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ABSTRACT

The utilization of aquaculture wastewater as irrigation is an effective way to recycle and reuse water and nitrogen
fertilizer resources because it contains numerous nutrients. However, it is still unclear that the pattern of substi-
tuting aquaculture wastewater irrigation for fertilizer supplementing is conducive to improving the soil nitrogen
status, fruit yield and water-fertilizer use efficiency for tomato production. In this context, the experiment was
intended to establish the appropriate irrigation regime of aquaculture wastewater in tomato production for fresh-
water replacement and fertilizer reduction to ensure good yields. Pot experiments were conducted with treatments
as farmers accustomed to irrigation and fertilization used as control (CK), 1.75 L aquaculture wastewater with
base fertilizer (W1), 2 L aquaculture wastewater with base fertilizer; and 2.25 L aquaculture wastewater with base
fertilizer (W3). We examined the effects of aquaculture wastewater irrigation on soil nitrogen distribution, N-
related hydrolases, tomato yield, and economic benefits. The results showed that the control treatment had the
highest N input, about 24.68% higher than the W3 treatment, while the yield was only about 7.81% higher than
W3. This indicated that the overuse of chemical fertilizer was present in the current tomato production. Although
the reduction of fertilizer in aquaculture wastewater irrigation caused a decrease in tomato production, this eco-
nomic loss can be compensated by cost savings in the wastewater disposal. Among aquaculture wastewater treat-
ments, the W3 treatment had the highest overall benefit, achieving 62.63% freshwater savings, 37.50% fertilizer
input reduction, and an economic return of approximately 19,466 Yuan per hectare higher than the control.
Additionally, increasing the irrigation volume of aquaculture wastewater could provide more available nutrients
to the soil, which were more prevalent in the form of organic nitrogen. The lower soil nitrate reductase activities
(NR) under aquaculture wastewater treatments after harvesting also proved that this pattern was beneficial to
reduce soil nitrate nitrogen residues. Overall, the results demonstrate that aquaculture wastewater irrigation alle-
viates the soil nitrate residues, improves nutrient availability, and results in more economic returns with water
and fertilizer conservation for the greenhouse production of tomatoes.
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Nomenclature
IWUE Irrigation water use efficiency
NFP Nitrogen partial productivity
SNR Soil nitrogen residue amount
NR Nitrate reductase
AN Soil available nitrogen

1 Introduction

Tomato (Solanum lycopersicum L.), a crop widely grown around the world, is one of the most important
vegetables in the global human diet due to its high nutritional value for human health [1–4]. With over one
million hectares under cultivation and an annual production of approximately 56 million tons, China is a
world leader in tomato production [1]. Open fields and greenhouse environments are the usual choices for
tomato cultivation [5]. Because of its ability to withstand climate change and its potential for stable
production during the off-season, the solar greenhouse has come to dominate vegetable cultivation in
China [6,7]. The Yellow River Basin, for example, the largest greenhouse tomato planting region in
China, is vital to the supply of fresh tomatoes [8].

In greenhouse-based production systems, irrigation is considered the only way to provide water to plants
[9]. Although different irrigation management strategies are currently employed in the production of
greenhouse tomatoes, the majority of practices still rely on the experience of individual farmers [10,11],
which can lead to significant soil evaporation and loss to the deep soil with lower crop utilization [12].
Meanwhile, nitrogen is essential to the development of tomatoes, because many physiological metabolic
processes and crop conformational structures are related to nitrogen nutrients [13–15]. Over-fertilization
has become a common practice in tomato production today in the pursuit of maximum yield, considering
the impact of nitrogen availability on tomatoes [1,16]. However, we should be conscious of the resource
and environmental problems caused by inappropriate water and fertilizer applications, such as low use
efficiency of irrigation water [16], soil nitrate accumulation or leaching, groundwater pollution, and
greenhouse gas emissions [17–20]. Consequently, the relationship between crop production and the
environment cannot be disregarded for the sustainability of agricultural development.

Recent increases in worldwide population have led to growing fish consumption, which has aided in the
ongoing growth and expansion of aquaculture activities [21]. However, in aquaculture practices, an excessive
buildup of metabolic waste products and bait remnants from fish can result in an increase in nitrogen
concentrations in water, which in turn poses a threat to the aquatic environment [22,23]. Boyd et al. also
demonstrated that only 15%–30% of the nitrogen added to the pond was absorbed by the fish or shrimp,
while up to 80% of the input nitrogen remained in the water [24,25]. Because of this, aquaculture
frequently imports enormous amounts of freshwater to maintain appropriate nitrogen concentrations in the
water column [26], but this also generates a massive wastewater disposal task. It is also obvious that
depending solely on wastewater disposal systems to solve the issue is impractical because of the high
cost of it [27].

Due to the distribution of freshwater’s regional and temporal complexity, water shortages have come to
be accepted as a worldwide issue [28]. Unquestionably, it poses a serious threat to food security, which is
primarily reliant on freshwater supplies [16]. Therefore, using aquaculture wastewater as a substitute for
freshwater in agricultural systems would not only ease the strain on freshwater sustainability but also
utilize the nutrients rich in the wastewater [29,30]. This is an effective strategy for recycling resources
and avoiding the high expense of wastewater disposal. Undoubtedly, this is also a novel approach to the
issue of inadequate water and fertilizer management in current agricultural production. Many scholars
have demonstrated that the use of wastewater, which contains many nutrients, for agricultural irrigation
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can effectively utilize both water and nitrogen. McIntosh et al. have suggested that 20%–31% of the nitrogen
needed for wheat production might be provided by aquaculture effluent [31]. Xie et al. found that irrigation of
paddy rice using aquaculture effluent may make full use of water and nitrogen, which had practical relevance
for easing water-use disputes in the coastal areas of Jiangsu Province and fostering soil desalinization [32].
According to the study of Kolozsvári et al., the utilization of effluent water from an intensive African catfish
farm for irrigation boosted the soil’s nitrogen supply and may have a positive impact on soil quality [33]. Qi
et al. summarized that aquaculture effluent irrigation might reduce the amount of fertilizer used by 20% and
save 5700 m3 ha−1 of freshwater during the rice growing season [34].

Nevertheless, the influence of wastewater irrigation on soil is highly dependent on the source of water,
soil type and crops to be grown [35]. It is still necessary to investigate how aquaculture wastewater irrigation
affects crop development and soil characteristics. Thus, our objectives were to determine the following: (1) if
substituting aquaculture wastewater irrigation for fertilizer supplementing would produce tomato yield
equivalent to the farmer accustomed to irrigation and fertilization (2) if this pattern could achieve a win-
win situation for tomato production and aquaculture, i.e., high economic returns with water and fertilizer
conservation and (3) how the soil nitrogen pool responds to this pattern. The results of this study would
provide a reference for economical water and fertilizer management strategies in greenhouse tomato
production.

2 Materials and Methods

2.1 Experimental Site
The experiment was carried out in a greenhouse of Hohai University, Nanjing, China (32°06′ N,

118°76′ E). This area is characterized by a humid subtropical climate and is under the influence of the
East Asia Monsoon, with an average annual rainfall of 1069.3 mm. The annual mean temperature is
15.6°C and annual sunshine hours are 2017.5 h. The tested soil, taken from the Institute of Vegetable
and Flower Science in Nanjing, was loam with a pH of 7.35, organic matter of 14.572 g kg−1, total
nitrogen of 0.936 g kg−1, total phosphorus of 0.367 g kg−1, soil alkaline hydrolysis nitrogen of
131.3 mg kg−1 and available phosphorus of 27.2 mg kg−1.

2.2 Pot Experiment Design
The experiment was conducted in plastic buckets with a height of 36.5 cm and a diameter of 29 cm. In

the bucket, we stratified at a height of 5 cm thick and filled the top and bottom three layers with air-dried soil
with a capacity of 1.25 and 1.3 g cm−3, respectively. There were four different treatments implemented:
(I) 2 L of freshwater irrigation with fertilizer supplements (CK, the control treatment, referred to the
farmer accustomed to irrigation and fertilization); (II) 1.75 L of irrigation with aquaculture wastewater
without fertilizer supplements; (III) 2 L of irrigation with aquaculture wastewater without fertilizer
supplements; and (IV) 2.25 L of irrigation with aquaculture wastewater without fertilizer supplements.
Each treatment was repeated three times for a total of 40 test buckets. The tested tomatoes were Jinpeng
No. 8, and the seedlings were transplanted on July 13th. Before transplanting, we irrigated the treatments
with 4.74 L of freshwater to moisten the soil sufficiently. The seedlings were planted at a depth of 10 cm
from the soil surface. Irrigation was accomplished by manual watering in all treatments. During the
tomato seedling stage (from July 13th to August 13th), equal amounts of freshwater were irrigated in each
treatment based on soil moisture conditions. It should be noted that we started the irrigation schemes with
aquaculture wastewater after the seedling stage to ensure the survival of tomato seedlings, with a
frequency of about 7 days.

In this experiment, 7.92 g (equivalent to 180 kg ha−1 of N) of compound fertilizer containing 15% N,
15% P2O5, and 15% K2O was applied as a base fertilizer to the 0–15 cm soil layer for each pot before
transplantation. In the CK treatment, after dissolving the fertilizer in water, 1.584 g (equivalent to
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36 kg ha−1 of N) of compound fertilizer was applied to each pot as a supplemental fertilizer on September
26th, October 4th, and October 14th, respectively. Equal doses of magnesium fertilizer (99% MgSO4,
49.3 kg ha−1) and calciferous fertilizer (25% CaO (chelated calcium), 35 kg ha−1) were applied to each
treatment for meeting the needs of tomato growth. Freshwater and aquaculture wastewater for irrigation
were taken from residential tap water and a suburban carp farm, respectively. The water qualities for
irrigation are shown in Table 1. In particular, it should be noted that during tomato growth, the nitrogen
content of aquaculture wastewater fluctuated. Accordingly, we calculated the nitrogen introduced by
irrigation water as the product of the total irrigation volume and the highest value of nitrogen in the
wastewater during the experiment.

2.3 Sampling and Measurement
Soil samples were collected at day 45 (August 27th), 60 d (September 11th), day 75 (September 26th), day

90 (October 11th), and day 105 (October 26th) of tomato growth, using a stainless auger. In each pot, soil
samples were taken at depths of 0–5 cm, 5–10 cm, and 10–20 cm. To create a composite sample for
further analysis, the rocks and remaining plant root fragments were taken out and the samples were
sieved (2 mm). The stem diameter of each plant was determined by measuring the circumference with a
soft ruler and plant height was measured with a 100 cm stainless steel ruler. After harvest, fruit yields
were measured using an electronic platform scale.

Through the extraction with 1M KCl, the concentrations of NH4
+-N and NO3

−-N in the soils were
analyzed by a continuous flow injection analyzer (SKALAR San++ FIA). Inorganic nitrogen content was
the sum of NH4

+-N and NO3
−-N in the soils. The content of soil available nitrogen (AN) was determined

using the method described by Roberts et al. [36]. The soil nitrogen residue amount was calculated
according to the following formula:

SNR ¼ 0:1
X

i¼0�20cm
ðC � hi � giÞ (1)

where SNR is soil nitrogen residue amount, kg ha−1; C is the soil nitrogen concentration in each soil layer, mg
kg−1; hi is the soil layer depth, cm; γi is the soil bulk density of each layer, g cm−3.

Soil urease activity was measured using the phenol-sodium hypochlorite colorimetry and nitrate
reductase activity (NR) was determined with α-naphthylamine-sulfanilic. The irrigation water use
efficiency (IWUE) and nitrogen partial productivity (NFP) were calculated according to the following
formula:

IWUEðkg m3Þ ¼ Ytomato
IrrTotal

(2)

where Ytomato is the tomato yield, kg ha−1; IrrTotal is the total irrigation volume during tomato growth period,
m3 ha−1.

NFPðkg kg�1Þ ¼ Ytomato
NTotal

(3)

Table 1: Basic characteristics of freshwater and aquaculture wastewater for irrigation

pH EC/μS cm-1 COD/mg L�1 TN/mg L�1 TP/mg L�1

Freshwater 7.25 131 17 0.21 0.03

Wastewater 7.39~8.06 376~403 76~103 7.7~11.6 0.9~1.3
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where Ytomato is the tomato yield, kg ha−1; NTotal is the total nitrogen fertilizer input during tomato growth
period, kg ha−1.

2.4 Economic Analysis
To assess the net return of aquaculture wastewater irrigation in greenhouse tomato production, we

calculated firstly the saving cost of nitrogen purification using agricultural irrigation for each treatment,
which is worked out according to the following formula:

SC ¼ 0:705� Irrtotal � 9:65 (4)

where SC is the nitrogen purification cost for aquaculture wastewater (Yuan ha−1), 0.705 is the cost of
nitrogen purification in aquaculture wastewater (Yuan kg−1) [37], and 9.65 is the average nitrogen
concentration in aquaculture wastewater (mg L−1), the relevant data of which have been presented in Table 1.

The benefit of yield and the cost of fertilizer applied in tomato production were calculated according to
the following formula:

Benefit of yield Yuan ha�1
� � ¼ Tomato Yields� 4 (5)

Fertilizer cost Yuan ha�1
� � ¼ The amount of the compound fertilizer � 3:5 (6)

where 4 is the average selling price of tomatoes (Yuan kg−1) and 3.5 is the cost of compound fertilizer
(Yuan kg−1) [38]. The net return was calculated by using the following formula:

Net Return ðYuan ha�1Þ ¼ SC þ Benefit of yield � Fertilizer cost � Labor cost (7)

where the labor cost was converted based on Wang et al. [38].

2.5 Statistical Analysis
One-way analysis of variance (ANOVA) and Duncan test (p = 0.05) were used to assess the effects of

different treatments in soil nitrogen, urease, nitrate reductase activity, and indicators of plant growth by SPSS
25.0 software (IBM Inc., Chicago, IL, USA). Origin 2023 software was used for mapping (Origin Lab
Corporation, Northampton, MA, USA).

3 Results

3.1 Applied Water and Nitrogen
A total of 14 irrigations were applied during the entire growth period of tomatoes (Table 2). To ensure

the soil had enough moisture before transplanting, 4.74 L of fresh water in each pot was irrigated until the
water stopped seeping down. During the tomato seedling stage, we used freshwater irrigation and maintained
the irrigation amount consistently among treatments to ensure that tomato seedlings rose equally. After
August 14th, we implemented the irrigation strategy according to the pot experiment designs. At the end
of the experiment, a total of 28.74 L of freshwater was irrigated in the CK treatment, and 26.49 L (W1),
28.74 L (W2), and 30.99 L (W3) of wastewater were irrigated in the aquaculture wastewater treatments,
respectively. On this basis, we calculated the total N fertilizer input during the experiment for each
treatment (Table 3). All treatments were uniformly fertilized with a base fertilizer of 180 kg N ha−1

before transplanting. After entering flowering, we supplemented the nitrogen for the wastewater irrigation
treatments with aquaculture wastewater instead of chemical fertilizers, while for the control, we applied
three additional fertilizers at the flowering and fruit expansion stages, respectively. Finally, in the
CK treatment, the total amount of N fertilization was 288 kg ha−1, while in the aquaculture
wastewater treatments, the amount of N application was 223 (W1) kg ha−1, 227 (W2) kg ha−1, and
231 (W3) kg ha−1, respectively.

Phyton, 2023, vol.92, no.12 3295



3.2 Tomato Growth, IWUE, and NFP
The height of tomato plants ranged from 131.7 to 140.40 cm at the end of the experiment. The plant

height of tomatoes under irrigation with aquaculture wastewater was lower than that of CK, but no
significant differences were seen between treatments. The stem diameter of tomato plants ranged from
12.30 to 13.54 mm under each treatment. When comparing CK and W2, it can be found that irrigation
with wastewater can significantly increase the stem diameter under the same amount of irrigation
(p < 0.05). By measuring the yield of fresh tomato fruits, the treatments showed: CK (51.74 t ha−1) > W3
(47.99 t ha−1) > W2 (43.60 t ha−1) > W1 (40.50 t ha−1). The average yield of the CK treatment was,
respectively, 27.75%, 18.67%, and 7.81% greater than the yields of the W1, W2, and W3 treatments. The
tomato yield increased with higher irrigation of wastewater, with W3 treatment yielding about 18.49%
and 10.07% higher than W1 and W2 treatments, respectively.

Meanwhile, we estimated IWUE and NFP based on the irrigation and fertilization schemes (Table 4). In
the aquaculture wastewater treatments, the IWUE was close to 39 kg m−3, about 15.73% lower than the
control, which was related to the higher yield in the CK. Although there were no significant differences
in IWUE and NFP among the treatments (p > 0.05), we could still see an increasing trend in NFP with
increasing irrigation amount for the aquaculture wastewater treatments. In the W3 treatment, NFP was
about 15.65% higher than in the control treatment.

3.3 Economic Benefits
Based on the data on tomato yield and total water and fertilizer inputs, we further investigated the

benefits of using aquaculture wastewater for irrigation in terms of water and fertilizer conservation,
stabilization of yield, and reduction of wastewater disposal costs (Table 5). Given the higher production,
CK treatment can earn 206,963 Yuan ha−1 from selling tomatoes, which was 7.81%–27.74% more than

Table 2: The irrigation amount of each treatment during tomato growth

July August September October Total
(L pot−1)

13rd 14th 29th 1st 5th 14th 22nd 29th 4th 11st 20th 26th 4th 11st

CK 4.74 2 1 2 1 2 2 2 2 2 2 2 2 2 28.74

W1 4.74 2 1 2 1 1.75* 1.75* 1.75* 1.75* 1.75* 1.75* 1.75* 1.75* 1.75* 26.49

W2 4.74 2 1 2 1 2* 2* 2* 2* 2* 2* 2* 2* 2* 28.74

W3 4.74 2 1 2 1 2.25* 2.25* 2.25* 2.25* 2.25* 2.25* 2.25* 2.25* 2.25* 30.99
Note: An asterisk (*) indicated that the irrigation water was aquaculture wastewater.

Table 3: The nitrogen applied amount of each treatment during tomato growth (kg ha−1)

Treatment Amount of base
fertilizer

Amount of
additional
fertilizer

Amount of nitrogen carried by
irrigation

Total nitrogen applied
amount

1 2 3

CK 180 36 36 36 0.91 288.91

W1 180 —— —— —— 43.03 223.03

W2 180 —— —— —— 46.97 226.97

W3 180 —— —— —— 50.91 230.91
Note: Straight lines (——) indicated that no additional fertilizer was added to treatments.
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aquaculture wastewater treatments. However, the use of aquaculture wastewater for agricultural irrigation
can reduce the investment in nitrogen purification cost of wastewater in the aquaculture industry. In
wastewater irrigation treatments, savings of 27,298 Yuan ha−1 (W1), 29,617 Yuan ha−1 (W2), and 31,935
Yuan ha−1 (W3) can be achieved by skipping this step, respectively. After deducting labor costs and
fertilizer inputs, the W3 treatment had the highest overall benefit, approximately about 19,466 Yuan ha−1

higher than the control treatment.

3.4 Soil Nitrogen Characteristics

3.4.1 Soil Nitrogen Residues
As the tomatoes grew, the available nitrogen (AN) in the soil under each treatment was absorbed by

plants (Table 6). The AN content of each treatment gradually declined with the increasing soil depth. At
day 45, soil AN ranged from 220.90 to 224.95 mg kg−1 (0–5 cm) and from 203.03 to 218.49 mg kg−1

(5–10 cm), respectively. There was no significant difference between treatments in the 0–5 cm and 5–
10 cm soil layers (p > 0.05). In the 10–20 cm soil layer, soil AN of W2 and W3 were 170.20 and
184.13 mg kg−1, respectively, which were significantly higher than W1 and CK (p < 0.05). At day 105,
in the 0–5 cm soil layer, the soil AN for CK and W3 were 163.43 and 153.15 mg kg−1, respectively,
which were significantly higher than those for W1 and W2 (p < 0.05). In the 5–10 cm soil layer, the AN
content of each treatment ranged from 128.6 to 161.13 mg kg−1, with the CK treatment being
significantly higher (p < 0.05) than the other treatments (p < 0.05). In the 10–20 cm soil layer, there was
no significant difference in soil AN between CK and W3 treatments (p > 0.05), which were 134.30 and
132.86 mg kg−1, respectively. And soil AN content of W1 and W2 were 108.14 and 120.47 mg kg−1,
respectively.

Table 4: Indicators of tomato growth, irrigation water use efficacy (IWUE), and nitrogen partial productivity
(NFP) under different treatments

Treatments Plant height
(cm)

Stem diameter
(mm)

Yield
(t ha−1)

IWUE
(kg m−3)

NFP
(kg kg−1)

CK 120.40 ± 5.61a 12.74 ± 0.54b 51.74 ± 3.88a 46.28 ± 3.46a 179.65 ± 13.46a

W1 114.20 ± 8.54a 12.30 ± 0.23b 40.50 ± 2.20b 39.56 ± 2.14a 181.63 ± 9.86a

W2 111.7 ± 5.43a 13.49 ± 0.53a 43.60 ± 3.07ab 39 ± 2.75a 192.08 ± 13.54a

W3 116.2 ± 8.41a 13.54 ± 0.37a 47.99 ± 3.33ab 39.59 ± 2.74a 207.76 ± 14.41a
Notes: Values are means ± SEM. Different lowercase letters in a column denote significant differences among the treatments (p ≤ 0.05).

Table 5: Economic benefits of combining aquaculture wastewater irrigation with tomato production

Treatments Fertilizer cost
(Yuan ha−1)

Labor cost
(Yuan ha−1)

Benefit of yield
(Yuan ha−1)

Saving cost of N
purification in
wastewater
(Yuan ha−1)

Net return
(Yuan ha−1)

CK 6,720 107,946 206,963 ± 15,509 —— 92,297 ± 15,509

W1 4,200 107,946 162,018 ± 8,798 27,298 77,170 ± 8,798

W2 4,200 107,946 174,410 ± 12,297 29,617 91,881 ± 12,297

W3 4,200 107,946 191,974 ± 13,322 31,935 111,763 ± 13,322
Notes: Freshwater was not accounted for here because of its low price. A straight line (——) indicated that there was no saving cost of N purification
in wastewater. Values are means ± SEM.
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Under treatments with aquaculture wastewater, the AN residue in the soil increased with the increase in
irrigation amount. Due to the replenishment of soil available nutrients by aquaculture wastewater, the AN
residue of each treatment at day 45 was ranked in the following order: W3 (525.66 kg ha−1) > W2
(490.84 kg ha−1) > CK (472.32 kg ha−1) > W1 (469.94 kg ha−1). At this time, the residual of soil AN in
the W3 treatment was significantly higher than the other treatments (p < 0.05), while there was no
significant difference between the CK, W1, and W2 treatments. At day 105, the residual soil AN for each
treatment decreased by 20.80% (CK), 36.21% (W1), 33.83% (W2), and 32.95% (W3), respectively,
compared to day 45. The W1, W2, and W3 treatments had AN contents of 299.78, 324.79, and
352.47 kg ha−1, respectively, which were around 19.86%, 13.18%, and 5.78% less than the CK. The
highest AN residual occurred in the control treatment (374.09 kg ha−1) due to the additional fertilizer, but
it was not significantly different from the W3 treatment (p > 0.05).

At day 45, soil inorganic nitrogen residues ranged from 237.30 to 239.85 kg ha−1, and no significant
differences were seen among treatments (p > 0.05). Therefore, we expect that the increased soil AN in
the wastewater treatments at day 45 may be less related to inorganic nitrogen because the equivalent
amount of base fertilizer was given to each treatment (Fig. 1A). At day 105, inorganic nitrogen residue
under the control treatment was significantly higher (p < 0.05) than that under the wastewater treatments
(Table 7). Comparing the CK and W2 treatments, it can be seen that irrigation with aquaculture
wastewater reduced soil inorganic N residues by 30.58% at the same irrigation volume. In addition, soil
inorganic N residues were about 40.38% and 38.78% higher in CK treatment than in W1 and
W3 treatments, respectively.

Table 6: Soil available nitrogen (AN) content in the soil profile under different treatments (mg kg−1)

Treatment Day 45 Day 105

0–5 cm 5–10 cm 10–20 cm 0–5 cm 5–10 cm 10–20 cm

CK 236.7 ± 22.5a 203.02 ± 6.55a 154.9 ± 8.4b 163.43 ± 10.47a 161.12 ± 3.11a 134.3 ± 10.12a

W1 220.9 ± 10.9a 203.69 ± 15.06a 160.44 ± 9.2b 130.38 ± 6.02c 128.66 ± 9.21b 108.13 ± 10.91b

W2 235.1 ± 11.0a 203.03 ± 6.42a 170.2 ± 14.8ab 139.2 ± 9.56bc 134.51 ± 5.03b 120.56 ± 11.42ab

W3 246.94 ± 5.9a 218.49 ± 14.71a 184.12 ± 7.23a 153.14 ± 8.09ab 139.76 ± 11.91b 132.85 ± 8.48a
Notes: Values are means ± SEM. Different lowercase letters in a column denote significant differences among the treatments (p ≤ 0.05).

Figure 1: Soil available nitrogen (AN) residue in the 0–20 cm soil profile at day 45 (A) and 105 (B) of the
tomato growth periods under different treatments
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3.4.2 Soil Enzyme Activities
The main tomato root zone in this experiment was in the 0–10 cm layer of soil, which was also the soil

that was fully exposed to exogenous fertilizers and aquaculture wastewater. To evaluate the impact of
different irrigation and fertilization management on urease and NR activities, we collected this portion of
the soil on day 105 (Fig. 2). The urease activity was 175.33, 173.18, 170.86 and 173.22 μg g−1 d−1 after
harvesting under CK, W1, W2 and W3, respectively. There were no statistical differences (p > 0.05)
between the four treatments in urease activity. This is indicative of the little effect on urease by
aquaculture wastewater treatments. Under irrigation with aquaculture wastewater, the soil NR activities
increased with the increase in irrigation amount and were significantly lower (p < 0.05) than the CK. For
instance, the NR activity of CK was approximately 65.90%, 60.33%, and 47.75% higher than the W1,
W2, and W3 treatments, respectively.

4 Discussion

4.1 Potential of Aquaculture Wastewater Irrigation for a Win-Win Situation in Tomato Production and
Aquaculture
In addition to environmental issues [2], in some cases, an increase in yield from over-fertilization might

result in a decrease in the organoleptic quality of the fruit [39,40]. Therefore, proper management of nitrogen
nutrients is beneficial to crop growth and environmental sustainability [41]. According to Hernández et al.,
reducing nitrogen application after anthesis after flowering did not affect or even improve the nutritional

Table 7: Inorganic nitrogen (NO3
−-N and NH4

+-N) residues in the soil profile under different treatments
(kg ha−1)

Treatment Day 45 Day 105

NO3
−-N NH4

+-N Total NO3
−-N NH4

+-N Total

CK 128.29 ± 2.04a 111.18 ± 3.75a 239.47 ± 5.57a 103.91 ± 1.44a 35.29 ± 1.93a 139.21 ± 1.89a

W1 132.34 ± 3.15a 105.29 ± 3.96a 237.63 ± 6.96a 81.33 ± 0.73b 17.84 ± 0.73c 99.17 ± 0.49bc

W2 131.48 ± 0.76a 108.36 ± 7.44a 239.85 ± 7.73a 75.79 ± 1.08c 20.84 ± 0.55b 96.64 ± 1.34c

W3 129.29 ± 2.4a 108.01 ± 2.88a 237.3 ± 3.01a 81.51 ± 1.82b 18.79 ± 0.73bc 100.31 ± 1.77b
Notes: Values are means ± SEM. Different lowercase letters in a column denote significant differences among the treatments (p ≤ 0.05).

Figure 2: Soil urease (A) and nitrate reductase (B) activities in the 0–10 cm soil profile at day 105 under
different treatments
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quality of tomatoes [42]. Therefore, we chose to use aquaculture wastewater as a source of irrigation after the
tomato flowering period as an alternative to traditional fertilizer supplements.

The actual N inputs under each treatment in Table 3 showed that the control treatment had the highest N
input, about 24.68% higher than the W3 treatment, whereas the yield of the W3 treatment was only 7.25%
lower than CK. We can infer that there was fertilizer wasted in the control treatment because the high
fertilizer input did not get sufficiently high yields. Therefore, considering the optimization of irrigation
volume to increase nutrient replenishment to the soil from aquaculture wastewater could help to conserve
fresh water and fertilizer while maintaining tomato production. It was also noticed that tomato yields
decreased with the utilization of aquaculture wastewater as compared to the pattern of the farmer
accustomed to. However, as can be seen in Table 5 using aquaculture wastewater for irrigation can save
at least 27,298 Yuan ha−1 of nitrogen purification cost, which might serve as compensation to farmers for
reduced returns due to the lower yields under the joint model of aquaculture and tomato cultivation.

4.2 Potential of Aquaculture Wastewater Irrigation for Soil Health Improvement in Tomato Production
As well as trace amounts of water-soluble organic nitrogen, soil AN includes hydrolyzed organic

nitrogen (amino acids, amides, and readily hydrolyzed proteins) and inorganic nitrogen [43,44]. At day
45, no significant differences in organic nitrogen residue were seen among treatments but the AN residue
was higher in the treatments with aquaculture irrigation than CK (Table 6 and Fig. 1A). It was suggested
that the majority of the available nutrients in aquaculture wastewater, particularly nitrogen, was
maintained in the form of hydrolytic organic nitrogen. Soil organic nitrogen fractions were correlated
with the soil nitrogen supply potential in greenhouse soil, which may serve as key indicators of soil
fertility [45]. However, most soil organic nitrogen must be converted to mineral nitrogen before it can be
absorbed by the roots of plants [45]. Therefore, irrigation with aquaculture wastewater may provide a
constant source of organic nitrogen that can be mineralized, which would help to improve the soil
nitrogen supply potential.

NR is one of the key enzymes involved in the nitrogen metabolism pathway, triggered at high nitrate
levels [46]. This is supported by the fact that soil nitrate N residues at the end of farm wastewater
treatment were significantly lower than the control in this study. Nitrate nitrogen is an important
component of the soil inorganic nitrogen pool and is highly susceptible to migration with irrigation water
leaching or runoff [47], which may contribute to the risk of groundwater eutrophication and soil nutrient
loss [48,49]. However, because we used a pot experiment in this study, we failed to evaluate the
characteristics of soil nitrogen leaching under irrigation with farm wastewater, which needs to be
improved in future studies.

Furthermore, Delaide et al. [50] have claimed that the abundance of different microorganisms in the
aquaculture effluent (bacteria, fungi, protozoa, etc.) and dissolved organic molecules (DOM) may be a
chance for increased productivity in tomatoes. However, we should also be aware of the adverse effects
of aquaculture wastewater irrigation on soil qualities and crop growth. It has been reported that different
types of contaminants (e.g., metals, organic micropollutants) brought by wastewater irrigation may
accumulate in soil [51,52]. These contaminants may spread to nearby areas and impede soil fertility,
disrupt the soil microbial communities, or even be poisonous to plants [51]. Moreover, synergistic
interactions between contaminants (e.g., accumulated metals and antibiotics) can exacerbate their
potential effects [53,54]. Therefore, further research is needed to study the soil environment of farmland
by long-term aquaculture wastewater irrigation.

5 Conclusion

Our findings warrant that aquaculture wastewater irrigation has a positive influence on the reduction of
freshwater input and fertilizer application for tomato production. Irrigation with 2.25 L aquaculture
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wastewater (W3) can keep farmers from additional fertilizer during the flowering and fruit expansion periods,
saving 62.63% of freshwater and 37.50% of fertilizer. Even though the tomato yield by this pattern decreased
by 7.25% when compared to the CK, the 24.68% higher nitrogen use in the CK treatment did not lead to a
corresponding increase in yield. This demonstrated the irrationality of fertilizer application under the pattern
of farmers accustomed to irrigation and fertilization. Meanwhile, using aquaculture wastewater for irrigation
can save at least 27,298 Yuan ha−1 of nitrogen purification cost, which can offset the economic loss from
decreased production. Additionally, aquaculture wastewater irrigation can deliver more available nutrients
for tomato growth. These nutrients are rich in organic nitrogen content, which is good for the potential of
soil nitrogen supply enhancement. Therefore, the application of aquaculture wastewater irrigation with
fertilizer reduction is an economic and ecological approach to the tomato production process.
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