995; Zhu et al., 
2011). 

5. Conclusion 

In the present study, we developed a new multi-stable isotope 
approach (δ13C-DIC and δ15N-NH+

4 and δ15N-NO−
3 ) that offer inherent 

labels to track and evaluate the effects of degradation of OM and nitri
fication induced oxygen consumption in leading to water column oxy
gen drawdown in large human-perturbed estuaries. The degradation of 
OM was responsible for isotopically light DIC additions and oxygen 
consumption in the water column. Based on a two end-member mixing 
model calculation for δ13C-DIC and the Redfield stoichiometry, we 
estimated that the consumption of DO due to OM degradation can ac
count for 29.1 ± 4.9% to over 100% of the total oxygen loss while in situ 
photosynthesis supplies oxygen in the upper reach, and increased to 
48.3%–93.5% in the inner estuary, but varied largely in the outer es
tuary. In addition, the well coupled signals of δ15N-NH+

4 and δ15N-NO−
3 

and the associated oxygen consumption was evident in the low salinity 
waters, providing strong evidence for the influence of nitrification, 
especially during winter and summer. Using a semi-analytical diagnostic 
approach based on δ15N-NH+

4 , δ15N-NO−
3 and the N isotopic effects 

during nitrification, we further estimated that at least 28.5%–44.1% of 
total oxygen loss in the upper reach can be attributed to nitrification- 
driven oxygen consumption. Further downstream of the estuary, the 
effect of nitrification on oxygen depletion was minor. 

We note that the multi-stable isotope approach, while promising, is 
still in its infancy. However, there exists the strong potential of 
combining stable isotope analysis of C and N pools, and in situ mea
surements of oxygen consumption rates, to evaluate the role of the 
degradation of OM and nitrification in fueling oxygen consumption in 
large river-dominated estuaries. In addition, linking isotopic revealed 
biogeochemical control coupled with physical processes will allow for a 
better understanding of the development and maintenance of seasonal 
hypoxia in estuaries and coastal oceans. 
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