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Abstract: Traditional aquaculture can cause serious environmental pollution. Biofilm and biofloc
technology have the potential to limit aquaculture pollution. An outdoor experiment was conducted
to evaluate the combined effects of eco-substrates and carbon addition on water quality, fish per-
formance and nutrient budgets in the pond polyculture system. In the treatment group, the total
ammonia nitrogen, nitrate nitrogen, nitrite nitrogen, and total nitrogen of the water were significantly
lower compared to the control group (p < 0.05). The growth performance of H. molitrix and A. nobilis,
including the final individual weight, specific growth rate, weight gain rate, total production and net
production, was significantly higher in the treatment groups compared to the control (p < 0.05), while
there was no significant difference in those of C. carpio between the two groups. Feed was the main
N (>92%) and P (>95%) input during the experiment. Comprehensive accumulation was the main
N (>58%) and P (>69%) output. The N and P feed input and comprehensive accumulation output
declined in the treatment group. The N utilization efficiency in the experimental group increased
slightly (p > 0.05), while the P utilization efficiency in the experimental group was significantly higher
compared to the control (p < 0.05). Therefore, the application of eco-substrates and carbon addition
can increase water quality, improve fish growth, and promote nutrient utilization efficiency in pond
polyculture systems.

Keywords: eco-substrate; carbon addition; nutrient budgets; water quality; fish performance; pond
polyculture system

1. Introduction

The aquaculture industry remains an important source of inexpensive and healthy
animal protein for humans [1,2]. Intensive pond culture is a main method of freshwater
aquaculture in China, and the annual output of freshwater pond culture in 2020 reached
22,797,586 t [3]. The drawbacks of traditional pond culture systems include their high water
consumption and the production of excessive nitrogen- and phosphorus-rich wastes [4,5].
Research has demonstrated that aquatic animals can assimilate only 15–30% of nitrogen in
their feed, while the remainder is discharged into the water as feces and ammonia nitrogen,
negatively impacting aquatic ecosystems [6–8].

Efficient aquaculture wastewater treatment techniques have been developed and ap-
plied in recent years [9,10]. Biofloc technology (BFT) is a highly efficient, eco-friendly
aquaculture technique that results in little or no water exchange with the outside environ-
ment [11]. The use of BFT promotes water quality due to the growth of microorganisms,
which assimilate ammonia for cellular protein generation or oxidize ammonia to nitrite and
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nitrate [12]. In a BFT culture, additional carbon sources need to be added to maintain the
proper C/N ratio of water, promoting the reproduction of heterotrophic bacteria [13]. How-
ever, biofloc systems are unstable and vulnerable to factors such as weather, carbon source
addition and feeding, in which abundant suspended particles and particle flocculation
settle to the pond’s bottom, causing a deterioration in water quality [14]. Eco-substrates
are the carrier material of biofilms, which are essentially periphyton substrates [15,16].
Eco-substrates have a large specific surface area, which can capture suspended solids
and promote the proliferation of microorganisms [17,18]. Additionally, eco-substrates can
improve organic matter degradation and decrease the concentrations of total suspended
solids in BFT systems [19,20]. Several studies have removed contaminants from effluent
using a combination of biofilm and biofloc technologies [21–23]. However, there is a lack of
research on the use of biofilm and biofloc technologies in pond polyculture systems.

In the present study, the sources of nutrient gains/losses were quantified based on
nitrogen and phosphorus budgets to investigate the nutrient cycling processes that occur in
Cyprinus carpio culture ponds with eco-substrate and organic carbon addition. In addition,
this study explored the effects of combined eco-substrates and carbon addition on water
quality and fish performance. The findings of this study will provide a reference for further
optimizing C. carpio modeling and culture conditions.

2. Materials and Methods
2.1. Ethics Statement

All animal procedures in this study were conducted according to the guidelines for the
care and use of laboratory animals of Heilongjiang River Fisheries Research Institute, CAFS.
The studies in animals were reviewed and approved by the Committee for the Welfare and
Ethics of Laboratory Animals of Heilongjiang River Fisheries Research Institute, CAFS.

2.2. Study Site and Experimental Design

The experiment was performed at the Hulan experimental station of the Heilongjiang
Fishery Research Institute, Chinese Academy of Fishery Sciences, located in Hulan District,
Harbin City, Heilongjiang Province, China. The experiment took place for 140 days, from
21 May to 8 October 2021. Six earthen ponds that were similar in size (≈740 m2 surface
area and ≈2 m deep) were selected for the experiment. Prior to the experiment, the ponds
were well exposed to sunlight and sterilized with bleaching powder. In the experimental
ponds, the eco-substrate was placed, and organic carbon was added regularly. An aquamat
(Meridian Aquatic Technology, LLC) was used as the eco-substrate, of which the main
material is non-woven fabric, and it has a larger specific surface area than the general
substrate and is more conducive to microbial growth. Fifteen aquamats (2.0 m × 1.5 m)
were used in each pond. The upper part of each aquamat was fixed on a wire that is parallel
to the long side of the pond, with the underneath attached to the bottom to keep it unfolded.
Corn starch was used as organic carbon, and 5 kg was added to each pond every 14 days
during the experiment. In the control ponds, there was neither an eco-substrate nor corn
starch addition. Each treatment had three replicates.

2.3. Fish Stocking and Management

The body weights of individual young bottom-feeder mirror carp (Cyprinus carpiospecu-
laris), filter-feeder silver carp (Hypophthalmichthys molitrix) and big carp (Aristichthys nobilis)
at the beginning of the experiment were 193.11 ± 14.17 g, 45.52 ± 5.94 g and 34.11 ± 4.48 g,
respectively, on the basis of the general principles of the main culture fish and matching
fish in polyculture ponds in the north of China. There were 1000 C. carpio, 70 H. molitrix
and 19 A. nobilis, respectively, in each pond. The number and weight of the initial stocking
fish in the experimental group and the control group were the same. The carp were sup-
plied with a commercial pellet food (Tongwei Feed Company, Shenyang, China) containing
32% protein three times each day (07:30, 12:00 and 16:30). The amount of food supplied each
day was 3% of the body weight of the C. carpio. Feed consumption was closely monitored



Fishes 2022, 7, 212 3 of 12

so that the feed amount could be adjusted regularly. Throughout the entire experimental
period, there was no water exchange, aside from compensating for natural evaporation and
leakage losses.

2.4. Fish Performance Parameters

At the conclusion of the experiment, the final individual weight (FIW) of the fish
was measured (accurate to 0.01 g), and the fish performance was evaluated based on the
survival rate (SR), specific growth rate (SGR), weight gain rate (WGR), total production
(TP) and net production (NP), according to the following formulas:

Survival rate (%) = 100 × final fish count/initial fish count;
Specific growth rate (%·d−1) = 100 × (Ln (final body weight) − Ln (initial body

weight))/experimental duration (days);
Weight gain rate (%) = (final body weight − initial body weight)/initial body weight;
Total production (kg·ha−1) = 10,000 × (final body weight in kg × final fish count)/740,

where 740 is the per pond area in m2;
Net production (kg·ha−1) = 10,000 × (final body weight in kg × final fish count −

initial body weight in kg × initial fish count)/740, where 740 is the area of each pond in m2.

2.5. Water Quality Parameters

Water quality parameters consisting of the temperature, dissolved oxygen (DO), pH
and conductivity (COND) were determined in situ using a multiparameter water quality
instrument (YSI Professional Plus, USA). The water samples were collected from each
pond at 20-day intervals during the culture period, for a total of five rounds of sampling.
The water samples were examined to determine the total ammonia nitrogen (TAN), total
nitrogen (TN), total phosphorus (TP), chemical oxygen demand (CODMn), nitrate nitrogen
(NO3-N), nitrite nitrogen (NO2-N) and soluble reactive phosphate (PO4-P), following
standard methods [24].

2.6. Nitrogen and Phosphorus Budget

The nitrogen and phosphorus mass balances in each pond were estimated on a kg·ha−1

basis according to the following equation:

∑ inputs = ∑ outputs ± unaccounted.

The nutrient inputs consisted of (1) the TN or TP contents in the stocked fish; (2) the
TN or TP contents in the feed; (3) the initial TN or TP contents in the water; (4) the TN
or TP contents in rain; (5) the TN or TP contents in the added water and (6) the TN or TP
contents in the corn starch. The nutrient outputs consisted of (1) the TN or TP contents in
the harvested fish; (2) the TN or TP contents in the water at the end of the experiment and
(3) the TN lost during the volatilization of NH3-N. Unaccounted nitrogen and phosphorus
included (1) the TN or TP accumulated in the sediment; (2) adsorbed TN or TP and (3) TN
or TP lost through seepage.

The stocked fish, feed, harvested fish and corn starch were dried at 60 ◦C to constant
weight, crushed and sifted through a 0.15 mm sieve. The fish were treated with tricaine
methane sulfonate (MS 222, 200 mg/L) before sampling. The TN and TP concentrations in
these samples were obtained using the micro-Kjeldahl method and molybdenum yellow
spectrophotometry, respectively [25]. NH3-N volatilization was determined using the
method reported by Weiler (2011) [26].

2.7. Nitrogen and Phosphorus Utilization Efficiency

The following formula is used to calculate the nitrogen and phosphorus utilization
efficiency of the cultured fish:

UE = (Ea/Ei) × 100,
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where Ea is the amount of nitrogen or phosphorus in the net production of the cultured
fish, and Ei is the total nitrogen or phosphorus input during the experiment.

2.8. Statistical Analysis

The data are presented as the means with standard deviation (mean ± SD). The values
were calculated by independent sample t tests with Originlab 9.0, and the results were
considered significant at p < 0.05.

3. Results
3.1. Water Quality Parameters

Table 1 displays the water quality parameters in the control and treatment groups at
the end of the experiment, and the changes in the water quality parameters throughout
the experiment are illustrated in Figures 1–3. The TAN, NO3-N, NO2-N and TN values in
the treatment group were significantly lower than those in the control group (p < 0.05). In
contrast, there were no significant differences between the DO, pH, COND, TP, and CODMn
values of the treatment and control groups (p > 0.05).

Table 1. Water quality parameters in different groups at the end of the experiment.

Water Quality Parameters Control Group Treatment Group

DO (mg/L) 10.2 ± 0.47 10.72 ± 0.86
pH 8.39 ± 0.15 8.56 ± 0.13

COND (µs/cm) 0.422 ± 0.020 0.417 ± 0.003
TAN (mg/L) 0.63 ± 0.02 0.52 ± 0.02 *

NO3-N (mg/L) 7.06 ± 0.55 3.88 ± 0.63 *
NO2-N (mg/L) 0.65 ± 0.20 0.20 ± 0.07 *

TN (mg/L) 15.46 ± 2.63 9.60 ± 1.24 *
TP (mg/L) 1.04 ± 0.46 1.00 ± 0.12

CODMn (mg/L) 9.69 ± 0.25 9.80 ± 0.12
Note: Data presented as mean ± standard deviation (SD; n = 3). Significant differences between control and
treatment group are indicated with “*” (p < 0.05).
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3.2. Growth and Yields

The growth performance and yields of C. carpio, H. molitrix and A. nobilis are shown in
Table 2. The FIW, SGR, WGR, SR, TP and NP values of C. carpio in the treatment group were
higher compared to those in the control group. However, no significant differences in any
of the parameters were detected between the treatment and the control group (p > 0.05).
For H. molitrix and A. nobilis, the FIW, SGR, WGR, TP and NP values in the treatment group
had significantly higher values compared to those in the control group (p < 0.05).
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Table 2. Growth performance of C. carpio, H. molitrix and A. nobilis in different groups.

Indicator Control Group Treatment Group

C. carpio
Final individual weight (g/ind) 1214.60 ± 24.19 1226.09 ± 21.46

Specific growth rate (%/d) 1.41 ± 0.02 1.42 ± 0.02
Weight gain rate (%) 5.29 ± 0.13 5.35 ± 0.11

Survival rate (%) 97.06 ± 0.95 97.64 ± 0.13
Total production (kg/ha) 16,116.94 ± 433.69 16,321.38 ± 240.94
Net production (kg/ha) 11,987.19 ± 384.63 12,186.68 ± 228.67

H. molitrix
Final individual weight (g/ind) 255.00 ± 7.07 360.75 ± 8.36 *

Specific growth rate (%/d) 1.33 ± 0.02 1.59 ± 0.02 *
Weight gain rate (%) 4.60 ± 0.16 6.93 ± 0.18 *

Survival rate (%) 100.00 ± 0.00 100.00 ± 0.00
Total production (kg/ha) 188.87 ± 6.16 232.80 ± 22.99 *
Net production (kg/ha) 145.44 ± 6.16 176.30 ± 5.55 *

A. nobilis
Final individual weight (g/ind) 729.33 ± 23.80 848.48 ± 21.43 *

Specific growth rate (%/d) 2.36 ± 0.03 2.47 ± 0.02 *
Weight gain rate (%) 20.38 ± 0.70 23.87 ± 0.63 *

Survival rate (%) 100.00 ± 0.00 100.00 ± 0.00
Total production (kg/ha) 695.83 ± 22.70 809.51 ± 20.44 *
Net production (kg/ha) 686.99 ± 22.70 800.68 ± 20.44 *

Note: Data presented as mean ± standard deviation (SD; n = 3). Significant differences between control and
treatment group are indicated with “*” (p < 0.05).

3.3. Nutrient Budgets

The nitrogen and phosphorus budgets in the control and treatment groups are dis-
played in Table 3. The contributions of each component to the total nutrient input and
output for different groups are displayed in Figure 4.

Table 3. TN and TP budget for different groups.

Items
TN (kg/ha) TP (kg/ha)

Control Group Treatment Group Control Group Treatment Group

Inputs

Feed 1083.96 ± 39.95 1037.84 ± 24.46 169.37 ± 6.24 162.16 ± 7.64
Stocked fish 63.59 ± 1.51 64.13 ± 0.23 5.36 ± 0.13 5.40 ± 0.02
Corn starch - 1.82 ± 0.00 - 0.24 ± 0.00
Initial water 2.64 ± 0.002 2.64 ± 0.001 0.15 ± 0.001 0.15 ± 0.003

Rain 6.74 ± 0.003 6.74 ± 0.002 0.60 ± 0.002 0.60 ± 0.002
Add water 6.08 ± 0.001 6.08 ± 0.004 0.32 ± 0.002 0.32 ± 0.001

Total 1163.01 ± 39.36 1119.24 ± 48.69 173.99 ± 0.12 162.16 ± 0.06

Outputs

Harvest of fish 393.45 ± 7.05 401.29 ± 5.19 33.03 ± 0.82 33.67 ± 0.42
Final water 66.42 ± 7.84 57.69 ± 7.15 16.77 ± 1.38 17.83 ± 3.75

Volatilization of NH3-N 10.05 ± 0.75 9.94 ± 0.54 - -
Comprehensive accumulation 681.72 ± 9.31 688.44 ± 0.47 124.20 ± 1.67 120.98 ± 1.57

Note: Data presented as mean ± standard deviation (SD; n = 3). Significant differences between control and
treatment group are indicated with “*” (p < 0.05).

The main source of nitrogen and phosphorus was the feed. The nitrogen and phos-
phorus feed inputs in the treatment group were both lower than those in the control group
(92.72% and 93.20% of the nitrogen, respectively; 95.97% and 96.34% of the phosphorus,
respectively). Stocked fish was the second largest pathway of nitrogen and phosphorus
inputs in the two groups. The nitrogen and phosphorus inputs in stocked fish in the
treatment group were both higher compared to those in the control group (5.74% and 5.47%
of the nitrogen, respectively; 3.10% and 3.05% of the phosphorus, respectively). The initial



Fishes 2022, 7, 212 7 of 12

water, rain and added water nitrogen and phosphorus inputs in the treatment and control
groups were low, with each input contributing < 1%.
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The main nitrogen and phosphorus outputs were through comprehensive accumula-
tion. The comprehensive accumulation nitrogen and phosphorus outputs in the treatment
group were both lower than those in the control group (58.36% and 59.58% of the nitro-
gen, respectively; 69.30% and 71.65% of the phosphorus, respectively). Stocked fish was
the second largest pathway of nitrogen and phosphorus outputs in the two groups. The
nitrogen and phosphorus inputs through stocked fish in the treatment group were both
higher than those in the control group (35.88% and 33.86% of the nitrogen, respectively;
19.34% and 18.80% of the phosphorus, respectively). The nitrogen output from the final
water in the treatment group was lower compared to that in the control group (4.85% and
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5.70%, respectively), and the phosphorus output from the final water in the treatment
group was higher compared to that in the control group (11.36% and 9.55%, respectively).
NH3-N volatilization in both groups was low, contributing < 1% in both the treatment and
control groups.

3.4. Nitrogen and Phosphorus Utilization Efficiency by Cultured Fish

The nitrogen and phosphorus utilization efficiencies of the cultured fish, C. carpio,
H. molitrix and A. nobilis, are displayed in Figure 5. The nitrogen utilization efficiencies
in the treatment group were all higher compared to those in the control group, but no
significant differences were detected (p > 0.05). The phosphorus utilization efficiencies were
all higher compared to those in the control group, and there were significant differences
between them (p < 0.05), except for in H. molitrix.
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4. Discussion

Individual substrates or carbon addition based on culture systems are documented
to have multiple benefits in aquaculture systems in terms of water quality improvement
and growth performance. However, the combined application of these two technologies is
lacking. The question of the present study was whether the combination of eco-substrate
and carbon addition can improve water quality and the growth performance of fish, and
change the nutrient budgets in the pond polyculture system.

In the present study, better water quality was observed in the treatments with eco-
substrate and carbon addition than that of the control group. The DO and pH values of
the pond water remained within an appropriate range, and no significant differences were
observed between the experimental and control groups (p > 0.05). Nitrogenous compounds,
including ammonia, nitrite and nitrate, occur naturally in intensive aquaculture systems
as metabolites are induced by the mineralization of feed and feces [27]. At high levels,
nitrogenous compounds are strong limiting environmental factors that lead to mortality in
aquatic animals [28,29]. Ammonia is mainly in the form of NH4

+ and NH3, while NH3 is
the main toxic substance because it can easily penetrate through the plasma membrane and
affect the energy metabolism system of fish [30]. Nitrite and nitrate convert the oxygen-
carrying pigment into forms that are unable to carry oxygen, resulting in hypoxia [31]. In
the present study, the TAN, nitrite and nitrate concentrations decreased significantly in
the experimental groups. The TN content was also significantly lower compared to that in
the control group. However, TP and CODMn did not vary significantly between the two
groups. Heterotrophic bacteria can assimilate inorganic nitrogen into bacterial components
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in culture systems that combine BFT with artificial substrates [32]. Nitrogen-cycling bac-
teria on biofilms can metabolize ammonia, nitrite and nitrate nitrogen into nitrogen [33].
Therefore, the level of inorganic nitrogen decreased in the experimental groups.

Moreover, better growth performance was also observed in the treatment group.
Numerous studies have reported that biofloc and artificial substrates are advantageous,
providing a food source and significantly improving growth performance in aquatic ani-
mals [23,34,35]. H. molitrix and A. nobilis are typical filter-feeding fish that consume food
using their gills and rakers [36]. In the present study, the growth performance (FIW, SGR,
WGR, TP and NP) of H. molitrix and A. nobilis was significantly higher in the treatment
groups compared to the control group, which suggested that biofloc particles were con-
sumed and assimilated by the fish.

Nitrogen and phosphorus are nutrient pollutants of concern that can directly respond
to environmental changes. As a result, nitrogen and phosphorus are used as water-quality
indicators [37,38]. Quantifying nitrogen and phosphorus budgets can provide an improved
understanding of their environmental impacts and allow researchers to develop sustainable
aquaculture models [39]. To date, aquaculture nutrient budgets mainly focus on the
single substrates or carbon addition technology [18,40]. However, there have been no
studies on aquaculture nutrient budgets of combined utilizing eco-substrates and carbon
addition. Many studies indicate that feed, fertilizers, stocked animals, added water, rain and
biological nitrogen fixation are common sources of nutrients in intensively fed aquaculture
systems [41–43], in which feed is the major input, accounting for more than 70% of the
nitrogen and phosphorus inputs [44,45]. As in the results of previous studies, in the
present study, feed provided the greatest inputs of nitrogen (93.07–93.28%) and phosphorus
(95.97–96.39%).

Only a small part of the nitrogen and phosphorus nutrients entering the pond are
absorbed and utilized by culture organisms, and most of them are suspended in the water
in a dissolved or granular state or settled in the sediment [44]. Most research in this
area has reported that sediment accumulation makes up the bulk of nutrient outputs in
aquaculture systems [18,46]. In the present study, it was determined that comprehensive
accumulation, including sediment accumulation, adsorption and loss through seepage, was
a major nitrogen and phosphorus output, accounting for 59.20–59.65% and 69.30–71.38%
of the nitrogen and phosphorus outputs, respectively. Previous studies have shown that
the proportions of adsorption and loss in the seepages of nitrogen and phosphorus are
relatively small. In accordance with previous studies, in the present study, it was found that
sediment accumulation in the experimental pond was also a major nitrogen and phosphorus
pathway. The findings also revealed that the contribution of sediment accumulation to
the total phosphorus output was greater than its contribution to nitrogen output in both
the experimental and control groups (Figure 4). This may be because the adsorption of
phosphorus by sediments is stronger than that of nitrogen [47]. Adding eco-substrates and
carbon to the carp aquaculture system affected the nutrient budgets. The nitrogen and
phosphorus feed inputs in the treatment group were both lower compared to those in the
control group, while the stocked fish nitrogen and phosphorus input in the treatment group
were both higher compared to those in the control group, revealing that eco-substrates and
added carbon saved feed input and improved the feed utilization rate of fish. This finding
was further supported by the observed utilization efficiency (Figure 5).

The nitrogen and phosphorus utilization efficiencies of the cultured fish ranged from
30.79% to 31.44% and 16.53% to 20.15%, respectively. This finding was consistent with the
results reported by Zhang et al. [48] and Gao et al. [49], and higher than those reported by
Tian et al. [50].

5. Conclusions

The present study determined that the combination of an eco-substrate and carbon
addition led to significant decreases in TAN, NO3-N, NO2-N and TN in a pond polyculture
system. The eco-substrate and carbon addition also increased the growth performance
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(FIW, SGR, WGR, TP and NP) of H. molitrix and A. nobilis. In addition, eco-substrate and
carbon addition improved the utilization efficiency of nutrients.
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