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ARTICLE INFO ABSTRACT

Keywords: The rapid expansion of coastal aquaculture has led to an increase in the coverage of aquaculture ponds, where
Greenhouse gas intense feed-derived nitrogen is causing significant emissions of nitrous oxide (N2O). Multiple N2O production
Aquaculture

pathways and the relative importance of water column vs. sedimentary production in aquaculture ponds remain
uncertain. Clarifying these pathways is vital for sustainable aquaculture development. Using '°N-labeled dis-
solved inorganic nitrogen, the pathways and rates of N2O production in subtropical aquaculture ponds located in
south China, cultivating whiteleg shrimp, Japanese seabass, and giant river prawn, were successfully charac-
terized. Total NoO production rates ranged from 6 to 70 ymol-N m~2 d~}, with the shrimp pond exhibiting the
highest total N,O production rates, followed by ponds for seabass and prawn. These differences are primarily due
to varying feed amounts causing differences in dissolved nutrients in water column and sediment. Particularly,
nutrient and organic matter accumulation at the surface sediment stimulated N,O production. The oxygenated
sediment on a centimeter scale could produce substantially more N,O compared to the water column above on a
meter scale. Partial denitrification, i.e., nitrate and nitrite reduction to N,O, was more important (> 60 %) for
N20 production in aquaculture ponds. The availability of nitrite is likely a major factor driving partial denitri-

Nitrous oxide generation
Nitrogen isotope tracer
Sedimentary denitrification

fication for both sedimentary and water column N3O production.

1. Introduction

Nitrous oxide (N2O) is a trace and long-lived greenhouse gas, with
potent ozone depletion potential signifying its importance in climate
change (Ravishankara et al., 2009). Increasing N2O emissions from both
anthropogenic and natural environments have caused record-high at-
mospheric N2O level (> 350 ppb), ~124 % of pre-industrial level (WMO,
2023). Microbial processes contribute to N»O production in natural
environments, e.g. aerobic ammonium oxidation, as well as nitrite and
nitrate reduction as partial denitrification (Butterbach-Bahl et al.,
2013). N3O is a byproduct during ammonium oxidation, with yield
typically ranging from 0.05 % to 0.5 % under decreased oxygen condi-
tions (Bourbonnais et al., 2023; Goreau et al., 1980). Facultative
anaerobic bacteria are responsible for partial denitrification, i.e.
reduction of nitrate or nitrite to N3O under micro-oxygenated conditions
(Quick et al., 2019). Thus, the presence of inorganic nitrogen, i.e.
ammonium (NHZ), nitrate (NO3) and nitrite (NO3), under low oxygen
conditions are important factors for NoO production (Kaushal et al.,
2022).

The agricultural sector is considered the primary anthropogenic NoO
emission source, contributing over 50 % of the total anthropogenic
sources (Tian et al., 2020). Aquaculture, a significant component of
global agriculture, has attracted increasing research interest due to its
expanding footprint and substantial contribution to N2O emissions
(BFMA, 2023). China, the world’s largest producer of aquacultural
products, expanded its aquaculture area to approximately 71,075 km? in
2022, with about 30 % mariculture and 70 % freshwater aquaculture
(BFMA, 2023). If the aquaculture industry continues to grow at the
current annual rate (Hu et al., 2012), it is projected that the global
N2O—N emissions from aquaculture in 2030 will increase to 0.383 Tg-N,
accounting for 6 % of anthropogenic NoO—N emissions. Therefore,
understanding N3O production in aquaculture is crucial for better
characterization of anthropogenic N2O flux and the sustainable devel-
opment of aquaculture.

Aquaculture ponds are artificial aquatic systems that are maintained
through inputs of aquaculture feed, but only a small portion of these feed
inputs are converted into species’ biomass (Xiao et al., 2023; Yang et al.,
2021). Previous studies show that the nitrogen utilization efficiency in
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feed is only about 25 % (Hu et al., 2012). However, this efficiency level
is maintained to ensure the growth of cultured species and the economic
benefits for owners. Most of the nutrients in the feed, animal excrement,
and dead phytoplankton remain in the pond water and sediment, pro-
ducing N0 as a result of microbial metabolism (Fang et al., 2022; Yang
et al., 2022). A study shows the average N»O emissions in aquaculture
ponds were 3.6 times that of non-aquaculture ponds (Yan et al., 2024).
Despite extensive studies on aquacultural NoO emissions (Fang et al.,
2022; Yang et al., 2015), there is a paucity of detailed biochemical
pathways for N2O production and regulating mechanisms. In aquacul-
ture systems, NoO can be produced simultaneously in sediment and
water column via microbial ammonium oxidation and denitrification.
However, the rates of sedimentary vs. water column processes differ due
to varying redox conditions, with oxygen and nitrogen availabilities
being crucial controlling factors (Fang et al., 2022; Yang et al., 2022).
This study aims to elucidate the specific pathways of N2O production
in the water column and sediment of aquaculture ponds, which were in
continuous, active operation for different cultured species (shrimp,
prawn, and fish) over similar cultivation durations (~2 months). Using
nitrogen isotope tracer experiments, differences in N2O production rates
across various ponds will be determined. The primary site of N,O pro-
duction (water column vs. sediment) will be identified, along with the
relative contributions of nitrification and denitrification to total N,O
emissions. With a deeper understanding of the mechanisms and factors
influencing NoO emissions in aquaculture ponds, future efforts can be
directed towards solutions for sustainable, climate-friendly aquaculture.

2. Results and discussion
2.1. Differential N0 production across aquaculture species

Concentrations of dissolved N2O in the overlying pond water varied
among aquaculture species (Table 1), with the highest N3O concentra-
tion (29.4 nM) observed in the whiteleg shrimp (Litopenaeus vannamei)
pond, and no difference between the Japanese seabass (Lateolabrax
japonicus) and giant river prawn (Macrobrachium rosenbergii) ponds
(both 16.6 nM). Sedimentary total organic carbon (TOC) was the highest
in the prawn co-culture with plant (Hydrilla verticillata) pond compared
to the other two species’ ponds (Table 2), indicating that the co-culture
system may facilitate the burial of organic carbon, thereby reducing
carbon emission potential. Submerged plants have high carbon burial
potential and can effectively reduce the outflow of CO, (Brothers et al.,
2013; Jeppesen et al., 2016). The burial efficiency is affected by oxygen
concentration and sediment type (Hilt et al., 2017). Both sedimentary
and water column N3O production rates were combined to compare
among three aquaculture species in respective ponds (Fig. 1). The
highest N2O concentration observed in whiteleg shrimp pond was
associated with the highest N,O production rate (69.7 umol-N m2 d-!),
which is approximately 2 times higher than the pond of the Japanese
seabass (34.6 ymol-N m>d-!) and 11 times higher than pond of the giant

Table 1

Physico-chemical properties of the water column in aquaculture ponds.
Water Properties Giant river Japanese Whiteleg

prawn seabass shrimp
Depth / m 1.5 2.0 2.0
Salinity / %o 0.7 1.0 3.7
Temperature / °C 27.6 23.9 25.3
Dissolved oxygen / mg/ 7.5 7.7 6.0
L

pH 7.7 8.0 7.8
Chlorophyll / ug/L 26.8 26.2 48.5
Turbidity / FNU 30.8 23.0 42.8
[N2O] / nM 16.6 + 2.4 16.6 + 0.8 294 +1.4
[NHi1 / pM 13.8 £ 3.6 14.2 £ 3.1 131 £0.7
[NOz] / pM 9.5+0.6 6.5+ 0.7 106.1 + 2.5
[NO3] / pM 35.0+1.1 198.6 +£ 6.0 102.6 + 2.2
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Table 2
Physico-chemical properties of the sediment in aquaculture ponds.
Sediments Properties ~ Giant river prawn  Japanese seabass ~ Whiteleg shrimp
Density / g mL ™ 1.7 1.7 1.6
Soil Moisture /% 39.4+22 37.8 £ 25 324+1.4
pH 5.8 6.4 5.3
Porosity /% 63.5 63.5 68.7
TOC/ g kg71 80.7 £ 0.01 44.1 + 3.02 16.9 + 2.28
TN/ gkg? 0.9 +0.13 0.9 +0.03 0.5 + 0.08
[NH{1 / pM 27.9+ 0.9 115.0 + 2.1 51.3 £ 21
[NOz] / pM 3.4+0.2 1.8 +0.9 93.44+0.7
[NO3] / pM 5.4+0.5 98.7 £ 0.4 100.5 + 4.2
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Fig. 1. NyO production rates in sediment and water column in aquaculture
ponds of giant river prawn (Macrobrachium rosenbergii), Japanese seabass
(Lateolabrax japonicus), and whiteleg shrimp (Litopenaeus vannamei).

river prawn (6.1 pmol-N m> d-!). Additionally, both water column and
surface sediment of the whiteleg shrimp pond exhibited the highest rates
of N2O production (23.1 and 46.7 ymol-N m=2 d-!, respectively) among
three species. Overall, the N3O production results were comparable to
those in aquaculture ponds of other studies, while the whiteleg shrimp
pond exhibited slightly higher N2O production (Table S1).

Such obvious differences in NoO production rates among the aqua-
culture species, even at a 2-month cultivation period, are strongly
influenced by feeding practices and stocking density. In this study, the
daily feeding amounts for giant river prawn (~8 g m~2) were signifi-
cantly lower than those for whiteleg shrimp (~17 g m™2) and Japanese
seabass (~18 g m~2). Additionally, the density of giant river prawn
(~45 individual m=2) was lower than those of Japanese seabass (~53
individual m~2) and whiteleg shrimp (~58 individual m~2). High-
density farming requires higher feed supply, resulting in the accumu-
lation of uneaten feed and excrement in water and sediments, creating
nutrient-rich environments that are key substrates for microbial
decomposition (Queiroz et al., 2019; Wu et al., 2018; Yuan et al., 2021).
In this study, the concentrations of dissolved inorganic nitrogen (DIN,
sum of NH4, NO; and NO3) in the water and sediment slurry of the
whiteleg shrimp pond (221.8 uM; 245.2 pM) were significantly higher
than those in the giant river prawn pond (58.3 uM; 36.7 uM). The high
DIN concentrations may be the result of nitrogen from unconsumed feed
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that undergoes remineralization in water column and sediment. The
whiteleg shrimp pond received more external nitrogen substrates, pro-
moting higher N,O production. This is consistent with previous finding
about farmed whiteleg shrimp had the highest N,O emissions (3.6 nmol
individual ! k1) among invertebrate species (e.g., Carcinus maenas and
Scrobicularia plana) (Heisterkamp et al., 2010). A comparative study in
aquaculture ponds and brackish marshes found that N2O fluxes were
positively correlated with NH4 and NO3, making the concentrations of
these inorganic nitrogen species potential indicators of N2O production
(Yang et al., 2017).

Moreover, higher N3O concentration and production rates in
whiteleg shrimp pond compared to seabass pond could be attributed to
the species’ behavioral difference shifting sedimentary microbial
structure. Whiteleg shrimp as a benthic species disturbs the sediment-
water interface to facilitate chemical exchanges (Tian et al., 2023).
Their claws can break and wear down soil particles, increasing the
specific surface area for effective attachment and growth of microor-
ganisms (Sun et al., 2023). In contrast, seabass primarily move and feed
within the water column and have a less direct impact on the sediment.
Similarly, higher N2O emission from crab ponds than fishponds could be
linked to more extensive disturbance of sediments by crabs and their
ability to reshape nitrogen-related microbial community structures, thus
influencing sediment N2O production and release (Fang et al., 2022).
Another example demonstrated a significant shift in microbial commu-
nity structure as a result of mangroves being converted into shrimp
ponds (Wu et al., 2022). Increased feed input leads to changes in the
microbial community, promoting anaerobic, fast-growing, and eutro-
phic microorganisms, which in turn increase greenhouse gas production
(Lin and Lin, 2022).

2.2. Pathway-specific N-O production from the water column and
sediment

Sedimentary N,O production rates were much higher than water
column rates in Japanese seabass and whiteleg shrimp ponds, whereas
the water column was the main site of N2O production in the giant river
prawn pond (Fig. 1). Isotopic tracing revealed the three production
pathways of N3O in water and sediments, respectively (Fig. 2). In the
water column, the rates of ammonia oxidation to NoO (R-NHy, Fig. 2A)
typically ranged from 1.2 to 2.1 ymol-N m 2 d !, and the highest R-NHa
occurred in seabass pond. In contrast, sedimentary R-NH4 were signifi-
cantly higher in ponds of seabass (11.5 pmol-N m~2d 1) and shrimp (5.1
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pmol-N m~2 d~1), approximately 5 times greater than those in the water
column. Partial denitrification, i.e., nitrite reduction to N,O (R-NO3) and
nitrate reduction to N,O (R-NOs3), showed different rates in the sediment
vs. the water column. In prawn pond, water column N20 production was
mainly via R-NOy(Fig. 2B). In contrast, sedimentary R-NO5 (37.8 umol-N
m~2d~!) in shrimp pond was 3 times the rate in the water column, while
in seabass pond, sedimentary R-NOg3 (16.2 pmol-N m~2d1)is 6 times
the water column rate (Fig. 2C).

Overall, the N3O production potential in aquaculture ponds highly
depends on the levels of oxygen and inorganic nitrogen nutrients, with
lower oxygen and higher nitrogen promoting N>O production. Nor-
mally, surface sediment is the primary site of N2O production. The
accumulation of organic matter and nutrients in the sediment creates
favorable conditions for microbial growth and metabolisms involving
N>O production. Note that, the sedimentary rates are representative of a
~1.5 cm thick surface sediment, whereas water column rates represent
the full depth of 1.5-2 m (Table 1 and Methods section). Such a marked
difference signifies the importance of sedimentary N»O flux particularly
in seabass and shrimp ponds with high abundance of DIN. For example,
a significant increase in N»oO emission was observed in mangrove sedi-
ments after the influx of aquaculture wastewater containing high levels
of organic carbon and DIN. Higher microbial respiration and limitation
in oxygen diffusion into sediment could decrease dissolved oxygen (DO)
level, thereby stimulating ammonium oxidation to N,O and partial
denitrification (Wang et al., 2022). On the other hand, DO in pond water
must be maintained at near saturation levels for healthy growth of
aquaculture species. High DO level will inhibit microbial N2O produc-
tion through lower yield via ammonium oxidation, and lower enzyme
activities for denitrification.

Strategies to increase oxygen supply to bottom water and sediment,
as well as lowering sedimentary DIN in aquaculture ponds could be
implemented to mitigate N2O production. The culture of giant river
prawn is assisted with bottom-diffused aeration that supplies oxygen to
the bottom water and surface sediment. This aeration inhibits the ac-
tivity of denitrifying bacteria. As a result, sedimentary R-NOy and R-NO3
were lower in prawn pond than seabass and shrimp ponds in terms of
N2O production (Figs. 2B & C). Furthermore, planting Hydrilla verti-
cillata in prawn pond is beneficial for absorbing feces and lowering
sedimentary DIN, serving as a food source for prawns. Consequently,
sedimentary concentrations of NO3 (3.4 uM) and NO3 (5.4 uM) were
much lower than those in the water column (NO3 at 9.5 uM and NO3 at
35.0 uM). Consistently, such a plant-prawn coculture system exhibited
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Fig. 2. The distribution of N,O production rates via (A) ammonium oxidation (R-NHy), (B) nitrite reduction (R-NO,) and (C) nitrate reduction (R-NO3) in the water
column and sediment among three aquaculture ponds of giant river prawn, Japanese seabass and whiteleg shrimp.
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improved oxygenation and water quality, e.g. reduced total DIN and
phosphorus (Ma et al., 2020). Furthermore, higher efficiency of the
prawn-plant symbiotic culture in converting feed into biomass and the
ability to recycle nutrients in the water column and sediment (Tian et al.,
2023) could contribute to lower nutrient inventories that could mitigate
N»O production.

2.3. Contributions of nitrification and denitrification to N20 production

The contributions of nitrification (ammonium oxidation) and partial
denitrification (nitrate and nitrite reduction) to total NoO production
(sediment and water column combined) were successfully quantified for
each aquaculture species (Fig. 3). Overall, denitrification was the
dominant process contributing to NoO production in all studied ponds,
accounting for >60 % of the total NoO produced. Reduction of NO3 was
more important for NyO production in prawn and shrimp ponds, while
NO3 reduction dominated NO production in the seabass pond. Nitrifi-
cation contributed 30-40 % of N2O production in prawn and seabass
ponds (Fig. 3). Nitrification mostly occurred in the water column and
sediment in prawn and seabass ponds, respectively (Figs. 2A & 4). The
nitrification rates in the sediment and water column of the three ponds
ranged from 5 to over 10,000 umol-N m~2 d~!, with the highest and
lowest rates occurring in the water column of shrimp pond and the
sediment of prawn pond, respectively. Sedimentary nitrification was
two orders of magnitude lower in prawn pond than those in seabass and
shrimp ponds. In prawn and shrimp ponds, the water column dominated
nitrification, whereas in the seabass pond, both the water column and
sediment had similar rates (Fig. 4). Overall, high water column DO level
required for aquaculture may stimulate water column nitrification. In
this study, both water and sediments contribute to effective nitrification
to maintain low NHJ level (Tables 1 & 2) despite high nitrogen feeding
into the ponds. Maintaining optimal NHj level in aquaculture ponds is
crucial since high concentrations of NHjcan interfere with nervous
function and inhibit the growth of aquatic animals (Hu et al., 2012).

Despite being a highly altered system from its natural conditions,
aquaculture ponds have a similar range of water column and sedimen-
tary nitrification rates to natural aquatic systems (Table S2). The nitri-
fication rate in the seabass pond was the lowest among these
aquaculture ponds. The volumetric nitrification rate in the prawn water
column is similar to that in the mixed layer of the Southern Ocean (Raes
et al., 2020), and the shrimp pond is similar to the northern Gulf of
Mexico (Carini et al., 2010). The water column nitrification rates along
the Pearl River (Dai et al., 2008) are higher than those in the aquaculture
ponds. Sedimentary nitrification in shrimp and seabass ponds are
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slightly lower than those of subpolar coastal sediments (Jantti et al.,
2011), and significantly lower than that of temperate oceanic sandy
sediments (Marchant et al., 2016). As N20 is a by-product of nitrifica-
tion, N»O yield (%) is calculated as R-NHy4 / (nitrification rate + R-NHy4)
x 100 %, representing the proportion of N,O production by nitrification.
Generally, the N,O yield in the overlying water of aquaculture ponds
(0.01 %—0.41 %) was lower than that in sediments (0.8 %—3.5 %), with
the highest yield observed in the sediment of the prawn pond (Fig. 4).

Increasing coverage of coastal aquaculture ponds calls for prompt
investigation into NoO production pathways and regulating mecha-
nisms. To address this knowledge gap, a snapshot of the relative con-
tributions of nitrification and partial denitrification to NoO emission is
presented, highlighting the importance of partial denitrification. Simi-
larly, in subtropical estuaries, sedimentary denitrification is a major
source of NoO emissions (Tan et al., 2022). In a study of NoO emissions in
the Yangtze Estuary intertidal zone, denitrification was found to be the
main production pathway, contributing between 78 % and 97 % of the
N2O production (Gao et al., 2020). These findings align with those re-
ported by Gao et al. (2022), where denitrification contributed >84 % of
N5O production from high tide to low tide zones. Additionally, studies
on wastewater treatment systems have also shown that denitrification
mainly contributes to N»O emissions, even when the DO concentration is
increased to 3 mg/L (Duan et al., 2017). In summary, both natural and
engineered aquatic systems are dominated by partial denitrification for
N»O production (Table S3). The occurrence of partial denitrification in
the water column of aquaculture ponds could be attributed to the high
concentration of suspended particles and high chlorophyll content
(Table 1). These conditions create anoxic niches within the otherwise
oxygenated water and supply labile organic carbon, facilitating deni-
trification (Deng et al., 2024). As the concentration of suspended par-
ticles and the mixing rate increase in river water, the rates of
denitrification in both the water column and bed sediments could in-
crease (Liu et al., 2013).

Inorganic nitrogen species are essential for NoO production, and
their concentrations may indicate NoO production rates and pathways.
The present study showed the highest NoO production primarily via NOz
reduction in the shrimp pond (Fig. 3). Concurrently, the NO3 concen-
trations in both the water column and the surface sediment of the shrimp
pond were one to two orders of magnitude higher than those in the
prawn and seabass ponds (Tables 1 & 2). Similarly, time series mea-
surements of water column N;O production in a eutrophic estuary
demonstrated a significant positive correlation between NO3 concen-
trations and total NyO production rates (Zheng et al., 2024). Addition-
ally, NO3 concentration positively stimulated N;O emissions in

[ Nitrification

[ ] Denitrification

Whiteleg shrimp

Fig. 3. Contributions of nitrification (ammonium oxidation) and denitrification (nitrate and nitrite reduction) to total N,O production (sedimentary + water column)

among three aquaculture ponds.
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wastewater treatment plants (Alinsafi et al., 2008). Future research may
focus on regulating mechanisms of NO; availability facilitating partial
denitrification for both sedimentary and water column N2O production.

3. Conclusion

Coastal aquaculture ponds are becoming increasingly important NoO
sources. Aquacultural NoO production is potentially regulated by
feeding amount, stocking density and species behavior. These factors
cause elevated organic carbon and nitrogen to stimulate nitrification
and denitrification and are likely to shift microbial community for
higher N»O production. Combined sedimentary and water column NyO
production rates differed among culture species, with whiteleg shrimp >
Japanese seabass > giant river prawn. Organic matter and nutrient
accumulation, as well as oxygen diffusion limitation, create suitable
conditions for microbial N2O production in sediments. Isotopic evidence
demonstrated that oxygenated sediment, on a centimeter scale, could
produce more N3O compared to the water column above on a meter
scale. Practical strategies can mitigate NoO emissions. For example, in
prawn pond, bottom aeration and plant-prawn coculture can effectively
reduce nutrient accumulation and increase oxygen level, thereby
reducing sedimentary N»O production and carbon emissions by burying
organic carbon. Furthermore, nitrogen isotopic evidence quantified the
relative contributions of ammonium oxidation versus partial denitrifi-
cation to total N2O production, demonstrating that partial denitrifica-
tion, i.e., nitrate and nitrite reduction, was the main N,O production
pathway in aquaculture ponds. Overall, by revealing NoO production
pathways in aquaculture ponds, this work provides theoretical grounds
for future studies exploring sustainable aquaculture practices, such as
lowered stocking densities or increased feed utilization efficiency to
mitigate N,O emissions.

4. Materials and methods
4.1. Study site

Field sampling campaigns were conducted in three species-specific
aquaculture ponds in Doumen District, Zhuhai, Guangdong Province,

China. These included ponds for Japanese seabass (Lateolabrax japoni-
cus) (22°16'20.01'N, 113°17'48.22'E), giant river prawn (Macro-
brachium rosenbergii) (22°17'08.87"N, 113°14'21.22"E), and whiteleg
shrimp (Litopenaeus vannamei) (22°18'20.29"N, 113°11'31.97"E). This
area exhibits a subtropical monsoon climate, characterized by an
average annual temperature of 23.6 °C and an annual rainfall of 2457
mm. The aquaculture ponds utilize water pumped from nearby streams.
These species were selected as they are representative of the local
aquaculture characteristics, being the main species cultivated and
employing similar management practices as described. Additionally, the
river giant prawn is co-cultured with the plant (Hydrilla verticillata) to
optimize its growth environment, a common method of prawn breeding
in the local area. Japanese seabass farming cycle usually spans 11-12
months, while the giant river prawn and whiteleg shrimp farming cycle
lasts 4-5 months, maximizing economic benefits. Each of the three
species is fed different types of compound diets. The sizes of the three
aquaculture ponds vary between 5000 and 6000 m? The mean water
depth of the shrimp and seabass ponds is approximately 2 m, while the
prawn pond has a mean depth of approximately 1.5 m. At the sampling
time (March and April 2024), all three species had similar farming
period of ~ 2 months, and the average feeding amounts for giant river
prawns, Japanese seabass, and whiteleg shrimp were approximately 8 g
m, 18 gm2, and 17 g m™?, respectively, with adjustments based on the
animals’ responses to previous feedings. Paddlewheel aerators are used
throughout the day to ensure adequate oxygen supply in the breeding
ponds. Physical and chemical characteristics about the studied aqua-
culture ponds are provided in Tables 1 and 2.

4.2. Water and sediment sampling and analysis

On the sampling date, water samples were collected from mid-depth
of the water column, approximately 30 cm below the surface, using a
plexiglass water sampler. The samples for NoO concentration analysis
were then transferred into 20 mL serum bottles (Anpel Laboratory
Technologies, Shanghai, China) sealed with rubber septa and aluminum
rings, and preserved with 0.1 mL of 50% w/v ZnCl; solution to inhibit
bacterial activity. Each sample has three replicates. Samples for water
column N3O production rates (Section 4.4) were kept in 60 mL serum
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bottles with similar rubber septa and aluminum seals without ZnCly
solution. Additional water was stored in dark HDPE bottles for sediment
incubation (Section 4.4). These samples were transported to the labo-
ratory within 4-6 h and stored at 4 °C until subsequent procedures.
Water column N,O concentration was measured using the headspace
equilibration method with Ny (Wilson et al., 2018) before analysis with
gas chromatography-electron capture detector (GC-ECD, Asicotech M6,
Shanghai, China). The concentrations were calculated based on the
equations proposed by Weiss & Price (1980).

Duplicate sediment cores 0-5 cm were collected from surface 5 cm of
the pond bottom. All sediment cores were placed into sterile sample
bags, stored at 4 °C in the dark, and transported back to the laboratory
within 4-6 h. In the laboratory, sediment moisture content (SMC) was
calculated by the difference in sample weight before and after oven
drying at 105 °C for 24 h. Sediment samples were freeze-dried, ho-
mogenized, ground to a fine powder, and then sifted through an 80-
mesh sieve for measuring total organic carbon (TOC) using high-
temperature oxidation method (multi-N/C 3100, Analytik Jena, Ger-
many) and total nitrogen (TN) using persulfate wet-oxidation method
coupled to cadmium reduction by a flow injection analyzer (FIA, Beijing
Baode Co., China).

4.3. Measurement of environmental parameters

Water quality parameters were assessed using a Multiparameter
Meter (EXO-2, YSI Inc., USA), which measured dissolved oxygen (DO),
temperature, pH, salinity, turbidity, chlorophyll a, and total dissolved
solids (TDS). For physico-chemical analysis, approximately 20 mL of
water samples were filtered through a 0.45 pm cellulose acetate filter
(Biotrans™ nylon membranes). These filtered samples were then used to
determine the concentrations of NH4 using a fluorometer (Trilogy,
Turner Designs Inc., USA) and the concentrations of NO; and NO3 using
a flow injection analyzer (FIA, Beijing Baode Co., China).

4.4. Nitrogen tracer experiments

The nitrogen isotope tracer incubation experiment can directly
measure the rate and process of N2O production. This experiment uses
I5N-labeled substrates (*°>NH+*, 1°NOz, and '°NO3) to trace the process
and rate of 1N transfer to NzO in the incubation system, thereby
revealing the NoO production process and the relative contribution of
each process (Ji et al., 2020). The water and sediment samples were kept
at 4 °C until initiating the nitrogen tracer incubation.

4.4.1. Water incubation

Tracers of 15NHI , 15NOz, and 15NO§ (Sigma-Aldrich, Merck KGaA,
Darmstadt, Germany) were added in amounts around 10 % of the
existing NH4, NO3, and NO3 concentrations in the water samples,
respectively (see Table 1), to quantify water column rate of N3O pro-
duction through ammonia oxidation, nitrite reduction, and nitrate
reduction. Note that >NHY treatment group was used for quantifying
N,O production via NHJ oxidation, as well as nitrification (NHJ
oxidation) rates. The water samples in 60 mL serum bottles were incu-
bated at 25 °C, which is within 3 °C difference of the in-situ temperature,
under dark conditions. The incubation was divided into three time
points: Tp (0.5-1 h), T; (6-9 h), and T, (15-18 h). Biological duplicates
were conducted for each time point for each °N-spiked group, meaning
six individual bottles each for groups of 15NHI , 1>’NO3, and 15NO§,
respectively. Microbial activities were inhibited by adding 0.1 mL of
50% w/v ZnCly, and isotopic information of dissolved N;O was
measured using a purge-and-trap autosampler (Auto TP-93, Taitong
Technology Guangzhou Co., Ltd., China) coupled to cavity ringdown
spectrometry (G5131i, Picarro Inc., USA), as previously reported (Ji and
Grundle, 2019). To calibrate the measurements, isotopic NoO reference
vials were prepared by stoichiometrically converting potassium nitrate
from USGS-35 (8!°N = 2.7 %o relative to Air Ny) and USGS-32 (5'°N =
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180 %o relative to Air Ny) through bacterial conversion (Sigman et al.,
2001). Such a bacterial conversion method was used for nitrogen iso-
topic analysis of dissolved NO;+ NO3, in !>NHJ treatment group to
determine nitrification rates (Ji et al., 2020).

4.4.2. Slurry incubation

Sedimentary N,O production was conducted using slurry that was
prepared with 50 + 0.2 g of sediment and 100 mL of pond water in 250
mL dark glass bottles. The water and sediment in the bottles occupied
thicknesses of approximately 2.5 cm and 1.5 cm, respectively. The
bottles were sealed with open-topped screw caps and butyl rubber
stoppers (DURAN GL 45, DWK Life Sciences), then purged with 80 ppm
N-O balanced air for approximately 1 hour. This ensures that the spec-
ified N3O concentration in the headspace of the incubation bottle is
optimized for 200 pL sampling (0.5 nmol N,0) for subsequent isotope
measurements. Tracers of ">NHZ, °NO3, and '°NO3 were added in
amounts approximately 10 % of the existing NH}, NO3, and NO3 con-
centrations in the slurry samples. Biological duplicates were conducted
for each !SN-spiked group, meaning two individual bottles each for
groups of >NHZ, 1°NOz, and '°NO3, respectively. The slurry samples
were cultivated at 23 °C under dark conditions, with the incubation
process divided into four time points: T (1-2.5h), T; (3-4 h), T5 (10-11
h), and T3 (20-21 h). At each time point, 200 uL of gas was drawn from
the 250 mL bottles via a glass micro-syringe (Hamilton Bonaduz AG,
Switzerland) into No-flushed, sealed 20 mL glass vials, followed by
isotopic measurements as previously described. Each time point was
measured twice as analytical replicates, i.e. 2 headspace sampling from
the same bottle, to ensure accuracy. Additional two bottles with the
same amount of sediment and water were similarly treated with 1°NHZ
for quantifying nitrification rates. At each incubation time point, the
liquid was filtered through 0.45 pm cellulose acetate filter and flushed
with high-purity N to minimize interference by dissolved N»O, then
treated with bacterial conversion method (Sigman et al., 2001) as Sec-
tion 4.4.1. In short, the increase of >N abundance in N,O and dissolved
nitrate + nitrite signals the production of N2O from °N-labeled sub-
strates, and nitrification, respectively. The calculation procedures of
molar and volumetric NoO production rates from respective substrates,
and nitrification rates are identical to Ji & Grundle (2019) and Ji et al.
(2020). In the °NO3, and 15NO§ groups, nitrite reduction and nitrate
reduction are regarded as two independent pathways for calculating
N2O production, with the contribution from denitrifying cells being
negligible. Subsequently, aerial rates via sedimentary production were
obtained by molar rates dividing cross sectional area of incubation
sediments (~28 cm?); aerial rates in overlaying pond water were ob-
tained by volumetric rates during incubation dividing average depths of
respective ponds (1.5-2.0 m, see table 1). Thus, aerial sedimentary rates
represented ~1.5 cm thick of surface sediments, whereas aerial water
column rates were scaled to entire water column in the ponds.
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