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Abstract: The effects of three types of feed, purchased from online stores and having
similar prices, on the growth performance and culture environment of crucian carp
(Carassius auratus) were studied in this experiment, which aimed to provide a reference
for the evaluation and selection of fish feed. The results showed that feeding different
feeds had a significant effect on crucian carp, and that the growth-promoting effect of
HD feed (feed produced by Haida Company Limited) was significantly better than that
of the other two feeds. For example, the weight gain rate (WGR) of fish in the HD group
was 47.1% higher than that in the LD group (p < 0.05), and the WGR of fish in the LD
(feed produced by Lianda Company Limited) group was 81.4% higher than that in the TW
(feed produced by Tongwei Company Limited) group (p < 0.05). Moreover, the activities
of superoxide dismutase and catalase in fish in the HD group was significantly higher
than that in the LD and TW groups. Furthermore, we found significant differences in the
environmental effects of feeding different feeds. Compared to the LD and HD groups, the
environmental impacts for the TW group were more pronounced. The body weight of
crucian carp first increased and then stabilized with increasing total dissolved solids (TDS)
values. Their quantitative relationship was established based on the von Bertalanffy and
Logistic equations (R2 = 0.942–0.995). The results above indicate that, due to differences in
feed formulation and the quality of feed raw materials, different feeds have a significant
impact on the growth performance and antioxidant indices of fish, as well as on the water
environment. Therefore, selecting the appropriate feed is crucial for promoting high-quality
development in the aquaculture industry.

Keywords: fish feeds; crucian carp; growth performance; environmental effects;
antioxidant indices

Key Contribution: The biotoxicity and environmental effects of fish-feed quality were
investigated simultaneously. We put forward the quantitative relationship between fish
growth and water-total-dissolved solids.

1. Introduction
Currently, there are widespread issues in aquaculture, such as blindly selecting feed,

high feed conversion ratios, and significant impacts on water environments. These issues
are not conducive to the sustainable development of the aquaculture industry. Additionally,
due to the continuous rise in the prices of feed ingredients, the cost of aquaculture feed
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has risen by thousands of yuan per ton in recent years. Feed is the material foundation of
aquaculture, and its quality has a profound impact on the benefits of aquaculture and the
water environment. The production level of the fish-feed manufacturers greatly influences
the quality of the feed [1], particularly its formulation and nutritional indicators [2]. With
the rapid development of the aquaculture industry, the variety and production of aqua-
culture feed continue to increase [1]. Although most feeds meet production standards, the
nutritional value and culturing effect of different feeds vary due to differences in formulas,
ingredients, and processing techniques among various feed manufacturers. Therefore, it is
particularly important to choose feed wisely.

Currently, scholars are conducting extensive research on the effects of different feeds
on fish growth [3] or aquaculture environment [4], with particular emphasis on in-depth
studies regarding the impact of specific nutrients in various feeds on fish growth [5].
However, there is a lack of research on the simultaneous effects of different feeds on
aquaculture performance and environmental impacts. Zhou et al. [6] investigated the
feeding effects of different feeds but did not study their environmental impact. Papatryphon
et al. [4] examined the impact of fish feed on water quality but did not consider the effects
of the feed on aquaculture performance. Kong et al. [1] found that fish feeds produced by
different manufacturers have varying effects on the nutrient concentration in the water and
also differ in their promotion of algae growth. Yang et al. [7] showed that feeding different
feeds can have varying effects on fish growth, and that providing appropriate feed not only
promotes the growth of fish but also reduces the impact of nutrient concentrations in the
water. It can be inferred that by producing and using high-quality feed, it is possible to
increase output while reducing the impact on water environments. The attention given
to related issues is increasing day by day, and the field still requires more in-depth and
extensive theoretical analysis and experimental research.

In addition, there has been extensive research on the effects of different nutrient
levels or environmental factors on the antioxidant capacity of fish. Existing studies have
confirmed that feed additives can influence the antioxidant capacity of fish [8]. Liu et al. [9]
found that the addition of different levels of fat and lipase in feed can lead to changes in
the antioxidant capacity of fish. Studies have shown that adverse environmental factors
can impose stress on the healthy growth of fish, leading to changes in their antioxidant
capacity [10]. The results of Qin et al. [11] indicated that environmental factors can affect
the antioxidant capacity of fish. However, there is a lack of research on the impact of
feeding different commercial feeds on the antioxidant capacity of fish.

Cyprinid fish account for the highest proportion of fish in China’s aquaculture industry.
Among them, the crucian carp is widely cultivated due to its tender flesh, rich flavor, and
high nutritional value [12], making it an important species in freshwater aquaculture. The
amino acid composition of crucian carp protein is similar to the human protein amino
acid pattern, making it a high-quality, easily digestible protein. The aquaculture market
prospects for crucian carp are very promising. Additionally, due to its moderate size,
crucian carp is easy to cultivate in laboratory settings and has been widely used for
experimental research [13].

Based on the above background, this study used crucian carp as the test organism to
investigate the effects of commercially available feeds from different companies, which
were similarly priced, on fish growth performance and the aquaculture water environment
under laboratory conditions. The aim is to reveal the differences in aquaculture effects and
environmental impacts of feeds of varying quality, and to further explore the quantitative
relationships between fish growth and water quality indicators. This research can provide
references for feed evaluation and selection in aquaculture activities, as well as offer
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valuable insights to enhance the overall benefits of aquaculture and promote high-quality
development in the aquaculture industry.

2. Materials and Methods
2.1. Experimental Materials

The crucian carp used in this study were purchased from the farmers’ markets sur-
rounding Henan Agricultural University. Prior to the official start of the experiment,
the crucian carp were acclimated under experimental conditions for two weeks in an
aquarium with dimensions of 46.0 cm (length) × 38.5 cm (width) × 50.0 cm (height).
Three types of commercially available crucian carp feeds, which are similarly priced and
widely sold, were selected. The retail price of TW feed is CNY 7.5 per kilogram, LD feed
is CNY 7.6 per kilogram, and HD feed is CNY 7.5 per kilogram. These prices were free of
transportation. Their nutritional components are shown in Table 1.

Table 1. Nutritional indicators of fish feeds.

Fish Feed Crude
Protein (%)

Crude
Fat≥ (%)

Crude
Ash≤ (%)

Crude
Fiber≤ (%)

TP
(%)

Moisture≤
(%)

Lysine≥
(%)

TW 30.0 3.0 15.0 12.0 0.7 12.5 1.3
LD 35.1 3.5 13.0 13.5 0.7 10.0 1.4
HD 32.9 3.0 12.0 12.0 0.7 12.0 1.7

Note: TW, feed produced by Tongwei Company Limited; LD, feed produced by Lianda Feed Company Limited;
HD, feed produced by Haida Feed Company Limited; and TP, total phosphorus in fish feed.

2.2. Experimental Methods

The purpose of this experiment was to investigate the aquaculture effects and environ-
mental impacts of commercial feeds produced by 3 manufacturers, as well as to explore the
quantitative relationships between fish growth indicators and water quality indicators. The
experimental design was as follows: healthy crucian carp at 6 months of age (initial weight
18.6 ± 0.2 g and initial length 92.1 ± 0.1 mm) were randomly divided into three groups,
which were fed TW, LD, and HD feeds, referred to as the TW group, LD group, and HD
group, respectively. Additionally, a blank control group (CK) was set up with only wa-
ter and no fish. Each group consisted of three replicates, with 3 crucian carp placed in
each aquarium.

Except for the CK group, the experimental groups were fed daily at 9:00 a.m., with
a feeding amount of 1.0% of the crucian carp’s body weight [14]. It was observed that all
the feed provided (0.56 g) was completely consumed by the fish. The experimental period
lasted for 49 days, during which no water changes were made. Instead, water was added
daily to compensate for evaporation losses in order to maintain a relatively constant water
level. During the experiment, an electromagnetic air compressor was used to continuously
supply oxygen, and dissolved oxygen level (6 mg L−1) was maintained in aquariums. To
ensure uniform lighting throughout the experiment, additional fluorescent tubes were
installed. The light–dark ratio was set to 12 h:12 h, with corresponding light intensities of
3000 l× and 0 l×.

After the start of the experiment, the body weight and length of the crucian carp were
measured every 7 days, and water quality indicators such as total dissolved nitrogen (TDN),
total dissolved phosphorus (TDP), total dissolved solids (TDS), and electrical conductivity
(EC) were monitored every 4 days. At the end of the experiment, the activities of superoxide
dismutase (SOD) and catalase (CAT), as well as the content of malondialdehyde (MDA),
were measured in the fish. Additionally, the nitrogen and phosphorus contents in both the
fish and the water sediments were determined.
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2.3. Measurement of Monitoring Indicators
2.3.1. Measurement of Fish Growth Performance

The body weight of the crucian carp was measured using a precision electronic balance,
and the body length was measured using a measuring ruler. First, a 500 mL beaker was
taken, and approximately 100 mL of well-aerated tap water was added. The beaker was
then placed on an electronic balance and tared. Then, a net was used to remove the crucian
carp from the aquarium. After draining the excess water, the crucian carp were placed in
the aforementioned beaker. Their body weight was then recorded before measuring their
body length with a measuring ruler. The crucian carp were positioned on the ruler, and
once they were still, their body length was quickly measured and recorded. Finally, the
crucian carp were returned to the original aquarium.

2.3.2. Measurement of Water Quality Indicators

Water samples for monitoring TDN and TDP were filtered through a 0.45 µm mi-
croporous filter membrane. Prior to measurement, the water samples must undergo
high-temperature and high-pressure digestion. The concentration of TDN was determined
using the potassium persulfate oxidation method with ultraviolet spectrophotometry; the
concentration of TDP was measured using the potassium persulfate digestion method [15].
EC and TDS were measured using a multifunctional water-quality-testing instrument [14].

At the end of the experiment, the aquaculture water was allowed to stand for 24 h.
The upper layer of water was discarded, and the lower layer was centrifuged at 10,000 rpm
for 15 min. After discarding the supernatant, the sediment was collected and mixed with
the sediment from the aquarium. The mixture was then dried in an oven at 110 ◦C for 2 h
to remove moisture. Took 0.5 g of the dried sediment, carbonized it on an electric stove,
and then transferred it to a muffle furnace for incineration at 550 ◦C for 3 h. After cooling,
we added 10 mL of (1 + 1) hydrochloric acid and 0.25 mL of nitric acid and boiled it for
10 min. After cooling, we transferred the solution to a 100 mL volumetric flask and diluted
to volume. The method for determining total phosphorus in the digestion solution was
the same as that used for TDP in water samples. The total nitrogen content in the water
sediment was determined using the Kjeldahl method.

2.3.3. Detection of Biochemical Indicators in Fish

At the end of the experiment, the antioxidant indicators of crucian carp (SOD activity,
CAT activity, and MDA content) were measured using a reagent kit from the Nanjing
Jiancheng Bioengineering Institute. We mixed 100 mg of whole fish tissue with nine times
its volume in physiological saline (0.86%) and ground it using a grinder (60 Hz, 4 ◦C) for
60 s. Then, we centrifuged at 4 ◦C and 8000 rpm for 10 min to obtain the supernatant for
measuring the antioxidant indicators. All operations were performed according to the
instructions provided with the reagent kit (Supplementary Materials).

After cleaning the fish and removing the scales, we wiped off any mucus and dried
the fish flesh in an oven at 110 ◦C for 2 h to remove moisture. We took 0.5 g of the dried
fish sample, charred it on an electric stove, and then transferred it to a muffle furnace for
incineration at 550 ◦C for 2 h. After cooling, we used 1.25 mL of hydrochloric acid solution
to transfer it into a 25 mL volumetric flask. Then, we took 2 mL of the sample solution and
added it to a 25 mL colorimetric tube. We added 8 mL of the color reagent (a mixture of
nitric acid (1 + 2), ammonium metavanadate, and ammonium molybdate in equal volumes).
After allowing it to stand for 15 min, we measured the absorbance at 430 nm. The total
nitrogen content in the fish body was determined using the Kjeldahl method.
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2.4. Theoretical Basis

In this study, the growth performance of crucian carp was evaluated using the weight
growth rate (WGR, %), specific growth rate (SGR, % d−1), feed conversion ratio (FCR, −),
and feed conversion efficiency (FCE, %) [16]. The calculation formulas are as follows:

WGR =
Wt − W0

W0
× 100% (1)

SGR =
lnWt − lnW0

T
× 100% (2)

FCR =
F

WT − W0
(3)

FCE =
WT − W0

F
× 100% (4)

in the formulas, W0 (g) represents the initial body weight of the crucian carp; Wt (g)
and WT (g) represent the body weights of the crucian carp at time t (d) and time T (d),
respectively; F (g) is the total amount of feed provided (the total amount of feed consumed
by the crucian carp); and T (d) is the experimental duration (49 d).

The von Bertalanffy model is the most commonly used growth function in chon-
drichthyan age and growth studies. Based on the von Bertalanffy model [17], the growth of
crucian carp can be described as follows:

W = Wmax

(
1 − BWe−Kwt)3 (5)

L = Lmax

(
1 − BLLe−KLt

)
(6)

where W (g) and L (mm) are the weight and length as a function of time (t), Wmax (g) and
Lmax (mm) are the theoretical asymptotic weight and length of fish, KW (−) and KL (−) are
rate constants; BW (−) and BL (−) are constants, and t (d) is time.

The Logistic equation can be used to describe the changes in nutrient concentration
(CF) in the water over time. The fitting equation is as follows:

CF =
CF−max

1 + eaCF−rCF t (7)

in the equation, CF (mg L−1) represents the nutrient concentration at time t (d);
CF-max (mg L−1) is the maximum nutrient concentration; rCF (d−1) is the rate constant;
aCF (−) is a constant; and t (d) is the duration of feeding. CF-max, aCF , and rCF can be
obtained using Equation (7).

Similarly, the changes in water EC and TDS over time can be described by the
following equations:

E =
Emax

1 + eaE−rEt (8)

S =
Smax

1 + eaS−rSt (9)

in the equations, E (µS cm−1) and S (mg L−1) represent the EC and TDS of the water at
time t (d), respectively. Emax (µS cm−1) and Smax (mg L−1) are the maximum values of EC
and TDS, respectively. rE (d−1) and rS (d−1) are the intrinsic growth rates, while aE (−) and
aS (−) are constants, with t (d) representing time in days.

Based on Equations (5) and (9), the relationship between the weight growth process of
crucian carp and water TDS can be described by the following equation

W = Wmax

(
1 − BWe−(Kw(aS−ln(Smax−S)+ln S))/rS)3 (10)

the parameters in Equation (8) are the same as those in Equations (5) and (9).
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2.5. Statistical Analysis

The experimental data were organized using Excel 2016, and graphs were created
along with relevant model analysis using Origin 9.0. The statistical analysis is applied to
identify the significant differences among groups with different fish feeds by a one-way
ANOVA followed by the Duncan post hoc test (with SPSS 17.0). The measured data are
presented as mean ± standard deviation, with a significance level of p < 0.05 for differences.

3. Results and Discussion
3.1. The Effects of Different Fish Feeds on Crucian Carp Growth

In recent years, the impact of different feeds on fish growth performance has garnered
attention. Due to the variations in feed formulations and raw materials used, the content
and quality of nutrients such as protein and fat differ significantly. For example, some
commercial feeds may contain higher levels of plant-based proteins, while others might use
animal-based proteins. These differences can greatly influence the growth rate, survival rate,
and overall health of fish. The nutritional components of commercial feeds produced by
different manufacturers vary, leading to notable differences in their aquaculture effects [18].

In this study, the changes in body length and weight of crucian carp in different feed
groups exhibited a consistent trend. Specifically, there was a gradual increase during the
first 30 days, followed by a tendency to plateau (Figure 1). Equations (5) and (6) can
be used to describe the changes in body weight and length of crucian carp over time,
respectively (R2 = 0.942–0.995). Comparative analysis results indicated that although the
prices of different feeds were similar and all met production standards, the aquaculture
effects vary significantly due to differences in the quality of feeds produced by different
manufacturers [1]. Compared to the LD group, the WGR, SGR, and FCE of crucian carp in
the HD group were 47.1%, 46.2%, and 33.8% higher, respectively (p < 0.05). Additionally,
the WGR, SGR, and FCE of crucian carp in the LD group were 81.4%, 85.7%, and 95.0%
higher, respectively, than those in the TW group (p < 0.05) (Table 2). The corresponding
ranking of FCR for crucian carp fed different feeds was HD < LD < TW (p < 0.05). It is
worth noting that the feed conversion ratios in this study were relatively high, which was
attributed to the fact that no water changes were made during the experimental period
in order to study the environmental effects of feeding different feeds. The continuously
increasing nutrient concentrations in the water had an adverse impact on the growth of
crucian carp [7]. Additionally, the fitting results indicate that the maximum body weight of
crucian carp in the HD and LD groups was similar and significantly higher than that of the
fish in the TW group (Table 2). The final length growth rate of crucian carp in the LD group
was similar to that of the TW group, but significantly lower than that of the HD group.

The above results indicate that there were significant differences in the aquaculture
effects of different commercial feeds, even when their prices were similar. This is consistent
with existing research findings [7], suggesting that there may be notable differences in the
quality of feeds produced by different manufacturers, although their commercial value is
similar, and they all meet production standards. A possible explanation in this study was
that the quality of proteins in feed was different. Therefore, price should not be used as a
direct criterion for assessing feed quality. Additionally, as the three types of feed selected
in this study are all commercially available and theoretically meet production standards,
the findings indirectly suggest that feed production standards need to be further refined.
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Table 2. Physiological and biochemical indices of fish in each group.

Parameters TW LD HD

Parameters that are related to the growth of crucian carp
BW 0.02 0.03 0.03
KW 0.09 0.08 0.09

Wmax 19.18 20.07 20.14
R2 0.959 0.968 0.948
BL 0.008 0.007 0.007
KL 0.08 0.10 0.09

Lmax 93.94 94.04 94.31
R2 0.995 0.963 0.942

WGR (%) 3.65 ± 0.12 c 6.62 ± 0.13 b 9.74 ± 0.15 a

FCR 13.61 ± 0.39 a 6.98 ± 0.06 b 5.22 ± 0.07 c

SGR (%/d) 0.07 ± 0.01 c 0.13 ± 0.01 b 0.19 ± 0.01 a

FCE (%) 7.35 ± 0.21 c 14.33 ± 0.12 b 19.18 ± 0.26 a

Body composition of fish in different groups
TN (%) 10.89 ± 0.02 b 10.88 ± 0.11 b 11.68 ± 0.05 a

TP (%) 2.43 ± 0.00 b 3.04 ± 0.02 a 2.03 ± 0.08 c

Antioxidant indexes of fish in different groups
CAT (U/mg prot) 0.75 ± 0.35 c 1.65 ± 0.39 b 3.08 ± 0.73 a

SOD (U/mg prot) 0.93 ± 0.10 b 0.96 ± 0.01 b 1.56 ± 0.05 a

MDA (nmol/mg prot) 0.19 ± 0.01 0.17 ± 0.09 0.17 ± 0.03
Note: KW (−) and KL (−) are rate constants; BW (−) and BL (−) are constants; Wmax is the maximum BW of fish;
Lmax is the maximum BL of fish; and R2 is the correlation coefficient. Some of the data (WGR, FCR, SGR, FCE, TN,
TP, CAT, SOD, and MDA) presented are the mean ± SD of three independent measurements. Values in the same
column with different superscript letters are significantly different (p < 0.05), values followed by the same letter
are not significantly different from one another (p > 0.05).

3.2. The Effects of Different Fish Feeds on Biochemical Indicators in Crucian Carp

Under normal physiological conditions, the production and clearance of free radicals
in the body are maintained via a dynamic balance process, which helps sustain the normal
functioning of life activities. When abnormalities occur, they can lead to the excessive
accumulation of free radicals in cells and tissues, disrupting this balance and resulting in
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oxidative damage [19]. SOD can catalyze the conversion of superoxide anion radicals into
hydrogen peroxide (H2O2). This hydrogen peroxide then reacts with CAT to produce water
and oxygen, thereby terminating the free-radical chain reaction. Therefore, the activities
of SOD and CAT are important indicators of the body’s antioxidant capacity. MDA, as a
significant end product of lipid peroxidation, reflects the intensity of lipid peroxidation
reactions occurring in the body [20]. In this study, there were significant differences in the
antioxidant indicators of crucian carp fed different feeds (Table 2). Specifically, the SOD
activity in the crucian carp in the HD group was significantly higher than that in the LD and
TW groups, while there was no significant difference in SOD activity between the LD and
TW groups. The CAT activity in crucian carp from the HD group was significantly higher
than that in the LD and TW groups (p < 0.05). Additionally, the CAT activity in crucian
carp from the LD group was significantly higher than that in the TW group (p < 0.05).
Furthermore, the MDA content in crucian carp from the TW group was higher than that
in the HD and LD groups, but the differences among the groups were not statistically
significant (p > 0.05). Based on these results, it can be inferred that HD feed is more
beneficial for alleviating free-radical damage in crucian carp compared to TW feed and
LD feed.

Lower activities of CAT and SOD may lead to increased levels of free radicals and
other harmful substances in the fish, thereby inhibiting their growth. In this experiment,
the activities of antioxidant enzymes in crucian carp fed different feeds were positively cor-
related with their growth performance, indicating that the impact of different commercial
feeds on the antioxidant indicators of crucian carp was one of the reasons for the differences
in their aquaculture effects. Additionally, antioxidant enzymes are the primary protective
mechanisms against oxidative stress in fish tissues, and their activity is closely related to
the immune function of the fish [21]. Therefore, feeding different commercial feeds may
also affect the non-specific immunity of fish, this is an area that requires further research.

3.3. The Environmental Effects of Different Fish Feeds

Fish metabolic waste is a major substance affecting the quality of aquaculture water
environments [22], with the nitrogen and phosphorus it releases having the greatest impact
on the water environment [23]. During fish culture, their digestive activity and bioturbation
can significantly influence nutrient concentrations in the water [6]. The results of this study
indicate that the concentrations of TDP and TDN in the water of each experimental group
continuously increased with the increase in total feed amount (Figure 2). The changes in
nutrient concentrations over time can be well described by Equation (7) (R2 = 0.972–0.995).

Differences in the quality of raw materials in different feeds lead to varying degrees
of digestibility [24], which directly affects how much fish can digest the feed [25]. This, in
turn, indirectly influences the nutrient concentrations in the water. During this experiment,
the order of TDN concentrations in the water for different feed groups was TW > HD > LD,
with average TDN concentrations of 12.98, 10.33, and 11.50 mg L−1 for the TW, LD, and
HD groups, respectively. The differences among the groups were statistically significant
(p < 0.05). This finding is inconsistent with the total nitrogen content of the three types of
feeds. Yang et al. [7] observed a similar phenomenon, which may be attributed to varying
degrees of digestion and utilization of different feeds by crucian carp. Additionally, the
research results showed that the average TDP concentrations in the water for the LD and
HD groups were similar (p > 0.05) and significantly lower than that of the TW group
(p < 0.05). Given that most natural water bodies are rich in nitrogen salts but deficient in
phosphorus salts, feeding with TW feed had the greatest impact on the eutrophication
status of the water among the three types of feed tested in this study.
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Figure 2. Variations in nutrient concentrations (a,b), TDS (c), and EC (d) with time.

TDS refers to dissolved salts, certain organic substances, and some insoluble filterable
solids and microorganisms in the water, which can roughly reflect the content of dissolved
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or colloidal substances in the water [26]. EC represents the electrical conductivity of
substances in the water, reflecting the types and quantities of various electrolytes or ions
present in the aquaculture water, such as inorganic salt concentrations. It is an important
indicator for evaluating aquaculture water quality [27]. In this experiment, both TDS and
EC in the water exhibited a gradual increasing trend over time, and their changes can be
described using Equations (8) and (9), which is consistent with existing research [14]. From
Figure 2 and Table 3, it can be observed that the slope of the fitting curve for TDS and
EC in the water is higher for the TW feed group than for the HD group, and the slope
for the HD group is higher than that of the LD group. This indicates that the impact of
feeding the three types of feed on water TDS and EC follows the order of TW > HD > LD.
During the experiment, the average TDS and EC values in the water of the TW group were
significantly higher than those of the HD and LD groups (p < 0.05), whereas there was no
significant difference between the HD and LD groups (p > 0.05). The above results suggest
that feeding with TW feed had a more significant impact on water TDS and EC, which may
be related to the composition of the feed.

Table 3. Parameters related to the environmental impacts of different fish feeds.

Parameters TW LD HD

Parameters of TDN in water
aC 2.72 2.69 3.06
rC 0.09 0.10 0.11

Cmax 31.25 22.14 25.45
R2 0.986 0.985 0.974

Cave 12.98 10.33 11.50
Parameters of TDP in water

aC 2.87 2.49 2.59
rC 0.07 0.09 0.10

Cmax 7.98 3.92 3.87
R2 0.967 0.931 0.945

Cave 2.30 1.71 1.83
Parameters of TDS and EC in water

aS −0.37 −0.53 −0.56
rS/d−1 0.22 0.18 0.21

Smax 340.81 332.12 323.30
Save 321.50 311.36 307.93
R2 0.978 0.957 0.984
aE −0.37 −0.53 −0.56

rE/d−1 0.21 0.18 0.20
Emax 682.36 664.88 647.42
Eave 642.21 622.07 614.79
R2 0.978 0.954 0.986

Parameters of aquatic sediment
TN (%) 4.03 ± 0.02 a 3.57 ± 0.05 b 3.57 ± 0.07 b

TP (%) 2.72 ± 0.04 a 2.37 ± 0.06 b 2.29 ± 0.10 b

Note: aC (−), constant; r (d−1), rate constant; Cmax (mg L−1), the maximum concentration of nutrients;
Cave (mg L−1), the average concentration of nutrients; R2, correlation coefficient; aS (aE) (−), constant; rS (rE)
(d−1), rate constant; Smax (mg L−1), maximum TDS; Emax (µs/cm), maximum EC; Save (mg L−1), average TDS;
and Eave (µs/cm), average EC. Data were calculated according to the corresponding equations. Some of the
data (TN, TP) shown are the mean ± SD of three independent measurements. Values in the same column with
different superscript letters are significantly different (p < 0.05), while values followed by the same letter are not
significantly different from one another (p > 0.05).

To further investigate the environmental impacts of using different feeds in fish
farming, we measured the nitrogen and phosphorus content in the water sediments after
the experiment. Results showed that the TN and TP contents in the sediments of the TW
group were significantly higher than those in the LD and HD groups, with no significant
difference between the LD and HD groups. This finding is inconsistent with the total
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nitrogen and total phosphorus content of the three types of feed, primarily due to the
significant differences in the utilization rates of different feeds by crucian carp. In this
experiment, the water sediments primarily consisted of crucian carp feces. The differences
in formulations among various commercial feeds can affect the digestibility and utilization
rates of the feed by the fish [28], leading to significant differences in the composition of
their excreta. Since water sediments continuously release nutrients into the water [25],
influencing the eutrophication status of the water and subsequently affecting fish growth,
we believe that when selecting commercial feeds, consideration should be given to the
composition of feces excreted by fish after feeding.

3.4. Correlations Between Fish Growth and the Physicochemical Parameters of Water

Mathematical models can be used to predict changes in biological and abiotic factors
within aquaculture systems and reveal the quantitative relationships between different
factors [29]. Our preliminary research has shown that the relationship between fish growth
indicators and water nutrient concentrations can be derived from the Logistic equation [7].
Additionally, based on the Gompertz equation and the Logistic equation, relationships
between fish growth indicators and water electrical conductivity can be established [14].
This demonstrates that mathematical models have significant application value when
studying the interactions between biological and abiotic factors in aquaculture systems.

Fish growth is influenced by various environmental factors [30]. Previous studies
have shown that high concentrations of salinity and alkalinity can lead to slower growth in
fish [31]. TDS, as an important water quality indicator, is considered to affect the growth
of aquatic organisms [32]. Based on the literature reports and our preliminary research
findings, this study derived the relationship between the body weight of crucian carp and
the TDS in the water, which is represented by Equation 10 (R2 = 0.989–0.991). From Figure 3
and the calculation results, it can be seen that the weight growth of crucian carp fed with
the three types of feed (TW, LD, and HD) tends to plateau when TDS concentrations exceed
353.94, 347.39, and 340.08 mg L−1, respectively.
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The above results indicate that there is a quantitative relationship between fish growth
indicators and water quality indicators, which is consistent with our previous research
conclusions. This finding contributes to a deeper understanding of the ecological processes
in aquaculture systems, providing a theoretical basis for exploring strategies to maintain
ecological balance in aquaculture waters.

4. Conclusions
This study evaluated the effects of three common commercial feeds on the physio-

logical and biochemical indicators of crucian carp as well as on the aquaculture water
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environment. The experimental results indicate that feeding different feeds has varying
impacts on the growth of crucian carp and the water environment, therefore, it can be
concluded that fish-feed quality is a key factor in promoting the sustainable development
of the aquaculture industry. We consider that high-quality feed can significantly stimulate
fish growth and lessen its effects on the environment. Even when selecting commercially
available feeds with similar prices, some feeds (such as the HD feed in this study) can
significantly promote the growth of fish while having a minimal impact on the water
environment. Furthermore, they help mitigate free-radical damage to crucian carp, thereby
enhancing their non-specific immunity. It is evident that the quality of feeds on the market
differs considerably. To promote the high-quality development of the aquaculture industry,
relevant authorities should further refine the standards for the feed industry.

Research results indicate that when the TDS concentration in the water is low, an
increase in its concentration has no significant effect on the growth of crucian carp. How-
ever, when the TDS concentration is high, the growth of crucian carp tends to plateau.
The relationship between the weight growth of crucian carp and TDS in the water can
be described using Equation (10) (R2 = 0.989–0.991). This quantitative relationship lays
the foundation for further research into the intrinsic mechanisms of aquaculture water
ecosystem dynamics.

This experiment was conducted under indoor conditions. Considering the complexity
of the evolution of aquaculture water ecosystems, future studies could be carried out in
open aquaculture systems to investigate the effects of other factors (biological or abiotic) on
the water environment and fish growth processes. Driven by the demand for high-quality
development in the aquaculture industry, the research methods and results presented in
this paper hold significant theoretical and practical values.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/fishes10020050/s1, Method for determination of antioxidant index.

Author Contributions: Conceptualization, Z.Y. (Zhenjiang Yang) and G.L.; methodology, Z.Y. (Zhen-
jiang Yang); software, J.W. (Jiayin Wang) and Z.Y. (Zhenjiang Yang); validation, Z.Y. (Zhenjiang
Yang), formal analysis, Z.Y. (Zhenjiang Yang), J.W. (Jiayin Wang) and R.W.; investigation, J.W. (Jiayin
Wang), Y.H. (Yibing Han), X.G., Z.Y. (Zhe Yu), J.G. (Jinxing Gu) and R.W.; resources, Z.Y. (Zhenjiang
Yang); data curation, Z.Y. (Zhenjiang Yang); writing—original draft preparation, J.W. (Jianhua Wang);
writing—review and editing, Z.Y. (Zhenjiang Yang), J.W. (Jianhua Wang), J.W. (Jiayin Wang), Y.H.
(Yibing Han), X.G., Z.Y. (Zhe Yu), J.G. (Jinxing Gu), J.G. (Jiangtao Guo), Y.Z (Ya Zhang)., N.S., and
G.L.; visualization, Z.Y. (Zhenjiang Yang); supervision, Z.Y. (Zhenjiang Yang), Y.H. (Yibing Han), X.G.,
Z.Y. (Zhe Yu) and Y.Z. (Ya Zhang); project administration, Z.Y. (Zhenjiang Yang), J.G. (Jiangtao Guo);
and funding acquisition, Z.Y. (Zhenjiang Yang). All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Henan Agricultural University High-Level Tal-
ents Special Support Fund (30501451) and the Key Science and Technology Projects in Henan
Province (242102110067).

Institutional Review Board Statement: This study was submitted to the National Natural Science
Foundation of China by the corresponding author, and has been approved by the Science Ethics
Committee of Henan Agricultural University. The approval code is unavailable, and the approval
date is 11 March 2024.

Data Availability Statement: The original contributions presented in the study are included in the
article, and further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare no conflicts of interest.

https://www.mdpi.com/article/10.3390/fishes10020050/s1
https://www.mdpi.com/article/10.3390/fishes10020050/s1


Fishes 2025, 10, 50 13 of 14

References
1. Kong, W.W.; Huang, S.L.; Yang, Z.J.; Shi, F.F.; Feng, Y.B. Fish feed quality is a key factor in impacting aquaculture water

environment: Evidence from incubator experiments. Sci. Rep. 2020, 10, 187. [CrossRef] [PubMed]
2. Soong, C.J.; Razamin, R.; Rosshairy, A.R. Nutrients requirements and composition in a grouper fish feed formulation. In

Proceedings of the ISSC, International Conference on Soft Science, Kedah, Malaysia, 11–13 April 2016; pp. 60–66.
3. Hernandez, A.J.; Roman, D. Phosphorus and nitrogen utilization efficiency in rainbow trout (Oncorhynchus mykiss) fed diets with

lupin (Lupinus albus) or soybean (Glycine max) meals as partial replacements to fish meal. Czech J. Anim. Sci. 2016, 61, 67–74.
[CrossRef]

4. Papatryphon, E.; Petit, J.; Kaushik, S.J.; van der Werf, H.M.G. Environmental impact assessment of salmonid feeds using life cycle
assessment (LCA). Ambio 2004, 33, 316–323. [CrossRef] [PubMed]

5. Wang, E.L.; Chen, X.; Liu, T.; Wang, K. Effect of dietary Ficus carica polysaccharides on the growth performance, innate immune
response and survival of crucian carp against Aeromonas hydrophila infection. Fish Shellfish Immunol. 2021, 120, 434–440. [CrossRef]

6. Zhou, P.J.; Shen, H.; Lin, J.; Song, L. Kinetic studies on the effects of organophosphorus pesticides on the growth of Microcystis
aeruginosa and uptake of the phosphorus forms. Bull. Environ. Contam. Toxicol. 2004, 72, 791–797. [CrossRef] [PubMed]

7. Yang, Z.J.; Huang, S.L.; Kong, W.W.; Yu, H.; Li, F.Y.; Khatoon, Z.; Ashraf, M.N.; Akram, W. Effect of different fish feeds on water
quality and growth of crucian carp (Carassius carassius) in the presence and absence of prometryn. Ecotoxicol. Environ. Saf. 2021,
227, 112914. [CrossRef]

8. Yazici, M.; Zavvar, F.; Hoseinifar, S.H.; Nedaei, S.; Doan, H.V. Administration of red macroalgae (Galaxaura oblongata) in the diet
of the rainbow Trout (Oncorhynchus mykiss) improved immunity and hepatic gene expression. Fishes 2024, 9, 48. [CrossRef]

9. Liu, Z.L.; Zhao, W.; Hu, W.S.; Zhu, B.; Xie, J.J.; Liu, Y.; Tian, L.; Niu, J. Lipid metabolism, growth performance, antioxidant ability
and intestinal morphology of rainbow trout (Oncorhynchus mykiss) under cage culture with flowing water were affected by dietary
lipid levels. Aquac. Rep. 2021, 19, 100593. [CrossRef]

10. Jonsson, C.M.; Arana, S.; Ferracini, V.L.; Queiroz, S.C.N.; Clemente, Z.; Vallim, J.H.; de Holan-Da, N.M.A.; de Moura, M.A.M.
Herbicide mixtures from usual practice in sugarcane crop: Evaluation of oxidative stress and histopathological effects in the
tropical fish Oreochromis niloticus. Water Air Soil Pollut. 2017, 228, 332. [CrossRef]

11. Qin, H.; Long, Z.; Huang, Z.; Ma, J.; Kong, L.; Lin, Y.Y.; Lin, H.; Zhou, S.; Li, Z. A comparison of the physiological responses to
heat stress of two sizes of juvenile spotted seabass (Lateolabrax maculatus). Fishes 2023, 8, 340. [CrossRef]

12. Yang, W.; Xiang, F.; Sun, H.; Chen, Y.; Minter, E.; Yang, Z. Changes in the selected hematological parameters and gill Na+/K+
ATPase activity of juvenile crucian carp Carassius auratus during elevated ammonia exposure and the post-exposure recovery.
Biochem. Syst. Ecol. 2010, 38, 557–562. [CrossRef]

13. Yang, L.; Yi, C.; Mo, Y.; He, Z.; Xu, Z.; He, Y.; Ouyang, Y.; Mao, Z.; Qu, F.; Tang, J.; et al. Effects of different protein sources on
growth performance, muscle flavor substances and quality structure in triploid crucian carp. Fishes 2024, 9, 23. [CrossRef]

14. Yang, Z.J.; Zhao, D.Q.; Gu, J.X.; Wu, R.; Liu, B.Z.; Yu, G.Q.; Dong, P.S.; Huang, X.C.; Li, M.; Li, G.X. Investigation of biotoxicity
and environmental impact of prometryn on fish and algae coexistent system. Water 2024, 16, 2531. [CrossRef]

15. Huang, S.; Kong, W.; Yang, Z.; Yu, H.; Li, F. Combination of Logistic and modified Monod functions to study Microcystis aeruginosa
growth stimulated by fish feed. Ecotoxicol. Environ. Saf. 2019, 167, 146–160. [CrossRef]

16. Ghamkhar, R.; Hicks, A. Comparative environmental impact assessment of aquafeed production: Sustainability implications of
forage fish meal and oil free diets. Resour. Conserv. Recycl. 2020, 161, 104849. [CrossRef]

17. Cailliet, G.M.; Smith, W.D.; Mollet, H.F.; Goldman, K.J. Age and growth studies of chondrichthyan fishes: The need for consistency
in terminology, verification, validation, and growth function fitting. Environ. Biol. Fishes 2006, 77, 211–228. [CrossRef]

18. Fasakin, E.A.; Serwata, R.D.; Davies, S.J. Comparative utilization of rendered animal derived products with or without composite
mixture of soybean meal in hybrid tilapia (Oreochromis niloticus × Oreochromis mossambicus) diets. Aquaculture 2005, 249, 329–338.
[CrossRef]

19. Topal, A.; Atamanalp, M.; Ucar, A.; Oruc, E.; Kocaman, E.M.; Sulukan, E.; Akdemir, F.; Bey-demir, S.; Kilinc, N.; Erdogan, O.; et al.
Effects of glyphosate on juvenile rainbow trout (Oncorhynchus mykiss): Transcriptional and enzymatic analyses of antioxidant
defence system, histopathological liver damage and swimming performance. Ecotoxicol. Environ. Saf. 2015, 111, 206–214.
[CrossRef] [PubMed]

20. Song, M.; Fan, S.; Pang, C.; Wei, H.; Yu, S. Genetic analysis of the antioxidant enzymes, methane dicarboxylic aldehyde (MDA)
and chlorophyll content in leaves of the short season cotton (Gossypium hirsutum L.). Euphytica 2014, 198, 153–162. [CrossRef]

21. Fontagné-Dicharry, S.; Lataillade, E.; Surget, A.; Larroquet, L.; Cluzeaud, M.; Kaushik, S. Antioxidant defense system is altered by
dietary oxidized lipid in first-feeding rainbow trout (Oncorhynchus mykiss). Aquaculture 2014, 424–425, 220–227. [CrossRef]

22. Yildiz, H.Y.; Robaina, L.; Pirhonen, J.; Mente, E.; Dominguez, D.; Parisi, G. Fish welfare in aquaponic systems: Its relation to water
quality with an emphasis on feed and faeces—A review. Water 2017, 9, 13. [CrossRef]

https://doi.org/10.1038/s41598-019-57063-w
https://www.ncbi.nlm.nih.gov/pubmed/31932648
https://doi.org/10.17221/8729-CJAS
https://doi.org/10.1579/0044-7447-33.6.316
https://www.ncbi.nlm.nih.gov/pubmed/15387066
https://doi.org/10.1016/j.fsi.2021.12.018
https://doi.org/10.1007/s00128-004-0314-3
https://www.ncbi.nlm.nih.gov/pubmed/15199995
https://doi.org/10.1016/j.ecoenv.2021.112914
https://doi.org/10.3390/fishes9020048
https://doi.org/10.1016/j.aqrep.2021.100593
https://doi.org/10.1007/s11270-017-3506-2
https://doi.org/10.3390/fishes8070340
https://doi.org/10.1016/j.bse.2010.06.005
https://doi.org/10.3390/fishes9010023
https://doi.org/10.3390/w16172531
https://doi.org/10.1016/j.ecoenv.2018.09.119
https://doi.org/10.1016/j.resconrec.2020.104849
https://doi.org/10.1007/s10641-006-9105-5
https://doi.org/10.1016/j.aquaculture.2005.02.059
https://doi.org/10.1016/j.ecoenv.2014.09.027
https://www.ncbi.nlm.nih.gov/pubmed/25450935
https://doi.org/10.1007/s10681-014-1100-x
https://doi.org/10.1016/j.aquaculture.2014.01.009
https://doi.org/10.3390/w9010013


Fishes 2025, 10, 50 14 of 14

23. Huang, S.L.; Wu, M.; Zang, C.J.; Zang, C.J.; Du, S.L.; Domagalski, J.; Gajewska, M.; Gao, F.; Lin, C.; Guo, Y.; et al. Dynamics of
algae growth and nutrients in experimental enclosures culturing bighead carp and common carp: Phosphorus dynamics. Int. J.
Sediment Res. 2016, 31, 173–180. [CrossRef]

24. Albrektsen, S.; Mundheim, H.; Aksnes, A. Growth, feed efficiency, digestibility and nutrient distribution in Atlantic cod (Gadus
morhua) fed two different fishmeal qualities at three dietary levels of vegetable protein sources. Aquaculture 2006, 261, 626–640.
[CrossRef]

25. Burford, M.A.; Williams, K.C. The fate of nitrogenous waste from shrimp feeding. Aquaculture 2001, 198, 79–93. [CrossRef]
26. Poursaeid, M.; Mastouri, R.; Shabanlou, S.; Najarchi, M. Estimation of total dissolved solids, electrical conductivity, salinity and

groundwater levels using novel learning machines. Environ. Earth Sci. 2020, 79, 453. [CrossRef]
27. Shannon, L.J.; Coll, M.; Yemane, D.; Jouffre, D.; Neira, S.; Bertrand, A.; Diaz, E.; Shin, Y.J. Comparing data-based indicators

across upwelling and comparable systems for communicating ecosystem states and trends. ICES J. Mar. Sci. 2010, 67, 807–832.
[CrossRef]

28. Zhang, C.X.; Rahimnejad, S.; Wang, Y.R.; Lu, K.L.; Song, K.; Wang, L.; Mai, K.S. Substituting fish meal with soybean meal in diets
for Japanese seabass (Lateolabrax japonicus): Effects on growth, digestive enzymes activity, gut histology, and expression of gut
inflammatory and transporter genes. Aquaculture 2018, 483, 173–182. [CrossRef]

29. Kong, W.; Huang, S.; Shi, F.; Yang, Z.; Feng, Y.; Xiao, Y. Study on release kinetics of nitrogen and phosphorus from fish feed.
Aquac. Res. 2020, 51, 3216–3229. [CrossRef]

30. Bengtsson, B.E. Effect of zinc on growth of the minnow Phoxinus phoxinus. Oikos 1974, 25, 370–373. [CrossRef]
31. Barman, U.K.; Jana, S.N.; Garg, S.K.; Bhatnagar, A.; Arasu, A.R.T. Effect of inland water salinity on growth, feed conversion

efficiency and intestinal enzyme activity in growing grey mullet, Mugil cephalus (Linn.): Field and laboratory studies. Aquac. Int.
2005, 13, 241–256. [CrossRef]

32. Dickerson, B.R.; Vinyard, G.L. Effects of high levels of total dissolved solids in Walker lake, Nevada, on survival and growth of
Lahontan cutthroat trout. Trans. Am. Fish. Soc. 1999, 128, 507–515. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.ijsrc.2016.01.003
https://doi.org/10.1016/j.aquaculture.2006.08.031
https://doi.org/10.1016/S0044-8486(00)00589-5
https://doi.org/10.1007/s12665-020-09190-1
https://doi.org/10.1093/icesjms/fsp270
https://doi.org/10.1016/j.aquaculture.2017.10.029
https://doi.org/10.1111/are.14656
https://doi.org/10.2307/3543958
https://doi.org/10.1007/s10499-004-2479-5
https://doi.org/10.1577/1548-8659(1999)128%3C0507:EOHLOT%3E2.0.CO;2

	Introduction 
	Materials and Methods 
	Experimental Materials 
	Experimental Methods 
	Measurement of Monitoring Indicators 
	Measurement of Fish Growth Performance 
	Measurement of Water Quality Indicators 
	Detection of Biochemical Indicators in Fish 

	Theoretical Basis 
	Statistical Analysis 

	Results and Discussion 
	The Effects of Different Fish Feeds on Crucian Carp Growth 
	The Effects of Different Fish Feeds on Biochemical Indicators in Crucian Carp 
	The Environmental Effects of Different Fish Feeds 
	Correlations Between Fish Growth and the Physicochemical Parameters of Water 

	Conclusions 
	References

