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Abstract

Nitrification rates of bulk water (NRb) and particle free (NRpf, particle >3 µm elimi-
nated) were determined along the Changjiang River plume in August 2011 by nitrogen
isotope tracer technique. Dissolved oxygen (DO), community respiration rate (CR), nu-
trients, dissolved organic nitrogen, total suspended matter (TSM), particulate organic5

carbon/nitrogen (POC/PON), acid-leachable iron and manganese on suspended par-
ticles and both archaeal and β-proteobacterial amoA abundance on size-fractioned
particle (>3 µm and 0.22–3 µm) were measured. The NRb ranged from undetectable
up to 4.6 µmol L−1 d−1 peaking at salinity of ∼29. NRb values were positively correlated
with ammonia concentration suggesting the importance of substrate in nitrification. In10

river mouth and inner plume, NRb was much higher than NRpf indicating nitrifying bac-
teria is mainly particle-associated, which was supported by amoA gene abundance
and regression analysis of TSM and NRb. The estimated oxygen demand of nitrifi-
cation accounted for 0.4 % to 317 % of CR. The nitrification oxygen demand is much
higher than Redfield model’s estimation (23 %) indicating that oxygen might not be the15

sole oxidant though DO was sufficient (> 58 µmol kg−1). The excess nitrification oxygen
demand showed tendency to occur at lower DO samples accompanying with higher
acid-leachable Fe/Mn, which implied reactive Fe3+/Mn4+ may play a role as oxidant in
nitrification process. Stoichiometric calculation suggested reactive Fe on particles was
even 10-fold the oxidant demand for complete ammonia oxidation along all areas of20

the plume. The involvement of reactive iron and manganese in nitrification process in
oxygenated water further complicated the nitrogen cycling in turbid river plume.

1 Introduction

Estuaries and coastal seas receiving natural and anthropogenic materials from rivers
serve as an important reactor for chemical/physical transformation. Growing popula-25

tion and human activities in past few decades had enhanced riverine nutrient loads
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more than 5-fold, which profoundly impacted the aquatic environment of land–ocean
boundary (Dai et al., 2011; Howarth and Marino, 2006). Nitrogen is one of the most
influential elements among the enhanced nutrients (Galloway et al., 2004; Gunnarsson
et al., 2000; Howarth and Marino, 2006) that may lead to eutrophication, subsequently
promote the oxygen consumption resulting in more severely hypoxia or “dead zone”5

which disrupts estuarine and coastal ecosystem (Rabalais et al., 2002; Smith et al.,
2006; Galloway et al., 2004; Ravishankara et al., 2009). The original nitrogen cycle is
thus altered.

One of the most affected processes is nitrification, in which ammonium is oxi-
dized to nitrate and nitrous oxide, a greenhouse gas, is produced as a byproduct.10

Anthropogenic-enhanced nitrification becomes an important oxygen consuming pro-
cess contributing to the establishment of hypoxia. In British Columbia fjord (Grundle
and Juniper, 2011), Delaware River (Lipschultz et al., 1986), Pearl River (Dai et al.,
2008), Narragansett Bay (Berounsky and Nixon, 1993) and Scheldt estuary (Gazeau
et al., 2005), nitrification can contribute 20–30 % of total oxygen consumption, and15

even up to 64 % in Mississippi River estuary (Pakulski et al., 1995). Besides, the ex-
acerbated nitrification may also contribute to alkalinity consumption that subsequently
enhances ocean acidification (Hu and Cai, 2011). In spite of the highlighted impor-
tance, the knowledge about nitrification in land–ocean boundary remains incomplete.

Recent culture-based and field experiments in freshwater and marine upwelling sys-20

tems revealed that nitrifiers tend to attach particles where ammonia adsorption may
occur to stimulate nitrification (Xia et al., 2009; Wang et al., 2010; Fussel et al., 2012).
One distinctive feature for Asian rivers is that enhanced nutrient fluxes generally ac-
company with huge amount of suspended sediments which are sourced from soil ero-
sion (Syvitski et al., 2005; Milliman and Syvitski, 1992) and result in highly turbid coastal25

and shelf water, for example, the East China Sea shelf as evidenced by satellite im-
ages (Fig. 1a). Previous field studies in the Seine River and Scheldt estuary observed
a positive relation between TSM concentration and nitrification potential based on nu-
trient monitoring and model calculation (Brion et al., 2000; Andersson et al., 2006). To
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our knowledge there was only one single paper implemented direct measurements of
nitrification rate on particulate fraction in estuary (Berounsky and Nixon, 1993); how-
ever, their results in Narragansett bay with low suspended particle concentration did
not support the importance of particle on nitrification.

In this study, we selected the East China Sea shelf where remarkable amount of nu-5

trients and sediments are received from the Changjiang (Yangtze) River, whose water
and sediment discharge are the third and the fourth largest, respectively, in the world
(Milliman and Syvitski, 1992; Syvitski et al., 2005). The annual suspended sediment
discharge is ca. 400 Mtyr−1 (Chen et al., 2001) though decreasing after Three-Gorges
Dam construction. Presently, the annual load of dissolved inorganic nitrogen (DIN) is10

∼ 10.8×1010 (molyr−1), which is 8 times higher compared with that in 1960 (Wang,
2006; Chai et al., 2009). The summer hypoxia in the plume region was first reported
in 1959, since then it expanded eastward with a rising nutrient load (Wang, 2009; Ning
et al., 2011; Zhu et al., 2011; Wang et al., 2012). The intensified stratification due to
fresh water input and high temperature in summer blocks oxygen supply through air-15

sea interface, meanwhile the intruding Taiwan warm current with oxygenated water
from the south affects the lateral oxygen exchange; thus, shapes up the zonal pattern
of the hypoxia off Changjiang River estuary (Wang, 2009).

In the Changjiang Plume, the interplay of nutrient and suspended sediment in nitri-
fication rate has never been investigated before, particularly, during summer high flow20

with great potential of hypoxia. Our cruise was set during flood season to examine the
potential role of particle in nitrification and oxygen consumption in the river plume. This
is the first study to explore specifically particle-associated nitrification in turbid shelf
water by using stable isotope tracer method. Positive yet distinctive relations between
nitrification rate and TSM were observed in the inner shelf and river mouth. More sur-25

prisingly, at some stations ferric Fe might serve as electron acceptor in nitrification
reaction besides oxygen. To our knowledge, this phenomenon had never been docu-
mented before in aerobic water column.
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2 Material and method

2.1 Sampling

Our cruise was conducted during 15–24 August 2011, one week after typhoon Muifa
passed through the East China Sea (6–7 August, see trajectory in Fig. 1a). Apparently,
Muifa disturbed the water column off the Changjiang River mouth.5

Water samples were collected roughly along two offshore transects starting from
the river mouths of Changjiang and Qiantang River toward the shelf (Fig. 1b). The
sampling sites were classified into three zones including river mouth, inner plume and
outer plume based on salinity difference and geographical feature (Fig. 1b). Those
stations with salinity lower than 20 were classified as river mouth. The most offshore10

stations Y4 and Y5 were classified as outer plume where are influenced by warm and
saline Taiwan warm current (Wang, 2009). The other stations within salinity of 20 to 28
were classified as inner plume. A turbidity front appeared at the salinity of ∼22 (see
Tseng et al., 2013, for spatial distribution of TSM), and distinctive correlations between
TSM and nitrification rate of those stations support our zonal classification (see below).15

Meanwhile, according to the temperature distribution (see Tseng et al., 2013), we know
the upwelling had occurred and outcropped at the seaward side of the turbidity front. In
fact, most of the inner plume stations were located in upwelling zone. We also repeated
our sampling 3 times at Sta. Y3 (named as 1Y3, 2Y3 and 3Y3) in 15, 19 and 22 August,
respectively.20

Judged from the daily water discharge curve (Fig. 1c) we know the water discharge
in 2011 is smaller when compared with that of long-term mean monthly water dis-
charge. Also, in such a large watershed, typhoon seems to play insignificant role in
water discharge, which declined gradually after the peak in late June although there
was a small jump in discharge followed up the Muifa that might be induced by typhoon25

rain. Therefore our cruise was still representative of the summer high flow condition.
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2.2 Hydrographical and chemical data

Vertical profiles of salinity, temperature and dissolved oxygen were obtained by CTD
profiling system (SBE 911, SeaBird Co.). The dissolved oxygen data were calibrated
by discrete measurements using Winkler method.

Water sample were collected with 12 L Niskin bottles for determination of dissolved5

oxygen, nutrients, total suspended material (TSM), particulate organic carbon/nitrogen
and acid-leachable metals.

Nutrient samples were all analyzed on-deck. Ammonium was analyzed by the in-
dophenol blue spectrophotometric method (Pai et al., 2001). Nitrite and nitrate were
measured by AA3 system (Dai et al., 2011). The detection limits for ammonium, nitrite10

and nitrate were 0.16, 0.02 and 0.07 µmolL−1, respectively. TSM sample were collected
by filtering 1–4 L of water sample onto pre-combusted Whatman GF/F membrane. This
glass fiber membrane was further analyzed for POC/PON by elemental analyzer de-
tailed in Kao et al. (2012). DON was analyzed by persulfate oxidation method (Bronk
et al., 2000) with detection limit of 0.6 µmolL−1. Reactive (acid-leachable) metal on15

TSM sample were collected by filtering 0.25–1 L of water onto 0.45 µm acid-washed
polycarbonate membrane. The filters were extracted by using 1N hydrochloric acid for
16 h (Kao et al., 2004) in a test tube and then centrifuged; the acid extract was fur-
ther analyzed by inductively coupled plasma mass spectrometry (ICP-MS) (Hsu et al.,
2004). The detection limit for Mn, Fe and Al were 0.89, 139 and 60 µgL−1, which are 220

orders of magnitude below the measured concentration.

2.3 Incubation experiments

Nitrification rate (NR) was measured by stable isotopic tracer method (Lipschultz et al.,
1986). For bulk nitrification rate (NRb), at each depth,six 250 mL narrow-necked gas
tight glass bottles were overflowed for more than 2-fold volume and sealed without any25

headspace. Then 15NH4Cl was injected to a final concentration of 50 nmolL−1 in each
bottle for 3, 6 and 12 h dark incubation (duplicate) in a tank with continuous circulation
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of surface sea water. The control sample was directly filtered and stored frozen with-
out incubation. The incubation was terminated and immediately followed by filtering
through 0.22 µm polycarbonate membrane and stored frozen at −20 ◦C until laboratory
analysis. The change of 15N content in nitrate and nitrite pool was determined by deni-
trifier method (Casciotti et al., 2002; McIlvin and Casciotti, 2011; Sigman et al., 2001).5

The regression coefficient of the time course curves of 15N content in nitrate and nitrite
pool were better than 0.8. The incubation of particle-free nitrification rate (NRpf) was
implemented after removing particle by using 3 µm polycarbonate membrane (Beroun-
sky and Nixon, 1993). NRpf was conducted only for Stas. Y0, 2Y3 and Y5.

The natural nitrification rate was calculated by the following equation:10

RNOx
=

d[15N]

dt
×

[
14NH+

4

]
+
[

15NH+
4

]
[

15NH+
4

]
where RNOx

is the nitrification rate, t is the incubation time, [15N] is the concentration

of 15N in nitrate plus nitrite pool in sample, and [14NH+
4 ] and [15NH+

4 ] are the observed
natural ammonium concentration and artificial addition of stable isotopic tracer (15NH+

4 ),
respectively. We used NOx since in our method both NO−

3 and NO−
2 were included.15

The community respiration rate (CR) was determined by the decrement in dissolved
oxygen content after 24 h of incubation in darkness. Sampled waters were aliquot into
duplicate 100 mL DO bottles fully covered by aluminum foil and all bottled were sub-
merged afterward in the tank with sea surface water circulation. The difference in O2
concentration between the initial and the dark treatment was used to compute the CR.20

2.4 Archaeal and β-proteobacterial functional gene abundance

Particulate-associated ammonia monooxygenase (amoA) gene abundance of Ar-
chaeal and β-proteobacterial along Changjiang plume was determined by quantita-
tive polymerase chain reaction (qPCR) method described in (Hu et al., 2011). Particle
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samples were divided into size fractions of > 3 µm and 0.22–3 µm via a series filtering
of 1–2 L water sample.

3 Results

Our sampling transect crossed salinity of 0.2 to 34.3 along Changjiang River plume
(Fig. 2a). The dissolved oxygen over this transect ranged from 58 to 225 µmolL−1

5

(Fig. 2b). Only the bottom water of Sta. 2Y9a reached the threshold of hypoxia. The
hypoxic area of this cruise (Liu et al., unpublished data of this cruise) was smaller
compared with historical record (Wei et al., 2007; Zhu et al., 2011). This was likely
due to the disturbance of typhoon Muifa. The salinity observed in the Qiantang River
mouth was overall higher than that in the Changjiang River mouth which ranged from10

9.3 to 17.7 (Fig. 3a) and dissolved oxygen content ranged from 157 to 189 µmolkg−1

(Fig. 3b).
Distribution of ammonium (Fig. 2c), nitrite (Fig. 2d), nitrate (Fig. 2e) and DON (Fig. 2f)

along the plume transect showed distinctive patterns. The distributions of nitrate and
DON resembled the salinity pattern. The highest concentration of nitrate (133 µmolL−1)15

and DON (27 µmolL−1) appeared at the Sta. Y0 accompanying with the lowest salinity.
However, ammonium and nitrite exhibited the biological mediated pattern. The maxi-
mum ammonium (2.0 µmolL−1) occurred at the 10 m depth at offshore sta.Y5 while the
maximum of nitrite (1.0 µmolL−1) appeared right below it at 20 m depth. A secondary
maximum of ammonium (1.2 µmolL−1) occurred at the bottom of near shore sta. Y2,20

which co-existed with the highest NRb. In Qiantang River mouth, ammonium and nitrite
were less than 1.0 and 0.2 µmolL−1, respectively (Fig. 3c and d). Nitrate was ranged
between 86.7–149 µmolL−1 (Fig. 3e) while DON ranged from 7.35 to 17.8 µmolL−1 (not
shown because of limited measurements) Both nitrate (Fig. 3e) and DON were high in
the freshwater end similar to that of the Changjiang transect.25

TSM ranged over 2 orders of magnitude from 2.61–244 mgL−1 along Changjiang
plume (Fig. 2h). TSM in the Qiantang River mouth (Fig. 3h) ranged between
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1150–3000 mgL−1 which is 1 order higher than the Changjiang River mouth due to
intensive wave and tidal mixing. For other particulate-associated acid-leachable met-
als, such as Al, Fe and Mn, similar seaward descending patterns can be seen (Figs. 2i,
3i). These metals showed ∼3 orders of magnitude variability in concentration. The per-
centage of acid-leachable metal on TSM ranged between 0.2–17.3 % for Al, 0.1–5.7 %5

for Fe and 0.03–2.5 % for Mn, respectively (data not shown). The concentrations of
POC (not shown) and PON (Figs. 2j and 3f) were also in a wide range for more than
3 orders of magnitude. By contrast, the range of organic C/N ratio (4.7–6.6) was very
narrow indicating the particulate organic matter was mainly marine sourced.

The NRb along the plume was peaked at intermediate salinity and decreased sea-10

ward to undetectable at near surface water in the most offshore station. The max-
imum NRb (4.6 µmolL−1 d−1) occurred at near bottom of Sta. Y2 (S = 29) (Fig. 2g).
The second maximum (2.0 µmolL−1 d−1) occurred at Sta. N5 (S = 9.4) in the Qiantang
River mouth (Fig. 3g). The NRb in Qiantang River mouth ranged from 210 to
2000 nmolL−1 d−1 which was overall higher than Changjiang River mouth.15

Significant positive linear correlations between NRb and ammonium could be found
(Fig. 4a) for inner plume and river mouth and the two correlations were almost identical.
In fact, only the two surface water samples in outer plume, which contained the highest
ammonium but lowest NRb, deviated from the regression. As for TSM (Fig. 4b), the
distinctive correlations between NRb and TSM occurred in inner plume (Slope= 13.2,20

intercept= 134) and river mouth (Slope= 0.33, intercept= 92); yet, in outer plume
TSM is too low revealing no correlation with NRb. For river mouth and inner plume,
all other particulate-associated parameters including POC/PON and reactive Al/Fe/Mn
possessed similar pattern as TSM toward NRb, and the statistic value of these linear
regressions were listed in Table 2. The most significant linear correlation was found25

between NRb and reactive Mn in inner plume.
For DON, except the river mouth with wider range of DON showing a nega-

tive correlation with NRb, the narrow range of DON (5–8 µmolL−1) for inner and
outer plume (Fig. 4c) revealed no correlation with NRb. The CR values ranged
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between 1.21–10.79 µmolO2 L−1 d−1 along the Changjiang River transect. The CR in
the Qiantang River mouth was not analyzed. Put all available data together, we found
a positive linear correlation between ammonium and CR (Fig. 4d), which indicated that
aerobic degradation of organic matter was the major source of ammonium which may
fuel the nitrification.5

The particulate-associated amoA gene abundance of archaeal and β-
proteobacterial, NRb and NRpf were shown in Table 1. We can see both archaeal
and β-proteobacterial amoA gene abundance were 1–2 orders of magnitude higher
at river mouth and inner plume when comparing with that in outer plume and more
than 98 % of β-proteobacterial amoA presents on larger particles (> 3 µm) when10

TSM concentrations were high. In the river mouth and inner plume, NRpf occupied
less fraction of NRb indicating nitrification prefers to occur on particles. By contrast,
in the outer plume more than 62 % of β-proteobacterial amoA and more than 83 %
of archaeal amoA was found in the size fraction of 0.22–3 µm with NRpf occupied
a larger fraction of NRb and at one single depth NRpf even higher than NRb. The higher15

fraction of NRpf in bulk nitrification indicates the fraction of > 3 µm is less important in
outer plume; noteworthy that during filtration we might eliminate larger phytoplankton
(competitor) or grazers. The super saturated DO at the subsurface of Y5 station is
supportive to the idea of competitor elimination.

4 Discussion20

4.1 The interplay between nitrification and environmental parameters

In the perspective of substrates supply, the nitrification rate should be constrained by
ammonium and oxygen availability. The observed positive correlation between NRb and
ammonium concentration (Fig. 4a) indicated that ammonium may play an important
role in nitrification at the inner plume and the river mouth where oxygen was sufficient.25

In addition, the range of NRb (0–4.6 µmolL−1 d−1) along the Changjiang River plume
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was similar to that of Rhone River plume (0–4.2 µmolL−1 d−1; Bianchi et al., 1999) and
Tamar estuary (0–3 µmolL−1 d−1; Owens, 1986); all of those areas have ammonium
concentration less than 3 µmolL−1. However, our NRb is lower when comparing with
the Mississippi River estuary (up to 13.4 µmolL−1 d−1; Pakulski et al., 1995), Scheldt
Estuary (up to 16.8 µmolL−1 d−1; Somville, 1984; Andersson et al., 2006), Narragansett5

Bay (up to 11.0 µmolL−1 d−1; Berounsky and Nixon, 1993) and Pearl River estuary
(up to 12.5 µmolL−1 d−1; Dai et al., 2008). The higher NRb in those estuaries is likely
caused by higher ammonium concentration (> 3 µmolL−1) indicating the importance of
ammonium supply. However, some unraveled factors might also play a role, such as
that reported in the cold British fjord where ammonium concentration was higher (0–10

5 µmolL−1) but NRb was lower (0.32–0.48 µmolL−1 d−1) (Grundle and Juniper, 2011).
On the other hand, in outer plume the highest ammonium with the lowest NRb ap-

peared in the subsurface at Y5 station. The unexpected low nitrification under high sub-
strate availability was probably due to the photoinhibition (Mackey et al., 2011; Merbt
et al., 2012) in the relative clear surface seawater.15

Nitrite concentration was narrowly ranged between 0.1–0.6 µmolL−1 except that
at outer plume subsurface and none correlation between nitrite and NRb along the
Changjiang plume was observed. Since nitrite is the intermediate compound in nitrifi-
cation process, such wider range of ammonium and NRb with limited nitrite variability
may imply nitrite oxidation was close-coupled to ammonia oxidation and left insignifi-20

cant amount of nitrite along the Changjiang River plume. However, in the outer plume
subsurface, we can see nitrite accumulated beneath the layer of ammonium maximum.
Previous studies indicated the nitrite maximum may result from uncoupled oxidation
of NH+

4 and NO−
2 during nitrification which leads to NO−

2 buildup if the microbial pop-
ulations responsible for each step are spatially segregated within the water column25

(Lomas and Lipschultz, 2006). In our case, the nitrification rate in the nitrite maximum
layer was under detection limit indicating that nitrite was not sourced from ammonium
oxidation. Alternatively, NO−

2 production may occur during incomplete NO−
3 assimilation

by phytoplankton, particularly when light stressed (Lomas and Lipschultz, 2006). We
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do not have sufficient data to go deeper for nitrite accumulation. However, our data
clearly presented that in the outer plume when TSM concentration was decreased the
light intensity will turn into an important factor exerting the assimilation and nitrifica-
tion to compete for NH+

4 in water column and allowing phytoplankton and nitrifying
microbes to contribute jointly to the vertical distribution of different nitrogen species.5

DON was thought to be an important substrate in the upper open ocean for remineral-
ization (Knapp et al., 2011); however, except the negative relation between DON and
NRb in river mouth, no positive correlation between DON and NRb was observed im-
plying high turnover rate of labile DON or DON was not an important source supplying
ammonium for nitrification in our study area. The negative correlation in river mouth10

may just illustrate a higher DON supply from the river end, but NRb was not influenced.
Ammonium oxidation is carried out by ammonia oxidizing archaea (AOA) and am-

monia oxidizing bacteria (AOB). The amoA gene abundance of archaeal and β-
proteobacterial on both > 3 µm and 0.22–3 µm fractions indicated that archaeal am-
monia oxidizers were dominant along the Changjiang River plume (Table. 1). Both ar-15

chaeal and β-proteobacterial ammonia oxidizer preferred to inhabit on > 3 µm particu-
late fraction in turbid river mouth and inner plume. This result may imply the particulate
organic matter to be the potential source of ammonia for nitrifier to form biofilm and de-
velop their population (Belser, 1979). Oppositely, in outer plume contained much fewer
TSM (2.4–10.5 mgL−1) nitrifiers were found to be abundant in 0.22–3 µm fraction.20

The positive correlation between TSM and nitrification had been addressed in pre-
vious researches (Xia et al., 2009; Wang et al., 2010). The amoA abundance and NR
results also support that ammonia oxidizer was mainly particulate associated. How-
ever, distinctive correlations (Fig. 4b) observed in the same river plume were firstly
reported. The slope of the linear regression for river mouth was only 1/5 that of the25

inner plume. Since the PON content (%) on TSM (can be derived from Fig. 2h and j)
was significantly higher for the inner plume than the river mouth (p = 0.0046, unpaired
t test), we suspected that enriched PON can provide more ammonia efficiently.
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4.2 Reactive Fe as oxidant supply for nitrification in turbid river plume

Our CR range (1.21–10.79 µmolL−1 d−1) broadly agreed with that reported in the East
China Sea affected by Changjiang dilute water though some stations may have CR up
to 34.3 µmolL−1 d−1 (Chen et al., 2009). We assume Muifa well mixed the water column
of our studied area before our cruise and the stratification started to reform afterward.5

In our cruise period the low oxygen content (∼50 % saturation) in water column be-
low 20 m depth was thus resulted from oxygen consumption within 1–2 weeks or so;
the oxygen consumption rate can be roughly estimated to be ∼10 µmolL−1 d−1. This
number is consistent with our observations.

It is well-known that oxygen is consumed during nitrification following the organic10

decomposition. According to the Redfield model (Redfield et al., 1963), total 138 mol
of oxygen (O2) is required to complete the mineralization of one mole of organic matter
(Eq. 1), among which 32 mol of oxygen is required to fully oxidize 16 mole of ammonia
(1 mol NH3 to 2 mol O2 in Eq. 2) to nitrate.

(CH2O)106(NH3)16(H3PO4)1 +138O2 → 106CO2 +16NO−
315

+PO3−
4 +122H2O+19H+ (1)

NH3 +2O2 → HNO3 +H2O G0 = −270.2kJmol−1 (2)

Therefore, the theoretical percentage of oxygen consumption via nitrification can be
derived to be 23.2 %. This estimation was practical in some previous estuarine stud-20

ies (Berounsky and Nixon, 1993; Cooper, 1984; Grundle and Juniper, 2011; Lipschultz
et al., 1986). Based on the molar ratio in Eq. (2), we can back calculate the nitrification-
associated oxygen demand (NOD) by using the bulk nitrification rate (NRb) we mea-
sured in incubation experiment. By dividing the estimated NOD by CR we obtain the
proportion of oxygen consumption via nitrification. Interestingly, the percentage of oxy-25

gen consumption by bulk nitrification ranged from 0.4–318 %, among which 13 data
from inner plume exceeded the Redfield model estimation of 23.2 % (Fig. 5a). The ex-
cess oxygen consumption may result from allochthonous ammonia, which had been
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reported in other estuaries as well as surface sediments (Cooper, 1984; Dai et al.,
2008; Pakulski et al., 1995; Seitzinger et al., 1984; Seitzinger, 1987).

Surprisingly, 5 data from the inner plume even surpass the measured total oxygen
consumption. Since CR and NRb were both for bulk water sample, such abnormally
high oxygen demand may imply that oxygen was not the sole electron acceptor in5

nitrification reaction. To our knowledge, this phenomenon was only documented once
in surface sediments in Nueces estuary (Yoon and Benner, 1992).

Previous study had indicated that iron oxide and manganese oxide may support
nitrification as oxidant in anaerobic sediments or oxygen minimum zone (Clement et al.,
2005; Hulth et al., 1999; Luther et al., 1997; Luther and Popp, 2002; Vandenabeele10

et al., 1995). The hypothesized reactions can be written as Eq. (3) (Clement et al.,
2005) and Eq. (4) (Luther and Popp, 2002).

NH+
4 +6FeOOH+10H+ → NO−

2 +6Fe2+ +10H2O G0 = −28.9kJmol−1 (3)

NO−
2 +MnO2 +2H+ → NO−

3 +Mn2+ +H2O G0 = −56.0kJmol−1 (4)
15

Though oxygen was more thermodynamically favorable oxidant and sufficient in water
column, the microenvironment in/upon particles may be oxygen-limited caused by high
microbial activity in this turbid and eutrophicated region.

The correlation between percentage of NOD in CR versus DO, community respiration
rate and two alternative oxidants, reactive Fe and Mn, were shown in Fig. 5. In the20

entire study area, oxygen was sufficient along the plume that the lowest oxygen content
was 58 µmolL−1 or 25.8 % of saturation. Although no correlation can be seen between
estimated NOD/CR (%) and DO, higher NOD/CR (%) showed a tendency to occur
toward DO< 200 µmolL−1. For DO> 200 µmolL−1, the Redfield model works well. On
the other hand, significant linear correlations were found between the NOD/CR (%) and25

reactive Fe/Mn on particles in inner plume (Fig. 5c and d) implying that reactive Fe/Mn
of particle may participate in the nitrification process as oxidant.

Similar to the oxygen demand estimation presented above, stoichiometric calculation
was performed to evaluate if the reactive Fe/Mn were sufficient to support the oxidant
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demand for nitrification. We used goethite (FeOOH) and manganese oxide (MnO2),
which are both common in natural aerobic environment, in our estimation. According to
Eqs. (3) and (4), six mole of goethite was required for one mole of ammonia to oxidize
to nitrite and one mole of manganese oxide was required for one mole of nitrite to
oxidize to nitrate. Therefore, we can estimate Fe and Mn demand by using NRb when5

assuming nitrification was entirely relied on Fe(III) and Mn(IV). In Table 3, we presented
the observed reactive Fe/Mn in water column versus nitrification-associated Fe(III) and
Mn(IV) demand. Obviously, observed reactive Fe is 10× higher than that to support
measured nitrification. Yet, the reactive Mn was insufficient to support nitrite oxidation.
Our estimation only presented the upper bound of Fe(III) and Mn(IV) demand, and10

we clearly know O2 must play a role. Previous study indicated that Mn(IV) mediated
ammonia oxidation was also thermodynamically favorable, but this reaction required
3-fold of Mn(IV) than the nitrite oxidation (Hulth et al., 1999). Further investigations
on the speciation of Fe/Mn and the coupling process of oxygen, Fe/Mn reduction and
nitrification are needed.15

The enhanced nitrification in eutrophicated estuaries had been thought to consume
alkalinity to make ocean acidification worse (Dai et al., 2008). Conversely, the Fe/Mn
mediated nitrification process consumes protons that mitigate the releasing of CO2 to
atmosphere. Nevertheless, how various oxidants interplay with nitrification to contribute
to ocean acidification remains unclear. Two important issues required more attention:20

(1) Fe/Mn oxide may not be overlooked in hypoxia development in such turbid river
plume; (2) since the N2O yield of ammonia oxidation might link to the different forms
of oxidant, reactive Fe/Mn might regulate the N2O emission in turbid coastal environ-
ments.

5 Conclusions and implications25

Nitrification and its oxygen consumption were investigated along the turbid Changjiang
River plume. Our study suggested that ammonium plays a role in nitrification. Moreover,
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the amoA gene abundance and NRpf determination revealed that both archaeal and β-
proteobacterial ammonia oxidizer preferred attaching to suspended particles (> 3 µm).
Microenvironment formed on particle surface benefits nitrification activity in two ways.
First, ammonia can be supplied via ambient water or from in situ decomposition. The
latter process was implied by the different slopes of TSM against NRb from in inner5

shelf and river mouth. Second, under oxygen-limiting condition, nitrification activity can
be maintained efficiently by utilizing metallic oxidant which avoids the oxygen compe-
tition with heterotrophic bacteria. Stoichiometric calculation indicated that reactive Fe
in plume water was sufficient as oxidant to support full ammonia oxidation rate in our
incubation experiment. The role of nitrification in the overall water column oxygen con-10

sumption may not be simply utilizing only oxygen as oxidant it also consumes metallic
oxidant suspension from river. In addition, high oxygen demand of autotrophic nitrifier
also implied that considering fraction of CR attributes to nitrification. When applying
CR to estimate reminieralization of organic matter including nitrification, underestima-
tion may occur because nitrifier may consume non-oxygen oxidant especially in turbid15

coastal and shelf water.
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Table 1. The particulate associated archaeal and β-proteobacterial amoA copies and the nitri-
fication rate in bulk versus filtered water for three stations along the Changjiang River plume.

Class Sta. Depth TSM Nitrification rate β-proteobacterial amoA Archaeal amoA
Bulk Filtereda Parti.(> 3 µm)b Parti.(0.22–3 µm)b Parti.(> 3 µm)b Parti.(0.22–3 µm)b

(m) (mgL−1) (nmolL−1 d−1) (nmolL−1 d−1) (log10(copy L−1)) (log10(copy L−1)) (log10(copy L−1)) (log10(copy L−1))

River mouth Y0 7 261.0 168.23±0.02 18.87±0.04 6.2±5.6 (99 %) 4.1±3.0 (1 %) 7.4±6.8 (66 %) 7.1±5.2 (34 %)
3 170.2 49.97±0.02 9.29±0.01 5.3±4.9 (98 %) 3.7±2.8 (1 %) 7.2±6.4 (100 %) 5.8±4.4 (0 %)

Inner plume 2Y3 20 48.1 973.25±0.73 71.15±0.05 5.7±4.5 (100 %) 3.3±2.9 (0 %) 8.2±6.5 (100 %) 5.0±4.4 (0 %)
10 22.1 408.28±0.37 215.09±0.02 – – – –
3 9.2 283.50±0.11 152.97±0.02 – – – –

Outer plume Y5 46 4.5 16.75±0.01 73.60±0.01 4.0±3.3 (38 %) 4.2±2.9 (62 %) 6.4±5.4 (2 %) 8.2±6.4 (98 %)
3 10.5 BDL BDL BDL 2.8±0.9 4.1±3.4 (17 %) 4.9±3.5 (83 %)

Nitrification rate was presented as mean± standard deviation. BDL: below detection limit.
a Filtered: particles larger than 3 µm were removed in the incubation for nitrification rate measurement.
b Parti. stands for particulate sample and its size range. The percentage value in the parentheses indicates the relative contribution to total amoA abundance.
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Table 2. The statistical value between NRb and particulate associated geochemical parame-
ters.

Location TSM Reactive Fe Reactive Mn Reactive Al POC PON

River mouth R2 0.71 0.80 0.71 0.80 0.71 0.73
(n = 10) p 0.05 0.02 0.05 0.02 0.05 0.04
Inner plume R2 0.56 0.54 0.54 0.30 0.33 0.42
(n = 26) p 0.00 0.00 0.00 0.04 0.04 0.04
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Table 3. Estimated Fe(III) and Mn(IV) demand for nitrification and the observed concentrations.

Class Sta. Salinity Depth Fe(III) demanda Reactive Fe Mn(IV) demandb Reactive Mn
(m) (nmolL−1 d−1) (nmolL−1) (nmolL−1 d−1) (nmolL−1)

N5 9.37 7 1.17×104 9.30×105 1.96×103 7.32×102

N5 9.31 3 3.28×103 4.98×105 5.47×102 4.14×102

N3 12.02 8 1.24×103 2.39×105 2.06×102 1.76×102

N3 11.92 3 4.93×103 3.97×105 8.22×102 2.39×102

River N2 14.44 8 8.46×103 4.61×105 1.41×103 2.97×102

mouth N2 14.41 3 4.32×103 3.62×105 7.20×102 2.13×102

N1 17.71 9 3.01×103 3.51×105 5.01×102 2.14×102

N1 17.75 3 4.70×103 2.60×105 7.83×102 1.63×102

Y0 0.20 7 1.01×103 6.77×104 1.68×102 3.93×101

Y0 0.20 3 3.00×102 4.19×104 5.00×101 2.46×101

Y1 23.06 8 1.47×104 5.20×104 2.45×103 2.81×101

Y1 21.22 3 1.92×104 4.14×104 3.19×103 2.63×101

Y2 29.31 16 2.75×104 2.19×104 4.59×103 1.20×101

Y2 29.37 10 9.48×103 1.94×104 1.58×103 1.01×101

Y2 29.00 3 4.91×103 1.35×104 8.38×102 6.03×100

Y3 30.25 21 3.47×103 2.88×104 8.19×102 1.60×101

Y3 29.59 10 3.26×103 1.03×104 5.79×102 5.19×100

Inner Y3 27.46 3 5.03×103 6.17×104 5.43×102 3.10×100

plume 2Y3 30.55 20 5.84×103 1.23×104 9.73×102 6.10×100

2Y3 30.07 10 2.45×103 7.30×103 4.08×102 2.85×100

2Y3 27.88 3 1.70×103 1.64×103 2.84×102 3.93×10−1

3Y3 32.19 20 5.03×103 8.25×103 8.38×102 5.48×100

3Y3 30.10 10 2.53×103 4.53×103 4.22×102 1.23×100

3Y3 27.92 3 6.89×102 2.10×103 1.15×102 5.56×10−1

N0 26.79 21 8.81×103 2.27×104 1.47×103 1.64×101

N0 26.52 10 1.60×103 8.45×103 2.67×102 4.92×100

N0 25.83 3 1.71×103 9.78×103 2.85×102 5.85×100

Y4 34.39 50 2.73×103 3.60×103 4.55×102 1.63×100

Y4 34.36 30 3.26×103 2.49×103 5.43×102 1.32×100

Y4 33.42 20 6.75×102 7.97×101 1.13×102 5.10×10−2

Y4 30.67 10 9.16×101 7.42×101 1.53×101 1.09×10−2

Outer Y4 28.33 3 BDL 1.70×102 BDL 2.83×10−2

plume Y5 34.30 46 1.01×102 1.66×103 1.68×101 8.36×10−1

Y5 34.30 30 1.97×102 1.31×103 3.28×101 1.03×100

Y5 33.96 20 BDL 7.70×101 BDL 4.66×10−2

Y5 32.52 10 1.48×101 1.13×102 2.47×100 6.42×10−2

Y5 30.41 3 BDL 4.88×102 BDL 4.44×10−2

a The calculation of Fe(III) demand was based on Eq. (3) by assuming six mole of Fe(III) was needed to
oxidize one mole ammonium to nitrite.
b The calculation of Mn(IV) demand was based on Eq. (4) by assuming one mole of Mn(IV) was needed to
oxidize one mole of nitrite to nitrate.
BDL means below detection limit.

8708

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/8685/2013/bgd-10-8685-2013-print.pdf
http://www.biogeosciences-discuss.net/10/8685/2013/bgd-10-8685-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
10, 8685–8713, 2013

Nitrification and its
oxygen consumption

along Changjiang
River plume

S. S.-Y. Hsiao et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

121 E 122 E 123 E 124 E

30 N

31 N

32 N
Changjiang R.

Shanghai

Ouintang R.

Fig. 1. (a) The satellite image of the Yellow sea, Bohai Sea and the East China Sea. Note that
turbid water features the coastal zone and the river mouths. White rectangle represents our
study site. The white dashed line is trajectory of Muifa, and the yellow dashed circle indicates
cloud coverage of Muifa (average wind speed > 14 ms−1) at 0.00 a.m., 7 August. (b) The map
of sampling stations. Contours stand for the sea surface salinity. The sampling stations were
classified as river mouth (•), inner plume (◦) and outer plume (N). Station names were marked.
(c) The long-term monthly mean water discharge (solid black) and daily discharge (red curve)
at Datong, the most downstream gauge, of the Changjiang River. Dark gray bar represents the
period influenced by Typhoon Muifa and light gray stands for the cruise period.
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Fig. 2. Transects of (a) Salinity, (b) dissolved oxygen, (c) ammonium, (d) nitrite, (e) nitrate, (f)
dissolved organic nitrogen (DON), (g) bulk nitrification rate (NRb), (h) total suspended material,
(i) reactive Fe, (j) particulate organic nitrogen (PON) across the Changjiang plume. Salinity
and dissolved oxygen were obtained continuously by CTD. Discrete sampling depths of other
parameters are indicated by black dot. Data were plotted using the DIVA gridding in ocean data
view v.4.3.2 (http://odv.awi.de, 2010).

8710

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/8685/2013/bgd-10-8685-2013-print.pdf
http://www.biogeosciences-discuss.net/10/8685/2013/bgd-10-8685-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://odv.awi.de


BGD
10, 8685–8713, 2013

Nitrification and its
oxygen consumption

along Changjiang
River plume

S. S.-Y. Hsiao et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

N5                    N3 N2 N1                                  N0     

(f) PON

μμμμg L-1

D
ep

th
 (

m
)

Section distance (km)Section distance (km)

N5                    N3 N2 N1                                  N0     

(e) Nitrate(e) Nitrate

μμμμmol L-1

D
ep

th
 (

m
)

Section distance (km)Section distance (km)

N5                    N3 N2 N1                                  N0     

(c) Ammonium

μμμμmol L-1

D
ep

th
 (

m
)

Section distance (km)Section distance (km)

N5                    N3 N2 N1                                  N0     

(b) Dissolved Oxygen

μμμμmol Kg-1

D
ep

th
 (

m
)

Section distance (km)Section distance (km)

(a) Salinity

psu

N5                    N3 N2 N1                                  N0     

D
ep

th
 (

m
)

Section distance (km)Section distance (km)

N5                    N3 N2 N1                                  N0     

μμμμmol L-1

(d) Nitrite

D
ep

th
 (

m
)

Section distance (km)Section distance (km)

N5                    N3 N2 N1                                  N0     

(i) Reactive Fe

mg L-1

Section distance (km)Section distance (km)

D
ep

th
 (

m
)

Section distance (km)Section distance (km)Section distance (km)Section distance (km)

D
ep

th
 (

m
)

Section distance (km)Section distance (km)

D
ep

th
 (

m
)

Section distance (km)Section distance (km)

N5                    N3 N2 N1                                  N0     

(h) TSM

mg L-1

D
ep

th
 (

m
)

Section distance (km)Section distance (km)

N5                    N3 N2 N1                                  N0     

(g) NRb

nmol L-1 day-1

D
ep

th
 (

m
)

Section distance (km)Section distance (km)

Fig. 3. Transects of (a) Salinity, (b) dissolved oxygen, (c) ammonium, (d) nitrite, (e) nitrate, (f)
particulate organic nitrogen (PON), (g) bulk nitrification rate (NRb), (h) total suspended material,
(i) reactive Fe, across the Qiantang River mouth. The color mapping represents the same range
of data in Fig. 2 except for PON, TSM and reactive Fe. Salinity and dissolved oxygen were
obtained continuously by CTD. Discrete sampling depths of other parameters are indicated by
black dot. Data were plotted using the DIVA gridding in ocean data view v.4.3.2 (http://odv.awi.
de, 2010).
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Fig. 4. Scatter plot of bulk nitrification rate against (a) ammonium, (b) TSM and (c) DON along
the Changjiang River plume and the Qiantang River mouth. The symbols indicate the data from
river mouth (•), inner plume (◦), or outer plume (N). The blue and red curves indicate the linear
regression in log-log scale for inner plume and river mouth, respectively. (d) Scatter plot of CR
vs. ammonium. Linear regression line for all data points was shown.
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 671 

Figure 5. The scatter plots of the percentage of nitrification-associated oxygen 672 

demand in CR against (a) dissolved oxygen, (b) community respiration rate, (c) 673 

reactive Fe and (d) reactive Mn for river mouth(●), inner plume (○○○○) and outer 674 

plume (▲). Data for Qiantang river mouth and Y4 station were not included 675 

because of lacking of community respiration rate data. The shaded zone with 676 

upper limit of 23.2% indicates the theoretical estimate by Redfield model. The 677 

horizontal line referred to 100% CR. 678 

 679 

Fig. 5. The scatter plots of the percentage of nitrification-associated oxygen demand in CR
against (a) dissolved oxygen, (b) community respiration rate, (c) reactive Fe and (d) reactive
Mn for river mouth (•), inner plume (◦) and outer plume (N). Data for Qiantang River mouth
and Y4 station were not included because of lacking of community respiration rate data. The
shaded zone with upper limit of 23.2 % indicates the theoretical estimate by Redfield model.
The horizontal line referred to 100 % CR.
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