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Abstract: Littoral wetlands are globally important for sustainable development; however, they have
recently been identified as critical hotspots of nitrous oxide (N2 O) emissions. N2 O flux from subtropical
littoral wetlands remains unclear, especially under the current global warming environment. In the
littoral zone of Lake Poyang, a simulated warming experiment was conducted to investigate N2 O
flux. Open-top chambers were used to raise temperature, and the static chamber-gas chromatograph
method was used to measure N2 O flux. Results showed that the littoral zone of Lake Poyang was an
N2 O source, with an average flux rate of 8.9 µg N2 O m−2 h−1 . Warming significantly increased N2 O
emission (13.8 µg N2 O m−2 h−1 under warming treatment) by 54% compared to the control treatment.
N2 O flux in the spring growing season was also significantly higher than that of the autumn growing
season. In addition, temperature was not significantly related to N2 O flux, while soil moisture only
explained about 7% of N2 O variation. These results imply that N2 O emission experiences positive
feedback effect on the ongoing warming of the climate, and abiotic factors (e.g., soil temperature and
soil moisture) were not main controls on N2 O variation in this littoral wetland.
Keywords: nitrous oxide; climate warming; littoral wetland

1. Introduction
The global temperature has increased by 0.85 ◦ C over the past three decades and is projected to
increase by 0.3–4.8 ◦ C by the end of the 21st century [1]. Climate warming may exert great influences on
greenhouse gas (GHG) fluxes in wetlands [2,3] due to the large carbon and nitrogen stocks/emissions
and the high temperature sensitivity [4–6]. Nitrous oxide (N2 O) is a long-lived GHG, a dominant
ozone-depleting substance, and an environmental air pollutant, which not only contributes to climate
change but also impacts human health [7,8]. Although carbon dioxide (CO2 ) is the most abundant
GHG in the atmosphere, the global warming potential of N2 O is approximately 265 times higher than
that of CO2 over a 100-year timescale [9]. The concentration of atmospheric N2 O reached new highs
in 2018 at 331 ppb, and natural sources (e.g., wetlands, forests, and oceans) contributed about 60%
of global N2 O emissions [10]. However, the global N2 O budget is far from being fully understood
due to the lack of available data from all natural ecosystems [11], especially in the largely unexplored
littoral wetlands.
The impacts of climate warming on N2 O flux are complex, with positive [12], negative [13],
or neutral [14] effects having been reported in previous studies. This is because warming may affect
multiple processes, such as the characteristics of soil and microbial activities, which may further alter
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the pristine balance of N2 O production and consumption [12–16]. For example, Chen et al. (2017) found
that warming could transform an alpine swamp meadow from an N2 O sink to an N2 O source [15];
Qiu et al. (2018) reported that warming can stimulate N2 O emission by increasing soil labile carbon,
soil nitrogen mineralization, and the biomass of N2 O-producing microbes [16]. Moreover,
soil temperature and soil moisture are two key factors affecting the dynamics of GHG and are
highly sensitive to climate warming [17,18]. Experimental warming usually tends to increase soil
temperature and decrease soil moisture and thereby stimulates N2 O emission by increasing available
nitrogen and microbial activities [19,20]. However, another study has shown that warming has no
impact on N2 O flux due to the uncertain effects of warming on soil moisture in different periods [21].
These inconsistent results indicate the inconclusive results regarding the response of N2 O flux to the
soil environment under warming treatment. Therefore, we need more in-depth studies regarding the
dependency of N2 O flux on soil temperature and soil moisture to improve our understanding of the
N2 O cycle in wetlands under a future warming environment.
To date, most studies of the N2 O cycle have been conducted in cropland [22], grassland [23],
or forest [24] ecosystems as well as boreal wetlands [25] rather than in subtropical or tropical wetlands.
Littoral wetlands usually act as biogeochemically active transition zones between terrestrial and aquatic
ecosystems [26] and emit more N2 O than pelagic areas from lakes [27]. Vegetated littoral wetlands are
reported to be the hotspots of N2 O emission, with mean N2 O flux rate of 284 µg N2 O m−2 h−1 across
China’s lakes [27]. Lake Poyang, the largest subtropical freshwater lake in China, includes a littoral
zone and pelagic area. With the seasonal fluctuation of water level, the littoral zone of Lake Poyang
varies between the uninundated condition and the inundated condition and thus experiences dramatic
variability in its biogeochemical cycle [28,29]. To our knowledge, previous studies of GHG fluxes
are still insufficient in Lake Poyang. These studies have mainly focused on the temporal variations
of plant-mediated carbon (CO2 and CH4 ) fluxes in this littoral wetland [30–32], but available data
of N2 O flux are scarce, and the response of N2 O flux to climate warming also remains unknown.
These unbalanced and inadequate studies urge us to assess N2 O emission from the perspective of this
subtropical littoral wetland, especially with the consideration of the effect of current climate warming.
To address these knowledge gaps, we conducted a simulated warming experiment in the littoral
zone of Lake Poyang during the uninundated period. We hypothesised that (1) the littoral zone of
Lake Poyang is an N2 O source during the uninundated period, (2) warming has a positive effect on
N2 O emission in this littoral wetland, and (3) soil temperature and soil moisture are the main controls
on N2 O flux in the littoral zone of Lake Poyang during the uninundated period.
2. Materials and Methods
2.1. Study Site
This study was conducted in the littoral zone of Lake Poyang (29◦ 270 0000 N, 116◦ 010 1400 E),
the largest subtropical freshwater lake in China. Located in a subtropical monsoon climatic zone,
this region’s annual precipitation ranges from 1566 mm to 1847 mm, and annual mean air temperature
ranges from 15 ◦ C to 18 ◦ C [29]. Lake Poyang is an ephemeral lake which experiences drastic seasonal
changes in its water level. Lake Poyang comprises a permanent water body and seasonally flooding
littoral zone. As shown in Figure 1, the littoral wetland is usually inundated when the water level is
relatively high (June to August) and uninundated when the water level is relatively low (September to
the next May). During the uninundated period, the littoral zone of Lake Poyang is dominated by
Carex species, which has two growing seasons: the autumn growing season, from September to
December, and the spring growing season, from February to May. The main vegetation of this
site is Carex cinerascens, followed by Eleocharis valleculosa, Cardamine lyrata and Potentilla limprichtii.
This littoral wetland is covered with meadow soil on the ground surface, characterized as sandy loam.
Table 1 shows the main characteristics of soil in this littoral wetland. Additionally, this study area was
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an unexplored nature reserve of Jiangxi Province, China, and there was no water on the ground during
the entire experimental period.
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Figure 1. Variation of (a) surface water level and (b,c) inundation area of Lake Poyang. Panel (a)
shows the average monthly water level from 1953 to 2015 at Xingzi station (a representative hydrological
station of Lake Poyang). Panel (b,c) are the schematic diagrams of the inundation area of Lake Poyang
for (b) the uninundated period and (c) the inundated period.
Table 1. Soil characteristics under control and warming (mean ± standard error). TN: total nitrogen;
SOC: soil organic carbon.
Soil Characteristics

Control

Warming

Soil pH
NH4+ -N (mg kg−1 )
−1
NO−
3 -N (mg kg )
TN (g kg−1 )
SOC (g kg−1 )

4.9 ± 0.1
7.4 ± 0.6
6.3 ± 0.9
1.0 ± 0.1
9.7 ± 1.2

4.8 ± 0.1
9.4 ± 1.2
8.8 ± 2.0
1.0 ± 0.1
9.9 ± 1.1

2.2. Experimental Design
The experiment was manipulated as a completely random design with two different treatments:
control and warming. Each treatment was replicated in four blocks. In total, eight plots were established
with an area of 2 m × 2 m for each plot. The distance between any block was over 5 m and that
between each adjacent plot was over 2 m. A passive experimental warming device—open-top chambers
(OTCs)—was used to simulate a warming environment following the instructions of the International
Tundra Experiment [33,34]. OTCs have been verified effectively and are widely used in multiple
terrestrial ecosystems, including forests [35], grasslands [36,37], and wetlands [2,38]. In this experiment,
OTCs were made of transparent synthetic glass with a 5 mm thickness. OTCs were 80 cm tall and
hexagonal with a top area of 0.6 m2 and a bottom area of 2.6 m2 . At the end of August 2018, OTCs
were installed and kept in place throughout the whole experimental period.
2.3. Gas Sampling and Analysis
N2 O flux was measured using the opaque static chamber and gas chromatograph technique
during the uninundated period from September 2018 to May 2019. The static chamber was made
of PVC, including two parts: a top chamber and a base collar. The base collar was equipped with
a groove on the top and was buried under ground at a 10 cm depth before the experimental site
was inundated. The top chamber was 30 cm in height and 30 cm in diameter. The groove was
filled with some water and fitted to the top chamber to generate a closed environment. Then, gas
samples were collected from the closed chamber using a 50 mL syringe every 10 min for half an hour.
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Measurements were conducted between 9:00 to 15:00 local time, twice a month (except February and
April 2019). Gas samples were taken to a laboratory and analyzed within three days after sampling.
A gas chromatograph (Agilent 7890B, Agilent Technologies, CA, USA) equipped with an electron
capture detector was used to analyze N2 O concentration. N2 O flux was calculated with R [39] and the
package “flux” [40]. The normalized root-mean-square error (NRMSE) and coefficient of determination
(R2 ) were used to screen the flux data following the procedure of Minke et al. (2016) [41]. In total,
1% of the measurements were therefore rejected.
2.4. Environmental Parameters
A micrometeorological station (HOBO USB Micro Station, Onset Computer Corporation, Bourne,
MA, USA) was established at the study site to record precipitation (S-RGB-M002) and air temperature
(both control and warming plots, S-TMB-M002) at an interval of 30 min by a data logger (H21-USB).
Surface soil (5 cm depth) temperature and moisture in both control and warming plots were
recorded automatically every 10 min using a 5TE sensor and Em50 data logger (Decagon Devices,
Pullman, WA, USA). In addition, the air temperature of the top chamber, soil temperature, and soil
moisture at a 5 cm depth were measured manually for each plot by a thermometer inserted into the
top chamber and a portable ProCheck device (Decagon Devices, Pullman, WA, USA), respectively,
when sampling gas.
Soil samples were collected from each plot at depths of 0–10 cm in May 2019. In the laboratory,
soil samples were air-dried, root-removed, and sieved through a 2 mm mesh for further analysis.
Soil pH was measured in ultrapure water at a water to soil ratio of 2.5:1, using a pH meter (PHS-3C,
INESA Instrument, Shanghai, China). For the analysis of soil NH4+ -N and NO−
3 -N, 10 g soil was
−1
extracted with 100 mL of 2 mol L KCl solution. Then, the solution was shaken for one hour and
stood for 30 min. After the soil suspension was filtered, soil NH4+ -N and NO−
3 -N were analyzed with
the Continuous Flow Analyzer (San plus, SKALAR, Breda, The Netherlands). For the analysis of soil
organic carbon (SOC), 10 mL of 3 mol L−1 HCl was added to an approximately 0.5 g soil sample for
12 h to remove the carbonates. Then, the soil sample was centrifuged and washed with ultrapure
water several times until it became neutral. It was freeze-dried and sieved through a 0.075 mm mesh.
Approximately 10 mg of soil was taken into a tin cup, and SOC was analyzed with the Elemental
Analyzer (EA300, EuroVector, Pavia, Italy). In addition, another 10 mg soil sample was weighed after
being sieved directly through a 0.075 mm mesh, and total nitrogen (TN) was also measured by the
Elemental Analyzer.
2.5. Data Analysis
A linear mixed-effect model with repeated measurements was applied to test the effect of warming
on N2 O flux using R [39] and the package “lme4” [42]. The model was constructed with the fixed
factors of warming by sampling date and the random factors of plot nested within block. In addition,
the effects of environmental parameters on N2 O flux were also analyzed with the model, in which
air temperature, soil temperature and soil moisture were taken as the fixed factors and plot nested
within block were taken as the random factors. Regression analysis was applied to test the potential
dependency of N2 O flux on air temperature, soil temperature, and soil moisture. All significant
differences were considered at the 0.05 level.
3. Results
3.1. Environmental Parameters
Total precipitation was 806.6 mm during the experimental period, with more than 60% of
precipitation occurred in the spring growing season (Figure 2a). Warming increased average air
temperature by 1.6 ◦ C (Figure 2b).
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Factors

Factors
Warming

Date
Warming
Date
Warming × Date
Warming × Date
Air temperature
Air temperature
Soil
temperature
Soil temperature
Soilmoisture
moisture
Soil

Df p Value
p Value
1Df <0.05
151
<0.05
<0.05
15
<0.05
15
0.21
15
0.21
1
0.21
1
0.21
11
0.83
0.83
11
<0.05
<0.05

N2O flux (μg m-2 h-1)

40

30

20

*

*

Control
Warming
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*

*

*

10

0

Uninundated
period

Autumn growing
season

Spring growing
season

Figure 4.
4. Average
Average N
N22O
O flux
flux under
under the
the control
control and
The uninundated
uninundated period
period
Figure
and warming
warming treatments.
treatments. The
includes two growing seasons: the autumn growing season and the spring growing season. The bars
includes two growing seasons: the autumn growing season and the spring growing season. The bars
indicate standard error.
indicate standard error.

3.3. Dependency of N2 O Flux on Soil Temperature and Soil Moisture
3.3. Dependency of N2O Flux on Soil Temperature and Soil Moisture
A significant correlation was observed between N2 O flux and soil moisture, while the relationship
A significant
correlation
was(air
observed
between
N2O
flux and was
soil undetectable
moisture, while
between
N2 O flux and
temperature
temperature
and soil
temperature)
(Tablethe
2).
relationship
between
N
2O flux and temperature (air temperature and soil temperature) was
For both treatments, soil moisture had a significant positive correlation with N2 O flux and explained
undetectable (Table 2). For both treatments, soil moisture had a significant positive correlation with
N2O flux and explained about 7% of N2O flux variation (Figure 5). There was no significant
correlation between N2O flux and soil moisture under control treatment. Moreover, a significant
positive correlation was found between N2O flux and soil moisture under warming treatment,
indicating that warming could increase the relationship between N2O flux and soil moisture.
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Discussion
4.4.Discussion
4.1. N2 O Flux from Different Wetlands
Flux from Different Wetlands
4.1. N2O
Previous studies have reported a great variability of N2 O emission or uptake from different
Previous studies have reported a great variability of N2O emission or uptake from different
wetlands due to various environmental factors [15,30,43–49]. Overall, swamps, peatlands, and marshes
wetlands due to various environmental factors [15,30,43–49]. Overall, swamps, peatlands, and
in cold regions usually acted as an N O sink or an N O source, while most littoral wetlands emitted
marshes in cold regions usually acted2as an N2O sink 2or an N2O source, while most littoral wetlands
N2 O and showed high variation among different locations (Table 3). On the one hand, subtropical and
emitted
N2O and showed high variation among different locations (Table 3). On the one hand,
tropical wetlands usually have warmer weather and store more carbon than cold wetlands [50].
subtropical and tropical wetlands usually have warmer weather and store more carbon than cold
This warm environment is more suitable for microbial activity, and thus more N O is emitted from
wetlands [50]. This warm environment is more suitable for microbial activity, and2 thus more N2O is
subtropical and tropical wetlands. On the other hand, littoral wetlands usually experience drastic
emitted from subtropical and tropical wetlands. On the other hand, littoral wetlands usually
water level fluctuation and have frequent organic matter transfers between water bodies and lands [26].
experience drastic water level fluctuation and have frequent organic matter transfers between water
These unique thermal conditions and water regimes may determine the greater amount of N2 O
bodies and lands [26]. These unique thermal conditions and water regimes may determine the greater
emission from warm littoral wetlands than other wetlands.
amount of N2O emission from warm littoral wetlands than other wetlands.
Table 3. Comparison of N2 O flux among different wetlands from other studies.
Table 3. Comparison of N2O flux among different wetlands from other studies.
Wetland Types
Location
Reference
N2 O Flux 1

Wetland Types
Location
N2O Flux 1
Reference
Alpine swamp
Qinghai-Tibetan Plateau, China
−2.0 ± 1.2
[15]
AlpinePeatland
swamp
Qinghai-Tibetan
Plateau,
China
± 1.2
Newfoundland,
Canada
−23.8−2.0
± 19.0
[43][15]
Peatland
Newfoundland,
Canada
−23.8
±
19.0
Peatland
Rzecin wetland, Poland
1.8 ± 3.7
[44][43]
2
3
Peatland marsh
Rzecin
wetland,
Poland
Freshwater
Sanjiang
Plain, China
[45][44]
4.7 , 1.8
−1.2± 3.7
2, −1.2
3
Estuarine
marsh
Chongming
Island,China
China
−10.6 ± 2.64.7
– 32.4
± 14.0
[46][45]
Freshwater
marsh
Sanjiang Plain,
Littoral wetland
Lake Nakaumi, Japan
[47]
Estuarine
marsh
Chongming
Island, China
−10.6 −10.0
± 2.6 – 32.4 ± 14.0
[46]
Littoral wetland
Lake Kevätön, Finland
−3.1 ± 15.7 – 69.1 ± 15.7
[48]
Littoral
wetland
LakeHuahu,
Nakaumi,
−10.0
Littoral
wetland
Lake
Zoige,Japan
China
251.4
[49][47]
Littoral
wetland
Lake
Kevätön,
Finland
−3.1
±
15.7
–
69.1
±
15.7
Littoral wetland
Lake Poyang, China
20.0
[30][48]
Littoral
wetland
Poyang,
China
8.9 ± 251.4
1.1
This study
Littoral
wetland
LakeLake
Huahu,
Zoige,
China
[49]
1 The unit
−2 h−1 . Data
2 Non-waterlogged marsh.
Littoral
wetland
Lake
Poyang,
China
20.0
[30]
of N2 O flux was µg N
O
m
shown
as
mean
±
standard
error.
2
3 Seasonally waterlogged marsh.
Littoral
wetland
Lake Poyang, China
8.9 ± 1.1
This study
The unit of N2O flux was μg N2O m h . Data shown as mean ± standard error. Non-waterlogged
In
this study, the littoral zone of Lake Poyang was an N2 O source during the uninundated period,
marsh. 3 Seasonally waterlogged marsh.
with a mean flux rate of 8.9 ± 1.1 µg N2 O m−2 h−1 . This result confirms our first hypothesis and is
also In
in this
linestudy,
with the
reported
HuPoyang
et al. (2016)
inN
the
of Lake Poyang
[30].
theresult
littoral
zone of by
Lake
was an
2O south
sourcelittoral
duringzone
the uninundated
period,
with a mean flux rate of 8.9 ± 1.1 μg N2O m−2 h−1. This result confirms our first hypothesis and is also
in line with the result reported by Hu et al. (2016) in the south littoral zone of Lake Poyang [30].
Moreover, N2O flux in the littoral zone of Lake Poyang was much lower than that of Lake Huahu in
the Qinghai-Tibetan Plateau [49], which may be attributed to the lower available nitrogen and the
non-waterlogged conduction in this study site during the sampling period. When considering the
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Moreover, N2 O flux in the littoral zone of Lake Poyang was much lower than that of Lake Huahu in
the Qinghai-Tibetan Plateau [49], which may be attributed to the lower available nitrogen and the
non-waterlogged conduction in this study site during the sampling period. When considering the
inundated period, N2 O flux from the water-air interface in the same littoral zone of Lake Poyang
was 29.6 ± 10.7 µg N2 O m−2 h−1 (unpublished data), which was more than three times the flux in
the uninundated period. Therefore, N2 O emission in the littoral zone of Lake Poyang may be greatly
influenced by water regimes, meaning that this impact cannot be overlooked when estimating the
whole lake’s N2 O budget.
4.2. Effect of Warming on N2 O Flux
Consistent with previous results in other wetlands [2,15], we found that warming significantly
increased N2 O flux in this littoral wetland during the uninundated period. This result confirmed
our second hypothesis that warming had a positive effect on N2 O emission. In the present study,
the littoral zone of Lake Poyang varied between being a sink and a source of N2 O on an intra-annual
timescale. Warming transformed this littoral wetland to a net N2 O source during the experimental
period. In addition, warming had a much stronger impact on N2 O flux in the spring growing
season than in the autumn growing season. N2 O production is primarily regulated by two
microbial activities—nitrification and denitrification—which are highly sensitive to temperature [51].
Warming increased air temperature by 1.6 ◦ C and soil temperature by 0.4 ◦ C, especially during
the spring growing season, which can promote both microbial processes. Moreover, N2 O flux was
significantly related to soil moisture, only accounting for 7% of N2 O flux variation, but not to soil
temperature. Thus, the third hypothesis was rejected. In other words, N2 O flux may be mainly affected
by biotic factors (e.g., plants and microbes), rather than abiotic factors (e.g., soil temperature and soil
moisture) in the littoral zone of Lake Poyang during the uninundated period.
A recent study found that plant biomass can explain 17–30% of N2 O flux variation in the littoral
zone of Lake Poyang [30]. In addition, we found that warming increased the content of soil NH4+ -N
and soil NO−
3 -N, which were the two main substrates supporting the processes of nitrification and
denitrification. Therefore, warming may lead to more N2 O production than N2 O consumption, which
further determines N2 O emission to some extent. Unfortunately, we are currently unaware of the
effects of microbial activities on N2 O flux in this littoral wetland. These results suggest that future
research should pay more attention to N2 O emission pathways and related functional microbes.
4.3. Implication of N2 O Emission in the Littoral Wetland under Climate Warming
There are great spatial and temporal variabilities in N2 O production, consumption, and emission
across different wetlands [52,53], making estimations of N2 O budgets uncertain and difficult. Given the
impacts of global climate change and anthropic activities, the nitrogen cycle has been drastically
disrupted, and this has increased the inventory of N2 O [54,55]. As such, it is necessary to investigate
N2 O flux from various wetlands to fully understand the global N2 O budget. Moreover, littoral wetlands
have been identified as hotspots of N2 O emission according to numerous studies [27,49]. Analogously,
the littoral zone of Lake Poyang was an N2 O source in the present study, and short-term warming can
largely promote N2 O emission. Unfortunately, the global temperature rise is likely to exceed 2.0 ◦ C
by the end of this century under different Representative Concentration Pathways [1], consequently
increasing N2 O emission from such littoral wetlands and generating a positive feedback effect to
climate warming. Therefore, subtropical littoral wetlands may transform from a relatively weak N2 O
source to a strong N2 O source depending on the level of future climate warming.
Despite not considering two other GHGs—CO2 and CH4 —in this study, the contribution of N2 O
to climate warming should not be ignored due to its large global warming potential. Hu et al. (2016)
also concluded that N2 O should be integrated into the estimation of net GHG emission for the same
lake [30]. In addition, warming effects on GHG fluxes will not always be consistent for a continuous
long-term period [18]. Here, we only present a short-term warming experiment, but we do not know
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how N2 O flux will respond to long-term warming in this littoral wetland. Therefore, the investigation
of the key GHGs (CO2 , CH4 , and N2 O) and long-term measurements are required to draw more
comprehensive results in such littoral wetlands.
5. Conclusions
This study investigated N2 O emission and examined the effect of climate warming on N2 O flux in
a subtropical littoral wetland. We concluded that the littoral zone of Lake Poyang was an N2 O source
and that warming significantly increased N2 O emission by 54%, indicating that N2 O has a positive
feedback effect on climate warming. Temperature had no impact on N2 O variation, while soil moisture
only explained 7% of N2 O variation. Moreover, our result indicates that the impacts of the growing
season and water regime on N2 O should be considered when estimating the whole lake’s N2 O budget.
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