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Abstract Estuaries sit at the land‐ocean boundary and act as natural reactors for nitrogen (N)
transformations among numerous forms. Superimposing onto physical mixing, biological processes lead
to nonconservative N behavior in estuaries. Under the coinfluences of biological alteration and multiple
end‐members, however, some N species can exhibit apparent conservation. To explore N dynamics and
potential mechanisms that modulate the mixing behaviors, we measured concentrations and natural
isotopic compositions of multiple N species (nitrate: NO3

−, nitrite: NO2
−, ammonium: NH4

+, and
particulate nitrogen) in a typical eutrophic estuary in southern China. Additionally, N uptake and oxidation
rates were measured by using isotope labelling techniques to evaluate processes potentially offsetting the
conservative mixing of specific N pools. We found that NO3

− followed conservative two end‐member mixing
with dual isotopes varying in a narrow range (<1–2‰) due to low microbial preferences. Moreover, δ15N‐
NO2

− revealed a nonconservative pattern with an involvement of multiple end‐members. The dominant N
transformation processes shifted downstream. In the upper estuary, ammonia oxidation (~20 μmol L−1 day
−1) dominated NH4

+ removal and was accompanied by NO2
− accumulation. In the middle‐lower estuary,

NH4
+ uptake became dominant, with phytoplankton showing strong preference for it over NO3

− and NO2
−.

Based on measured NH4
+ uptake rates (9.1–12.5 μmol L−1 day−1 in the light and 0.9 μmol L−1 day−1 in the

dark), short water residence time (<1 day) was required to maintain the conservative mixing. Coupling N
isotopes in multiple nitrogen species with measurements of N uptake and nitrification, we successfully
uncovered N dynamics and distinguished biological processes from physical mixing.

1. Introduction

Nitrogen (N) is a pivotal element to regulate marine primary productivity (Moore et al., 2013). Globally, an
annual total of 23 Tg fluvial dissolved inorganic nitrogen (DIN) is transported to the continental shelf, of
which ~75% escapes from the shelf to the open ocean (Jickells et al., 2017). Estuaries sit at the land‐ocean
interface, acting as natural reactors of multiple biogeochemical processes co‐occurring in both water column
and sediments (Crowe et al., 2012; Korth et al., 2013). For N cycling, this mainly involves assimilation, nitri-
fication (ammonia oxidation: AO and nitrite oxidation: NO), denitrification, ammonification, anammox,
nitrifier denitrification, coupled nitrification‐denitrification, and even N2 fixation (Altabet, 2006; Bentzon‐
Tilia et al., 2014; Casciotti, 2016b; Crowe et al., 2012; Granger et al., 2011; Wrage et al., 2001). Some of the
above processes involve N2O emission, a strong greenhouse gas, and thus link to climate issues. Despite
the importance of in‐estuary dynamics of N species (nitrate: NO3

–, nitrite: NO2
–, ammonium: NH4

+, dis-
solved organic nitrogen, and particulate nitrogen: PN), the full power of applying isotopic information to
evaluate multiple co‐occurring processes has only rarely been documented.

The traditional presentation of nutrient records in estuaries to examine the nonconservative behaviors
(removal or addition) of N species relies on plotting N concentrations versus salinity to examine deviations
from linearity (below or above themixing line; Officer, 1979). This approachmight miss biogeochemical pro-
cesses when their impacts are balanced, for example, when NO3

– production (nitrification) is balanced by
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NO3
– consumption (phytoplankton assimilation and/or microbial denitrification). Thus, concentrations

alone present insufficient information to fully assess N transformations and may fail to reveal additional
end‐members and/or internal N transformation processes. Supplementary information provided by N iso-
tope (δ15N) investigations in the Loire estuary have nicely demonstrated the limitations inherited in the clas-
sical two end‐membermixing approach (Middelburg &Nieuwenhuize, 2001). The δ15N provided specific aid
in identifying N sources (Altabet, 2006; Wells et al., 2016; Yan et al., 2017), because δ15N from different
sources may have distinct isotopic compositions (Altabet, 2006; Casciotti, 2016a, 2016b). Moreover, N biolo-
gical cycling often changes isotopic compositions in predictable and recognizable directions (Casciotti,
2016b; Sigman et al., 2009). For example, NO3

–, NO2
–, and NH4

+ uptake by phytoplankton may result in sig-
nificant enrichments in δ15N of the remaining substrates due to isotope effects (Granger et al., 2010; K.‐K.
Liu et al., 2013; Waser et al., 1998). Importantly, the mixing of two end‐members (two sources) will follow
a straight line on the plot of δ15N versus 1/[N] (Kendall et al., 2007), allowing identification of extra N
sources or transformation pathways. The ability to resolve N sources and transformation pathways from
observed chemical and isotopic gradients is also dependent on the water residence time (τw) in the estuary,
that is, how rapidly microbial associated chemical processes can react in comparison to the time of travel
under physical mixing.

In this study, we select the Jiulong River Estuary (JRE) as an architype of macrotidal subtropical estuary to
explore the dynamics of N processes along the salinity gradient and to examine to what degree various N
transformations interact during downstream transport. The Jiulong River is characterized by approximately
tenfold higher areal yield rate of NO3

– (>1,000 kg N km2 year−1) than that of the Amazon River (Yan et al.,
2012) as a result of intensive agriculture and pig/poultry farming (Chen & Hong, 2012; Yu et al., 2015).
Although the spatial and temporal distributions of DIN (the sum of NO3

–, NO2
–, and NH4

+) have been
archived since the 1990s (Chen, 1985; Wu et al., 2017; Yan et al., 2012; Zhang et al., 1999), no previous iso-
topic study in the JRE has been conducted. According to the two end‐member mixing model, the occurrence
of significant NH4

+ removal accompanying with NO2
– addition has been observed in the upper JRE (Yan

et al., 2012). The same phenomenon has been oft‐observed in many worldwide estuaries, such as the
Pearl River (Dai et al., 2008), the Danshuei River estuary (Wen et al., 2008), and the Elbe estuary (Sanders
et al., 2017). Like some major estuaries, including the Loire estuary (Middelburg & Nieuwenhuize, 2001)
and the Elbe estuary (Dähnke et al., 2008), however, NO3

– plots conservatively versus salinity in the JRE
(Yan et al., 2012). Thus, there appears to be no significant level of nitrification (unless it is balanced by assim-
ilation and/or denitrification), despite the expectation that nitrification should occur rapidly in oxic water
bodies (Altabet, 2006), especially in turbid estuary waters (Damashek et al., 2016).

To resolve the above issues, a field cruise was conducted across the environmental gradient in the JRE. To
precisely decipher the mechanisms accounting for the spatial distributions of N species, we measured both
concentrations (NH4

+, NO3
–, NO2

–, and PN) and isotopic compositions of multiple N species (δ15N‐NO3
–,

δ18O‐NO3
–, δ15N‐NO2

–, and δ15N‐PN). Incubation experiments concerning nitrification (including AO and
NO) andN uptake were also conducted at selected stations. Accordingly, the oxidation rates and uptake rates
were obtained and utilized to evaluate N behaviors in the JRE. This combination of incubation experiments
with estuarine gradient observations is particularly powerful, because it allows comparison of the timescales
required to generate chemical and isotopic signals to the timescales removed them. Specifically, in this
study, the incubation results provide estimates of the timescales for NH4

+ removal and NO2
– accumulation

(τammonium‐removal and τnitrite‐accumulation, respectively).

2. Materials and Methods
2.1. Study Area

The JRE is a macrotidal subtropical estuary located on the southwest coast of China in the Taiwan Strait,
with a long‐term mean water discharge of 1.4 × 1010 m3/year (Huang, 2008). Due to the influence of subtro-
pical monsoons, the river discharge is characterized by strong seasonal variations, with a maximum inMay–
June and minimum in November–January (Huang, 2008; Yan et al., 2012). The JRE is composed of North
and South branches (Figure 1), and the latter is the main channel for water and sediment discharge (Luo
et al., 1999). The JRE is a strong semidiurnal tidal estuary, with maximum tidal speed of >2.0 m/s in surface
and >1.5 m/s at bottom (Cai et al., 1991). Both the high freshwater discharge in summer and the strong tides
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lead to rapid flushing of the estuary, and thus τw has been estimated to be
<1 day based on 226Ra data (Wang et al., 2015).

Resembling many other catchments, the Jiulong watershed is influenced
by intensive anthropogenic activities (the catchment supports a total
population of >3 million). Reportedly, the magnitudes of fertilizer appli-
cation and livestock have increased by 6–10 times in recent decades
(Chen & Hong, 2012). Meanwhile, more than 1,000 hydropower reser-
voirs have been constructed along the streams in the past 20 years
(Meng, 2011), and accordingly, water retention and in‐stream biological
transformations (Chen et al., 2014) have been enhanced significantly. As
a result, eutrophication and algal blooms had been observed more fre-
quently in river and estuary waters (Li et al., 2011; Wu et al., 2017) threa-
tening ecosystem stability. Diatoms have been reported to be the main
phytoplankton species (>80%) throughout the year in the JRE and exhibit
clear seasonal variations with Skeletonema costatum dominant in summer
and Eucampia zodiacus prevailing in spring (Wang et al., 2011).

The survey cruise was conducted using R/V Ocean II on 5 September
2016. A total of 24 locations (J1 to J24) were sampled to examine the spa-
tial distributions and isotopic compositions of N species in the JRE
(Figure 1). These sites were located along the main flow of the South
Branch, extending from the riverine end‐member (R; represented by

Station J1 with salinity of 0.7; Table 1) to the marine end‐member (M; represented by Station J24 with sali-
nity of 29.0; Table 1). Figure 1 also showed the location of two other important end‐members (SS and C)
along the estuary, which were identified from our observations as discussed in section 4.1. These four
end‐members divide the estuary into three sections: the upper estuary between R and SS, the middle estuary
between SS and C, and the lower estuary between C andM. The locations of phytoplankton uptake and nitri-
fication incubation experiments have also been shown in Figure 1.

2.2. Sampling

Water samples were taken from the water depth of ~0.5 m by using an organic glass hydrophore (1 L; Kedun
Co., China) at each location (covering a salinity range of 0.7–29.0). In situ water temperature, salinity, and
chlorophyll‐a (Chl‐a) were continuously measured (every 3 s, averaged to 1 min) by using a YSI6600D sal-
inometer installed on an underway pumping system (Zhai et al., 2005). Salinities for samples were measured
onboard using a portable multiparameter water quality analyzer (WTW, Multi 340i) based on conductivity
measurements, with a precision of ±0.1 (practical salinity units).

Approximately 200 ml water samples were filtered through polyether sulfone membrane filter (0.22 μm pore
size; Millipore Express PES membrane, Merck) and the filtrates were stored frozen at−20 °C for the analysis
of DIN concentrations (NO3

–, NO2
–, and NH4

+) and isotopic compositions (δ15N‐NO3
–, δ18O‐NO3

–, and
δ15N−NO2

–). An aliquot of 250 ml was collected and filtered for the measurement of total suspended solid
(TSS) and PN (including δ15N‐PN) using a 47‐mm precombusted (450 °C for 4 hr) and preweighed glass fiber

filter (0.7 μm pore size; GF/F, Whatman, GE Healthcare, USA) at a pres-
sure of <100 mmHg. The GF/F filters were folded and wrapped in pre-
combusted aluminum foil after MQ‐water washing to remove salt and
then were freeze‐dried (CoolSafe Freeze Dryer, ScanVac) for 24 hr and
stored in a vacuum desiccator for weighing (for TSS) and the analysis of
PN and δ15N‐PN.

2.3. Incubation Experiments
2.3.1. N Uptake/Assimilation by Phytoplankton
The incubation experiments for uptake were conducted at three sites (J17,
J20, and J24; Figure 1) in the middle‐lower estuary with different salinity
levels (19.8, 24.0, and 28.9, respectively). Duplicate water samples were
collected in 10 L acid‐washed transparent polycarbonate bottles

Table 1
The Compositions of Four End‐Members

End‐member Salinity
NO2

– (μmol/
L)

NH4
+ (μmol/
L)

NO3
– (μmol/
L)

R 0.7 25.8 20.9 204.3
SS 6.5 33.9 9.8 165.0
C 20.3 13.2 13.8 76.8
M 29.0 6.3 6.5 22.9

Note. The R end‐member was represented by the uppermost Station J1
due to its lowest salinity (S = 0.7). For M end‐member, we selected the
lowermost Station J24 as its highest salinity (S = 29.0).

Figure 1. Map of Jiulong River Estuary and sampling stations. Black trian-
gles represent stations with measurements of concentration and isotopic
composition of N species, red squares are for incubation experiments of
ammonia oxidation and nitrite oxidation (J4, J7, J8, J10, J15, J20, and J24),
and black circles stand for incubation experiments of N uptake (J17, J20, and
J24). Pink stars are bridge sluice. Blue arrows indicate the four end‐mem-
bers, including the riverine end‐member (R), the SS end‐member (the mer-
ging point of the South Stream), the C end‐member (close to Channel C),
and the marine end‐member (M).
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(Nalgene, USA) from each site at near‐surface depth (~0.5 m) using a diaphragm pump. One of them was
subjected to continuous low‐light (LL: 280 ± 28 μmol photons m−2 s−1) while the others were incubated
under continuous high light (HL: 714 ± 26 μmol photons m−2 s−1), corresponding to the respective light
levels of 20% and 50% of in situ highest surface photosynthetically active radiation (~1,450 μmol photons
m−2 s−1). The light was supplied by an Apollo‐4 Full Spectrum source, and the light levels were measured
by Delta OHM HD 2302.0 Light Meter. The incubations were cultured at room temperature (<30 °C) with
constant illumination and monitored for 45–53 hr (until the NO3

– concentration reached a plateau or was
exhausted).

Initial subsamples (t0) were collected prior to their different irradiance treatments for the analysis of N spe-
cies (both concentration and isotopic composition). Subsequent subsamples were taken at discrete and
increasing time intervals (4, 4, 8, 12, 12, and 12–19 hr). Water sample collections for the analyses of concen-
trations and isotopic compositions of N species during incubation experiments were similar to that of the
field samples.
2.3.2. Ammonia Oxidation and Nitrite Oxidation
The incubation experiments of AO and NO were conducted at seven stations with different salinity and
nutrient levels (Figure 1). The water samples were collected in a prewashed container (size: 30 × 40 × 70
cm) from the surface layer (~0.5 m) using a diaphragm pump and then were separated into 250 ml high den-
sity polyethylene bottles for two parallel incubations. For AO rates, 15N‐label NH4Cl tracer (different con-
centration gradient, containing 98 atom % 15N, Sigma‐Aldrich) was injected into each incubation bottle to
avoid significantly changing ambient concentrations (<10%). Similarly, the supplement of 15N‐label
NaNO2 tracer (100 or 500 μmol/L, containing 98 atom % 15N, Sigma‐Aldrich) for NO rates was controlled
to be ~10% of the observed NO2

–. Initial subsamples (t0) were filtered immediately after adding the tracers
then the incubations were carried out in dark at simulated in situ temperature. Subsequent subsamples were
taken at 6 (t1) and 12 hr (t2) for AO rates and at 6 and 28 hr for NO rates, respectively.
2.3.3. Rate Estimations From Incubation Results
Uptake rates were determined by the total N drawdown over elapsed time during the incubations. To ensure
the accuracy of rate estimates, we considered only the time periods with linear decreases in N‐
concentrations. Thus, the first 21 hr was involved in the calculation of NH4

+ uptake rate since it was rapidly
consumed within this period. In contrast, the estimation of NO3

− and NO2
− uptake rates started from 15 hr

since no obvious change was found in the concentration of NO3
− and NO2

− at the first 15 hr. All data from
the HL and LL incubation experiments were combined to derive N uptake rates at each station, since they
exhibited no statistically distinguishable differences.

Rates of AO and NO were determined by the net accumulation of 15N in NO2
− and NO3

−, respectively
(Ward, 2011). For this, we used a linear regression approach to obtain in situ reaction rates (three incubation
time points, t0, t1, and t2), as has been evaluated and applied in previous studies (Wan et al., 2018; Xu
et al., 2018).

2.4. Analyses of Nitrogen Species Concentration
2.4.1. Dissolved Inorganic Nitrogen
Concentration of NO3

− and NO2
− were measured using an AA3 Auto‐Analyzer (Bran+Luebbe Co.,

Germany), with a detection limit of 0.07 μmol/L for NO3
− and 0.02 μmol/L for NO2

− (Dai et al., 2008).
Samples for NH4

+ were analyzed based on indophenol blue spectrophotometric procedures (Pai et al.,
2001), with a detection limit of 0.5 μmol/L.
2.4.2. Total Suspended Solid and Particulate Nitrogen
TSS concentrations were obtained by dividing the dry weight of particles on the GF/F filters by the volume of
water filtered. After the weighing of TSS, these same GF/F filters were used to determine the concentrations
of PN. PN was converted into NO3

− using the “persulfate oxidation” method (Knapp et al., 2005), and its
concentration was measured using the chemiluminescence method, with a detection limit of 0.05 μmoL/L
(Knapp et al., 2005; Xu et al., 2017).

2.5. Isotopic Analyses

We determined δ15N‐NO2
− by chemical conversion (sodium azide, Sigma, guaranteed reagent) of NO2

− to
nitrous oxide (N2O), following Mcllvin and Altabet (2005). In contrast, the dual isotopic compositions of
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NO3
− (δ15N‐NO3

− and δ18O‐NO3
−) were measured by the denitrifier method (Casciott et al., 2002; Sigman

et al., 2001), in which a denitrifying strain (Pseudomonas aureofaciens; ATCC# 13985) lacking the N2O‐
reductase enzyme is used to quantitatively convert NO3

− to N2O. To avoid the influence of NO2
− on themea-

surement of δ15N‐NO3
− and δ18O‐NO3

−, preexisting NO2
− in each sample was removed by adding sulfamic

acid (Sigma, guaranteed reagent), following the detailed procedures in Granger and Sigman (2009). For
δ15N‐PN, PN were first oxidized to NO3

− by using the above mentioned persulfate oxidation method, sam-
ples were then converted to N2O by the denitrifier method. Subsequently, N2O was extracted from sample
vials, concentrated in liquid N2 trap, and then separated with a gas chromatograph (GasBench II) for mea-
surement in an Isotope Ratio Mass Spectrometer (Thermo Scientific DELTA V advantage).

Isotope ratios are reported using the delta (δ) notation in unit of per mil (‰) (δ=[Rsample/Rstandard) − 1] ×
1,000, where R = 15N/14N or 18O/16O). The 15N/14N standard is atmospheric N2, and the 18O/16O standard
is Vienna‐Standard Mean Ocean Water. The δ15N‐NO3

− and δ18O‐NO3
− were calibrated using laboratory

working standards and international NO3
− isotope standards, including IAEA‐N3, USGS34, and USGS35

(the last one for δ18O‐NO3
− only; Böhlke et al., 2003). The reproducibility for laboratory working standards

was better than ±0.2‰ for both δ15N‐NO3
− and δ18O‐NO3

− (data from all batches conducted over 3 years).
The analytical precisions of field samples for δ15N‐NO3

− and δ18O‐NO3
− in this study were better than

±0.2‰ and ±0.5‰, respectively, based on replicate measurements.

2.6. A Two End‐Member Mixing Model

The mixing behavior of N species in estuaries is often assessed using a two end‐member mixing model (Fry,
2002; Officer, 1979), and this approach has been widely applied in the tidal estuaries, such as the Scheldt
estuary (Middelburg & Nieuwenhuize, 2001), the Elbe estuary (Dähnke et al., 2008), and the Pearl River
estuary (Ye et al., 2015).

f1 þ f2 ¼ 1; (1)

f1×S1 þ f2×S2 ¼ Sobs; (2)

f1×C1 þ f2×C2 ¼ Cex; (3)

f1×C1×δ1 þ f2×C2×δ2 ¼ Cex×δex; (4)

where C and δ denote, respectively, the concentration and isotopic composition of N species, the subscripts 1
and 2 indicate the two end‐members. S represents salinity, and f denotes the water mixing ratio of two end‐
members in corresponding water sample. The subscripts obs and ex indicate, respectively, the observed
values and expected values derived from mixing alone. Thus, any deviations between the observed and
expected values in correspondence (Cobs–Cex, denoted as “Coffset” hereafter) represent the signal of biologi-
cal alteration (in situ consumption or production).

Coffset ¼ Cobs−Cex; (5)

δoffset ¼ δobs−δex; (6)

3. Results
3.1. Concentration Distribution of Nitrogen Species

Concentrations of NO3
− exhibited a linear decrease along the salinity gradient (Figure 2a), nicely indicative

of conservative mixing between eutrophic freshwater (R) and oligotrophic seawater (M). NO3
−, as the main

form of N in the JRE, was as high as 204 μmol/L at the estuary head and decreased to 23 μmol/L in the M
end‐member. Thus, from NO3

− concentrations alone, no estuarine N transformations were evident.

Compared with NO3
−, NO2

− and NH4
+ were at lower levels (<33.8 and <20.7 μmol/L, respectively) and

showed totally different behaviors (Figure 2b). Interestingly, NO2
− and NH4

+ were nearly in mirror image
with each other along the salinity gradient. In the upper estuary (between R and SS), the concentration of
NO2

− increased with salinity (salinity <4.0) and reached a plateau (~33.9 μmol/L) when salinity was in
the range of 4.0–8.2. The positive deviations from the R‐M mixing line apparently suggested significant
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NO2
− accumulation. Correspondingly, NH4

+ decreased to as low as 10.3 μmol/L around the salinity of 4.0
and remained near this level over the salinity range of 4.0–8.2. The negative deviations from the R‐M
mixing line indicated that NH4

+ removal had occurred in the upper estuary. Notably, the positive NO2
−

offset was similar to the negative NH4
+ offset in magnitude, implying that they might be connected by AO.

In the middle estuary (between SS and C), especially for salinity >8.2, these trends reversed. NO2
− declined

whileNH4
+ increased until theywere approximately equal near the C end‐member. From this location onward

NO2
− declined approximately linearly to minimum in the M end‐member. The behavior of NH4

+ was similar,
although in detail, NH4

+ continued to increase slightly beyond C end‐member reaching a maximum of 14.3
μmol/L at salinity of 21.0 and declined to 6.5 μmol/L in the M end‐member. When looked into the fine scale
of the R‐M mixing line, the sum of NO2

− and NH4
+ reveals N addition along the entire salinity gradient

(Figure 2b), suggesting processes other than AO might have occurred. The sharp variations in the scatter plot
of NO2

− (and NH4
+) against salinity lead us to identify two new possible end‐members at locations SS and C.

Broadly speaking, all three particulate matters (Chl‐a, PN, and TSS) showed similar distributions, decreasing
strongly downstream. But there were important differences. First, the magnitude of the decrease in Chl‐a
and PN was similar (approximately fivefold), which was much less than that of TSS (approximately tenfold).
Second, the patterns of decrease were somewhat different. Chl‐a showed an exponential‐like decrease with
salinity that continued across the whole estuary (Figure 2d). The highest Chl‐a (20 μg/L) occurred in the
upper estuary under conditions of the highest turbidity rather than the lower estuary, suggesting the impor-
tance of allochthonous Chl‐a input from upper stream (e.g., from JD and/or ST bridge sluices/reservoirs,
Figure 1). In contrast, while the PN concentration decreased similarly to that of Chl‐a in the upper estuary,
it then remained relatively constant in the middle estuary before decreasing more strongly in the lower estu-
ary (Figure 2c). Interestingly, the PN pattern was very similar to that of NH4

+ (compare Figures 2b and 2c)
suggesting that certain processes associated with particles (e.g., absorption/desorption or release during sedi-
ment resuspension) link them. For TSS, essentially all of the decrease occurred in the upper estuary. In
detail, the highest TSS (256 mg/L) was observed when salinity was 1.7 rather than 0.7 (Figure 2d). This
approximately twofold higher TSS was likely induced by the resuspension of coarse mineral grains, since
PN for this sample was not elevated. TSS then decreased rapidly from 131 to 31 mg/L at salinity of 6.5 or
so, and then stayed at a constant low level of 20–35 mg/L toward the sea.

Figure 2. The variations of (a) NO3
−, (b) NO2

− and NH4
+, (c) PN, (d) Chl‐a and TSS along the salinity gradient. The red

and blue circles in (b) represent NO2
− andNH4

+ respectively, and the gray circles are for the sum of NO2
− andNH4

+. The
green squares and black triangles in (d) are Chl‐a and TSS, respectively. The dash lines in (a), (b), and (c) represent
the conservative mixing of freshwater (R) and seawater (M), while the solid lines stand for the mixing with two additional
end‐members (R and SS, SS and C, and C and M, respectively; see more details in section 4.1). PN = particulate nitrogen;
SS = South Stream; TSS = total suspended solid.
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3.2. Isotopic Compositions of Nitrogen Species

The isotopic compositions of NO3
−, NO2

−, and PNwere shown in Figure 3. The δ15N variations in NO3
−was

smallest (~1‰), ranging from 6.1‰ in the R end‐member to 7.2‰ at the M end‐member (Figure 3a).
Notably, throughout the estuary, δ15N‐NO3

− fell slightly above the conservative R‐M mixing line. There
were local maxima near both SS (7.0‰) and C (7.2‰) end‐members. Overall, the variations of δ18O‐NO3

−

were somewhat larger (~2‰), ranging from 3.1‰ to 5.3‰ throughout the estuary (Figure 3c). As with
δ15N‐NO3

−, there was a local maximum in δ18O‐NO3
− near C end‐member, but in contrast, there was no

local maximum near SS end‐member. Importantly, these fine scale variations are close to the detection lim-
itations for NO3

− dual isotopes. Thus, caution is required in their interpretation.

δ15N‐NO2
− showed a much greater variation of 5.6‰, ranging from −7.1‰ to −1.5‰ (Figure 3b). It exhib-

ited an N‐shaped pattern along the salinity gradient and dramatically deviated from the R‐M mixing line.
Again, the SS and C locations stood out, reemphasizing their likely role as additional sources, but in different
ways than for NO3

−. There was a strong maximum (−1.7‰) at SS end‐member (similar to the M end‐
member) but a strong minimum (−7.1‰) at C end‐member (slightly lower than the R end‐member).

δ15N‐PN exhibited a very similar range (5.1‰) and an almost identical N‐shaped pattern to that of δ15N‐
NO2

− (Figure 3d), with the overall minimum at the R end‐member (4.5‰) and a strong minimum near C
end‐member (5.8‰). The overall maximum occurred at SS end‐member (9.6‰), exceeding the M end‐
member (8.2‰). The similarity of the δ15N‐PN and δ15N‐NO2

− variations strongly suggested that they were
linked by their sources and/or the processes that modify them in the estuary.

3.3. Incubation Experiments

Although we set two light intensities for incubation, there were no obvious differences between the HL and
LL treatments for either concentrations or isotopic compositions (Figure 4). This was because the irradiance
of LL treatment was already saturated for phytoplankton growth. The saturating light threshold of 140–150
μmol photons m−2 s−1 was generally applied previously for both the laboratory monocultures (Granger
et al., 2004; Needoba & Harrison, 2004) and the natural marine plankton consortium (Rohde et al., 2015).
Thus, the HL and LL treatments are considered as duplicate samples hereafter.

Figure 3. The variations of (a) δ15N‐NO3
−, (b) δ15N‐NO2

−, (c) δ18O‐NO3
−, (d) δ15N‐PN along the salinity gradient. The

dash lines in (a), (b), and (c) represent the conservative mixing of R and M end‐members, while the solid lines are three
specific mixing lines (R‐SS, SS‐C, and C‐M) for four end‐members. SS = South Stream.
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At Station J17 (Figure 4a), NH4
+ declined quickly at the beginning of incubation and was exhausted in 21 hr,

with a total drawdown of ~13 μmol/L. However, no detectable change of NO2
− was found in the first 8 hr,

and after time point, NO2
− began to decrease and fell to 8.5–8.7 μmol/L at the end of incubation.

Correspondingly, δ15N‐NO2
– increased from −4.5‰ to around −1.3‰. Similar to NO2

−, NO3
− did not show

obvious change in the first 8 hr; however, it declined quickly afterward with a total drawdown of ~65.0
μmol/L in the end. Correspondingly, δ15N‐NO3

− and δ18O‐NO3
− increased significantly after 8 hr

(Figure 4b), withmaximum value of 12.0‰ for δ15N‐NO3
− and 9.2‰ for δ18O‐NO3

−, respectively. PN rapidly
increased in the first 21 hr, then it varied in a range of 10.3–21.7 μmol/L until the end of incubation.
Obviously, such increment of PN (6.6–16.9 μmol/L) was in response to the uptake of NH4

+, NO2
−, and

NO3
−. Noteworthy, the temporal variations of δ15N‐PN was more complex. At the early stage of incubations,

δ15N‐PN rose rapidly (from 7.9‰ to 10.6‰) and exceeded δ15N‐NO3
− (6.0‰–6.6‰) suggesting that PN ori-

ginated as phytoplankton growing on NH4
+ with elevated δ15N‐PN of about 8‰–11‰ and thus suggesting

this is a likely minimum estimate for δ15N‐NH4
+ without considering the isotope effect. After NH4

+ deple-
tion, δ15N‐PN dropped strongly, consistent with the switch to growth on NO3

− and NO2
−. At this stage,

δ15N‐PN lowered than δ15N‐NO3
− but exceeded δ15N‐NO2

− due to the combination of the isotope effects
during uptake and lower δ15N in NO3

− and NO2
− relative to NH4

+.

Similar trends of N species and their isotopic compositions were found at Station J20 (Figures 4c and 4d). A
total drawdown of NH4

+, NO2
−, and NO3

− were 10.7, 5.5, and 35.8 μmol/L in average, respectively.
Meanwhile, variations of δ15N (both pattern and magnitude) were similar to that of Station J17. For PN, it

Figure 4. The time courses of nitrogen concentrations and isotopic compositions during incubation experiments at
Stations J17 (a and b), J20 (c and d), and J24 (e and f) under high and low light. δ15N‐NO2

− values at the last time point
were not shown in (f) since NO2

− concentration was too low for isotope measurement. PN = particulate nitrogen.

10.1029/2018JG004959Journal of Geophysical Research: Biogeosciences

YAN ET AL. 1856

 21698961, 2019, 7, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2018JG

004959 by Princeton U
niversity, W

iley O
nline L

ibrary on [27/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



increased by 7.0–11.2 μmol/L over the course of incubations, in the same level with that of incubation at
Station J17.

At Station J24 (Figures 4e and 4f), the trends of NH4
+, NO2

−, and NO3
− were similar to the other two sites.

However, both NO3
− and NO2

−were exhausted at the end of incubations, with a total consumption of ~26.8
and ~6.2 μmol/L, respectively. Both δ15N‐NO3

− and δ18O‐NO3
− increased sharply after 8 hr, consistent with

Stations J17 and J20. However, the values of δ15N‐NO3
− and δ18O‐NO3

− at the end of incubations were sig-
nificantly higher than that of other two stations, with values of 23.2‰–27.6‰ and 27.8‰–30.7‰, respec-
tively. Similarly, obvious increasing trends can be found in δ15N‐NO2

−, with an increment of around
2.4‰–3.3‰ over the course of incubations. Interestingly, PN sharply rose up to 15.0–17.7 μmol/L during
18–21 hr; after 21 hr, it began to decrease to 9.3–11.7 μmol/L. Note that, δ15N‐PN slightly increased
(0.4‰–0.7‰) in the first 8 hr, and it began to decrease (~3.5‰) afterward quickly until 33 hr. At the last time
point, it increased back to the level of 6.0‰–7.1‰.

Generally, three incubation experiments yielded similar results. NH4
+ was drawn down steadily from the

start and exhausted after 20 hr or sooner. Little consumption of NO3
− and NO2

− occurred until after
NH4

+ was exhausted and then proceeded in parallel. The δ15N of dissolved N species all increased as
expected for residual substrates undergoing the isotope effects during assimilation.

4. Discussion

Our observations raise several important scientific questions: (1) Why does δ15N‐NO2
− rather than δ15N‐

NO3
− was used to identify N sources in the JRE? (2) In the upper estuary (R to SS), NH4

+ was significantly
consumed while NO2

−was accumulated. Does this reflect significant and rapid estuarine oxidation of NH4
+

to NO2
−? (3) Does the conservative behavior exhibit by NO3

− in the whole estuary result from the strong
physical mixing and/or the NH4

+ suppression effect on NO3
− uptake? In the sections that follow, we address

these questions.

4.1. Nitrite Isotopes Reveal Two Extra End‐Members

The uptake rate of NH4
+ in light was up to 11.8 ± 0.7 μmol L−1 day−1 at Station J17 (Table 2), similar to

Station J20 (12.5 ± 1.4 μmol L−1 day−1) but slightly higher than that of Station J24 (9.1 ± 1.0 μmol L−1

day−1). Note that NH4
+ was exhausted in the first 15 hr for all incubation experiments, whereas both

NO2
− and NO3

−were not assimilated during this period. This overall suggests that phytoplankton has strong
preference for NH4

+ over NO2
− and NO3

−, consistent with previous studies (McCarthy et al., 1977;
Middelburg & Nieuwenhuize, 2000; Xu et al., 2017), of which phytoplankton need extra energy for NO3

−

and NO2
− reduction to NH4

+ and thus prefer NH4
+ (Lomas & Lipschultz, 2006). In this “classical physiolo-

gical perspective,” NO3
− and NO2

− uptake are inhibited by NH4
+ above the threshold of 1–4 μmol/L

(Conway et al., 1976; Glibert et al., 2015).

After the exhaustion of NH4
+, phytoplankton turned to assimilate NO3

− and NO2
− simultaneously, with the

uptake rates of 19.2–30.0 μmol L−1 day−1 and 2.9–5.0 μmol L−1 day−1, respectively. The uptake rates of
NO2

− were about 10%–25% of NO3
−. Although the uptake rate of NO3

− was the highest among three DIN
sources, we cannot detect any removal signal of NO3

− within the JRE (Figure 2a). This may be attributed
to the suppression of NH4

+ on NO3
− assimilation, since NH4

+ was in a high level of >6.5 μmol/L. Similar
inhibition effect was found for NO2

− uptake in incubations. According to such inhibition, both δ15N‐
NO3

− (including δ18O‐NO3
−) and δ15N‐NO2

− can be useful tools to trace N sources in the JRE due to low
influences of biological isotope fraction. Unfortunately, the variation ranges of δ15N‐NO3

− and δ18O‐NO3
−

in the JRE were narrow (<1‰–2‰) and thus made it difficult to effectively trace NO3
− sources. Of course,

a plausible explanation of this is that the NO3
– pool in the JRE was too large to be altered by biological pro-

cesses since τw in the JRE is as short as <1 day in summer (Wang et al., 2015). The low impact of biological
transformations in rapidly flushed estuary has been noted before in the Tweed estuary (Ahad et al., 2006).

On the other hand, δ15N‐NO2
− was variable, ranging from −7.1‰ to −1.5‰. NO2

− is a metastable inter-
mediate, and thus, multiple processes cause NO2

− to have a shorter turnover time relative to NO3
−

(Middelburg & Nieuwenhuize, 2000; Wells et al., 2016), accordingly distinct δ15N‐NO2
− end‐member values

may indicate an ongoing supply originating from different sources. The relatively low concentration of NO2
−
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facilitated the evident impact of extra end‐members even though τw
was short. Similarly, δ15N‐NO2

− provided better constraints on iden-
tifying N sources and processes in the open ocean (Buchwald &
Casciotti, 2013; Casciotti, 2016a) and the groundwater system
(Wells et al., 2016).

To further explore N dynamics in the JRE, we drew a scatter plot of
δ15N‐NO2

− against 1/[NO2
−] (Figure 5), in which a straight line

reveals control by two end‐member mixing (Kendall et al., 2007). In
the JRE, it exhibited a distinctive N‐shaped pattern, which can be
thought of as three specific mixing lines (R‐SS, SS‐C, and C‐M). In
other words, except for the R and M end‐members, there were two

other end‐members (SS and C), one characterized by high δ15N‐NO2
− whereas the other featured by low

δ15N‐NO2
−. According to the sampling locations (Figure 1), we suggested that the former end‐member

was sourced from the South Stream (SS) merging into the main channel of JRE. Thus, Station J6 located
in proximity to the entry of SS was selected as the SS end‐member, which was characterized with the highest
NO2

−, δ15N‐NO2
−, and δ15N‐PN values. A possible explanation for the high δ15N‐PN is that PN coming

down from the SS had been influenced by phytoplankton assimilation of NH4
+ (with high δ15N‐NH4

+). It
was consistent with its lower NH4

+ concentration and TSS levels (lower turbidity and thus higher light to
drive production). While high δ15N‐NO2

− is difficult to explain, likely reduction processes were involved.
Since the SS end‐member did not provide significant freshwater input, we also speculated that τw is longer
in the south stream due to its lower water discharge. The second end‐member was located nearby the outlet
of Channel C, which extends inland toward a high‐density local industry area, including feed mills, metal-
lurgical factories, and other businesses. Moreover, a large amount of bivalve aquaculture is carried out
nearby (just inshore to the south of Stations J18–J20). Therefore, we averaged values of Stations J17 and
J18 for the C end‐member. Although the C and R end‐members exhibited similar δ15N‐NO2

− and δ15N‐
PN, the former had lower particle loads since it was mainly influenced by local industries rather than turbid
riverine inputs. Moreover, salinity for C end‐member was significantly higher than R end‐member, suggest-
ing that τw was much longer in adjacent brackish shallow waters nearby Channel C. The compositions of the
above four end‐members were summarized in Table 1. Additionally, the theoretical mixing lines of four end‐
members were shown by solid lines in Figures 2 and 3.

4.2. Shifted N Transformation Processes Downstream

To distinguish biological processes from physical mixing, a two end‐member mixing model was applied to
obtain Coffset and δoffset (see more details in section 2.6), to reflect the biogeochemical influences/alterations.

The Coffset and δoffset values combined with rates of oxidation and uptake
allowed us to further unravel the dynamics of N species in the JRE. A
similar offset method has been successfully applied to assess N dynamics
in large estuaries and plumes, such as the Pearl River plume (Han et al.,
2012) and the Yangtze River plume (Yan et al., 2017).
4.2.1. Oxidation Dominated Ammonium Consumption in the
Upper Estuary
After recognizing the mixing of R and SS end‐members in the upper estu-
ary, we derived [NO2

−]offset and [NH4
+]offset for this section (Table S1 in

the supporting information). Results showed that the absolute magnitude
of [NO2

−]offset (+1.5 to +3.6 μmol/L) was slightly lower than that of
[NH4

+]offset (−2.1 to −4.3 μmol/L). This is consistent with some onward
oxidation of NO2

− to NO3
− as expected from the rates of AO (RAO), NO

(RNO), and NH4
+ uptake in dark (RAUD) calculated from the incubation

experiments (Table 3). In the upper estuary (Station J4), RAO was as high
as 20.4 μmol L−1 day−1, which was twentyfold higher than RNO (1.0 μmol
L−1 day−1). Previous study has found that nitrite oxidation bacteria are
more sensitive to salinity relative to ammonia oxidation bacteria (Pronk
et al., 2014). The differential sensitivity to salinity may be a plausible

Figure 5. Scatter plot of δ15N‐NO2
− versus 1/[NO2

−]. Gray dot, cross, trian-
gle, and square are four end‐members (R, SS, C, and M, respectively). SS =
South Stream.

Table 2
The Uptake Rates of NH4

+, NO2
−, and NO3

− by Phytoplankton in Light (Unit:
μmol L−1day−1)

Station Salinity NH4
+ NO2

− NO3
−

J17 20.0 11.8 ± 0.7 2.9 ± 0.2 30.0 ± 1.7b

J20 25.5 12.5 ± 1.4 3.6 ± 0.7b 20.6 ± 3.4
J24 29.0 9.1 ± 1.0a 5.0 ± 0.7b 19.2 ± 3.1c

Note. The N uptake rates were derived from the slope of the regression line in
Figures 4a, 4c, and 4e, respectively. p values of the above estimation of rates
were lower than 0.0001, except for those with subscripts a (p = 0.0041), b (p
= 0.0010), and c (p = 0.0008).
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reason for NO2
− accumulation in the upper estuary, consistent with the

study in the wastewater treatment (Zhao et al., 2014). Generally, AO can
decrease δ15N‐NO2

– due to the isotope effect of −14‰ to −38‰
(Casciotti et al., 2003; Santoro & Casciotti, 2011). However, in the upper
estuary where AO was the highest, a positive isotope‐offset of NO2

–

(+0.3‰ to +2.0‰) was found, suggesting that AO slightly increased
δ15N‐NO2

–. This only can be explained by higher δ15N‐NH4
+ relative to

δ15N‐NO2
–. That is supported by the incubations which showed that

δ15N‐PN started to decrease when phytoplankton switch to growth on
NO3

− and NO2
– as NH4

+ was exhausted (see section 3.3 and Figure 4).

RAO and RNO peaked in the upper estuary where TSS was high. High con-
centrations of suspended particle may both provide substrate NH4

+ to
nitrifiers (Hsiao et al., 2014; Wang et al., 2010; Zheng et al., 2017) and protect nitrifiers from light damage
(Liltved & Cripps, 1999). The weak salinity tolerance of nitrifying bacteria communities (Bernhard et al.,
2007; Morrissey et al., 2014) is an additional possible reason for low nitrification in high salinity sites. In
addition to removal by oxidation, it was possible that some NH4

+ could be assimilated by heterotrophic
microbes (i.e., nitrifiers), which was consistent with the uptake rate of NH4

+ in dark (RAUD) of 3.3 μmol L
−1 day−1 (Table 3). Although NH4

+ assimilation by phytoplankton could explain NH4
+ loss, it would be lim-

ited by high TSS in the upper estuary (Figure 2d).

To estimate the timescale for NH4
+ removal (τammonium_removal), we divided [NH4

+]offset by the summed
rates of NH4

+ removal (RAO+RAUD). Similarly, for τnitrite_accumulation, [NO2
−]offset was divided by the rates

of NO2
− production and removal (RAO−RNO). These two turnover times showed similar ranges of 2–5 hr

and were thus significantly shorter than previously reported water residence time of <19 hr (Wang et al.,
2015), consistent with previous findings in the European tidal estuaries (Middelburg & Nieuwenhuize,
2000, 2001). Thus, our estimated rates were coherent with the nonconservative behaviors observed in our
NH4

+ and NO2
− versus salinity plots (Figure 2b).

Relative to [NH4
+]offset and [NO2

−]offset, the values of [NO3
−]offset were much smaller (–0.6 to +2.7 μmol/L;

Table S1) accounting for only 0.3%–1.5% of the observed NO3
− pool. This suggested that turnover time for

NO3
− pool was much longer than the water residence time and, thus, consistent with the conservative beha-

vior of NO3
−with salinity (Figure 2a). This result was also supported by the negligible isotope‐offsets (0.1‰–

0.4‰, close to our analytical uncertainty). Alternatively, NO3
− production can be compensated by NO3

−

consumption in term of concentration and isotopic composition. Although nitrification can contribute to

NO3
− production, it was minor given the observed low NO rates (Table 3). As aforementioned, NO3

− assim-

ilation by phytoplankton had been inhibited by high turbidity and NH4
+ levels (NH4

+ repression of NO3
−).

Meanwhile, denitrification in the water column should be negligible due to high levels of dissolved oxygen
(Wang et al., 2015). Although denitrification may occur in sediments (Lehmann et al., 2004; Prokopenko

et al., 2011), in our case, the influence of sedimentary denitrification on the surface water NO3
− appears

to have been limited since no NO3
− removal was observed in the upper estuary. One may argue that incom-

plete denitrification may happen due to strong tidal mixing, yet the positive shifts in dual isotopes of NO3
−

were very small in our case. As for the denitrification occurring on suspended particles (T. Liu et al., 2013;
Yao et al., 2016), it may play a vital role when TSS was high, such as TSS >2.5 g/L (T. Liu, et al., 2013).
But TSS in this study was <0.1 g/L and, thus, its influences should be minor, consistent with previous study
in Poyang lake (Yao et al., 2016).

The influences of submarine water discharge on the water column NH4
+ and NO2

− were not directly eval-
uated in our case. In accord with the rapid water flushing time, however, its impact is likely to be limited by
the relatively small spatial‐averaged source of reported groundwater input (Hong et al., 2017; Wang et al.,
2015). Due to low oxygen in groundwater, coupled nitrification‐denitrification prevails with values of
δ15N‐NO3

− (−3‰ to +60‰) and δ18O‐NO3
− (0‰ to +50‰; Wells et al., 2016) that can be significantly

higher than riverine/marine sources. Because only minimal increments were observed in δ15N‐NO3
− and

δ18O‐NO3
− in the JRE (and limited to the SS and C end‐members), it appears that there were negligible influ-

ences from submarine water discharge at least during this period of the year.

Table 3
Rates of Ammonia Oxidation, Nitrite Oxidation, Ammonium Uptake in the
Dark (Unit: μmol L−1 day−1)

Station
Ammonia

oxidation (RAO)
Nitrite

oxidation (RNO)
Ammonium uptake
in dark (RAUD)

J4 20.4 ± 0.6 1.0 ± 0.0 3.3 ± 0.0
J7 2.5 ± 0.0 0.3 ± 0.0 /
J8 0.4 ± 0.0 0.0 ± 0.0 2.1 ± 0.0
J10 0.4 ± 0.0 0.1 ± 0.0 /
J15 0.1 ± 0.0 0.0 ± 0.0 /
J20 0.2 ± 0.0 0.0 ± 0.0 /
J24 0.5 ± 0.0 0.0 ± 0.0 0.9 ± 0.0
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4.2.2. The Causes for Nitrate Conservation in the Middle and Lower Estuary
Following the same procedure in section 4.2.1, the [NH4

+]offset, [NO2
−]offset, and [NO3

−]offset were
derived in the middle (SS‐C) and lower estuary (C‐M). Results were supportive of the fact that physi-
cal mixing dominated the distributions of N species in the middle and lower estuary since the offsets
of N species only occupied a small fraction of the observed values (<8%, within the error of determi-
nation). This was consistent with lower rates of AO and NO in the middle and lower estuary (Table 3
), possibly resulting from inhibition by the higher salinity (Gonzalez‐Silva et al., 2016; Mannina et al.,
2016) and/or sunlight (Horak et al., 2017; Liltved & Cripps, 1999; Xu et al., 2019) due to lack of
shading by TSS.

Under the lower TSS conditions of the middle and lower estuary, N assimilation by phytoplankton should
become more significant since the growth of phytoplankton is no longer limited by light. In our incubation
experiments, we found high uptake rates of N species in the middle and lower reach (Table 2). Using our
NH4

+ uptake rates of 9.1–12.5 μmol L−1 day−1 in the light (Table 2) and 0.9 μmol L−1 day−1 in the dark
(Table 3), and assuming in a 12‐hr light: 12‐hr dark cycle, the daily total removal of NH4

+ was estimated
to be as high as 5–6 μmol/L in the middle and lower estuary. This suggested that the observed NH4

+ (6.5–
14.3 μmol/L) should be removed completely within 1–3 days. However, NH4

+ remained close to conserva-
tive in the middle and lower estuary (Figure 2b). This suggests that the τw was considerably <1 day in this
area, which was consistent with results (τw = 0.78 day) calculated using radium isotopes in summer
(Wang et al., 2015).

Finally, we note that in addition to physical mixing, the high level of NH4
+ throughout the JRE also can con-

tribute to the conservative behavior of NO3
− through repressing NO3

− uptake by phytoplankton. Although

NH4
+ inhibition effect has been documented in both cultures (Conway et al., 1976; Syrett & Morris, 1963)

and field observations (Dugdale et al., 2007; McCarthy et al., 1977), its roles on the conservative behaviors

of NO3
− in estuaries has rarely been reported. Our isotope labelling and natural abundance observations

emphasized that NH4
+ repression of NO3

− uptake should be considered when discussing NO3
− dynamics

in field studies. Otherwise, wemay overestimate the influence of physical mixing on N dynamics in estuaries
with high NH4

+.

Worldwide, anthropogenic activities are not only increasing total N inputs (Seitzinger & Harrison, 2008;
Sharples et al., 2017) but also shifting the dominant form of N (Glibert et al., 2006, 2014; Lee et al., 2014)

delivered to estuaries and coastal areas. In fact, substantially elevated concentrations of NH4
+ are common

in many estuaries, such as the Maryland/Virginia Coastal Lagoon (Glibert et al., 2014) and the Danshuei
estuary (Lee et al., 2014). This is attributable to the development of animal agriculture and marine aquacul-
ture which produce high NH4

+ by direct excretion and/or decomposition of undigested feed (Bouwman
et al., 2013; Zhang et al., 2015).

Under these conditions, NH4
+ inhibition effects could become more significant in estuaries and coastal

areas. This can alter phytoplankton community structure and thus further affect biogeochemical cycles
and ecological processes (Shilova et al., 2017). Understanding the processes which remove NH4

+ and their
dependence on particle loads, light levels, salinity, and estuarine dynamics is therefore of increasing impor-
tance. The combination of natural abundance isotopic surveys with rate studies from tracer incubations is a
powerful approach to assess this issue.

5. Conclusions

1. The N‐shaped patterns in the downstream distributions of the isotopic compositions of NO2
− and PN,

and in the scatter plot of δ15N‐NO2
− versus 1/[NO2

−], suggested that the involvement of four (R, SS,
C, and M end‐members) rather than two end‐members (R and M end‐members) in the JRE.

2. Significant shifts in the relative importance of different N transformation processes were found across the
environmental gradients. In the upper estuary (where turbidity was high), rate of AO was as high as 20.4
μmol L−1 day−1, which was twentyfold higher than NO. This huge difference between rates of AO and
NO led to significant NH4

+ removal and NO2
− accumulation in the upper estuary. In contrast, in the

middle and lower estuary, the influences of biological processes (both oxidation and uptake) were less
evident and were largely overwhelmed by strong physical mixing.
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3. According to the incubation experiments for N uptake, phytoplankton expressed strong preference of
NH4

+ over NO3
– and NO2

–, suggesting the repression of NO3
− uptake by NH4

+. This inhibition effect
occurred at NH4

+ levels as low as 0.6 μmol/L, contributing to the conservative behavior of NO3
− and

the small variability in the dual isotopes of NO3
− along the JRE.

4. Based on the rapid NH4
+ consumption in the incubations, a residence time of less than 1 day was

required to maintain the conservative mixing behavior of NH4
+ in the middle‐lower estuary.
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