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Abstract: Excessive fertilizer input, low nutrient use efficiency, soil quality, and environmental
degradation hinder greenhouse vegetable production. Integrated agronomic strategies of soil, crop,
and nutrient management are needed to sharply improve the vegetable yield and simultaneously
maintain sustainable production. A three-season field experiment was conducted from 2015 to 2018,
aiming to evaluate the effect of integrated soil–crop system management (ISSM) on the agronomy,
environment, and economy of greenhouse vegetable systems in the Yangtze River Basin, China.
Three treatments were included in the experiment: (1) farmers’ current practice (FP), based on a
local farmers’ survey; (2) soil remediation treatment (SR), the application of soil conditioner and
compost fertilizer instead of chicken manure; (3) ISSM, a combination of soil conditioner, reducing
plant density, and using formula fertilizer as well as increasing the fertilization times. The results
indicated that ISSM (47.7 Mg ha−1) improved the pepper yield by 17% relative to farmers’ current
practice (FP, 40.7 Mg ha−1). Soil remediation (SR), as a single approach, mainly made a contribution
to improving the yield (by 6.9%) and nutrient use efficiency while reducing apparent nitrogen (N)
losses. Higher yields were mainly attributed to increasing the fruit number per plant. On average,
apparent N losses were reduced by 245 kg N ha−1 per season for ISSM compared to FP. In addition,
higher net profits were obtained under SR and ISSM relative to FP. Overall, both SR and ISSM have
advantages for the agronomy, environment, and economy in greenhouse vegetable production, but
ISSM would be the optimal choice to achieve higher yields with lower environmental impacts.

Keywords: greenhouse; pepper; yield; nutrient use efficiency; apparent N losses; economic benefit

1. Introduction

Vegetables are an important nutrition source for humans, e.g., essential vitamins,
minerals, and dietary fiber [1,2]. With population growth and changes in dietary patterns,
consumption of vegetables will continue to increase in the next few decades [3]. At present,
China is the largest vegetable producer, accounting for 52% of the world’s vegetable produc-
tion [4]. Especially, greenhouse vegetable production has been developing rapidly since the
1990s in China. By 2022, the planting area of greenhouse vegetables reached 2.6 million ha,
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with 33% vegetable production [5]. However, intensive greenhouse vegetable cultivation is
characterized by a high fertilizer input [6,7], due to better economic benefits. In practice, in
order to pursue a high yield, over-fertilization is a common practice in greenhouse systems,
which causes low nutrient efficiency [8] and severe environmental impacts [9–11]. For
example, the nitrogen (N) absorption of vegetables is less than 20% [12] and 10% [13] of
the application amount in southern and northern greenhouse vegetable systems in China,
respectively. In addition, soil degradation is also common in greenhouse systems, such as
soil acidification, salinization [14,15], and soil C/N ratio decline [16]. So, how to improve
the vegetable yield sharply and maintain sustainable production simultaneously is an
urgent issue in greenhouse vegetable production.

Previously, most studies only focused on the effects of various nutrient management
methods on the vegetable yields and environmental impacts. For instance, based on the
N target value and soil nitrate test, the N recommendation decreased by 38% of the N2O
emission following a decline of >60% in the N application rate [17]. Optimized N manage-
ment could decrease the synthetic N input by 40% with a 39.6% lower N leaching loss [18].
Unfortunately, these individual methods rarely improve vegetable yields. Therefore, new
technologies and management strategies are urgently needed to achieve “double-wins” in
vegetable systems. For cereal crops, systematic management strategies have drawn more
attention in recent years [19–22]. Integrated soil–crop system management (ISSM) based
on a crop simulation model and field experiments, combined crop management (planting
date, plant density, cultivar) and nutrient management (N fertilizer rate, fertilization stage),
produced more crop yield and caused a lower environmental risk with less N input in cereal
crop production in China [23,24]. However, the design of ISSM is based on the amount of
fundamental studies, and these studies have been deficient for vegetables. Wang et al. [25]
analyzed the yield gap of pepper and the main limiting factors in greenhouse production
through a farmers’ survey in the Yangtze River Basin and found optimizing the crop (plant
density) and nutrient management (e.g., fertilizer rate, ratio of base, and top dress) could
close the yield gaps and mitigate the environmental impacts. However, the management
methods based on farmers’ best practice hardly maintain sustainability, so there is still
potential for further optimization.

Limited by a shallow and sparse root system [26], vegetable growth depends more on
exogenous nutrient application. Following the “4R” fertilization principle (right rate, place,
time, and source), optimal technologies and management practices must be designed to
match the characteristics of crop nutrient demands, e.g., nutrient uptake rate and nutrient
ratio at different stages under site-specific soil and climatic conditions [27]. Soil remediation
could be considered to be an effective method to improve the physical and chemical
properties of soil. By optimizing the rhizosphere microenvironment, soil remediation
improved the vegetable yield and reduced the soil nutrient surplus [28,29]. Nevertheless,
the appropriate plant density is a basis to make full use of solar radiation, water, and soil
nutrients, and plays a key role in improving crop yields and nutrient use efficiency [30,31].
Meanwhile, soil quality is an important component to maintain sustainability in greenhouse
vegetable systems.

Pepper (Capsicum annuum L.) is a dominant vegetable in greenhouse production in
the Yangtze River Basin. Based on current studies, ISSM for vegetable was considered
as a combination of soil remediation management (e.g., improving soil pH and soil or-
ganic carbon), crop management (e.g., changing plant density), and nutrient management
(e.g., optimizing fertilizer rate, fertilization stage, fertilization times, ratio of nutrients)
in this study. We hypothesized that ISSM could mitigate soil degradation and improve
crop production (yield and nutrient use efficiency) with lower environmental impacts
and promote sustainable pepper production in greenhouse systems in the Yangtze River
Basin. Therefore, in this study, a three-season field experiment was conducted from 2015
to 2018 with the following objectives: (i) to examine the effects of ISSM on the pepper
yield and nutrient use efficiency in greenhouse systems; (ii) to quantify the N losses in
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greenhouse pepper production; and (iii) to comprehensively evaluate the effects of ISSM
on the agronomic, environmental, and economic impacts.

2. Materials and Methods
2.1. Site Description

The field experiment was conducted on a typical greenhouse vegetable field (31◦46′ N,
118◦22′ E, 10 m a.s.l.) in Hexian county, Anhui province, located in the lower reaches of the
Yangtze River Basin, during the pepper-growing season (August to January in next year)
from 2015 to 2018. The field was characterized by moisture soil (Typic fluvaquents, Etisols,
U.S. classification) with 13.2% sand, 42.3% silt, and 44.5% clay, and the physicochemical
properties of the topsoil (0–20 cm) before the experiment were as follows: bulk density
1.35 g cm−3, pH (1:2.5 w/v, H2O) 4.49, soil organic matter 20.8 g kg−1, total N 1.32 g kg−1,
Olsen-P 257 mg kg−1, and NH4OAc-K 227 mg kg−1 (expressed on a soil air-dry weight
basis). The climate of the research region belongs to subtropical monsoon, and the annual
sum of precipitation and mean temperature of the region are 1276 mm and 17.7 °C, respec-
tively. The mean monthly solar radiation and maximum and minimum air temperature
during the growing period are shown in Figure 1.
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Figure 1. Mean monthly solar radiation (bars) and maximum (full line) and minimum (dot line) air
temperature of experimental site at growing period from 2015 to 2018. The first season was from
15 August 2015 to 6 January 2016; the second season was from 21 August 2016 to 12 January 2017;
the third season was from 26 August 2017 to 30 January 2018.

2.2. Experiment Design, Treatments, and Field Management

The field experiment was carried out in a completely randomized block design in the
greenhouse, including three treatments with three replications. Each plot was 1.5 × 15 m in
size with four rows, which were separated by a 0.5 m width furrow. Three treatments were
as follows: (i) farmers’ current practice (FP), as a reference treatment following the same
management practices with farmers, was designed following a previous survey of 160 local
pepper farmers [25]; (ii) soil remediation treatment (SR), aiming at soil acidification and
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soil-borne disease, using calcium cyanamide as a soil disinfectant and conditioner [32].
Meanwhile, chicken manure was replaced with compost fertilizer to reduce the nutrient
surplus, and the other management practices were the same as for FP; (iii) ISSM, based
on the SR treatment, concerning the optimal crop and nutrient management, including
decreasing the plant density by 15% [25], applying formula fertilizer, and changing the
fertilization rate and times to satisfy the nutrient demands of pepper during the growth
stage. In addition, slow-release N fertilizer was used to promote root growth at the seedling
bed for a reduction in the basal nutrient input [33]. The detailed management methods of
the different treatments are described by Wang [28] (Table 1).

Table 1. Cultivation and fertilization management for different treatments. FP, SR, and ISSM are
farmers’ current practice, soil remediation treatment, and integrated soil–crop system management,
respectively.

Treatment
Crop Management

Plant Density
(Thousand Plant ha−1)

Soil Management
Fertilization Management Total Input

(N-P2O5-K2O,
kg ha−1)

Nursery
Seedling Basal Fertilizer Top-Dressing

FP 54.6

No soil conditioner
Manure type:

chicken manure
Rate: 17.4 Mg ha−1

(N-P2O5-K2O,
kg ha−1:

407-371-338)

Conventional
nursery
seedling
(Covn)

Products: compound
fertilizer

Formula (N-P2O5-K2O):
15-15-15

Rate (N-P2O5-K2O,
kg ha−1):

101-101-101

Products: soluble
fertilizer
Formula

(N-P2O5-K2O):
13-7-40

Rate
(N-P2O5-K2O,

kg ha−1):
29.3-15.8-90

Times: 3.

537-488-529

SR 54.6

Soil conditioner:
calcium cyanamide

(45 kg N ha−1)
Manure type:

compost fertilizer
Rate: (N-P2O5-K2O,

kg ha−1):
83.3-221-79.2.

Same as FP Same as FP Same as FP 259-337-270

ISSM 51.8 Same as SR

Slow-release
fertilizer
nursery
seedling
(Crfn)

Products: formula
fertilizer

Formula (N-P2O5-K2O):
20-20-9

Rate (N-P2O5-K2O,
kg ha−1):
60-60-27

Products: soluble
fertilizer
Formula

(N-P2O5-K2O):
21-10-24

Rate
(N-P2O5-K2O,

kg ha−1):
101-48-115
Times: 5

290-329-222

2.3. Sampling and Measurements

At harvest, the pepper yield was measured continuously, with 32 plants in 4 rows at
the center of each plot. At the early anthesis and harvest stage, two plants from each plot
were taken for plant sample analysis (e.g., fruit number, single fresh fruit weight), and then
separated into straw, leaf, and fruit. The harvest index (HI) was calculated as the ratio of
the total yield to the total aboveground biomass on a dry mass basis [34].

For the analysis of the biomass and nutrient concentration, plant samples were dried in
the oven at 75 ◦C until a constant weight. Total N concentration of the plant was measured
by the Kjeldahl method [35]. An inductively coupled plasma optical emission spectroscopy
(ICP-OES, OPTIMA 3300DV, Perkin-Elmer, Waltham, MA, USA) was used to measure the
total P and K concentration of the plant. Before transplanting, eight seedlings were obtained
for measuring the dry weight of the root, shoot, and stem diameter in the conventional
nursery seedling (Covn) and controlled-release fertilizer nursery seedling (Crfn) treatment,
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respectively. The sound seedling index was an important index to indicate the strength of
seedlings, which was calculated by the following formula [36]:

Sound seedling index = (Stem diameter/Plant length +
Dry weight of roots/Dry weight of shoot) × Dry weight of whole plant

Before application of the basal fertilizer and after harvest, two random vertical soil
cores (0–40 cm) were collected in each plot and were subdivided equally, namely in
0–20 cm and 20–40 cm. Mixed soil samples were put into polyethylene bags and were
immediately brought back to the laboratory. Fresh composite soil samples were passed
through a 2 or 5 mm sieve. Soil NH+

4 -N and NO−
3 -N were extracted from subsamples

with 0.01 M CaCl2 (soil: solution ratio, 1:10) for 1 h, and then the concentration was deter-
mined by a continuous flow analyzer (TRACS 2000 system, Bran and Luebbe, Norderstedt,
Germany). Air-dried soil subsamples were used to determine pH (1:2.5 w/v, H2O) by a
glass electrode and soil organic carbon by potassium dichromate (K2CrO2) oxidation and
ferrous sulfate (FeSO4) titration [37]. Initial soil bulk densities of 0–20 cm and 20–40 cm
were determined by steel cylinders of 100 cm3 volume.

Nutrient partial factor production (PFP) and nutrient production efficiency (NPE) are
important indexes to indicate nutrient use efficiency. These indexes were calculated as
follows [38,39]:

PFP = Yield/Nutrient input rate

NPE = Yield/Nutrient uptake rate

Apparent N losses were calculated by the following equation [40]:

Apparent N losses = (Nmin-preplant + Nchemical fertilizer + Nmanure) − (Nmin-harvest + Nuptake)

where Nmin-preplant and Nmin-harvest were soil Nmin in 0–40 cm depth before transplanting
and after harvest, respectively. Nchemical fertilizer and Nmanure corresponded to the N input
from the chemical fertilizer and manure, respectively. Nuptake was the N uptake in the shoot.

2.4. Analysis of Cost and Benefit

Data of the price and cost were collected from local farmers’ surveys conducted in
2015–2018. The income, cost, and net profit were calculated as follows:

Income = Mean pepper price × fresh pepper fruit yield

Cost = Direct cost + Indirect cost

Net profit = Income − Cost

In the above equation, the mean pepper price was the average value from 2015 to 2018,
and the direct cost included the disbursement of seedling, fertilizer, pesticide, labor, mulch,
and electric power, while the indirect cost included the depreciation of the structure of the
greenhouse (plastic film, steel, and drip irrigation tape).

2.5. Data Statistical Analysis

To assess the effect of different treatments and seasons on the yield, yield component
index, nursery seedling index, soil quality, and nutrient uptake, a one-way analysis of vari-
ance (ANOVA) was conducted. When the ANOVA was significant, multiple comparisons
were performed using the Fisher Least Significant Difference (LSD) at p < 0.05 via the SPSS
Statistics 23.0 software. Regression analysis and graphs were created by Sigmaplot 12.5
and Microsoft Excel 2016.
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3. Results
3.1. Yield and Yield Components

The results indicated that the optimized treatment (SR and ISSM) significantly in-
creased the fresh fruit yield (Table 2). Compared to FP (40.7 Mg ha−1), the mean sea-
sonal yields in the three seasons were increased by 6.9% and 17%, respectively, for SR
(43.5 Mg ha−1) and ISSM (47.7 Mg ha−1, Table 2). The variation was significant among
seasons, especially in the 2016–2017 season, during which the yield was notably lower.

Table 2. Fresh fruit yield, fruit number per plant, single fresh fruit weight (SFW), biomass, and
harvest index (HI) in three seasons from 2015 to 2018. FP, SR, and ISSM are farmers’ current practice,
soil remediation treatment, and integrated soil–crop system management, respectively.

Season Treatment Fresh Fruit Yield
(Mg ha−1)

Fruit Number
per Plant

SFW
(g)

Biomass
(Mg ha−1) HI

2015–2016
FP 45.2 c 13.2 b 74.9 b 8.15 b 0.70 a
SR 48.0 b 12.7 b 84.1 a 8.20 b 0.70 a

ISSM 53.0 a 16.7 a 82.9 a 8.66 a 0.71 a

2016–2017
FP 32.5 b 8.8 b 72.0 a 7.98 a 0.55 b
SR 34.9 ab 9.6 ab 68.2 a 8.04 a 0.61 a

ISSM 37.3 a 10.9 a 77.9 a 8.19 a 0.62 a

2017–2018
FP 44.3 b 10.0 b 75.9 a 7.40 b 0.68 a
SR 47.6 b 11.2 b 74.7 a 7.76 ab 0.69 a

ISSM 52.7 a 14.0 a 76.4 a 8.08 a 0.68 a
Source of variation

Treatment (T) *** *** ns * *
Season (S) *** *** * ** ***

T × S ns ns ns ns *

*** Significant at p < 0.001, ** significant at p < 0.01, * significant at p < 0.05, ns, not significant. Values represent the
mean of three replications. Within the same season, different lowercase letters indicate significance at p < 0.05 by LSD.

In the yield components, the fruit number per plant of SR was increased by 4.9% whilst
ISSM increased by 30% relative to FP, on average (Table 2). The single fresh fruit weight
(SFW) of SR and ISSM also showed an increasing trend, although these differences were not
significant among different treatments. Meanwhile, ISSM (8.08 Mg ha−1) obtained the high-
est biomass, with an increase of 9.2% relative to FP (7.40 Mg ha−1), and SR (7.76 Mg ha−1)
increased the biomass by 4.9% (Table 2). As shown in Table 2, there was also a significant
difference in the harvest index (HI) among treatments, but it was only observed in the
second season.

3.2. Seedling Growth and Sound Seedling Index

A better effect was obtained through the slow-release fertilizer nursery (Figure 2).
Compared with the conventional nursery seedling treatment (Covn), the mean seasonal
dry weight of the shoot and root were increased by 76% and 45%, respectively, following
the slow-release fertilizer nursery seedling treatment (Figure 2A,B). Furthermore, the plant
height, stem diameter, and SPAD of Crfn were 26%, 21%, and 20% higher than those of
Covn, respectively (Figure 2C–E). The differences in these indexes reached significant levels
among seasons, except for SPAD. As shown in Figure 2F, the sound seedling index of Crfn
was 44% higher than that of Covn, which indicates that the seedlings of Crfn were stronger.
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Figure 2. Dry weight of shoot (A), dry weight of root (B), plant height (C), stem diameter (D),
SPAD (E), and sound seedling index (F) of different nursery seedling treatments in three seasons from
2015 to 2018. Covn and Crfn are conventional nursery seedling and controlled-release fertilizer nurs-
ery seedling, respectively. Vertical bars represent S.D. of means for three replications. *** Significant
at p < 0.001; ** significant at p < 0.01; ns, not significant.

3.3. Soil pH and Soil Organic Carbon

As presented in Figure 3, applying soil remediation management (SR, ISSM) con-
tributed to improving the soil pH. In the 2016–2017 and 2017–2018 seasons, compared to
FP, the soil pH was increased by 0.31 to 0.39 units following SR and ISSM. However, the
soil organic carbon rarely changed among treatments, ranging from 13.7 to 15.8 g C kg−1

air-dry soil, and a significant difference was not shown between seasons.
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Figure 3. Soil pH (A) and soil organic carbon (B) of different nursery seedling treatments in three seasons
from 2016 to 2018. FP, SR, and ISSM are farmers’ current practice, soil remediation treatment, and integrated
soil–crop system management, respectively. Vertical bars represent S.D. of means for three replications..
Within the same season, different lowercase letters indicate significance at p < 0.05 by LSD.
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3.4. Relation between Leaf Nitrogen Concentration and Fruit Number per Plant at Early
Anthesis Stage

Concerning the fruit number, there was a quadratic relation between the leaf N
concentration at the early anthesis stage and fruit number per plant, which indicates that
a higher leaf N concentration at the anthesis stage was beneficial to increase the fruiting
rate within limits (Figure 4). In each growing season, the leaf N concentration of ISSM was
higher than that of FP and SR at the early anthesis stage. That could be the reason why the
ISSM treatment obtained a higher fruit number per plant.
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Figure 4. Relation between leaf N concentration and fruit number per plant at early anthesis stage
in three seasons from 2015 to 2018. FP, SR, and ISSM are farmers’ current practice, soil remediation
treatment, and integrated soil–crop system management, respectively. Each point represents seasonal
mean value of three replications, and error bars are given as S.D. ** Significant at p < 0.01.

3.5. Nutrient Use Efficiency

The higher yield contributed to the higher nutrient use efficiency. Overall, both the
PFPs and NPEs of the SR were significantly lower in each season. In addition, the SR
treatment showed a similar impact on the PFP-N with ISSM. Compared to FP, the ISSM
and SR increased the PFP-N by 122% and 117%, respectively. As for the PFP-P and PFP-K,
the highest values of PFP were obtained under the ISSM treatment, being 73.5% and 179%
higher than those of FP, whilst the effect of SR on the PFP-P and PFP-K was slightly lower
relative to ISSM. Due to the lower yield, the PFPs in the second season were significantly
lower than the other two seasons (Figure 5A–C).

There was a similar trend to the PFP in that the higher yield led to the higher NPE.
Compared to FP, the SR and ISSM increased the NPE-N by 5.9% and 9.5%, NPE-K by 5.6%
and 9.2%, and NPE-K2O by 3.8% and 14.1%, respectively. As well as the PFPs, the NPEs in
the second season were also significantly lower (Figure 5D–F).
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Figure 5. Relation of nutrient efficiencies and yield in three seasons from 2015 to 2018. (A–C) are PFP
of N, P, and K, respectively, (D–F) are NPE of N, P, and K, respectively. FP, SR, and ISSM are farmers’
current practice, soil remediation treatment, and integrated soil–crop system management, respectively.
Each point represents seasonal mean value of three replications, and error bars are given as S.D.

3.6. Apparent N Losses

Obviously, ISSM and SR significantly decreased the apparent N losses through the
reduction in the exogenous N input (Table 3). Overall, the exogenous N inputs (chemical
fertilizer, manure, and calcium cyanamide) were reduced by 248 and 279 kg N ha−1, with a
decrease of 46% and 52% relative to FP, respectively. The seasonal N uptake of the shoot under
the SR and ISSM treatment showed an increasing trend relative to the FP treatment, but no
significance was observed in the 2016–2017 and 2017–2018 seasons. In addition, the soil Nmin
hardly changed before planting and after harvest especially in the 2015–2016 and 2017–2018
seasons. The amounts of the seasonal mean apparent N loss in the FP, SR, and ISSM were
376, 122, and 131 kg ha−1, respectively. Compared with the FP treatment, the SR and ISSM
treatments significantly decreased the apparent N loss by 67% and 65%, respectively, while
the variations in the apparent N loss among different seasons were large (Table 3). Especially,
the apparent N loss in the 2017–2018 season was significantly lower than that of the other two
seasons, which was attributed to the higher amount of soil Nmin residue after harvest.

Table 3. Seasonal N input, output, and apparent N losses during the period in three seasons from 2015
to 2018. FP, SR, and ISSM are farmers’ current practice, soil remediation treatment, and integrated
soil–crop system management, respectively.

Season Item
Treatment

FP SR ISSM

2015–2016

Input (kg N ha−1)

Chemical fertilizer 130 130 161
Manure 407 83.3 83.3

Calcium cyanamide 0 45 45
0–40 cm soil Nmin-preplant 453 a 453 a 453 a

Output (kg N ha−1)
Shoot uptakez 186 b 191ab 205 a

0–40 cm soil Nmin-harvest 411 a 400 a 459 a
Apparent N loss (kg N ha−1) 394 a 121 b 78 b
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Table 3. Cont.

Season Item
Treatment

FP SR ISSM

2016–2017

Input (kg N ha−1)

Chemical fertilizer 130 130 161
Manure 407 83.3 83.3

Calcium cyanamide 0 45 45
0–40 cm soil Nmin-preplant 517 a 538 a 491 a

Output (kg N ha−1)
Shoot uptakez 140 a 169 a 173 a

0–40 cm soil Nmin-harvest 419 a 422 a 387 a
Apparent N lossz (kg N ha−1) 470 a 210 b 221 b

2017–2018

Input (kg N ha−1)

Chemical fertilizer 130 130 161
Manure 407 83.3 83.3

Calcium cyanamide 0 45 45
0–40 cm soil Nmin-preplant 415 a 430 a 431 a

Output (kg N ha−1)
Shoot uptakez 202 a 205 a 216 a

0–40 cm soil Nmin-harvest 487 a 447 a 410 a
Apparent N loss z (kg N ha−1) 263 a 36 b 94 b

z Within the same season, different lowercase letters indicate significance at p < 0.05 by LSD.

3.7. Cost and Benefit

The higher yield made higher incomes, and SR and ISSM obtained a larger net profit
due to increases in the yield. Compared to FP, the mean seasonal incomes were increased by
1.91 thousand $ ha−1 and 2.92 thousand $ ha−1 under SR and ISSM. Although unfavorable
climate conditions in the 2016–2017 season resulted in a lower yield, the income was not
affected because of a higher pepper price. In comparison to FP, the costs of the SR and
ISSM treatment were higher, which was caused by a greater cost of seedling, fertilizer, and
labor. Because of a lower plant density, the cost of seed was reduced by $73 ha−1 under the
ISSM treatment relative to the other two treatments (Table 4). It was worthwhile to note
that ISSM increased the production costs, but the higher incomes offset the increase in the
cost, so achieved the largest economic benefits, with net profit up to 6.07 thousand $ ha−1

to 8.17 thousand $ ha−1 per season, which is 27.7% higher than FP.

Table 4. Income, cost, and net profit of different treatments in three seasons from 2015 to 2018. FP, SR,
and ISSM are farmers’ current practice, soil remediation treatment, and integrated soil–crop system
management, respectively.

Season Treatment
Income

(Thousand $ ha−1)
Cost (Thousand $ ha−1) Net Profit

($ ha−1)Seedling Fertilizer Pesticide Labor Other z

2015–2016
FP 12.85 c 1.32 1.73 1.27 1.90 2.46 4.16 c
SR 14.10 b 1.32 2.16 1.27 2.55 2.46 4.33 b

ISSM 16.10 a 1.26 2.32 1.27 2.72 2.46 6.07 a

2016–2017
FP 15.29 b 1.32 1.73 1.27 1.90 2.46 6.60 b
SR 16.68 ab 1.32 2.16 1.27 2.55 2.46 6.91 ab

ISSM 17.64 a 1.26 2.32 1.27 2.72 2.46 7.62 a

2017–2018
FP 15.04 b 1.32 1.73 1.27 1.90 2.46 6.35 b
SR 18.14 a 1.32 2.16 1.27 2.55 2.46 8.37 a

ISSM 18.20 a 1.26 2.32 1.27 2.72 2.46 8.17 a
z Other included cost of mulch, electric power, and depreciation of structure of greenhouse (plastic film, steel, and
drip irrigation tape). Within the same season, different lowercase letters indicate significance at p < 0.05 by LSD.

3.8. Comprehensive Evaluation

In this study, the comprehensive evaluation involved the yield, soil quality, nutrient
use efficiency, apparent N loss, and economic benefit. The ISSM reached the largest area,
and indicated the best results, especially for the yield, soil pH, NPE-N, apparent N losses,
and net profit (Figure 6). Concerning the soil organic carbon and PFP-N, the effects of ISSM
were very close to SR, which were far better than FP. In general, the SR and ISSM treatment
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could obtain a better result in the yield, soil quality, nutrient use efficiency, apparent N
losses, and economic benefit than the FP treatment (Figure 6).
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4. Discussion

Improving the vegetable yield sharply and maintaining sustainable production simul-
taneously remains a great challenge in China. This study clearly demonstrated that ISSM
possesses a prominent advantage in boosting the vegetable yield. The results indicated that
ISSM could increase the fresh fruit pepper yield by 17% relative to FP. Such an increase
in yield is greater than that through individual improvement methods [18,41], but lower
than former reports in cereal crops [19,23]. Firstly, a poor nutrient absorption capacity and
short growth duration hinder the effect of optimizing nutrient management on the yield.
Secondly, the yield potential for pepper in this region is lower than that in cereals [23,25].
Thirdly, a lack of fundamental studies limits the design of a systematic management ap-
proach, such as matching solar radiation and the heat source, which needs more studies to
reveal the effect of the biophysical context on vegetable growth. So, a larger yield potential
may be achieved by further optimizing systematic management strategies.

In this study, soil remediation treatment (SR), as a single optimal approach, also
contributed to improving the pepper yield, with an increase of 6.9%, which indicates
that soil quality decline, especially soil acidification, has become an important constraint
to the yield in greenhouse vegetable production. Due to long-term excessive fertilizer
application, the soil pH is <5.0 in this study, impeding the root growth and nutrient
absorption, whilst amending the soil pH favors plant growing [42], through mitigating
acidic toxicity, modulating microbial communities [43,44], and improving soil nutrient
availability [45]. However, the addictive effects of the application of calcium cyanamide
on the soil pH were not detected, i.e., variation in the soil pH within the same treatment
(SR, ISSM) not being significant between seasons (Figure 3), which may be attributed to
a very low initial soil pH and short experimental duration. In addition, the effect of soil
conditioner on the soil pH tends to first rapidly increase, and then slowly [46]. Similarly, a
relatively high soil organic carbon and shorter time cause little change in SOM. Therefore,
mitigating soil degradation needs long-term synthetic management approaches, such as
improving the soil structure, aggregate, soil organic matter, and acid-base buffer capacity.

The high yield was a benefit of increasing the fruit number per plant (Table 2). Al-
though the plant density of ISSM was reduced, the fruit number unit area was still increased
relative to FP. In the 2016–2017 season, the pepper yield was significantly lower (Table 2),
which resulted from lacking enough solar radiation during the fruit-bearing period in
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October (Figure 1). Rylski and Halevy [47] reported a lower light intensity could induce
more flower abscission. In addition, there was a quadratic relation between the leaf N con-
centration at early anthesis and fruit number per plant (Figure 4). The result demonstrated
that a higher leaf N concentration within limits at early anthesis could increase the fruit
number per plant, whereas the contradictory results were reported by Sui et al. [48]. The
leaf N concentration of the previous reports may overstep inflexion, so more flowers and
fruits drop. Moreover, optimal plant population could improve the vegetable yields of
vegetables [49]. Wang et al. [25] found that there was a negative correlation between the
plant density and pepper yield in a farmers’ survey in the Yangtze River Basin. A proper
density is beneficial to make full use of light, heat, water, and nutrient resources [30,50],
which contribute to a higher fruit number per plant and larger biomass.

Enhancing the nutrient use efficiency is helpful to mitigate the environmental im-
pacts [51]. In this study, the increases in the PFPs and NPEs mainly resulted from higher
yields and lower nutrient input following systematic approaches (Figure 5). The effects
of SR indicated soil remediation is an important contributor to improving the nutrient
use efficiency. Promoting nutrient uptake is an essential way to reduce apparent N losses.
Firstly, the application of calcium cyanamide and raising the soil pH promotes plant root
growing [52], and thus increases the N uptake even though there is a reduction in the N
rate. Secondly, applying the slow-release fertilizer nursery improved the seedling quality
(Figure 2), and stronger seedlings benefit from the nutrient uptake, which then alleviates
the dependence on basal N fertilizer [28,33]. Due to the initial high N surplus per season,
substantial N remains in the soil in greenhouses [53–55]. In this study, the significant
difference was not shown between treatments (Table 3), which might be associated with
a high N residue (Nmin at 0–40 cm up to 400~500 kg N ha−1). Far worse, such a high
Nmin causes a severe risk of water contamination, so more studies are needed to further
decrease Nmin to appropriate levels through innovative technologies, such as the use of
inhibitors [33] and controlled-released fertilizer [56]. In addition, changing the organic fer-
tilizer type and ratio of organic to inorganic fertilizer should be considered as an important
component for further optimizing ISSM for greenhouse vegetable systems, to reduce soil
phosphorus accumulation.

5. Conclusions

This study presented the finding that ISSM improved the vegetable yield and eco-
nomic benefits simultaneously by reducing the environmental risk in greenhouse vegetable
systems. The main conclusions are summarized as follows: (i) Compared to FP, the ISSM
delivered a nearly 20% increase in the fresh fruit pepper yield with less than 300 kg N ha−1

input per season, attributed to an increase in the fruit number per plant under ISSM; (ii) the
ISSM contributed to increasing the concentration of leaf N that positively correlated with
the fruit number per plant; (iii) the ISSM gained a higher nutrient use efficiency, fewer
apparent N losses, and better economic benefit than FP. Therefore, the ISSM is available
to achieve the “double-wins” goals of higher yields with lower environment costs, which
provides a promising way towards sustainable vegetable production in China.
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