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Riverine inputs of ammonium (NH$) and suspended particulate matter (SPM) from human activities have
increased significantly over the past few decades, greatly affecting coastal nitrogen cycling and water quality.
However, it remains poorly understood how NHJ consumption in eutrophic estuaries responds to increasing SPM
levels. Using '°N-labeling techniques, we quantified ammonia oxidation (AO) and ammonium uptake (AU)
during SPM addition experiments across the salinity gradient of the Jiulong River Estuary, a typically human-
impacted, eutrophic, and turbid estuary in China. The results showed that adding in situ SPM stimulated AO
at the freshwater end (salinity 1.1), but had minimal impact on AO or AU in regions with intermediate salinity.
At the seawater end (salinity 28.0), in situ SPM increased both AO and AU, especially enhancing AU. Further-
more, adding riverine SPM collected from freshwater, mainly of terrestrial origin, to seawater caused weaker
stimulation of NH4 consumption, particularly in AU. These varied responses suggest that NH consumption
pathways are controlled by substrate availability, particle source, and the composition of ammonia-utilizing
microbial communities in the estuary. This study provides new mechanistic insights into how particles influ-
ence NHJ dynamics in eutrophic estuaries, with important implications for nitrogen cycling and water quality

under increasing human impacts.

1. Introduction

Estuaries, as regions of active land-sea interaction, are undergoing
cumulative perturbations from multiple anthropogenic activities
(including land-use change, excessive nutrient loads from fertilizers,
aquaculture, and sewage) and global change (e.g., ocean acidification
and warming) (Scanes et al., 2020; Tanaka et al., 2021; Kennish, 2025).
The growing anthropogenic nitrogen (N) exports from rivers have led to
eutrophication, resulting in accelerated algal blooms and deteriorating
hypoxia in estuaries and coastal waters (Liu et al., 2021; Galloway et al.,
2021; Dai et al., 2023; Ormaza-Gonzalez et al., 2024). Ammonium
(NHJ) is one of the major human-induced environmental pollutants, and
elevated concentrations can substantially degrade water quality in es-
tuaries and coastal regions (Han et al., 2024). The transformation of
NHj, particularly its assimilation to organic N and oxidation to nitrite
and nitrate, plays a pivotal role in regulating primary production,
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driving greenhouse gas (CO3, N2O) emissions, and consuming oxygen,
thereby exerting strong impacts on aquatic ecosystems and the climate
(Bowen et al., 2020; Xu et al., 2022; Han et al., 2023). On the other hand,
increasing vast quantities of suspended particulate matter (SPM, with
the size generally above 0.7 um; Verdugo et al., 2004) are exported to
the coastal ocean (Bianchi et al., 2024; Hou et al., 2024; Liu et al., 2024),
which have disturbed the N cycle regionally and globally (Gruber and
Galloway, 2008; Wan et al., 2023; Liu et al., 2025). Therefore, under-
standing the interactions between the concomitantly increased anthro-
pogenic N (especially NHJ) inputs and SPM export is essential for
assessing their impacts on coastal water quality and marine ecosystems.

NHJ is recognized as a highly reactive N species and is preferentially
assimilated by various microorganisms, including bacteria and phyto-
plankton (Buchanan et al., 2025). In estuarine environments with dis-
solved oxygen (DO) concentration exceeding ~25 pmol dm 3,
ammonia, a neutral form of NHJ in water, can be effectively oxidized to
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nitrite (NO2) by ammonia-oxidizing bacteria (AOB) and ammonia-
oxidizing archaea (AOA) (Tang et al., 2025). This process requires 1.5
mol of O, per mole of NH3 oxidized and concurrently produces 2 mol of
H™ (Stahl and de la Torre, 2012). Consequently, ammonia oxidation can
exacerbate hypoxia and contribute to acidification in many eutrophic
estuaries and coastal waters, including the Chesapeake Bay, the Yangtze
River estuary, and the Upper Gulf of Thailand (Dai et al., 2023, and
references therein). Moreover, this chemoautotrophic pathway supplies
substrates for N-removal processes such as denitrification, which is
commonly coupled with the release of NoO (Tan et al., 2020; Yang et al.,
2022). Notably, ammonia-derived N»O has been identified as the
dominant source of riverine NyO emissions, representing a substantial
contribution to the global N>O budget (Stein and Yung, 2003; Wang
et al., 2024). SPM hosts diverse assemblages of ammonia oxidizers,
typically dominated by the AOB genus Nitrosomonas and the archaeal
genus Nitrososphaera, which actively utilize NHJ released through the
remineralization of particle-associated organic substrates (Kuypers
et al., 2018; Cai et al., 2019; Kache et al., 2021). Elevated ammonia
oxidation rates have been reported in turbid estuaries, including those of
the Baltic Sea and several Asian rivers (Xia et al., 2009; Hsiao et al.,
2014; Bartl et al., 2019; Ma et al., 2021). Accordingly, particle enrich-
ment in estuarine environments is expected to shape the composition
and activity of NHJ-based microbial communities, thereby influencing
the dynamics of NH{ consumption.

The NHj consumption rates and their influencing factors (e.g.,
substrate, temperature, light, total suspended matter, salinity, biological
community compositions) have been archived in many estuaries (Zheng
etal., 2017; Yan et al., 2019; Zheng et al., 2020; Kache et al., 2021; Tang
et al., 2022; Xu et al., 2022). However, knowledge of how increasing
concentrations of SPM from different sources would affect the dual NHF
consumption pathways (i.e., assimilation and ammonia oxidation) in
human-perturbed estuaries remains limited. To assess this issue, we
manipulated in situ and riverine particle addition experiments to
quantify responses of ammonia oxidation rates (AOR) and ammonium
uptake rates (AUR) in the Jiulong River Estuary (JRE), located in
southeastern China (Fig. 1).

The JRE drains a watershed of 14,741 km? and discharges on average
1.4 x 101° m? yr*1 (Zhang et al., 2022). The basin supports a dense
population (~7 million residents in 2021) and has experienced rapid
economic growth over the past few decades. Fertilizer use and livestock
production have increased 6-10 fold, while gross industrial output has
expanded nearly 100 fold (Yan et al., 2012; Dai et al., 2023). The flux of
dissolved inorganic nitrogen (DIN) from the JRE is estimated at
approximately 34.8 Gg N yr~!, which is higher than or comparable to
those reported for other tropical and subtropical estuaries (Yan et al.,

110°E 115°E 120°E 125°E

Zhangzhou

117.7°E

Marine Pollution Bulletin 223 (2026) 119027

2012; Sharples et al., 2017; Ormaza-Gonzalez et al., 2024). Additionally,
the JRE exports DIN at an exceptionally high areal yield rate of 2.3 x
10 kg N km~2 yr~!, greatly exceeding those of many of the world's
largest rivers, including the Yangtze (0.6 x 10% kg N km 2 yr 1) and the
Amazon (0.07 x 10° kg N km 2 yr‘l) Rivers (Yan et al., 2012). These
anthropogenic DIN inputs have contributed to recurrent eutrophication
in the coastal waters of the JRE (Han et al., 2024). Among DIN species,
NHj fluxes have increased more than 20-fold since the 1980s, attaining
0.6 x 10° kg N km 2 yr’1 by 2015 (Wu et al., 2017). DIN concentrations
in the upper JRE reach up to 250 pmol dm 3, approximately 2-3 times
higher than in the 1980s, a pattern consistent with trends observed in
the Yangtze and Mississippi Rivers (Yan et al., 2012). In addition to high
DIN loads, the JRE also exports substantial organic matter, with fluxes as
high as 50 x 10° kg C yr! in the early 2010s, comparable to those of
much larger rivers; Around 75 % of this organic matter is delivered to
the adjacent coastal ocean (Wang et al., 2022). The estuary is further
characterized by elevated total suspended matter (TSM), averaging
~200 mg dm ™2 in the upper estuary and ranging between 20 and 40 mg
dm 2 downstream (Wan et al., 2023). These high TSM concentrations
may markedly regulate the NHJ consumption pathways and estuarine
biogeochemistry (Lin et al., 2020; Wan et al., 2023). Ammonia con-
sumption rates in the JRE, including ammonia oxidation (5-850 nmol
dm > h™!) and ammonium uptake (6-138 nmol dm™3 hfl), have been
previously reported, showing a general downstream decline (Yan et al.,
2019; Tang et al., 2022). These magnitudes and spatial patterns are
comparable to those observed in other eutrophic river systems, such as
the Chesapeake Bay, the Mississippi River plume, and European estu-
aries along the Atlantic coast (Middelburg and Nieuwenhuize, 2000;
Wawrik et al., 2004; Laperriere et al., 2019; Kitzinger et al., 2019).
Given these characteristics, the JRE provides an ideal natural laboratory
for investigating particle-associated NHJ consumption processes.

In this study, two particle-addition treatments were designed to
simulate contrasting scenarios: (1) increased particle concentration
under in situ estuarine conditions, and (2) rapid transport of riverine
particles into coastal seawater. These experiments aim to improve our
understanding of particle-mediated alterations in N cycling dynamics in
estuaries, and provide insights into biogeochemical models and policy-
making to effectively assess NHj-related environmental risks (e.g.,
ocean deoxygenation and NO emissions).

2. Materials and methods
2.1. Sample collection and chemical analysis

To capture a wide salinity gradient, surface water samples were
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Fig. 1. (a) Location of the Jiulong River Estuary (JRE) and (b) the sampling stations (yellow stars) along the JRE. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
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collected from four stations spanning the freshwater end to the coastal
region of the JRE aboard R/V Ocean II on April 19, 2022 (Fig. 1). The
cruise coincided with a period of elevated river discharge and a spring
tide, under cloudy conditions with occasional light rain and average
wind speeds below 4 m s™*. At each station during high tide, 12-18 dm®
of water was collected from ~0.5 m depth, as determined by rope
deployment, using an acid-washed custom-built plexiglass (polymethyl
methacrylate) sampler (5 dm?® volume) (Yan et al., 2019). Samples were
subsequently transferred into 20 dm® acid-washed polycarbonate bot-
tles. An aliquot of 50 cm® of water was filtered through a 0.22 pm sy-
ringe polyethersulfone filter. The filtrate was preserved in 50 cm®
polypropylene centrifuge tubes (BD FALCON). 100-300 mL of water
samples were filtered through pre-combusted (at 450 °C for 4 h) and pre-
weighed glass fiber filters (0.7 pm pore size and 47 mm diameter, GF/F,
Whatman, GE Healthcare, USA) to collect particles. All the samples were
frozen at —20 °C until the analysis.

Seawater salinity and temperature were measured using a
conductivity-temperature-depth profiler and a portable multiparameter
water quality analyzer (WTW, Multi 3630 IDS Set F). NH4, NO3, and
NOx (NO3 + NOg3) in the filtrate were determined by classical colori-
metric methods with a four-channel Continuous Flow Technicon AA3
Auto-Analyzer (Ban-Lube, GmbH) (Armstrong et al., 1967; Strickland
and Parsons, 1972; Becker et al., 2020). The detection limits were 0.1
pmol dm 3 for NO3, 0.04 pmol dm ™3 for NO3, and 0.5 pmol dm 3 for
NHj. Although the samples were stored frozen for less than a month
prior to analysis, we acknowledge that such storage can introduce bia-
ses, particularly for NHj. Previous studies have reported measurable
losses of NHJ during short-term freezing (Gardolinski et al., 2001). We
therefore interpret our nutrient data with caution, recognizing this as a
limitation of the study.

All filters were freeze-dried (CoolSafe Freeze Dryer, ScanVac) for 24
h, and then acidified with 1 cm® of 1 mol dm~3 HCl to remove inorganic
carbon from the particles. After that, the decarbonated particulate
samples were dried at 60 °C for at least 24 h. We analyzed particulate
organic carbon (POC) and nitrogen (PN) contents, and carbon isotopic
composition of particulate organic matter, POM (613COrg =
((ISC/lzCsammE) / (3C/ "2 Cytandard) — 1) x 1000%o, which is referenced to
Pee Dee Belemnite, PDB) using an elemental analyzer connected to an
isotope ratio mass spectrometer (EA-IRMS, Isoprime 100, UK). The
analytical precisions of POC, PN, and 613Corg were better than 0.1 %, 0.1
% and 0.1 %o, respectively, based on long-term measurements of the
international standard USGS40 (L-glutamic acid; 613Corg = —26.39 %o)
(Yang et al., 2017).

2.2. Particle addition experiments

2.2.1. In situ SPM addition experiments

Water samples collected at ~0.5 m of each station were first quan-
titatively dispensed into 1 dm® acid-washed polycarbonate (PC) bottles
(n = 6-8) and stored in the dark. Approximately 100-400 cm® of water
samples at the same depth were subsequently filtered separately using
47 mm track-etched membranes (0.2 pm pore size, Whatman, Nucle-
pore). After filtration, the membranes were wrapped in pre-combusted
(450 °C for 4 h) aluminum foil and frozen at —20 °C to inactivate par-
ticles. Water and particle samples were transported to the laboratory
within 6 h before the incubation experiments. In the laboratory, the
surface waters collected at each station were mixed with the in situ
particles on the membranes, representing the in situ SPM addition group
(n = 4). The control group (n = 2) was set as the water samples without
particle addition (Fig. S1). The PN concentrations in the in situ SPM
addition groups were approximately 7-31 % higher than those in the
control groups, due to the particle heterogeneity (Fig. S2). Note that
based on the actual amounts of PN added, the in situ SPM addition
experimental groups (n = 4) mentioned above can be classified into less
(n = 2) and more (n = 2) SPM addition groups.

The '°N-labeled method was used to determine the water-column
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AUR and AOR (e.g., Xu et al., 2022). 1SNH4Cl (99 atom% '°N; Cam-
bridge Isotope Laboratories, Inc., Lot#I-24891C) tracers were intro-
duced into the 1 dm® PC bottles for both the in situ particle addition and
control groups, yielding final N concentrations close to ~20 % of the
ambient substrate concentrations (Table S1). While water transparency
was not directly measured with a Secchi disk during the cruise, both in
situ surveys and remote sensing analyses indicate that Secchi disk depths
typically range from 0.2 to 1.4 m along our transect (Lee et al., 2016,
2017). Previous observations demonstrate that the JRE is highly turbid,
particularly near the river mouth (Yan et al., 2019; Wan et al., 2023),
resulting in very low transparency, with 0.1-1 % surface photosyn-
thetically active radiation (PAR) depths of 0.6-3.0 m even during the
daytime (Fig. S3; Tang et al., 2022). During the cruise, observed TSM
concentrations (Zhao et al., 2025) were higher than those reported by
Tang et al. (2022), further supporting rapid light attenuation in the
surface waters of the JRE. Such darkness or low-light conditions in
turbid estuaries are expected to intensify as particle abundance in-
creases. Moreover, nitrification rate measurements are conventionally
incubated in the dark because light inhibits nitrification (Merbt et al.,
2012). Collectively, these considerations justify our assumption that
dark incubations realistically represent in situ light conditions at the
sampling depth (~0.5 m). Accordingly, all incubation bottles were
wrapped in aluminum foil to ensure darkness and maintained at in situ
temperature (~23.6 °C; Table S1). To examine the linearity of 5N
production in the product pool during incubation, we conducted 12-h
incubations with multiple sampling intervals (0, 3, 6, and 12 h;
Fig. S4). Once the tracer injection was finished, approximately 120 cm®
of water sample was filtered immediately through 25 mm diameter 0.37
pm glass fiber membranes (pre-combusted at 450 °C for 4 h) to represent
the initial condition (tp). The remaining water subsamples were termi-
nated at tj, tz, and t3 using the same protocol as the ty samples. The
filtrate and filters were stored at —20 °C for isotope analysis.

2.2.2. Riverine SPM addition experiments

During the cruise, riverine SPM was collected from the freshwater
end at the inner estuary station JRE-8 (salinity 1.1). Water samples were
obtained from the seawater end at the outer estuary station JRE-1
(salinity 28.0). Riverine SPM and seawater samples were collected and
preserved as described above. Likewise, riverine particles were incor-
porated into seawater to represent the riverine SPM addition group (n =
4), while the control group (n = 2) was set as the seawater samples
without adding riverine SPM. The same '°N-labeled method and pro-
tocol shown above were used to measure the water-column AUR and
AOR in this experiment (Fig. S1).

2.2.3. Rate calculation

Nitrogen isotopic composition 3N ((ISN/“Nsample) /
(*N/"Ngtandard) — 1) x 1000%o, which is referenced to air Ny) of NOx
was determined by the “denitrifier” method (Sigman et al., 2001; Cas-
ciotti et al., 2002). Briefly, NOy was quantitatively converted into N,O
gas by the bacterial strain Pseudomonas aureofaciens (ATCC#13985),
and its 8!°N was subsequently measured using a Thermo Finnigan
Gasbench II system interfaced with a Delta V PLUS isotope ratio mass
spectrometer. The 8!°N of NOy was calibrated against three interna-
tional isotope references (615N1AEA_N3 =4.70 %o, 615NU5G334 = —1.80 %o,
5'5Nysgss2 = 180.00 %o). The standard deviation of §'°N was less than
0.2 %o (Yang et al., 2022). The 5!°N of PN was measured using an EA-
IRMS described above, with a precision better than 0.2 %o (Yang et al.,
2017).

The AOR and AUR were determined based on the increases in !°N in
the product pool (i.e., NOy and PN) during the incubation period
(Dugdale and Wilkerson, 1986; Xu et al., 2022). Based on the correlated
linearity in 5N of the product (Fig. $4) during time-series incubation
experiments, we calculated the rates as the average '°N accumulation
between the t and tp points (including to-t;, to-tz, and ty-ts).

The AOR was calculated as Eq. (1):
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A[PNOy]

AOR = 1)

(**NH; + °NH;)
NH;

where A[lsNO{(] is the change in 15N concentration of the NOx pool
between the beginning point ¢y and the end point ¢ of the incubation; t is
the incubation interval in hours; 14NHI and 15NH4+ are the measured
NHZ content in the incubation bottle and the '>NHJ concentration at the
start of the incubation after adding >NH,4CI, respectively.

The AUR was determined using Eq. (2):

(**NH; + '°NH;)

2)
NH;

AUR =

A['PN] y
t

where A['®PN] is the change in 15N concentration of the PN pool be-
tween the beginning and the end points during the incubation experi-
ment. The other parameters are the same as those in Eq. (1).

2.3. Statistical analysis

The statistical significance of NH} transformation rates in particle
addition and control groups was determined using Student's t-tests.
Pearson's correlation was applied to evaluate the relationships between
environmental parameters and NHj transformation rates. Unless
otherwise stated, all the statistical analyses were conducted by Graph-
Pad Prism 9 at a 0.05 significance level.
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3. Results and discussion
3.1. Environmental parameters

Environmental conditions across the JRE transect reflected a typical
estuarine gradient. During the cruise, the salinity increased from 1.1 in
the inner estuary to 28.0 in the outer estuary, while surface temperature
remained nearly constant (23.6-23.7 °C; Table S1). For convenience, we
defined the sampling sites as representing freshwater, brackish water,
saline water, and seawater ends, respectively. Concentrations of NO3,
NO3, and NHj generally declined seaward, showing approximately
conservative mixing patterns, with a slight removal at JRE-3 (Fig. 2a—c).
NOj3 was the dominant DIN species, ranging from 34.0 to 178.3 pmol N
dm™3, whereas NO3 concentrations were an order of magnitude lower
(1.60 to 12.11 pmol N dm3). NHJ concentrations decreased from 34.5
pmol N dm~2 at the freshwater end (JRE-8) to 12.5 pmol N dm~3 at the
seawater end (JRE-1) with the minimum value at JRE-3 (Fig. 2c). These
relatively conservative patterns of nutrients along the JRE can be
attributed to the frequent water exchange, resulting in a short water
residence time (Yan et al., 2019).

The PN distribution resembled the nutrient patterns, showing a
decreasing trend with salinity, with the maximum value of 20.7 pmol N
dm~2 in freshwater and the minimum value of 2.4 pmol N dm~2 in
seawater (Fig. 2d). In contrast, C/N ratios and 613C0rg values displayed
non-conservative patterns (Fig. 2e—f). Specifically, the low- and mid-
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Fig. 2. Distribution of environmental parameters against salinity: (a) nitrate (pmol dm~®); (b) nitrite (pmol dm™®); (¢) ammonium (pmol dm™>); (d) particulate

nitrogen (PN, pmol dm’3); (e) C/N ratios of POM; (f) 513C0rg of POM (%o).
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salinity stations (JRE-8, JRE-4, and JRE-3) exhibited higher C/N ratios
(6.9-9.2) and lower 613C0rg values (—24.4 %o to —23.8 %o), whereas the
high-salinity station (JRE-1) showed a lower C/N ratio (4.4) and a
higher 613C0rg value (—23.3 %o). These contrasting trends indicate a
clear transition in organic matter sources, from terrestrial-dominated
particulate organic matter (POM) in the inner estuary to marine-
derived POM in the outer estuary, as observed in other estuaries
(Lamb et al., 2005; Ye et al., 2017). Together, these environmental
characteristics provide the framework for understanding the observed
NH." consumption pathways along the salinity gradient.

3.2. NHj consumption pathways and their influencing factors

Against the environmental backdrop, both AOR and AUR at four
stations along the salinity gradient were quantified based on the time-
series 1°N tracer incubation experiments. The ambient AOR (i.e., con-
trol groups; Fig. 3) showed the highest value of 68.8 nmol N dm > h™! at
the freshwater end (JRE-8) with a slight decrease at JRE-4, and then
rapidly dropped to 1.0 nmol N dm~3 h™! at the downstream stations
(JRE-3 and JRE-1). The ambient AUR also decreased with salinity but
varied over a narrow range (33.8-97.1 nmol N dm3h! ; Fig. 3b). These
rates are comparable to those reported previously for the JRE (Yan et al.,
2019; Yuetal., 2019; Tang et al., 2022), and are consistent with patterns
observed in other estuaries with steep physiochemical gradients (e.g.,
salinity, PN, and nutrients) (Berounsky and Nixon, 1993; Tang et al.,
2022; Xu et al., 2022).

At the freshwater and brackish stations (JRE-8 and JRE-4), the
ambient AUR and AOR were of similar magnitude, suggesting that
planktonic microorganisms capable of assimilating NH; compete for
substrates at a level similar to that of ammonia-oxidizing microorgan-
isms (Figs. 3 and S5). However, downstream stations exhibited

(a) Ammonia Oxidation
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disproportionately low AOR, despite NHJj concentrations not being
depleted, even under dark conditions, indicating that NHj assimilation
by planktonic communities may outcompete NHj oxidation under
higher salinity conditions (Fig. S5). This interpretation is supported by
microbial community analyses, which show that bacterial amoA genes
were more abundant at the freshwater end, while archaeal amoA genes
increased with increasing salinity (Fig. S6). However, because AOA are
characterized by high substrate affinity and typically dominate under
NHj-depleted conditions (Ma et al., 2021; Dai et al., 2022), their ac-
tivities may have been suppressed in the outer estuary where NHj
concentrations remained relatively high (exceeded 10 pmol dm™5;
Figs. 2c and 3a). Consequently, phytoplankton-mediated NHJ uptake
likely dominated NHa" consumption in the outer JRE, as potential
competition from AOB and AOA and/or environmental stressors was
alleviated.

3.3. Responses of ammonium consumption pathways to in situ SPM
addition

To comprehensively elucidate the role of elevated particle concen-
trations in modulating NH4 consumption within the eutrophic estuary,
we systematically quantified the responses of AOR and AUR to the
addition of in situ SPM along the salinity gradient of the JRE. The results
revealed divergent responses (Fig. 3a-b). Specifically, at the freshwater
end (JRE-8), SPM addition enhanced AOR by ~76 % but had little effect
on AUR. In contrast, at the seawater end (JRE-1), AOR and AUR
increased by ~15 % and ~69 %, respectively. No statistically significant
changes in these NH4 consumption pathways were detected at the mid-
salinity zones.

Our experimental findings show that increased ambient SPM con-
centrations can alter the natural rates of NHj consumption pathways
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along the salinity gradient of the JRE. In the inner estuary, NHj is
quickly oxidized to NOz and NOg3, whereas in the outer estuary, it is
predominantly assimilated into particulate forms. We also quantita-
tively assess how the NHJ turnover time per unit increase in PN changes
along the JRE (Fig. S7). A 1 pmol dm ™2 increase in ambient PN short-
ened the NH} turnover time by 1.61 + 0.26 days in the inner estuary,
but by 33.40 + 5.92 days in the outer estuary. Thus, particle-mediated
acceleration of NHJ consumption was most pronounced at the fresh-
water and seawater ends, resulting in a shorter NH4 turnover time than
reported earlier (Wang et al., 2015; Tang et al., 2022).

In the following, we will discuss the potential mechanisms under-
lying the distinct responses of AOR and AUR to SPM addition along the
environmental gradient of the JRE. Due to particle heterogeneity, the
actual added PN in the quadruplicate samples at each site was not
entirely the same. However, the results between the less (n = 2) and
more (n = 2) SPM addition groups were statistically consistent (Fig. S8),
indicating that differences in added PN concentrations did not change
overall response patterns of AOR and AUR along the salinity gradient. In
addition, time-series monitoring revealed the rapid remineralization of
the added SPM, as evidenced by NH4 accumulation within hours during
incubation (Fig. S9). Nonetheless, elevated substrate concentrations did
not exclusively enhance both NHJ consumption pathways (Fig. 3),
suggesting that the microbial community structure and interactions may
also modulate particle-mediated responses of NHj consumption along
the environmental gradient.

Along the estuarine continuum, ammonia-oxidizing populations shift
from AOB dominance in freshwater to AOA prevalence seawards
(Fig. S6), with contracting substrate affinities and kinetics (Martens-
Habbena et al., 2009; Kits et al., 2017; Jung et al., 2022). In the AOB-
dominant freshwater of the JRE, the half-saturation constant (K,,) for
ammonia oxidation (30-40 pmol dm~ at the ambient temperature of
~26 °C; Zheng et al., 2020) is comparable to the ambient NH} con-
centration at JRE-8 (34.5 pmol dm~; Fig. 2). Thus, in situ SPM addition
likely stimulated AOR at substrate unsaturated conditions. This is sup-
ported by substrate kinetics experiments, which show enhanced AOR at
elevated NHJ concentrations in freshwater from the JRE at different
temperatures (Zheng et al., 2020). Added SPM may also promote AOB
growth and activity (Xia et al., 2009; Ma et al., 2021), as supported by
field observations during a storm-driven SPM enrichment in the JRE,
where bacterial amoA gene abundance in the freshwater increased
approximately fourfold in a few days (Lin et al., 2023). By contrast, in
the AOA-dominant high-salinity waters, K, values for ammonia oxida-
tion are extremely low (40-50 nmol dm ™ at similar temperature; Zheng
etal., 2020), orders of magnitude lower than those in the AOB-dominant
freshwater and ambient NHJ concentrations (10-20 pmol dm’3). Under
such saturating conditions, in situ SPM addition and the resultant
elevated NHZ concentrations did not substantially enhance AOR in these
waters, as we observed in the experiments (Fig. 3a).

The negligible response of AUR to in situ SPM addition in the
freshwater and brackish water (Fig. 3b) suggests that the phytoplankton
might be growing under saturating substrate concentrations, accompa-
nied by competition with AOB. Culture and field studies have demon-
strated that the K, values for ammonium uptake by different
phytoplankton groups span from 0.1 to 10 pmol dm >, depending on
ambient conditions such as substrate concentrations and light intensity
(Fan et al., 2003; Xu et al., 2019; Papacek et al., 2024, and references
therein). Overall, the K;,, values tend to be elevated in environments such
as the JRE, where substrate concentrations are enriched and light
availability is limited. However, these reported K, values are consid-
erably lower than the ambient NHJ concentrations (exceeding 20 pmol
dm™3; Fig. 2). Moreover, NHf accumulation during the incubations in
the control groups (i.e., in the absence of SPM addition) was more
evident at the low-salinity station (Fig. S9), which may also support our
inference. Furthermore, the markedly elevated NHj in the incubation
system may suppress its uptake. The high-NHj induced inhibition of
phytoplankton growth has been extensively reported in coastal waters
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(e.g., Glibert et al., 2016, and references therein). In contrast, positive
AUR responses were observed in the high-salinity waters (Fig. 3b). This
suggests that, when NHZ concentrations decreased to ~10 pmol dm 3,
the substrate availability for the phytoplankton in these waters became
presumably unsaturated and the phytoplankton greatly outcompeted
AOA for substrate (Fig. S5).

Interestingly, although AOR and AUR were comparable between the
saline water (JRE-3) and the seawater (JRE-1) at similar substrate levels,
in situ SPM addition significantly enhanced both rates only in the
seawater (Fig. 3). Given the distinct C/N ratios and 613C0rg signatures of
SPM collected from two sites, we propose that SPM origins (terrestrial
vs. marine) are very likely to exert an additional control on the observed
divergent responses of NHJ consumption rates along the estuary.

3.4. Responses of seawater NHJ consumption to riverine SPM addition

To further examine how SPM with different characteristics affects
NHJ consumption rates in the estuary, we performed riverine SPM
addition experiments at the seawater end (JRE-1; also see Methods for
details). Riverine SPM collected from the freshwater end (JRE-8) was
predominantly terrestrial in origin, exhibiting a higher C/N ratio and a
more depleted 613C0rg value, compared to in situ SPM collected from the
seawater end which was primarily marine-derived (Fig. 2). Analogous to
the in situ SPM addition experiments (Fig. 3), adding riverine SPM to the
seawater induced substantial increases in both AOR and AUR (Fig. 4a).
Specifically, AOR experienced a 118 % increase (from 1.0 &+ 0.1 to 2.2
+0.4nmol Ndm™3 h’l), while AUR showed a 90 % increase (from 38.2
+ 5.0 to 72.6 + 10.1 nmol N dm > h™'). These enhancements were
larger than those induced by in situ SPM amendments (Figs. 3 and 4a),
likely due to the higher PN concentrations used in the riverine SPM
treatments compared with the in situ SPM addition experiments (3.23 +
0.05 pmol dm 2 vs. 2.54 + 0.02 pmol dm~3; Fig. $2). To account for this
difference, we normalized the responses to equivalent PN increases (i.e.,
~7 % above ambient; Fig. S1). Under this correction, AOR enhancement
by riverine SPM addition (22.3 + 4.6 %) was comparable to that
induced by the equivalent addition of in situ SPM (15.9 + 6.1 %),
whereas AUR exhibited a different response, with riverine SPM inducing
only a 17.3 &+ 0.4 % increase, significantly lower than the 69.9 + 5.8 %
enhancement observed with in situ SPM (Fig. 4b).

These results demonstrate that marine-derived SPM exerts a stronger
influence on NHj consumption than riverine SPM in the outer estuary,
particularly for AUR. Fresh marine SPM, derived primarily from bac-
terioplankton, phytoplankton, and their detritus, is more bioavailable
than the riverine/terrestrial SPM (Behnke et al., 2023). As a result, the
labile SPM can more efficiently supply substrates for ammonium-
assimilating microorganisms, and strongly stimulate AUR at the
seawater end, where the substrate for phytoplankton remains unsatu-
rated. This finding thus provides a compelling explanation for the
different responses of AUR observed between the saline water and the
seawater in the in situ SPM addition experiments (Fig. 3b).

4. Conclusion and implications

This study provides the first comprehensive assessment of how
increasing SPM concentrations influence NH} consumption dynamics
and the underlying mechanisms along the salinity gradient of a eutro-
phic estuary (Fig. 5). Overall, the addition of in situ SPM differentially
stimulated AOR and AUR, with contrasting responses in the inner and
outer estuaries. In substrate-replete freshwater, the SPM added sub-
stantially enhanced AOR by supplying additional substrates and creating
favorable habitats for AOB, characterized by relatively high K, values
and a tendency to adhere to particles. However, the lack of significant
responses of AUR reflected the sufficient substrate for the growth of
bacterioplankton and phytoplankton. Conversely, adding in situ SPM led
to a remarkable increase in AUR in seawater with diminished substrate
availability. However, when riverine SPM was introduced, the increase
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in AUR was less pronounced. These results indicate that freshly pro-
duced marine SPM added can release NH4 more efficiently to nourish
phytoplankton and stimulate AUR, thereby outcompeting ammonia-
oxidizing communities dominated by AOA in seawater.

Taken together, our study underscores that, under intensified
anthropogenic activities and human-induced climate change, increasing
SPM inputs have the potential to accelerate estuarine NH4 dynamics and
ultimately alter the associated biogeochemical processes (Fig. 5).
Enhanced ammonia oxidation in the inner estuary may intensify NoO
emissions and DO consumption; on the other hand, elevated ammonium
uptake in offshore regions could boost primary production and poten-
tially contribute to marine carbon sequestration. Although riverine SPM
is generally less bioavailable than marine SPV, its growing export to the
ocean is likely to substantially stimulate NHf consumption in coastal
ecosystems, with far-reaching implications for N cycling and ecosystem
functioning.
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