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Abstract Isotope measurements were performed on dissolved NO3, NH;, and suspended particulate
total N along a salinity gradient in the Pearl River Estuary (PRE) to investigate seasonal changes in main N
sources and its biogeochemical processing under the influence of monsoon climate. Our data revealed that
municipal sewage and remineralized soil organic N were the major sources of DIN (NO; and/or NH; ) in
freshwater during winter and summer, respectively, whereas phytoplankton biomass was a major
component of PN in both seasons. In low-salinity waters (<2-3), nitrification was proved to be a significant
NO; source via NH; consumption, with N isotope effects of —15.3%, in summer and —23.7%, in winter for
NH, oxidation. The contribution of nitrification to the total NO; pool was smaller in summer than in winter,
most likely due to freshwater dilution. At midsalinities (3-20), 5'°N values of PN were similar to those of
NO; and NH; in summer, reflecting a strong coupling between assimilation and remineralization. In winter,
however, higher 6'°Nyu4 but lower §'>Nyos than 6'°Npy were observed, even though ¢'°Npy was similar
between summer and winter. Intense sediment-water interaction and resuspension of sediments during
winter appeared largely responsible for the decoupling. At high salinities, the greater enrichment in
5"80n03 than in 6"°Nyos (up to 15.6%,) in winter suggests that atmospheric deposition may contribute to
NO; delivery during the dry season. Overall, these results show the importance of seasonal variability in
physical forcing on biological N sources and its turnover processes in the highly dynamic river-dominated
estuary.

1. Introduction

As a transition zone between land and ocean, estuaries are characterized by strong gradients in environ-
mental and ecological parameters. The behavior of nitrogen (N), one of the major and often limiting nutri-
ent for primary production, in such a zone is complex, due partially to dynamic interactions between
physical, chemical, and biological processes that govern the fate of N [Wankel et al., 2007; Dahnke et al.,
2008]. In addition, the time-varying and/or multiple N sources that are closely associated with human activi-
ties in recent decades make it more difficult to understand N behavior in an estuary.

Among many methods, stable nitrogen isotope (6'>N) of various pools of N, combined with the oxygen iso-
tope of NO; (6"80n03), has been successfully used to reveal sources and biogeochemical processes of N,
especially during the last decade due to significant progress on precise measurements of N and O isotope
ratios in seawater [e.g., Wankel et al., 2007; Dahnke et al., 2008; Chen et al., 2013; Xue et al., 2014]. In general,
various N sources can be differentiated by their distinct ranges of N and O isotopic values [Kendall, 1998,
and references therein]. For example, domestic sewage and manure are more enriched in BN (6'°N:
10-209,,) than fertilizer and atmospheric deposition, and §'20 values of atmospheric NO; is generally very
high (50-809%,) relative to those from other sources (<259%,). However, the applicability of this technique to
N source determination in estuaries can be further complicated by biological processes, e.g., assimilation,
nitrification, and denitrification, in which significant isotope fractionation may occur due to preferential
uptake of lighter isotopes ('*N and '°0) [e.g., Kendall, 1998; Casciotti et al., 2003]. Thus, a better understand-
ing of N cycling in a coastal marine ecosystem could be achieved by an integrated knowledge of distribu-
tion and variation of 6'°N (and d'80) signatures of various N pools, including dissolved and particulate N.
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The Pearl River Estuary (PRE), also known as the Zhujiang Estuary, is an interface connecting south China
mainland and the northern South China Sea (NSCS). It is a highly dynamic estuarine system, annually receiv-
ing 3.26 X 10"" m? of fresh water and 7 X 107 tons of suspended particulate matter (SPM) from the Pearl
River, the second largest river in China in terms of flow. Most of the PRE is quite shallow with an average
depth of 4.8 m (range from 2 to 10 m). Physical and biogeochemical processes in the PRE show seasonality
caused by the regular shift between wet southwesterly monsoon in summer and dry northeasterly mon-
soon in winter, and thereby, the resultant seasonal variation of river discharge [Harrison et al., 2008]. Like
many estuarine ecosystems worldwide, the PRE has been dramatically affected by human activities (agricul-
ture, industry, urbanization, etc.) in the Pearl River Delta region over recent decades. Large quantities of bio-
logical reactive nitrogen are discharged into the PRE, which in turn lead to environmental problems such as
acceleration of eutrophication and formation of hypoxic water [Huang et al., 2003; Dai et al., 2006].

Extensive effort has been made to understand N origin, distribution, and fate in the PRE, particularly during
the wet summer when the input of terrestrial materials is high. There is, however, considerable controversy
over whether active N cycling exists in this river-dominated estuary, because mixing diagrams of concentra-
tion data versus salinity show a largely conservative behavior [Yin et al., 2000; Cai et al., 2004] whereas a few
shipboard incubation experiments suggest substantial nutrient removal and regeneration (nonconservative)
[Zhang et al., 1999; Dai et al., 2008]. Moreover, there is a shift of nutrient limitation from P to N across the
salinity gradient [Yin et al., 2001; Lui and Chen, 2011]. This shift suggests a more rapid turnover rate of reac-
tive N than P in the PRE, although previous research based on field data observed quite a weak seasonality
in some forms of N like NO; [Zhang et al., 1999; Cai et al., 2004]. Recently, we examined the cycling of reac-
tive N in the PRE during spring by means of NO; dual isotopes (3'°Nyoz and ¢'®0yo3) and revealed that
phytoplankton uptake and microbial nitrification were active under the backdrop of NO; decline due to
freshwater-seawater physical mixing [Ye et al., 2015]. Taking into account that there are great seasonal con-
trasts in river discharge and monsoon winds, we thus predicted a remarkable seasonal difference in N
dynamics in the PRE, which could be elucidated via isotope analysis of N species.

As compared to our previous research, which studied the spatial N turnover processes (the west and east
PRE) during a single season using NO;  dual isotopic approach [Ye et al., 2015], the present study measured
the stable isotopes of dissolved inorganic N (DIN, including NO; and NH;) and particulate N (PN) along a
salinity gradient in the PRE to investigate seasonal (winter and summer) variability of N sources and N
cycling processes. We found that different degrees of biological processing occurred between the wet and
dry periods and that these differences can be traced by §'°N (and 6'0) of different N species.

2. Materials and Methods

2.1. Field Sampling

Surface samples at 0.5 m depth were collected along a salinity gradient from ~0 to >30.0. The sampling
campaigns were conducted in February and August 2014 (Figure 1). The weekly mean river discharges of
the Pearl River just prior to our cruises were about 4000 and 15,000 m® s~ (http://xxfb.hydroinfo.gov.cn),
which was typical for winter and summer, respectively [Harrison et al., 2008]. At each sampling station,
parameters of water temperature, salinity, and dissolved oxygen (DO) were measured on site. In August
2014, salinity at the outmost site was not high enough to represent typical seawater due to high flux of
freshwater; hence, deeper samples (0.5 m above sea bottom) with higher salinities at the two outmost sites
were additionally collected.

Temperature and salinity data were recorded using a Valeport CTD meter that was calibrated before the
cruise, with precision of +0.01°C for temperature and *=0.01 for salinity. For collection of suspended particu-
late matter (SPM), 200-500 ml water samples were filtered on site immediately through precombustion
(450°C, 4 h) glass-fiber filters (25 mm diameter, Whatman GF/F). After filtration, the filters were rinsed with
Milli-Q water to remove salt and then frozen at —20°C until later analysis for PN concentration and its §'°N.
For nutrients as well as NO; and NH; isotopic analysis, water samples of 500 ml were filtered through pre-
combusted glass-fiber filters (47 mm diameter, Whatman GF/F) and the filtrate was stored at —20°C for
home lab analysis in an acid-washed polyethylene bottle. Samples for chlorophyll a (Chl a) were filtered
through 0.7 um GF/F filter and stored in liquid nitrogen before further processing and analysis.
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Figure 1. Map of the Pearl River Estuary showing the sampling stations. Four estuarine zones are divided: 1, Guangzhou Channel; 2, upper
estuary; 3, middle estuary; and 4, lower estuary. HUM, JOM, HQM, and HEM denote Humen, Jiaomen, Honggimen, and Hengmen, respec-
tively. The black arrows represent the branches of the three major tributaries.

2.2. Chemical Analyses

Filtered water samples were analyzed for NO5, NO; , and NH; concentrations using the standard colorimet-
ric procedures that have been fully described elsewhere [Grasshoff et al, 1999]. The detection limits for
NO;, NO;, and NH; were 0.05, 0.02, and 0.10 umol L™, respectively. Chl a concentration in the bulk POM
on the GF/F filter was determined spectrophotometrically [Lorenzen, 1967].

In home laboratory, SPM filters were oven-dried (50°C for 48 h) and weighed. The weighed differences
between the dried filters and their counterparts before filtration were used to calculate SPM. These filters
were then acidified with concentrated HCl vapor in a fume hood to remove carbonate, and rinsed with
deionized water and redried at 50°C. The filters with decarbonated SPM samples were analyzed for POC
and PN contents using an elemental CHNOS analyzer (Elementar Vario) and their isotopic compositions
using a Thermo Finnigan isotope ratio mass spectrometer (IRMS) (model: Delta plus XL). Replicate analysis
showed that the precision for '>C and 6'°N was better than 0.1 and 0.2%,, respectively. Sample acidifica-
tion could slightly modify the §'°N value of a sample relative to the untreated sample [Kennedy et al., 2005].
However, no difference was detected in the present study between acidified samples and untreated sam-
ples based on a sequence comparison of 6'°N data (n = 8).

Nitrate 6'°N and 8'80 were measured using the chemical reduction method [Mcilvin and Altabet, 2005].
Briefly, NO; was reduced to NO, with spongy Cd and NO, was subsequently reduced to N,O using sodium
azide buffered to pH 4-5 using acetic acid. For each sample, preexisting nitrite (NO, ) was removed by addi-
tion of sulfamic acid, following the procedure of Granger and Sigman [2009]. To determine the '°N and
580 of N,0, the gas sample was extracted, purified, and analyzed online using a TraceGas inlet coupled to
a continuous flow IRMS (GV IsoPrime II). Three international NO; standards (USGS-32, USGS-34, and USGS-
35) together with unknowns were measured with each batch of samples and used for isotopic correction.

YE ET AL.

N ISOTOPES IN PEARL RIVER ESTUARY 8691



@AGU Journal of Geophysical Research: Oceans 10.1002/2016JC012066

Isotopic ratios are reported in delta (9) notation as per mil (%,) relative to atmospheric N, (air) for >N/"*N
and relative to VSMOW (Vienna standard mean ocean water) for '80/'®0. Analytical precision for interna-
tional and in-house reference materials was generally better than +0.3%, for 6'°N and =0.5%, for §'%0
(n = 8), and the standard deviations for replicate samples were in the same range or better [Ye et al., 2015].
Additional samples for NH; 5"°N analyses were performed according to Zhang et al. [2007], which involves
oxidizing NH; to NO; using hypobromite (BrO™) followed by further reduction to N,O in the same proce-
dure as described above for 8">Nyo; analyses. Three international NHI standards (IAEA-N1, USGS-25, and
USGS-26) were also used to correct for isotopic fractionation produced during the isotope analysis. Precision
of replicate 6'°Nyn4 analyses of standards was +0.4%,.

2.3. Data Analysis

2.3.1. Mixing Calculations

To examine the behavior of various N species along salinity gradient, conservative mixing lines were calcu-
lated using the model reported by Fry [2002]

Nmix=q>< N+ (1_(]) X va (1)

where N, and N,, are the concentration of different N species in riverine and marine end-members, respec-
tively, and q is the freshwater fraction in each sample calculated from salinity

q= (Sm_ Smix)/(sm_ Sr)7 2)
where Sihix, Sm, @and S, are the salinity of a sample, the marine, and riverine end-members, respectively.

In physical mixing, the isotopic value of a sample (0., is the concentration-weighted mean of the isotopic
values of riverine and marine end-members.

Omix= [qX N¢X 6+ (1—q) X NmX m]/Nmix- (3)

Under steady state conditions, the concentration of various N species varies linearly along the mixing gradi-
ent, whereas isotopic mixing diagrams show curvilinear mixing behaviors, reflecting the concentration-
weighted volumes of the end-members [e.g., Middelburg and Nieuwenhuize, 2001; Fry, 2002]. In contrast,
deviations from the conservative mixing (or nonconservative mixing) lines of concentrations or isotope sig-
natures point toward sources and/or sinks in the mixing gradient.

The choice of end-members is of key importance for the reliability of a mixing model and the subsequent
interpretation of isotopic data. Extensive estuarine studies have used sample data at the lowest salinity as
the riverine end-member, which is feasible in that there is only one important waterway leading river water
into those estuaries [e.g., Wankel et al.,, 2006; Dahnke et al., 2008]. However, due to the fact that the Pearl
River delta is a complex river network, being fed by three major tributaries and some local runoff with differ-
ent nutrient levels and dynamics and that all freshwaters were finally discharged into the PRE through four
outlets (Figure 1), it is difficult to decide a common freshwater end-member at present. Nevertheless, we
adopted an alternative approach that has been successfully used in previous research in this complex estua-
rine regime [Guo et al., 2008; He et al., 2010].

Among the four main outlets (i.e,, Humen, Jiaomen, Honggimen, and Hengmen; Figure 1), the two outlets,
Humen and lJiaomen, at the top of the PRE discharge the dominant river runoff (~66%) and DIN load
(~70%) [Huang et al., 2003; Cai et al., 2004]. Therefore, values of riverine end-member were fixed by averag-
ing data of the initial fresh-saline mixing water samples from areas that are dominated by river inputs from
Humen and Jiaomen. In summer, the mixing mainly occurs at the middle estuary near Humen, whereas in
winter, the mixing occurs at the upper Humen area [Guo et al., 2008], so we used the water samples from
the middle estuary(zone 3) and the upper estuary (zone 2) to obtain the riverine end-member in this study
(Table 1). However, we note that these are not truly riverine end-members because they also reflect the
influence of multiple N processes that may have occurred in the lower-salinity regions.

It should also be noted that the isotopic values of samples with highest salinities in our study area cannot
serve as the marine end-member due to the large spatial variability in §'>N and '20 values in the PRE [Ye
et al., 2015]. Instead, the relatively stable subsurface water (100-200 m) from the NSCS was applied for the
marine end-member (Table 1). This subsurface water is less influenced than other waters by the addition of
spatially and temporally variable new sources of N, such as the atmospheric deposition and subsequent
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Table 1. Definitions of the Riverine and Marine End-Members

End-Member Salinity NO; /PN (umol L") 5"°Nno3/0"°Nen (%) 5"®0N03 (%)
Winter riverine 5.5 81.8/17.0 —0.9/5.6 23
Summer riverine 3.0 70.4/12.7 5.7/10.2 1.6
Marine 345 5.0/0.2 4.0/5.0 25

biological processes (e.g., algal assimilation and N, fixation). Off-shore upwelling in summer [Ning et al.,
2004; Jing et al., 2009; Tang et al., 2009] and wind-induced upper water-column mixing in winter [Tseng
et al,, 2005; Shen et al.,, 2008; Wong et al., 2015] are the common phenomena in the NSCS, which provides
the subsurface nutrients as the ultimate marine end-member for the coastal surface water. In this study, the
respective average values previously reported for subsurface water in the NSCS [Wong et al.,, 2002; Kao
et al., 2012; Kao S.-J,, N isotopes: implication for nutrient transformation and export productions, unpub-
lished data] were used. Because no marine end-member for 5'°N value of NH;r is available, the mixing line
for NH; isotopes, therefore, was not calculated.

3. Results

3.1. Physiochemical Parameters

Downstream distributions of the physiochemical parameters are shown in Figure 2. Water temperature was low
in winter (16.1-18.4°C) and high in summer (27.1-31.9°C). Salinity increased seaward from 0.1 upstream of
Humen to >30.0 in the lower estuary, with some slight fluctuations in the middle estuary. Salinity at each site in
winter was higher than in summer by 10.6 * 5.5, with maximal differences in the middle estuary. There was a
DO minimum at initial estuarine mixing (salinity <2) in the vicinity of the Humen outlet, that moved down-
stream in summer relative to its position in winter. Downstream of the DO minimum, a progressive DO increase
with increasing salinity was observed in the middle of the estuary (up to 8-10 mg L™ "), with higher values in
winter than in summer. In high-salinity waters (S > 20), DO showed a slight decreasing trend. SPM and Chl a
had similar distribution patterns, i.e., they were high at the upstream of the Humen outlet at salinities <1, exhib-
iting much lower SPM but higher Chl a in summer than in winter. Further downstream SPM and Chl a generally
declined with increasing salinity, except for a secondary maximum at midsalinities during the dry winter, which
was likely due to the contribution of local phytoplankton production and/or resuspended sediment particles.

3.2. Nutrient Concentrations

As shown in Figure 3, concentrations of DIN (NO3, NO3, and NH;) and PN varied greatly during both sea-
sons, in good agreement with previous observations in this subtropical estuary [Zhang et al., 1999; Dai et al.,
2008]. High level of [NO5 ] along with high [NH; ] occurred in the Guangzhou Channel during winter and in
the upper estuary during summer, respectively. All inorganic forms of N decreased rapidly at the early stage
of mixing around the Humen outlet, after which they decreased smoothly due to a dilution effect associated
with oligotrophic seawater, although there were some remarkable fluctuations (Figures 3a, 3¢, 3e, and 3g).
The smooth decreasing trend was also shown in the concentration-salinity plots (Figure 3b), where [NO; ]
was below or varied around the conservative mixing line. In contrast to [NO3 ], [NH; ] was above the conser-
vative mixing in both winter and summer. PN varied similarly to Chl a during both wet and dry seasons,
showing high concentrations (>30 pmol L™") in the upper estuary and decreased sharply to values <10
pmol L™ in the middle estuary (Figures 3g and 3h). PN was elevated at middle salinity, followed by a mod-
erate decrease further downstream.

3.3. Isotope Compositions

Values of nitrate 6'°N (5'°Nyos) ranged from —2.2 to 10.2%, (Figures 4a and 4b). They were similar in fresh-
water (5.3-10.2%,) and seawater (8.6-9.6%, for both seasons, but on average higher in summer
(6.7 £1.79, n=14) than in winter (3.2 = 4.0%, n = 16) in the estuarine brackish waters. In both seasons,
enriched 6'"°Nyos (>8.0%,) was coupled with high [NO; 1 and Chl a concentrations, all exhibiting sharp
declines downstream at low salinity (S < 2-3). Further downstream, §'>Nyo3 remained almost constant dur-
ing summer (except for the outmost station), but was considerably elevated in winter. Nitrate §'%0
(6"%0no3) ranged from 0.7 to 25.6%,, with no obvious difference between seasons, except for the lower
estuary where exceptional high §'®0yo3 values up to 25.6%, occurred in winter (Figures 4c and 4d). To our
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Figure 2. Distribution of salinity, temperature, DO, SPM, and Chl a along the sampling transects in the PRE. The left figures are plotted
against the distance from Humen and the right ones are plotted against salinity. (a) Salinity; (b) water temperature; (c, d) DO; (e, f) SPM; (g,
h) Chl a. Gray dashed lines indicate the locations of the Humen outlet.
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Figure 3. Distribution of NO3', NH; , and PN concentrations along the sampling transects in the PRE. The left figures are plotted against
the distance from Humen and the right ones are plotted against salinity: (a, b) NO;; (¢, d) NO5 ; (e, ) NH; ; (g, h) PN. Gray dashed lines in
left figures indicate the location of the Humen outlet. The stars in right figures denote the freshwater and marine end-members used in
this study (for details of the two end-members, see section 2).
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knowledge, the observed 58003 value is at the high end of the range of 5"80n03 ever reported in many oce-
anic environments (—5.0-33.99,) [e.g., Wankel et al., 2006, 2007; Dahnke et al., 2008; Wong et al.,, 2014]. Along
the salinity gradient, both 6"°Nyos and 88003 were highly variable at low salinities (S < 2-3) and were more
conservative at middle salinities, whereas they were clearly deviated from the mixing line in the high-salinity
(S > 20.0) zones.

Ammonium was characterized by a wider range in its '°N compared to NO; (Figures 4e and 4f). 3'°Nyus
also exhibited strong seasonal differences, with clearly higher values in winter (6.2 to 36.6%, averaged
19.5%,) than in summer (—8.8 to 9.19,,, averaged 0.99,,) except in the lower PRE. The most remarkable dif-
ference occurred in the upper estuary, where 5'>Nyu4 reached the highest value in winter at a salinity of 3
and lowest value in summer at a salinity of ~0.1. In the salinity range 2-3, there was a sharp increase during
both seasons. Thereafter, 5'>°Nyw4 decreased continuously with increasing salinity in winter, whereas it var-
ied between —0.9 and 9.19,, and showed no clear spatial gradient in summer. Comparatively, the down-
stream changing pattern of 6'°Ny4 largely mirrored that of §">Nyos.

The "N values of PN (6'°Npy) along the estuary were generally lower in winter (3.7-6.8%,) than in summer
(4.2-15.59,). This seasonal contrast mainly occurred in the upper estuary at salinity <2-3. Downstream of
the Humen outlet, 5'°Npy decreased slightly and showed similar values and patterns in summer and winter
as salinity increased. For example, a substantial decrease of 5'°Npy Was observed in the middle salinity
range, followed by a slight increase in the high-salinity waters. This is opposite to the patterns of d'>Nyos
and 6"°Nyus in summer (Figure 4). The §'°Npy-salinity mixing diagram showed nonconservative behavior in
summer, with most of the §'°Npy values below the conservative mixing line. In winter, the §'°Npy showed
nearly conservative behavior throughout the salinity gradient. It is important to note that at middle salin-
ities PN, NO;', and NH4+ have very similar 5"N values in summer, whereas there were large differences
among these isotopes in winter, suggesting there is a clear seasonal variation in DIN sources and/or pro-
cesses within the estuary.

4. Discussion

4.1. Sources of DIN and PN in Freshwater

Sewage effluent has been proposed as a significant source of NOJ in the PRE [Huang et al., 2003; Dai et al.,
2008]. Using 5"°N data, we have estimated the relative contribution of this source recently [Ye et al., 2015],
showing that the contribution of sewage effluent to the total N input to the PRE was 8.3% in average, rang-
ing from 0 to 19%. In the present study, the Guangzhou Channel in winter is characterized by heavier iso-
topes (6"°Nnos: 5.3-10.2%, and "°Nyna > 10.0%,) and higher NO; and NH; concentrations than the
downstream sites (Figures 3 and 4), which are possibly associated with municipal sewage effluents from
Guangzhou. In the wet summer, nutrient concentrations were lower in freshwater than those in the dry win-
ter, likely due to dilution by high water discharge (>10,000 m* s~ ). Nevertheless, they were still quite high
(>100 pmol L") relative to the downstream brackish waters. Together with higher §'Nyo3 values in fresh-
water, NO; seems also to be sourced from sewage discharge in summer. However, the concurrent very low
5"°Nya values (as low as —8.0%,) contradict this source determination. As such, nutrients from catchment
soils delivered by runoff and groundwater were likely a candidate. In August, denitrification in the catch-
ment soils has been suggested to occur in the highest degree, causing nitrate 5'°N to be elevated up to
17.6%, in the tributary of Beijiang River, a major branch of the Pearl River [Chen et al., 2009]. Unfortunately,
no 3'°Nyus data were reported along with the 3'°Nyos in that study. Nevertheless, due to the extremely
low 6"°Nna, We speculate that the cation exchange of NH; during soil sorption before the NH; discharge
could be partly responsible for this pattern, because '°N is retained preferentially at the exchange site in
soil [Delwiche and Steyn, 1970]. Indeed, Koba et al. [2012] also suggested the importance of cation exchange
in the §'°N-depleted NH; (averaged —9.2%,, ranging from —14.7 to 0.2%,) but positive '°N of NO; (0.4~
6.8%,) in stream water from an N-saturated subtropical forest nearby the Pearl River Delta. Moreover, nitro-
gen fertilizer (almost in the reduced form, e.g. urea (71%), NH;HCO3 and NH,Cl (27%), etc.) is heavily
applied in the catchment agriculture during the spring and summer times. Ammonium from reduced N fer-
tilizer that was not fully utilized by plants and characterized by low d'°N values (—5.6 to 1.5%,) might leak
and contribute to rivers in this rainy season [Chen et al., 2009]. Further investigations are needed to clarify
this issue.
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At the whole estuary scale, significant positive correlations were found between PN and Chl a (p < 0.01) dur-
ing both winter and summer (r=0.95, n = 16; r = 0.83, n = 14, respectively), implying that algal biomass
was the major component of PN. The high Chl a concentrations in freshwater perhaps recorded an upper
stream (e.g., Beijiang and Dongjiang) signal [Cai et al., 2004] and/or likely suggested the importance of in
situ phytoplankton production [He et al., 2010; Guo et al., 2015]. Stable N isotopes can provide additional
constraint on the main sources of PN and its subsequent processing. If phytoplankton assimilation is the
major control on N isotopic composition of PN, its 6'°N should be less than or equal to those of §'°N values
of NOJ and NH; depending on relative nutrient utilization as "N is preferentially assimilated. This is the
case for the winter data, in which the 5'°N of PN were almost constant (5.0-6.0%,) at salinities <1.0, and
were much lower than that of NO3 and/or NH; (Figure 4). However, this did not hold true for summer data,
where PN was isotopically heavier (up to 15.5%,) than NO; and NH; . These clearly higher §'°Npy data were
likely caused by the predominant assimilation of NO; that is isotopically enriched [Li et al., 2015], rather
than NH;, either from upstream or from urban N discharge as discussed earlier. Urban N discharge to the
river with an average ¢'°N of 16%, has been found to increase river §'°Npy by 10-15%,, [Leavitt et al., 2006].
Moreover, microbial degradation of organic matter (OM) might play a secondary role in causing high
5"°Npy values because microbes preferentially break down the isotopically lighter compounds, which is
generally associated with an fractionation factor from —3 to +19,, [Kendall et al., 2007; Mobius, 2013].

4.2. Nitrification-Dominated Low-Salinity (<2-3) Waters

Upstream or near the Humen outlet, [NO3 ] and [NH; ] declined greatly from freshwater to low-salinity water
(<2-3) during both winter and summer (Figure 3). This decline was much steeper than that occurred in the
middle and lower PRE; the latter was obviously caused by dilution by oligotrophic seawater. However, the
rapid decline in the low-salinity waters was likely due to dilution of nutrient replete waters from the Guang-
zhou Channel by numerous less replete stream waters down the channel (Figure 1). For example, the
monthly measurements of nutrients in the Jiaomen and Hengmen outlets, which receive the majority fresh-
water inputs from the Beijiang and a branch of the Xijiang, showed annual averaged concentrations of 68.9
* 124 and 83.6 = 18.7 umol L™ for NO3, and 27.2 = 6.1 and 25.1 = 13.2 umol L™ for NH;, respectively
[Lu et al., 2009]. These values are much lower than that of the Guangzhou Channel, which accounts for only
a minor contribution of the total discharge to the PRE (<20%). This occurrence is also believed to be
responsible for the sharp decreases in DIC and DOC concentrations in the same region [Guo et al., 2008; He
etal, 2010].

Interestingly, the nutrient decline was accompanied by a significant decrease in 6'°Nyos and increase in
5"°Nypa. Although the multiple river inputs and their subsequent mixing were responsible for the sharp
decrease in nutrient concentrations, it is unlikely that mixing could abruptly change ¢'°Nyo3 and 5% 0nos3
patterns in both seasons. This is mainly due to the fact that other major tributaries of the Pearl River (e.g.,
the Beijiang and Dongjiang River) are expected to have similar or even higher §'°N as compared to that of
the Guangzhou Channel, despite comparatively lower [NO;] [Chen et al., 2009; Li et al., 2015]. For example,
8"°Nyos in the Beijiang averaged 8.3%, in winter and 11.8%, in summer, respectively [Chen et al,, 2009],
whereas the §'°N values of epiphytic algae ranged from 6.7 to 11.2%, in lower reaches of the Dongjiang,
where NOj; is found to be the most dominant N form assimilated by these algae [Li et al., 2015].

As a result, the close coupling between §'>Nyos and 6">Nyua in the low-salinity region, suggests a certain
N process, in which NO3 and NH; were closely related with each other. We surmise this process to be
most likely water column nitrification, because nitrification in the presence of excess NH; would result in
heavier 6'>Nyg4 in the residual NH; pool and add '°N depleted N to the NO3 pool [Mariotti et al., 1981;
Casciotti et al., 2003]. Additionally, we found a steady decrease in DO (from 5.4 to 2.5 mg L™ in winter and
from 7.5 to 4.7 mg L™ in summer) at salinity <2, which could be closely associated with oxygen demand
in nitrification. Previous research has revealed that nitrification could remove one third of the total O, in
the upper reach of the PRE [Dai et al., 2006, 2008]. Intense nitrification has been also noted in estuaries of
large rivers receiving substantial NH; inputs, e.g., the Elbe estuary, the Scheldt estuary and the upper
Seine estuary, particularly in the low-salinity region [de Wilde and de Bie, 2000; Sebilo et al., 2006; Dahnke
et al., 2008].

Isotope fractionation occurring in a biological system can be approximated by the open-system Rayleigh
fractionation that is expressed by the following equation [Altabet, 2006]:
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Figure 5. Relationship between §'°Nyys and fyu, in low-salinity waters.

However, it should be noted that the extent of §'°Nyo; decrease and §'°Nyu4 increase due to the sug-
gested nitrification was smaller in summer than in winter. For example, 6'°Nyos decreased from 5.8-9.9%,
in freshwater to 5.0-6.2%, in low-salinity waters in summer, whereas the corresponding decrease was from
5.3-10.2%, to —2.2 to —0.3%, in winter. For 6'°Nyus, the corresponding increase was from —9.3-3.4%, to
—1.4-6.19%, in summer and from 13.1-25.09%,, to 30.0-38.3%, in winter. The smaller extent of changes in
summer relative to that of winter might be due to the larger freshwater dilution in wet season than in dry
season. In addition, because of the short residence times of estuarine waters (<3 days) in the wet season
[Yin et al., 2000; Sun et al., 2013], the slow-growing nitrifier populations, with a maximum growth rate of
0.035 to 0.06 h™" [Brion et al., 2000, and references therein], have no time to develop sufficiently to oxidize
the available NH; . In contrast, the water residence time was prolonged (~1 week) during the dry season
[Sun et al., 2013], which permits nitrifying bacteria to develop a significant biomass in the water column.
This general seasonal pattern is consistent with the observations of nitrifier abundance in the PRE [Dai et al.,
2008]. In fact, the contrast in water residence time was also suggested to be related to the different degrees
of nitrification found between the east and west PRE (Figure 5) [Ye et al., 2015].

Nitrification of NH; should increase NO3 concentrations, which we did not find in winter (Figure 3). Among
other processes, denitrification in sediments was at least partially responsible for the lack of NO; increase.
The nitrification coupled with denitrification generally leads to losses of N to the atmosphere as N,O or N,
[Herbert, 1999]. Indeed, Xu et al. [2005] and Dai et al. [2006] found evidence for a significant loss of water
column NO;3 in winter, which could be directly due to denitrification (rate: 0.03-0.84 mM m~2h™") occur-
ring in the sediments upstream of the Humen outlet. It is worth noting that the NO; isotope effect of ben-
thic denitrification has been proposed to be significantly less (<—39%,) than that in the water column (—20
to —30%,). The slight increases in §'°N caused by benthic denitrification could be simultaneously counter-
acted by the input of low d'°Nyos from nitrification. Therefore, it is likely that coupled nitrification-
denitrification occurred in the low-salinity region, resulting in the decrease of ¢'*Nyo3 values, but without
buildup of NO; in winter.

4.3. Water Column N Turnover in Mid and High Salinities

Further downstream in middle and high-salinity waters (3 < S < 30), the concentrations and isotopic values
of [NO31 and [NH; ] along the salinity gradient could suggest conservative freshwater-seawater mixing in
the PRE (Figure 3). Previous studies also found evidence of mixing-controlled N distribution in the PRE
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based on the concentration data [Zhang et al., 1999; Yin et al., 2000; Cai et al., 2004]. Mixing of the two end-
members would also be supported by linear correlation between §'>N and 1/[N] [Kendall, 1998]. However,
the lack of linear relationship between either 6'>Nyos and 1/[NO; ] or 6"®Nyus and 1/[NH; ] in our data
(p > 0.05, data not shown) implies that such mixing is insufficient to explain the distribution of ¢'*Nyo3 and
3"Nyna in the PRE during both seasons. This means other biological processes and/or sources with distinct
isotopic signatures must be invoked to explain the variations in 6'*Nyos and 8">Nyua (or 3'°Npp). For exam-
ple, most data points of [NO; ] were distributed below the mixing line, coinciding with '°N-enriched NO;,
thus indicating substantial NO; consumption (e.g., assimilation and denitrification) and/or mixing with oth-
er sources that are characterized by enriched §'>Nyo; but lower [NO; 1 relative to the water column (e.g.,
the interplay between water column and sediment N pools). It should also be noted that PN has very similar
3"°N in both seasons, even though the §'°Nyos; and 3'°Nyya are different between winter and summer.

In winter, there occurred a clear 8'°Nyo3 increase and 8'>Nyy4 decrease with increasing salinity. There could
be several explanations for the isotope patterns observed, including denitrification, phytoplankton assimila-
tion, and intense physical sediment-water interaction. The influence of local water column denitrification
can be ruled out as the cause of the positive d'>Nyo3 anomalies because of high DO content in the PRE dur-
ing winter (Figure 2). DIN assimilation by phytoplankton can cause isotopic enrichment of the residual DIN
(NO3 and NHy), during which fractionation factors vary among different species [e.g., Needoba et al., 2003;
Granger et al., 2004; Wankel et al., 2009; Wong et al., 2014]. Indeed, a winter phytoplankton bloom indicated
by surface Chl a> 5.0 pg L™ and elevated PN concentration had developed in the upper estuary within the
salinity range of 15-25 (Figure 2). Along with this bloom, there occurred a pronounced NO; removal (up to
35.3% as calculated by the observed concentrations relative to the calculated mixing line) and slightly
enriched 6'°Nyos and 6'®0yos, which may have resulted from NO; assimilation. Moreover, 6'*Npy values
also decline at the same time, further linking the isotope anomalies to phytoplankton assimilation. On the
basis of the open system model (similar to the one used for nitrification), we calculated a fractionation fac-
tor associated with phytoplankton assimilation. In our results, a plot of A§'°N of NO; (A refers to the differ-
ence between the observed value and that of expected from conservative mixing) versus fyos (the fraction
of NO; remaining in the system relative to that of expected from conservative mixing) showed a significant
relationship (p < 0.05) for middle and high-salinity waters in both seasons (Figure 6a). Our estimates yielded
>N fractionation with isotope effects of —4.7 and —5.1%, in summer and winter, falling within the range of
reported values (—3 to —99,) for phytoplankton assimilation [York et al.,, 2007]. This suggests that nitrate
uptake by phytoplankton played a major role for NO; drawdown and its isotope shifts in these waters, in
addition to physical mixing.

However, in the middle salinity waters (3 <S < 15), in spite of the NO; isotope anomalies, the effect of
assimilation seems insignificant because there was no clear phytoplankton bloom or elevated PN concen-
tration (Figures 2 and 3). Here we tentatively attributed the 5" Nnos enrichment and concurrent NO; loss
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Figure 6. Relationships between (a) nitrate A3'°N and fyo3 and (b) PN A3'*N and fpy in middle and high-salinity waters of the Pearl River
Estuary. Ad is the difference between the observed isotopic value and that of predicted by the conservative mixing line relating isotopes
of a specific N species to salinity.

YE ET AL. N ISOTOPES IN PEARL RIVER ESTUARY 8700



@AGU Journal of Geophysical Research: Oceans 10.1002/2016JC012066

to the interplay between water and sediment reactive N pools, at least in the region where the largest NO;
isotope anomalies were observed. Previous studies found active consumption of NO;', due most likely to
denitrification, in the sediments (mostly composed of sand and silt) in the PRE, resulting in efflux of NO;
from the water column to the sediments year round [Zhang et al., 2013]. If the net flux of NO; is always into
the sediment, without advection of NOS out of the sediment, the apparent isotopic N fractionation factor
during denitrification will be ~0 [Brandes and Devol, 1997; Lehmann et al., 2004]. In contrast, if there is an
advective flux returning NO; to the overlying water, irrespective of whether through tidal pumping or bio-
irrigation, 6'°N and 4'80 values of pore water NO; are expected to be substantially high, reflecting more
closely the enzyme level N isotopic fractionation by denitrification in the water column [Wankel et al., 2009;
Lehmann et al., 2007]. In the PRE, previous work suggested that biological perturbation, irrigation and other
physical perturbation in surface sediments could be very significant, especially during winter when wind-
induced mixing and tidal pumping are strong, as evidenced by the large difference between diffusive and
incubated fluxes of NO; (up to >2.0 mmol m™? d~' fluxed out of the sediments) [Pan et al.,, 2001; Zhang
et al,, 2013]. Such a dynamic environment would lead to bidirectional exchange of solutes, including NO3,
between sediment pore water and the overlying water. This NO; exchange would finally result in elevated
3" Nyos and 4'®0yes values but lower [NO; ] in estuarine waters due to denitrification-induced isotopic
enrichment in sediments. However, this hypothesis will need further evaluation in both field observations
and laboratory experiments.

There is no evidence for active NH; consumption in winter, despite the fact that phytoplankton usually pre-
fer NH; to NO; due to the overall lower energy cost of assimilation. Instead, most of the middle and high-
salinity samples have much lower §'°Ny4 values compared to those expected from conservative mixing,
with more depleted d'>Nyy4 in response to higher [NH; 1 (Figures 3 and 4). This pattern suggested the pres-
ence of additional NH;r sources. Meanwhile, there occurred a large increase in SPM and PN contents (Fig-
ures 2 and 3). So, remineralization of OM in suspended particulates and sediments is a likely source of NH; .
In the PRE, the surface sediments and suspended particulates have similar 5'°N values (4.0-6.0%,, Figure 4)
[Hu et al., 2006]. As OM remineralization is commonly accompanied by only slight isotopic fractionation (—3
to +19%,) [Kendall et al., 2007; Mobius, 2013], such derived 6'°Nyya could have a value much lower than val-
ues from conservative mixing. Indeed, past work in the PRE has shown that significant amounts of NH;
may diffuse from sediments to the overlying waters in both summer and winter due to prolonged degrada-
tion of organic matter [Pan et al,, 2001; Zhang et al., 2013]. During winter, the strong wind stress with speeds
of 7-10 m s~ " and low river discharge may lead to strong vertical mixing of water column and resuspension
of particles from bottom sediments, resulting in enhanced vertical flux of NH;", characterized by low §'°N
values, to surface waters [Harrison et al., 2008; Hu and Li, 2009]. Thus, a significant and continuous contribu-
tion of recycled NH; to the pool of water column NH; could result in a significant decline in 5" N4 along
the salinity gradient in winter, as shown in Figure 4.

In contrast to winter, the '°N values of both NO; and NH; in summer were similar to those of PN (4.2-
7.8%,) (Figure 4), probably suggesting minimum isotope fractionation during assimilation or a strong cou-
pling between assimilation and remineralization. However, we can rule out the first possibility, because an
isotope effect of —2.5%, was estimated by the linear regression between §'°Npy and fpy (Figure 6b). More
directly, a slight decrease of §'°Npy, accompanied by an increase in §'°N of both NO; and NH;, likely
reflects a pronounced N isotope fractionation during assimilation (i.e., preferential uptake of '*N) in the low-
er PRE at salinities between 20 and 30. Therefore, the observed pattern is likely due to a tight coupling
between assimilation and remineralization. In fact, although NH; comprises a relatively small fraction of the
DIN pool (<10%) in summer, the negative relationship between §'>Npy and d'°Nypa4 (enriched 6> Nyua but
depleted 5"°Npy) may suggest active NH; consumption in warm seasons. This is consistent with the fact
NH; is the preferred N source for most of phytoplankton species. Moreover, phytoplankton also acquired
significant N from NO; in summer, as demonstrated by the parallel enrichment of §'°N and ¢'20 in NO;3,
as well as the somewhat lower [NO; ] (Figures 3 and 4). In terms of PN, a large fraction is likely mineralized
and recycled before being buried in sediment, which might provide an internal source of NH; to the water
column, as indicated by the slightly higher [NH; ] than that of calculated mixing line. The predominant role
of PN remineralization in controlling the distribution of NH; was also evidenced by the significant positive
relationship between [NHZ] and [PN] (r = 0.67, p < 0.05). Moreover, the range of 5'>Ny4 in summer is rath-
er limited as compared to that of in winter, which might be due to a lack of external NH, supply and/or
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Figure 7. Relationship between nitrate Ad'°N and Ad'0 for the Pearl River Estuary. The dotted line represents a 1:1 ratio. The spring-east
part (M) and spring-west part (X) represent the data from the east and west PRE during the spring cruise, respectively [Ye et al., 2015]. The
east and west parts of the PRE are divided mainly by the longitudinal deep channel (west channel), where different freshwater inflow and

tidal dynamics are expected.

rates of production and consumption are approximately balanced and have similar isotope fractionation
factors.

It is noteworthy that [NH; ] was quite low (<5 pmol L™") in the upper PRE, which may contribute little to
changes in §'°Nyo3 Via nitrification, as observed in our sampling area. However, nitrification could still leave
isotopic signals, as suggested by the moderate correlation between d'>Nyos and 8'80y0s in summer. The
correlation showed a slope of 1.34 (p < 0.01) in a plot of §'80yes versus d'°Nno3 and deviated from the
slope of 1.0 expected from NO; assimilation (Figure 7). This slope value of 1.34 is similar to and within the
range of those previously estimated in the west and east PRE during springtime [Ye et al., 2015], indicating
there must be other processes/sources that are characterized by relatively depleted 5'>Nyo; in addition to
isotope mixing and phytoplankton assimilation. The most likely processes are N, fixation and nitrification.
However, higher N:P ratio values (>16:1) occurring throughout the PRE (data not shown) appear to rule out
N, fixation as a cause. And thus nitrification may be an important mechanism for generating low d">Nyos
during summer, particularly over the lower estuary where residence time is prolonged relative to the upper
estuary [Peij et al., 2013].

4.4. Atmospheric Deposition as an External NO; Source in High-Salinity Waters

At high salinities (i.e., the lower estuary), '>Nyoz and 58003 increased with increasing salinity and deviat-
ed clearly from the conservative mixing line (Figure 4). This again confirms that NO; concentrations and its
isotopic composition must be greatly impacted by phytoplankton assimilation in the lower estuary, and in
good agreement with our previous study [Ye et al,, 2015]. However, the extremely high §'80y0; and the
uncoupling of 6"®0no3 and 8"°Nyos in winter (Figure 4) points to other sources/processes besides assimila-
tion, because assimilation is known to cause equal increases in 6'°N and §'°0 of the residual NO; [Granger
et al,, 2004]. In addition, we note that neither algal NO; assimilation nor the mixing with other water masses
from the NSCS is significant enough to result in high 5'80yo; values greater than 10%, [Ye et al., 2015;
Kao S.-J., N isotopes: implication for nutrient transformation and export productions, unpublished datal.
Therefore, such high values could only be sourced from atmospheric deposition because measured 5'®0Ono3
values in atmospheric deposition in the NSCS shows an annual average value >509, [Yang et al., 2014; Xiao
et al., 2015]. Although several studies suggested that most of the atmospheric NO; is likely rapidly recycled
in the water column of oligotrophic ocean, the input of atmospheric NO; to surface layer would not be
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immediately taken up in the PRE due to a limitation of production by P [Yin et al, 2001; Harrison et al.,
2008]. A similar scenario has also been reported in the eastern Mediterranean Sea [Emeis et al., 2010]. Fur-
thermore, the low [NO; ] in the lower estuary allows the atmospheric deposition of NO;™ to be influential on
5"80p03 values.

In order to quantify the contribution of atmospheric NO; deposition to the dissolved NO5 pool, a simple
steady state isotope mass balance model based on NO; isotope anomalies, i.e., the deviations from the
conservative mixing, was utilized (equations (5) and (6)). Note that the effect of physical mixing between
freshwater and seawater is not considered in this model, and as stated above, we assumed that the NO;
isotope anomalies are mostly due to phytoplankton assimilation and atmospheric deposition in the lower
PRE.

A515Nobs: 515Natmx Natm/(Natm+ Nmix) +158assx fN037 (5)
A61800bs: (Swoatmx Natm/(Natm+ Nmix) +188assx fN037 (6)

where AS"®Nps and Ad'80,ps represent NO; isotope (5'°Nyos and §'®0Oyes) anomalies relative to those
expected from conservative mixing. The first terms on the right hand side of equations (5) and (6) stand for
the contribution of atmospheric deposition to dyo3 values, whereas the second terms refer to dyo3 changes
associated with NO; assimilation. NO;™ assimilation by phytoplankton cause equal increases 5'°N and §'%0
(Peass = 'Beass) [Granger et al, 2004]. As a result, by subtracting equation (5) from equation (6), we obtain
the following equation:

A(S“:,Nobs_ A51800bs: (515Natm_ 51803tm) X Natm/(Natm+ Nmix)‘ (7)
Defining fatm = Natm/(Natm + Nmix), we have
fatm= (A515Nobs_ A51800bs)/(615Natm_ 5180atm)> (8)

where f,m is the contribution of atmospheric NO; deposition. Note that this equation is independent of
the NO; isotope anomalies due to phytoplankton assimilation, i.e., the second terms in equations (5) and
(6). In the present study, the mean 6'°N and §'®0 values of atmospheric NO; (—2.8%, for '°N and 58.8%,
for 5'80) [Yang et al., 2014] observed in the NSCS were used.

Our estimates suggest that the fraction of atmospherically derived NO; in high-salinity waters ranged from
2 to 27% (averaged 17 = 13%) in winter, with the highest value in the outmost station. In fact, the impor-
tance of atmospheric deposition in providing nutrients and metal for new production in the SCS has been
noted previously [e.g., Lin et al., 2007; Yang et al., 2014; Xiao et al., 2015]. This takes place particularly during
winter when the prevailing northeastern wind can carry anthropogenic particles emitted from, e.g., fossil
fuel burning and industrial activities, from mainland China to the NSCS. In summer, wind direction is from
the ocean towards land, likely unfavorable for anthropogenic NO; deposition. However, incubation experi-
ments have shown that rainwater that mostly occurs in summer could be an important source to fuel new
production in the PRE [Zhang et al., 1999; Yin et al., 2000]. Clearly, future studies with high spatial and tem-
poral resolutions (e.g., monthly) are required to better constrain the importance of atmospheric deposition
to surface waters in the study region.

5. Conclusions

Our study on stable isotopes of dissolved and particulate N pools provided detailed information on the bio-
geochemistry of N in the highly dynamic PRE. We found that the riverine N sources showed marked season-
al variations, with domestic sewage and soil organic N/reduced fertilizer N as the main DIN sources in
winter and summer, respectively. At low salinities (<2-3), the influence of nitrification on NO; isotope
dynamics was more apparent in winter than in summer, likely related to reduced freshwater dilution in the
dry season than in the wet season. In summer, an intrinsic coupling between assimilation and remineraliza-
tion was inferred from the similar range of 6'°N values of DIN and PN in waters with middle and high salin-
ities. During winter, we stress that the isotopic composition of reactive N at midsalinities is strongly
influenced by N cycling at the sediment-water interface. Additionally, our result highlights a significant
influence of atmospheric deposition on the NO; pool at high salinities during winter. Together, isotope
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data help illustrate a large seasonal variations in the major sources and turnover of reactive N in this sub-
tropical estuary, which are intimately related to human activity and monsoon climate.
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