10

11

12

13

14

15

16

17

18

19

20

21

22

23

Conversion of coastal wetland to aquaculture ponds decreased

N20 emission: Evidence from a multi-year field study

Ping Yang®**, Kam W. Tang®, Chuan Tong®"*, Derrick Y.F. Lai¢, Linhai
Zhang™P, Xiao Lin®?, Hong Yang®!, Lishan Tang, Yifei Zhang?®, Yan Hong?,
Chen Tang?, Yongxin Lin®""

aSchool of Geographical Sciences, Fujian Normal University, Fuzhou 350007,

PR. China

bKey Laboratory of Humid Subtropical Eco-geographical Process of Ministry of
Education, Fujian Normal University, Fuzhou 350007, PR. China

“Department of Biosciences, Swansea University, Swansea SA2 8PP, U. K.

4Department of Geography and Resource Management, The Chinese University of

Hong Kong, Hong Kong, China

¢College of Environmental Science and Engineering, Fujian Normal University, Fuzhou

350007, PR. China

"Department of Geography and Environmental Science, University of Reading, Reading,
RG6 64B, UK

hState Key Laboratory of Estuarine and Coastal Research, East China Normal

University, Shanghai, China

*Correspondence to:
Ping Yang (yangping528@sina.cn); Chuan Tong (tongch@fjnu.edu.cn); Yongxin Lin
(yxlin@fjnu.edu.cn)

Telephone: 086-0591-87445659  Fax: 086-0591-83465397



24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

ABSTRACT

Land reclamation is a major threat to the world's coastal wetlands, and it may influence
the biogeochemical cycling of nitrogen in coastal regions. Conversion of coastal
marshes into aquaculture ponds is common in the Asian Pacific region, but its impacts
on the production and emission of nitrogen greenhouse gases remain poorly understood.
In this study, we compared N>O emission from a brackish marsh and converted shrimp
aquaculture ponds in the Shanyutan wetland, the Min River Estuary in Southeast China
over a three-year period. We also measured sediment and porewater properties, relevant
functional gene abundance, sediment N>O production potential and denitrification
potential in the two habitats. Results indicated that the pond sediment had lower
N-substrate availability, lower ammonia oxidation (AOA and comammox Nitrospira
amoA), nitrite reduction (nirK and nirS) and nitrous oxide reduction (nosZ I and nosZ 1)
gene abundance and lower N>O production and denitrification potentials than in marsh
sediments. Consequently, N>O emission fluxes from the aquaculture ponds (range 5.4—
251.8 ng m2 h™') were significantly lower than those from the marsh (12.6-570.7 pg m~
2 h™1). Overall, our results show that conversion from marsh to shrimp aquaculture ponds
in the Shanyutan wetland may have diminished nutrient input from the catchment,
impacted the N-cycling microbial community and lowered N>O production capacity of
the sediment, leading to lower N>O emissions. Better post-harvesting management of
pond water and sediment may further mitigate N>O emissions caused by the aquaculture

operation.
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1. Introduction

Nitrous oxide (N20) is a kind of the potent long-lived greenhouse gases with 270
times the global warming potential of carbon dioxide (CO2) on a 100-year timescale
(Neubauer and Megonigal, 2015), and it causes major destruction of stratospheric
ozone (Ravishankara et al., 2009; Shaaban et al., 2018). The recent report by the World
Meteorological Organization (WMO) showed that the global atmospheric N>O
concentration has been increasing since 1750, reaching 333 ppbv in 2020 (WMO,
2019). Land use and land cover change (LULCC) is considered an important driver of
anthropogenic N>O emission (Gutlein et al., 2018; IPCC, 2013); thus, good
understanding of the effects of LULCC on N2O emission from various ecosystems is
essential for mitigating climate change (Tan et al., 2020; Webb et al., 2021; Zhou et al.,
2019).

Coastal wetlands, located at the interface of land and sea, typically have high
biological productivity (Chmura et al., 2003; He et al., 2021) and are an important
nitrogen pool in the global nitrogen cycle (Batjes, 1996; Wu et al., 2013). Over the past
century, land conversion to accommodate population growth and economic
development has led to the loss or degradation of large areas of natural wetlands
globally (Sun et al., 2015; Verhoeven and Setter, 2010). Conversion of wetlands to
aquaculture ponds for food production is common around the world (He et al., 2021;
Gao et al., 2019; Murray et al., 2019), particularly in the Asia-Pacific region. China is

one of the major aquaculture producers in the world (FAO, 2020). Aquaculture ponds

4
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are estimated to cover a total area of 15,600 km? in China (Duan et al., 2020), most of
which were reclaimed from coastal wetlands by removing the original vegetation and
converting the bunds into steep slopes (Yang et al., 2017). This alteration of the
landscape, from vegetated areas with shallow free-flowing water to isolated standing
water bodies, can strongly affect nutrient cycles, sediment properties, abundance and
activity of N-cycling microorganisms and subsequent N>O biogeochemical processes
(Huang et al., 2010; Jiang et al., 2009; Roulet, 2000), but long-term data on the
direction and magnitude of these effects are lacking.

To investigate the climate effect of LULCC, ideally one should monitor N>O
production and emissions from the location before and after the creation of aquaculture
ponds. However, this is impossible for existing ponds. As an alternative, one may
compare N>O production and emission from the aquaculture ponds and the surrounding
native habitat. To that end, we compared N>O emission fluxes between a brackish
marsh and converted aquaculture ponds in the Shanyutan wetland, Southeast China
over a three-year period. To explore the underlying factors that may explain the
differences, we measured sediment and porewater properties, major N-cycling
functional genes, sediment N>O production and denitrification potentials between the
two habitat types across the shrimp farming season. The main research objectives are to:
(1) investigate differences in the sediment N>O production and denitrification potentials
and the relevant bacterial gene abundance between marsh land and aquaculture ponds;

(2) assess the effects of marsh land conversion on NoO emissions; (3) identify the main
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environmental factors influencing the change in N2O emissions. We hypothesized that
the conversion of coastal marsh to aquaculture ponds would decrease the N>O

emissions by changing the hydrological and edaphic conditions.

2. Materials and methods

2.1. Study area

The Shanyutan wetland (26°00'36" to 26°03'42"N, 119°34'12" to 119°40'40"E) is
located in the Min River Estuary (MRE), Southeast China (Figure 1). The region has a
typical subtropical monsoonal climate. The annual mean air temperature is 19.6 °C and
annual average precipitation is 1,390 mm (Yang et al.,, 2022a). The wetland is
characterized by typical semidiurnal tides, and tides change in the range of 2.5-6.0 m.
The average water salinity is around 4.2+0.3%o (Tong et al., 2018). The main vegetation
includes the native Cyperus malaccensis (912 stems m™ aboveground density and
3168+486 g m™ belowground biomass) and Phragmites australis (150 stems m?;
2322+533 g m?) and the invasive Spartina alterniflora (257 stems m2; 2085+486 g m™?)
(Yang et al., 2018). Large areas of the coastal marshes (mainly dominated by C.
malaccensis and S. alterniflora) have been converted to aquaculture ponds in the past
decades due to rising demand for seafood, primarily shrimp (Litopenaeus vannamer)
(Yang et al., 2020).

The size of the aquaculture ponds varied in the range of 1.2-3.0 ha and mean water
depth was ~1.5 m. Prior to farming, the shrimp ponds were filled with seawater pumped

from the MRE and freshwater drawn locally. Approximately seven days after filling,
6
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the pond water was disinfected by using trichloroisocyanuric acid (~25 kg pond™!) and
calcium oxide lime (0.5 t ha'), followed by the addition of calcium superphosphate
fertilizer (1.5-2.0 kg per 1000 m™) (Yang et al., 2022b). There was no water exchange
over the shrimp culture period from breeding in May to harvesting in November (Yang
etal., 2017, 2021). The stocking density was 150-250 post larvae m™. Over the farming
period, the shrimp were fed pellets (5000 kg ha!) (Yuehai™, Guangzhou, Guang dong,
China) daily at 08:00 a.m. and 16:00 p.m. Feeds accounted for over 90% of the total N
input, at a rate of 23.8-33.2 ¢ N m? yr!' (Yang et al., 2021). Similar management
practices are widely applied in coastal shrimp ponds in other regions in China and
Southeast Asia (Herbeck et al., 2013; Kongkeo, 1997; Pouil et al., 2019; Xie and Yu,
2007).

To assess the influence of land conversion on sediment N>O production and
emissions from the Shanyutan wetland, a brackish C. malaccensis marsh stand and
three nearby converted aquaculture ponds were chosen for comparison. Sediment
sampling and incubation were conducted monthly between April 2019 and January
2020 for a total of 10 times. N2O emission fluxes were measured between April 2019
and December 2021 in irregular time intervals, subject to Covid-19 related travel
restriction and personnel availability; N>O emissions were measured 36 times over the
three-year period.

2.2. Collection and analysis of sediment porewater

In the marsh stand, we established three quadrants (1 m x 1 m) 2 m apart. Sediment
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porewater was collected by using in situ dialysis (Strack and Waddington 2008; Tong et
al., 2018). A series of PVC pipes (with inner diameter of 5 cm) with a bottom screen of
0.2 um nylon membrane (Biotrans™, ICN, Irvine, California, USA) were installed in
each quadrat, extending 15 cm into the sediment and leaving a 5-cm protrusion at the
surface (Yang et al., 2019). The pipe top was sealed with a cover tightly. The porewater
in the pipe was extracted using a syringe (100-mL) with a three-way stopcock. The
collected porewater was immediately transferred into a 100-mL serum glass bottle and
transported to the Key Laboratory of Humid Subtropical Eco-geographical Process of
Ministry of Education (Fuzhou, China) for measurement.

To obtain sediment porewater from the aquaculture ponds, 15-cm long sediment
cores were sampled at three sites in each pond using a steel cylinder sampler (5 cm in
diameter). Sediment porewater was extracted by centrifugation at 4,000 rpm for 10 min
(Hereaus Omnifuge 2000 RS, Hereaus, Hanau, Frankfurt, Germany) (Matos et al., 2016)
and transferred into a 100-mL serum glass bottle.

All porewater samples were kept cold and dark before measurement. In the
laboratory, ~50 mL porewater was filtered through a 0.45 um filter (Biotrans™ nylon
membranes). The filtrates were measured for ammonia-nitrogen (NH4"-N),
nitrate-nitrogen (NO3™-N), and total dissolved nitrogen (TDN) concentrations using a
flow injection analyzer (Skalar Analytical SAN™", Netherlands). Porewater SO4>"
concentration was determined by using a Dionex 2100 Ion Chromatograph (Thermo

Fisher Scientific, Sunnyvale, California, USA).
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2.3. Collection and analysis of sediment samples

Triplicate 15-cm long sediment cores were collected from the marsh stand and
aquaculture ponds with a steel cylinder sampler (5 cm in diameter). All sediment cores
were put into sterile sample bags, stored on ice in a cooler, and transported back to the
laboratory for further analysis within 4—6 hr. In the laboratory, sediment was diluted
with deionized water for measuring sediment pH (sediment-to-water ratio of 1:2.5 w/v)
by an Orion 868 pH meter (Thermo Fisher Scientific, Cambridge, Massachusetts, USA)
and salinity (sediment-to-water ratio of 1:5 w/v) by a Eutech Instruments-Salt6 salinity
meter (Thermo Fisher Scientific, San Francisco, California, USA). A subsample was
freeze-dried, homogenized and ground to fine powder, and then sifted through a 2-mm
mesh for measuring sediment total carbon (TC) and total nitrogen (TN) using
Elementar Vario MAX CN analyser (ELEMENTAR, Hanau, Frankfurt, Germany).

During each sampling campaign, in situ electrical conductivity (EC) and sediment
temperature (7s) were measured by an EC meter (2265FS, Spectrum Technologies,
Aurora, Illinois, USA) and a portable temperature meter (IQ150, IQ Scientific
Instruments, Carlsbad, California, USA), respectively.
2.4. DNA extraction and quantitative PCR

Triplicate sediment samples were collected as aforementioned for quantifying
major N-cycling functional genes. A total of 30 and 90 sediment samples were collected
from the marsh and aquaculture ponds, respectively, over the study period. Total DNA

was extracted from 0.5 g of freeze-dried sediment sample via the FastDNA SPIN Kit
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for soils (MP Biomedicals, Santa Ana, California, USA) following the manufacturers’
protocols and stored at low temperature (—80 °C). The concentration and quality of
extracted DNA was checked by 1.2% agarose gel electrophoresis and
spectrophotometry (NanoDrop Technologies, Wilmington, North Carolina, USA). The
abundances of N-cycling functional genes were measured on a CFX96 Optical
Real-Time Detection System (Bio-Rad Laboratories Inc., Hercules, CA, USA). The
functional genes we targeted were ones involved in ammonium oxidation (AOA amoA,
AOB amoA, comammox Nitrospira clades A and B amoA), nitrite reduction (nirK, nirS)
and nitrous oxide reduction (nosZ 1, nosZ 1I). Each reaction mixture (20 puL) consisted
of 10 uL SYBR mix (Vazyme, Nanjing, China), an optimized concentration of forward
and reverse primers, and 1 pL of template including 1-10 ng of DNA and sterilized
distilled water. A negative control was applied with sterilized distilled water as the
template instead of an extracted DNA sample. The gene-specific primers and thermal
cycling environment are shown in Table S1. Standard curves were produced from a
ten-fold serial dilution of plasmid DNA including the target genes. The amplification
efficiencies were 90-102%, except for comammox Nitrospira clade B (79-81%), with
2 of 0.994 to 0.999 (it should be noted that they were non-specific amplifications for
comammox Nitrospira clade B).
2.5. Production potential of sediment N>O

Incubation to measure sediment N>O production potential was conducted according
to Liu et al. (2019) and Wang et al. (2017). Briefly, 50 g (wet weight) of fresh sediment

10
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and 50 mL of water collected from each site were added to a 200 mL incubation bottle
and purged with N2 gas (>99.9999% purity) for 5-8 min to displace the dissolved
oxygen. The bottles were then sealed with a silicone rubber and incubated with
agitation (175 rpm min™') at in situ temperature (i.e., sediment temperature measured at
the sampling site; 14-30 °C) for 12 days. A 5-mL gas sample was taken from the
headspace of each incubation bottle with a syringe at the start, then every four days
(total 4 times); 5 mL of N> gas was added back each time to keep the pressure. The
extracted gas samples were measured for N>O concentrations on a gas chromatograph
(GC-2014, Shimadzu, Japan) equipped with an electron—capture detector (ECD).
Sediment dry weight was measured according to Yang et al. (2020b). Sediment N>O
production potential [ng N2O g! (dry weight) day™'] was calculated from the linear rate
of increase in headspace N>O concentration over time (Liu et al., 2019; Yang et al.,
2020; Wassmann et al., 1998).

Potential denitrification activity was determined according to Enwall et al. (2005)
and Ma et al. (2020) with minor modifications. Briefly, 10 g (wet weight) fresh
sediments were added to a 150 mL incubation bottle and kept at 25 °C overnight. On the
following day, 10 mL of water collected from each site was added to the bottles and
purged with N> gas (>99.9999% purity) for 5-8 min to achieve denitrifying conditions.
Acetylene (10% v/v) was added to inhibit the reduction of N2O to N». The bottles were
then sealed with a silicone rubber and incubated with agitation (175 rpm min™') at in
situ temperature for 48 h, and gas samples were collected every 12 h. N2O

11
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concentrations from gas samples were measured on a gas chromatograph (GC-2014,
Shimadzu, Japan). Sediment potential denitrification activity [ng N.O g™ (dry weight)
day'] was calculated from the linear rate of increase in headspace N2O concentration
during the incubation time.

2.6. Measurement of N>O emission fluxes

The N2O emission fluxes were measured with static closed chambers in the marsh
stand (Marin-Muiiiz et al., 2015; Yang et al., 2019) and with floating chambers in the
aquaculture ponds (Chuang et al., 2017; Lorke et al., 2015). The static closed chamber
consisted of a PVC top (100 cm height, 35 cm width, 35 cm length) and a bottom collar
(30 cm height, 35 cm width, 35 cm length); the bottom collar was inserted 20 cm into
the sediment. The floating chamber was made of a plastic basin
(polyethylene/plexiglas®) (Fujian Petrochemical CO., Ltd, Fuzhou, Fujian, China)
(with covering area of 0.1 m? and a volume of 5.2 L) fitted with floating Styrofoam. To
reduce internal heating by sunlight, the floating chamber was covered in reflective tape
(Natchimuthu et al., 2017; Yang et al., 2020). To mix air well inside headspace, an
electric fan was installed inside each chamber.

During each sampling campaign, headspace air sample was drawn from each
chamber into an aluminum-foil gas sample bag (Delin Gas Packing Co., Dalian, China)
in 15-minute intervals over a 45 min period. The collected gas samples were returned to
the laboratory for measuring N>O concentrations within 48 h on the GC-ECD system
mentioned above. N>O emission fluxes (ug N2O m™ h'') were calculated as the rate of
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change in the mass of N2O per unit surface area per unit time (Wu et al., 2021; Yuan et
al., 2021).
2.7. Statistical analysis

All data were checked for normality and homogeneity of variance before further
statistical analysis. Differences in environmental parameters, sediment N>O production
potential and N>O emission fluxes between the marsh and the aquaculture ponds were
tested by using two-way analysis of variance (two-way ANOVA) followed by Tukey’s
post hoc test, using the SPSS 22.0 (IBM, Armonk, NY, USA). Statistical plots were
generated using OriginPro 2021 (OriginLab Corp. USA). Because N>O emission
measurements were done at irregular frequencies over the three-year period (see
Section 2.1), the data were grouped by months for correlation analysis. Spearman
correlation analyses were conducted to analyse the relationships between sediment N,O
production potential (or NoO emission fluxes), the abundance of various major
N-cycling functional genes and various environmental parameters, using corrplot and
Hmisc packages in R software (Version 4.1.0). To explore seasonal patterns, the data
were grouped into Spring (from March to May), Summer (from June to August),
Autumn (from September to November) and Winter (from December to February).

The main abiotic and biotic variables influencing sediment N>O production
potential (or N>O emission fluxes) were evaluated by random forest modeling with the
randomForest and rfPermute packages in R software, and the results were plotted using
OriginPro 2021. The extent to which environmental variables affecting the variability in

13
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sediment N>O production potential (or N2O emission fluxes) was evaluated by using
Redundancy Analysis (RDA) via software CANOCO 5.0 (Microcomputer Power,
Ithaca, New York, USA).

3. Results

3.1. Environmental parameters

The physico-chemical properties of the sediments and porewaters are shown in
Table 1. No significant differences were observed for sediment pH or porewater SO4*
concentration between the two habitats (ANOVA, p > 0.05; Table 1; Yang et al., 2022c¢).
However, significant differences were found for the other parameters. Salinity, 7s, EC
and TN in the marsh sediments were significantly higher while C:N ratio was generally
lower than the pond sediment (ANOVA, p < 0.01; Table 1; Yang et al., 2022c).
Furthermore, porewater NH4'-N and NOs-N concentrations in the marsh were
significantly larger than in the pond (ANOVA, p < 0.01 or <0.05; Table 1).
3.2. Functional gene abundance in sediments

The copy numbers of genes for ammonium oxidation (AOA amoAd, AOB amoA
and comammox Nitrospira amoA) and denitrification (nirK, nirS, nosZ 1, and nosZ 1)
are shown in Figure 2. No significant differences were found in copy number of the
AOB amoA gene between the two habitats (p>0.05; Figure 2b). However, the copy
number of AOA amoA genes in the marsh sediment (mean 1.9x10® copies g') was
significantly larger than in the pond sediment (7.2x10° copies g™!) (»<0.0001; Figure

2a). Likewise, the copy numbers of comammox Nitrospira clade A and clade B amoA
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genes were significantly higher in the marsh sediment (1.8x107 and 2.2x10® copies g™,
respectively) than in the pond sediment (4.1x10% and 4.7x107 copies g, respectively)
(»<0.001; Figures 2¢ and 2d). The mean copy numbers of the nirK, nirS, nosZ I and
nosZ 11 genes in the marsh sediment (1.5x10%, 5.9x10%, 2.9x10% and 3.0x10® copies g,
respectively) were all significantly larger than those in the pond sediment (2.8x107,
1.8x108, 1.1x10% and 2.7x107 copies g, respectively) (p<0.001; Figures 2e-2h).
3.3. Sediment N->O production potentials

The monthly sediment N>O production potential changed in the range of 47.9—65.4
ng g!' d''in the marsh and in the range of 37.5-47.9 ng ¢! d"!in the aquaculture ponds
(Figure 3a). The mean value in the marsh sediment (53.9 + 1.5 ng g! d!) was
significantly larger than that in the aquaculture pond sediment (42.1 = 1.1 ng g!' d!)
(Fa-1=56.630, p<0.0001; Figure 4a). Seasonally, the highest sediment N>O production
potential occurred during the spring in the marsh, and during the summer in the
aquaculture ponds (Figure 3b). In addition, we observed that the mean sediment
potential denitrification activity in the marsh (92.9 + 8.6 ng g! d!') was significantly
higher than that in the aquaculture pond sediment (54.6 = 3.3 ng g! d'!) (Fu=1=17.274,
p<0.001; Figure S1).
3.4. N>O emission fluxes

N2O emission fluxes changed significantly during the study period (p<0.01),
ranging from 12.6£0.6 to 570.7£14.2 pg m> h! in the marsh, and 5.4£0.9 to
251.84160.9 ug m~ h™'in the aquaculture ponds (Figure 5a). The mean flux from the
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marsh (173.7+24.2 pg m2 h™!) was significantly larger than that from the aquaculture
ponds (42.9+9.5 ug m2 h™!) (F4=1=25.373, p<0.0001; Figure 4b). By grouping the data,
a seasonal pattern emerged, with lower emission fluxes in autumn and winter, and
higher fluxes in spring and summer, in both habitat types (Figure 5b and 5c).

3.5. Environmental drivers of N>O productions and fluxes

The correlations between sediment N>O production potential and N>O emission
flux and the different biotic and abiotic variables are shown in Figure 6. Based on
Pearson correlations (Figure 6) and RFP analysis (Figure 7), the changes in N>O
emission flux were strongly driven by nirK gene abundance, N substrate concentrations
(e.g., TN, NO3-N and NH4'-N) and Ts, which together explained nearly 55% of the
variations.

Based on RDA, sediment salinity, C:N ratio, TN and porewater NH4 -N
concentration were the main variables explaining the changes of sediment N>O
production potential and N>O emission fluxes in marsh. In particular, C:N accounted
for the largest contribution (Figure S2a). In the aquaculture ponds, sediment N,O
production potential and N>O emission fluxes were strongly driven by Ts and C:N ratio,
which together explained nearly 83% of the changes (Figure S2b).

4. Discussion

Large increases in N>O and CH4 emissions following conversion of natural
wetlands to agriculture systems (e.g., croplands, pastures), which have also been

reported by other scholars (e.g., Gleason et al., 2009; Huang et al., 2010; Tan et al.,
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2019; Olsson et al., 2015), are usually attributed to the increase in precursor substrates
and changes in soil properties (Tan et al., 2019). For aquaculture ponds, application of
fertilizer, organic loading from feeds and farmed animals, and oxygen depletion in
waterlogged sediment are all expected to promote N>O production and emission (Hu et
al., 2012; Mosier et al., 1991; Tan et al., 2020). In China and elsewhere in the
Asia-Pacific region, conversion of natural wetlands to aquaculture ponds is widespread
to satisfy the growing food demand, raising concerns about their climate impact (Yuan
et al., 2019; Strokal et al., 2021). By comparing the brackish marsh and the converted
aquaculture ponds within the Shanyutan wetland, Southeast China, this study examined
the effect of LULCC on sediment properties and related N>O production and emission.
4.1. Effects of land use change on sediment N-cycling microbes

Other scholars have shown that the abundance of major N-cycling functional
genes in sediments are positively affected by N substrate availability (Bahram et al.,
2022; Gao et al., 2019; Sun et al., 2021). Likewise, in this study, variations in the
abundance of major N-cycling functional genes in the sediment samples were
correlated positively to N substrates (Figure 6) and negatively to C:N ratio (Figure 6),
confirming N substrate availability as a key factor regulating the sediment microbial
community and its N cycling ability in coastal wetlands. Contrary to expectations that
aquaculture would increase nitrogen loading to the sediment (Das et al., 2004; Burford
and Lorenzen, 2004), we found that marsh actually had higher sediment TN and
porewater inorganic nitrogen concentrations than pond (Table 1), likely a result of N
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release from marsh vegetation and high N input from the catchment (Li et al., 2021b).
Accordingly, the abundance of the nitrifying functional genes (AOA and comammox
Nitrospira amoA) and denitrifying functional genes (e.g., nirK, nirS, nosZ 1 and nosZ 1I)
in the marsh sediment were significantly more abundant than in the pond sediment
(Figure 2), suggesting that land conversion of natural marsh to aquaculture ponds
negatively impacted sediment N substrate (i.e., TN, NH4"-N and NOs3-N) availability
and the corresponding sediment N-cycling ability. Moreover, comammox Nitrospira
amoA were positively correlated with NO3-N and negatively impacted by land use
change, suggesting that the newly discovered nitrifying microorganisms might play an
important role in sediment nitrification but were diminished during the conversion of
natural marsh to aquaculture ponds.
4.2. Effects of land use change on sediment N>O production

Sediment N>O production potential decreased by 22% between coastal marsh and
aquaculture ponds (Figure 4a), suggesting that land conversion may have weakened the
sediment’s ability to produce N>O. The sediment N cycle involves a series of aerobic
(e.g., nitrification) and anaerobic (e.g., denitrification) microbial reactions, with N>O as
one of the intermediate products (Daims et al., 2016; Li et al., 2021a). In this study, the
variations in sediment N>O production potential were positively correlated to N
substrates, as well as the different N-cycling functional genes (Figure 6), including the
ones involved in ammonium oxidation (AOA and comammox Nitrospira amoA), nitrite
reduction (nirK and nirS) and nitrous oxide reduction (rnosZ 1 and nosZ 11). Both
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ammonium oxidation and nitrite reduction are steps in converting fixed N to N>O,
whereas nitrous oxide reduction converts NO to N>O and further to N»; therefore, the
net production of N>O in the sediment depends on the balance between microbial
formation and consumption of N>O. Our data suggest that the microbial processes of
N2O formation outpaced NoO consumption, leading to a net positive N>O production
potential in the sediment. In marsh sediment, the strong correlations between N>O
production potential and abundance of the AOA amoA gene (Figure S3a) and the nirk
gene (Figure S3¢) showed that ammonium oxidizing archaea and denitrifying bacteria
were the key members of the microbial community to drive N2O production in coastal
wetland. Conversely, land conversion to aquaculture ponds appeared to have negatively
impacted the populations of ammonium oxidizing archaea and denitrifying bacteria
(Figure 2a,c), which, combined with the lower N substrate availability, likely explained
the smaller sediment N>O production potential in the aquaculture ponds (Figure 4a).
4.3. Effects of land use change on N>O emission flux

N2O emission in the brackish marsh correlated strongly and negatively with
sediment salinity (Table S2). Sediment salinity in the brackish marsh might vary due to
tidal flushing and river runoff, causing stress to the microbial community (Francis et al.,
2003). N>O emission flux was largest in the spring in coastal marsh (Figure 5b),
perhaps reflecting the effect of N-substrates from decomposing biomass from the
preceding winter (Jiang et al., 2009; Sommerfeld et al., 1993).

The aquaculture ponds were isolated from tides and river runoff and therefore
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sediment salinity variation was a less important factor. N2O emission was highest in the
summer (Figure 5c), which was the beginning of the culture period, and adding feeds
and farmed animals would have increased N substrate availability for N>O production
(positive correlation; Table S2). The stagnant nature of pond water would have also
allowed sediment temperature to increase in hot months (summer), causing increased
microbial N>O production (positive correlation; Table S2) and decreased N>O solubility,
consistent with the higher N>O emission flux in the summer (Figure 5c).

Our data showed that overall, the marsh sediment had higher N substrate
concentrations, abundances of major N-cycling functional genes and sediment N>O
production potential, all expected to drive higher NoO emission in the marsh than in the
aquaculture ponds, according to the correlation analysis results (Figure 6). Indeed,
except for the months of July and August in 2019, N,O emission fluxes in coastal
marsh were consistently higher than in aquaculture ponds throughout the three-year
period, sometimes by as much as 8-fold (Figure 5a). Averaging the entire data set, NoO
emission from the marsh was 4 times that from the aquaculture ponds (Figure 4b).

In addition, we calculated the indirect NO emission factor (EFs) for the two
habitat types following the NoO—N/NO3 —N mass ratio methodology (Hama-Aziz et al.,
2017; Turner et al. 2015). We found that the mean EFs value in the brackish marsh
(0.0008) was greater than that in the aquaculture ponds (0.0003) by over 2.6 times,
further demonstrating that the marsh was a stronger N>O source even at the same level
of N supply. Overall, the EFs values in our two habitats were found to be lower than the
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IPCC default value of 0.0025 for rivers and estuaries (De Klein et al. 2006), but
comparable to those in other inland waters (e.g., Audet et al., 2017; Cooper et al., 2017;
Outram and Hiscock, 2012; Qin et al., 2019; Tian et al., 2018) and estuaries (Maavara
et al., 2019; Qi et al., 2022), and even higher than those in rivers (Maavara et al., 2019).
Hence, the N>O emissions from brackish marshes and aquaculture ponds should not be
overlooked in accounting for the global sources of N>O.

4.4 Long-term land use change effects in the local context

Coastal and freshwater wetlands not only perform important ecosystem services,
but they are also major carbon sinks (Chmura et al., 2003; Mitsch et al., 2013). As such,
reclamation of wetlands especially for farming purposes is expected to increase nutrient
and organic loading to the systems, compromise their carbon sequestration capacity,
and increase the overall production and emission of greenhouse gases including CHy
and N>O. This appears to be true on a global scale (Tan et al., 2019). However, at the
local scale, the effect of LULCC may depend on changes to the local hydrology,
nutrient dynamics and microbial communities, which need to be assessed by detailed
comparisons between the original and the converted habitats.

Our high-frequency measurements over a three-year period showed that the
aquaculture ponds in the Shanyutan wetland had lower N>O emission than the native
brackish marsh, which was supported by independent measurements of the lower
N-substrate concentrations, lower major N-cycling functional gene abundances and
lower sediment N>O production potential in the pond sediment. In the aquaculture
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ponds, exogenous N supply in the form of feeds was one of the major sources of N
substrates for N>O production. In our study, the rate of N input via feed application was
approximately 28.5 ¢ N m™ year’!. Meanwhile, the average N>O emission from the
aquaculture ponds was only 0.14 ¢ N m™ year™!, accounting for about 0.5% of the total
annual N loading arising from feed inputs. Over 40% of the added N was actually
incorporated into the biomass of the cultured whiteleg shrimps (Litopenaeus vannamei),
which had a relatively high nutrient utilization efficiency (Yang et al., 2021). We found
that our pond sediments had a mean denitrification potential and net N>O production
potential of 54.6 and 42.1 ng g!' d”!, respectively, which implied that 23% of the N>O
produced was further converted to N> gas. Hence, our results suggested that shrimp
biomass incorporation and sediment N storage were likely major fates of the N applied
in the ponds, while gaseous loss of N was minimal.

In the brackish marshes, the sediments can receive N supply from both surface
water and atmospheric deposition for supporting N>O production. In our study, we
observed a significantly higher amount of total nitrogen (TN) in the marsh sediments
than that in the aquaculture pond sediments (1.34 vs. 0.70 g kg'), implying a
substantially greater amount of external N inputs into the marsh as compared to the
ponds. Owing to the greater N availability, the brackish marshes had a significantly
greater potential denitrification rate than the brackish marshes (92.9 vs. 54.6 ng g'! d!).
Meanwhile, the potential N> production rate of denitrification was also much higher in
the marshes than in the ponds (39.0 vs. 12.5 ng g'! d’!), with about 42% of the N,O
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produced in the marsh sediments being subsequently reduced. As a result, the brackish
marsh sediments still had higher mean N>O production potential (53.9 vs. 42.8 ng g'! d'!)
and net N>O emission rate (173.7 vs. 42.9 ug m> h'), when compared to the pond
sediments.

Taken together, we suggest that conversion of the Shanyutan brackish marsh to
aquaculture ponds cut off N loading from the catchment and marsh vegetation that
fueled N>O production. Of the residual N that entered the sediment, its conversion to
N2O would still require a series of microbial processes. As our data showed, the major
N-cycling functional gene abundances in the pond sediment were all significantly lower,
except the AOB amod (Figure 2), suggesting that the marsh sediment microbial
community was negatively impacted by land reclamation, leading to a much lower
ability to produce N>O (Figure 4a) and correspondingly a lower N>O emission (Figure
4b). These findings are also consistent with an earlier study which, using a mass
balance approach, showed that N2O emission accounted for < 0.03 % of the total N
output from the aquaculture ponds (Yang et al., 2021).

Microbial production of N2O can follow both aerobic and anaerobic pathways
(Baggs, 2011; Yang et al., 2015). In this study, we incubated sediment slurry under
anoxic condition and therefore, we may have underestimated the sediment N>O
production potential by excluding the aerobic processes, although this would not have
affected the functional gene abundance and emission flux measurements. Quantification
of N>O production in situ using novel tracer method (Yeung et al., 2019) would
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eliminate the need for incubation and generate more accurate data. Another interesting
observation is the large between-month and between-year variations in N>O emission in
the marsh (Figure 5); measurements at a lower frequency or measurements that cover a
shorter period may lead to considerable errors in the N,O emission budget.

After harvesting, shrimp farmers usually drain the ponds and dry the sediment.
This process, while may release residual N into the estuary and increase N>O
production and emission downstream, would not be inducive to microbial N>O
production in the pond sediment during the non-farming period. Nevertheless,
post-harvesting removal of sediment is not a common practice; therefore, continuous
build-up of N in the pond sediment may pose the risk of a future surge in N>O emission.
Preventive measures to better manage N discharge and sediment build-up would be
needed to further mitigate NoO emission caused by the aquaculture operation.

5. Conclusions

Overall, our findings highlighted the importance of local context for understanding
LULCC effects on greenhouse gas dynamics. While it may be tempting to presume that
reclamation of natural wetlands to aquaculture ponds would increase N2O emission, our
multi-year field study showed the opposite. Nevertheless, our sampling was limited to
the Shanyutan wetland and one type of aquaculture operation, whereas other wetlands
and aquaculture systems may have different environmental conditions and microbial
communities, possibly resulting in different NoO dynamics. Reclamation of coastal

wetlands for aquaculture is widespread throughout the southeastern coast of China,
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from the tropical zone to the subtropical zone (Duan et al. 2020). Expanding the
sampling efforts to the other regions would be needed for a fuller understanding of the
LULCC effects on coastal greenhouse gas dynamics in this aquaculture-intensive

country.
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Figure S3. Relationships between sediment N>O production potentials and abundances

of N-cycling functional genes in the marsh and aquaculture ponds. Significant linear

regressions are included where applicable.
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