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INTRODUCTION

The organic carbon pool can be used to character-
ize the function and structure of aquatic systems.
Aquaculture ponds are semi-artificial ecosystems;
thus, the management of these ponds, including
daily feeding and water exchange, could have an
effect on their organic carbon budget. Organic car-
bon budgets can be used to quantify the potential
impact of specific artificial management strategies on
pond systems and indicate the water quality of these
ponds. This approach has been previously used for
fish (Liu et al. 2002, Sahu et al. 2015, Guo et al. 2017),
shrimp  (Hopkins et al. 1993) and sea cucumber aqua-
culture ponds (Li et al. 2015).

The supply of feed influences the organic carbon
content and, therefore, the organic carbon budget
of aquaculture ponds. For example, in integrated
shrimp mariculture ponds with a feed supply, the
total input of organic carbon has been shown to be
55% more than the output (Liu et al. 2002). Of the
organic carbon input, less than 10% is converted into
shrimp production, and 35% is retained in the cul-

ture system (Liu et al. 2002). Integrated sea cucum-
ber aquaculture systems without a feed supply can
eliminate 7.3% of the organic carbon input (Li et al.
2015); therefore, such integrated systems not only
result in aquacultural products, but also act as an
organic matter purification system for the surround-
ing environment.

Both carbon exchange across the water−air inter-
face and carbon sequestration have important roles in
carbon circulation in aquatic ecosystems. For ex -
ample, oceans are likely to act as a sink for 80−95%
of the anthropogenic CO2 emissions over a  multi-
millennial time scale (Archer et al. 2000). Further-
more, oceans emit an estimated 10.9−17.8 Tg CH4 an -
nually across the water−air interface (Ortiz-Llorente
& Alvarez-Cobelas 2012), whereas they store ap -
proximately 3.9 × 1016 kg of carbon, which corre-
sponds to 93% of the total carbon in the global eco-
system (Rödenbeck et al. 2013). Although inland
aquatic ecosystems also contribute gaseous carbon,
including CO2 and CH4, to the atmosphere across the
water−air interface (Xing et al. 2005, Zhang et al.
2008, Chen et al. 2015), they also have significant car-
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bon sequestration potential (Yang et al. 2008, Franzén
et al. 2012). Total carbon sinks in lakes, including in-
organic carbon and organic carbon, were reported to
be 7.7 × 1010 kg yr−1, of which the sink from the atmo -
sphere accounts for 5.32 × 1010 kg yr−1 (Downing et al.
1993). Freshwater aquaculture ponds in temperate
monsoon climate  regions are estimated to contribute
approximately 2.98 × 109 kg yr−1 CO2 to the atmo -
sphere (Chen et al. 2015). Aquaculture ponds seques -
ter an estimated 1.66 × 1010 kg yr−1 of carbon world-
wide, representing approximately 0.21% of annual
global carbon emissions (Boyd et al. 2010), in the form
of organic carbon from uneaten feed, organic fertiliz-
ers, dead plankton and excreta. So far, no detailed
studies have considered the carbon source− sink func-
tions of specific aquaculture ponds in terms of both
the water−air interface and carbon sequestration.

To estimate the carbon source−sink function of
mariculture ponds without a food supply, we con-
structed a comprehensive carbon budget, including
gaseous carbon exchange across the water−air inter-
face using floating static chamber technology, in
3 shrimp and sea cucumber polyculture seawater
ponds (PSPs) without a food supply. In addition,
we also calculated the organic carbon concentration
across the inflow water, outflow water and the
water− sediment interface to access the environmen-
tal effect of the no-feeding mariculture system.

MATERIALS AND METHODS

Experimental ponds

The experiments were carried out on a mariculture
farm in Qingdao (36° 18’ N, 120° 00’ E), Shandong
Province, PR China, which has a typical temperate
monsoonal climate with a mean annual temperature
of 12.3°C. The studies were conducted in 3 rectangu-
lar sea cucumber Apostichopus japonicus PSPs
(160.0 m length × 70.3 ± 7.8 m width × 3.0 ± 0.1 m
depth) from 30 March 2014 to 26 March 2015. The
ponds used in the experiments were selected at ran-
dom from across the farm. The study period encom-
passed 2 shrimp farming seasons: spring (from 30
March to 20 July) and autumn (from 3 August to 22
November). PSPs were stocked with juvenile sea
cucumbers on 7 April 2014 and cultured for 1 yr. The
seawater in the ponds was routinely exchanged dur-
ing each spring tide. No supplemental feed was pro-
vided to these ponds during the study period. Table 1
details the stocking densities of shrimp and sea cu -
cumber in PSPs.

Water sample collection and analysis

During the study period, 9 water samples (samples
of surface, middle and bottom water layers at 3 differ-
ent sites) from each pond were collected twice a
month. During each spring tide, inflow or outflow wa-
ter samples were collected repeatedly and pooled as
one sample. The amount of inflow water and outflow
water was measured using a flow velocity meter (LS-
1206B, Haosheng Industry and Trade). The samples
were stored in clean plastic bottles (2 l) and trans-
ported to the laboratory immediately after sampling.
The total nitrogen (TN) content of the water was ana-
lyzed using the potassium peroxydisulfate oxidation
method developed by Grasshoff et al. (2007), and total
phosphorus (TP) was analyzed according to Murphy
& Riley (1962). Chlorophyll a (chl a) was extracted
with acetone in the dark for 24 h following filtration of
the water samples through GF/F glass microfiber fil-
ters; chl a concentrations were analyzed according to
the method of the National Standardization Manage-
ment Council (2007). Water samples for dissolved or-
ganic carbon (DOC) were analyzed using a multi-
2100s TOC analyzer (Analytik Jena) after being
filtered through pre-combusted Whatman GF/F filters.
Particulate organic carbon (POC) on each  filter was
determined using a PE-24 CHN analyzer (Heraecus)
after acidizing for 4 h with 1 N HCl to remove the car-
bonate (Holmer et al. 2007). POC plus DOC equals the
total organic carbon (TOC) in the water samples.

Measurement of net primary production

Net primary production (NPP) was measured using
the light−dark bottle (300 ml) method simultaneously
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Season Stocking Stocking density TN TP Chl a
species (ind. m−2) (µg l−1)

Spring SH 6.01 2.63 0.20 3.17
SC 11.5

Autumn SH 1.8 3.03 0.17 4.78
SC −

Winter SC − 3.41 0.19 1.54

Table 1. Stocking and water quality (mg l−1) of polyculture
seawater ponds without a food supply during farming sea-
sons. Spring: first shrimp culture season from 30 Mar to 20
Jul; autumn: second shrimp culture season from 3 Aug to
22 Nov; winter: season after shrimp harvest from 23 Nov to
26 Mar. SH: shrimp Marsupenaeus japonicas; SC: sea
cucumber Apostichopus japonicas; TN: total nitrogen; TP: 

total phosphorus
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with the gas sample collection (Eaton et al. 1995).
Measurements were made by recording the change in
O2 concentration over 24 h at 3 different water depths
in each tank (surface, middle and bottom). Once the
samples had been collected as described above, 3 light
and 2 dark bottles were suspended at each water
depth to determine the initial oxygen concentration in
each pond. Oxygen concentrations were measured us-
ing the Winkler method. Organic carbon resulting
from NPP was determined by 0.375 of the cumulative
mean values of the differences between the light bot-
tles and initial oxygen concentrations at each depth.
From the beginning of July 2014 to the end of Septem-
ber 2014, the PSPs were affected by the growth of the
macroalga Enteromorpha sp. In the PSPs, macroalgae
from 1 m2 (1 × 1 m) of the bottom at 5 sampling points
of each tank were collected and weighed to determine
the wet biomass. Additionally, 1.0 g of Enteromorpha
was put into each of 2 light and 2 dark bottles at each
sampling depth in each pond (Thomas 1988). Further,
2 light and 2 dark bottles without macroalgae were
suspended at each depth as controls to measure the
NPP by phytoplankton in the PSPs. The difference in
NPP between the bottles with and without macroalgae
represented the NPP potential of the macroalgae. NPP
in the water column was evaluated as: NPP = NPP po-
tential of macro algae × wet biomass + NPP of phyto-
plankton (Zhao et al. 2002, Chen et al. 2016).

Collection and analysis of animals and 
sediment samples

The survival and average weight of each sea cu -
cumber were estimated using periodic sampling at 5
sampling quadrats (2 × 2 m) in each PSP. All the sea
cucumbers in each quadrat were collected, weighed
and counted, and then returned to the ponds. The sed-
iment (5 cm) samples were collected using a cylindrical
metal corer (5 cm in diameter) at the same site for each
sample. Experimental shrimp, sea cucumbers and sed-
iment samples were dried at 60°C to a constant weight,
then smashed and sieved using a sample sifter. The
organic carbon content of each of these samples was
determined using a PE−24 CHN analyzer (Heraecus)
after acidifying the samples for 4 h with 1 N HCL to
remove any inorganic carbon (Holmer et al. 2007).

Gas sample collection and analysis

CO2 and CH4 at the air−water interface were meas-
ured using the floating static chamber method (Xing

et al. 2005, Chen et al. 2015). The chamber (50 cm
in height and 30 cm in diameter) was made from
Plexi glas. A small vertical vent stopped with a sili-
cone septum on the top was used for sampling. Each
chamber was equipped with a circulating fan (4.5 V)
to ensure complete gas mixing and wrapped with a
layer of aluminum foil to minimize air temperature
changes inside the chamber during the sampling
period (Chen et al. 2016). Three replicate chambers
were placed in each pond. Prior to sampling, the
syringe was pumped several times to mix the air
inside the chamber. The samplings were taken
between 09:00 and 11:00 h local time at roughly 1- or
2-wk intervals. Four individual gas samples were col-
lected with a syringe at 0, 10, 20 and 30 min after
chamber closure, injected into evacuated sample
bags and transported to the laboratory in a coolbox.
Gas samples were analyzed as quickly as possible
with a GC-2010 plus Gas Chromatograph (Shi-
madzu) connected to an MGS-4 gas sampler and
MTN-1 methanizer. The gas samples were injected
into the MGS-4 gas sampler and separated from col-
umn SS-2 m × 2 mm at 40°C packed with TDX
(60−80 mesh). The separated CO2 was converted into
CH4 in the MTN-1 methanizer by nickel catalyst at
375°C, and the CH4 concentrations were detected by
the flame ionization detector at 100°C. The carrier gas
(N2) flow rate was set at 20 ml min−1, and the flow
rate of flame gases (H2 and compressed air) were 18
and 30 ml min−1, respectively. Standard gases were
measured every 4 gas samples in order to determine
the sample concentrations and check the errors. The
CO2 and CH4 fluxes were calculated from the linear
changes in time inside the chamber.

Data analysis

Data were analyzed using the statistical software
SPSS version 18.0. Kolmogorov- Smirnov and Lev-
ene’s tests were used to test the assumptions of a nor-
mal distribution and homogeneity of variance of the
data, respectively. Differences in organic carbon
between inflow and outflow water were analyzed
using paired-sample t-tests.

RESULTS

Organic carbon content of inflow and outflow water

During the spring farming season, inflow POC,
DOC and TOC ranged from 1.79 to 4.22 mg l−1, 3.24
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to 5.04 mg l−1 and 5.73 to 8.04 mg l−1, respectively.
POC, DOC and TOC outflows ranged from 1.53 to
3.38 mg l−1, 3.03 to 3.82 mg l−1 and 5.33 to 6.41 mg
l−1, respectively (Fig. 1). During the autumn farming
season, inflow POC, DOC and TOC ranged from
2.04 to 3.75 mg l−1, 3.16 to 3.79 mg l−1 and 5.64 to
7.10 mg l−1, respectively. The outflows ranged from

1.93 to 3.20 mg l−1, 1.47 to 1.86 mg l−1 and 2.40 to
4.04 mg l−1 for POC, DOC and TOC, respectively
(Fig. 1). During the winter farming season, inflow
POC, DOC and TOC ranged from 2.07 to 3.53 mg
l−1, 3.82 to 4.72 mg l−1 and 6.33 to 7.41 mg l−1,
respectively, whereas the outflow from the PSPs
ranged from 3.03 to 3.82 mg l−1, 2.48 to 3.98 mg l−1

and 4.01 to 5.84 mg l−1 for POC, DOC and TOC,
respectively (Fig. 1). Over 1 full year, or ganic
carbon content was lower in the PSP outflow water
during most farming seasons (Fig. 1C).

Inflow and outflow TOC

During the spring farming season, the TOC con-
centration of inflow water was significantly higher in
the PSPs than that of the outflow water (991.4 ±
27.7 kg ha−1 versus 790.1 ± 28.2 kg ha−1; p < 0.05).
During the autumn farming season, TOC was also
significantly higher in the inflow (522.8 ± 24.2 kg
ha−1) than the outflow water (454.9 ± 30.6 kg ha−1; p <
0.05). Additionally, TOC showed the same trend (p <
0.05; 164.0±2.54 kg ha−1 in the inflow versus 73.7 ±
1.39 kg ha−1 in the  outflow) during the winter farm-
ing season. During the 1-yr monitoring period, the
outflow TOC accounted for 78.6% of the inflow TOC
in PSPs.

TOC fixed by primary production

During the spring farming season, the NPP ranged
from −0.12 to 1.59 g C m−2 d−1, increasing gradually
with time, while the amount of TOC fixed by NPP
was (mean ± SD) 635.2 ± 88.4 kg ha−1 (Table 2). Dur-
ing the autumn farming season, NPP ranged from
0.24 g C m−2 d−1 (November) to 2.51 g C m−2 d−1

 (September), and TOC fixed by NPP was 1611.7 ±
159.1 kg ha−1. In contrast, NPP was mostly negative
during the winter farming season (−0.29 to 0.07 g C
m−2 d−1). The consumed organic carbon was 115.1 ±
142.4 kg ha−1 during this season (Table 2).

Sedimentary organic carbon content

Organic carbon in PSP sediments accumulated
throughout each far ming season (Fig. 2), ranging from
2.61 to 3.40 mg g−1 in the spring farming season, from
4.50 to 6.13 mg g−1 in the autumn farming season, and
from 5.07 to 6.66 mg g−1 during the winter farming
season (Fig. 2).
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Fig. 1. Variations in (A) particulate organic carbon (POC),
(B) dissolved organic carbon (DOC) and (C) total organic
carbon (TOC) of inflow and outflow water from polyculture 

seawater ponds without feeding. Data are means ± SD
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Shrimp and sea cucumber organic carbon

The organic carbon content in the dry matter of
adult shrimp Marsupenaeus japonicus and sea
cucumber Apostichopus japonicus was 42.16 ±
2.09% and 27.4 ± 1.0%, respectively. In the PSPs, the
TOC from harvested M. japonicus was 17.98 ± 2.49
kg ha−1 (12.85 ± 1.15 kg ha−1 in the spring farming
season and 5.13 ± 1.58 kg ha−1 in the autumn farming
season) (Table 3). Over 1 yr, 24.96 ± 3.15 kg ha−1 of
organic carbon resulted from A. japonicus.

Organic carbon budget in PSPs

The total TOC input to PSPs was (mean ± SD)
3810.0 ± 226.9 kg ha−1 (Table 3). The organic carbon
from the fixation of primary production accounted for
2131.7 ± 266.3 kg ha−1, which was 56.0% of all input.
The organic carbon from inflow water was 1678.2 ±
49.0 kg ha−1 (~44.0% of all input). The TOC output
was 2251.9 ± 546.7 kg ha−1, of which outflow water
accounted for 58.6% (1318.8 ± 55.4 kg ha−1). The
organic carbon output from the mass gained by the
aquatic animals (shrimp and sea cucumbers) over
1 yr was relatively minor (42.94 ± 1.54 kg ha−1; 1.9%
of all output). However, organic carbon output re -
moved by macroalgae accounted for ~39.5% of the
total (890.1 ± 491.1 kg ha−1). The total accumulated
or ga nic carbon during the study interval was 1558.1 ±
770.1 kg ha−1 (Table 3).

Gaseous carbon in PSPs

The monthly cumulative carbon flux consisted of
CH4 (CH4-C) and CO2 (CO2-C) in PSPs (Fig. 3). Dur-
ing the spring farming season, the CO2-C and CH4-C
fluxes were (mean ± SD) 166.2 ± 39.1 kg ha−1 and
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Primary production Fixed TOC 
(g C m−2 d−1) (kg ha−1)

Apr −0.12 ± 0.13 −36.7 ± 40.4
May 0.28 ± 0.18 87.2 ± 54.5
Jun 0.36 ± 0.30 108.1 ± 91.0
Jul 1.59 ± 0.30 476.7 ± 90.2
Total − 635.2 ± 88.4
Aug 1.71 ± 0.37 529.2 ± 114.4
Sep 2.51 ± 0.10 754.1 ± 31.0
Oct 0.83 ± 0.43 256.5 ± 134.5
Nov 0.24 ± 0.14 71.9 ± 40.5
Total − 1611.7 ± 159.1
Dec 0.07 ± 0.20 21.7 ± 61.1
Jan −0.29 ± 0.16 −91.3 ± 48.4
Feb −0.20 ± 0.15 −57.2 ± 41.7
Mar 0.038 ± 0.09 11.7 ± 27.1
Total − −115.1 ± 142.4

Table 2. Monthly variations of primary production (mean ±
SD, n = 3) and the fixed total organic carbon (TOC) by pri-
mary production in polyculture seawater ponds (PSPs) with-
out feeding. Carbon fixed by net primary production was
evaluated as the difference between the carbon fixed by
gross primary production and the carbon consumption by 
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Input (kg C ha−1) Output (kg C ha−1)
Primary production Water inflow Water outflow Animals Enteromorpha sp.

Spring 635.2 ± 88.4 991.4 ± 27.7 790.1 ± 28.2 12.85 ± 1.15 255.7 ± 128.9
Autumn 1611.7 ± 159.1 522.8 ± 24.2 454.9 ± 30.6 5.13 ± 1.58 634.5 ± 363.1
Winter −115.1 ± 142.4 164.0 ± 2.54 73.7 ± 1.39 − −
Annual 2131.7 ± 266.3 1678.2 ± 49.0 1318.8 ± 55.4 42.94 ± 1.54 890.1 ± 491.1

Carbon budget 1558.1 ± 770.1
Carbon buriala 77.9−155.8
aThe smallest value is based on 95% of the difference between inputs and outputs being decomposed eventually, while
the largest value assumes that 90% of the differences is decomposed eventually (Boyd et al. 2010)

Table 3. Inputs and outputs of organic carbon (mean ± SD, n = 3) in polyculture seawater ponds without feeding during 
different farming seasons and the annual carbon burial
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−0.21 ± 0.26 kg ha−1, respectively. The absorption of
CO2-C was −40.5 ± 38.0 kg ha−1, and the CH4-C flux
across the water−air interface was 1.27 ± 0.18 kg ha−1

during the autumn farming season. During the win-
ter, the CO2-C and CH4-C fluxes were −10.6 ±
19.9 kg ha−1 and −0.49 ± 0.45 kg ha−1, respectively.
Over the study interval, the overall CO2-C and CH4-
C fluxes across the water−air interface were 112.3 ±
86.0 kg ha−1 and 0.68 ± 0.90 kg ha−1, respectively.

DISCUSSION

Previous studies on aquaculture ponds showed
contrasting results: DOC, POC and TOC in outflow
water were higher than in inflow water in shrimp
ponds with a food supply (Biao et al. 2009), but lower
than in inflow water in integrated sea cucumber
ponds without feeding (Li et al. 2015). The higher
organic carbon content in the outflow originated
from the food supply and thus led to carbon accumu-
lation on the pond bottom, as well as increased waste
discharge to coastal waters (Liu et al. 2002, Sahu et
al. 2015). Our results showed that outflow TOC in
PSPs was lower than inflow TOC across the study
period (e.g. outflow TOC accounted for 78.6% of the
inflow TOC). The utilization of food resources and
aquatic production can be improved by integrating
sea cucumbers with other aquatic animals; this alle-
viates the negative influences of farming activity on
the environment (Qin et al. 2009, Ren et al. 2010,
2012). Therefore, PSPs systems that do not involve
feeding could act as organic matter purification sys-
tems in coastal environments.

Feed used in aquaculture ponds contains inorganic
nutrients that stimulate organic carbon production by
phytoplankton (e.g. photosynthesis) (Boyd & Tucker,
1998). Organic matter from dead plankton, uncon-
sumed feed and excrement settles on the pond bot-
tom and results in an increase in sedimentary organic
carbon. For example, sedimentary organic carbon
content reached 18.13 mg g−1 in shrimp Fennerope-
naeus chinensis ponds and 16.6 mg g−1 in grass carp
Ctenopharyngodon idellus ponds (Su et al. 2009,
Xiong et al. 2016). The sedimentary organic carbon
content in our studied PSPs ranged from 2.61 to
6.66 mg g−1 (Fig. 2), which is consistent with previous
studies investigating sea cucumber culture systems
without feeding (2.5 to 13.3 mg g−1) (Ren et al. 2012,
Li et al. 2015), and lower compared with ponds with
a feed supply. The sea cucumber is a deposit feeder,
ingesting organic matter from the sediment; thus, its
cultivation could reduce the accumulation of sedi-
mentary organic matter in aquaculture ponds.

The CH4-C flux of the PSPs (0.68 kg ha−1) was
lower compared with that in Marsupenaeus japoni-
cus culture ponds (5.7 kg ha−1) (Chen et al. 2016).
Nutrient loading and phytoplankton biomass in -
creases with continuous feed supply and contributes
to the larger CH4 emissions in M. japonicus ponds
(Chen et al. 2016). The CO2-C flux of our PSPs
(112.3 kg ha−1), which represents 99.4% of the
gaseous carbon flux, was lower than that of fresh-
water aquaculture ponds (1172.7 kg ha−1) in a tem-
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perate monsoonal climate region (Chen et al.
2015). However, our CO2-C flux was higher
than that of M. japonicus culture ponds
(−56.9 kg ha−1) (Chen et al. 2016). Organic
carbon loading and primary production dom-
inated the CO2 fluxes in these aquaculture
ponds (Chen et al. 2015, 2016).

Previous carbon sequestration studies in
aquaculture sediments showed that aquacul-
ture ponds could be a carbon sink when CO2

and CH4 are not taken into account (Boyd et
al. 2010, Adhikari et al. 2012). Carbon func-
tion studies using gas exchange and carbon burial
balances showed that the ratio of gaseous carbon
exchange across the water−air interface of various
lakes was greater than 1, indicating that most lakes
are a carbon source, except eutrophic Lake Donghu
(Table 4). In our study, the net organic carbon budget
was 1558.1 kg ha−1 (Table 3). Ac cording to Boyd et al.
(2010), the lowest carbon burial in aqua culture ponds
is based on 95% of the difference between input and
output eventually decomposing, whereas the largest
burial value assumes that 90% is eventually decom-
posed. The carbon burial during our study period of
the PSPs was 77.9− 155.8 kg ha−1 (Table 3). Thus,
PSPs acted as a gaseous carbon source across the
water− air interface. The ratios of carbon flux into the
atmosphere to sedimentary carbon burial ranged
from 0.73 to 1.45 (Table 4). Therefore, carbon re -
tained by the sediment in PSPs could offset its release
into the atmosphere. The model of gas exchange and
carbon burial balance we developed from Lake
Donghu showed that relatively high carbon sink val-
ues are because of high primary production, substan-
tial alloch thonous carbon input and intensive anthro-
pogenic activity (Yang et al. 2008). The PSP primary
production was generally lower (−0.29−0.83 g C m−2

d−1), except when the algal genus Enteromorpha
grew from July to September. Constant water ex -
change might release organic carbon loading to
PSPs, and the removal of Enteromorpha could also
affect the PSP organic carbon budget.

Our results showed that PSPs eliminated inflow
organic carbon and reduced sedimentary organic car -
bon accumulation. In addition, the carbon retained in
PSP sediments can offset its carbon emissions to the
atmosphere effectively.
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