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Abstract: Resource utilization of urban green waste compost for soil improvement in afforested
land is an important way of digesting urban green waste. In this study, artificial Sophora japonica
Linn. Woodland in the Beijing plain, where the million mu (66,700 ha) afforestation project was
carried out, was taken as an experimental area to investigate the influences of urban green waste
composting on soil improvement and soil microorganisms. Application amounts of green waste
composts for each tree were as follows: CK treatment: no application of fertilizer; T1 treatment:
5 kg/each tree; T2 treatment: 10 kg/each tree; T3 treatment: 15 kg/each tree. Results showed that
the application of green waste had a significant effect on soil improvement, such as improving of
organic matter, available phosphorus, and available potassium content (p < 0.05). The high-level
application amount (T3 treatment) had a greater effect on soil improvement. Compared with the
control treatment (CK), soil pH in T3 treatment decreased to 7.28–7.45, Soil organic matter contents
reached more than 35 g·kg−1, and soil total nitrogen, soil available phosphorus, and soil available
potassium increased by 25–28%, 200–400%, and 80–177%, respectively. Soil carbon–nitrogen ratio
has increasing to 15.61–24.38 in the three treatments, which would not obviously slow down the
decomposition of organic matter by microorganisms in the soil. After the application of green waste
compost, the soil microbial structure was changed. From the operational taxonomic unit (OTU) level,
bacterial abundance increased by 12–13%, but the change in bacterial diversity was not significant.
The influences of pH and contents of organic matter content, available phosphorus, and rapidly
available potassium on the bacterial community were greater. This study will provide the necessary
scientific basis for the application of green waste compost in the improvement of soil on afforested
land in the Beijing plain.

Keywords: fertilizer; soil nutrient; soil bacterial; carbon-nitrogen ratio; afforestation project

1. Introduction

Urban green wastes generally comprise of garden or park waste such as grass or flower cuttings,
fallen leaves, and branch trimmings. With accelerated urbanization progress all over the world, garden
and park areas have been continuously increasing, and urban green wastes been surging. Consequently,
digestion and treatment of urban green waste have been one of the major environmental problems
faced by urban administration [1]. It was estimated that the total amount of green waste in Beijing had
exceeded 5 million tons with insufficient digestion and disposal. If these wastes are simply disposed
of by traditional means, like landfill and incineration, it will result in the waste of resources and severe
environmental pollution [2].
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Green waste compost is a new concept for resource utilization developed in recent years [3],
which is applied to floricultural substrate or substrate for nursery-grown plant production in most
areas [4–6]. Recently, green waste compost has become an important means of relieving urban green
waste and amending urban polluted soil [7–9].

The following urban forestry concept developed rapidly, and a large amount urban marginal
land has been used for afforestation to beautify urban landscape [10,11]. As a large megacity in
Asia, Beijing has made efforts to conduct large-scale afforestation activity for more than 50 years [12],
especially in early 21st century, when an ambitious afforestation project had been implemented, in
which it was expected that within five years (2012–2016) there would be a million mu (66,700 ha) of
urban forests established on the plains as a natural, harmonious, and healthy forest ecosystem [13,14].
However, the majority of the afforested land used was marginal land characterized by poor soil organic
matter and nutritive elements (nitrogen, phosphorus, and potassium), and hence enormous fertilizers
or manure were added to maintain or amend soil fertility [15,16], which provided broad application
and digestion prospects for urban green waste compost [17].

Few reports can be found for forest-related soil improvement with green waste compost [18].
Green waste compost has the advantages of low pollution and less investment [19,20], and it contains
large amounts of organic matter, but when the compost product was added in the poor soil of the
afforested land, the effects on increasing soil organic matter and rapidly available nutrients are not clear
due to easy volatilization and leaching loss of the nutrient. Another problem is that the application of
green waste compost would greatly increase the carbon–nitrogen ratio in soil, which would adversely
impact the decomposition of organic matter by bacteria. Many researchers have focused on the
improvement of compost product, but there are few studies that focus on soil improvement by the
application of green waste compost in afforested land. Moreover, green waste compost contains large
amount of microorganism communities. When mixed with the soil, a large number of microorganisms
are brought into the soil and increase the soil microbes. These microorganisms may have a significant
impact on the accumulation of soil nutrients and decomposition of organic matter, but the effect
of promoting the increase of microorganism species and communities in forest soil has not been
sufficiently studied.

This work is a new attempt to study the application of green waste compost for soil improvement
in the afforested land. The concern of the forestry department of Beijing is whether the compost has a
good effect on soil improvement in afforested land and whether a suitable amount of green waste can
be digested by applying it in the afforested land. This study’s aims at two-fold: (1) to find suitable
amount of green waste compost to improve the soil physiochemical properties by investigating the
influences of different application amounts of green waste compost on soil physiochemical properties,
soil carbon-nitrogen ratio, and soil microorganisms, and (2) to analyze the influences changes to
soil physiochemical properties on soil microorganisms communities in the afforested area of Beijing.
This study will provide a theoretical support for the application of green waste compost in the
afforestation area of Beijing.

2. Materials and Methods

2.1. Study Area

The experimental site is located at Yufa Town, Daxing District, in the Beijing plain (116◦18’ E, 39◦30’
N), where a large-scale plain afforestation project (1 million Mu) was carried out (Figure 1). It is 35 km
from the Daxing city area and is located on Yongding River alluvial plain. The average elevation is 22 m.
It belongs to a warm temperate zone with semi-humid continent monsoon climate, and the annual
average temperature and precipitation are 11.6 ◦C and 556 mm, respectively. The soil mother rock is
limestone, and the soil type is sandy soil. A three-year-old landscape tree species, Sophora japonica
Linn, was planted in the experimental site with 3.5 m belt space and 2 m individual space.
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Figure 1. Location of the experiment site. Sophora japonica Linn was planted in experiment site. 

2.2. Material 

The green wastes consisted of fallen leaves and branch trimmings collected from the Olympic 
Park and the Beijing Botanic Garden in Beijing. Physiochemical properties of green waste were tested 
in Table 1. The whole composting experiment was conducted at Beijing Jingpuyuan Bioengineering 
Co., Ltd. (Beijing, China). During the composting preprocess, the green waste was cut into small 
pieces (about 1 cm particle size), and raw material was added to three digester cells (6 m long, 2 m 
wide, and 1.5 m high; non-covered cement containers). The moisture content of these raw materials 
was adjusted to about 60–70%, and urea was added to adjust the initial C/N ratio to 25–30 of the 
composting materials to optimize microbial activity. A mixture of Trichoderma spp. (60%, v/v) and 
Phanerochaete chrysosporium Burdsall (40%, v/v) was added to the composting materials as 
microbial inoculum in order to accelerate the composting process. During composting process, water 
was monitored each week throughout the composting period to maintain it at 60–70%. To ensure an 
adequate oxygen supply and to accelerate microbial activity, an automatic compost-turning system 
(made by Beijing Jingpuyuan Bioengineering Co., Ltd.) was used to turn the compost pile for 40 min 
every day. The temperature of pile increased to 50–60 °C on the third day and was maintained 
between 50–60 °C for about six days. After about 42 days, when the temperature of pile was equal to 
ambient temperature, the composting process was over. The final product was transported to 
experimental site for application. 

Figure 1. Location of the experiment site. Sophora japonica Linn was planted in experiment site.

2.2. Material

The green wastes consisted of fallen leaves and branch trimmings collected from the Olympic
Park and the Beijing Botanic Garden in Beijing. Physiochemical properties of green waste were tested
in Table 1. The whole composting experiment was conducted at Beijing Jingpuyuan Bioengineering
Co., Ltd. (Beijing, China). During the composting preprocess, the green waste was cut into small
pieces (about 1 cm particle size), and raw material was added to three digester cells (6 m long, 2 m
wide, and 1.5 m high; non-covered cement containers). The moisture content of these raw materials
was adjusted to about 60–70%, and urea was added to adjust the initial C/N ratio to 25–30 of the
composting materials to optimize microbial activity. A mixture of Trichoderma spp. (60%, v/v) and
Phanerochaete chrysosporium Burdsall (40%, v/v) was added to the composting materials as microbial
inoculum in order to accelerate the composting process. During composting process, water was
monitored each week throughout the composting period to maintain it at 60–70%. To ensure an
adequate oxygen supply and to accelerate microbial activity, an automatic compost-turning system
(made by Beijing Jingpuyuan Bioengineering Co., Ltd.) was used to turn the compost pile for 40 min
every day. The temperature of pile increased to 50–60 ◦C on the third day and was maintained between
50–60 ◦C for about six days. After about 42 days, when the temperature of pile was equal to ambient
temperature, the composting process was over. The final product was transported to experimental site
for application.
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Table 1. Basic physiochemical properties of garden greening waste. The data are mean values of three
repetition. Values are mean ± standard error (n = 3) (BD, bulk density; EC, electrical conductivity;
CEC, cation exchange capacity; C/N, ratio of carbon to nitrogen).

Index Value Index Value

BD (g/cm3) 0.98 ± 0.03 Total phosphorus (%) 0.06 ± 0.01
pH 7.10 ± 0.05 Total potassium (%) 0.62 ± 0.03

EC (ms/cm) 1.55 ± 0.02 Organic matters (%) 77.6 ± 8.24
CEC (cmol/kg) 18.8 ± 1.25 Total Carbon (%) 45.0 ± 4.78

Total nitrogen (%) 1.04 ± 0.02 C/N 42.86 ± 4.60

The stability and safety of the compost product were important for using of the green waste
compost. In this study, the physiochemical properties of the final green waste compost were tested
before the application in the afforested land (Table 2). According to many studies, to ensure compost
maturity, stability, and safety, the temperature of the compost pile must be sustained in the range of
50–60 ◦C for at least three consecutive days, indicating that the thermophilic period was sufficient to
kill pathogens in the compost. A germination index (GI) value > 80% [21], a final pH value between
6.5–7.5, EC values lower than 4 mS/cm [22], CEC values > 60 cmol/kg [23], a ratio of E4/E6 (optical
densities at 465 nm for humic acid and 665 nm for fulvic acid) of at least 1.7 [24], a ratio of C/N < 20 [25],
and a final NH4

+1-N/NO3
–1-N ratio < 3 [26] indicate the absence of compost phytotoxicity and also

indicate compost maturity and stability. From Table 2, all the indexes indicated the final green waste
compost in our study was well stabilized and mature. We also determined the amount heavy metal in
the final green waste compost. According to the National Standard of the People’s Republic of China
(GB/T 23349-2009) ecological index of arsenic, cadmium, lead, chromium, and mercury for fertilizers,
the concentration of As, Cd, Pb, Cr, and Hg and their compounds need to be lower than 50,10, 200, 500,
and 5 mg/kg indicated harmless of ecology. The results of Table 2 indicated that the heavy metal of
As, Cr, Pb, Cd, and Hg are in the range of harmless of ecology.

Table 2. Basic physiochemical properties of greening waste compost. The data are mean values of three
repetition. Values are mean ± standard error (n = 3). (BD, bulk density; EC, electrical conductivity;
CEC, cation exchange capacity; C/N, ratio of carbon to nitrogen; GI, Germination Index).

Index Value Index Value

BD (g/cm3) 0.34 ± 0.02 E4/E6 1.83 ± 0.01
pH 6.81 ± 0.08 Ratio of NH4

+-N/NO3
−1-N 1.31 ± 0.01

EC (ms/cm) 0.94 ± 0.01 GI (%) 92 ± 1.73
CEC (cmol/kg) 65.53 ± 0.32 As (10–3%) 1.46 ± 0.04

Total nitrogen (%) 2.12 ± 0.01 Cd (10–3%) 0.15 ± 0.02
Total phosphorus (%) 0.27 ± 0.01 Pb (10–3%) 3.7 ± 0.26
Total potassium (%) 0.75 ± 0.02 Cr (10–3%) 2.36 ± 0.52

Total Carbon (%) 18.41 ± 0.08 Hg (10–3%) 0.13 ± 0.02
C/N 8.69 ± 0.03

The experiment started in July 2016. Four treatments with different application amount of green
waste compost were designed: control (CK), 5 kg compost each tree (T1), 10 kg compost each tree (T2),
and 15 kg compost each tree (T3). Randomized blocks design was adopted with three replications
for each treatment, and 10 trees were treated for each replication. Soil sampling (0−40 cm) was
carried out from experimental site before compost application. Then, a 10 cm deep and 160 cm
wide compost application ring was dug for each tree stem. The soil and compost were blended
evenly. Finally, the blended soil was backfilled into the ring as surface cover. As long as the compost
application continued, enough water for each treated tree was irrigated manually. Then, conventional
irrigation was implemented.
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In July 2017, soil samples from 0–10 cm, 10–20 cm, and 20–40 cm layers in each experimental block
were taken with 40 cm far from the center of the tree. An S-type sampling method was used to take one
five-point blended soil sample in every block (Figure 2). Soil sub-samples taken with the quartering
method were air dried, sufficiently blended and ground, and then passed 1 mm and 0.5 mm sieves for
determining their physicochemical characteristics. Soil samples for bacteria diversity determination
were collected from the top 0 cm to 10 cm of surface soil within the planting pits for microbial analyses.
Samples were put in a drikold box, transferred to the laboratory, and stored in at −80 ◦C freezer before
being tested.
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Figure 2. The five-point blended soil sampling method for each block. Soil was taken 40 cm far from
the center of the tree stem.

2.3. Determination Method of Indexes

All the soil samples including those taken before and after compost application were analyzed
in the laboratory. Soil bulk density (BD) was determined using the cutting-ring method. Soil pH
was determined directly for soil leaching liquor after filtering using potentiometry according to a
1:5 water-soil ratio. Soil organic matter was determined using the dichromic acid oxidation dilution
heating method. Total nitrogen was determined with the Kjeldahl apparatus distillation method.
Total phosphorus and total potassium were determined through the Mo-Sb colorimetric method
and the flame photometer method, respectively. Available phosphorus was determined through the
sodium bicarbonate-Mo-Sb colorimetric method. Rapidly available potassium was determined by the
ammonium acetate digestion-flame photometer method. The determine method was used according
to the literature [27–29].

Three composting samples were collected from the top, middle, and bottom of each digester cell
using the method of quartering. The three 200 g samples were combined into one composite sample,
which was then divided into three parts. The first part was air-dried, the second part was oven-dried
at 65 ◦C, and the third part was not dried. These samples were used to determine the physiochemical
properties. The methods to determine the physiochemical properties of the final green waste compost
were used according to the literature [30–32]. To determine the heavy metals content, composting
samples were digested with sulphuric acid, and the digested liquid was analyzed by inductively
coupled plasma mass spectrometry (ICP-MS).
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2.4. DNA Extraction, PCR Amplification, and High throughput Sequencing

Total genomic DNA was extracted from the fresh soil samples using a Fast DNA® SPIN Kit for
Soil (MP Biomedicals, Santa Ana, CA, USA). The integrity of DNA was validated by agarose gel
electrophoresis. The quantity and purity of DNA were checked by NanoDrop2000 spectrophotometer
(Thermo Fisher Scientific, Waltham, Massachusetts, USA). The universal 16S rRNA gene primers 515F
(5′-GTGCCAGCMGCCGCGG-3′) and 970R (5′-CCGTCAATTCMTTTRAGTTT-3′) were used for the
amplification and subsequent high-throughput sequencing of the PCR products [33]. The Polymerase
Chain Reaction (PCR) reactions were performed using TransGen AP221-02: TransStart Fastpfu DNA
Polymerase (TransGen Biotech Ltd. Beijing, China). Each 20-µL PCR mixture contained 4 µL of Fast
Pfu Buffer (5× Transgen), 2 µL of 2.5 mm dNTPs, 0.8 µL of Forward Primer (5 µM), 0.8 µL of Reverse
Primer (5 µM), 0.4 µL of FastPfu Polymerase, 10 ng of Template DNA, and ddH2O to 20 µL. All of
the qPCR reactions were performed in triplicate by ABI GeneAmp® 9700 PCR. The PCR protocol was
performed by initial denaturation at 95 ◦C for 3 min, followed by 30 cycles of denaturation 30 s at
95 ◦C, annealing 30 s at 55 ◦C, primer extension 30 s at 72 ◦C, and finally 10 min at 72 ◦C, 10 ◦C until
halted by user. Amplified products were detected by 2% agarose gel electrophoresis and washed with
Tris-HCl. PCR products sequencing was conducted by Shanghai Majorbio Bio-pharm Technology Co.,
Ltd. (Shanghai, China), using an Illumina MiSeq platform PE300 (San Diego, CA, USA) to measure
diversity and composition of the bacterial community.

2.5. Data Analysis

SPSS17.0 software was used for one-way analysis of variance (ANOVAs) of the nutrient contents
and organic matter, and Duncan’s test was used to compare difference significance of the nutrient
contents and organic matter between treatments (p = 0.05) [34].

Operational taxonomic unit (OTU) was defined as units with a 97 percent similarity level [35].
Chao1 index was used to estimate total number of OTU in the sample, and it reflected bacterial
abundance—the greater the Chao1, the higher the bacterial community abundance [36]. Bacterial
community diversity was expressed by Shannon and Simpson indexes. The greater the Shannon
index or the smaller the Simpson index, the higher the bacterial community diversity [37]. Indexes
computational methods referred to the literature [38,39]. Redundancy analysis (RDA), which has
proved to be a good method and is widely used for the analysis of the relation between soil factors
and bacterial community in recent years [40,41], was conducted using Canoco 5.0 [42,43].

3. Results

3.1. Influences of Green Waste Compost on pH and Organic Matters

Before the application of the green waste compost, soil pH was alkalescent. The total nitrogen of
the soil was between 0.67–0.76 g·kg–1, available phosphorus of soil was between 4.46–5.50 mg·kg–1,
and rapidly available potassium was between 42.37–105.98 mg·kg–1 (Table 3). Organic matter content
was between 17.77–21.69 mg·kg–1. The nutrients content and organic matter content in the soil were at
low levels.

Table 3. Basic physiochemical properties of soil to be tested (0–40 cm). The data are mean values of
three repetitions. Values are mean ± standard error (n = 3). Significant differences analyses were based
on one-way ANOVAs followed by the Duncan’s test. Different lowercase letters indicate significant
differences at P < 0.05 between different soil layers.

Soil Layer PH

Total
Nitrogen

Total
Phosphorus

Total
Potassium

Available
Phosphorus

Available
Potassium

Organic
Matters

g·kg−1 g·kg−1 g·kg−1 mg·kg−1 mg·kg−1 mg·kg−1

0–10 cm 7.03 ± 0.02a 0.69 ± 0.02b 0.17 ± 0.03a 16.44 ± 0.81b 5.50 ± 0.42a 42.37 ± 3.64c 17.77 ± 1.02b
10–20 cm 7.07 ± 0.11a 0.67 ± 0.02b 0.17 ± 0.03a 17.89 ± 0.77b 5.24 ± 0.21a 56.84 ± 0.58b 16.76 ± 0.53b
20–40 cm 6.89 ± 0.06a 0.76 ± 0.02b 0.21 ± 0.01a 24.97 ± 0.66a 4.46 ± 0.13b 105.98 ± 3.64a 21.69 ± 1.03a
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The application amount of green waste compost had great influence on soil organic matter for each
tree. Organic matter contents in three treatments presented a gradually rising tendency as application
amount increased (Figure 3A). Organic matter contents in the deep soil layer (20–40 cm) in T1 and
T2 treatments were significantly higher than CK treatment, but in the shallow soil (0–10 cm), organic
matter shown no significant difference among T1, T2, and CK treatments (p < 0.05). Organic matter
contents in all the three soil layers were shown significant deference between T3 and CK treatments
(p < 0.05). Average organic matter contents in CK, T1, T2, and T3 were 13.64 g·kg−1, 23.53 g·kg−1,
27.74 g·kg−1, and 36.64 g·kg−1, respectively. Soil organic matter contents in T3 treatment at three soil
layers were all higher than 35 g·kg−1. Organic matter contents at 0–10 cm, 10–20 cm, and 0–40 cm
soil layers in T3 treatment increased by 128.4%, 132.1%, and 304.3%, respectively, compared with the
CK treatment.

Soil pH values for different treatments are shown in Figure 3B. Results showed that soil pH was
alkaline in all the four treatments in the experiment, and differences in soil pH were not significant
at 0–10 cm, 10–20 cm, and 20–40 cm soil layers. Application amounts of green waste composts had
different influences on pH values. Average soil pH values in CK and T1, T2, and T3 treatments at
three soil layers were 7.81, 7.85, 7.75, and 7.35, respectively. Soil pH value showed a decline tendency
as compost application amount increased. Compared with CK treatment, T3 treatment significantly
reduced soil pH in all three layers (p < 0.05), while T1 and T2 treatments had insignificant influences
on change of soil pH value (p < 0.05).
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Figure 3. Influence of application amount on soil organic matter and soil pH in Sophora japonica Linn.
forest. Significant differences analyses were based on one-way ANOVAs followed by the Duncan’s
test. Treatments with different lowercase letters show significant difference (p < 0.05) between them,
while treatment with the same lowercase letters show no significant difference (p < 0.05) between them.
(CK treatment, no application of fertilizer; T1 treatment, 5 kg/each tree; T2 treatment, 10 kg/each tree;
T3 treatment, 15 kg/each tree). Bars indicate means with error bars being standard errors (n = 3).

3.2. Influence of Green Waste Compost on Total Nutrients and Carbon–Nitrogen Ratio in Soil

Different application amounts of green waste compost had different influences on soil total
nitrogen, total phosphorus, and total potassium.
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Compared with CK, only the T3 treatment could significantly increase soil total nitrogen (p < 0.05),
while influences of T1 and T2 treatments on total nitrogen were insignificantly different from that of CK
(p < 0.05) (Figure 4A). Soil total nitrogen contents in CK, T1, and T2 treatments were basically within
0.7–0.85 g·kg–1. Total nitrogen content was higher in T3 treatment, and it was between 0.85–1.09 g·kg–1

at three soil layers, which increased by 25–28% compared with CK.
Soil total phosphorus content at 0–10 cm soil layer was higher than those at 10–20 cm and 20–40 cm

soil layers at the experimental site. Soil total phosphorus contents in the treatments at 0–10 cm and
10–20 cm soil layers were insignificantly different from that in the CK. In deep soil layer (20 cm–40 cm),
compared with CK, T3 treatment significantly increased soil total phosphorus content, and soil total
phosphorus contents in T3 treatment at all layers reached above 0.25 g·kg–1 (Figure 4B).

Soil total potassium content reflected the potential capacity of the soil potassium supply.
From Figure 4C, total potassium contents in the T1 and T2 treatments were significantly lower than that
in CK by 18–43%. Soil total potassium content in the T3 treatment was significantly higher than that in
CK, rising to above 17–21 g·kg–1. Compared with CK, total potassium contents in the T3 treatment at
the three soil layers increased by 24.2%, 21.5%, and 54.8%, respectively.
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Figure 4. Influences of different treatments on soil total nitrogen, total phosphorus, and total potassium
content in Sophora japonica Linn. forest. Significant differences analyses were based on one-way
ANOVAs followed by the Duncan’s test. Treatments with different lowercase letters show significant
difference (p < 0.05) between them, while treatment with the same lowercase letters show no significant
difference (p < 0.05) between them (CK treatment, no application of fertilizer; T1 treatment, 5 kg/each
tree; T2 treatment, 10 kg/each tree; T3 treatment, 15 kg/each tree). Bars indicate means with error bars
being standard errors (n = 3).
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If the carbon–nitrogen ratio of green waste compost was high, its application would seriously
influence the soil carbon–nitrogen ratio so as to affect microbial activities in the soil. It can be seen
from Table 4 that the soil carbon–nitrogen ratio was within 7.54–11.50 in CK treatment, but it would
gradually increase as application amount increased. In the T1 and T2 treatments, soil carbon–nitrogen
ratios increased to 15.61–17.97, and 18.97–21.34, respectively. Soil carbon–nitrogen ratio increased to
above 20 in T3 treatment. Soil carbon-nitrogen ratio in T3 treatment at 20–40 cm soil layer reached a
very high level, being 24.38.

Table 4. Influences of different treatments on soil carbon–nitrogen ratio. The data are mean values
of three repetition. Values are mean ± standard error (n = 3). Significant differences analyses were
based on one-way ANOVAs followed by the Duncan’s test. Different lowercase letters indicate
significant differences at p < 0.05 between different soil layers. (CK treatment, no application of
fertilizer; T1 treatment, 5 kg/each tree; T2 treatment, 10 kg/each tree; T3 treatment, 15 kg/each tree).

0–10 cm 10–20 cm 20–40 cm

CK 11.50 ± 0.87b 11.00 ± 0.87b 7.54 ± 2.18b
T1 15.61 ± 2.22ab 16.03 ± 2.45ab 17.97 ± 2.32a
T2 21.34 ± 2.90a 18.27 ± 1.16a 18.97 ± 2.45a
T3 20.52 ± 4.64a 20.33 ± 3.48a 24.38 ± 4.86a

3.3. Influence of Green Waste Compost on Soil Available Nutrients

Soil available phosphorus was a more important index measuring the supply status of soil
phosphorus and played a significant role in the aspect of soil diagnosis and fertilization, but available
phosphorus in the soil was sometimes unrelated to total phosphorus content. From Figure 5A, the
three treatments all significantly increased soil available phosphorus content (p < 0.05). The T3
treatment could increase soil available phosphorus most significantly, and it could increase soil
available phosphorus by about 2–4 times compared with CK, increasing from 5–15 mg·kg–1 in CK to
30–40 mg·kg–1 at the three soil layers. The T1 and T2 treatments increased soil available phosphorus
by about 1–3 times.

Rapidly available potassium in soil included potassium in soil solution and exchangeable
potassium adsorbed on soil colloid surface, both of which would be easily absorbed and utilized by
plants. As shown in Figure 5B, soil rapidly available potassium content in CK treatment was only
60–70 mg·kg–1, which was a low level. Rapidly available potassium content gradually increased as
the application amount of green waste compost increased. Both T1 and T2 treatments increased soil
rapidly available potassium content to a certain degree, but most of their difference was insignificant
(p < 0.05). However, the T3 treatment had significant influence on soil rapidly available potassium
content compared with the CK treatment (p < 0.05). Rapidly available potassium content in T3
treatment increased by 80–177% compared with CK. Soil rapidly available potassium content in T3
treatment already reached 130–150 mg·kg–1, which was at a superior level according to the Beijing soil
nutrient standard.
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Figure 5. Influences of different treatments on available phosphorus and rapidly available potassium
content in Sophora japonica Linn. Woodland. Significant differences analyses were based on one-way
ANOVAs followed by the Duncan’s test. Treatments with different lowercase letters show significant
difference (p < 0.05) between them, while treatment with the same lowercase letters show no significant
difference (p < 0.05) between them (CK treatment, no application of fertilizer; T1 treatment, 5 kg/each
tree; T2 treatment, 10 kg/each tree; T3 treatment, 15 kg/each tree). Bars indicate means with error bars
being standard errors (n = 3).

3.4. Influence of Application Amount on Soil Microorganisms

Figure 6 showed that application amount had obvious influence on microbial bacterial species in
soil. At OTU level, the amount of bacterial OTU species after fertilization in T1, T2, and T3 treatments
increased from 2940 to 3113, 3303, and 3308 or by 5.88%, 11.66%, and 11.14%, respectively (Figure 6A).
At the microbial phylum level, bacterial phylum in T1, T2, and T3 treatments increased from 30 to 32, 33,
and 34, respectively (Figure 6B). After compost application, the four new microbial phyla appeared in
the soil as Deferribacteres, Fusobacteria, TA06, and Candidate_division_OP11, while BD1-5 bacterium
disappeared in CK. Proportions of new microbial phylum (abundance) in all treatments were lower
than 1%.
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Figure 6. Influences of different treatments on soil microbial species (A) OTU level; (B) phylum level.
The numbers in the A and B are the amounts of soil microbial OTU species and soil microbial phylum
in each treatment respectively. (CK treatment, no application of fertilizer; T1 treatment, 5 kg/each tree;
T2 treatment, 10 kg/each tree; T3 treatment, 15 kg/each tree).

Figure 7 indicated that in aspect of phylum classification, there were nine phyla of predominant
bacteria with abundances being greater than 1%, and the sum of their abundances occupied about
95% of total soil bacteria in all the samples of the four treatments. Proteobacteria, Acidobacteria,
Actinobacteria, Planctomycetes, Chloroflexi, Bacteroidetes, Firmicutes, Gemmatimonadetes, and
Nitrospirae were predominant bacteria in all treatments, averagely occupied 33.43%, 23.98%, 9.75%,
9.22%, 5.22%, 4.91%, 3.28%, 2.68%, and 2.51% respectively in total bacteria amount.

After compost application, percentages of Proteobacteria and Gemmatimonadetes
microorganisms presented an obvious rising tendency. Proportions of Proteobacteria increased to
above 30% after application treatment, and maximum value was 41.7% in T1 treatment. Proportions of
Gemmatimonadetes increased to 3.0% in T3 treatment from 1.9% in CK treatment. Proportions of
Acidobacteria, Actinobacteria, and Chloroflexi microorganisms had obvious descending tendency,
where decrement proportion of Actinobacteria was large, decreasing from 16.2% in CK treatment to
about 5–9% for application treatments.



Sustainability 2018, 10, 2376 12 of 17Sustainability 2018, 10, x FOR PEER REVIEW  12 of 17 

 

Figure 7. Percentages of bacterial phylum in different treatments in total bacterial amount (CK 
treatment, no application of fertilizer; T1 treatment, 5 kg/each tree; T2 treatment, 10 kg/each tree; T3 
treatment, 15 kg/each tree). 

Table 5 reflects indexes related to bacterial abundance and diversity in different treatments as 
well as coverage rates in DNA library. Coverage rates in all treatments in soil DNA library were all 
above 97%, which indicated that the experiment could reflect real sample status, and microbial 
species information in different samples were basically manifested. Analysis results in Table 5 
showed that the Chao1 index and ACE index both had an obvious rising tendency as the application 
amount increased, with both reaching maximum values in the T2 treatment. The Shannon and 
Simpson indexes had contrary tendencies. After the application treatment, the Shannon index 
presented a certain descending tendency, while the Simpson index had an increasing tendency. The 
Shannon index was the maximum, and Simpson index was the minimum in the T2 treatment. The 
CHAO1 index and ACE index can be descended as T2, T3, T1, and CK. 

Table 5. Soil bacterial diversity indexes of different treatments. Values are mean ± standard error (n = 3). 

 Shannon Simpson Ace Chao1 Coverage 

CK 6.478 ± 0.087 0.004 ± 0.001 2769.547 ± 10.515 2781.251 ± 16.084 0.978 ± 0.001 
T1 6.17 ± 0.108 0.009 ± 0.002 2881.277 ± 106.483 2873.715 ± 109.458 0.975 ± 0.002 
T2 6.461 ± 0.154 0.005 ± 0.002 2964.080 ± 88.861 2964.346 ± 95.423 0.976 ± 0.001 
T3 6.425 ± 0.064 0.006 ± 0.001 2919.419 ± 127.585 2929.363 ± 131.286 0.976 ± 0.002 

RDA analysis results showed that three treatments had different gathering positions in Figure 8, 
which meant that three treatments changed soil microbial structure. As shown in the Figure 8, 
influences of organic matter content (TC), available phosphorus (RP), PH, and rapidly available 
potassium (RK) contents in soil had great influences on bacterial community, whereas total nitrogen 
(TN), total phosphorus (TP), and total potassium (TK) content had lower influence on bacterial 
community. The Proteobacteria, Bacteroidetes, Firmicutes, Gemmatimonadetes, Nitrospirae, and 
Candidate_division_WS3 were significantly influenced by the pH values. The Amatimonadetes and 
Cyanobacteria were positively correlated with the organic matter content. The Acidobacteria and 

Figure 7. Percentages of bacterial phylum in different treatments in total bacterial amount
(CK treatment, no application of fertilizer; T1 treatment, 5 kg/each tree; T2 treatment, 10 kg/each tree;
T3 treatment, 15 kg/each tree).

Table 5 reflects indexes related to bacterial abundance and diversity in different treatments as
well as coverage rates in DNA library. Coverage rates in all treatments in soil DNA library were all
above 97%, which indicated that the experiment could reflect real sample status, and microbial species
information in different samples were basically manifested. Analysis results in Table 5 showed that the
Chao1 index and ACE index both had an obvious rising tendency as the application amount increased,
with both reaching maximum values in the T2 treatment. The Shannon and Simpson indexes had
contrary tendencies. After the application treatment, the Shannon index presented a certain descending
tendency, while the Simpson index had an increasing tendency. The Shannon index was the maximum,
and Simpson index was the minimum in the T2 treatment. The CHAO1 index and ACE index can be
descended as T2, T3, T1, and CK.

Table 5. Soil bacterial diversity indexes of different treatments. Values are mean ± standard error (n = 3).

Shannon Simpson Ace Chao1 Coverage

CK 6.478 ± 0.087 0.004 ± 0.001 2769.547 ± 10.515 2781.251 ± 16.084 0.978 ± 0.001
T1 6.17 ± 0.108 0.009 ± 0.002 2881.277 ± 106.483 2873.715 ± 109.458 0.975 ± 0.002
T2 6.461 ± 0.154 0.005 ± 0.002 2964.080 ± 88.861 2964.346 ± 95.423 0.976 ± 0.001
T3 6.425 ± 0.064 0.006 ± 0.001 2919.419 ± 127.585 2929.363 ± 131.286 0.976 ± 0.002

RDA analysis results showed that three treatments had different gathering positions in Figure 8,
which meant that three treatments changed soil microbial structure. As shown in the Figure 8,
influences of organic matter content (TC), available phosphorus (RP), PH, and rapidly available
potassium (RK) contents in soil had great influences on bacterial community, whereas total nitrogen
(TN), total phosphorus (TP), and total potassium (TK) content had lower influence on bacterial
community. The Proteobacteria, Bacteroidetes, Firmicutes, Gemmatimonadetes, Nitrospirae, and
Candidate_division_WS3 were significantly influenced by the pH values. The Amatimonadetes and
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Cyanobacteria were positively correlated with the organic matter content. The Acidobacteria and
Planctomycetes were mainly influenced by the total phosphorus, and the Chloroflexi was mainly
influenced by the available phosphorus.
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Figure 8. RDA analysis of influences of soil physiochemical properties on soil bacterial community.
Arrow lengths of various factors express influence degrees of soil physiochemical properties on
soil bacterial community in the phylum level. The numbers in the figure show the amount of
different bacterial phylum. (CK treatment, no application of fertilizer; T1 treatment, 5 kg/each tree;
T2 treatment, 10 kg/each tree; T3 treatment, 15 kg/each tree; TC: organic matter content; RP, available
phosphorus; RK, rapidly available potassium contents; TN, total nitrogen; TP, Total phosphorus; and
TK, total potassium).

4. Discussion

Undoubtedly, the utilization of green waste compost is a new path for digesting urban green
waste. However, it has not been extensively applied to soil improvement in forestry construction.
This study’s results showed that green waste compost had a favorable improvement effect on soil in
the Beijing plain afforested area and can improve soil nutrients, increase organic matter content, reduce
soil pH, and enhance microbial abundance. Therefore, green waste compost has broad application
prospects for soil improvement in the Beijing plain afforested area. Although inorganic fertilizer or
spent mushroom compost and chicken manure or pig manure also have favorable soil improvement
effects [44], green waste compost has the dual effect of waste use and soil improvement. The study
results also showed that low-level compost application amount (T1 treatment) had minor influence
on soil nutrients, while high-level application amount (T3 treatment) could significantly increase soil
organic matter content and soil nutrient content. Hence, soil improvement effect can be significant
with scientific control of compost application amount.

However, green waste compost cannot improve all the soil nutrients ideally in Beijing, in reference
to the Beijing Gradation and Classification Standard of Soil Nutrients (reference website: http://www.
bjtf.org/trgl/trfl/yfpj/pjbz/index.htm). After compost application treatments, soil rapidly available
potassium content rose from 60–70 mg·kg–1 to above 130–150mg·kg–1, namely from a low level to a
high level, and soil organic matter content rose from 13.64 g·kg–1 to more than 35 g·kg–1, also from
a low level to an extremely high level, while soil total nitrogen increased to 0.85–1.09 g·kg–1, and
available phosphorus content only rose to 30–40 mg·kg–1—both of them were at medium and low
levels. Since there was a major increase in available phosphorus and available potassium for T3
treatment (Figure 5), if fertilizers are to be added to the plantation, N would be required, but relatively
less P and K would be required. However, the Chinese government supports this work not only to
benefit from increasing the fertilizer effectiveness but also for the digesting a large amount of green
waste. More technologies with low cost for raising the fertility of the green waste compost should
be developed. In Shanghai city, Gu et al. (2009) concluded that green waste compost application
can increase soil total nitrogen and available phosphorus contents, and the soil improvement was
superior [45].

http://www.bjtf.org/trgl/trfl/yfpj/pjbz/index.htm
http://www.bjtf.org/trgl/trfl/yfpj/pjbz/index.htm


Sustainability 2018, 10, 2376 14 of 17

After the application of the green waste compost, the soil carbon–nitrogen ratio was
among 15.64–24.38, which was not limiting microbial decomposition of organic matter in soil (a
carbon–nitrogen ratio below 25 is suitable for the microbial decomposition). In the T3 treatment, soil
carbon-nitrogen ratio approximated to 25. If the application amount continues to increase, it will be
greater than 25, hence the application amount of green waste compost must be controlled to maintain a
lower carbon–nitrogen ratio suitable for the microbial decomposition. Some studies also indicated that
the mixed composting of green waste with cow dung, sludge, and other additives could elevate N and
P levels in soil and reduce the soil carbon–nitrogen ratio [46–49], but its influence on environmental
safety should be considered.

The application of green waste compost could change microbial structure and diversity in soil.
Through RDA analysis in this study, the results showed that the microbial structure was changed and
microbial bacterial abundance was obviously strengthened. Microbial structural change would result
in microbial functional change. For example, an increase of the proportion of Proteobacteria in this
study could give rise to increase of Azotobacteria, while a decrease of the proportion of Actinobacteria
could result in reduction of metabolic active substances released by it and related to the promotion
of plant growth. Some study results showed that Actinobacteria presented a significant correlation
with soil organic matter content or C:N ratio, so the reduction of Actinobacteria might be caused
by the increase of soil organic matter [50,51]. However, variation tendencies of bacterial diversity
indexes in all treatments were not obvious, and the change of bacterial phylum was also small,
which indicated that compost application cannot significantly affect microbial diversity and increase
hazardous microorganisms after fertilization. Obviously, it is of benefit for maintaining soil health.
This study also showed that organic matter content, available phosphorus, pH, and rapidly available
potassium contents had significant influences on bacterial communities in soil, and this was consistent
with some other studies [52,53].

According to our study, soil organic matter is linear with weight of green waste compost added,
but TN, TP, TK, RP, and RK are non-linear. The reason for the non-linear relationships might be
induced by volatilization and leaching losses and bacteria consuming C, N, P, and K in the soil at
different relative rates or fungi decomposition. From Figure 8, the organic matter and nutrients were
correlated with the bacterial community. It was probably that the bacterial feeding habits that led to a
non-linear amount of nutrients. Proteobacteria, Acidobacteria, Actinobacteria, and Planctomycetes
account for 75% of the bacteria amount. Acidobacteria and Planctomycetes were correlated with TP,
and Chloroflexi was closely correlated with RP, while Actinobacteria was closely related with TC.
Feeding habits of these bacteria were key for the different changes of nutrients and organic matter.
On the other hand, the fungi, such as Trichoderma sp., Penicillium sp., and Actinomyces sp., play a
major role in the decomposition of organic matter in soil [54]. These fungi could also have a major
influence on the non-linear nutrient levels. We will investigate these impacts of microorganism in the
following research.

5. Conclusions

The million-mu plain afforestation project of Beijing is an important measure to promote the
greening of the capital. The influences of different application amounts of green waste compost in soil
on its physical and chemical properties as well as microorganisms in the afforested land of Beijing
were compared in the experiment, and the following conclusions were drawn:

All the three application amounts of green waste compost could improve soil fertility in the
Beijing plain afforested area to a certain degree. Compared to CK treatment, there was less influence
for smaller amount of compost application (T1 and T2) and a significant effect for a large amount of
compost application in the aspects of improving and increasing nutrient levels of soil total nitrogen,
total phosphorus and rapidly available potassium, and improving alkaline soil. In addition, a large
amount of compost application can also increase soil C/N ratio to a great degree, but if the application
amount is not controlled to a certain degree (less than T3 treatment), it will not adversely impact the
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microbial decomposition of organic matter. In this study, green waste compost increased total nitrogen
and available phosphorus in soil, but the effect was not ideal.

Green waste compost application changed the microbial structure. The percentages of
Proteobacteria and Gemmatimonadetes microorganisms presented an obvious rising tendency, but the
percentage of Actinobacteria was reduced. Compost application had a favorable effect on strengthening
soil microbial abundance but insignificant influence on soil microbial diversity. The influences of
soil organic matter content, pH, available phosphorus, and rapidly available potassium contents on
bacterial communities in soil were significant. In a word, the application amount in the T3 treatment is
proposed for green waste compost application in the plain afforested area of Beijing.
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