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Seasonal variations of nitrous
oxide in a populous urban estuary
and its adjacent sea

Hsiao-Chun TsengX?*!, Yokie Tai Yuh Han'!, Chia-Chia Lin' and
Gwo-Ching Gong™?

Institute of Marine Environment and Ecology, National Taiwan Ocean University, Keelung, Taiwan,
2Center of Excellence for the Oceans, National Taiwan Ocean University, Keelung, Taiwan

The firstinvestigations of seasonal N,O variations and water-to-air fluxes in the
Tamsui River estuary and its adjacent sea were carried out in this study. In the
Tamsui River estuary, the concentration of N,O decreased with increasing
salinity. The seasonal variations of N,O concentrations in the estuary were
46.8-148.5nM in autumn, 15.9-82.5nM in spring, 11.0-42.0 nM in summer
and 13.1-120.6 nM in winter. When salinity regressed to zero, N,O
concentration was highest in autumn, followed by winter, spring, and
summer, which might be influenced by the DO and NOz~ concentrations as
well as temperature. Because of mountains occlusion, the seasonal variations
in wind speed were not large in the Tamsui River estuary. Seasonal variations of
N,O fluxes in the estuary were 10.9-35.6pumol m= d™ in autumn,
2.8-151pumol m= d™* in spring, 2.4-9.5umol m= d™* in summer and
2.7-26.8umol m™= d* in winter. In the adjacent sea of Tamsui River
estuary, seasonal average N,O concentrations in the surface seawater were
10.3 + 0.2nM in autumn, 11.6 + 1.2 nM in spring, 11.4 + 0.7 nM in summer and
13.8 + 0.9 nM in winter, with no significantly seasonal changes while wind
speed varied greatly seasonally. Seasonal variations of average N,O fluxes in
Tamsui River estuary’s adjacent sea were 40.3 + 0.7 pmol m=2 d™* in autumn,
19.7 4+ 2.1umolm=—2d™tinspring, 20.9 + 1.3 ymolm==2dtin summer and 49.0 +
3.3 umol m=2d~tin winter. As a result, seasonal variations in N>O fluxes in the
estuary were dominated by N,O concentrations in the water, whereas in the
sea, it was dominated by wind speed. Overall, the Tamsui River estuary and its
adjacent sea were net sources of atmospheric N,O with annual average fluxes
10.6 + 6.7 and 32.5 + 14.5 ymol m=2 d*, respectively.

KEYWORDS

Tamsui River estuary, greenhouse gas, water-to-air fluxes, nitrous oxide, N,O, urban
estuary

1 Introduction

Nitrous oxide (N,0), one of the most important greenhouse gases in the world, has a
global warming potential approximately 300 times that of carbon dioxide (IPCC, 2013).
It has also become the most important ozone-depleting substance since the restriction of
chlorofluorocarbon (CFC) enforced by the Montreal Protocol (Ravishankara et al.,
2009). Observational data noted that atmospheric N,O concentration has risen from
270 ppb in the year 1750 (pre-industrial level) to 332 ppb in 2019 (IPCC, 2021). Human
activities have enhanced atmospheric N,O concentrations by approximately 23%
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compared to pre-industrial levels, and the growth rate has been
higher in recent years (IPCC, 2021).

According to the Intergovernmental Panel on Climate Change
(IPCC) Fifth Assessment Report (AR5), N,O is emitted from both
anthropogenic and natural sources. Natural sources of N,O include
microbial processes in land and ocean. The total flux of natural
sources was about 11 TgN yr" and the ocean contributed about 30%
of N,O (3.8 TgN yr') to the atmosphere (IPCC, 2013). In recent
decades, emissions from natural sources have not changed much,
but emissions resulting from anthropogenic activities have grown by
30% over the past three decades (Tian et al., 2020). Anthropogenic
sources of N,O fluxes were about 6.9 TgN yr~', which includes
agriculture, rivers, estuaries, human excreta, fossil fuels and
industry, and biofuel
deposition on land and ocean.

biomass burning,

Rivers

and atmospheric

and estuaries are
potentially substantial global sources of N,O (Seitzinger and
Kroeze, 1998). As N,O emissions from estuaries and oceans
could be significant and should not be disregarded, obtaining
high-resolution data on these emissions is crucial to refine the
calculation of nitrogen budget.

Urbanization around rivers and estuaries will increase the
emissions of N,O (Reading et al, 2020). In addition, land-use
changes not only affect water column N,O emissions but also
have a considerable influence on benthic N,O production, and
increasing land-use intensity could accelerate N,O emissions to
the atmosphere (Chen et al., 2022). The Tamsui River is an urban
river highly affected by anthropogenic activities. Here, we provide
the first dataset of N,O studies in the Tamsui River estuary and its
adjacent sea area.

2 Materials and methods

2.1 Study area

The Tamsui River is located in the northern part of Taiwan and
is formed by the three tributaries of the Dahan, Xindian and
Keelung Rivers. It has a total length of 159 km and a catchment
area of approximately 2,726 km?. The regional climate is
subtropical. The temperature in this region varies between 10°C
and 35°C and annual precipitation ranges between 1500 and
2,500 mm (Wen et al,, 2008). From November to April is the
dry season with the average rainfall over past 25 years (1995-2020)
776 + 269 mm, and from May to October is the wet season with the
average rainfall over past 25 years (1995-2020) 1322 + 440 mm
(Central Weather Bureau: https://www.cwb.gov.tw/eng/). There
were 7.13 million people, were about 30% population of Taiwan
living in the Tamsui River catchment, and the regional population
density can reach as high as 38,607 people per km* (Tseng et al.,
2021). In the past 10 years, pollution sources have been controlled,
and the water quality of the river basin has improved remarkably
(Tseng et al., 2021). However, Tamsui River is still polluted by both
raw sewage and industrial pollution. According to the Tamsui
River monitoring data in 2019, it was approximately 8.3% slightly
polluted, 15.9% moderately polluted and 2.6% severely polluted
(TEPA, 2021). Long-term observation is needed to maintain good
conditions of the Tamsui River, the Tamsui River estuary, and its
adjacent sea area.
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2.2 Field sampling

In the Tamsui River estuary, surface water samples were
collected at seven sampling stations in a small fishing boat using
a plastic bucket with rope, in the same sampling month as its
adjacent sea, in November 2019 May 2020, August 2020, and
January 2021. Temperature data were measured onboard using a
thermometer, whereas salinity values were determined by measuring
conductivity using an AUTOSAL salinometer (8400B, Guildline
Instruments Ltd., Canada) in the laboratory.

In the Tamsui River estuary adjacent sea area (Figure 1), four
seasonal research cruises were conducted onboard R/V Ocean
Researcher 2 and R/V New Ocean Researcher 2: OR2-2390
(November 2019), NOR2-0004 (May 2020), NOR2-0009 (August
2020), and NOR2-0027 (January 2021). Surface water samples were
collected at 16 sampling stations in autumn (November 2019) and
20 sampling stations in spring (May 2020) and summer (August
2020). In winter (January 2021), because of adverse weather
conditions, surface water samples were only taken at 10 sampling
stations. Water samples were collected using a carousel water
sampler (SBE32, Seabird Scientific, United States) fitted with 20 L
Teflon-coated Go-Flo bottles (General Oceanic, United States)
mounted on a conductivity—-temperature-depth instrument
(CTD; SBE 9/11 plus, Seabird Scientific, United States) assembly.
Temperature and salinity data were obtained from CTD profiles.

Water samples for nutrients analysis were filtered and placed in
100 mL polypropylene bottles and immediately frozen with liquid
nitrogen. Water samples that were used to measure N,O
concentrations were collected in 120 mL dark borosilicate serum
bottles. The bottles were rinsed thrice using sampled water. After
two-fold of the bottle was allowed to overflow, 0.2 mL saturated
HgCl, was then added. The sample bottles were immediately sealed
with a butyl rubber stopper and an aluminum cap. The samples were
stored in a dark box at 4°C. All water samples were transferred to the
laboratory and analyzed within 3 months of collection.

2.3 Chemical analysis

Dissolved oxygen (DO) was measured using spectrophotometry
(Pai et al., 1993) with a precision of approximately +0.32% at the
190 pmol L™ Nitrate (NO;3") and (NOy)
concentrations were measured by the pink azo dye method

level. nitrite
(Strickland and Parsons, 1972) using a flow injection analyzer
and an online Cd coil. NO,~ concentration was also determined
by the pink azo dye method (Strickland and Parsons, 1972; Pai et al.,
1990b) using a flow injection analyzer. The precisions of NO;™ and
NO,~
(PO4>) was determined under the molybdenum blue method

were +0.3 and +0.02 umol L™', respectively. Phosphate

(Murphy and Riley, 1962; Pai et al.,, 1990a) using a flow injection

analyzer. The precision of the measurements was
approximately +0.01 umol L', NH," was measured using an
improved indophenol blue method (Pai et al, 2001) with a
precision of approximately 1% at the 5 umol L™" level.

N,O measurements were performed using the headspace
technique (Weiss, 1981) and gas chromatography (GC; Agilent
7890) with an electron capture detector (ECD). The GC-ECD

had a 3.6m long stainless-steel column with a diameter of
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FIGURE 1

Study area and station locations. +: OR2-2390 (November 2019, Autumn); O: NOR2-0004 (May 2020, Spring) and NOR2-0009 (August 2020,
Summer); 0: NOR2-0027 (January 2021, Winter). A: Stations in Tamsui River estuary. Green dot: Wind speed station of Institute of Harbor and Marine
Technology (IHMT). Red dot: Tamsui Weather Station of Central Weather Bureau (CWB).

3.2 mm, which was filled with 80/100 mesh Porapak Q. The
temperature of ECD was set as 300°C and was calibrated with
pure N, (Yeong Her, Taiwan) and three commercial gas mixtures
with N,O mixing ratios of 1.00 ppmv (MESA Specialty Gas,
United States), 4.78 ppmv (Yeong Her, Taiwan) and 9.90 ppmv
(Yeong Her, Taiwan). The reproducibility of measurements
was +3% for N,O.

2.4 N,O saturation ratio and fluxes

The saturation (R, %) and sea-to-air flux (F, pmol-m >d™") of
N,O were calculated using the following formula:

R =(Cype [ Ceq) X 100

F (umol-m™2-d™") =k (Cops~Cy)
k =0.251 x u® x (Sc/660) ™"

where C,;, is the observed concentration of N,O dissolved in
water and C,., is the expected equilibrium water N,O
concentration. The expected equilibrium water concentration
was calculated using the solubility equation of Weiss and Price
(1980) together with the in situ temperature, salinity, and molar
fraction of N,O in the air. Atmospheric N,O concentrations were
obtained using the NOAA/ESRL in situ program (http://www.
esrl.noaa.gov/gmd). The monthly average atmospheric N,O
concentrations at Mauna (Hawaii, United States station) were
331.6, 334.0, 334.1, and 334.3 ppb in November 2019 May 2020,
August 2020, and January 2021, respectively. The gas exchange
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coefficient k was calculated using the equation established by
Wanninkhof (2014), where Sc is the Schmidt number of N,O and
u represents the wind speed.

Monthly average wind speed data for calculating fluxes of N,O
in the Tamsui River estuary were provided by the Central Weather
Bureau: https://e-service.cwb.gov.tw/HistoryDataQuery/index.jsp
and for the Tamsui River’s adjacent sea were obtained from the
Institute of Harbor and Marine Technology: https://isohe.ihmt.gov.
tw/docklands/reportR.aspx.

3 Results

Seasonal hydrographic and nutrient data, as well as N,O
concentrations, were measured in the Tamsui River estuary and
its adjacent sea. Detailed information on seasonal sampling in the
Tamsui River estuary and its adjacent sea as well as the range of
hydrographic data, nutrients, and N,O concentrations in the surface
water are listed in Table 1.

3.1 Aquatic environmental conditions and
N,O concentrations in autumn

In autumn, the surface temperature ranged between 23.0°C
and 24.0°C in the Tamsui River estuary, and it was similar with
the average surface temperature, 23.8°C + 0.2°C (Table 1), in the
adjacent sea (Figure 2A). The surface water salinity gradually
increased from the estuary to the coast (Figure 2B). The range of
surface salinity were between 0.70 and 19.08 in the Tamsui River
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TABLE 1 Seasonal hydrographic data, nutrients and N,O concentrations in the surface water of both Tamsui River estuary and its adjacent sea.

Tamsui River estuary and its Temperature  Salinity N,O N>,O DO DO saturation NH4* NO,~ NO5~ PO,*
adjacent saturation
(0 (nM) (%) (nM) (%) (uM) (uM) (M) (uM)
Autumn Estuary 23.0-24.0 0.70-19.08 = 46.8-148.5 582-1808 208.4-226.2 80-96 100.7-180.6 | 7.63-9.62 = 28.2-452  3.16-7.42
2019 November
Adjacent sea 238402 33.63+0.10 103 0.2 148 + 3 2214 + 3.4 102 +2 09+09 | 052+036 38+06 037+
0.08
Spring 2020 May Estuary 26.0-28.7 569-32.14 = 15.9-82.5 244-1101 106.6-206.3 44-98 22.3-1044 | 7.00-35.07 ND 1.20-7.11
Adjacent sea 268 + 0.2 3383+ 055 116 + 12 183 + 18 206.4 + 5.8 100 + 3 38+27 | 036+029  11+09 035+
0.20
Summer 2020 August Estuary 30.0-31.0 14.49-33.87  11.0-42.0 194-679 141.1-197.0 65-101 2.5-106.6 | 2.03-40.60  0.0-0.2 | 0.35-5.58
Adjacent sea 299 + 0.7 33.89 +0.16 114 +0.7 197 + 12 192.7 + 5.7 98 + 3 20412 | 033+012 | 11+06 029+
0.11
Winter 2021 January Estuary 15.5-18.0 135-33.08  13.1-120.6 149-1158 195.2-249.4 64-102 52-69.7 | 6.07-49.19  2.8-17.6 = 1.04-474
Adjacent sea 18.8 + 0.4 3375+ 053 138 0.9 171 + 11 2437 + 85 103 + 4 12+15 | 1.07+044 67+05 061+
0.12

e 32 buas]
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FIGURE 2

Horizontal distributions of the surface water in the Tamsui River estuary and its adjacent sea during autumn, including (A) Temperature, (B) Salinity,

(C) DO%, (D) NOs™, (E) NH4*, (F) PO4*, (G) N,O, (H) N,O%.

estuary and it increased to the average of 33.63 + 0.10 (Table 1) in
the adjacent sea. The surface DO saturation was between 80% and
96% (Table 1) in the Tamsui River estuary and it increased from
estuary to the coast (Figure 2C). The average DO saturation was
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102% £ 2% (Table 1) in the adjacent sea. In the estuary, NO;~,
NH,", and PO, concentrations ranged from 28.2 to 45.2 uM,
100.7-180.6 uM, and 3.16-7.42 uM (Table 1), respectively. The
highest NO;~, NH,", and PO, concentrations were observed in
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the river tributaries and then gradually decreased in the estuary
and adjacent sea (Figures 2D-F). The average concentrations of
NO;~, NH,*, and PO,’" in the surface water of the Tamsui River

Frontiers in Earth Science

06

adjacent sea were 3.8 + 0.6 uM, 0.9 + 0.9 uM, and 0.37 + 0.08 uM
(Table 1), respectively. In the Tamsui River estuary, dissolved
N,O concentrations, and saturations ranged from 46.8 to
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Horizontal distributions of the surface water in the Tamsui River estuary and its adjacent sea during summer, including (A) Temperature, (B) Salinity,
(C) DO%, (D) NOs~, (E) NH4*, (F) PO4*, (G) N,O, (H) N,O%.

decreased from the estuary to the coast (Figure 2G). In the
Tamsui River adjacent sea, dissolved N,O concentration in the
surface water was distributed evenly and the average

148.5 nM and 582%-1808% (Table 1), respectively. The highest
N,O concentration was in the confluence of river tributaries,
where the highest NO;™ concentration was observed, which then
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https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1112192

Tseng et al. 10.3389/feart.2023.1112192

2540 1 1 1 1 1 1 1 | 1 1 1 1 \ 1 1 1 1 [ 1 1 1 1 1 1 1 1 |
= 70m

I31 Temperature (© C) -~ som |83 Salinity T somi

2530 27

19

Jan., 2021 Jan., 2021
Winter Winter

DO (%)

2 520 060

T 2510 Jan., 2021 J— Jan., 2021 }—
= Winter

i 25.40

25.10—| a8 Jan., 2021 2o\ Jan., 2021
(E) Winter A Winter
25.40 TR

145

N>0 (nM)

25.10— o8 Jan., 2021 2 i Jan., 2021 ./\\
Winter A Winter j

121.20 121.30 121.40 121.50 121.30 121.40 121.50
Longitude (° E)
FIGURE 5

Horizontal distributions of the surface water in the Tamsui River estuary and its adjacent sea during winter, including (A) Temperature, (B) Salinity, (C)
DO%, (D) NOs~, (E) NH4*, (F) PO4*, (G) N,O, (H) N,O%

concentration was 103 + 0.2nM (Table 1). N,O was mixing (Figure 2H). In the Tamsui River adjacent sea, N,O
supersaturated in the Tamsui River estuary and then  was slightly oversaturated, with average saturation 148%
decreased from the estuary to the coast owing to physical  (Table 1).
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TABLE 2 Seasonal N,O concentrations, wind

10.3389/feart.2023.1112192

speed, N,O fluxes in surface water of both Tamsui River estuary and its adjacent sea.

Season Atmospheric N,O Estuary Sea
concentration (ppb)
N,O Wind N,O flux N,O Wind
concentration speed (umol concentration speed
(nM) (m s™) m~2d™") (nM) (m s™")
Autumn 3316 46.8-148.5 19 +0.7 10.9-35.6 10.3 £ 0.2 7.9 + 038 403 + 0.7
(Nov. 2019)
Spring (May 334.0 15.9-82.5 1.6 + 0.6 2.8-15.1 116 + 12 50 + 0.6 19.7 + 2.1
2020)
Summer 334.1 11.0-42.0 1.7+ 038 24-95 114+ 07 50+ 0.7 209 + 1.3
(Aug. 2020)
Winter (Jan. 334.4 13.1-120.6 2.0 +07 2.8-26.8 13.8 + 0.9 8.0 + 0.8 490 + 3.3
2021)

The monthly average atmospheric N,O concentrations were taken from the NOAA/ESRL, in situ program (Mauna, Hawaii, United States).
Averaged monthly wind speeds in the estuary was obtained from the Tamsui Weather Station of Central Weather Bureau.

Averaged monthly wind speeds in the sea was obtained from the Wind Speed Station of Institute of Harbor and Marine Technology.
Fluxes were calculated by Wanninkhof (2014) equation.
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The Pearson correlations between N,O, NH,*, NO,~, NO3~ and DIN in (A) autumn (B) spring (C) summer (D) winter. Diagonal shows the distribution
of the variable. The upper triangle of the matrix shows correlation values (r values) and *, **, *** indicate statistical significance (p-values) at p< 0.05,
p<0.01, p<0.001. The lower triangle of the matrix shows the scatter distribution of variables.

3.2 Aquatic environmental conditions and
N>O concentrations in spring

In spring, the range of surface temperature were between 26.0°C
and 28.7°C in the Tamsui River estuary, and it was slightly higher
than its adjacent sea (Figure 3A), with average surface temperature
26.8°C = 0.2°C (Table 1). The surface water salinity gradually
increased from the estuary to the coast (Figure 3B). The range of
surface salinity was between 5.69 and 32.14 in the Tamsui River
estuary and it increased to an average of 33.83 + 0.55 (Table 1) in its
adjacent sea. The surface DO saturation was between 44% and 98%
(Table 1) in the Tamsui River estuary and it increased from estuary
to the coast (Figure 3C). The average DO saturation was 100% * 3%
(Table 1) in the adjacent sea. Concentrations of NO;~ were
considered low in both the estuary and its adjacent sea
(Figure 3D) and in the estuary were below the detection limit
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(Table 1). In the estuary, NH," and PO,*>" concentrations ranged
from 22.3 to 104.4 pM and 1.20-7.11 pM (Table 1), respectively. The
highest NH," and PO,*" concentrations were observed in the river
tributaries and then gradually decreased in the estuary and adjacent
sea (Figures 3E,F). The average concentrations of NO;~, NH,", and
PO, in the Tamsui River adjacent sea were 1.1 + 0.9 uM, 3.8 +
2.7 uM, and 0.35 + 0.20 uM (Table 1), respectively. In the Tamsui
River estuary, dissolved N,O concentrations and saturations ranged
from 159 to 82.5nM and 244%-1101% (Tablel), respectively.
Dissolved N,O concentration in the surface water decreased from
estuary to the adjacent sea (Figure 3G) and the average dissolved
N,O concentration in the adjacent sea was 11.6 + 1.2 nM (Table 1).
N,O was supersaturated in the Tamsui River estuary and decreased
from the estuary to the coast (Figure 3H). In the Tamsui River
adjacent sea, N,O was oversaturated, with average saturation
183% + 18% (Table 1).
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Seasonal variation of dissolved inorganic nitrogen (DIN) proportion (%) and DO (uM) in Tamsui River estuary. (*DIN = NO,™ + NO3z~ + NH4").

3.3 Aquatic environmental conditions and
N,O concentrations in summer

In summer, the range of surface temperature was between 30.0°C
and 31.0°C in the Tamsui River estuary, which was similar to the
average surface temperature of 29.9°C + 0.7°C in the adjacent sea
(Figure 4A). The surface water salinity gradually increased from the
estuary to the coast (Figure 4B). The range of surface salinity was
between 14.49 and 33.87 in the Tamsui River estuary and it increased to
an average of 33.89 + 0.16 (Table 1) in the adjacent sea. The surface DO
saturation was between 65% and 101% (Table 1) in the Tamsui River
estuary and it increased from estuary to the coast (Figure 4C). The
average DO saturation was 98% + 3% (Table 1) in the adjacent sea. In
the estuary, NO;~, NH,", and PO,*" concentrations ranged from 0.0 to
0.2 uM, 2.5-106.6 pM, and 0.35-5.58 uM (Table 1), respectively. The
concentrations of NO;~ were low throughout the estuary and adjacent
sea (Figure 4D). The highest NH," and PO,>" concentrations were
observed in the river tributaries and then gradually decreased in the
estuary and adjacent sea (Figures 4E,F). The average concentrations of
NO;, NH,*, and PO,’ in the Tamsui River adjacent sea were 1.1 +
0.6 UM, 2.0 + 1.2 uM, and 0.29 + 0.11 pM (Table 1), respectively. In the
Tamsui River estuary, dissolved N,O concentrations and saturations
were ranged from 11.0 to 42.0 nM and 194% to 679% (Tablel). N,O
decreased from estuary to the coastal area due to physical mixing
(Figure 4H). In the Tamsui River adjacent sea, dissolved average surface
N,O concentration was 11.4 + 0.7 nM and saturation was 197% + 12%
(Table 1).

3.4 Aquatic environmental conditions and
nitrous oxide concentrations in winter

In winter, owing to adverse weather conditions, only 10 stations
were sampled. The surface temperature ranged between 15.5°C and
18.0°C in the Tamsui River estuary was slightly lower than the average
surface temperature, 18.8°C £ 0.4°C, in the adjacent sea (Figure 5A). The
surface salinity ranged between 1.35 and 33.08 in the Tamsui River
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estuary and the average surface salinity was 33.75 + 0.53 (Table 1) in the
adjacent sea. The surface DO saturation was between 64% and 102%
(Table 1) in Tamsui River estuary and it increased from the estuary to
the coast (Figure 5C). The average DO saturation was 103% * 4%
(Table 1) in the adjacent sea. In the estuary, NO;~, NH,", and PO,>
concentrations ranged from 2.8 to 17.6 M, 5.2-69.7 uM, and
1.04-4.74 uM (Table 1), respectively. The highest NO;~, NH,*, and
PO,*~ concentrations were observed in the river tributaries and then
gradually decreased in the estuary and adjacent sea (Figures 5D-F). The
average surface concentrations of NO; ™, NH,*, and PO, in the Tamsui
River adjacent sea were 6.7 + 0.5 uM, 1.2 + 1.5 uM, and 0.61 + 0.12 uyM
(Table 1), respectively. In the Tamsui River estuary, dissolved N,O
concentrations and saturations were ranged from 13.1 to 120.6 nM and
149% to 1158% (Table 1), respectively. The highest N,O concentration
was observed in the upper estuary (Figure 5G). In the Tamsui River
adjacent sea, higher dissolved N,O concentration occurred at northern
site and the average concentration was 13.8 = 0.9 nM (Table 1). N,O
was supersaturated in the Tamsui River estuary and decreased from the
estuary to the coast (Figure 5H). In the Tamsui River adjacent sea, N,O
was oversaturated, with average saturation 171% + 11% (Table 1).

4 Discussion

4.1 Seasonal changes of water conditions in
the Tamsui River estuary and its adjacent sea

The surface water temperature in the Tasmsui River estuary was
highest in summer (30.0°C-31.0°C), followed by spring
(26.0°C-28.7°C) and autumn (23.0°C-24.0°C), and lowest in
winter (15.5°C-18.0°C; Table 1). The surface temperature in
Tamsui River estuary’s adjacent sea during four seasons, in
descending order, was summer (29.9°C + 0.7°C), spring (26.8°C
0.2°C), autumn (23.8°C *= 0.2°C), and winter (18.8°C + 0.4°C;
Table 1). Seasonal changes in surface temperature were in both
the estuary and adjacent sea. In estuaries, salinity typically represents
tidal effects. As salinity in the estuary and its adjacent sea were
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TABLE 3 N,O fluxes in rivers and estuaries.

Location

Salinity

N,O

saturation (%)

N,O flux (umol
m=2d™")

10.3389/feart.2023.1112192

References

Coffs creek 2016, Mar (dry) 0.1-37.5 133.1-281.0 4.0-28.0* Reading et al. (2020)
2016, Jun (wet) 0.0-35.3 85.6-677.7 -1.2-120.9*
Boambee creek 2016, Mar (dry) 0.1-37.1 112.9-291.8 1.5-29.9*
2016, Jun (wet) 0.1-34.6 87.4-329.0 -1.2-26.2°
Bonville creek 2016, Mar (dry) 0.1-34.7 77.7-309.7 -2.8-31.2°
2016, Jun (wet) 0.1-29.0 136.8-286.5 2.6-19.4°
Pine creek 2016, Mar (dry) 0.1-34.7 78.7-201.2 -2.7-17.0°
2016, Jun (wet) 0.0-29.0 136.8-381.5 2.6-29.8*
Parramatta River 2018, May 25.5-32.5 100-171 -0.6-11.0°
Upper Central Sydney Harbour 2018, May 28.7-35.6 91-154 -0.8-3.5 Reading (2022)
Lower Central Sydney Harbour 2018, May 32.5-35.2 97-104 -0.3-0.3"
Outer Sydney Harbour 2018, May 32.5-35.6 99-101 -0.2-2.2°
Rose Bay 2018, May 32.5-35.3 96-105 -0.4-0.3"
Rozelle Bay 2018, May 30.5-35.5 100-107 0.0-0.8"
Hen and Chicken Bay 2018, May 28.2-325 94.5-101.0 -1.5-0.0
Homebush Bay 2018, May 27.8-32.5 96-168 -0.4-17.7°
Johnstone River estuary 2014, Mar (wet) <1-12 132-245 0-28.8°
2014, Sept (dry) <1-34 97-228 0-17.3" Murray et al. (2020)
Constant Creek estuary 2014, Mar (wet) 11-35 93-104 -1.2-0.7°
2014, Sept (dry) 30-35 97-132 -0.5-8.2"
Fitzroy River estuary 2014, Mar (wet) <1-29 100-139 0-14.9°
2014, Sept (dry) 24-35 103-234 0.2-17.3°
Guadalquivir estuary (Southwestern coast of the 2017 Jul 0.4-36.5 0.6-130.0° Sénchez-Rodriguez et al.
Iberian Peninsula) (2022)
2018 Mar 0.5-33.6 -1.7-59.4°
2018 Apr 0.8-35.4 —0.9-54.6"
2019 Mar 0.0-36.3 -2.1-82.9°
2019 Apr 0.0-35.9 -3.2-113.4°
Danube River plume 1995 July-Aug 0-15 112 2.8 Amouroux et al. (2002)
Mandovi estuary 2011 March- 11.88-35.18 100.87-270.57 0.04-18.53° Manjrekar et al. (2020)
May
2011 June-Sept 0.03-34.58 109.44-2,458.62 1.94-176.75"
2011 October- 0.07-34.20 99.96-285.88 0.18-7.61°
Feb
2012 March- 14.39-35.92 109.60-290.44 1.22-39.85"
May
2012 June-Sept 0.03-27.67 82.84-1675.8 -
2012 October- 6.57-35.01 104.66-238.47 0.45-8.41°
Feb
2013 March- 24.15-36.33 175.15-258.26 7.93-12.66"
May
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TABLE 3 (Continued) N,O fluxes in rivers and estuaries.

10.3389/feart.2023.1112192

Location Salinity N,O N,O flux (umol References
saturation (%) m=2d’")
2013 June-Sept 0.05-35.66 149.36-1823.6 3.43-171.12°
2013 October- 0.08-34.93 139.61-213.11 0.27-4.24°
Feb
Cochin estuary 2013 Sept 0.68-3.97 109.00-819.00 2.87-29.73 Hershey et al., 2019)
2014 Apr 2.13-34.95 53.00-889.00 0.49-26.51*
Yellow River estuary (Before water-sediment 13-31 94.4-177.7 7.4 + 4.8 Ma et al. (2016)
regulation)
Yellow River estuary (During water-sediment 5-30 123.1-245.7 30.7 £ 19.5%
regulation)
Yellow River estuary (After water-sediment 15-29 126.6-245 52 +29°
regulation)
Changjiang estuary 2002-2006 14-30 137 £ 20 133 £ 7.2° Zhang et al. (2010)
Pearl River 2007-2011 450 0.1-733* Lin et al. (2016)
Tamsui River estuary 2019 Nov 0.70-19.07 582-1808 13.3-44.6" This study
10.9-35.6"
2020 May 5.69-32.14 244-1101 3.4-18.9*
2.8-15.1°
2020 Aug 14.49-33.87 194-679 3.0-12.1*
2.4-9.5°
2021 Jan 1.35-33.08 149-1158 2.8-27.3°
2.8-26.8"

“Fluxes were calculated by Wanninkhof (1992) equation.
"Fluxes were calculated by Wanninkhof (2014) equation.

mainly influenced by the physical mixing of freshwater and
seawater, seasonal changes could not be distinguished here. DO
concentrations were influenced by physical mixing, salinity,
temperature, and biological status. DO concentration in the
estuary was highest in winter (195.2-249.4 uM), followed by
autumn (208.4-226.2 uM), summer (141.1-197.0 uM), and spring
(106.6-206.3 uM; Table 1). DO saturations exclude the effects of
temperature and salinity on gas solubility. It only represents
biological conditions and physical mixing. DO saturation in the
estuary were similar in autumn (80%-96%), summer (65%-101%),
and winter (64%-102%), but lowest in spring (44%-98%; Table 1).
In the Tamsui River estuary’s adjacent sea, seasonal differences were
found in DO concentrations but DO saturations, which reflect the
influences of salinity and temperature on DO concentrations.

4 2 Seasonal variations of nutrients and N,O
concentrations in the Tamsui River's
adjacent sea

Average surface concentration of NO, ™ was the highest in winter
(1.07 £ 0.44 uM), followed by autumn (0.52 + 0.36 uM), spring
(0.36 = 0.29 uM) and summer (0.33 + 0.12 pM). Average surface
concentration of NO;~ was the highest in winter (6.7 £ 0.5 pM)
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followed by autumn (3.8 = 0.6 uM), spring (1.1 + 0.9 uM) and
summer (1.1 + 0.6 uM). Seasonal changes in the average surface
concentration of PO,*>~ showed the same trend as that of NO5™. It
was the highest in winter (0.61 + 0.12 uM), followed by autumn
(0.37 £ 0.08 uM), spring (0.35 + 0.20 uM) and summer (0.29 *
0.11 uM). As the wind was stronger in winter and autumn than in
spring and summer (Table 2), vertical mixing would be more intense
in winter and autumn than in spring and summer. Vertical mixing
resulted in high concentrations of nutrients from the bottom to the
surface water; therefore, the average nutrient concentrations in the
surface water were higher in winter and autumn than in spring and
summer. Surface average N,O concentrations in four seasons were
13.8 £ 0.9 nM in winter, 11.6 + 1.2 nM in spring, 11.4 + 0.7 nM in
summer, and 10.3 + 0.2 in autumn. The dissolved N,O
concentrations in the adjacent sea showed non-significant

seasonal variation (Table 1).

4.3 Seasonal variations of nutrients and N,O
concentrations in the Tamsui River estuary

In the estuary, the nutrient distribution was strongly influenced

by tides. As salinity represents the tidal effect in the Tamsui River
estuary, seasonal changes in nutrients should consider both
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TABLE 4 N,O fluxes in marine and coastal areas.

Location Salinity N,O N,O flux (umol References
saturation (%) m=2d™)
North-western Black Sea (open water) 1995 July-Aug 15-18 110 5.2° Amouroux et al.
(2002)
North-western Black Sea (shelf water) 1995 July-Aug >18 112 4.4°
North-eastern shelf of the Gulf of Cadiz (SW 2006 Jun 36.34+0.08 270 + 28 254 + 11.3* Ferron et al. (2010)
Iberian Peninsula)
2006 Nov 3593 +0.51 255 + 34 15.2 £ 11.6*
2007 Feb 36.02 +0.47 125+ 9 4.7 £ 4.2°
2007 May 36.04+0.10 120+ 7 22+0.8°
Eastern shelf of the Gulf of Cadiz (SW Iberian 2014 Mar 36.1 + 0.1 104.1 + 4.6 25+ 1.4* Sierra et al. (2017)
Peninsula)
2014 Jun 36.2 £ 0.1 1179 £ 9.0 4.1 £ 3.0*
2014 Sept 36.1 £ 0.1 1252 £ 6.1 6.1 + 3.1°
2014 Dec 363 + 0.1 989 £ 5.3 -1.0 £ 1.2°
2015 Mar 36.1 £ 0.1 1134 £ 6.1 29 +1.2°
2015 Jun 364 + 0.1 102.5 £ 5.2 1.7 £ 2.0*
2015 Sept 362 + 0.1 1164 + 6.1 28 £1.2°
2015 Nov 36.4 + 0.1 110.6 £ 2.7 22+ 1.7%
Great Barrier Reef (Nearshore) 2014 Jan 35.5 + 0.06 98.6 + 0.1 -02 +0.1° Reading (2022)
Great Barrier Reef (Mid Lagoon) 2014 Jan 35.5 + 0.01 989 + 0.1 -02 +0.1°
Great Barrier Reef (Outer Reef) 2014 Jan 35.4 + 0.02 99.5 + 0.1 -0.1+0.1°
Bohai Sea 2019 May 249 + 1.49° Gu et al. (2022)
2019 Aug 9.81 + 3.52°
2019 Oct 7.82 +2.42°
Jiaozhou Bay (eastern coast) 2002/2003 May 37.3 £ 51.9* Zhang et al. (2006)
2003 Aug 50.5 + 27.4*
2003 Dec 224 + 15.5¢
Jiaozhou Bay (western coast) 2003 Aug 434 + 84.8*
2003 Dec 32.0 + 41.8*
Jiaozhou Bay (central bay) 2002/2003 May 3.16 + 7.86"
2003 Aug 5.81 + 5.32%
2003 Dec -1.31 £ 5.37¢
North Yellow Sea 2019 May 2.03 + 1.74° Gu et al. (2022)
2019 Aug 7.66 + 3.24"
2019 Oct 7.29 + 3.67°
South Yellow Sea 2019 May 1.19 + 213"
South Yellow Sea 2011 Mar 117 + 8 45+ 6.5° Chen et al. (2021)
2011 May 122+5 7.7 £ 4.6°
2011 Aug 145 + 13 6.4 + 5.6°
2011 Oct 100 + 8 0.2 +08°
2011 Dec 104 = 11 12 +£2.7°
East China Sea (Shelf area) 2011 Mar 117 + 14 6.6 + 9.5° Chen et al. (2021)

(Continued on following page)
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TABLE 4 (Continued) N,O fluxes in marine and coastal areas.

10.3389/feart.2023.1112192

Location Salinity N,O N,O flux (umol References
saturation (%) m=2d™")
2011 May 118 £ 12 6.7 + 8.0
2011 Aug 139 + 25 83 +6.7°
2011 Oct 99 + 11 -02+31°
2011 Dec 110 + 13 5.1 + 82°
East China Sea (Slope area) 2011 May 114 £ 9 5.6+ 3.4°
2011 Oct 86 + 17 6.1 +7.7°
2011 Dec 123 13.8"
Changjiang Estuary’s adjacent marine area 2002 May 289 £ 6.6 141 + 23 132 £74 Zhang et al. (2010)
2002 Nov 27.7 £53 114 £ 25 58 £10.2*
2006 Jun 30.6 +2.3 119 £ 6 6.1 +2.0*
2006 Aug 312 +£22 184 £ 71 32.0 £27.1*
2006 Oct 325+ 15 153 + 24 18.4 + 8.3%
West Philippines Sea 2004 August 2006 May 90 + 22 —-1.7 £ 3.9° Tseng et al. (2016)
2007 Jul
South China Sea 2003 August, Sept 132 £23 55+ 3.9° Tseng et al. (2016)
2004 July 2006 July
2007 Jul
Tamsui River’s adjacent sea area 2019 Nov 33.63+£0.10 148 £ 3 453 + 5.1% 40.3 + 0.7° This study
2020 May 33.71+0.78 183 £ 18 24.1 +2.5% 19.7 + 2.1°
2020 Aug 33.89+0.16 197 £ 12 259 + 1.7%,209 + 1.3°
2021 Jan 33.75+0.53 171 £ 11 60.6 + 4.1, 49.0 + 3.3°

“Fluxes were calculated by Wanninkhof (1992) equation.
"Fluxes were calculated by Wanninkhof (2014) equation.

concentration and salinity. The N,O concentrations followed a
descending trend from low to high salinity (Figure 6A). A strong
correlation observed in every season indicated that the N,O
concentration in this area was highly influenced by physical
mixing. When salinity regressed to zero, N,O concentration was
highest in autumn, followed by winter, spring, and summer
(Figure 6A). Hence, without physical mixing, there were seasonal
changes in N,O concentrations in the Tamsui River estuary.
During autumn and winter, DO and NO;~ concentrations were
comparative high among the four seasons. Turner et al. (2016) indicated
that NO;™ is the dominant control on N,O concentrations but that other
environmental variables may limit NO;~ processing. Many studies have
shown that NO;™ is a parameter that can be used to predict N,O
production (Baulch et al,, 2011; Turner et al., 2016), which might be able
to explain why N,O concentrations were higher in autumn and winter
when salinity regressed to zero (Figure 6A). Furthermore, the positive
correlation between N,O and NO;~ during autumn and winter
(Figure 7) suggests that the production of N,O could be attributed to
nitrification. (T'seng et al., 2016). A concave downward curve was found
in the figure of N,O concentration versus salinity (Figure 6B). This
implied that partial riverine N,O concentrations were removed during
transporting to the estuary. In October and November 2019, it was
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particularly dry compared to other months of sampling in the study,
according to the precipitation data from the Central Weather Bureau. As
there was a long period of low precipitation before sampling, the water
level was low, and the aquatic N,O concentrations were presumably
hugely influenced by the sediment in the Tamsui River estuary.
According to Chen et al. (2022), benthic habitats could be a net N,O
sink in the estuary, we assume that the reduction of N,O concentrations
in the water column was influenced by the sediment, however, more
research should be done to clarify our hypothesis. The shaded area in
Figure 6B shows that the reduction of N,O concentrations in the water
column might be remove by the benthic sediments.

During spring and summer, in the salinity range of 5.69 and
33.87, the concentrations of NO;~ were extremely low, while NO,~
and NH,* concentrations were comparably high. Zhang et al. (2020)
indicated that NO;~ and NH," concentrations were the most
important explanatory variables of spatio-temporal variations of
N,O concentration. In spring, NH,* occupied approximately 73% of
the DIN proportion with average DO concentration about 160.4 +
41.9 uM (Figure 8). In summer, NH," occupied approximately 64%
of the DIN proportion with average DO concentration about 178.2 +
22.8 uM (Figure 8). N,O reduction has traditionally been considered
active only under extremely low oxygen concentrations or in anoxic
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environments (Miller et al., 1986; Naqvi et al., 2000; Dalsgaard et al.,
2014; Babbin et al., 2015). However, recent studies have found that
N,O reduction may occur in oxygenated waters (Wyman et al., 2013;
Raes et al., 2016; Sun et al., 2017; Rees et al., 2021; Sun et al., 2021;
Tang et al.,, 2022). Based on the findings of Tang et al. (2022), it
appears that reducing the DO concentration can trigger N,O
reduction, and the rates of N,O reduction were observed to vary
with the DO concentration levels. Despite the fact that the highest
N,O reduction rates were observed when DO was depleted (DO
concentrations were close to 0 uM), N,O reduction still occurred
even when DO concentration was as high as 215 uM (Tang et al,,
2022). Tang et al. (2022) also made the point that the steep gradient
of oxygen and its dynamic changes in estuaries can expose microbes
to varying oxygen conditions, promoting the survival and growth of
N,O-reducing microbes that are adapted to different oxygen levels
or tolerant of a range of oxygen levels. This implies that even though
DO is never fully depleted, denitrification can still take place.
According to Xiang et al. (2022), a warm environment is more
conducive to denitrification. This could explain why, out of all
seasons, N,O concentrations tend to be lower in summer and spring
due to the warm temperatures that favor this loss pathway.

4.4 N,O fluxes in the Tamsui River estuary
and its adjacent sea

Two important factors that might affect sea-to-air N,O fluxes are
wind speed and dissolved N,O concentrations. In this study, monthly
average wind speeds in Tamsui and Taipei Harbor were used to calculate
sea-to-air N,O fluxes in the Tamsui River estuary and its adjacent sea,
respectively. In both the Tamsui River estuary and its adjacent sea, wind
speeds were higher in autumn and winter than in spring and summer
(Table 2). Although sea-to-air N,O fluxes showed similar seasonal
variation in both the Tamsui River estuary and its adjacent sea, the
main factors that influenced sea-to-air N,O fluxes were different. We
observe a greater seasonal variation of wind speed in adjacent sea
(5.0-8.0 m/s) than in the estuary (1.6-2.0 m/s). Because of the occlusion
of mountains, the seasonal wind speed varied less in the Tamsui River
estuary than in the adjacent sea. In contrast, dissolved N,O
concentrations showed greater seasonal variations in the Tamsui
River estuary than in the adjacent sea. This implies that seasonal
variations in N,O fluxes in the estuary were dominated by N,O
concentrations in the water, whereas in the sea, it was dominated by
wind speed. Overall, the Tamsui River estuary and its adjacent sea were
net sources of atmospheric N,O with annual average fluxes 10.6 +
6.7 and 32.5 + 14.5 umol m™ d', respectively.

The area of the Tamsui River estuary (Figure 1) is about 10.3 km?.
Assuming the highest seasonal N,O flux, the Tamsui River estuary
would have emitted approximately 0.08 x 10°mol of N,O into the
atmosphere annually. The Tamsui River is shallow with an average
annual flow rate of 6,968 x 10° m* (Wang et al., 2014). According to the
Hydrological Year Book of Taiwan (2021), 64% of water flow occurred
between May and October (data between 1949-2021). The
concentration of N,O in the estuary varied seasonally and was
impacted by physical mixing with seawater. To estimate the N,O
concentrations at a salinity of 0 for each season, we utilized a graph
that depicts the concentration of N,O as a function of salinity. By
factoring in the seasonal riverine N,O concentrations and river flow
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rates, we computed an annual advective transport of N,O of
approximately 0.71 x 10°mol. As a result, the annual advective
transport of N,O to the sea was about 9 times more than the
vertical transport of N,O to the atmosphere in the Tamsui River
estuary. This implies that by reducing N,O loading in the river, we
can not only minimize N,O emissions within the river and estuary, but
also decrease the amount of residual riverine N,O that is transported to
the sea, where it can escape into the atmosphere.

4.5 N,O concentrations and water-to-air
fluxes in world estuaries and their
adjacent sea

N,O showed higher concentrations upstream of the river or at
tributary interchange site. In addition, urban rivers showed higher N,O
fluxes than rural rivers, providing evidence that anthropogenic activities
have increased emissions of N,O (Murray et al,, 2020; Reading et al,,
2020; Reading, 2022). According to previous research (Murray et al,
2020; Reading et al., 2020; Reading, 2022), N,O saturations varied over a
range of 77.7%-677.7% and N,O fluxes varied over a range
of —2.8-120.9 yumol m™ d™' in Australia’s rivers and estuaries. For
rivers and estuaries near European country, N,O fluxes ranged
between —3.2-130.0 pmol m™ d™' (Amouroux et al., 2002; Sanchez-
Rodriguez et al, 2022). In India, studies on N,O fluxes are often
discussed with regards to the effect of the southwest monsoon. In the
Mandovi estuary, N,O fluxes were highest during the southwest
monsoon (June to September) with a range of 1.94-176.75 umol m™>
d™". This shows that wind speed is a strong factor affecting fluxes of N,O
(Manjrekar et al., 2020). N,O fluxes from rivers and estuaries in Asia
ranged between 0.1 and 733 pmol m™ d™". The N,O fluxes from the
Pear]l River were the highest (Lin et al, 2016) among the studies
considered in this research. Compared with other rivers and
estuaries, N,O fluxes in the Tamsui River estuary were slightly
higher than those of most estuaries (Table 3), especially those rivers
and estuaries in Australia that remain undeveloped. N,O fluxes in the
Tamsui River estuary (2.8-44.6 umol m > d") were higher than those of
most rural rivers, but lower than those of some urban rivers or rivers
that are affected by the monsoon. Observed N,O saturations in Tamsui
River estuary (149%-1808%) were higher than the mean value 602% for
the global estuaries (Bange et al., 1996). Anthropogenic activities in the
Tamsui River estuary increased N,O concentrations in the water and
emissions from water to the atmosphere. As Tamsui River estuary is
surrounding by mountains and high buildings, it blocks the wind to the
estuary. Although the N,O concentrations were high in the Tamsui
River estuary, the advective transport of N,O to the sea was much
higher than the vertical transport of N,O to the atmosphere.

Table 4 shows N,O fluxes from marine and coastal area. The lowest
average N,O fluxes was —1.0 + 1.2 pmol m™ d" at eastern shelf of the
Gulf of Cadiz and the highest average N,O fluxes was 254 +
113pumolm™ d™' at north-eastern shelf of the Gulf of Cadiz
(Ferrén et al., 20105 Sierra et al., 2017). At Eastern shelf of the Gulf
of Cadiz, the highest concentration of N,O was found at the shallower
stations, indicating coastal input and benthic remineralization that are
sources of N,O in coastal area (Sierra et al., 2017). Studies in Great
Barrier Reef showed that it is a sink for atmospheric N,O with the flux
0f =0.2+ 0.1 pmol m > d' (Reading, 2022). The West Philippines Sea is
also a sink of N,O with an average N,O flux -1.7 + 3.9 ymol m™ d*
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(Tseng et al,, 2016). N,O fluxes from Chinese coastal waters were
sources to atmosphere. N,O high fluxes were observed in Jiaozhou Bay
which usually average at 50.5 + 27.4 ymol m™ d™" at its eastern coast
(Zhang et al., 2006). N,O concentrations and fluxes of the Tamsui River
estuary’s adjacent sea were higher than most of the marine and coastal
areas. Anthropogenic activities in the urban estuary, coupled with the
terrain geography of the basin, may be the underlying cause of this issue.
The blocked wind movement in the basin has resulted in the majority of
N,O being transferred to the sea, rather than the atmosphere. Overall,
N,O saturations from our study (148% =+ 3% to 197% + 12%) were
higher than the mean value 109% for the global coastal waters (Bange
et al., 1996).

5 Conclusion

A descending trend in N,O concentrations was observed in four
seasons from the Tamsui River estuary to its adjacent sea, mainly due to
physical mixing. During autumn and winter, higher DO and NO5~
concentrations might result in higher N,O concentrations. In addition,
there was a concave downward curve in the relationship between N,O
concentration and salinity, which implied that partial N,O
concentrations in the water column were removed during
transportation. In spring and summer, lower DO and higher water
temperatures might be more suitable for denitrification microbes, which
results in lower N,O concentrations compared to those in autumn and
winter. N,O concentrations showed greater seasonal variations in the
Tamsui River estuary than in the adjacent sea. However, wind speeds
varied less seasonally in the Tamsui River estuary than in the adjacent
sea. As a result, seasonal variations in N,O fluxes in the estuary were
dominated by N,O concentrations in the water, whereas in the sea, it
was dominated by wind speed. Overall, the Tamsui River estuary and its
adjacent sea were net sources of atmospheric N,O with annual average
fluxes 10.6 + 6.7 and 32.5 + 14.5 umol m™ d™', respectively.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary material.
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