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Abstract: The tremendous scale of protected vegetable cultivation incidentally produces considerable
vegetable residue, which refers to the remaining parts of plants after the final harvest. The low use
rate of vegetable residue results in nutrient waste and environmental pressure in China. In this study,
we put forward vegetable residue directly returned to the soil and investigated its feasibility. Residue
return was steadily conducted 5 times in a Chinese solar greenhouse with the cucumber–tomato
rotation pattern. Results showed that residue return increased the soil alkali-hydrolysed nitrogen
and available potassium contents by 4.97–26.22% and 9.31–21.92%, respectively, along with slightly
reduced soil pH and bulk density by 1.00–5.39% and 6.72–11.81%, respectively. Gemmatimonadetes,
Firmicutes, Acidobacteria, Basidiomycota, and Mortierellomycota were the major phyla with noticeable
changes when residue return was conducted 5 times. Fruit yield began to obtain remarkable increase
by 5.81–9.26 t·ha−1 after residue return was conducted 3 times, bringing about additional profits of
5382.0–8519.2 USD·ha−1. Residue return could cut down the disposal expense of vegetable residues
by 480.89 USD·ha−1. Moreover, residue return could supplement nutrients to soil, potentially
contributing to reducing chemical fertilizer inputs. In conclusion, in situ vegetable residue return
could be considered to be a feasible and sustainable use technique for vegetable residues in the
Chinese solar greenhouse.

Keywords: vegetable residues; physicochemical characteristics; microbial communities; yield;
feasibility

1. Introduction

With rapid economic development and population growth, the area of protected
vegetable cultivation in China has dramatically increased, approaching 3.92 million ha in
2016. The enormous cultivated scale incidentally produces considerable vegetable residues,
which are the remaining parts of vegetable plants after the final harvest. In view of the
reported total vegetable residues in China [1] and the proportion of vegetable yield in
protected facilities among the total vegetable production [2], it is estimated that vegetable
residues from protected vegetable cultivation amounted to almost 73.78 million tons in
2016. Based on the reported contents of organic matter (approximately 70%, dry basis),
nitrogen (N, approximately 3.45%, dry basis), phosphorus (P, approximately 0.84%, dry
basis), and potassium (K, approximately 2.46%, dry basis) [1], vegetable residues contain
approximately 5.16 million tons of organic matter, 0.25 million tons of N, 0.06 million tons
of P, and 0.18 million tons of K. Considering the high nutrient level, vegetable residues
could be reused as a nutritional resource.

Currently, the main use methods for vegetable residues are anaerobic digestion [3] and
composting [4]. The former converts vegetable residues into ethanol and biogas [5]. Due to
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the complexity of the process of anaerobic digestion and its equipment requirements, it has
not been widely applied in the process of vegetable residue use [6]. Composting is consid-
ered an economic technique to help increase vegetable residue use [7]. Returning compost
to the soil can improve the soil physicochemical and microbiological characteristics [8].
However, the release of CO2 and NH3 during the composting process resulted in severe
losses of N and carbon (C) [9]. Additionally, the application of the immature compost has
adverse effects on seed germination, root elongation, and plant growth [10]. Moreover,
the unfavourable aspects of composting (such as transportation, site, labour requirement,
and bad smell) have made it unpopular. Therefore, most vegetable residues are simply
and carelessly thrown away or incinerated in China; this results in groundwater pollution,
greenhouse gas emissions, and detrimental pathogen breeding [11]. Improper disposal
is not only a severe waste of resources but also a great challenge to the environmental
carrying capacity. Hence, the exploration of the feasible and economic techniques for the
use of vegetable residue is urgently needed.

Vegetable residues are rich in nutrient and organic matter, such as crop straw. Crop
straw return could increase soil fertility and reduce chemical fertilizer input. Additionally,
crop straw return is an efficient practice to sequestrate soil carbon, which could mitigate
climate change [12]. In addition, crop straw could also mitigate environment pollution
by reducing straw-burning activities [13]. Hence, crop straw return has been verified
as a techno–economic technology. However, the research and application of vegetable
residue return is always neglected due to its characteristics, such as high water content, low
C/N ratio, and, most importantly, the possibility of carrying detrimental pathogens [14].
Therefore, the effects of vegetable residue return on soil, climate, and the environment are
not clear. Recently, the risk of carrying detrimental pathogens have been markedly reduced
by effective preventive measures coping with diseases and insect pests during the whole
cultivation process. Hence, we put forward in situ vegetable residue return, and conducted
in situ vegetable residue return in the typical Chinese solar greenhouse.

In China, tomato and cucumber are the main vegetables produced in protected cultiva-
tion, and their cultivation areas are 0.78 and 0.58 million ha in 2016, respectively [15]. The
cucumber–tomato rotation cultivation pattern is commonly adopted to reduce the adverse
effects of continuous cropping on soil quality. Hence, this study was designed to investigate
the effects of in situ vegetable residue return on soil physicochemical characteristics, soil
microbial communities, and vegetable yield with the cucumber–tomato rotation cultivation
pattern. Our results will provide a better understanding of the technical feasibility of the
application of in situ vegetable residue return in the Chinese solar greenhouse.

2. Materials and Methods
2.1. Experimental Site Description

The experiment was conducted from 2017 to 2020 at Shinong Farm (36◦55′ N, 118◦45′

E) in Shouguang city, Shandong province, China. The length and span of the east–west
greenhouse was 62 m and 10 m, respectively. Prior to the experiment, the physicochemical
characteristics of the soil in the 0–20 cm soil layer and the initial vegetable residues are
shown in Table 1.

Table 1. The soil physicochemical characteristics.

Samplings pH TC
(g·kg−1)

TN
(g·kg−1) C/N TP

(g·kg−1)
TK

(g·kg−1)
AN

(mg·kg−1)
AP

(mg·kg−1)
AK

(mg·kg−1)
Dry Weight
(kg·ha−1)

Soil 7.01 20.28 2.25 9.05 1.53 18.74 208.06 36.35 428.46 -

Residues - 286.41 24.12 11.99 3.52 16.29 - - - 1955.84

TC, total carbon; TN, total nitrogen; C/N, the ratio of TC to TN; TP, total phosphorus; TK, total potassium; AN, alkali-hydrolysed nitrogen;
AP, available phosphorus; AK, available potassium.
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2.2. Experimental Design

The non-vegetable residue return treatment (CK) and vegetable residue return treat-
ment (R) were set up. After the final harvest of each cultivation, vegetable residues obtained
in CK were removed from the greenhouse. Vegetable residues in R were crushed to less
than 3 cm fragments and directly returned to the soil, whereafter sufficient water was
irrigated to the soil in both treatments, and then the greenhouse was sealed. In winter,
the steps of irrigating and sealing the greenhouse were omitted. The greenhouse began to
ventilate before transplanting. After 7 days, the seedlings with two true leaves were trans-
planted. Other management measures of the vegetables in the two treatments remained
the same.

Based on the cucumber–tomato rotation cultivation pattern, in situ vegetable residue
return was conducted 5 times in R in the greenhouse. The cultivated vegetables were in
order as follows: cucumber, tomato, cucumber, tomato, and cucumber. The varieties of
cucumber and tomato were ‘Biyu’ and ‘Chulian’, respectively. Plant densities of cucum-
ber and tomato were 3.97 plant·m−2 and 2.65 plant·m−2, respectively. According to the
typical occurrence frequency of insect pests and diseases in the greenhouse, a series of
precautionary measures were taken during cultivation (Table S1).

2.3. Soil Physicochemical Characteristics

Soil samples were taken at the post-returning stage (post, at the beginning of trans-
planting) and the pre-returning stage (pre, at the end of final harvest). Five random soil
cores (6 cm in diameter) were taken in the 0–20 cm soil layer along with an “S” shaped
transect, then mixed thoroughly as a sample. Each treatment had three biological repe-
titions at each stage. Soil samples were subsequently sieved (2 mm) and then separated
into two parts: one part was frozen at −80 ◦C for DNA extraction, and the other part was
air-dried for the determination of physicochemical characteristics.

pH was measured in a 1:5 (w/v) deionized water extract using a compound elec-
trode (PB-10, Sartorious, Germany). Bulk density was measured with the cutting ring
method [16]. The alkali-hydrolysed nitrogen (AN) content was determined by the alkali dif-
fusion method [17]. The available phosphorus (AP) and available potassium (AK) contents
were determined by ICP-AES (ICP6300, Thermo, USA) [18]. The total phosphorus (TP)
and total potassium (TK) contents were measured by ICP-AES (ICP6300, Thermo, USA)
according to Hao et al. (2018) [19]. The total carbon (TC) and total nitrogen (TN) contents
were determined using an element analyser (Vario Macro, Elementar Analysensysteme
GmbH, Germany).

2.4. Soil Microbial Communities

The effect of continuous residues return on soil microbial communities was investi-
gated at the 5th post-returning stage and the 6th pre-returning stage. The genomic DNA of
each soil sample was extracted using a PowerSoil DNA Isolation Kit (MoBio, Carlsbad, CA,
USA) according to the manufacturer’s instructions. All extracted DNAs were preserved at
−80 ◦C for further sequencing on the Illumina MiSeq platform (Illumina Inc., San Diego,
CA, USA). The V3–V4 hypervariable region of the bacterial 16S rDNA genes and the ITS re-
gion of the fungal 18S rDNA genes were subjected to high-throughput sequencing. Accord-
ing to the manufacturer’s recommendations, the V3–V4 region was amplified using 338F
(5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GACTACHVGGGTWTCTAAT-3′)
primers [20]. The ITS region was amplified using ITS1-F (5′-CTTGGTCATTTAGAGGAAGT-
3′) and ITS2 (5′-TGCGTTCTTCATCGATGC-3′) primers [21]. The unique sequence set was
classified into operational taxonomic units (OTUs) at a threshold of 97% identity using
UPARSE [22].

2.5. Fruit Yield and Physicochemical Characteristics of Vegetable Residues

Fruit yield was counted during the cultivation process. Vegetable residues in each
treatment were randomly collected at the pre-returning stage. The dry weight of each
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sample was measured by an electronic balance after the residues were dried at 105 ◦C for
15 min and then at 75 ◦C to a constant weight. The dry residues were then ground for
the determination of their physicochemical characteristics. The TC and TN contents of
vegetable residues were determined using an element analyser (Vario Macro, Elementar
Analysensysteme GmbH, Germany). The TP and TK contents of vegetable residues were
determined by ICP-AES (ICP6300, Thermo Fisher Scientific, USA) according to Gao et al.
(2018) [23].

2.6. Statistical Analysis

Statistically significant differences between CK and R at each stage were analysed
using t-test at the p < 0.05 level with IBM SPSS 19.0. The relationships between soil
physicochemical characteristics and soil microbial communities were analysed using re-
dundancy analysis (RDA). CANOCO 5.0 software was used to extract the physicochemical
characteristics which had the most decisive influence on microbial communities.

3. Results and Discussion
3.1. Vegetable Residue Return Improved Soil Physicochemical Characteristics

In situ vegetable residue return led to the significant variations in the soil physico-
chemical characteristics as shown in Table 2. The soil TC and TN contents and the soil
C/N ratio cannot only be used to evaluate the soil quality but also reflect the comprehen-
sive effect of C and N cycles [24]. Residue return increased the soil TN and AN content by
4.98–52.57% and 4.97–26.22%, respectively, compared with CK (Table 2). The lower C/N ra-
tio of vegetable residues and the increased soil TN content resulted in a decreased soil C/N
ratio (Table 2), accelerating the release of N from the soil as well as the mineralization of
soil organic N [25]. In addition, residue return increased the soil AK content by 9.31–21.92%
(Table 2). K, which exists in the ionic form in plants, can be released to soil and be reused
after crop straw return [26]. Except for the K provided directly by the decomposition of
vegetable residues, the increased soil AK content could also be attributed to the decreased
soil pH (Table 2), which might accelerate the transformation of mineral K to AK through
acidolysis [27]. Residue return increased soil TP content at the 1st post-returning stage and
the 6th pre-returning stage by 10.22% and 6.99%, respectively. In addition, residue return
increased soil AP content at the 2nd pre-returning stage, 3rd and 4th post-returning stages
by 14.33%, 27.00%, and 4.80%, respectively.

Residue return decreased soil pH by 1.00–5.39%, which was partly due to the organic
matter decomposition producing organic and inorganic acids [28,29]. Increased soil TN
and AN content could also lead to decreased soil pH [30]. Meanwhile, residue return
reduced bulk density by 6.72–11.81%, consistent with the phenomenon observed under the
situation of crop straw return [31]. A decrease in bulk density can promote root growth,
leading to an increase in nutrient absorption and the promotion of plant growth [32].
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Table 2. The soil physicochemical characteristics.

Sampling Times Treatments pH Bulk Density
(g·cm−3)

TC
(g·kg−1)

TN
(g·kg−1) C/N TP

(g·kg−1)
TK

(g·kg−1)
AN

(mg·kg−1)
AP

(mg·kg−1)
AK

(mg·kg−1)

1st post (2017.09.01)
CK 7.12 0.96 23.16 3.50 6.65 1.86 20.84 218.75 17.01 514.76
R 6.86 * 0.92 29.52 * 5.34 * 5.55 * 2.05 * 20.93 271.25 * 16.48 606.73 *

2nd pre (2017.12.21)
CK 7.23 1.25 26.43 2.99 8.87 2.52 20.62 175.00 39.36 457.98
R 6.84 * 1.13 * 25.06 3.15 7.99 * 2.42 20.66 201.25 * 45.00 * 536.73 *

2nd post (2018.02.02)
CK 7.11 1.11 24.00 3.28 7.32 2.52 22.57 180.83 43.71 637.14
R 6.91 * 1.16 23.66 3.64 * 6.50 * 2.48 22.40 221.67 * 40.12 737.17 *

3rd pre (2018.07.26)
CK 7.44 1.31 15.18 1.97 7.70 2.46 21.45 151.67 44.66 411.43
R 7.17 * 1.18 * 15.65 2.16 7.26 * 2.47 20.08 186.67 * 45.08 487.19 *

3rd post (2018.11.02)
CK 7.32 1.06 16.41 2.46 6.68 2.78 22.58 134.33 23.52 693.75
R 6.97 * 0.94 * 16.10 2.58 6.24 * 2.63 22.02 143.87 * 29.87 * 767.65 *

4th pre (2019.07.15)
CK 7.72 1.18 16.88 2.01 8.42 2.78 21.19 129.89 31.37 582.58
R 7.64 * 1.08 * 16.89 2.11 * 8.01 2.46 * 20.23 * 136.34 * 30.25 638.08 *

4th post (2019.09.01)
CK 7.63 1.21 17.28 2.12 8.17 2.66 20.74 118.99 36.90 724.62
R 7.5 * 1.11 * 20.80 * 2.41 8.71 2.79 20.11 * 148.22 * 38.67 * 883.43 *

5th pre (2020.07.15)
CK 8.04 1.27 17.00 2.04 8.38 2.65 16.22 134.73 34.99 389.93
R 7.96 * 1.12 * 19.21 * 2.17 8.84 2.75 16.80 * 170.06 * 35.74 435.55 *

5th post (2020.09.01)
CK 7.88 1.18 18.92 2.48 7.63 2.89 17.32 103.35 43.55 769.95
R 7.72 * 1.06 18.73 2.64 * 7.08 2.64 17.75 * 115.75 * 44.29 847.90 *

6th pre (2020.12.21)
CK 8.08 1.19 19.23 2.01 9.57 2.54 18.04 90.09 43.91 605.95
R 8.01 * 1.11 * 18.62 2.18 * 8.53 * 2.71 * 18.19 101.63 * 43.00 662.35 *

CK, the non-vegetable residue treatment; R, the vegetable residue treatment; pre, the pre-returning stage; post, the post-returning stage; number from 1 to 6, the times of in situ vegetable residue return. TC, total
carbon; TN, total nitrogen; C/N, the ratio of TC to TN; TP, total phosphorus; TK, total potassium; AN, alkali-hydrolysed nitrogen; AP, available phosphorus; AK, available potassium. Statistically significant
differences were analysed between CK and R at each stage using t-test. *, p < 0.05.
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3.2. Changes in Microbial Communities
3.2.1. The Alpha Diversity of the Microbial Communities Affected by Vegetable
Residue Return

Alpha diversity can be used to evaluate the diversity and richness of soil microbial
communities. The Good’s coverage value (approximately 0.97) indicated that the sequenc-
ing depth well captured most microbes in the communities. A previous study showed that
crop straw return could enrich microbial diversity [33]. In this study, the Chao1 and Shan-
non indexes of bacteria were significantly higher than those in CK at the 5th post-returning
stage (Table 3), indicating that residue return enriched the soil bacterial communities. Due
to the cultivation of vegetable plants and the self-regulation of soil, the effect of residue
return on the alpha diversity of soil bacteria was weakened at the 6th pre-returning stage.
However, the Shannon indexes of fungi communities was affected by residue return at the
6th pre-returning stage.

Table 3. The alpha diversity of the microbial communities.

Sampling Time Treatments
Bacteria Fungi

Chao1 Shannon Chao1 Shannon

5th post (2020.09.01)
CK 3016.73 9.16 438.58 4.17
R 3320.29 * 9.54 * 497.31 4.71

6th pre (2020.12.21)
CK 3447.14 9.83 464.47 4.43
R 3574.52 9.79 532.10 5.07 *

CK, the non-vegetable residue treatment; R, the vegetable residue treatment; pre, the pre-returning stage; post, the post-returning stage;
number 5 and 6, the times of in situ vegetable residue return. Statistically significant differences were analysed between CK and R at each
stage tested using t-test. *, p < 0.05.

3.2.2. Dominant Taxa at the Phylum Level Affected by Vegetable Residue Return

The OTU representative sequences were analysed at a 97% similarity level. A total of
43 bacterial phyla and 16 fungal phyla were detected in each treatment. The predominant
bacterial phyla of soil in the greenhouse were Proteobacteria (31.24–37.06%), Actinobacteria
(10.78–11.37%), Acidobacteria (9.34–15.75%), Chloroflexi (10.27–11.33%), Gemmatimonadetes
(7.72–10.74%), Firmicutes (5.01–11.18%), and Bacteroidetes (6.61–7.65%) (Figure 1a). The
total abundance of these phyla was more than 90%. However, just limited bacterial phyla
were significantly affected by the continuous residue return. At the 5th post-returning
stage, the relative abundance of Gemmatimonadetes increased by 39.12% (Figure 1a).
Gemmatimonadetes was known to have a positive correlation with soil N content [34].
The increased relative abundance of Gemmatimonadetes echoes the increased soil TN
and AN content (Table 2). Firmicutes can hydrolyse polysaccharides. Residue return
significantly reduced the relative abundance of Firmicutes at the 5th post-returning stage
(CK: 11.18%, R: 6.14%; Figure 1a). The decomposed process of residue return was equal to
the natural decomposition. As the decomposition proceeded, the relative abundance of
Firmicutes could drastically decrease [35]. At the 6th pre-returning stage, reduced relative
abundance of Acidobacteria was observed in R (CK: 15.75%, R: 9.34%; Figure 1a). The
relative abundance of Acidobacteria could reflect the nutrient level of soil [36]. This was
most probably attributed to its weaker competitiveness under the higher nutrient level of
soil in R (Table 2).

For fungi, Ascomycota was the predominant phylum of soil in the greenhouse, account-
ing for more than 60% of the fungal communities (Figure 1b); this result was consistent
with the results found in field soil [37,38]. However, significant changes in the relative
abundances of fungi phyla were only found at the 5th post-returning stage. The relative
abundance of Basidiomycota increased by 236.84% (CK: 0.38%, R: 1.28%; Figure 1b), while
the relative abundance of Mortierellomycota decreased by 57.01% (CK: 5.49%, R: 2.36%;
Figure 1b). Basidiomycota can decompose recalcitrant lignin [39], and Mortierellomycota
can decompose sugars and simple polysaccharides [40]. These changes in the relative
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abundances of fungi phyla indicated that the decomposition process of vegetable residues
might have switched from simple sugars to recalcitrant compounds.
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3.2.3. Dominant Taxa at the Genus Level Affected by Vegetable Residue Return

At the genus level, in addition to unidentified genera, 396 bacterial genera and 208
fungal genera were detected. Pseudomonas (1.90–7.52%), Bacillus (2.34–6.08%), Sphingomonas
(1.79–3.44%), Steroidobacter (1.75–2.73%), RB41 (1.18–2.91%), Nonomuraea (0.58–1.93%), Mi-
crovirga (0.81–1.45%), Gemmatimonas (0.69–1.34%), Lysobacter (0.50–1.44%), and Haliangium
(0.63–1.31%) were the most abundant bacterial genera (Figure 2a). Lophotrichus (7.47–



Agronomy 2021, 11, 1828 8 of 17

13.50%), Remersonia (0.66–26.57%), Cephaliophora (3.15–11.19%), Aspergillus (1.45–2.85%),
Chaetomium (1.39–2.81%), and Mortierella (0.79–2.92%) were the most abundant fungal
genera (Figure 2b).

However, only some bacterial genera were significantly affected by continuous residue
return. The relative abundance of Gemmatimonas, which belongs to Gemmatimonadetes,
significantly increased at the 5th post-returning stage (CK: 0.69%, R: 1.14%; Figure 2a) and
the 6th pre-returning stage (CK: 0.71%, R: 1.34%; Figure 2a) with the increased soil TN and
AN content (Table 2). The relative abundance of Haliangium (CK: 0.63%, R: 0.98%; Figure 2a)
also increased after residue return at the 5th post-returning stage, which was also known
to have a positive correlation with the soil nutrient level [41]. The relative abundance
of Bacillus (CK: 6.08%, R: 3.19%; Figure 2a), the main genus in Firmicutes, significantly
decreased at the 5th post-returning stage, although the difference with CK disappeared at
the 6th pre-returning stage.

Except the above taxa strongly linked with the soil nutrient level, the drop of soil pH
by continuous residue return also resulted in a higher relative abundance of Cephaliophora
at the 5th post-returning stage (CK: 6.16%, R5: 10.90%; Figure 2b) and the 6th pre-returning
stage (CK: 3.15%, R: 11.19%; Figure 2b). Meanwhile, Cephaliophora can capture nematodes,
but the species of nematodes are still unknown [42]. It could be speculated that residue
return might increase the risk of infecting root-knot nematode disease, while it was not
observed in our experiment. Therefore, the long-term effect of residue return on the
root-knot nematode disease requires further research.

Common pathogenic microbes, such as Fusarium, Verticillium, and Cladosporium, were
detected in the soil samples (Table S2). Fusarium is one of the most widespread and
detrimental soilborne pathogens [43]. Verticillium infects most solanaceous crops and
causes vascular wilt [44]. Cladosporium can cause tomato rot [45]. Excessive populations
of pathogenic microbes could lead to quality deterioration and yield loss in vegetables.
Surprisingly, the relative abundances of the above pathogenic microbes were not affected
by residue return with good precaution of insect pests and diseases during the cultivation
process. It can be speculated that short-term residue return would not increase the risk of
detrimental pathogen occurrence in soil.
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3.3. Correlations of Environmental Factors with the Abundances of the 10 Most Abundant
Microbial Taxa

Environmental factors are well known to have a significant influence on microbial
communities [46]. Therefore, it was necessary to use RDA to reveal the correlations between
the soil microbial communities and soil physicochemical characteristics. The length and
direction of the arrows in the RDA plot reflect the importance of the variables and the type
of correlation, respectively.

The RDA analysis at the 5th post-returning stage and the 6th pre-returning stage are
shown in Figures 3 and 4, respectively. The first and second axes together explained 92.15%
and 97.19% of the dynamics of the bacterial and the fungal phylum data at the 5th post-
returning stage, respectively (Figure 3). In addition, the two axes together explained 96.29%
and 93.81% of the dynamics of the bacterial and the fungal phylum data at the 6th pre-
returning stage, respectively (Figure 4). The RDA analysis revealed an obvious community
separation in the microbial phylum data at the 5th post-returning stage, which indicated
that residue return had a great effect on microbial communities at the post-returning
stage. The soil nutrient level is the important component of microbial growth and can
influence microbial communities [47]. Soil AN (50.20%) was the prime factor driving
the variation in bacterial communities at the 5th post-returning stage (Figure 3a). AN,
an important nutrient for microbes, was closely correlated with the abundances of the
bacterial phyla Gemmatimonadetes and Saccharibacteria, reflecting the soil nutrient level [34],
while Bacteroidetes, Acidobacteria, and Firmicute were negatively correlated with AN. The
previous study also found this correlation [48]. In addition, soil bulk density (58.80%) was
the prime factor driving the variation in bacterial communities at the 6th pre-returning
stage, respectively (Figure 4a). Chloroflexi and Acidobacteria, as the facultative anaerobic
or obligate anaerobic bacteria, were positively correlated with bulk density. For fungi,
TK (74.40%) and TP (52.40%) were the controlling factors at the 5th post-returning
stage (Figure 3b) and the 6th pre-returning stage (Figure 4b). The soil TK was positively
correlated with Basidiomycota, which was negatively correlated with Mortierellomycota. In
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addition, the soil TP was positively correlated with Ascomycota and negatively correlated
with Basidiomycota.
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3.4. Physicochemical Characteristics of Vegetable Residue and Vegetable Growth

Physicochemical characteristics of vegetable residues in R and CK did not show an
obvious difference or consistency. It was found that the TC content of vegetable residues in
R increased by 2.12–5.02% compared with those in CK at the 2nd and the 4th pre-returning
stages (Table 4). The TN content of vegetable residues increased by 12.24%, and the C/N
ratio of vegetable residues decreased by 9.14% at the 3rd pre-returning stage (Table 4).
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Meanwhile, the TK content of vegetable residues increased by 22.67% and 24.51% at the 3rd

and 4th pre-returning stages, respectively, compared with those in CK (Table 4). In addition,
residue return increased the TP content of vegetable residues for 43.96% and 22.18% at the
3rd and 6th pre-returning stages, respectively.

Table 4. The dry weight and physicochemical characteristics of vegetable residues.

Sampling
Times

Residues
Species Treatments Dry Weight

(kg·ha−1)
TC

(g·kg−1)
TN

(g·kg−1) C/N TP
(g·kg−1)

TK
(g·kg−1)

2nd pre
(2017.12.21)

Cucumber
CK 2014.43 376.35 31.11 12.16 3.65 25.34
R 1640.51 384.31 * 31.61 12.18 3.48 25.73

3rd pre
(2018.07.26)

Tomato
CK 2355.90 319.72 31.86 9.96 3.64 41.90
R 2380.74 325.74 35.76 * 9.05 * 5.24 * 51.40 *

4th pre
(2019.07.15)

Cucumber
CK 2173.99 310.05 21.55 14.41 3.24 24.44
R 2594.54 * 325.63 * 22.09 14.81 3.39 30.43 *

5th pre
(2020.07.15)

Tomato
CK 2129.83 313.58 28.49 10.93 3.26 50.02
R 2643.95 * 313.22 30.44 10.34 3.57 51.32

6th pre
(2020.12.21)

Cucumber
CK 1432.81 352.55 39.61 8.94 5.77 37.06
R 1567.76 * 362.26 39.71 9.16 7.05 * 41.29

CK, the non-vegetable residue treatment; R, the vegetable residue treatment; pre, the pre-returning stage; number from 2 to 6, the times of
in situ vegetable residue return. TC, total carbon; TN, total nitrogen; C/N, the ratio of TC to TN; TP, total phosphorus; TK, total potassium.
Statistically significant differences were analysed between CK and R at each stage using t-test. *, p < 0.05.

In situ vegetable residue return increased the dry weight of vegetable residues by 9.43–
24.14% at the 4th to 6th pre-returning stages (Table 4). When residue return was conducted
3, 4, and 5 times, fruit yield remarkably increased by 8.24%, 7.53% and 8.23% at the 4th, 5th,
and 6th pre-returning stages, respectively (Figure 5a). Similar promotion was also found in
crop straw return [49,50] and compost addition [23,51]. This result might be attributed to
the high dry weight of vegetable residue returned to the soil at the 4th pre-returning stage
and the continuous improvement of soil physicochemical characteristics.
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Figure 5. The fruit yield (a) and the income of fruit yield (b) after in situ vegetable residue return.
CK, the non-vegetable residue treatment; R, the vegetable residue treatment; pre, the pre-returning
stage; number from 2 to 6, the times of in situ vegetable residue return. Statistically significant
differences were analysed between CK and R at each stage using t-test. *, p < 0.05. Vegetable from
Shouguang holds a big market share in Beijing. The average sale prices of cucumber and tomato at
the largest vegetable market in Beijing from 2017 to 2020 were approximately 0.92 USD·kg−1 and
1.01 USD· kg−1, respectively.

The increased soil AK content caused by residue return could contribute to the higher
yield accumulation [52,53]. It has been reported that the accumulation of K in fruit accounts
for the highest proportion of the total K absorption amount of vegetable plants [15]. The
increased fruit yield in R indicated that residue return possibly contributed to much
more K absorption amount of vegetable plants compared to CK. In addition, the TK
contents of vegetable residue in R after the 2nd and the 3rd residue return were higher
than those in CK (Table 4), while the soil AK contents in R were higher than those in CK at
each stage (Table 2). It indicated that in situ vegetable residue return could not only supply
K to soil, but also likely accelerate the transformation of mineral K to exchangeable K in
soil, resulting in decreased soil TK content.

In situ vegetable residue return did not aggravate the occurrence of common vegetable
diseases and insect pests when the appropriate precautionary measures were taken. How-
ever, it is worth noting that residue return in winter also did not aggravate the occurrence
of disease. Hence, the high soil temperature might not be necessary to prevent pathogen
infestation by residue return under the adequately preventive measures. The carried dis-
eases and insect pests of vegetable residues, as the biggest challenge of residue return,
has been well controlled with the development of cultivation techniques and degradable
biological agents.

Based on our measured results and the existing cultivated areas of tomato and cucum-
ber, it has been estimated that approximately 3.09 million tons of dry vegetable residues of
tomato and cucumber are produced in protected cultivation each year in China. Nutrients
in vegetable residues exist in organic and inorganic forms. After residue return, inorganic
nutrients can be directly recycled, while organic nutrients can also be used after decompo-
sition. N and P in vegetable residues are found in organic and inorganic forms, some of
which needs to be converted to inorganic forms and then be used; K can be directly reused
in its ionic state. According to the average result of the physicochemical characteristics of
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cucumber and tomato residues in this study, it is estimated that the application of in situ
vegetable residue return in China could provide about 96.29 kilotons of N, 132.14 kilotons
of K, and 13.25 kilotons of P, greatly contributing to reducing chemical fertilizer inputs in
protected cultivation. In particular, cucumber and tomato are K-favouring vegetables,
which resulted in a conspicuous enhancement in soil AK content via residue return
(Table 2). Therefore, the application of in situ vegetable residue return could achieve a
win–win situation by supplying nutrients for vegetables while reducing resource waste
and environmental pollution.

3.5. Feasibility Assessment

The above results have demonstrated that in situ vegetable residue return could
improve soil physicochemical characteristics. Meanwhile, residue return did not aggravate
the occurrence of common vegetable diseases and insect pests when the appropriate
precautionary measures were taken. Hence, in situ vegetable residue return could be a
feasible technique applied in the use of vegetable residue.

In addition, in situ vegetable residue return reduced the disposal expense of vegetable
residues and brought an additional income by increasing fruit yield. According to the
survey of the labour market in Shouguang, which has the biggest scale in protected
cultivation in China, removing vegetable residues requires one labourer for 180 h·ha−1,
and the average salary of one labourer is around 4.58 USD·h−1 (1 USD = 6.55 RMB). The
traditional method of disposing of vegetable residues cost approximately 824.40 USD·ha−1,
while in situ vegetable residue return performed by straw-returning machine costs only
343.51 USD·ha−1, contributing to a cost saving of 480.89 USD·ha−1.

After continuous residue return for 3 times, fruit yield gained a remarkable increase.
Compared to CK, residue return conducted 3, 4, and 5 times correspondingly increased fruit
yield by 5.85 t·ha−1, 5.81 t·ha−1, and 9.26 t·ha−1 (Figure 5a), which brought the additional
income for 5382.0 USD·ha−1, 5868.1 USD·ha−1, and 8519.2 USD·ha−1 (Figure 5b), respectively.
In situ vegetable residue return brought about additional profits of 5382.0 USD·ha−1,
5868.1 USD·ha−1, and 8519.2 USD·ha−1, respectively. Considering the enormous area of
protected vegetable cultivation in China, in situ vegetable residue return has great potential
to bring about substantial economic benefits.

4. Conclusions

In situ vegetable residue return greatly increased soil AN and AK contents, along with
slightly reduced soil pH and bulk density. Residue return affected the microbial communi-
ties with noticeable changes of Gemmatimonadetes, Firmicutes, Acidobacteria, Basidiomycota,
and Mortierellomycota. Under the condition of sufficient precautions fighting against dis-
eases and insect pests, in situ vegetable residue return contributed to great increase of
fruit yield and additional profits. Based on the techno–economic analysis, in situ vegetable
residue return could be applied as a feasible technique in the Chinese solar greenhouse.
Considering the tremendous production scale of protected vegetable cultivation in China,
in situ vegetable residue return would have a wide application prospect.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
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Table S2: The relative abundances of main harmful microbial genera.
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