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ABSTRACT

Cyprinus carpio is an important species in pond aquaculture as it can effect bioturbation of sediments which might influence
benthic fluxes and biogeochemical processes at the sediment-water interface. In this study, the influence of common
carp Cyprinus carpio on nutrient fluxes, specifically nitrification, denitrification and nitrate ammonification rates at the
sediment-water interface in pond polyculture was investigated through field experiments and ex situ incubation. C. carpio
enhanced the sediment oxygen consumption (SOC) from April to September (except in July). The fish did not influence the
NH,"-N flux, but promoted NO_-N (NO,-N and NO,-N) release from the sediment to the water from May to September
and it also promoted soluble reactive phosphorus (SRP) release from July to September. Nitrification, denitrification and
nitrate ammonification were also significantly promoted by C. carpio. The results suggest that C. carpio can plays a very
important role in the migration and transformation of nitrogen and phosphorus at sediment-water interface which could also

help nitrogen removal in pond water.
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Introduction

Pond culture is the most important aquaculture practice
in China since thousands of years and the production has
touched 1.94 million t (National Bureau of Statistics, 2012).
Pond aquaculture plays an important role especially in
the integrated polyculture sector, which has become the
main mode of pond aquaculture in China. Polyculture
incorporating different fish species is a means of species
diversification, whcih can also lead to improvement of
the aquaculture environment and ecology (Soto, 2009).
Cyprinus carpio is a popular carp species used in pond
polyculture (Naylor ef al., 2000).

The sediment-water interface is where, the most
significant variations in physical, chemical and biological
characteristics takes place and has an important role in
material transport and exchange in natural water bodies
(Nixon, 1986). The migration and transformation of
nutrients at the sediment-water interface affect the budget
and circulation dynamics of nutrients (Thibodeau et al.,
2010) and is also related to the eutrophication in water
bodies (Hou et al., 2013). Inorganic nitrogen (NH,™-N,
NO,-N, and NO,-N) and soluble reactive phosphorus
(SRP) are the prime limiting nutrients in water and these

are also the key factors responsible for the quality of
aquaculture waters (Paerl, 2009; Xu et al., 2010). The
main processes in the migration and transformation of
nitrogen and phosphate at sediment-water interface are the
diffusion of nitrogen and phosphate across sediments and
the overlying water as well as nitrification, denitrification
and nitrate ammonification mediated by microorganisms.
These processes can directly decide the budget of nitrogen
and phosphate in aquaculture water and finally affect the
water quality (Eyre et al., 2011).

Macrobenthic organisms are important components
at sediment-water interface as these can change
sediment grain size, porosity, permeability and other
physical properties by digging, feeding, respiration,
excretion and other activities and also change the original
biological and chemical properties of sediment which
affect the migration and transformation of nutrients at
sediment-water interface (Meysman et al., 2006). There are
few reports on the effects of bioturbation on the migration
and transformation of nitrogen and phosphate at sediment-
water interface, especially due to Apostichopus japonicus
(Zheng et al., 2009), Ruditapes philippinarum (Nizzoli
et al.,2006), Neohelice granulata (Fanjul et al., 2011) and
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Nereis spp. (Nizzoli et al., 2007). However, there is no
such detailed report on the common carp Cyprinus carpio,
which is an important species in pond polyculture.

In this study, sediment oxygen consumption (SOC),
nitrogen (NH,-N, NO,-N, and NO,-N) and soluble
reactive phosphorus (SRP) fluxes and the rates of
nitrification, denitrification and nitrate ammonification
were measured in order to study the effect of C. carpio
on the migration and transformation of nitrogen and
phosphate at the sediment-water interface.

Materials and methods
Experimental site and setup

The study was conducted in aquaculture ponds at
Zhaodian Village, Gaoqing City, Shandong Province in the
Peoples Republic of China from April to September, 2012.
The ponds were rectangular with an area of 2333.33 m?,
length to width ratio of 2:1 and an average water depth of
1.5 m. Two treatments were set with three replicates each:
treatment GS was set with grass carp (Ctenopharyngodon
idella) and silver carp (Hypophthalmichthys molitrix)
and treatment GSC with grass carp, silver carp and
common carp (Cyprinus carpio). The details of stocking
in each treatment is listed in Table 1. The stocking and
feeding started from early to mid-April. Each pond was
equipped with a feeding machine. The same amount of
factitious composite feed was provided to each pond four
times a day. The feeding quantity was decided as per
the requirement of each species/fishes and the weather
conditions. One 2000-W impeller type aerator, situated at
the center of each pond, was activated from 0:00 to 6:00 hrs
and 11:00 to 13:00 hrs every day. The fishes were harvested
in October.

Table 1. Details of stocking

Treatment  Stocking density Size range
(No. m?) (kg per individual)
GS G-1.84;S-0.92 G-6-8
S-4-6
GSC G-1845-092,C-055 8710

GS: Grass carp and silver carp; GSC: Grass carp, silver carp and common carp

Monthly water and sediment samples were collected
for the determination of oxygen and nutrient fluxes on the
20" of each month and samples for the determination of
nitrification, denitrification and nitrate reduction rates were
collected on the 21* of each month. In each pond, three
sampling sites were selected (Fig.1) and two samples were
collected from each site. Sediment samples were collected
using a core sampler, with minimum disturbances to the
sediment surface (Wang and Xu, 2004). The chamber
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(d=5 cm, h=33 cm) containing sediment was removed from
the core sampler, sealed with rubber lids and transported to
the laboratory within 1 h. In the laboratory, the sediments
in the chambers were adjusted to a depth of 8 to 10 cm and
kept for stabilising for 2 h. Bottom water samples were
collected with a water sampler. The dissolved oxygen
(DO) concentration and water temperature were measured
with a digital dissolved oxygen meter (Y SI). Bottom water
samples (3 1) from each sampling site was brought to the
laboratory, where 100 ml of the water was filtered through
0.45 pm cellulose acetate membranes and frozen at -20°C
for analyses of NH,"-N, NO,-N, NO,-N, and SRP; and
the rest of the samples were used for the ex sifu incubation

experiments.
' Sampling site

Aerator

' Sampling site

I Sampling site

Feeding
Machine

Fig. 1. Diagrammatic representation of the sampling sites in
each pond

Determination of oxygen and nutrient fluxes

Oxygen and nutrient fluxes were determined by ex situ
incubation. After stabilising the sediment, the overlying
water retained in each chamber was carefully replaced by
bottom water and the final water height in each chamber
was maintained at approximately 20 cm. Each chamber
was sealed with rubber lids and the upper lid was equipped
with a magnet that was stirred using a central magnet at
50 rpm (Fig. 2). Incubation was conducted in a water bath
incubator for 4 h in darkness at ambient temperature. Initial
and final overlying water samples (30 ml each) were taken
from each chamber, DO concentration was measured using
a digital dissolved oxygen meter (YSI), and then filtered
through 0.45 pum cellulose acetate membrane and frozen at
-20°C for later analyses of NH,"-N, NO,-N, NO,-N and
SRP.

Determination of nitrification, denitrification and nitrate
ammonification rates

Nitrification, denitrification and nitrate ammonification
rates were determined using modified acetylene (C,H,)
inhibition method (Kim ef al., 1997). After stabilising the
sediment and water, one sample from each site was inhibited
by CH,, by carefully replacing 30 ml of the overlying
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Fig. 2. Sketch showing sediment incubation set up using the
plexiglass chambers

water with 30 ml of C,H,-saturated water. Initial and final
overlying water samples were collected from each chamber
and 0.3 ml aliquot of saturated HgCl, solution was added to
60 ml of water in glass bottles for the measurement of N,O.
The remaining 30 ml of water was filtered through 0.45 pm
cellulose acetate membrane and frozen at -20°C until used
for analyses of NH,"-N, NO,-N and NO,-N.

NH,*-N, NO,-N, NO,-N, and SRP contents in the
bottom water were determined by spectrophotometric
method according to Lei (2006). The N O content was
determined by headspace gas chromatography.

Sediment oxygen consumption (SOC), nutrient fluxes
and the rates of nitrification, denitrification and nitrate
ammonification were calculated using the following
equation (Zhong et al., 2013):

ACV
A. At

F=

where F (umol m? d! for denitrification rate and mmol
m? d! for the other variables) represents SOC, nutrient
fluxes and the rates of nitrification, denitrification and
nitrate ammonification; V (m?) is the volume of the
incubator; A (m?) is the bottom area of the incubator; At (d)
is the incubation duration; and AC (mmol m?) is the change
in the concentrations of DO, ammonia, N,O, and nitrate
before and after incubation in respective cases.

Statistical analysis

Statistical analysis of the data was performed using
statistical package SPSS 13.0 for Windows (SPSS Inc.,
Richmond, CA, USA). Concentrations of ammonia,
nitrate, nitrite and SRP; SOC; nutrient fluxes; and the rates
of nitrification, denitrification, and nitrate ammonification
among the months and treatments were compared using
analysis of variance (ANOVA) followed by Duncan’s
multiple range tests for post hoc comparisons. The normal
distribution of the data and homogeneity of variances
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among the treatments were verified before ANOVA. The
significance level was defined as 0.05 when Levene’s tests
were violated further to reduce the chance of a type I error
(falsely identifying a significant difference).

Results and discussion
Sediment oxygen consumption and nutrient fluxes

The parameters measured in the two treatments are
presented in Table 2. The water temperature changed
with season during the experiment which ranged between
21.5°C in April and 29.2°C in July. There are many factors
that influence bottom water DO in ponds, SOC being one
of the key factors. The DO concentrations varied between
2.31 and 10.78 mg 1!, the highest DO concentrations were
observed in April and the lowest in August, in the two
treatments. In the present study, the SOC rates in treatment
with C. carpio was significantly higher (p<0.05) all through
the study, except in July (Fig. 3a). C. carpio prefers to
live at the bottom of the water body and their activities
would dig and stir the sediments, which would make more
organic particles exposed to water which in turn consume
more oxygen (Avnimelech et al., 1999). The excretion of
C. carpio could also contribute to the content of organic
matter in the sediments, and the rates of SOC generally
increase with the enrichment of sediments (Boyd, 1995).

The fluxes of NH,*-N, NO ~-N and SRP in the two
treatments were negative in the month of April, indicating
that these nutrients were absorbed by the sediment from
the water at the beginning of the study, but became positive
(p>0.05) in the succeeding months (Fig. 3b - d).

No significant difference was found in the NH,"-N
fluxes between the two treatments except in the month
of August (p>0.05), while the NO_-N fluxes in treatment
GSC were significantly higher than in treatment GS from
May onwards (p<0.05). During the first three months
of the experiment, the SRP fluxes in the two treatments
showed no significant difference, however from the month
of July onwards, the SRP fluxes in treatment GSC were
significantly higher than in treatment GS (p <0.05).

Sediment  nitrification, nitrate

ammonification rates

denitrification  and

Nitrification is the process by which ammonia
is oxidised to nitrate by microorganisms, and can be
influenced by many factors such as dissolved oxygen,
water temperature, substrate concentration, pH, the number
of nitrifying bacteria and available surface (Hargreaves,
1998). The nitrification rates in the two treatments ranged
from 4.32+1.12 to 113.56 £ 11.51 mmol m> d! (Fig. 4).
There was no significant difference between the nitrification
rates of the two treatments in April and May, but the
situation changed since June with the rates in treatment
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Table 2. Bottom water parameters recorded in the experimental treatments
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Parameters NH,"-N NO,-N NO,-N SRP DO T
(mg 1) (mg 1) (mg 1) (mg 1) (mg 1) §®)

April
Treatment GS 3.118+0.086 0.385+0.021 0.013+0.0018 0.105+0.004 8.73

21.5
Treatment GSC 3.003+0.271 0.374+0.056 0.014+0.0007 0.099+0.014 10.78
May
Treatment GS 0.280+0.031 0.539+0.017 0.011+0.0015* 0.007+0.0002 6.41

254
Treatment GSC 0.242+0.089 0.490+0.022 0.028+0.0017° 0.009+0.0003 6.02
June
Treatment GS 1.642+0.117 0.463+0.014* 0.012+0.0008* 0.003+0.0002 3.85

27.7
Treatment GSC 1.469+0.143 0.530+0.028° 0.003+0.0006° 0.004+0.0003 2.33
July
Treatment GS 0.397+0.06 0.663+0.027° 0.027+0.0099° 0° 2.74

29.2
Treatment GSC 0.504+0.09 1.329+0.089° 0.743+0.2260° 0.072+0.0001° 1.16
August
Treatment GS 0.885+0.045° 0.207+0.051* 0.062+0.0067* 0.003+0.0002 2.31

27.2
Treatment GSC 1.090+0.045° 0.942+0.016° 0.497+0.0060° 0.005+0.0004 1.63
September
Treatment GS 1.275+0.067 0.783+0.042* 0.012+0.0025° 0.002+0.0003 5.13

22.7
Treatment GSC 1.158+0.443 1.625+0.161° 0.172+0.0149° 0.003+0.0001 4.66

Values are given as means or means + SD (n = 3)
+b Different superscripts in the same column and sampling month indicate significant differences (p < 0.05)

SOC (mmol m-2 d-1)
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Fig. 3.
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Fig. 4. Nitrification rate at the sediment-water interface
in different treatments Bars denote standard deviation
(n=3). Different letters indicate differences between
treatments within the same month. Means that do not share
a common letter are significantly different (p<0.05).
Unlabeled columns are not different at p = 0.05

GSC being significantly higher than in treatment GS from
June to August (p<0.05). The rates of denitrification and
nitrate ammonification in treatment GS were found to be
low and showed little variation with time (Fig. 5 and 6).
At the start of the experiment, the rates of denitrification
and nitrate ammonification in treatment GSC were low
too, but increased significantly (p<0.05) in July and were
significantly higher than in treatment GS from July to
September (p<0.05). The highest denitrification rate in
treatment GSC (161.79 + 6.02 pmol m? d!') was about
24 times higher than in treatment GS and the highest nitrate
ammonification rate in GSC (14.23 £ 0.16 mmol m? d)
was about 18 times higher than in GS. It is inferred that,
nitrification was promoted in treatment GSC from June to
August because of the irrigation and sediment mixing by
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Fig. 5. Denitrification rate at the sediment-water interface in different
treatments Bars denote standard deviation (n = 3). Different
letters indicate differences between treatments within the same
month. Means that do not share a common letter are significantly
different (p <0.05). Unlabeled columns are not different at the
significance level of p = 0.05
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Fig. 6. Nitrate ammonification rate at the sediment-water interface
in different treatments Bars denote standard deviation (n = 3).
Different letters indicate differences between treatments
within the same month. Means that do not share a common
letter are significantly different (p<0.05). Unlabeled columns
are not different at p = 0.05

C. carpio which flushed the sediments with oxygenated
water (Welsh, 2003) and stimulated nitrifying bacteria in
the sediment located immediately below the penetration
depth of oxygen as well as in burrow linings (Henriksen
etal., 1983; Kristensen, 1985) and there was much NH,"-N
in the excretion of C. carpio (Kaushik et al., 1982) which
would provide substrate for nitrification.

During denitrification, microbes use organic compounds
as carbon source and electron donor to reduce nitrite and
nitrate into gaseous nitrogen (Hargreaves, 1998).
Denitrification plays an important role in reducing
N load and alleviating eutrophication in ponds. Olah
et al. (1994) studied the nitrogen balance in Hungarian
carp pond for 20 years and found that denitrification
accounted for 34% of the total nitrogen removal. In the
present study, the denitrification rates in both treatments
were almost undetectable in the first three months, which
could be attributed to the low concentration of DO.
Studies have shown that denitrification takes place only at
DO <0.2 mg 1" (Hynes and Knowles, 1984). Initial water
temperature in both the treatments was low while DO was
relatively high, which was not suitable for denitrification
before July. The denitrification rates in both treatments
increased in July, especially in treatment GSC which stayed
significantly higher since July with the biggest difference
of 24 times. Michaud ef al. (2006) observed that only when
the bioturbation reached the denitrification zone, it could
influence the denitrification rate. Zhong et al. (2013) found
that C. carpio could effect bioturbation up to 10 cm depth,
which is the denitrification zone. The physical mixing
of sediment during burrow building and maintenance
activities by C. carpio can serve to enhance the microbial
communities in the sediment and introduce the nitrate into
sediments (Papaspyrou et al., 2006; Shang et al., 2013),
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thereby enhancing denitrification. At the same time, the
enhanced nitrification could provide much more nitrate for
denitrification.

Nitrate in water can be transformed into N,O and N,
by denitrification and then discharged into air. It can be
reduced into NH,'-N again by nitrate ammonification, and
the quantity of nitrate reduced via this way can be much
higher than that formed through denitrification (Kaspar,
1982). Therefore it is evident that nitrate ammonification
plays an important role in nitrogen cycle in ponds. The
factors influencing nitrate ammonification rates are similar
to that of denitrification. In this experiment, the changing
trend of nitrate ammonification rates in the two treatments
was very similar to that of denitrification rates. C. carpio
could also promote nitrate ammonification later in the
study, and the reason should be the same as mentioned with
denitrification.

Bottom water quality and benthic fluxes

NH,-N is the final product of protein breakdown
(Walsh and Wright, 1995) and in water, NH,"-N (ammonium)
and NH, (ammonia) are in equilibrium depending on the
pH and water temperature (Emerson et al., 1975), while it
will be toxic to aquatic organisms when NH, accumulates
to a certain amount (Randall and Tsui, 2002). NH,"-N flux
across sediment-water interface is an important link of
nitrogen cycle in water environment and it can affect the
content and existence form of nitrogen in water directly.
Zhang et al. (2011) considered that the excretion of benthic
organisms could increase NH,*-N content in sediments, and
subsequently it could promote the NH,"-N flux from the
sediment to the water, but this was not found to be consistent
in the present study as there was no significant difference
found in the NH,*-N fluxes and the NH,"-N concentrations
between the two treatments throughout the study (except in
August). It can be presumed that there were many factors
that influenced NH,"-N flux and the effect of each factor was
not independent.

NO_-N comprises NO,-N and NO,-N and it is not
only the product of nitrification but also the substrate of
denitrification and nitrate ammonification. At the same
time, the two forms can be transformed into each other
and NO,-N is a potentially toxic inorganic compound to
aquatic organisms (Jensen, 2003). C. carpio promoted
NO_-N release from sediments to overlying water
(Kristensen et al., 2012) from May onwards. This may be
due to the fact that the excreta of C. carpio accumulated in
the sediments, which led to increase in the nitrate content
of surface sediments and the benthic phytoplankton
absorb inorganic nitrogen (NO_N) only when NH,*-N
was exhausted (Eviner and Chapin, 1997). Phytoplankton
had a less significant effect on the content of NO -N than
on NH,"-N in the present study. The nitrification rates
in treatment GSC were much higher than the sum of the
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denitrification and nitrate ammonification rates which led
to the accumulation of NH,"-N in the sediment (Fig. 5
and 6). From the water quality aspect, the variation of the
content of NO,-N and NO,-N was consistent with that
of NO_-N fluxes in the two treatments. This reveals that
C. carpio could significantly increase the NO,-N and
NO,-N concentrations in bottom water during later stages
of culture and it was directly related to the release of
NO_-N from the sediments to the water, caused by
bioturbation of C. carpio.

In this study, the SRP flux remained at extremely low
levels from April to June, while the SRP flux in treatment
with C. carpio increased in July and was significantly
higher in the last three months (Fig. 3d). It is inferred
that C. carpio could also promote SRP migrating from
sediments to water in the later stage of culture, as the
excretion of SRP by benthic organisms played a major
role in SRP release from sediment (Zhang et al., 2011).

The stocking of C. carpio significantly enhanced
NO,-N as well as SRP fluxes, nitrification, denitrification
and nitrate ammonification. C. carpio also helped to
promote the migration and transformation of nitrogen and
phosphorus at sediment-water interface simultaneously.
C. carpio also contributed towards increase of oxygen
consumption in sediments and concentrations of NO,-N
in bottom water later during the cultivation period which
could contribute to pond productivity.
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