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• Increased freshwater discharge resus-
pended previously deposited sediment.

• The dominant AOA switched from a
marine species to a river species
(Nitrosotenuis).

• The dominant AOB was still the marine
genus (Nitrosomanas).

• Changed DIN and isotopic composition
confirmed active nitrification inwater col-
umn.

• Abundances of denitrifiers, DNRA and
anammox increased while its activity un-
known.
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Storms, in subtropical regions such as S.E. China, cause major changes in the physical and biogeochemical fluxes of
anthropogenic N species through the river-estuary continuum to the coast. Two weeks continuous observations at a
sampling station (Station E) in the upper Jiulong River Estuary (S.E. China) were conducted to track the changes of
physical and biogeochemical parameters together with genomic identification of nitrogen cycling microbes through
a complete storm event in June 2019. In conjunction with previous N flux measurements, it was found that there
was greatly increased flux of N to and through the upper estuary during the storm. During the storm, the freshwa-
ter/brackish water boundary moved downstream, and previously deposited organic rich sediment was resuspended.
During baseflow, anthropogenically derived ammonium was oxidised dominantly by the marine nitrifying (AOA) mi-
crobe Nitrosopelagicus. However, during the storm, the dominant ammonia-oxidizing archaea (AOA) at Station E
changed to the riverine genus (Nitrosotenuis) while the marine genus, Nitrosopumilus decreased. At the same time the
dominant ammonia-oxidizing bacteria (AOB)was still themarine genus (Nitrosomanas). Estuarine nitrifiers had higher
abundance, weighted entropy and diversity during the Flood, suggesting that the highNH4-N andDOduring theRising
period of the Flood resulted in a bloom of nitrifiers. The changing gene abundances of nitrifiers were reflected in
changes in the concentration and isotopic composition of DIN confirming active nitrification in the oxygen-rich
water column. During the storm the numbers of denitrifiers (narG, nirS and nod), DNRA (nrfA) and anammox (hzsB)
were found in the water column increased, and the larger fraction was associatedwith the<22 μm free-living fraction.
However it was not possiblewith the data obtained to estimatewhat fraction of these anaerobic bacteriawere active in
the dominantly oxic water column.
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1. Introduction

Climate changewill likely cause an increase in the number and intensity
of storms that will result in major pulses of increased freshwater discharge.
As a result of such storms there will be a higher flux of watershed materials
including soil particles with attached pollutants and anthropogenic nutri-
ents into rivers and estuaries and from there into offshore systems (Brown
et al., 2013; Chen et al., 2018a; Surbeck et al., 2006). An important compo-
nent of this storm enhanced discharge is anthropogenic nitrogen (N) and
themicrobes that can transformone type of N compound to another. For ex-
ample, 42–47 % of the total annual discharge of ammonium and nitrate N
from the Jiulong River (China) watershed, most of which was derived
from wastewater discharge, occurred during a few storm events in 2014
(Gao et al., 2018). As a result of the high river discharge during storms,
additional particle-attached and free-livingmicrobes are transported down-
stream to the estuary and thence to the coast from terrestrial sources,
including from point-source and non-point source wastewater discharges
and resuspended and eroded riverine and upper estuarine sediments
(Jamieson et al., 2005; Jeng et al., 2005). These inputs of exogenousmicro-
organisms can cause major changes in the composition and function of mi-
crobial communities in the river system and downstream in the estuary and
coastal waters (Chi et al., 2021; Nakatsu et al., 2019; Nevers et al., 2020).
For example it was found that riverine benthic nitrifying activity was
reduced during storm flow, as surface sediments with nitrifiers were
removed (Cooper, 1983). Downstream, particularly in the upper estuary
which during the storm is freshwater, N cycling microbial assemblages,
can result in changes in the amount and nature of nitrogen loading being
fluxed through the estuary to the coast (Fortin et al., 2021; Lin et al.,
2020; Wang et al., 2022; Yan et al., 2019; Lin et al., 2022). However,
detailed information of how N cycling microbial communities change dur-
ing flood disturbance events through a major particle-rich river-estuary
continuum is understudied.

Microbial N cycling processes in the river-estuary systems include nitri-
fication, denitrification, dissimilatory nitrate reduction to ammonia
(DNRA) and anaerobic ammonium oxidation (anammox). Nitrification
oxidizes ammonium to nitrate via nitrite, which is mediated by the first
step of ammonia-oxidizing archaea (AOA) and ammonia-oxidizing bacteria
(AOB) and the second step of nitrite-oxidizing bacteria (NOB) (Galloway
et al., 2008; Konneke et al., 2005; Sorokin et al., 2012). An important N re-
moval process is microbially driven denitrification, in which nitrate/nitrite
is reduced toN2O and N2mediated by nar (nitrate reductase), nir (nitrite re-
ductase), nor (nitric oxide reductase) and nos (nitrous oxide reductase)
genes (Warneke et al., 2011). DNRA, an alternative microbial reduction
process, reduces nitrate/nitrite to ammonium and is beneficial as it reduces
the emissions of the potent greenhouse gas N2O, which occurs as a
biproduct during microbial denitrification (Pandey et al., 2020). Anammox
converts ammonium and nitrite to dinitrogen gas resulting in N removal
from the river-estuary system (Hou et al., 2013; Kartal et al., 2011). Consid-
ering high ammonium and nitrate concentration in the Jiulong river-
estuary system, these microbial processes can play an important role in
the turnover of N nutrients.

The effects of storms and how they affect variations of N concentrations
and fluxes across the river-estuary-coast continuum have been studied in a
number of different river systems (Blanco et al., 2010; Chen et al., 2018a;
Chen et al., 2012; Gao et al., 2018; Lin et al., 2022). However, there is limited
information about how flood events alter the microbial community and their
genetic makeup through the river-estuary systems including how these
changes impact N cycling and export through the estuary system. In this
study, we investigated the changes in hydrological conditions, N species (am-
monium, nitrate and nitrite), N functional genes (nitrification, denitrification,
DNRA and anammox) and 16S rRNA genes as well as community composi-
tion and diversity of ammonia-oxidizing microbes during a complete flood
event (June 2019) in the upper Jiulong River Estuary (JRE). We consider
JRE as an example of a typical particle rich river system which is affected
by considerable anthropogenic inputs of pollutant N species. The specific ob-
jectives of the study were to: (1) explore the storm-induced changes in the
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community and abundance of nitrifiers and the resulting N chemical species
produced; and to (2) explore the storm-induced changes in particle-attached
(PA) and free-living (FL) N cycling microbes, which change their niche after
riverine particle inputs mix with resuspended sediments that had been tem-
porarily deposited in the upper estuary during periods of normal flow and
are then resuspended and advected downstream together during the storm.

2. Methods

2.1. Study area

The Jiulong River Estuary (JRE; Fig. 1) receives discharge mixing agri-
cultural and residential wastewater from point and non-point sources. It is
the second largest river in Fujian province of China, and 90 % of the estua-
rine discharge exports to Xiamen Bay and thence to the Taiwan Strait from
its southern channel (Chen et al., 2018a; Lin et al., 2020). The subtropical
monsoon climate in the region causes high precipitation and temperature,
between May to August, including storms and occasionally typhoons. As a
semi-enclosedmacrotidal estuary, the JRE has 2–3 days of average flushing
time, 2.7–4m tidal range, 0–30‰ salinity gradient and 3–16m depth (Cao
et al., 2005). The fixed sampling Station E (Fig. 1) is in the core area of the
Estuarine Turbidity Maximum (ETM) with 0–5 ‰ salinity gradient during
normal baseflow condition (Lin et al., 2022; Yu et al., 2020; Yu et al., 2019).

2.2. Sampling campaign

The sampling campaign was designed to capture in detail a major storm/
flood event, which took place between June 10th and 23rd 2019. Hourly
river discharge was obtained from the local government measurements at
the closest hydrological stations in the North and West rivers respectively
(PN and ZD, Fig. 1) adjusted to include estimates of the additional flux to
the rivers downstream of the gauging stations (Lin et al., 2022). The values
given here are the sum of the discharges of both rivers together into the estu-
ary. The sampling was divided into Initial, Rising, Falling and Ending phases
based on the observed river discharge (Fig. 2a). The flood event was also di-
vided into Baseflow (Initial and Ending) and Flood defined as >1.2 times the
baseflow (Rising and Falling). In order to collect samples during complete
tidal cycle, water samples were collected at Station E every 2 h, during 10
tidal cycles each lasting 14 h (11th to 17th, 19th, 21st and 23rd).

We collected nutrient samples (0.5 L) and genome samples (1 L) at the
same time, using by a 5 L plexiglass sampler under 0.5 m depth at a point
several meters away from the bank to ensure the samples were from the
main estuary flow. Each water sample was filtered using GF/F (0.7 μm)
filters and placed in fridges at 4 °C, and filter membranes were placed in
fridges at −20 °C. All samples were transported to the lab in Xiamen
University every three days for subsequent analysis.

An in-situ sensor (Aqua TROLL 600, USA)was fixed in the bottomwater
of Station E (1m above surface sediment)whichmeasured hourly dissolved
oxygen (DO), water temperature, turbidity and pH.

2.3. Chemical analysis

SPM was the difference between the unfiltered and filtered membranes
after oven-drying (105 °C) to constant weight. The filtrate was analyzed for
ammonium (NH4-N), nitrate (NO3-N), and nitrite (NO2-N) by segmented
flow automated colorimetry (San++ analyzer, Germany) within one
week of sampling. The precision of analysis determined by repeated sam-
pling of 10 % of the samples was <5 % relative error. Total dissolved nitro-
gen (TDN) was determined as NO3-N following oxidization with 4 %
alkaline potassium persulfate. Dissolved organic nitrogen (DON)was calcu-
lated by subtracting DIN from TDN.

2.4. Molecular analysis

The samples for genome determination were first filtered by a 20 μm
bluteau filter to remove large particles and algae. In order to distinguish
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Fig. 1.Map of the JiulongRiver Estuary showing thefixed estuary site (E) and the tide gauge site at Shima (SM). Light blue indicates shallowwater. Red circles are the stations
sampled regularly in previous studies (Chen et al., 2018a; Chen et al., 2018b; Yu et al., 2019; Lin et al., 2022). PN and ZD in the insertmap are the hydrological stations used to
determine the water discharge and nature of chemical species fluxing out of the North and West river in these previous publications.
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between the relative abundances of particle-attached (PA) and free-living
(FL) microbes, one sample per day sampled at low tide was filtered by
3 μm and 0.22 μm Isopore TMMembrane (47 mm, Millipore, USA), respec-
tively. The sum of PA and FL abundances was equal to the total abundance.
DNA was extracted using FastDNA Spin Kit for Soil (Millipore, USA). The
quantitative PCR (qPCR) amplification of microbial N functional genes
was performed using a Bio-Rad CFX96 qPCR system (Bio-Rad Laboratories,
Inc., USA). Primer pairs and amplification protocols for qPCR (archaeal
amoA, bacterial amoA, nxrA, narG, nirS, nod, nrfA, hzsB and 16S rRNA)
are shown in Table S1 and S2, respectively. To characterize the community
dynamics of AOA and AOB, the archaeal and bacterial amoA genes were se-
quenced for four flood phases samples on an Illumina MiSeq instrument
using 2 × 300 bp lengths with a total of 40–50 K reads by the company
GENEWIZ (China). To ensure the quality and limit of detection of the
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gene analysis, we evenly mixed equal amount of PA and FL samples for
high-throughput sequence. The high-throughput sequencing data were
analyzed using Mothur v.1.35.1 (Schloss et al., 2009). For more details of
the procedures used see Lin et al. (2020). The raw Illumina reads of amoA
gene sequences were deposited in the National Center of Biotechnology
Information (NCBI) in accession NO. PRJNA656067 (AOA) and NO.
PRJNA656066 (AOB).

2.5. Auxiliary data, calculation and statistical analysis

Hourly river discharge at the closest hydrological stations (PN and ZD,
Fig. 1) was gathered from local government data. The tidal range at the
Shima tide-gauge was obtained from the National Maritime Information Ser-
vice (https://www.cnss.com.cn/tide/). A complimentary data set of nutrient
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easured discharge rate. For more details of the discharge conditions see Lin et al.
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concentrations, isotopic ratios and calculated N flux was collected at two sta-
tions at the exit of the North (NJR) and West (WJR) rivers during this storm
(Lin et al., 2022). For details of Statistical analyses used see Supplementary
Information.

3. Results

3.1. Physiochemical changes during the flood event

At the beginning of the storm (Initial) Station E was at or close to the
location of the boundary between fresh and brackish water, which was
considered to be the ETM. The resuspension processes at the ETM were
controlled by the tidal cycle (Fig. S1). As the storm and the river discharge
increased (Rising and Falling), the freshwater-brackish water boundary
moved downstream, and Station E was occupied by freshwater during the
entire tidal cycle. At the same time the water depth increased by 12 cm
while the tidal range decreased by 26 cm (Table 1). During the period of
high river discharge (Rising and Falling), the physiochemical characteris-
tics of the water at Station E were close to that of the lowest parts of the
North and West river with lower water temperature, higher DO and lower
pH (Fig. 3). Both SPM and turbidity were significantly higher during high
flow (K\\S test, P < 0.05), which had peak values during the Rising
(Fig. 2a, Fig. 3c).

All species of inorganic N increased in concentration during the flood
event (Fig. 2b). The average concentration of DIN increased from
213 μmol L−1 in the Initial to ~255 μmol L−1 during the Rising and Falling
(Table 1), while the minimum concentration in the Baseflowwas 182 μmol
L−1 increasing to a maximum of 334 μmol L−1 in the Flood period (Fig. 2).
Most of the additional DIN came as NO3-N (84.9 ± 4.4 % of DIN), with a
smaller fraction (12± 4.3 % of DIN) as NH4-N. Together these two species
made up 91.5± 3.2 % of TDN. DON had a minor decrease from 28.6 μmol
L−1 in the Initial to 26.4 μmol L−1 in the Rising, and then decreased further
to 20.7 μmol L−1 in the Ending (Table 1). The peak value of NH4-N was
measured in the middle of Rising, while the peak of NO3-N was somewhat
later at the Rising-Falling transition (Fig. 2b). A minor peak of NO2-N
(8.2 ± 1 μmol L−1) was measured in the Rising, while the major peak of
NO2-N (8.6 ± 3 μmol L−1) was found at the end of Ending (Table 1,
Fig. 2b).
Table 1
Physiochemical changes at Station E during the storm.

Parameter (unit) The storm event (June 10th to 23rd 2019)

Initial Rising Falling Ending

Hourly river discharge
(m3 s−1)

699.1 ±
53.6 c

1679.2 ±
410.8 a

1360.9 ±
443.7 b

737 ± 96.3
c

Water depth (cm) 468.1 ±
144.3 b

480.4 ±
123.5 a

472.9 ±
147.5 a

466.3 ±
135.8 b

Tide range (cm) 275 ± 5.7 a 268.7 ± 7.2 a 275 ± 5.2 a 247.8 ±
10.1 b

Water temperature (°C) 26.7 ± 0.3 a 25 ± 1 b 25 ± 0.6 b 27.3 ± 0.8 a

DO (%) 67 ± 4.5 d 70.4 ± 5.1 c 76.9 ± 6.5 a 73.2 ± 4.8 b

pH 7.2 ± 0.1 b 7.1 ± 0.1 c 7.1 ± 0.2 c 7.3 ± 0.1 a

SPM (mg L−1) 129.5 ±
59.4 b

187.5 ±
112.5 a

171.8 ± 57.2
a

129.9 ±
57.1 b

DON (μmol L−1) 28.6 ± 1.2 a 26.4 ± 6.5 a 17.2 ± 12.6 b 20.7 ± 4.8 a

DIN (μmol L−1) 212.8 ± 3.7
b

254.4 ±
112.5 a

256.5 ± 28.1
a

206.4 ±
12.2 b

NH4-N (μmol L−1) 22.6 ± 1.4 b 36.1 ± 15.8 a 24.2 ± 6.8 b 20.8 ± 5.1 b

NO3-N (μmol L−1) 182.5 ± 6.2
b

210 ± 39 b 225.1 ± 23.5
a

177 ± 12.6
c

NO2-N (μmol L−1) 7.7 ± 1.2 c 8.2 ± 1 b 7.2 ± 0.6 c 8.6 ± 3 a

NH4-N/DIN (%) 10.7 ± 0.8 b 13.9 ± 4.5 a 9.4 ± 2 b 10.1 ± 2.7 b

NO3-N/DIN (%) 85.7 ± 1.5 a 82.8 ± 4.5 b 87.8 ± 1.9 a 85.8 ± 2.3 a

NO2-N/DIN (%) 3.6 ± 0.6 b 3.3 ± 0.4 b 2.8 ± 0.4 c 4.1 ± 1.3 a

DON/DIN 0.13 a 0.11± 0.03 a 0.07± 0.05 b 0.1 ± 0.02 a

Note: a, b, c and d represent significant differences (P< 0.05) among the four phases
of the storm event (Initial, Rising, Falling and Ending).
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3.2. Changes of the abundances of microbial N functional genes during the flood
event

The total abundances of microbial N functional genes (sum of PA and
FL) showed major changes during the Flood (Fig. 4, Table S4). The abun-
dances of the nitrifying genes amoA (AOA), amoA (AOB) and nxrA (NOB)
significantly increased by an average of 1.4, 3.6 and 2.2 times during the
Flood (Rising and Falling) as compared to the abundances of 1.3×103 cop-
ies mL−1, 1.8 × 103 copies mL−1 and 2.4× 103 copies mL−1 respectively
during the Initial. For the denitrifying genes, the abundances of narG and
nirS decreased during the Flood to 3.0–1.3 × 105 copies mL−1 and
3.5–3.2 × 105 copies mL−1 as compared to the abundances of 2.4 × 105

copies mL−1 and 4.7 × 105 copies mL−1 during the Initial (i.e. Baseflow).
The abundances of anammox gene (hzsB) and DNRA gene (nrfA) both
increased 1.3 times during the Flood compared with the abundances of
1.7 × 104 copies mL−1 and 7.0 × 107 copies mL−1 during the Initial.
The response time of nitrifying functional genes to reach maximum abun-
dance, (amoA (AOA) and nxrA (NOB)) was faster than amoA (AOB)
(Fig. 4). In addition, the ratio of nxrA/amoA increased from 1.8 (Initial)
to 2.9 (Rising).

Our results showed that the amount and relative proportion of free-
living N functional genes increased considerably during the progress of
the storm, especially for the nitrifiers (Fig. 4, Fig. 5). The nitrifying gene
nxrA (NOB) and 16S rRNA genes had higher relative abundance in FL
than in PA (FL/PA > 1; Table S4). The ratios of FL/PA of nitrification,
DNRA, anammox and 16S rRNA genes all increased by a factor of more
than one during the Flood. This effect was particularly large for amoA
(AOB) which increased by 9 times (Table S5). By contrast, the denitrifying
genes (narG and nirS) still had higher abundances in PA than in FL (FL/PA
ratios <1) through the Flood period. The response time of maximum FL
abundances, showed different patterns for different N functional genes
(Fig. 5). For example, for nitrifying genes the response time of amoA
(AOA) was shorter than amoA (AOB) and nxrA.

3.3. Diversity, variation and probability of interspecific encounter in N functional
species

During the flood event, the Shannon-Wiener, Simpson's diversity and
PIE indexes of N functional genes decreased from 1.28 to 0.24, 0.51 to
0.06 and 2.03 to 1.07, respectively (Fig. 6). The N functional genes at the
transitional period of Rising-Falling had the lowest diversity and PIE indi-
cating the minimum evenness among N functional microbes. As for varia-
tion of the absolute abundances of such genes, nitrifying amoA (AOB) had
the minimum value of entropy (Ep) and the maximum value of weighted
entropy (Wp) as compared to other N functional and 16S rRNA genes
(Fig. 6d).

3.4. Community composition and diversity of ammonia-oxidizing microbes
(AOA and AOB)

Overall, high-quality reads of amoA genes obtained for AOA and AOB,
respectively, were clustered into amoA (AOA) and amoA (AOB) at a cutoff
of 97 % identity after sub-sampling. The results of rarefaction curves indi-
cated the current sequencing depth was able to fully describe the composi-
tion and diversity of AOA and AOB communities (Fig. 7). At Station E, the
α-diversities of AOA and AOB communities were comparable between the
flood event in June 2019 and normal baseflow period in November 2018
(Fig. 7c, d). Both AOA and AOB reached the maximum diversity (e.g., the
highest Shannon-Weiner) and richness (e.g., the highest OTUs and
Chao1) during the Rising and Falling (Table 2).

Community composition of AOA at Station E tended to shift to the riv-
erine pattern during the flood event (Fig. 7a). During the Initial phase
which is before the storm, the dominant genus of AOA communities in
water of the JRE and Jiulong River was Nitrosopelagicus (62.3 %, marine
genus) and Nitrosotenuis (55.8 %, freshwater genus), respectively. During
the flood, Nitrosotenuis was found at Station E, which had higher relative
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abundance (10.4 % vs. 0.7 %) at low tide than at high tide and increased
to 31.2 % during the Rising. The freshwater genus of Nitrosotalea was
also found at Station E during the Flood, while the marine genera of
Nitrosopelagicus, Nitrosopumilus and Nitrosomarinus decreased or disappeared.

TheCommunity composition of AOB in the JREhad some variation dur-
ing the Flood, compared with the Initial Baseflow (Fig. 7b). Nitrosomonas
was the dominant genus (82.8 %) in water column both in the JRE and
Jiulong River, while Nitrosospira was the dominant genus (35.5 %) in
sediments and soils of the Jiulong River. During the Initial phase, AOB in
the JRE had higher relative abundance of Nitrosospira (30.5 %). However,
Nitrosomonas (87.4 %) became the dominant AOB in the JRE during the
Rising.
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4. Discussion

4.1. Changes in physical conditions through the storm

The changes in the hydrological and sedimentological conditions in the
upper estuary of the Jiulong river-estuary system are described in detail in
Lin et al. (2022). Herewe present a summary of themost important changes
needed to understand the changes in nutrient chemistry and gene abun-
dances caused by the storm in June 2019. During normal baseflow condi-
tions, the freshwater-brackish water boundary and the resultant ETM is
found at Station E (Yu et al., 2019). As the river discharge increases, this
boundary moves down the estuary such that during the peak of the flood
nitrification
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it is downstream of Station E. As a result, the water at Station E during the
Rising and Falling is characteristically freshwater with lower temperature
and pH (Table 1). In addition the speed of flow of that water is higher
than during the Baseflow (Lin et al., 2022). As the river discharge
R² = 0.2275
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decreased, the freshwater-brackish water boundary moved back upstream
again and at Station E there is again a tidal change between freshwater at
low tide and brackish water at high tide (Fig. S1). Thus Station E represents
the upper boundary of the brackish water under normal flow. During flood
R² = 0.2096
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Fig. 7. Relative abundances of communities of (a) AOA and (b) AOB during the storm of June 2019, and during normal baseflowmeasured in November 2018 in the water,
sediment and soil of West Jiulong river (WJR), North Jiulong river (NJR) and Jiulong river estuary (JRE). Rarefaction curves for (c) AOA and (d) AOB for Operational
Taxonomic Units (OTUs) in the JRE based on 97 % cut-offs. The data in water, sediment and soil of WJR, NJR and JRE during normal baseflow is from Lin et al. (2020).
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conditions there were major increases in chemical fluxes and changes in
microbial community caused by storm flooding.

It has been shown (Lin et al., 2022; Yu et al., 2019), that during normal
flow, sediment containing labile organic matter and characteristic freshwa-
ter bacteria is deposited temporarily in the estuary upstream of Station E.
Previousworks (Lin et al., 2022; Yu et al., 2020; Zhang et al., 2022) has sug-
gested that during the temporary deposition of this sediment, diagenetic re-
actions occur which are characteristic of estuarine brackish water
conditions. During the peak of the flow there was an increase in SPM
(Fig. 3c). This SPM has been shown to include eroded sediment and soil
washed into the rivers which is carried downstream into the estuary, plus
Table 2
The alpha diversity index of AOA and AOB in the Jiulong River estuary.

Gene Sample Coverage Simpson Chao1 Shannon Ace OTUs

amoA
(AOA)

Initial 100 % 0.08 67 3.17 67 67
Rising 100 % 0.07 76 3.26 76 76
Falling 100 % 0.07 85 3.40 85 85
Ending 100 % 0.07 78 3.29 78 78
Low
tide-baseflow

100 % 0.26 74 2.33 72 70

High
tide-baseflow

100 % 0.72 70 0.91 60 55

amoA
(AOB)

Initial 100 % 0.29 16 1.48 17 13
Rising 100 % 0.07 80 3.20 80 80
Falling 100 % 0.09 62 2.88 62 61
Ending 100 % 0.11 72 2.88 72 72
Low
tide-baseflow

100 % 0.19 46 2.08 45 46

High
tide-baseflow

100 % 0.22 38 1.89 38 39
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that fraction of the temporarily deposited sediment resuspended by the
flood waters. It is these sediment particles with their associated microbes
that become entrained in the water column and were sampled during the
peak of the flood at Station E (Fig. 4).

4.2. Dynamic changes in gene abundances and N chemistry characteristic of
nitrification

The community of AOA at Station E in the estuary measured in the drier
season of November 2018 was very different in diversity both from the
river in November 2018 (Lin et al., 2022) and during the entire storm
including baseflow during the summer wet season (June 2019 (Fig. 7). In
November 2018, the dominant AOA genus in the JRE was the marine
genus Nitrosopelagicus while in the river it was the freshwater genus
Nitrosotenius. The reason for this was that at that time the total river dis-
charge was much lower than in June 2019. As a result both the freshwa-
ter/brackish water boundary and the ETM were upstream of Station E
(Yu et al., 2019). In the Jiulong estuary as in many similar estuaries, the
ETM is a location of high sediment resuspension and high oxygenation
(Yu et al., 2020). The water column at and below the ETM including at
Station E in November 2018 was dominantly brackish (Yan, 2012). This
is a location where dissolved anthropogenically derived ammonium being
brought down the river is oxidised by AOA with the marine nitrifying bac-
teria Nitrosopelagicus dominant (Fig. 7a). By contrast the genus diversity in
the freshwater part of the Jiulong River in November 2018 and during the
entire storm at Station E (JRE) in June 2019 was mainly freshwater genera
such as Nitrosotenius (Fig. 7a). These freshwater genera also included the
genus Nitrosotalea, which has been found to be dominant in acidic agricul-
tural areas of the West Jiulong river (Lin et al., 2022). At the same time the
marine genus Nitrosopumilus, which was reported to occur in the JRE
(Zou et al., 2020), decreased during the Flood. The appearance of these
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freshwater genera even during the Initial baseflow part of the storm in June
2019, implies that during the summer wet monsoonal season, AOA in the
upper estuary is dominated by freshwater genera and the switch to marine
genera is probably downstream of Station E even in baseflow. This is consis-
tent with the known salinity changes and other chemical changes at Station
E (Table 1) which showed that even during baseflow the water columnwas
dominantly freshwater with only a minor amount of brackish water at high
tide (Lin et al., 2022).

It is known that there was a major input of resuspended surficial sedi-
ments into the water column during the Rising (Lin et al., 2022) from sed-
iments that had been deposited in brackish water in the upper estuary
(Chen et al., 2018b; Cheng et al., 2021; Zhang et al., 2022) during normal
flow. It is likely that these sediments had developed a brackish/marine
bacterial fauna (Luo, 2014). Yet there was no evidence of this in the
water column above Station E during the Flood. It is known that the maxi-
mum nitrifying rate in sediment cores from other estuaries is often
restricted to a rather thin layer close to the surface (Hou et al., 2007;
Meyer et al., 2008). The data presented here suggests that there were not
enough marine nitrifying bacteria in the resuspended sediments to change
the overall diversity of AOA bacteria which was dominated by freshwater
genera during the Flood (Table S5).

The pattern of AOBwas somewhat different from AOA. In the drier sea-
son of November 2018, Nitrosomonaswas the dominant genus in the water
column in the JRE unchanged from the diversity in the water column of
NJR (Fig. 7b), which was the dominant source of water at that time i.e.
the dominant genus kept its niche despite the switch from fresh to brackish
water (Luo, 2014). The only change in AOB was during the Baseflow (Ini-
tial) before the Flood in June 2019, when the genera included Nitrosospira
and Nitrosovibrio, which were found in sediment and soil in the river catch-
ments suggesting that during the wet season there was a contribution from
washed and eroded river sediment (Lin et al., 2022). As the flow increased
these genera were reduced considerably presumably due to dilution by the
dominant genus in river water, Nitrosomonas. It has been reported that
Nitrosomonas can utilize high ammonium in a sludge reactor (Bollmann
et al., 2002; Wagner et al., 1996). The high concentration of ammonium
upstream during the Flood (Fig. 2b) is likely to support the observed
bloom of Nitrosomonas at Station E in the JRE.

Estuarine nitrifiers became more abundant among the N functional mi-
crobes, when between-community evenness decreased (Fig, 6a, b& c) and
within-community diversity increased (Table 2). Higher nitrifying copies
(Fig. 4a, b &c) during the Flood, suggesting that the high NH4-N (Fig. 2b)
and DO (Fig. 3b) during the Rising period of the Flood resulted in a
bloom of nitrifiers. High velocity during the flood could cause increased
nitrification and a switch the surface sediments from denitrification domi-
nated to nitrification dominated (Kessler et al., 2015). It appears that max-
imum abundance of AOB occurring somewhat after the maximum of AOA
suggesting that in this system, AOB followed the peak value in oxygen
while AOA increased to maximum values when ammoniumwas at its max-
imum, as Luo (2014) found in sediments of JRE. There was a much higher
increase in the copies of AOB than AOA during the Falling, particularly in
high tide (Table S5). Tidal intrusion seems to support the ability of AOB
to compete with AOA as the dominant niche.

This pattern of changing abundance of genes copies characteristic of
nitrification was reflected in changes in the dissolved estuarine nitrogen.
At the beginning of Flood ammonia-N increased somewhat more rapidly
than nitrate (Fig. 2b) while DO during the Rising, remained at ~70 % satu-
ration increasing to 80–100% during the Falling (Fig. 3a). During the flood
event in the JRE, there was evidence of strong nitrification which caused a
decrease in δ15N-NO3 vs. δ18O-NO3 (Wang et al., 2021) and an increase in
δ15N-NH4 (Lin et al., 2022). This is consistent with the inverse kinetic iso-
tope effect of nitrification lead to higher δ15N-NH4 and lower δ15N-NO3

(Casciotti, 2009). Phytoplankton primary production in hypernutrified
estuaries can compete with nitrification for ammonium (Kocum et al.,
2002). However in the lower JRE, there was much reduced primary
production as a result of the high concentration of SPM during the storms
until ~10 days after the peak of storm discharge (Chen et al., 2018a). The
8

concentration of nitrite remained relatively constant throughout the
storm period with a small increase at the end of Ending (Fig. 2b). There
was always a small accumulation of nitrite at Station E (Yan, 2012). This
was a result of the dynamic between ammonia-oxidation, which had up
to 20-fold different rates and precedes nitrite oxidation (Yan et al., 2019).
However, during the storm the abundance of NOB (4.3 × 103 copies
mL−1) was close to the abundance of AOA and AOB (4.2 × 103 copies
mL−1) during the Rising which reduced the potential accumulation of
nitrite in the water column (Table S4), particularly in high tide (Table S5).

4.3. The presence of the abundances of anaerobic N functional bacteria in the
oxygen-rich water column of the JRE during the storm

This study showed the presence of denitrifying bacteria (narG, nirS and
nod), DNRA (nrfA) and anammox (hzsB) in the water column throughout
the storm (Fig. 4). However, the presence of these gene abundances does
not necessarily mean they are active since these types of microbes require
anoxic or anaerobic conditions to be viable and reproduce (Galan et al.,
2009; Handler et al., 2022; Hwang and Hanaki, 2000). The main location
in the river system for anoxic conditions is the wastewater discharges
such as domestic point sources and agricultural non-point sources
(Palmer-Felgate et al., 2010). In the WJR this includes wastewater dis-
charges from the city of Zhangzhou (Lin et al., 2022; Fig. 1). Anoxic condi-
tions in the river are often associated surficial sediments near with such
pollutant discharges with high labile organic matter contents (Yuan et al.,
2021) and organic-rich sediment deposited in the upper estuary during nor-
mal flow (Chen et al., 2018b). During the Initial phase of the storm, when
there was little or no resuspension in the upper estuary, and where 75 %
of the sediments was >10 μm in size (Li et al., 2017), and there was only
a moderate abundance of denitrifying bacteria in water column of Station
E (Fig. 4d, e & f) dominantly associated with particulate matter (Fig. 5 d,
e& f). As the river discharge increased in the Rising, there was a temporary
increase in the number of all the denitrifying genes (Fig. 4). This could be
due to increased erosion in the lower river catchment but an important
additional source of particles which are likely to be rich in denitrifiers,
is the resuspended sediments which was deposited during periods of nor-
mal flow (Table S5). This sediments is known to be anoxic close to the
sediment-water interface (Chen et al., 2014; Gardner et al., 2009; Zhang
et al., 2022). This source of denitrifying bacteria is likely to be associated
with the organic-rich particulate matter (Eyre et al., 2013). During the
peak of the storm (Rising and Falling) the fraction (Fig. 5 d, e&f) and abun-
dance (Table S4) of FL bacteria increased for all types of denitrifying
microbes. It is not known whether this was because of the injection of FL
denitrifying bacteria from sediment pore waters or whether it was due to
the attached microbes being detached from the surface of particles in the
turbulent waters at the peak of the storm.

Although this study shows the amount and dynamic changes in the gene
copies of denitrifying bacteria in the water column of the JRE during the
storm, there is no direct evidence of what fraction of that population
were viable and how many were dormant. These bacteria require sub-
oxic/anoxic conditions to be active and thus it could be suggested that
none of the free-living bacteria and most of the particle-attached bacteria
were not active at this time, since the water they were carried with had
oxygen levels of >70 % saturation (Fig. 3a). However, there is circumstan-
tial evidence that this is too extreme a position. It is known from studies in
the JRE and elsewhere that denitrification can occur in oxygenated waters
associated with anoxic micro zones of labile organic matter in suspended
particles (Reisinger et al., 2016; Xia et al., 2017; Zeng et al., 2018). The an-
nual efficiency of N removal through denitrification/DIN load was 0–30 %
in the JRE (Wu, 2013). Comparing the JRE with other China's estuaries, the
denitrifier nirS genes and transcripts were more dominant in the JREwhich
has high levels of terrestrial nitrogen input (Dai et al., 2022). In the parallel
study of N dynamics during this storm (Lin et al., 2022) there was a
decrease in abundance of all denitrifiers in the late Rising and Falling as
the amount of particulates decreased and the concentration of oxygen in
the water column increased (Fig. 3a, Fig. 4). In the study on N dynamics
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of the Jiulong river-estuary system during June 2019, it was not possible to
estimate the amount of denitrification that had occurred in the system be-
cause that would have required a total N budget which was not carried
out. However, it unlikely that active denitrification was a major process
in the water column of the JRE because the amount of DO remained high
(70–100% saturation) and there remained 160–200 μmol NO3-N L−1. Fur-
ther work is needed to determine accurately the amount of active denitrifi-
cation in the water column and sediment during a storm.

The total number of bacterial counts, asmeasured by 16S rRNA,was rel-
atively constant throughout the storm (Fig. 4i). However, this includes
other heterotrophs which were neither nitrifiers nor denitrifiers.

5. Conclusions

Within the estuary the increasedwater discharge causes the freshwater/
brackish water boundary to move downstream from its usual location dur-
ing baseflow. It also causes the surficial sediment deposited during
baseflow in the upper estuary to be resuspended, resulting in an additional
injection of N chemical species (nitrate, ammonia and nitrite) and their
associated N cycling microbes.

During normal baseflowwhen the ETMwas located at Station E, ammo-
nium which is dominantly sourced from domestic and agricultural waste
water discharge was oxidised mainly by the marine nitrifying (AOA)
microbe Nitrosopelagicus. As the discharge increased through the storm,
the dominant ammonia-oxidizing archaea (AOA) changed to the riverine
genus (Nitrosotenuis)withNitrosotalea, while themarine genus,Nitrosopumilus
decreased. By contrast the marine genus (Nitrosomanas) remained the domi-
nant ammonia-oxidizing bacteria (AOB). Estuarine nitrifiers had higher
abundance, weighted entropy and diversity during the Flood, suggesting
that there was a bloom of nitrifier microbes caused by the high NH4-N sup-
plied from the river and the resuspended sediment pore waters, combined
with the high DO (>70 % O2 saturation) resulted in a bloom of active nitri-
fiers in free-living pattern. Direct evidence that nitrification was active
came fromobservedmodifications in the concentration of ammoniumand ni-
trate in the water column and measured changes in the isotopic composition
of DIN.

The numbers of N functional genes increased with increasing water dis-
charge during the storm, and a larger fraction were associated with the
<0.22 μm free-living fraction. The source of these anaerobic bacteria was
likely to bewaste-water discharges in the river and resuspended anoxic sed-
iment from the upper estuary. It was not possible with the data obtained to
estimate what fraction of these denitrifiers were active in the water column
although previous studies have suggested that some denitrifiers can remain
active in anaerobic microzones even though the overall water column has
high levels of dissolved oxygen. Though it is likely that the amount of deni-
trification in the JRE was relatively low.

Previous work suggests that the much of the increased and altered flux of
dissolved N caused by the changed microbial community passes through the
estuary and reaches the coastal zone. The results of this study are important to
develop science based management protocols to understand the nature and
fluxes of anthropogenic N species through the river-estuary continuum to
the coast. This is of particular relevance in systems such as the Jiulong river
system where climate change is expected to increase the number and inten-
sity of subtropical storms including those associated with ENSO.
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