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Aquaculture ponds are dominant features of the landscape in the coastal zone of China.
Generally, aquaculture ponds are drained during the non-culture period in winter.
However, the effects of such drainage on the production and flux of greenhouse gases
(GHGs) from aquaculture ponds are largely unknown. In the present study, field-based
research was performed to compare the GHG fluxes between one drained pond (DP, with a
water depth of 0.05 m) and one undrained pond (UDP, with a water depth of 1.16 m) during
one winter in the Min River estuary of southeast China. Over the entire study period, the
mean CO2 flux in the DP was (0.75 ± 0.12) mmol/(m2·hr), which was significantly higher than
that in the UDP of (−0.49 ± 0.09) mmol/(m2·hr) (p < 0.01). This indicates that drainage
drastically transforms aquaculture ponds from a net sink to a net source of CO2 in winter.
Mean CH4 and N2O emissions were significantly higher in the DP compared to those in the
UDP (CH4 = (0.66 ± 0.31) vs. (0.07 ± 0.06) mmol/(m2·hr) and N2O = (19.54 ± 2.08) vs. (0.01 ±
0.04) µmol/(m2·hr)) (p < 0.01), suggesting that drainage would also significantly enhance CH4

and N2O emissions. Changes in environmental variables (including sediment temperature,
pH, salinity, redox status, and water depth) contributed significantly to the enhanced GHG
emissions following pond drainage. Furthermore, analysis of the sustained-flux global
warming and cooling potentials indicated that the combined global warming potentials of
the GHG fluxes were significantly higher in the DP than in the UDP (p < 0.01), with values of
739.18 and 26.46 mgCO2-eq/(m2·hr), respectively. Our findings suggested that drainage of
aquaculture ponds can increase the emissions of potent GHGs from the coastal zone of
China to the atmosphere during winter, further aggravating the problem of global warming.
© 2017 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

The global supply of fishery food products has increased
dramatically over the last five decades, with an average
.edu.cn (Chuan Tong).

o-Environmental Science
growth rate of 3.2% per year during 1961–2009, as a response
to the rising global demand for proteins (Hu et al., 2014). As
production by capture fisheries has leveled off since the
1970s, the aquaculture industry will play a significant role in
s, Chinese Academy of Sciences. Published by Elsevier B.V.
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meeting the increasing demand for aquatic foods (e.g., fish
and shellfish) (Hu et al., 2012). As one of themain components
of the aquaculture system, aquaculture ponds are widely
distributed around the world (FAO, 2014). At present, the
combined surface area of freshwater and brackish aquacul-
ture ponds is estimated to be 110,832 km2 globally (Verdegem
and Bosma, 2009). Although these aquaculture ponds are very
effective in responding to the ever-growing global demand for
fishery-produced food products, the rapid development of
aquaculture also has led to serious environmental concerns
(Hu et al., 2012; Paudel et al., 2015). One of the major
environmental concerns is associated with climate change
via the release of greenhouse gases (GHGs) from aquaculture
ponds (Williams and Crutzen, 2010; Hu et al., 2014).

Numerous previous studies have suggested that high GHG
production and emissions from natural aquatic ecosystems
(e.g., lakes, river, streams, and estuary) are dependent on a
large supply of organic matter (Repo et al., 2007; Clough et al.,
2011; Yang et al., 2015; Schade et al., 2016). Aquaculture ponds
are semi-artificial ecosystems, which maintain a high supply
level of organic matter through phytoplankton feeding and
photosynthesis. Given the rather low feed utilization efficien-
cy of aquatic animals (e.g., fish, shrimp, and crab) (Avnimelech
and Ritvo, 2003; Su et al., 2009), these ponds generally retain a
large quantity of organic matter from residual feed and feces
(Chen et al., 2016). Consequently, high GHG emissions from
aquaculture ponds have been observed in some studies
during the culture period (Datta et al., 2009; Chen et al., 2015,
2016). However, few studies to date have focused on the
effects of drainage on GHG emissions and its controlling
factors in aquaculture ponds during the non-culture period.

The bottom of an aquaculture pond is the main habitat for
aquatic animals and its environment is closely associated
with the healthy growth of aquatic animals (Zeng et al., 2013).
Annual drainage is a typical management activity practiced
by the operators as a way to export aquaculture effluent,
accelerate aerobic decomposition of bottom soils, and avoid
eutrophication during the non-culture period after harvest
(Molnar et al., 2013; Herbeck et al., 2013; Hu et al., 2016).
Drainage activities can cause large changes in hydrology,
nutrient cycling, sediment physicochemical properties, and
even broad ecosystem functions (Dinsmore et al., 2009; Haque
et al., 2016). The effects of drainage on GHG emissions have
been reported for peatland and paddy fields. The general
consensus from previous studies is that drainage increases
atmospheric oxygen diffusion into soils, thereby enhancing
aerobic decomposition and promoting CO2 and N2O emis-
sions, while at the same time reducing CH4 emissions (Yagi et
al., 1996; Dinsmore et al., 2009; Hatala et al., 2012; Pandey et
al., 2014; Haque et al., 2016). Therefore, the variation and
magnitude of GHG emissions are expected to differ signifi-
cantly between undrained and drained aquaculture ponds,
but this has not been experimentally verified.

Asia accounts for approximately 90% of the world's aquacul-
ture production (FAO, 2012), and China is a leading producer
of aquaculture products (The Fishery Bureau, Ministry of
Agriculture of PRC, 2014). According to statistical datamaintained
by Verdegemand Bosma (2009), the combinedwater surface area
of aquaculture ponds in China is estimated to be 58,579 km2. The
aquaculture ponds in the Fujian Province in southeast China are
typically operated for approximately eight to nine months of the
year, followedby a short, non-culture period inwinter. During the
winter period, water in most of the ponds is drained for various
reasons (e.g., to discharge polluted aquacultural sewage), directly
exposing the unconsumed bait feed and biological residues from
the previous culture period to the atmosphere. These residues
provide an abundant supply of labile carbon and nitrogen
to microbes that can stimulate microbial decomposition and
subsequent GHG emissions. Yet, the potential contribution of
GHG fluxes to radiative forcing from the drained aquaculture
ponds during winter months remains poorly documented.
This oversight could possibly lead to a biased estimate of the
contribution of aquaculture ponds to radiative forcing and future
climate change.Hence, in this study,weaimto fill this knowledge
gap by comparing the magnitude, temporal variations, and
environmental controls of GHG fluxes between a regularly
drained aquaculture pond and an undrained aquaculture pond
in a subtropical estuary in China.
1. Material and methods

1.1. Study site description

This study was carried out in the Shanyutan Nature Reserve
(26°00′36″N–26°03′42″N, 119°34′12″E–119°40′40″E) (Fig. 1), in
the Min River estuary of southeast China. The nature reserve
has a surface area totaling approximately 31.2 km2. The area
has a subtropical monsoonal climate, with mean annual
temperature and rainfall of 19.6°C and 1350 mm, respectively
(Tong et al., 2013). Salt water pumped from the coastal sea and
locally drawn fresh water are used in the aquaculture ponds.
The two main types of aquaculture ponds are shrimp and
polyculture (fish and shrimp) ponds. During the non-culture
period in winter, pond operators in this area usually drain the
ponds, with the duration of drainage varying between the
ponds. In most of the polyculture ponds, the drainage period
lasts from December to March. In this study, we selected one
drained polyculture pond (DP) and one undrained polyculture
pond (UDP) for comparison of their GHG fluxes during winter.
There was no significant difference in the physicochemical
properties of the sediment and water in the two ponds during
the aquaculture period (from June to November) based on
previous investigations at these sites. The distance between
the DP and UDP is approximately 150 m (Fig. 1). The surface
areas of the UDP and the DP were approximately 1100 and
1200 m2, respectively, and the mean water depth over the
study period was 1.2 m in the UDP and 0.05 m in the DP.
During the culture period, the breeding densities of prawns
and grass carp were 35 prawn/m2 and 5 carp/m2, respectively.
Feed (Yuehai™, Guangzhou, China) was applied to the ponds
three times daily at 07:00, 11:00, and 17:00. The feeding rate
was maintained around 20–60 kg/day during the culture
period, and the amount of feed applied was determined
based on the animal response to the previous feeding.

1.2. Gas sampling and flux estimation

CO2, CH4, and N2O fluxes from the UDP were measured
using floating static chambers, similar to those described by



Fig. 1 – Location of the study area and measurement sites in the Shanyutan wetland of the Min River estuary.
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Bastviken et al. (2010), Diem et al. (2012), and Zhao et al. (2013).
The floating chambers consisted of two parts: a floating
bottom collar and an open-bottomed chamber made of
transparent Plexiglas® (inner diameter 38.5 cm × height
45 cm). The gas samples were collected by boat at the center
of the ponds. CO2, CH4, and N2O fluxes from the DP were
measured using enclosed static chambers (Tong et al., 2013).
The enclosed static chamber also consisted of two parts: a
stainless steel bottom collar (35 × 35 cm; 30 cm in depth) and
a chamber made of transparent Plexiglas® (35 × 35 cm; 60 cm
in height). The bottom collar was inserted into the pond
sediment to a depth of 30 cm one week before the flux
measurements. To minimize possible disturbances of the
measurement sites during sampling, a wooden boardwalk
was built for accessing the DP sites. Four replicate chambers,
each separated by a distance of approximately 0.5 m, were
deployed in each pond for the flux measurements.

Sampling campaigns at the UDP and the DP were under-
taken at an interval of 7 to 10 days between December 10, 2011
and January 20, 2012, with a total of six campaigns. Each
measurement campaign involved the deployment of 8 cham-
bers in two ponds (four chambers per pond). On each
sampling day, we measured GHG fluxes twice, at 09:00–10:00
and 15:00–16:00 (China Standard Time), respectively. The
headspace gas samples were collected by syringe and
transferred to pre-evacuated airtight gas sampling bags
(50 mL) at 15 min intervals over a 45 min period after
chamber enclosure, i.e., four gas samples were obtained. CO2

concentrations were determined using a gas chromatograph
(GC-2014, Shimadzu, Kyoto, Japan) equipped with a thermal
conductivity detector (TCD). The CH4 and N2O concentrations
were determined using a gas chromatograph (GC-2014,
Shimadzu, Kyoto, Japan) equipped with a pulsed discharge
detector (PDD). The gas chromatography configurations for
analyzing CO2, CH4, and N2O concentrations followed the
same method as described in Tong et al. (2013).

The CO2, CH4, and N2O concentrations were determined
using the ideal gas law, along with supporting data such as air
temperature, atmospheric pressure, and molar mass of the gas
species concerned (Yang et al., 2013; Tangen et al., 2016). The
flux rates for CO2, CH4 (mmol/(m2·hr)), and N2O (μmol/(m2·hr))
were then determined from linear regression of the gas
concentrations against time (Gleason et al., 2009; Tangen et
al., 2016).

For decades, global warming potential (GWP) has been
applied to evaluate the effect of GHG emissions of an
individual system on the radiative forcing of the climate.
Neubauer and Megonigal (2015) emphasize the limited appli-
cability of the GWP for the calculation of GHG balances, due to
the basic assumption that emissions occur as a single pulse
(Witte and Giani, 2016). Hence, sustained-flux global warming
potentials (SGWPs) for gas emissions and sustained-flux
global cooling potentials (SGCPs) for gas uptakes were
calculated in CO2 equivalents using the 100-year time frame
values presented by Neubauer and Megonigal (2015). In this
study, the SGWP/SGCP calculations were performed following
the descriptions in Neubauer and Megonigal (2015) and
Tangen et al. (2016).

1.3. Ancillary environmental measurements

During each sampling campaign, we measured sediment pH,
redox potential (Eh), and salinity indicated by conductivity
(EC) (Tamn and Wong, 1998). Sediment temperature, pH, and
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Eh at a depth of 10 cm were determined in situ using an IQ150
instrument (IQ Scientific Instruments, Carlsbad, CA, USA). The
EC at a depth of 10 cm was measured in situ by a 2265FS EC
Meter (Spectrum Technologies Inc., USA). On each sampling
day, water samples were collected at a depth of 0.1 m from
the UDP, with four replicates for SO4

2− and Chl-a (Chlorophyll
a) analysis. Water samples were analyzed for SO4

2− by ion
chromatography (Dionex 2100, American) after being filtered
through Whatman GF/F-filters. Chl-a was extracted with
acetone (90%) in darkness for 24 hr after filtration of the
water samples through GF/F glass microfiber filters and
analyzed using an ultraviolet and visible spectrophotometer
(UV–visible) spectrophotometer (Shimadzu UV-2450, Japan).
Surface water samples from the DP were also collected for
SO4

2− and Chl-a analysis during the initial period of drainage
(from 08 December to 26 December, 2011).

1.4. Data analysis

We tested for significant differences in GHG (CO2, CH4, and
N2O) fluxes between UDP and DP during the study period
using the repeated measures analysis of variance
(RMANOVA). RMANOVAwas also used to examine differences
between the UDP and DP in temperature, pH, Eh, and EC of the
sediments. The independent-sample t-test was used to
examine differences in the SO4

2− and Chl-a concentrations of
the water and in the water depth between the UDP and DP.
Correlations between the environmental variables and the
GHG fluxes were tested with the Pearson correlation analysis.
All statistical analyses were carried out using SPSS version
17.0 (SPSS, Inc., USA) and Microsoft Excel. Statistical results
with p < 0.05 were considered significant.
2. Results

2.1. Surface sediment/water physicochemical parameters in
aquaculture ponds

The mean values obtained for several surface sediment and
water physicochemical parameters are shown in Table 1. The
mean sediment temperature and Eh in the UDP were
significantly lower than those in the DP, while the pH and EC
were significantly higher. Surface water Chl-a concentrations
in the UDP were also significantly higher than those in the DP.
Table 1 – Comparison of average sediment and water physico
study period.

Type Sediment physicochemical proper

Temperature (°C) pH Eh (mV)

UDP 10.10 ± 0.13a 9.35 ± 0.44a −139.11 ± 3.
DP 11.50 ± 0.37b 7.22 ± 0.05b −12.65 ± 3.0

Statistically significant differences in sediment temperature, pH, Eh and E
Statistically significant differences SO4

2− and Chl-a between UDP and DP (p
indicated by different letters within each column.
UDP: undrained pond; DP: drained pond; RMANOVA: repeated measures
⁎ Values are means (±S.E.) of samples (n = 48 for sediment temperature,

water from UDP; n = 24 for SO4
2− and Chl-a at the surface water from DP)
The mean water depth showed a decreasing trend in both
ponds during the winter period (Fig. 2), and was significantly
higher in the UDP than it was in the DP (1.16 vs. 0.05 m,
p < 0.05, n = 48). Temporal variations in the sediment and
water physicochemical parameters in the UDP and DP are
presented in Fig. 3. These environmental parameters (e.g.,
temperature, EC, pH, and Eh) followed a similar temporal
trend in both ponds (Fig. 3), but the sediment temperature, EC,
and Eh were more variable over time in the DP than they were
in the UDP (Fig. 3a, b, and d).

2.2. Effect of drainage on different GHG fluxes in aquaculture
ponds

Temporal variations of CO2 fluxes in the UDP and DP differed
significantly over the observation period (Fig. 4). The net CO2

fluxes in the UDP were negative over the observation period,
with maximum and minimum fluxes occurring on January 20
(−0.62 mmol/(m2·hr)) and January 10 (−0.39 mmol/(m2·hr))
(Fig. 4a), respectively, indicating a net uptake of atmospheric
CO2 by the pond in winter. While net CO2 fluxes in the DP were
quite variable over the study period ranging from a net release
of 2.65 mmol/(m2·hr) on December 18 to a net uptake of −
0.49 mmol/(m2·hr) on January 20 (Fig. 4a). Overall, the DP acted
as a net source of CO2 in winter with a positive mean flux.
Mean CO2 fluxes were significantly higher in the DP than they
were in the UDP (RMANOVA, F1, 94 = 170.87, p < 0.01) (Table 2).

CH4 fluxes from the UDP and DP were relatively higher
during the initial observation stage and then decreased
gradually with time (Fig. 4b). Although the temporal patterns
of CH4 fluxes between the UDP and DP were very similar, the
amplitude of the changes varied substantially (Fig. 4b). The
CH4 emission fluxes in the UDP and DP ranged from 0.003 to
0.31 mmol/(m2·hr) and 0.004 to 1.77 mmol/(m2·hr), respective-
ly, with means of (0.07 ± 0.06) mmol/(m2·hr) and (0.66 ± 0.31)
mmol/(m2·hr). Mean CH4 emission fluxes in the DP were one
order of magnitude higher than those in the UDP (RMANOVA,
F1, 94 = 29.74, p < 0.01) (Table 2), indicating that the former was
a strong CH4 source in winter, while the latter was a weak
source.

Temporal variations of the N2O fluxes from the UDP and DP
also showed significantly different patterns over the observa-
tion period (Fig. 4c). Two peaks from the DP were observed on
December 18 and January 3, whereas only one peak was
observed from the UDP. The N2O flux was consistently low
chemical properties ⁎ between the UDP and DP during the

ties Water physicochemical
properties

EC (mS/cm) SO4
2− (mg/L) Chl-a (μg/L)

79a 9.15 ± 0.07a 167.27 ± 4.7a 399.04 ± 21.75a
2b 6.37 ± 0.24b 68.34 ± 4.85b 93.56 ± 3.09b

C between UDP and DP (p < 0.05) were calculated by using RMANOVA.
< 0.05) were calculated by using independent-samples t-test and are

analysis of variance.
pH, Eh and EC at depth of 10 cm; n = 48 for SO4

2− and Chl-a at the surface
collected from UDP and DP.
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and quite variable in the UDP over the study period (Fig. 4c),
ranging from a net release of 0.40 μmol/(m2·hr) on December 10
to a net uptake of −0.27 μmol/(m2·hr) on January 10 (Table 2). In
contrast with the UDP, the DP maintained high N2O emissions
over the study period (Fig. 4c), with fluxes ranging from 2.97
(January 20) to 36.07 (December 18) μmol/(m2·hr) (Table 2). The
mean N2O flux in the DP was (19.54 ± 2.08) μmol/(m2·hr),
which was significantly higher than that in the UDP of
0.01 ± 0.04 μmol/(m2·hr) (RMANOVA, F1, 94 = 164.07, p < 0.01)
(Table 2).

2.3. Effect of aquaculture pond drainage on SGWP/SGCP

The temporal pattern of CO2-eq fluxes from the UDP and DP
differed greatly over the observation period, after taking into
account the overall SGWP/SWCP values determined from all
three GHGs (Fig. 5). CO2-eq fluxes in the UDP showed a
decreasing trend with time, and CH4 comprised the major
contributor of the total calculated CO2-eq emissions. On the
other hand, the CO2-eq fluxes in the DP initially increased,
reaching a maximum on December 18, and then decreased
gradually. In contrast with the UDP, CH4 and N2O contributed
to the bulk of the overall CO2-eq emissions in the DP. In terms
of overall SGWP/SGCP, the CO2-eq flux from the DP was
739.18 mgCO2-eq/(m2·hr), which was approximately 27 times
greater than that in the UDP of 26.46 mgCO2-eq/(m2·hr) found
for (p < 0.01), which indicated that the aquaculture ponds in
southeast China's coastal zone make a substantial contribu-
tion to global warming during the non-aquaculture period
(winter), which is a direct result of drainage.

2.4. Relationship between GHG fluxes and environmental
factors

The relationships between GHG fluxes and environmental
parameters are listed in Table 3. In the UDP, CO2 fluxes had no
significant correlations with any environmental parameters
except Chl-a (p > 0.05). On the other hand, CH4 and N2O fluxes
showed significant, negative correlations with pH, EC, SO4

2−,
and Chl-a (p < 0.01), and significant, positive correlations with
the water depth and Eh (p < 0.01) (Table 3). In the DP, sediment
temperature was positively correlated with the fluxes of all
three GHGs. CH4 fluxes were significantly and negatively
correlated with pH and SO4

2− (p < 0.01), but positively correlat-
ed with water depth and Eh (p < 0.01) (Table 3). When data
from the two ponds were combined, we found that fluxes of
all three GHGs were positively correlated with sediment
temperature and Eh (p < 0.01), but negatively correlated with
water depth (p < 0.001), EC, and pH (p < 0.01, Table 3).
Furthermore, CH4 and N2O fluxes showed significant negative
correlations with SO4

2− (p < 0.01), while CO2 fluxes showed
significant negative correlations with Chl-a (p < 0.01).
3. Discussion

3.1. Effect of aquaculture pond drainage on CO2 fluxes

Over the study period, a consistent uptake (release) of CO2 was
observed in the UDP (DP), indicating that drainage during
winter drastically transformed the aquaculture pond from a
net CO2 sink to a net source. This switch could possibly be
attributed to the absence of flooding following the conversion
of the flooded UDP to an exposed DP. In the present study, the
UDP was continuously flooded over the observation period
(Fig. 2) with a mean water depth of 1.2 m. The presence of an
overlying water column could effectively reduce the diffusion
of atmospheric oxygen into the sediment, thereby weakening
the aerobic decomposition of organic matter and CO2 produc-
tion by aerobic microbes (Chimner and Cooper, 2003). In
contrast, the DP was drained and the sediments were exposed
to air for extended periods of time, which favored the
decomposition of organic matter (e.g., unconsumed bait feed
and biological residues) and microbial CO2 production. This
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hypothesis was further supported by the strong correlations
between water depth, sediment Eh, and CO2 fluxes (Table 3).

Another effect of drainage that is also likely to influence
CO2 dynamics is the change in Chl-a concentrations. During
the study period, we observed that the UDP had extremely
high Chl-a concentrations (ranging from 162.44 to 520.41 μg/L)
over the observation period (Fig. 3f), and net CO2 uptake fluxes
showed a significant, positive correlation with Chl-a (Table 3).
These results showed that high photosynthesis rates arising
from intensive phytoplankton blooms in the UDP could
effectively sequester atmospheric CO2 (Maberly, 1996; Gu et
al., 2011; Wang et al., 2015). With the discharge of the
aquaculture pond water, large quantities of phytoplankton
are exported, which can eventually reduce the uptake of
atmospheric CO2 by photosynthesis.

Yet another drainage effect is the change in the salinity. A
number of studies have indicated that high salinity inhibits
organic carbon decomposition and mineralization processes,
which reduces CO2 production and emissions (Weston et al.,
2006; Chambers et al., 2013; Rath and Rousk, 2015). In this
study, the mean salinity (represented by EC) in the UDP was
(9.15 ± 0.04) mS/cm, which was significantly higher than that
in the DP, at (6.37 ± 0.24) mS/cm (Table 1). The CO2 fluxes from
both ponds also showed a significant and negative relation-
ship with salinity (Table 3), which lent support to the
hypothesis that a decrease in salinity in DP might at least
partly contribute to an increase in CO2 emissions.

3.2. Effect of aquaculture pond drainage on CH4 fluxes

CH4 fluxes in the DP were considerably higher than those in
the UDP over the observation period (Fig. 4b), which suggests
that drainage could significantly promote CH4 emissions from
aquaculture ponds during the winter (p < 0.01, Table 2). One
possible reason for the lower CH4 emissions in the UDP is that
a large proportion of the CH4 produced from the sediment
was oxidized in the overlying water column before it could
reach the atmosphere via diffusive transport or ebullition. A
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previous study showed that up to 80% of the CH4 produced in
deep sediments could be oxidized in the water column during
the transport process (Bastviken et al., 2008). In contrast, the
opportunity for CH4 oxidation in the water column of the DP
was much lower. Although the pond water was drained in
winter (Fig. 2), the sediment retained a high level of moisture
and a large amount of unconsumed feed and biological excreta
during the initial period of drainage, which maintained a
suitable environment for the microbial production of CH4.

Previous studies have shown that high pH and salinity
could inhibit the activities of, or cause harm to, methanogens
(Stow et al., 2005; Zeng et al., 2008; Clough et al., 2011), which
Table 2 – Comparison of average GHG fluxes between the UDP

GHGb Undrained pond D

CO2 −0.49 ± 0.09 (−0.62 to −0.31) 0.75 ±
CH4 0.07 ± 0.06 (0.003 to 0.31) 0.66 ±
N2O 0.01 ± 0.04 (−0.27 to 0.40) 19.54 ±

GHG: greenhouse gas.
a Values are means ± S.E. (range) of samples (n = 48).
b CO2 and CH4 (mmol/(m2·hr)), N2O (μmol/(m2·hr)).
c Statistically significant differences between UDP and DP were calculate
d Indicates significant difference at the 0.01 level.
would subsequently reduce CH4 production and emissions. In
contrast, a near neutral environment and low salinity could
enhance CH4 emissions (Chen et al., 2010; Sun et al., 2013). In
this study, the mean pH and salinity in the DP were
significantly lower than those in the UDP, and the sediment
pH in the DP was weakly alkaline (Table 1). Meanwhile, CH4

fluxes were significantly and negatively correlated with both
pH and EC in the sediment (p < 0.01, Table 3) when all data
were pooled together. These results suggest that drainage
caused a decline in both sediment EC and pH, which in turn
played an important role in promoting CH4 production and
emissions from aquaculture ponds during winter.
and DP during the study period. a

rained pond Results of RMANOVAc

F-value p-Value

0.12 (−0.49 to 3.65) 170.87 <0.01d

0.31 (0.004 to 1.77) 29.74 <0.01d

2.08 (2.97 to 36.07) 164.07 <0.01d

d by using the repeated measures analysis of variance (RMANOVA).
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Overall, the temporal variations in the CH4 fluxes
exhibited a similar trend for both the UDP and DP (Fig. 4b),
but the dominant factor controlling CH4 emissions was very
different in each pond. Regression analysis showed that the
temporal variations in the CH4 fluxes in the UDP were mainly
controlled by the EC and water SO4

2− concentrations (y =
1.696–0.150·EC −0.002·SO4

2−, F = 34.477, R2 = 0.605, p < 0.001),
which accounted for 60.5% of CH4 emissions; while that in DP
was more dependent on temperature and pH in the
sediment, as well as SO4

2− concentrations in the water
(Fig. 3 and Table 3).

3.3. Effect of aquaculture pond drainage on N2O fluxes

Consistently higher N2O emissions were observed in the DP
than in the UDP during winter (Fig. 4c), indicating that
drainage could also significantly increase N2O release from
aquaculture ponds (p < 0.01, Table 2). The difference in N2O
fluxes was mainly attributed to the change in sediment redox
Table 3 – Pearson correlation coefficients between the greenhou

Environmental parameters UDP

CO2 CH4 N2O

Water depth NS 0.354⁎ 0.673⁎ N
Temperature NS NS NS 0
EC NS −0.752⁎⁎ −0.537⁎⁎ N
pH NS −0.610⁎⁎ −0.529⁎⁎ N
Eh NS 0.613⁎⁎ 0.554⁎⁎ N
SO4

2− NS −0.768⁎⁎ −0.526⁎⁎ N
Chl-a 0.186⁎ −0.547⁎⁎ −0.653⁎⁎ N

NS: not significant. The symbols * and ** indicate significant correlations
UDP: undrained pond; DP: drained pond.
status. As already discussed, a higher water depth in the UDP
limits diffusion of atmospheric oxygen into the sediment,
which favors the development of anaerobic conditions (Fig.
3d). This may induce denitrification in pond sediments, with
much of the N2O produced during this process being further
reduced to N2 by denitrifiers before it escapes from the
sediment (Davidson et al., 2000; Hu et al., 2012; Peyron et al.,
2016). As a result, net N2O emissions in the UDP decreased
significantly. On the other hand, significantly lower water
depth in the DP facilitated the penetration of oxygen into the
sediment (Fig. 3d), thereby stimulating microbial activity and
nitrogen mineralization (Regina et al., 1996; Dinsmore et al.,
2009). With a more aerobic environment, N2O, being an
intermediate product of denitrification, could be released to
the atmosphere in a greater amount without further reduc-
tion over the observation period. The negative correlation
between N2O fluxes and water depth, as well as the positive
correlation between the N2O fluxes and Eh (Table 3) lend
further support to our interpretation.
se gas fluxes and environmental parameters.

DP All data

CO2 CH4 N2O CO2 CH4 N2O

S 0.306⁎ NS −0.555⁎⁎ −0.356⁎⁎ −0.648⁎⁎

.585⁎⁎ 0.256⁎ 0.301⁎ 0.607⁎⁎ 0.271⁎⁎ 0.432⁎⁎

S NS NS −0.315⁎⁎ −0.259⁎⁎ −0.274⁎⁎

S −0.309⁎⁎ NS −0.574⁎⁎ −0.387⁎⁎ −0.671⁎⁎

S 0.293⁎⁎ NS 0.578⁎⁎ 0.391⁎⁎ 0.676⁎⁎

S −0.481⁎ NS NS −0.790⁎⁎ −0.738⁎⁎

S NS NS −0.586⁎⁎ NS NS

at the 0.05 and 0.01 levels, respectively, (n = 48).
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Another important way by which drainage can influence
N2O fluxes is through altering sediment salinity, pH, and
temperature. In the present study, significant differences in
sediment temperature, pH, and salinity were observed be-
tween the UDP and DP over the observation period (Table 1).
Meanwhile, N2O fluxes were positively correlated with sedi-
ment temperature, and negatively correlated with pH and EC
(Table 3). These results suggest that the positive impact of
drainage on N2O emissions was related to the induced lower
salinity, neutral pH, and higher sediment temperature.

3.4. Overall contribution of drained aquaculture ponds to
climate change

China has been responsible for the majority of growth in
fishery product supply, particularly from aquaculture ponds
(FAO, 2014). Statistics show that China contains about 53% of
the world's aquaculture ponds (Verdegem and Bosma, 2009),
and total pond area is increasing rapidly (FAO, 2014).
Considering the rapid growth of the aquaculture industry, it
is important to improve the accuracy of the GHG emissions
inventory in China, particularly in this sector, by quantifying
the effects of different management practices on GHG fluxes
from aquaculture ponds. The results of this study showed
that drainage significantly increased GHG emissions from
aquaculture ponds during winter in the coastal zone of
southeast China. Assuming that the results of this study are
representative of all aquaculture ponds in China (58,579 km2)
and that they all practice drainage from December to March,
the GWPs (CO2 equivalent units) would be 0.17 Tg CO2-eq for
UDPs and 5.24 Tg CO2-eq for DPs over a 100-year timeframe.
This result indicates that aquaculture pond drainage in China
makes a substantial contribution to global warming. Our
results imply that maintaining a relatively high water depth
would be an effective strategy for reducing GHG emissions
from aquaculture ponds during winter and mitigating future
climate change. However, since drainage is often necessary
for exporting aquaculture effluent and avoiding pond eutro-
phication during the non-culture period after harvest (Hu et
al., 2016), developing a practical and effective way to reduce
GHG emissions during the non-culture period is a top priority
for the near future. We recognize that our data were from a
single site at the Min River estuary and might not fully
represent themagnitude of pond GHG fluxes across all coastal
regions in China. To accurately estimate the effects of
drainage on GHG emissions from aquaculture ponds over a
broader spatial scale, further studies are required to charac-
terize GHG emissions from ponds located in different latitu-
dinal and climatic zones, and under different levels of
management inputs.
4. Conclusions

In this study, we quantified GHG fluxes during winter in one
drained and one undrained aquaculture pond from the Min
River estuary of southeast China. Our results show consistent
uptake and release of CO2 in the undrained and drained
ponds, respectively, with the drained pond representing a CH4

and N2O emissions hot spot. Furthermore, based on a new
SGWP/SGCP model, the GWP over a 100-year period in the
drained pond was significantly higher than it was in the
undrained pond. This finding indicates that drainage might
considerably increase the contribution to global warming by
aquaculture ponds in the coastal zone. Given that the drained
aquaculture ponds play a significant role in increasing the
GHG radiative forcing of the climate, there is a need to develop
better management strategies to achieve a balance between
climate change mitigation and eutrophication amelioration.
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