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Abstract

Nitrification, the process by which ammonia is oxidized to nitrite (ammonia oxidation, AO) and subsequently to nitrate
(nitrite oxidation, NO), plays a critical role in the nitrogen cycle by linking the oxidized and reduced forms of nitrogen.
This process consumes dissolved oxygen, releases protons, and produces the potent greenhouse gas nitrous oxide
(N,0), rendering it highly relevant to various environmental challenges, especially in coastal seas with high
anthropogenic nitrogen input. Despite its importance, research has predominantly focused on AO, with fewer studies
simultaneously investigating ammonia oxidation rates (AOR) and nitrite oxidation rates (NOR). This study measured
AOR and NOR using the PN tracer technique in the Changjiang (Yangtze) River Estuary (CRE) during the summer of
2022, a season when bottom-water hypoxia occurred frequently. Overall, our findings showed that AOR exceeded NOR
across different estuarine conditions. Specifically, higher ammonium and total suspended matter (TSM) concentrations
significantly boosted AOR. Notably, despite lower TSM levels compared to previous studies, AOR remained high,
suggesting that smaller particles may offer more surface area for ammonia-oxidizing microorganisms. In addition,
surface productivity, indicated by the concentration of chlorophyll a (Chl a), was positively correlated with bottom-
water nitrification and oxygen consumption. This suggested that increased surface productivity could enhance deep-
water microbial nitrification, intensifying oxygen demand and promoting hypoxia, particularly during summer
stratification when vertical oxygen replenishment was limited. These findings underscored the complex coupling
between particle dynamics, primary production, and microbial nitrogen transformations, and offered important insights
for hypoxia mitigation and estuarine ecosystem management.
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1 Introduction

Since the Industrial Revolution, anthropogenic nitro-
gen production has increased dramatically, reaching lev-
els comparable to natural biological nitrogen fixation
(Galloway et al., 2021). The enhanced input of reactive
nitrogen has progressively accumulated in estuarine and
coastal ecosystems, contributing to nutrient over-enrich-
ment (Howarth, 2008). Elevated reactive nitrogen stimu-
lates excessive phytoplankton growth, resulting in high
primary production and increased fluxes of organic mat-
ter to deeper waters. As this organic matter settles and de-
composes, microbial respiration intensifies, elevating bio-
logical oxygen demand and depleting dissolved oxygen
(DO) in bottom waters (Guo et al., 2024; Wang et al.,
2016).

Coastal hypoxia, typically defined as DO concentra-
tions below 2 mg/L, has become increasingly widespread
due to eutrophication and climate-driven stratification
(Breitburg et al., 2018; Ma et al., 2024). It poses serious
threats to aquatic ecosystems, fisheries, and biogeochemi-
cal cycling in estuarine and coastal waters worldwide (Di-
az and Rosenberg, 2008). Among the processes contribut-
ing to oxygen depletion, nitrification—an obligate aero-
bic pathway mediated by specialized microorganisms —
directly consumes DO and can significantly contribute to
water-column oxygen loss, particularly under nitrogen-en-
riched and stratified conditions in anthropogenically im-
pacted systems (Beman et al., 2021; Lu et al., 2020).

As a central pathway linking reduced and oxidized
forms of nitrogen, nitrification comprises two sequential
steps: ammonia oxidation (AO), in which ammonia is
converted to nitrite (NO, ) by ammonia-oxidizing bacte-
ria (AOB) or archaea (AOA); and nitrite oxidation (NO),
in which NOj is further oxidized to nitrate (NO3) by ni-
trite-oxidizing bacteria (NOB) (Kuypers et al., 2018).
Both steps consume oxygen, but their relative rates and
environmental controls can vary widely across estuarine
environments. Historically, AO was considered the rate-
limiting step in nitrification, resulting in relatively less fo-
cus on NO (Tang et al., 2023). However, recent studies
have shown that the relative magnitudes of ammonia oxi-
dation rates (AOR) and nitrite oxidation rates (NOR) vary
across different systems.

For instance, AOR were detectable at all euphotic
zone stations of the eastern tropical South Pacific, where-
as NOR were undetectable at several sites, possibly
caused by the greater light sensitivity of nitrite-oxidizing
processes (Peng et al., 2016). In the hypoxic zones of the
Gulf of Mexico, AOR proceeded up to 30 times faster
than NOR, resulting in the accumulation of NO,. This
decoupling likely resulted from a combination of environ-
mental factors, with elevated bottom-water temperatures
(>25°C) and substrate limitation of nitrite oxidizers being
the primary contributors (Bristow et al., 2015). In con-
trast, NOR surpassed AOR along the southern New Eng-
land coast, likely due to additional NO, sources apart
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from AO. These included sedimentary dissimilatory NO3
reduction to ammonium (NHJ ), which released NO; in-
to the overlying water column; cyanate degradation by
AOA such as Nitrosophaera gargensis; and incomplete
NO;3 reduction by phytoplankton (Heiss and Fulweiler,
2016). In addition, cyclonic eddies in the western North
Pacific were shown to enhance NOR more than AOR by
selectively increasing the abundance and substrate affini-
ty of NOB (Liu et al., 2023). In Chinese estuaries, Wan
et al. (2023) reported that AOR markedly exceeded NOR
in the Jiulong River Estuary, while the two rates were
comparable in the Zhujiang River Estuary (ZRE) and
Changjiang (Yangtze) River Estuary (CRE). Collectively,
these contrasting patterns underscore the need to quantify
both AOR and NOR concurrently to accurately assess ni-
trification-driven oxygen consumption across dynamic
aquatic systems.

The CRE is one of the most eutrophic coastal systems
in the world, where seasonal bottom-water hypoxia is fre-
quently observed (Chi et al., 2020; Sheng et al., 2024;
Wang et al., 2016; Zhang et al., 2019). Numerous studies
have investigated the drivers of hypoxia in the CRE, high-
lighting the role of eutrophication, organic matter accu-
mulation, and water column stratification (Chi et al.,
2020; Liu et al., 2024; Sheng et al., 2024; Wang et al.,
2016; Zhang et al., 2019). Despite these advances, most
current assessments of hypoxia formation in the CRE
have focused on bulk biogeochemical indicators, while
the explicit contribution of nitrification remains poorly
quantified. Given that nitrification is an aerobic microbial
process that directly consumes oxygen and is tightly cou-
pled with nitrogen transformations, a better understand-
ing of its spatial dynamics and environmental controls is
essential for elucidating the mechanisms underlying hy-
poxia development.

In this study, we simultaneously measured AOR and
NOR using 15NH:‘r and 15NOE tracer techniques in the
CRE during the summer of 2022, with the aim of quanti-
fying the contribution of nitrification to oxygen consump-
tion. We further examined how environmental factors,
such as NHI concentration, particle concentration and
temperature influenced nitrification activity. Our study
provided new insights into the coupled biogeochemical
processes that regulate oxygen consumption and hypoxia
formation in anthropogenically impacted estuarine sys-
tems.

2 Sampling and methods

2.1 Sampling

In this study, water samples were collected in the CRE
(Fig. 1 and Table 1) from August 20 to 31, 2022, using 12-
L Niskin bottles mounted on a Sea-Bird 911 conductivity-
temperature-depth (CTD) rosette system. Samples for
NH;, NO;, and NOjJ analyses were filtered through

0.22 um polycarbonate membranes to remove active cells
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Fig. 1. Map of sampling sites located off the Changjiang River Estuary (CRE) in the East China Sea (ECS) shelf. Sol-
id triangles mark locations where water column oxidation rates were measured, whereas hollow triangles denote sites

where only surface oxidation rates were recorded.

and minimize post-sampling microbial activity that could
alter nutrient concentrations. The filtrates were collected
into 50 mL centrifuge tubes (BD Falcon) and stored for
subsequent analysis. Total suspended matter (TSM) sam-
ples were collected by filtering 300-500 mL of water
through pre-combusted (450°C for 4 h) and pre-weighed
glass microfiber filters (GF/F). After filtration, filters were
folded and wrapped in pre-combusted aluminum foil (450°C
for 4 h). Nutrient and TSM samples were stored at —20°C
until analysis.

2.2 Ammonia and nitrite oxidation rate incubation
experiments

Oxidation rate incubations were conducted using an
artificial isotope addition method. For each sampling
depth, six replicate water samples (150 mL each) were
collected in high-density polyethylene (HDPE) bottles.
Three replicates were used for AOR incubations, and the
remaining three for NOR incubations. For AOR, 15NH:{
was added, while ISNOE was introduced for NOR incu-
bations. To minimize artificial stimulation of microbial
activity, tracer additions were generally recommended to
be approximately 10% of ambient substrate concentrations.
However, because in situ nutrient concentrations were not
known prior to sampling, we referred to previously report-
ed levels in the CRE, where NHj typically ranged from
0.5 pmol/L to 2.0 pmol/L and NO; from 0.05 umol/L to
1.0 umol/L (Hsiao et al., 2014). Accordingly, tracer con-
centrations of 0.2 pumol/L ISNHI and 0.06 pmol/L
ISNOE were used in the incubations.

The samples were then incubated at in sifu tempera-
ture, and 50 mL subsamples were withdrawn from each
incubation bottle at 0 and about 6 h, then filtered through
a 0.22 um polycarbonate membrane. The filtrates were
collected and stored at —20°C for subsequent isotopic
analysis.

2.3 Hydrographical chemical analyses

Environmental parameters, including salinity, temper-

ature, depth, photosynthetically active radiation (PAR),
DO, pH, and fluorescence were measured using a CTD
sensor package. Ammonium concentrations were ana-
lyzed via the indophenol blue spectrophotometric method,
with a detection limit of 0.3 pmol/L. For samples with
NHI concentrations below this threshold, solid-phase ex-
traction followed by fluorescence detection was em-
ployed, which achieved a detection limit of 2.2 nmol/L.
NOj3 and NO; concentrations were determined using an
AA3 Auto-Analyzer with a detection limit of 0.01
umol/L. TSM concentrations were quantified by the
weight difference method.

2.4 Measurement of ammonia and nitrite oxida-
tion rates

For AOR measurements, the 8!°N-NO} was deter-
mined using the denitrifier method (Sigman et al., 2001).
The isotopic composition of bacteria-produced N,O was
measured by a Gasbench (Thermo Fisher) connected to an
Isotope Ratio Mass Spectrometer (Thermo Delta V Ad-
vantage). For NOR measurements, preexisting NO, was
removed by adding sulfamic acid to the sample and allow-
ing it to react for 1 h. Subsequently, sodium hydroxide
was added to adjust the pH to neutrality (Granger and Sig-
man, 2009). The §'SN-NO3 was then measured using the
denitrifier method.

The rates were calculated by the following Eq. (1):

APN
Rate = —=—, )
Xt

s
where Rate refers to AOR or NOR, ¢ is the incubation
time, AN represents the change in concentration in the
production pool (NO; for AOR and NO5 for NOR) be-
tween the start and end of the incubation, and Jf. 51 > is the
fraction of substrate (NH; for AOR and NO; for NOR)
labeled with 15N at the start of the incubation.
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3 Results

3.1 Spatial distribution of environmental param-
eters and nitrification rates in surface waters

Surface water temperatures ranged from 24.2°C to
32.2°C, with the highest values recorded near the estuary
and the lowest in the center of the sampling area (Fig. 2a).
Salinity varied from 0.4 to 33.7, generally increasing with
distance offshore (Fig. 2b). The maximum dissolved inor-
ganic nitrogen (DIN, including NH;, NO;, NO3) con-
centration was observed at Station CJO1 near the river
mouth, reaching 155.0 pmol/L, but decreased to less than
1 pmol/L further offshore (Fig. 2c). NH] concentrations
ranged from 0.2 pmol/L to 1.7 pmol/L, with the highest
levels detected at stations YZ09 and CJO1 (Fig. 2d). The
concentrations of NO; and NO3 varied from 0.01 umol/L
to 1.8 umol/L and 0.1 umol/L to 153.0 pmol/L, respec-
tively, exhibiting a spatial pattern consistent with that of
DIN, with higher concentrations nearshore and decreas-
ing offshore (Figs 2e and f). Near the river mouth, NO3
was the dominant form of DIN, accounting for 99% of
the total. In contrast, offshore waters were dominated
by NHj, which constituted more than 76% of the DIN
pool. Chlorophyll a (Chl a) concentrations ranged from
0.09 png/L to 50.74 pg/L, exhibiting a spatial distribution
like that of NH;[, with the highest values observed at Sta-
tion YZ09 in the northern region (Fig. 2g). The concentra-
tion of TSM varied from 1.6 mg/L to 50.8 mg/L, which
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showed a trend of higher concentrations near the estuary
and lower levels offshore (Fig. 2h). Dissolved oxygen
concentrations varied between 189 pmol/L and 403 umol/L,
displaying spatial patterns consistent with NH:1r and Chl a
concentration (Fig. 2i).

In surface waters, AOR ranged from 0.3 nmol/(L-d) to
1 609 nmol/(L-d), while NOR ranged from 0.01 nmol/(L-d)
to 480 nmol/(L-d). On average, AOR [357 nmol/(L-d)]
was higher than NOR [160 nmol/(L-d)] across the study
area (Fig. 3), which highlighted the dominant role of AO
in surface-layer nitrification. Notably, the highest nitrifi-
cation rates were observed at the river mouth Station CJO1
(Fig. 3), where NH, and TSM concentrations were also
elevated (Figs 2c and h). These findings underscored the
pronounced spatial heterogeneity of nitrification in the es-
tuarine environment, with microbial oxidation processes
most active near the river mouth, where substrates and
suspended particles provided favorable conditions for ni-
trifying microorganisms.

3.2 Vertical distribution of environmental param-
eters and nitrification rates

At the research stations, temperature decreased with
depth, while salinity showed the opposite pattern, starting
low at the surface and increasing to approximately 34 at
the bottom. Thermoclines and haloclines were found at
similar depths at each station. The euphotic zone depth—
defined as the depth where light intensity is 1% of surface
levels (grey dashed line in Figs 4al, bl, cl, dl, and
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Fig. 2. Surface distribution of key environmental parameters in the Changjiang River Estuary (CRE). a. temperature
measured by CTD; b. salinity measured by CTD; c. concentration of dissolved inorganic nitrogen (DIN); d. ammonium
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Fig. 3. Distribution of ammonium oxidation rates (AOR) (a) and nitrite oxidation rates (NOR) (b) in surface waters of

the Changjiang River Estuary (CRE).

el)—deepened as the distance from shore increased, rang-
ing from less than 10 m at Stations YZ09, YZ10, and
YZ12, to over 35 m at Station YZ14. High Chl a concen-
tration was observed within the euphotic zone, but
dropped sharply below the halocline (Figs 4al, bl, c1, dl,
and el).

DO concentrations decreased with depth at all sta-
tions, reaching suboxic to hypoxic levels at the bottom
(48—-120 umol/L). Hypoxia was observed at the bottom of
stations YZ09 and YZ12, indicating a significant deple-
tion of DO in these areas. TSM concentrations ranged from
0.9 mg/L to 37.2 mg/L, increasing with depth and reach-
ing maximum levels at the bottom of Station YZI1
(Figs 4a2, b2, ¢2, d2, and ¢2).

Ammonium concentrations ranged from 0.1 pmol/L
to 1.7 umol/L, while NO3 and NO; concentrations var-
ied from 0.1 pmol/L to 20.9 pmol/L and 0.02 pumol/L to
1.2 umol/L, respectively, showing a pattern of lower con-
centrations at the surface and higher concentrations at the
bottom. NH}; and NOJ concentrations were significantly
lower compared to NO3. Elevated NO, concentrations
were particularly notable near the euphotic zone (Figs 4a3,
b3, c3, d3, and e3).

AOR ranged from 0.3 nmol/(L-d) to 1 110 nmol/(L-d)
and NOR from 0.01 nmol/(L-d) to 650 nmol/(L-d) in the
vertical profiles. Both rates were lower at the surface and
increased with depth, reaching their highest values near
the bottom. AOR were consistently higher than NOR at
most stations, which highlighted the dominance of AO
throughout the water column (Figs 4a4, b4, c4, d4, and
e4).

4 Discussion

4.1 The relationship between nitrification rates
and environmental factors

In our study, the AOR were on average about twice
those of NOR across all sampled stations and depths. This
contrasted with the “comparable rates” reported by Wan
et al. (2023), who observed similar magnitudes of AOR
and NOR during springtime in the CRE. This discrepancy

likely reflected seasonal differences in water-column strat-
ification. Wan et al. (2023) sampled under relatively
weakly stratified and well-oxygenated conditions, where-
as our summer sampling captured periods of pronounced
stratification and bottom-water hypoxia. Such conditions
tend to decouple AO and NO processes, partly because ni-
trite-oxidizing microorganisms are more sensitive to oxy-
gen limitation than ammonia oxidizers (Guisasola et al.,
2005).

Despite differences in their absolute rates, we obser-
ved a significant positive correlation between AOR and
NOR (Fig. 5), indicating that the two processes respond-
ed similarly to spatial environmental gradients. Both AOR
and NOR declined with increasing distance offshore and
exhibited depth-dependent patterns, with lower values in
surface waters and higher rates near the bottom (Figs 3
and 4). This pattern was shaped by multiple environmen-
tal drivers, including substrate availability (e.g., NHZ and
NOj concentrations), suspended particulate matter, tem-
perature, pH, salinity, and DO (Figs 6 and 7).

4.1.1 Ammonia oxidation and environmental factors
Photoinhibition exerted a pronounced suppression on
AOR in surface waters (Fig. 6, yellow circles), where ele-
vated NH} concentrations did not result in higher AOR
(Fig. 6a). This phenomenon, widely documented in pre-
vious studies (e.g., Ward, 2005), is not discussed in de-
tail here. Below the photic zone, however, NH;r emerged
as the dominant driver of AOR across depths in the
YRE, where concentrations ranged from 0.05 pmol/L to
1.66 pmol/L. AOR exhibited a strong positive correlation
with NH} concentrations (+ = 0.9, p < 0.001; Fig. 6a), a
relationship also widely reported in both nearshore and
offshore environments (Peng et al., 2016; Wang et al.,
2018; Zheng et al., 2017). Stations with elevated NH},
particularly in nearshore regions, exhibited the highest
AOR, indicating that increased substrate availability di-
rectly stimulated microbial AO activity. Interestingly, sta-
tions CJO1 and CJOS, despite both being located relative-
ly close to shore, exhibited markedly different AOR. CJO1
showed AOR close to the upper bound, whereas CJO5



Zheng Zhen-Zhen et al. Acta Oceanol. Sin., 2025, Vol. 44, No. 11, P. 127-140 133

Temperature/ C DO/(pumol-L ™) NH;, NO,/(umol-L™) Oxidation rate/(nmol-L™'-d™")
16 20 24 28 32 0 150 300 450 0 05 1.0 1.5 20 0 400 800 1200
0 - 0 0 0
s 20 20 20 A 20
(=]
SIE
ZE 40 ¢ 40 40 40
29
8 [=]
A 60 4 — Chla 60 60 | 60
— Temperature 90 DO ©NH, ¢ NO, 4NO,
— Salini : AOR ¢ NOR
20 Sa]ml'ty ' al 20 '..TSM a2 20 a3 20 L 3 < ad
24 28 32 36 0 10 20 30 40 0 6 12 18 24
Salinity TSM/(mg-L™) NO;/(umol-L™)
0 20 40 60
Chl a/(ug'L™)
16 20 24 28 32 100 200 300 0 05 10 15 20 0 400 800 1200
0 = 0 0 LT 0 : :
=3 L 4
IS 10 10 10 10
>~ é 4
.§ 53 ?
59 20 20 20 20
< T
30 ' bl 30 i i _b2] 5 b3 0 b4
30 32 34 36 0 10 20 30 40 0 6 12 18 24
6 8 ]'6 2'4
0 16 20 24 28 32 0 0 100 200 300 0 0 05 1.0 1.5 20 0 400 800 1200
p . A ; . . 0
— 10 4 10 10 10
INT=
~s
.5 «é 20 A 20 20 A 20
A
n 30 - 30 30 A 30
40 cl 40 | c 40 c3 % c4
30 32 34 36 0 10 20 30 40 0 6 12 18 24
0 8 16 24
oo 20 2 28 32 o 100 200 300 000 05 10 15 20 o0 400 800 1200
10 ; / 10 10 10
~ é
Neg 20 20 20 | 20
g=
€5 30 30 30 - 30
= L
& a
40 40 40 | 40
dl d2 d3 d4
50 50 4 T v v 50 50
30 32 34 36 0 10 20 30 40 6 12 18 24
0 8 16 24
0 16 20 24 28 32 0 0 100 200 300 0 0 05 1.0 1.5 20 0 0 400 800 1200
10 10 10 10
)
Neg 20 20 20 20
=2
£ 5 30 /) 30 30 30
A
2]
40 [ ’ 40 40 40
50 el 50 R . _2| 5 e3 so L& 00000 e4
30 32 34 36 0 10 20 30 40 0 6 12 18 24

0 8 16 24

Fig. 4. Vertical distributions of temperature, salinity, photosynthetically active radiation (PAR), and chlorophyll a
(Chl a) concentration (al, bl, cl, d1, and el); dissolved oxygen (DO) and total suspended matter (TSM) concentrations
(a2, b2, c2, d2, and e2); the concentrations of ammonium (NHZ), nitrite (NO3 ) and nitrate (NO3) (a3, b3, ¢3, d3, and
e3); ammonia oxidation rates (AOR) and nitrite oxidation rates (NOR) (a4, b4, c4, d4, and e4). The grey dashed lines
represent the depths at which light intensity is 1% of surface levels.
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Fig. 5. Relationship between ammonia oxidation rates

(AOR) and nitrite oxidation rates (NOR) in the study area.

consistently displayed some of the lowest values ob-
served. This divergence could be attributed to stark differ-
ences in NHZ‘r concentrations between the two stations, re-
inforcing the central role of substrate supply in modulat-
ing AOR (Fig. 6a).

Microbial community composition also modulates
AOR responses to NHj availability. Previous studies
have revealed distinct differences in ammonia-oxidizing
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microbial communities between the inner and outer estu-
ary, with AOB dominating the inner estuary and AOA
prevailing in the outer estuary (Dai et al., 2022). This
community shift is associated with pronounced differen-
ces in the half-saturation constants (K ) for NHI bet-
ween AOA and AOB. Studies in both pure cultures and
field conditions showed that K values for AOB ranged
from 28 pmol/L to 50 000 pmol/L, whereas K, values
for AOA were much lower, ranging from 30 nmol/L to
150 nmol/L (Kits et al., 2017; Martens-Habbena et al.,
2009; Zheng et al., 2020). In our study area, NHZ concen-
trations at most depths remained below the saturation lev-
el for AOA and well below that for AOB, leading to in-
creased AOR with rising NH}; concentrations.

Although AO is strictly aerobic, our results revealed a
negative correlation between AOR and DO concentrations
(Fig. 6b). Oxygen concentrations in the study area ranged
from 41.3 pmol/L to 406.9 pumol/L, which were well
above the oxygen-limitation thresholds for AO. Previous
studies have demonstrated that both AOA and AOB are
capable of functioning effectively under extremely low
oxygen conditions. For example, AO in the South Pacific
exhibited a K, for oxygen as low as (0.3 + 0.1) umol/L
(Bristow et al., 2016), and pure cultures of AOA and AOB
showed oxygen K values ranging from 2.0-3.9 umol/L
and 15.6-186.0 pmol/L, respectively (Park et al., 2010).
Therefore, the observed inverse relationship likely reflect-
ed enhanced AO activity contributing to oxygen consump-
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Fig. 6. Correlations between ammonia oxidation rates (AOR) and various environmental factors. a. ammonium (NH)

concentration; b. dissolved oxygen (DO) -concentration; c.

total suspended matter (TSM) concentration;

d. temperature; e. pH; f. salinity. The yellow hollow cycles represent the AOR at the surface layers with light suppres-
sion, and the black solid circles represent the stations near the estuary where turbidity was high.
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f. salinity. Yellow hollow diamonds denote NOR in surface layers under light suppression, and black solid diamonds
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tion in stratified and hypoxic bottom waters, particularly
during the summer sampling period.

In addition to NHZ concentration, particulate matter
also played a significant role in regulating AOR, as indi-
cated by their positive correlation with TSM (Fig. 6¢, r =
0.7, p < 0.01). This pattern was consistent with previous
observations from the CRE (Hsiao et al., 2014) as well as
other high-turbidity systems such as San Francisco Bay
and Wuyuan Bay in southern China (Damashek et al.,
2016; Zheng et al., 2017). Suspended particles may en-
hance AOR through two mechanisms: (1) providing sur-
face area for microbial colonization and (2) releasing
NH:{ via organic matter mineralization (Xia et al., 2009).
Notably, although TSM concentrations in the YRE were
lower (<55 mg/L) than those in Wuyuan Bay (which
reached up to 400 mg/L), AOR in our study reached much
higher values [up to 1600 nmol/(L-d) compared with
<600 nmol/(L-d)] (Fig. 6¢), suggesting that smaller parti-
cles with higher specific surface area may compensate for
lower mass loading and still sustain elevated AO activity.
This may also explain why AOR remained high despite a
nearly fivefold decline in riverine TSM since the summer
of 2011 (Hsiao et al., 2014), driven by damming and oth-
er anthropogenic activities.

Temperature is another important environmental fac-
tor influencing AO, primarily through its effect on the en-
zymatic activity of ammonia-oxidizing microorganisms
(Taylor and Mellbye, 2022; Zheng et al., 2017). In our
study, higher rates were typically observed in cooler re-
gions, except at CJ01—the innermost nearshore station—

where elevated rates coincided with high temperature
(Fig. 6d). This inverse relationship may be attributed to
the fact that, under substrate-limited conditions, the opti-
mal temperature for AO activity was lower than that in
substrate-sufficient conditions (Zheng et al., 2020). This
interpretation is consistent with the generally low NHX
concentrations observed across most of our sampling
sites. The contrasting pattern at CJO1 further supported
this mechanism. At this site, where both turbidity and
NHI concentrations were highest, AOR remained elevat-
ed even under warmer conditions. This was in line with
previous findings from pure culture and field studies,
which showed that AOR—and the growth of AOA—in-
creased with temperature under substrate-saturated condi-
tions, typically reaching optima between 25°C and 34 C
(Qin et al., 2014; Zheng et al., 2020). Moreover, a coastal-
to-offshore transect study revealed that substrate enrich-
ment could shift the thermal optimum of AO microbes up-
ward when background substrate levels were insufficient
(Zheng et al., 2020). Taken together, our results suggest-
ed that substrate availability not only regulates the magni-
tude of AOR but may also modulate its temperature sensi-
tivity. However, an alternative or complementary explana-
tion cannot be ruled out. Many of the low-temperature ob-
servations corresponded to bottom waters, which were
typically characterized by higher turbidity. As discussed
earlier, AOR were positively correlated with TSM. There-
fore, the elevated AOR observed at cooler depths may re-
flect, at least in part, the influence of increased particle
concentrations. Disentangling the effects of these co-vary-
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ing factors would require controlled incubations or target-
ed molecular analyses of ammonia-oxidizing communi-
ties.

In addition to temperature, pH is another factor influ-
encing AO by affecting microbial enzymatic activity and
substrate speciation. In our study, pH varied more widely
at the surface (7.9-8.6) but was relatively stable (7.9-8.1)
at other depths. AOR did not exhibit a clear correlation
with pH (Fig. 6¢), suggesting that AOR in the CRE were
not strongly influenced by pH fluctuations. This finding
contrasted with results from many field studies. Acidifica-
tion experiments in marine systems reported reduced AOR
under low pH (Beman et al., 2011; Zhou et al., 2023).

Salinity influences both the biological activity and
community structure of ammonia-oxidizing microorgan-
isms (Wei and Lin, 2021). Our results showed that along
the horizontal gradient, higher AOR occurred in low-
salinity areas, while along the vertical profile, higher
AOR were found in deeper, high-salinity layers (Fig. 6f).
This distribution pattern may reflect the combined effects
of salinity and other factors, such as light, nutrient avail-
ability, and particulate concentrations.

4.1.2 Nitrite oxidation and environmental factors

Nitrite oxidation rates ranged from 0 nmol/(L-d) to
650 nmol/(L-d) across the study area, with elevated val-
ues predominantly observed at nearshore stations and in
the bottom waters of offshore sites. Consistent with AOR,
NOR was strongly suppressed in surface waters due to
photoinhibition, resulting in low surface rates. However,
unlike AOR, which exhibited a clear positive correlation
with its substrate (NHI), NOR showed no significant cor-
relation with ambient NO, concentrations (Fig. 7a). This
lack of correlation may stem from the fact that NO; pro-
duced in situ by AO directly fueled the NO process, rather
than relying solely on ambient NO;, . The significant posi-
tive correlation between AOR and NOR (»= 0.6, p <0.01;
Fig. 5) supported this coupling between the two processes.
NOR also displayed negative correlations with DO and
positive correlations with TSM (Figs 7b and c), indicat-
ing that both processes responded to shared biogeochemi-
cal gradients in the estuarine system.

NO is an oxygen-dependent process, in which oxygen
serves as the terminal electron acceptor. If DO was limit-
ing, we would expect a positive correlation between NOR
and DO concentrations. However, in our study, NOR and
DO exhibited a significant negative correlation (Fig. 7b),
indicating that oxygen concentrations in the CRE were
well above the threshold required for NO. This suggested
that DO was not a limiting factor for NOR in our system.
This interpretation was consistent with the high oxygen
affinity of NOB, which were reported the K, value for
oxygen below | pmol/L (Bristow et al., 2016). In such
cases, NO can proceed efficiently even at very low oxy-
gen concentrations, reinforcing the idea that the process is
rarely oxygen-limited in natural environments. Indeed, a
global synthesis by Tang et al. (2023) showed that NOR
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often peaked within oxygen minimum zones, including re-
gions where DO fell below detection limits. Similarly,
Sun et al. (2023) documented declining NOR with in-
creasing oxygen, further supporting the notion that NO is
active in low-oxygen zones. Taken together, these find-
ings—and our own observations—suggested that NO not
only tolerated low-oxygen conditions but also contributed
to oxygen depletion in estuarine bottom waters. These
findings highlighted NO as a potentially important but un-
derappreciated driver of coastal hypoxia.

Researchers such as Fiissel et al. (2012) have ob-
served that nitrite-oxidizing microorganisms tend to at-
tach to particles in nearshore waters. However, in our
study area, the positive correlation between NOR and
TSM was weaker (r = 0.60, p < 0.01, Fig. 7c) compared to
AOR (r= 0.7, p <0.01, Fig. 6¢). Additionally, a study in
the ZRE found no significant relationship between NOR
and TSM (Dai et al., 2008; Fig. 7c). This suggested that
AO organisms may adhere more readily to particles than
NO organisms, possibly because AO organisms have a
smaller cell diameter and larger specific surface area,
which allow particles to adsorb more biomass (Pachiada-
ki et al., 2017).

Pure culture and field-based temperature manipulation
experiments showed that, under substrate-saturated condi-
tions, NOB typically exhibit optimal activity at tempera-
tures between 22°C and 39 °C (Ehrich et al., 1995; Nowka
et al., 2015; Schaefer and Hollibaugh, 2017). However, in
our study, NOR decreased with increasing temperature
across the observed range (19.4-32.2°C; Fig. 7d), a pat-
tern similar to that of AOR. This inverse relationship sug-
gested that, like AO, NO in the CRE was likely substrate-
limited, such that higher temperatures did not enhance—
and may even suppress—enzymatic activity under nutri-
ent-scarce conditions. In addition, this pattern may reflect
co-varying environmental factors. Higher NOR wvalues
tended to occur in cooler, deeper waters with elevated par-
ticle concentrations, whereas surface layers with stronger
light exposure and higher temperatures may experience
photoinhibition of nitrite oxidizers, further limiting NOR
in those zones.

As for pH, our results showed no clear correlation be-
tween pH and NOR (Fig. 7e), mirroring the weak pH sen-
sitivity of AOR observed in this study. Although previous
studies have reported inhibitory effects of high pH on
NOB—vparticularly in surface waters influenced by phyto-
plankton-driven photosynthetic alkalinization (Heiss and
Fulweiler, 2016)—our data suggested that pH variability
within the CRE was not a dominant factor regulating NO.
Instead, other environmental drivers such as substrate
availability, light, and particle load likely played more
critical roles.

Consistent with AOR, higher NOR values were ob-
served in both the low salinity regions of the estuary and
the high salinity near-bottom waters (Fig. 7f), primarily
due to high turbidity and low light intensity in these re-
gions.
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While these results provided valuable insights into the
environmental controls on nitrification during summer
stratification, they were based on a single sampling cam-
paign and may not reflect broader temporal variability.
This limited our ability to extrapolate the observed pat-
terns to other seasons or years. Previous studies in the
CRE and adjacent waters have documented pronounced
seasonal differences in nitrification dynamics across both
the water column and sediments. In the water column,
Wang et al. (2018) observed that summer conditions with
strong stratification and localized NH} regeneration led
to higher nitrification rates in nearshore bottom waters,
whereas in winter, reduced stratification and enhanced ver-
tical mixing supported higher nitrification rates offshore
and more evenly distributed throughout the water column.
Hou et al. (2025) further highlighted the role of light inhi-
bition and organic matter regeneration in shaping these
seasonal patterns. Their results showed that summer nitri-
fication rates peaked in bottom layers of high-productivi-
ty and turbidity zones, where in sifu mineralization sup-
plied abundant NH, while strong light in surface waters
suppressed nitrification and favored phytoplankton NH}
uptake. Gao et al. (2018) reported significantly higher ni-
trification rates in sediments during summer than winter,
driven by elevated temperatures and greater NH:lr avail-
ability, along with shifts in microbial community compo-
sition—higher AOB diversity and increased AOA abun-
dance in summer. Collectively, these studies demonstrat-
ed that seasonal variations in temperature, stratification,
NH; regeneration, and light conditions created distinct
vertical niches for nitrification.

4.2 The influence of primary productivity on bot-
tom water nitrification and oxygen dynamics

We integrated Chl a concentration (IChl @) within the
euphotic zone (where light intensity exceeds 1% of sur-
face levels) to assess how primary productivity may im-
pact AOR in the bottom water. Our analysis showed that
as IChl a increased, AOR in the bottom layer also in-
creased (Fig. 8a), suggesting a potential link between eu-
photic zone productivity and AOR in deeper water. In ad-
dition, the positive association between IChl a and bottom-
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water NH; concentrations (Fig. 8b) suggested that prima-
ry production in the euphotic zone contributed to NHI
enrichment at depth, which in turn fueled nitrifying micro-
bial activity.

This interaction between surface productivity and bot-
tom-water AOR also highlighted a potential feedback
mechanism whereby surface-driven nutrient cycling can
influence oxygen dynamics in deeper waters. The en-
hanced AOR, driven by high NH} availability, could
lead to significant oxygen consumption, especially in
stratified water bodies where oxygen replenishment was
limited. Hypoxia in this region typically begins deve-
loping in early summer, reaching its peak intensity in Au-
gust. Our field observations from August 20th to 31st
recorded bottom layer oxygen concentrations ranging
from 47.5 pmol/L to 112 umol/L, indicative of hypoxic or
sub-hypoxic conditions.

To evaluate the oxygen cost of this coupled process,
we used stoichiometric equations (Eqs (2)—(5)) to esti-
mateoxygenconsumptionduringorganicmattermineralization.
We hypothesized that the NHj utilized in the AO process
within the bottom water originated primarily from the
mineralization of organic matter (Yan et al., 2017).

Ci06H175042N16P + 1180, —
106CO; + 16NH; + HPO;~ +48H,0+ 140H,  (2)

2NH; +30, — 2NOj +2H,0 +4H*, A3)
2NO; +0, — 2NO3, 4)

Ci06H175042N16P + 1500, —
106CO; + 16NO5 + HPO;™ +78H,0 + 18H*. (5)

Base on Egs (2)—(5), the complete oxidation of one
mole of organic matter to NO3 consumes 150 mol O,—
118 mol for organic matter mineralization to NHZ, and
32 mol for AO and NO. Thus, nitrification accounts for
approximately 21% of the total oxygen consumption asso-
ciated with this transformation. Based on our field AOR
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(a), ammonium (NHZ) concentration (b) and oxygen consumption in the bottom layer (c).
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and NOR estimates, the oxygen consumption attributable
to these processes ranged from 2.47 pmol/(L-d) to
10.17 umol/(L-d). It should be noted that our calculations
may underestimate the total oxygen consumption rate—by
not accounting for the oxygen required for the mineraliza-
tion of NH} that was not oxidized to NO; .

We further observed a positive correlation between
IChla and bottom-water oxygen consumption (Fig. 8c), re-
inforcing the notion that surface productivity indirectly
contributed to deep-water oxygen loss. Although our esti-
mates were based on limited stations and do not account
for physical processes such as endmember mixing or lat-
eral advection, the trends pointed to organic matter miner-
alization, including nitrification, as important drivers of
summer hypoxia in the CRE.

In addition, high riverine nitrogen inputs enhanced
surface phytoplankton production, increasing particulate
nitrogen (PN) flux to depth. These particles underwent
remineralization, releasing NH} that fueled AOR and
NOR —both of which consumed oxygen. Under strong
summer stratification, restricted vertical mixing further
impeded oxygen resupply, compounding hypoxia in bot-
tom waters (Fig. 9).

Overall, our results highlighted a strong vertical cou-
pling between surface water productivity, bottom-water
nitrification activity, and oxygen depletion. Organic parti-
cles exported from productive surface layers not only
served as a source of NH} via remineralization but also
provided microhabitats for particle-associated ammonia
oxidizers (Fig. 9). This mechanistic linkage underscored
how surface-driven productivity can indirectly drive sub-
surface oxygen depletion via microbial nitrogen transfor-
mations.

5 Conclusions

This study provided new insights into the microbial

riverine

o,

Sl |
®-_ e

?;' -

oy
. 4 .' ety
¢ sproduction

sediments

Zheng Zhen-Zhen et al. Acta Oceanol. Sin., 2025, Vol. 44, No. 11, P. 127-140

processes driving oxygen consumption in the CRE during
summer hypoxia. By simultaneously quantifying AOR
and NOR using 15N tracer techniques, we demonstrated
that AOR generally exceeded NOR across depths and sta-
tions. These findings highlighted the predominance of AO
in this estuary and the importance of considering both ni-
trification steps in oxygen budget assessments. We also
showed that AOR was significantly enhanced by NHZ
availability and TSM, indicating a strong link between
particle-associated microhabitats and microbial nitrifier
activity. Furthermore, a robust relationship between sur-
face Chl @ and bottom-water AOR supported the concept
of vertical coupling: high surface productivity enhanced
organic matter export and NH:lr regeneration, which fu-
eled deep nitrification and associated oxygen consump-
tion. Estimated oxygen consumption from nitrification
constitutes a significant component of total biological
oxygen demand in the CRE.

These findings provided mechanistic support for the
feedback loop between eutrophication, productivity, and
hypoxia. As nitrogen loading and climate-induced stratifi-
cation intensify, nitrification will likely play an increas-
ingly central role in modulating oxygen dynamics in estu-
arine systems. Future studies should incorporate seasonal
observations, molecular analyses, and sediment flux mea-
surements to refine estimates of microbial oxygen de-
mand and enhance predictive capacity for hypoxia occur-
rence under changing environmental conditions. Unders-
tanding the complex interactions among microbial nitro-
gen cycling, oxygen dynamics, and anthropogenic inputs
is critical for effective estuarine management and for miti-
gating the ecological impacts of hypoxia in the coastal
ocean.
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