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ABSTRACT

Moistube irrigation was driven by the gradient of water potential inside and outside the pipe wall, which has the
advantages of continuous irrigation during the crop growth period. However, the response mechanism of soil
nutrients and enzyme activities of greenhouse tomatoes under the integration of water and fertilizer by moistube
irrigation is still unclear. In order to explore the changes in soil nutrients and enzyme activities of greenhouse
tomatoes regulated by irrigation and fertilization in moistube irrigation greenhouse, a completely randomized
experimental design was conducted to explore the effects of different irrigation amounts (I, controlling the work-
ing pressure head of moistube to achieve different irrigation amount gradients, capillary working pressure was
1 (I1), 2 (I2), 3 (I3) m) and fertilization amounts (F, single fertilization amount was 100 (F1), 200 (F2), 300
(F3) kg/hm2) on soil nutrients, enzyme activities and yield of greenhouse tomato. It was found that with the
increase of I, the total organic carbon content (TOC), soil β-glucosidase (BG), leucine amino peptidase (LAP),
N-acetylglucosaminidase (NAG), and alkaline phosphatase (AP) activities enzyme of greenhouse tomato soil
increased first and then decreased. When the I increased from I1 to I3, the soil total nitrogen (TN) decreased
by 5.07% and 4.91%, respectively, and the soil total phosphorus (TP) by 4.37% and 4.22%, respectively. With
the increase of fertilizer amounts, the TOC of tomato soil increased first and then decreased, the activities of
BG, LAP, NAG and AP in soil increased first and then decreased, and the contents of TN and TP in soil decreased
by 4.79% and 4.68%, 12.32% and 10.47%, respectively. The yield of tomatoes treated with I2 was significantly
higher than that of I1 and I3 by about 13.99% and 1.29%, respectively. The tomato yield of F2 treatment was
significantly higher than that of F1 and F3 treatments by about 22.57% and 1.72%, respectively. Based on the
analysis of stoichiometry, it was found that soil carbon was more scarcity than nitrogen in greenhouse tomatoes
under the integration of water and fertilizer by moistube irrigation. Soil carbon, nitrogen, phosphorus, enzyme
activity and their respective stoichiometry showed a quadratic curve relationship with yield. Therefore, I2F2 treat-
ment of greenhouse tomatoes can not only reduce soil carbon and nitrogen limitations but also improve soil
enzyme activity and achieve multiple goals of increasing greenhouse tomato yield, and saving water and fertilizer.
This conclusion contributes to a more reasonable irrigation and fertilization of tomatoes in moistube irrigation
greenhouse and soil nutrient management of facility agriculture through empirical proofs.
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Glossary/Nomenclature/Abbreviations
MI Moistube Irrigation
I Irrigation Amount
F Fertilization Amount
TOC Total Organic Carbon Content
TN Total Nitrogen
TP Total Phosphorus
C Total Organic Carbon Content
N Total Nitrogen
P Total Phosphorus
BG Soil β-Glucosidase
LAP Leucine Amino Peptidase
NAG N-Acetylglucosaminidase
AP Alkaline Phosphatase
Y Yield

1 Introduction

As one of the important vegetable crops in China, facility tomato, of which industry’s development is
significant for ensuring national food security and promoting farmers’ income. Meanwhile, tomato has
become a very popular crop in facility agriculture because of its high nutritional value [1]. The irrigation
water of facility agricultural tomatoes in Huang-Huai-Hai Plain mainly depends on groundwater, which
aggravates the shortage of water resources in this area [2,3]. At the same time, most of the nutrients
required for the growth of tomatoes in facility agriculture are provided by fertilization, and unscientific
fertilization methods will bring negative effects such as soil degradation, salinization and greenhouse gas
emissions [4]. It has become the focus of current research to explore more advanced irrigation methods to
formulate reasonable irrigation and fertilization schemes, and thus to achieve the increase of tomato yield
and quality while reducing the impact on the environment and financial burden of farmers. Therefore, the
study of water and fertilizer integration technology is significant for the sustainable development of the
tomato industry.

Water and fertilizer integration technology plays an important role in achieving precise irrigation and
fertilization of crops. It determines how water and fertilizer effectively enter the soil of the crop root
zone, which is the key to regulating the optimal equilibrium of irrigation water and fertilizer amount
[5,6]. The best balance between irrigation and fertilization in the integrated technology of water and
fertilizer in facility agriculture is important in saving water, increasing yield and improving fruit quality
[7]. Water and fertilizer integration technology can easily affect the nutrient turnover between crop roots
and soil, and directly or indirectly affect soil carbon, nitrogen and phosphorus, soil enzyme activity and
their respective stoichiometric characteristics [8,9]. Studies have shown that different irrigation and
fertilization treatments can change the soil enzyme activity, nutrient distribution and the growth status of
various organs of crops in facility agriculture and then affect the nutrient cycle process and balance
characteristics of facility agriculture micro-system [10–12]. In the practice of production, farmers choose
different water and fertilizer integration models for different crops based on long-term planting
experience. At present, drip irrigation technology has been widely used in facility agriculture. For
example, different combinations of drip irrigation and fertilization can change the soil enzyme activity in
the root zone of crops [13,14]; in the Mediterranean region of Morocco, drip irrigation water and
fertilizer integration increases crop yields and improves soil quality [15]; appropriate water and fertilizer
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coupling under mulched drip irrigation can increase the yield of kiwifruit, cottonseed and panax notoginseng
in agricultural areas of China [16–19].

Moistube irrigation represents an innovative polymer semi-membrane technology characterized by the
presence of 100,000 nanopore micropores, each measuring between 10 to 900 nanometers, distributed across
every square centimeter of its wall. This system utilizes the water potential gradient between the interior and
exterior of the membrane as the driving force for its operation, classifying it as a sustainable, line-source
infiltration irrigation technique aimed at water conservation. During the crop growth period, Moistube
irrigation facilitates a continuous and timely water supply throughout the entire growth cycle, thereby
enhancing the soil’s water and gas environments. This method effectively minimizes surface evaporation
and optimizes the utilization of both soil water and fertilizers [20,21]. It was discovered that the yield and
water use efficiency of tomatoes and winter wheat under moistube irrigation outperformed those under
drip irrigation within the Loess Plateau [22,23]. Currently, moistube irrigation has seen widespread
implementation in various fields, including greening, food crops, and vegetable cultivation [23–25]. The
predominant focus of research has been on assessing the impact of alterations in parameters such as the
embedded depth of capillaries, spacing, and operational pressure in moistube irrigation on crop growth
and soil moisture distribution [22,26,27]. Nevertheless, there is a scarcity of studies examining the
integrated technology of moistube irrigation combined with fertilization. Investigating this integrated
approach is crucial for enhancing the comprehensive technological framework of water and fertilizer
management, as well as for expanding the application scope of moistube irrigation technology.

Currently, the response mechanism of soil nutrients and enzyme activities within the crop root zone, as
influenced by the integration of moistube irrigation and fertilization, remains unclear. The stoichiometric
relationships involving energy, material cycling, and ecological chemical elements—alongside the quality
of environmental elements—within facility agriculture utilizing moistube irrigation and fertilizer
integration have rarely been reported. Additionally, there is a lack of both qualitative and quantitative
descriptions regarding the correlations among soil carbon, nitrogen, phosphorus, enzyme activity, their
respective stoichiometries, and the yield of greenhouse tomatoes under the combined effects of moistube
irrigation and fertilization. In this study, greenhouse tomatoes in facility agriculture were selected as the
focal point, with the goal of investigating how varying irrigation amounts and fertilization rates impact
soil nutrients, enzyme activities, and tomato yield. To achieve this, regression analysis was employed to
provide both qualitative and quantitative descriptions of the correlations among soil carbon, nitrogen,
phosphorus, enzyme activities, stoichiometry, and greenhouse tomato yield in the context of moistube
irrigation and fertilization coupling. Furthermore, leveraging range analysis, an optimal combination of
irrigation amounts and fertilization rates suited for tomatoes in moistube irrigation greenhouses was
determined. The overarching aim of this study is to furnish a theoretical foundation to support the
sustainable development of the facility agriculture tomato industry.

2 Materials and Methods

2.1 Experimental Site and Management
The experiment was carried out in a greenhouse located in Chencao Township, Xuchang City, Henan

Province, China (N 34°08′, E 113°59′). This greenhouse is situated within the northern warm temperate
monsoon climate zone, characterized by an annual precipitation of approximately 700 mm. The structure
of the greenhouse measures 86 m in length and 10 m in width, oriented in a north-south direction. The
soil type within the greenhouse is classified as alluvial soil. In the 0.80-m soil layer, the average bulk
density is recorded at 1.39 g/cm3, with a field capacity water holding capacity of 25.60%. Additionally,
the soil organic matter content is measured at 20.1 mg/kg, while the total nitrogen, phosphorus, and
potassium contents are 1.15 g/kg, 1.71 g/kg, and 72.34 mg/kg, respectively. The tomato variety employed
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for this study is ‘Nongbofenba 1316’ (Jingyan Yinong Seed Sci-Tech Co. Ltd., Beijing, China), cultivated
using a one-tube, one-row system on the ridges. The depth of the moisture tube is set at 20 cm, with a
row spacing of 50 cm and a plant spacing of 40 cm, while each plot is separated by a distance of 2.0 m.
Field management practices, including fertilization, irrigation, and pesticide application, were
standardized across all plots to ensure uniformity. The irrigation water is sourced from the local
groundwater supply. To guarantee the healthy establishment of seedlings on the day of planting, the
irrigation water was applied based on established local practices for tomato cultivation. Moistube
irrigation (MI) fertilization system is shown in Fig. 1. The irrigation management practices throughout the
growth period of the tomatoes in the greenhouse are detailed in Table 1. The relevant meteorological data
of the whole growth period of greenhouse tomato are shown in Fig. 2.

Figure 1: Schematic diagram of moistube irrigation system, where 1 represents the headwaters; 2 represents
the valve; 3 represents the cistern; 4 represents the water pump; 5 represents the valve; 6 represents the
tomato; 7 represents the moistube; 8 represents the filter; 9 represents the capillary valve; 10 represents
the pressure gauge; 11 represents the fertilizer applicator. (A–C) represent three independent water supply
systems, respectively. Adapted with permission from Reference [28]. Copyright ©2022, Mingzhi Zhang

Table 1: Irrigation records of greenhouse tomato growth period

2021 2022

Seedling stage 2021/3/30–2021/4/19 2022/3/28–2022/4/18

Flowering and fruit setting stage 2021/4/20–2021/6/01 2022/4/19–2022/6/01

Fruiting stage 2021/6/02–2021/7/28 2022/6/02–2022/7/28

Transplanting tomato 2021/3/30 2022/3/28

Began irrgation 2021/4/10 2022/4/08

Stop irrigation 2021/7/28 2022/7/26

Stop irrigation time period 2021/4/13—4/18 2022/4/11—4/16

2021/4/23—4/28 2022/4/21—4/26

2021/5/03—5/08 2022/5/01—5/06

2021/5/13—5/18 2022/5/11—5/16
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The MI system consists of micro-embellishment pipes, water pumps, feed-water tanks, water meters,
filters, and pressure gauges [28]. In this system, the working pressure of each treatment area is regulated
through the principle of diversion, enabling the establishment of distinct working pressures across
different plots. We used the third generation of Moistube, developed by Shenzhen Moistube Irrigation
Technology Co., Ltd., Shenzhen, China. The inner layer of this tubing consists of a polymer semi-
permeable membrane, with a thickness of 0.06 mm and a pore diameter ranging between 10 to 900 nm.
By adjusting the fertilizer applicator, a mixture of water and fertilizer was prepared in a dilution ratio of
1:600, which served as the irrigation solution for the tomatoes. The test fertilizer employed in this
experiment was a high-strength, balanced water-soluble fertilizer (N-P-K: 20%-20%-20%) produced by
Shenzhen Dugao Biological New Technology Co., Ltd., Shenzhen, China.

2.2 Experimental Design
In this experiment, two factors of irrigation amount and fertilization amount were set up, with three

levels for each. A total of 9 treatments (Table 2) were used in a completely randomized experimental
design, and each treatment was repeated three times. Among them: irrigation amount (I) by controlling
the micro-irrigation capillary working pressure to achieve different irrigation gradient, set three levels:
working pressure head were 1 (I1), 2 (I2), 3 (I3) m. The fertilization amount (F) was set at three levels:
100 (F1), 200 (F2) and 300 (F3) kg/hm2, and fertilization was applied once every 10 days. A total of
11 fertilizations were applied during the tomato growth period.

2.3 Test Equipment and Observation Item
(1) Collection and determinationof soil samples

The soil samples analyzed in this study were exclusively rhizosphere soil, sourced using the shaking soil
method. Specifically, tomato roots measuring 5 to 25 cm were excavated as intact units, during which the

Figure 2: Greenhouse meteorological data
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loosely associated soil was dislodged from the roots. For the soil that adhered closely to the tomato roots in
the greenhouse, a gentle brushing technique was employed with a soft brush to collect the rhizosphere soil.
From each plot, three soil samples were randomly selected at 40, 70, and 110 days post-planting of tomatoes,
for the years 2021 and 2022, respectively. Upon collection, the samples were transported back to the
laboratory, where fresh plant residues were meticulously removed. The soil samples were subsequently
divided into two portions; the majority were preserved in a refrigerator at −20 degrees Celsius for
subsequent analysis of soil nutrients and enzyme activities, while a smaller fraction was subjected to air
drying. The moisture content of the soil was determined using a drying method, which was then
converted into soil volume moisture content. All measurements and determinations related to soil
indicators were conducted within a span of 10 days.

The soil samples collected during various periods were analyzed to ascertain the nutrient content, and the
methodologies for determining soil nutrient indices were as follows. Total organic carbon (TOC) was
measured using a total organic carbon analyzer (Vario El, Elementar Analysen Systeme GmbH,
Germany). Total nitrogen (TN) was assessed through the degradation of concentrated sulfuric acid
accompanied by potassium sulfate-copper sulfate catalysis, employing the semi-micro Kjeldahl method
for nitrogen determination. Total phosphorus (TP) was obtained by digesting samples with hydrochloric
and sulfuric acids (HClO4-H2SO4) and subsequently analyzed using the molybdenum-antimony (Mo-Sb)
colorimetric method.

Additionally, soil samples collected at different times were utilized to evaluate enzyme activity. The
methods for determining the indices of soil enzyme activity were as follows: Soil β-glucosidase activity
(BG), soil leucine aminopeptidase activity (LAP), and soil N-acetylglucosaminidase activity (NAG) were
extracted via enzyme-linked immunosorbent assay and analyzed using a microplate reader (RT-6100,
Shanghai Precision Instrument Co., Ltd., Shanghai, China). Alkaline phosphatase activity (AP) in the soil
was determined by the disodium phenyl phosphate colorimetric method.

(2) Tomato yield

The electronic scale measured the tomato yield in each plot and converted the results into yields
per hectare.

Table 2: Test treatment table

Treatments Working pressure m Irrigation amount mm Fertilizer amount kg/hm2

2021 2022

I1F1 1 173.66 178.54 100

I1F2 1 173.66 178.54 200

I1F3 1 173.66 178.54 300

I2F1 2 372.70 383.18 100

I2F2 2 372.70 383.18 200

I2F3 2 372.70 383.18 300

I3F1 3 528.31 543.17 100

I3F2 3 528.31 543.17 200

I3F3 3 528.31 543.17 300
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2.4 Data Analysis
The significant differences were analyzed using the F test in SPSS version 22.0 (IBM Corp., Armonk,

New York, NY, USA), with a significance level set at p < 0.05. The graphs were created using OriginPro 2019
(Origin Lab Corporation, Northampton, MA, USA). Additionally, regression analysis was conducted to
evaluate the correlations between the stoichiometric ratios of soil carbon, nitrogen, and phosphorus,
enzyme stoichiometric ratios, and tomato yield utilizing Excel 2016 (Microsoft Corporation, Redmond,
WA, USA).

3 Results and Analysis

3.1 Effects of Integration of Water and Fertilizer by Moisture Irrigation on Soil Moisture of Greenhouse
Tomato
Fig. 3 indicates that the average moisture content of rhizosphere soil in F2I2 tomato growth period was

significantly higher than that in I1F1 by about 9.19% and 15.07% (2021 and 2022, the same below).
However, the average moisture content of rhizosphere soil during tomato growth period was lower than
that of I3F3 by about 6.38% and 3.89%. When the irrigation amount increased from I1 to I3, the
rhizosphere soil moisture of tomato increased by 9.50% and 13.03%, respectively. With the increase of
fertilizer amount, the soil moisture of tomatoes in the integration of moistube irrigation and fertilizer
greenhouse also showed an increasing trend. The soil moisture of tomato rhizosphere in F2 treatment was
about 2.81% and 3.70% higher than that in F1 treatment, but lower than that in F3 treatment about 2.24%
and 2.03%.

3.2 Effect of Moistube Irrigation and Fertilizer Integration on Tomato Soil Nutrients
Table 3 demonstrates that under the integration of moistube irrigation and fertilizer, with the

advancement of tomato growth period, the total organic carbon (TOC) of tomato rhizosphere soil
increased. Soil total nitrogen (TN) and total phosphorus (TP) showed a decreasing trend. The two factors
of irrigation and fertilization had significant effects on TOC, TN and TP in rhizosphere soil of
greenhouse tomato in the integration of moistube irrigation and fertilizer (p ≤ 0.05).

Figure 3: Effects of different treatments on soil moisture of tomato. I represents irrigation amount;
F represents fertilization amount; the data are shown as average ± standard deviation in the figure,
different letters in the same color column meant significant difference at 0.05 level, the same as below
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With the increase of I, the TOC of tomato soil increased first and then decreased. When the I increased
from I1 to I3, the soil TN decreased by 5.07% and 4.91%, and the soil TP decreased by 4.37% and 4.22%.
With the increase of F, the TOC of tomato soil increased first and then decreased. The TOC of tomato soil
under F2 treatment was higher than that of F1 by about 7.56% and 11.29%, and higher than that of F3 by
about 0.17% and 1.58%. When the F increased from F1 to F3, the soil TN decreased by 4.79% and
4.68%, and the soil TP decreased by 12.32% and 10.47%.

3.3 Effects of Moistube Irrigation and Fertilizer Integration on Tomato Soil Enzyme Activity
It can be seen from Table 4 that with the advancement of tomato growth period, the activities of BG,

LAP, NAG and AP in tomato soil of moistube irrigation and fertilizer integration greenhouse increased
first and then decreased. Irrigation and fertilization had significant effects on the activities of BG, LAP,
NAG and AP in tomato soil (p ≤ 0.05). With the increase of irrigation amount, the activities of BG, LAP,
NAG and AP in tomato soil increased first and then decreased. The activity of BG under I2 treatment
was about 26.14% and 18.80% higher than that of I1, and about 11.09% and 6.28% higher than that of
I3. LAP activity under I2 treatment was about 14.28% and 17.02% higher than that of I1, and about
6.68% and 8.37% higher than that of I3. The activity of NAG in I2 was higher than that in I1 by about
41.10% and 29.74%, and higher than that in I3 by about 18.44% and 12.43%. AP activity under
I2 treatment was about 24.39% and 38.49% higher than that of I1, and about 10.04% and 19.02% higher
than that of I3. With the increase of fertilizer amount, the activities of BG, LAP, NAG and AP in tomato
soil increased first and then decreased. The activity of BG was about 12.11% and 12.68% higher than
that of I1 under I2 treatment, and about −0.51% and 1.40% higher than that of I3. LAP activity under
I2 treatment was 16.46% and 14.53% higher than that of I1, and about -0.82% and 1.50% higher than
that of I3. The activity of NAG under I2 treatment was about 17.71% and 15.12% higher than that of I1,
and about −1.22% and 1.53% higher than that of I3. The activity of AP under I2 treatment was about
11.56% and 14.36% higher than that of I1, and about 0.94% and 0.30% higher than that of I3.

3.4 Effect of the Integration of Water and Fertilizer by Moisture Irrigation on Tomato Soil Stoichiometry
It can be seen from Fig. 4 that with the advancement of tomato growth period, the C/N, C/P and N/P of

tomato soil in greenhouse with the integration of moistube irrigation and fertilizer showed an increasing
trend. Under the condition of the integration of moistube irrigation and fertilizer, with the increase of
irrigation amount, soil C/N, C/P and N/P increased first and then decreased. Among them, soil C/N under
I2 treatment was higher than I1 by about 11.82% and 14.70%, higher than I3 by about 0.51% and 3.46%.
The soil C/P under I2 treatment was about 41.10% and 22.86% higher than that of I1, and about 14.70%
and 11.35% higher than that of I3. The soil N/P under I2 treatment was about 14.36% and 6.91% higher
than that of I1, and about 14.41% and 7.21% higher than that of I3. With the increase of fertilizer
amount, soil C/N, C/P and N/P showed an increasing trend. When the fertilizer amount increased from
F1 to F3, the soil C/N increased by about 12.13% and 14.88%. The soil C/P increased by about 21.36%
and 21.68%; the soil N/P increased by about 5.19% and 5.95%.

Stoichiometry of Soil Enzyme Activity
From Fig. 4, it can be seen that with the advancement of tomato growth period, the BG/(LAP+NAG),

BG/AP, (LAP+NAG)/AP of tomato soil in the integrated greenhouse of moistube irrigation and fertilization
showed a trend of increasing first and then decreasing. The two factors of irrigation and fertilization had
significant effects on soil BG/(LAP+NAG), BG/AP, (LAP+NAG)/AP (p ≤ 0.05). Under the condition of
moistube irrigation and fertilizer integration, the soil BG/(LAP+NAG) and BG/AP decreased first and
then increased with the increase of irrigation amount. Soil (LAP+NAG)/AP showed a decreasing trend.
When the amount of fertilizer increased from F1 to F3, the soil BG/(LAP+NAG) and BG/AP decreased
by about 4.94% and 2.96%, 1.29% and 2.63%, respectively. Soil (LAP+NAG)/AP increased by about
5.75% and 0.29%.
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Figure 4: Effects of different treatments on stoichiometry of soil nutrients and enzyme activity. C represents
total organic carbon, N represents total nitrogen, P represents total phosphorus. BG represents β-Glucosidase
active enzyme, LAP represents Leucine aminopeptidase activity, NAG represents N-acetyl-d-
glucosaminidasealk, AP represents aline phosphatase activity. (a) represents the change of C/N
with tomato growth period, (b) represents the change of C/P with tomato growth period, (c) represents
the change of N/P with tomato growth period, (d) represents the change of BG/LAP+NAG with tomato
growth period, (e) represents the change of BG/AP with tomato growth period, (f) represents the change
of LAP+NAG/AP with tomato growth period. Different letters in the same tomato growth meant
significant difference at 0.05 level
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3.5 Effects of the Integration of Water and Fertilizer by Moisture Irrigation on Tomato Yield in
Greenhouse
It can be seen from Fig. 5 that the amount of irrigation and fertilizer had a significant effect on the yield

of tomato in the integration of water and fertilizer by moisture irrigation (p ≤ 0.05). One-way analysis of
variance showed that the yield of tomato treated with I2F2 was significantly higher than that of I1F1,
I1F2, I1F3, I2F1, I2F3, I3F3, I3F1 and I3F2 by about 38.84% and 45.50%, 18.02% and 19.83%, 18.99%
and 23.71%, 28.37% and 29.66%, 3.53% and 1.07%, 26.16% and 29.47%, 3.96% and 1.99%, 4.68%
and 7.73%.

With the increase of irrigation amount, the yield of tomato reached the peak value in I2 treatment, and
the tomato in I2 treatment was about 13.99% and 18.48% higher than that in I1 treatment, and about 1.29%
and 2.97% higher than that in I3 treatment. With the increase of fertilizer amount, the tomato yield increased
first and then decreased, in which F2 treatment tomato yield was higher than than F1 about 22.57% and
26.18%, higher than F3 about 1.72% and 3.26%.

3.6 Correlation Analysis of Rhizosphere Soil Nutrients, Enzyme Activity and Yield of Greenhouse Tomato
under the Integration of Water and Fertilizer by Moisture Irrigation

3.6.1 Quantitative Description of the Correlation between Soil Nutrients, Enzyme Activity and Yield
It can be seen from Fig. 6 that the relationship between soil carbon, nitrogen, phosphorus, soil enzyme

activity and yield of tomato in the integration of moistube irrigation and fertilizer showed a quadratic
parabolic curve, and the coefficient of determination R2 > 0.6819, indicating that soil carbon, nitrogen,
phosphorus and soil enzyme activity in the regression model can explain yield to 68.19%. Soil carbon,
nitrogen, phosphorus and soil enzyme activity can be used to estimate yield. In the regression model of
soil carbon, nitrogen and phosphorus and yield, the fitting degree of the model of tomato soil TN and
yield was better, and the determination coefficient R2 > 0.8451. When the TOC of tomato soil was
18.00–19.00, the yield of tomato could reach 127.71–122.23 t/ha. In the regression model of soil enzyme
activity and yield, the fitting degree of the model of soil BG and yield was better, and the determination

Figure 5: Effects of different treatments on tomato yield. I represents irrigation amount; F represents
fertilization amount; the data are shown as average ± standard deviation in the figure, different letters in
the same color column meant significant difference at 0.05 level, the same as below
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coefficient R2 > 0.7531. When the soil BG activity was 6.40–7.40, the tomato yield could reach
130.36–136.20 t/ha.

3.6.2 Quantitative Description of the Correlation between Soil Nutrients, Enzyme Stoichiometry and Yield
A quadratic parabolic relationship can be observed between the stoichiometry of soil carbon, nitrogen,

and phosphorus, soil enzyme activity, and tomato yield under the combined effects of moistube irrigation and

Figure 6: Regression analysis of soil carbon, nitrogen, phosphorus, enzyme activity and yield. TOC
represents total organic carbon, TN represents total nitrogen, TP represents total phosphorus.
BG represents β-Glucosidase active enzyme, LAP represents Leucine aminopeptidase activity, NAG
represents N-acetyl-d-glucosaminidasealk, AP represents aline phosphatase activity. (a) represents the
correlation between yield and TOC, (b) represents the correlation between yield and TN, (c) represents
the correlation between yield and TP, (d) represents the correlation between yield and BG, (e) represents
the correlation between yield and LAP+NAG, (f) represents the correlation between yield and AP
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fertilizer, as shown in Fig. 7. The coefficient of determination (R2 > 0.7042) indicates that the stoichiometry
of soil carbon, nitrogen, phosphorus, and soil enzyme activity in the regression model explains over 70.42%
of the variation in yield. The stoichiometry of soil carbon, nitrogen and phosphorus, and soil enzyme activity
can be used to estimate Yield. In the regression model of soil carbon, nitrogen and phosphorus stoichiometry
and yield, the fitting degree of the model between tomato soil C/P and yield is better, and the determination
coefficient R2 > 0.8451. When the tomato soil C/P is 17.50–18.50, the tomato yield can reach 126.63–
137.76 t/ha. In the regression model of soil enzyme activity stoichiometry and yield, the fitting degree of
the model of soil BG/AP and yield was better, and the determination coefficient R2 > 0.8015. When the
soil BG/AP was 0.60–0.65, the tomato yield could reach 118.998.750–118.86 t/ha.

Figure 7: Regression analysis of soil nutrient, enzyme activity stoichiometry and yield. C represents total
organic carbon, N represents total nitrogen, P represents total phosphorus. BG represents β-Glucosidase
active enzyme, LAP represents Leucine aminopeptidase activity, NAG represents N-acetyl-d-
glucosaminidasealk, AP represents aline phosphatase activity. (a) represents the correlation between yield
and C/N, (b) represents the correlation between yield and C/P, (c) represents the correlation between yield
and N/P, (d) represents the correlation between yield and BG/LAP+NAG, (e) represents the correlation
between yield and BG/AP, (f) represents the correlation between yield and LAP+NAG/AP
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4 Discussion

The appropriate regulation of water and fertilizer application can significantly reduce soil greenhouse
gas emissions while promoting plant growth and development. This strategy enhances both crop quality
and yield [29,30]. Compared to conventional drip irrigation methods, moistube irrigation technology
presents distinct advantages, including lower operational pressure, higher irrigation uniformity, and a
consistent, stable supply of water and fertilizers [20,31].

4.1 Effects of Different Treatments on Soil Nutrients and Their Stoichiometry of Greenhouse Tomato
Irrigation and fertilization alter the distribution of soil water and nutrients, with increased levels

promoting the leaching of surface litter. This process facilitates the transfer of clay, organic matter,
carbonate, and other substances from the surface litter and humus into the soil, thereby increasing the
total organic carbon content of the soil [32,33]. This study found that with the increase of irrigation
amount, the total organic carbon of tomato soil in the integration of moistube irrigation and fertilizer
increased first and then decreased. The total nitrogen and total phosphorus contents of tomato soil in the
integration of moistube irrigation and fertilizer decreased first and then increased with the increase of
irrigation amount. The observed changes in soil total organic carbon in this study may be attributed to the
uniform distribution of soil moisture in the I2 treatment. This uniformity prevents hypoxic stress or water
stress, which could otherwise result from excessively high or low soil volumetric moisture content across
large areas of the wetted soil zone. The root morphological development of I2 treatment is better than
that of I1 and I3, and the better root morphological development is beneficial to improve the abundance
of root microorganism. The remnant body of plants and soil microorganisms provide sufficient carbon for
crop rhizosphere soil [34,35] The changes in soil total nitrogen and phosphorus may be attributed to the
alternating dry-wet cycles under the I1 treatment, which led to the disintegration of soil aggregates. This
process facilitated the release of additional nitrogen and phosphorus, thereby increasing their availability
in the soil. The soil microbial biomass in arid environment was small, which reduced the amount of
nitrogen fixed by microorganisms, and the mineralization nutrients were more released into the soil. At
the same time, the lower irrigation amount can reduce the leaching of nitrogen in shallow soil [36,37],
which promotes the relatively high nitrogen and phosphorus content in I1 tomato soil. The water holding
capacity of I2 treatment soil is enhanced, which may lead to the re-fixation of nutrients, resulting in a
reduction in total nitrogen and phosphorus content. This process also accelerates the growth and
metabolic activities of tomato plants. The absorption of nutrients also increased accordingly; the soil
water content of I3 treatment was significantly higher than that of I2. Higher soil moisture reduced soil
aeration and limited microbial activity and mineralization. Simultaneously, plant growth was inhibited,
leading to a reduction in soil nutrient absorption rates and a subsequent increase in soil total nitrogen and
phosphorus content [38]. Yuan et al. [39] found that with the increase of irrigation amount of winter
wheat, the total nitrogen of soil increased first and then decreased, which contrasts with the findings of
this study, where total nitrogen in tomato soil under the integrated water and fertilizer moistube irrigation
exhibited a decreasing trend. This discrepancy may be attributed to differences in crop types and
variations in the water quality of the sources used for crop growth. The water requirement of winter
wheat not only comes from irrigation, but also from rainfall. In this study, the water requirement of
greenhouse tomato only comes from irrigation.

This study found that the total organic carbon of tomato soil in the integration of moistube irrigation and
fertilizer increased first and then decreased with the increase of fertilizer application, probabably owing to the
fact that the application of nitrogen fertilizer in F2 treatment can promote crop growth and increase crop
biomass. After the crop residues are returned to the soil, the accumulation of soil organic carbon will also
increase. When the fertilization amount reached F3, excessive soil ion concentration led to soil
acidification, inhibited soil microbial activity and tomato root morphological development, and reduced
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the source of soil carbon from microorganisms and plant growth and development residues [40,41], which
was consistent with Tuo et al. [14]. The change of soil microbial carbon with the increase of fertilizer amount
was consistent. The total nitrogen and total phosphorus content of tomato soil in the greenhouse of moistube
irrigation and fertilizer integration decreased with the increase of fertilizer amount, which may be due to the
fact that appropriate fertilization can promote microbial activity and accelerate the decomposition of organic
matter, thus releasing nitrogen and phosphorus in the soil and promoting a large amount of nitrogen and
phosphorus to be converted into plants. However, excessive fertilization may inhibit the activity of some
beneficial microorganisms, resulting in the fixation and transformation of nitrogen and phosphorus in soil,
thus limiting the increase of total nitrogen and total phosphorus content in soil [42,43].

Soil C/N reflects a balance between soil carbon and nitrogen. It is an important index to measure the
balance of soil nutrient elements and can reflect the ability of microorganisms to meet their nutrient needs
with plants [44]. In this study, it was found that the soil C/N (peak value of 8.385) of tomato soil in the
integration of moistube irrigation and fertilizer greenhouse was lower than the average soil value of
12.30 in China [34], because the soil C/N was inversely proportional to the decomposition rate and
mineralization rate of organic matter [45], so the soil C in this study area was more deficient than N. The
C/N of tomato soil in the integration of water and fertilizer by moisture irrigation increased with the
increase of irrigation amount, which may be due to the influence of soil total organic carbon and total
nitrogen content with the change of irrigation amount. Compared with I2, the decrease of total organic
carbon in spring tomato and autumn tomato soil under I3 treatment was lower than that of total nitrogen.
The change of soil C/N with irrigation amount further indicated that increasing irrigation amount could
reduce the degree of soil carbon deficiency. With the increase of fertilizer amount, the soil C/N of tomato
in the integration of moistube irrigation and fertilizer showed an increasing trend, which may be due to
the promotion of crop growth by F2 treatment, the increase of crop biomass, and the increase of plant
residues (such as leaves, dead branches, root metabolites, etc.). The decomposition of residues in the soil
further increases the input of soil organic carbon, which can lead to the accumulation of organic carbon
in the soil. The rate of accumulation exceeds the accumulation of total nitrogen, which promotes the
increase of C/N; when the amount of fertilizer increased to F3, excessive nitrogen fertilizer may inhibit
the growth of soil microorganisms, especially nitrogen-sensitive microorganisms, resulting in a decrease
in the decomposition rate of organic carbon and a relative increase in the accumulation rate of soil
organic carbon [46,47].

Soil C/P is a measure of the ability of organic matter to release or absorb phosphate mineralization [48].
The C/P (13.932) of tomato soil in this study area was much lower than the average level in China (52.700),
indicating that the net mineralization rate of P in greenhouse tomato soil in this area was high and the
potential of P release was large [49]. This study found that soil C/P increased first and then decreased
with the increase of irrigation amount, which may be due to the increase of soil organic matter content in
I2 treatment, which promoted the release of soil phosphorus and increased soil phosphorus availability.
At the same time, various metabolites (such as acidic substances) released during microbial degradation
can change soil pH, promote phosphorus mineralization and increase phosphorus availability, and
aggravate the absorption of phosphorus in soil root zone by crops, resulting in a decrease in TP in this
area, and an increase in C and a higher C/P [50]. It is consistent with the conclusion of studying the
variation of soil C/P with irrigation amount in winter wheat, indicating that the change of soil C/P due to
the change of irrigation amount has nothing to do with crop species. Fertilization promotes soil
acidification, increases the absorption of phosphorus by plants, and reduces its bioavailability, which can
offset the increase of phosphorus content caused by fertilization to a certain extent, which may be one of
the reasons why the C/P of tomato soil increases with the increase of fertilizer amount [51].

Soil N/P can be used to measure the threshold of nutrient limitation of nitrogen and phosphorus, and to
determine the lack of nutrient supply during plant growth [52]. The average value of N/P in this study area
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(1.607) was lower than that of China’s land soil (3.900) [53], indicating that the nitrogen element was
deficient in this study area, and the soil phosphorus changed little. This study found that with the increase
of irrigation amount, the soil N/P showed a trend of increasing first and then decreasing. It may be due to
the fact that the P element in I2 treatment is conducive to the absorption and utilization of mineralization
by plants, resulting in the rhizosphere soil phosphorus content lower than I1 and I3. The total nitrogen
content also decreased with the increase of irrigation amount, resulting in a larger N/P ratio under
I2 treatment, indicating that irrigation amount I2 will promote the absorption of soil nitrogen [54]. With
the increase of fertilizer amount, the N/P of tomato soil showed an increasing trend, which may be due to
the increase of fertilizer amount will stimulate soil microbial activity. These microorganisms will release
nitrogen and absorb phosphorus in the process of decomposing organic matter. The demand for nitrogen
is also greater than that of phosphorus, which may lead to the mineralization rate of nitrogen in soil
higher than that of phosphorus, and the N/P ratio is increased [55,56].

4.2 Effects of Different Treatments on Soil Enzyme Activities and Their Stoichiometry of Greenhouse
Tomato
Soil BG, LAP, NAG, and AP are four common extracellular hydrolases involved in microbial

decomposition processes. These enzymes serve as key indicators of soil carbon, nitrogen, and phosphorus
turnover rates and are positively correlated with soil organic matter concentration [57]. Previous studies
have shown that irrigation and fertilization can increase soil water availability to promote plant growth
and microbial-driven biological processes, thus promoting enzyme secretion and substrate diffusion,
which is conducive to improving soil hydrolase activity [58]. This study found that with the increase of
irrigation amount, the activity of soil hydrolase in greenhouse tomato soil increased first and then
decreased, which may be due to the fact that soil moisture can directly participate in soil biochemical
reactions and affect the life activities of microorganisms and plants. Lower moisture is not conducive to
the diffusion of soil nutrients and the infiltration of effective elements into microorganisms. At the same
time, the decrease of soil moisture can limit the leaching of litter and inhibit the increase of soil hydrolase
activity [59]. When the irrigation amount is too high, the soil aeration is poor, and the low oxygen soil
micro-environment will inhibit the increase of aerobic microorganisms (Bacillus, etc.), resulting in the
decrease of soil microbial community structure diversity and population abundance, the decrease of root
absorption and utilization of soil nutrients, and the restriction of crop root metabolism cycle. The lower
root cycle metabolites root exudates and soil microbial biomass directly limit the increase of soil
hydrolase activity [60,61]. This conclusion is consistent with the variation of soil β-glucosidase activity
of Wang [60] and soil alkaline phosphatase activity of Zhou et al. [62] with the change of irrigation
amount. This study also found that with the increase of fertilizer amount, the activity of soil hydrolase in
tomato greenhouse increased first and then decreased, which may be due to the fact that F2 treatment
provided a direct nutrient source for soil microorganisms, especially nitrogen, phosphorus, potassium and
other elements. The available substrates (such as organic substances) in the soil were also high, which
would promote the growth and reproduction of microorganisms, thus increasing the activity of hydrolase
in the soil. The binding sites of soil enzymes and substrates in F3 treatment may be saturated. At this
time, when the pH value deviates from the optimal growth range of microorganisms or the soil salinity is
too high, the microbial activity will be inhibited, which in turn reduces the production and activity of
hydrolases [63].

Globally, the ratio of BG to LAP+NAG to AP enzyme activities typically follows a 1:1:1 scaling pattern,
indicating a coupled relationship between carbon, nitrogen, and phosphorus cycles. However, this study
found that the ratio of BG/LAP+NAG/AP enzyme activity (1:0.12:0.77) in tomato rhizosphere soil under
different treatments of facility agriculture moistube irrigation and fertilizer integration in this area
deviated greatly from 1:1:1. It showed that the activity of C-degrading enzyme was less than that of N or
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P-degrading enzyme and the activity of N-degrading enzyme was the largest among the three, which
indicated that the input of microorganisms to the enzymes involved in soil C, N and P cycles was
significantly different under different irrigation and fertilization amounts, and highlighted the regionality
of the test area [64]. The stoichiometry of soil ecological enzymes can also be used to evaluate the
demand of microbial carbon, nitrogen, phosphorus and nutrients [65]. Previous studies have found that
soil enzyme activity ratios BG/AP and LAP+NAG/AP are higher than the global scale soil enzyme
activity ratios BG/AP (0.62) and (LAP+NAG)/AP (0.44) indicate that soil microorganisms in the region
are limited by carbon and nitrogen [66]. This study found that the BG/AP of tomato soil in facility
agriculture is lower than the global scale, and the LAP+NAG/AP is higher than the global scale, further
indicating that the rhizosphere soil microorganisms in the region are limited by carbon and phosphorus.

4.3 Effects of Different Treatments on Tomato Yield in Greenhouse
Drought stress on tomato roots adversely affects both the number of fruits and the weight of individual

fruits [67,68]. The findings of this study indicate that tomato yield initially increases with rising irrigation
amounts before ultimately declining. This phenomenon may be attributed to a reduction in soil
volumetric water content under low irrigation treatment (I1), which subjects tomato roots to drought
stress. Zhang et al. [69] observed that flowering and fruit enlargement in tomatoes are particularly
sensitive to water stress. Consequently, as irrigation amounts decrease, the weight of individual fruits also
trends downward, and this reduction in fruit weight constrains overall tomato yield. In the case of high
irrigation treatment (I3), the soil’s water-filled porosity in the tomato root zone was approximately 6.64%
greater than that observed in treatment I2. Such elevated soil water-filled porosity can impede the
diffusion rate of oxygen in the soil [70]. This hinders the respiration of both roots and microorganisms,
intensifying the activity of anaerobic respiration enzymes, decreasing the population of soil
microorganisms [71], and disrupting the respiration, growth, and development of crops, which ultimately
limits the potential increase in tomato yield [72]. Studies conducted by Agbna et al. [73], Yang et al.
[74], and Zhu et al. [75] demonstrated that drip irrigation enhances tomato yield in accordance with
increased irrigation amounts, which aligns with the effects noted in this study regarding moisture tube
irrigation on tomato yield. Moreover, tomato absorption efficiency for nitrogen, phosphorus, and
potassium was significantly influenced by the amount of fertilizer applied. An increase in fertilizer
application tends to decrease nitrogen utilization efficiency while promoting the accumulation of nitrate
nitrogen in the soil, consequently diminishing soil fertility [76,77]. Excessive fertilizer applications can
reduce the fruit setting rate in tomatoes, impair stress resistance, and predispose plants to pests and
diseases, thereby restricting the enhancement of tomato yield [78]. This study corroborates the earlier
findings that tomato yield follows an initial increase followed by a decrease in response to rising fertilizer
amounts, mirroring the trends reported in the research by Zhao et al. [79], Wu et al. [30], andWang et al. [80].

5 Conclusions

The response mechanism of soil nutrients and enzyme activity in greenhouse tomatoes to varying
irrigation and fertilizer amounts under moistube irrigation was investigated through a randomized
experimental design. This study aims to identify an optimal combination of irrigation and fertilizer
amounts conducive to the growth of greenhouse tomatoes. The conclusions of this study are as follows:

With the increase of I, the TOC content, BG, LAP, NAG, and AP activity of greenhouse tomato soil
increased first and then decreased. The contents of TN and TP in soil decreased first and then increased.
With the increase of fertilizer amount, the TOC of tomato soil increased first and then decreased. The
activities of BG, LAP, NAG and AP in soil increased first and then decreased. The contents of TN and
TP in soil showed a decreasing trend.
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The combination of micro-irrigation capillary working pressure working pressure head of 2 m and
fertilization amount of 200 kg/hm2 under the integration of water and fertilizer by moistube irrigation not
only alleviates soil carbon and nitrogen limitations but also enhances soil enzyme activity, thereby
simultaneously achieving multiple objectives, such as increasing tomato yields while conserving water
and fertilizer resources.

Through the correlation analysis of tomato soil carbon, nitrogen and phosphorus, enzyme activity and
their respective stoichiometry and yield at different tomato planting periods, it was found that the tomato soil
carbon, nitrogen and phosphorus, enzyme activity and their respective stoichiometric ratio and yield showed
a quadratic curve relationship at 72 days after planting, and the correlation was better (R2 > 0.681), which can
realize the prediction of tomato yield, and can also be used as an important index to measure the nutrient
cycle of facility agricultural soil in this area.
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