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Abstract
Purpose Vegetables are major economic crops in China. Their cultivation usually involves high fertilizer application rates
leading to significant losses of N and P to the wider environment, resulting in water contamination and low nutrient use
efficiency. Hence, it is a matter of urgency to understand the mechanisms and factors that affect N and P losses in vegetable
production systems in order to develop optimum fertilization regimes.
Materials and methods Different fertilization regimes were applied in a long-term chili (Capsicum spp. L.) production soil to
study the effects on nitrogen (N) and phosphorus (P) runoff losses, microbial biomass, microbial community, and crop yields.
Three fertilization regimes were implemented: control (no fertilizer; CK), farmer’s fertilization practice (FFP), and site-specific
nutrient management (SSNM). A fixed collection device was used to quantify the total volume of water output after each
precipitation event. All water samples were analyzed for total nitrogen, ammonium nitrogen (NH4

+-N), nitrate nitrogen
(NO3

−-N), total phosphorus (TP), and available phosphorus (AP). Soil samples were collected for analysis of the physicochem-
ical properties and for DNA extraction after chili harvest. High-throughput sequencing was used to further investigate the
relationship between the microbial community and nutrient losses.
Results and discussion The SSNM fertilizer regime resulted in a 23.3% yield increase and enhanced agronomic N use efficiency
from 11.87 to 15.67% compared with the FFP treatment. Soil available nutrients (i.e., AN and AP) and ATP content increased
significantly after SSNM implementation. Under the SSNM regime, N losses decreased by 25.8% comparedwith FFP but did not
lead to significantly different P losses. High-throughput sequencing results showed that each treatment formed a uniquemicrobial
community structure. VPA results revealed that the microbial community structure was mainly (50.56%) affected by the inter-
actions between N and P. Mantel results indicated that the soil properties that significantly affected soil microbial community
structure followed the order: AP, AK, and salinity.
Conclusions Our study has demonstrated that SSNM not only generates lower N losses but also provides higher contents of soil
available nutrients and plant yield, which were mainly attributed to the multiple top dressings and meeting of the plants’ demand
with adequate nutrient supplies. The combined data showed that the microbial community differentiation between the different
fertilizer regimes was mainly linked to the interactions between N and P in the soil.
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1 Introduction

Agricultural activities have altered nutrient cycling in farm-
land ecosystems, accelerating the circulation of elements in
various ecosystems and leading to increased losses of nutri-
ents such as N and P. The N and P lost have major detrimental
environmental effects, including surface water eutrophication
(Carpenter et al. 1998). In addition, inappropriate use of fer-
tilizers (i.e., excessive fertilization and inappropriate fertilizer
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application timing) may also lead to soil quality deterioration,
such as soil acidification and soil structural degradation
(Verhoeven et al. 1996). Over the past three decades, the area
devoted to vegetable crops has risen by a factor of more than
seven, from 3.3 million ha to 24.8 million ha, accounting for
14.5% of the total farmland in China (FAO 2011).

An intensive vegetable production system involves the
use of high rates of fertilizers and pesticides, multiple
crops per year, and the use of irrigation (Zhu et al.
2013). Fertilizer application rates for intensive vegetable
systems have reached about 1500 kg N ha−1 year−1 in
China (Ju et al. 2006), which are more than three times
those for non-vegetable production systems (Zheng et al.
2004). In order to pursue high yields, N fertilizer use for
agricultural production has been increasing for decades in
China, but N utilization efficiency has been decreasing
due to the excessive N application rates (Lin et al.
2007). It has been estimated that global N fertilizer input
to agricultural production outpaces human N demand by a
factor of more than seven (Deluca 2009). As a conse-
quence, less than one fifth of fertilizer N and P contribute
to food production, and the rest is wasted (Albiac 2009).
Most of the unused portions of the N in agricultural pro-
duction will eventually end up in lakes and rivers as a
pollutant (Zhu and Chen 2002). Therefore, it is important
to develop and verify an optimal fertilization regime for
vegetable crop soil, to improve fertilizer N use efficiency
and minimize the negative environmental impacts.

Site-specific nutrient management (SSNM) was sug-
gested by the International Rice Research Institute
(IRRI). In SSNM, fertilizer application is based on the
timing and quantity of plant needs (Liu et al. 2010).
This approach has been shown to be an effective means
of reducing fertilizer application rates and increasing nu-
trient use efficiency (Dobermann et al. 2003). SSNM
practices are designed to take into account the soil nutri-
ent supplying capacity, crop yield targets, the previous
local nutrient management situation, and corresponding
crop nutrient requirements, as well as socioeconomic fac-
tors (Liang et al. 2013). During the growing season, a few
crop nutrition status indicators are measured to ensure that
N, P, and K are applied at the times required by crops.
This approach was based on scientific principles devel-
oped through nearly a decade of field research and advo-
cates reasonable use of indigenous nutrients originating
from soil and plant residues. Fertilizers are applied at
appropriate times to overcome nutrient deficiency and
make up the difference between the total crop nutrient
demand and the supply from indigenous sources to
achieve a yield target (Pampolino et al. 2007).

The effects of agricultural management, including alternate
wetting and drying irrigation and rice-wheat rotational
cropping, on surface runoff after adopting the SSNM system

have been studied (Liang et al. 2013; Pampolino et al. 2007).
It is increasingly accepted that SSNM can mitigate N and P
losses via surface runoff from different field conditions while
maintaining yields. Microorganisms play a vital role in
agroecosystems through participation in recycling soil nutri-
ents, maintaining soil structure, and promoting plant growth
(Nacke et al. 2011). Microbes also respond quickly to envi-
ronmental changes (e.g., tillage, water management, applica-
tion of fertilizer), resulting in dynamic changes in microbial
biomass, abundance, and diversity (Zhao et al. 2014; Zhao
et al. 2016). An appropriate microbial community structure
and activity are important factors in maintaining the sustain-
ability and productivity of ecosystems (Cardinale et al. 2006;
Chaer et al. 2009). Hence, understanding the shifts of micro-
organisms following different fertilization regimes is impor-
tant for selecting suitable management strategies to improve
ecosystem services (Acosta-Martinez et al. 2008).

Previous research on the effects of SSNM has mostly fo-
cused on paddy soils, bamboo forests, or wheat cropping sys-
tems (Pampolino et al. 2007; Khurana et al. 2008; Zhang et al.
2013). Little information is available on the effects of
implementing SSNM on surface runoff of nutrients and on
soil microbial community structure in vegetable production
soils. Hence, studies on vegetable soil under SSNM are ur-
gently needed to bridge this knowledge gap. We hypothesized
that (1) N and P losses via surface runoff would be decreased
under the SSNM system compared with traditional fertiliza-
tion practices and (2) different fertilization regimes would
alter soil microbial community structure, which would subse-
quently affect soil nutrient cycling. Specifically, the objectives
of this study were to compare the effects of SSNM on runoff
losses of N and P, plant growth, and the microbial community,
with those of traditional farmer’s fertilization practices.

2 Materials and methods

2.1 Site description

The study site was located in Yuhang County, in northern
Zhejiang Province, China (30° 35′ N, 119° 88′ E), which is
hill country in subtropical southern China. Much of the area is
used for vegetable production. The study site is characterized
as a typical subtropical monsoon climate and has a mean tem-
perature of 15.7 °C. Average rainfall is 1454 mm, about 70%
of which occurs between March and August. Before the es-
tablishment of the experiment, the land was used for rotational
production of vegetables for a long time. The soil was classi-
fied as yellow brown soil (alfisol) according to the soil clas-
sification system of China. The soil properties were pH (H2O)
5.73, organic matter 31.62 g kg−1, total N 1.98 g kg−1, total P
0.57 g kg−1, available N 192.40 mg kg−1, Olsen P
62.76 mg kg−1, and available K 0.25 g kg−1.
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2.2 Field experiment design

The experimental field was divided into nine plots, with each
plot being 15 m2 (3 m wide × 5 m long). Each plot was
surrounded by low cement walls (6 cm wide × 50 cm high),
with 30 cm buried into the soil, leaving 20 cm above the soil
surface for separation. Cement devices (1 m tall, 1 m wide,
and 1 m long) for runoff collection were installed at the lower
end of each plot. Watch-Dog 2700 Weather Stations
(Spectrum Technologies, Aurora, IL, USA)were also installed
near the experimental area to record daily meteorological data
during the study period.

The treatment plots were arranged in a randomized block
design with three replicates. The fertilizer treatments were a
non-fertilizer control (CK), farmers’ fertilizer practices (FFP)
and improved site-specific nutrient management. The sources
of N, P, and K in inorganic fertilizers were urea, superphos-
phate, and potassium sulfate, respectively. The sources of N,
P, and K in inorganic fertilizers were urea, superphosphate,
and potassium sulfate, respectively. Organic fertilizer com-
prised of pig manure and a suitable amount of spent mush-
room compost. All the organic fertilizers were applied as basal
fertilizer by broadcasting before planting, whereas the inor-
ganic fertilizers were used both as basal fertilizers and were
side-dressed three times (Table S1, Electronic Supplementary
Material). For the FFP treatment, according to local farmer
practices, the element rates for N, P, and K were 200.0, 80.0,
and 133.0 kg ha−1, respectively. The fertilizer rates for SSNM
were 208.5, 68.0, and 72.5 kg ha−1 for N, P, and K, respec-
tively. The fertilizers were applied in May (60%), August
(15%), and September (25%), 2016 in accordance with the
requirements of chili’s different growth stages (Table S1,
Electronic Supplementary Material).

2.3 Water, plant, and soil sampling and chemical
analysis

Water samples were taken from each treatment following each
rainfall event, which occurred at 41, 49, 78, 82, 88, and
119 days after the start of the experiment. Depths of runoff
water in devices were measured to calculate the runoff vol-
ume, and runoff samples were immediately collected from
each of the nine plots in polypropylene bottles. Once collect-
ed, runoff samples were shipped in ice to the laboratory for
processing. Water samples were preserved with several drops
of H2SO4 and subjected to chemical analysis within 24 h after
sampling. Water samples were filtrated with a 0.22-μm filter
prior to analysis. Concentrations of NH4

+-N, NO3
−-N, total P

(TP), and total N (TN) were determined using a continuous
flow analyzer (SAN++, Skalar, Holland). The available nitro-
gen (AN) and available P (AP) were determined using the
alkaline hydrolysis diffusion and molybdenum blue colori-
metric methods, respectively. At the end of the growing

season, plant yields were determined after harvesting from
each plot. Total N, P, and potassium (K) in plant fruits were
determined after H2SO4-H2O2 reduction, and using the
methods of diffusion, molybdenum blue colorimetry, and
flame photometry, respectively. Five soil core samples (top
20 cm soil depth) from each plot were collected on Oct. 4,
after chili harvest. Within 2–6 h of collection, the pooled soil
samples were transported on ice to the laboratory. One sub-
sample was stored at a temperature of − 80 °C for DNA ex-
traction as well as molecular analysis, and the remaining soil
was processed by means of a 2.0-mm sieve in order to analyze
soil physicochemical properties.

2.4 Soil microbial biomass C and ATP analysis

Soil microbial biomass C (MBC) was measured using the
chloroform fumigation-extraction method (Vance et al.
1987). Soils were extracted after 24-h fumigation using
0.50 M K2SO4 with a 1:4 ratio for 60 min on a rotary shaker,
and C was determined with a LiquiTOC element analyzer
(Elementer Analysen-system GmbH, Hanau, Germany). Soil
adenosine triphosphate (ATP) was extracted by the TIP re-
agent, which was composed of Na2HPO4, trichloroacetic acid
(TCA), and imidazole (Redmile-Gordon et al. 2011). Two
different soil extractants were used for extraction: extractant
A contained 0.6 M imidazole, 1.10 M TCA, and 0.25 M so-
dium hydrogen phosphate, while extractant B was prepared as
extractant A except that 25 pmol ATP uL−1 was added.
Finally, ATP was analyzed using a luminometer to measure
light (Jenkinson and Oades 1979).

2.5 Bacterial 16S rRNA gene amplification, Illumina
sequencing, and data processing

Total DNA was extracted from 0.5 g soil using a Fast DNA
Spin Kit (MP Biomedical, France) according to the manufac-
turer’s protocol. A Nanodrop-2000 Spectrophotometer
(Thermo Scientific, Waltham, MA, USA) was used to mea-
sure the purities and concentrations of extracted DNA, and the
V3 and V4 regions of the bacterial 16S rRNA gene in the
extracted DNA were amplified. The forward primer was
338F (5′-ACT CCT ACG GGA GGC AGC AG-3′), and the
reverse primer consisted of a 7-bp barcode and 806R (5′-GGA
CTA CHV GGG TWT CTA AT-3′). The purified amplicons
were then sent for sequencing on an Illumina Miseq sequenc-
ing platform (Illumina Inc., San Diego, CA, USA) atMajorbio
Bio-Pharm Tech, Shanghai, China. Sequences were processed
and analyzed using Quantitative Insights Into Microbial
Ecology (QIIME), and open-reference operational taxonomic
unit (OTU) selection was performed after filtering out low-
quality or ambiguous reads according to the online instruc-
tions for QIIME. The quality sequences were binned into
OTUs that were defined at the 97% similarity level by
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UCLUST (Broadhurst et al. 2012). Differentially abundant
features were identified using the approach of the linear dis-
criminant analysis (LDA) effect size (LEfSe) at http://
huttenhower.sph.harvard.edu/lefse/ (Segata et al. 2011), and
an LDA score > 3.0 was considered as the responding micro-
organism. Redundancy analysis (RDA), the Mantel test, and
variation partitioning analysis (VPA) were carried out using
vegan and R (Dixon 2003). The dataset of 16S rRNA gene
sequences was deposited in NCBI’s Sequence Read Archive
(SRA) with accession number SRP125808.

2.6 Statistical analysis

Statistical tests, which included analysis of variance
(ANOVA) and Pearson correlation analysis, were performed
using SPSS 19.0 (SPSS Inc., Chicago, IL, USA) and Origin
8.1. Statistical significance was determined by Duncan’s mul-
tiple range test and denoted at p < 0.05.

3 Results

3.1 Crop yields and soil fertility

The yield of chili in the SSNM plots was 4691 kg ha−1, which
was 227 and 23.3% higher than those in the CK and FFP
treatments, respectively (Table 1). An important characteristic
of the soil physicochemical properties under the different fer-
tilization regimes was that soil available nutrients changed
significantly, while total soil nutrients (i.e., TN and SOM)
were not significantly affected. Soil available nutrients, such
as AN and AP, in the SSNM treatment were significantly
increased compared with the FFP and CK treatments
(Table 1). Meanwhile, SOM and pH were the highest in the
FFP treatment, at 40.29 g kg−1 and 6.57, respectively
(Table 1). The contents of AK in the FFP and SSNM treat-
ments were 286 and 291% higher than that in the CK treat-
ment (Table 1). Although yields and soil K content from each
treatment were positively correlated (R2 = 0.76, p < 0.005),
these correlations were much weaker than those between
yields and K content in fruits (R2 = 0.97, p < 0.001) (Fig. S1,
Electronic Supplementary Material).

3.2 Nitrogen and phosphorus losses

A total of six rainfall events occurred during the plant growth
period: four in the basal dressing period (totalling 190.2 mm),
one in the first top dressing period (totalling 39.6 mm), and
one in the second top dressing period (totalling 155.7 mm)
(Fig. 1a). TN losses in the runoff from the different fertiliza-
tion regimes were 5.90–15.52 kg N ha−1, and the FFP treat-
ment led to the highest (15.52 kg N ha−1) during the experi-
mental period (Table 2). This was 22.6% more than that from

the SSNM treatment. TN losses in the study period equalled
7.8% of the total N input in the FFP treatment, while only
5.8% of the applied N was lost in the SSNM treatment
(Table 2). The average concentration of N in the runoff sam-
ples from the different treatments was generally in the range of
0.21–13.17 mg N L−1 (Fig. 1b), following the order of FFP >
SSNM > CK. NO3

−-N lost from the FFP treatment was
4.01 kg N ha−1 during the study period, which was signifi-
cantly higher (by 15.6–65.0%) than that in the other treat-
ments. NO3

−-N concentrations in the runoff varied from
1.67 to 3.46 and 3.15 mg N L−1 in the CK, FFP, and SSNM
treatments, respectively (Fig. 1b). The NO3

−-N concentrations
in the runoff stayed high in the early stages of the experiment,
and then decreased (Fig. 1b). NH4

+-N in the runoff followed
the opposite trends to NO3

−-N over the experimental period.
No significant difference was found in NH4

+-N losses be-
tween the FFP and SSNM treatments (Table 2).

The loss pattern of TP in CK was similar to that in the
SSNM and FFP treatments (Fig. 1c). TP and AP losses in
the runoff varied from 0.125 to 0.534 kg ha−1 and 0.210 to
0.684 kg ha−1 during the study period (Fig. 1c). The AP and
TP losses tended to follow similar trends, and correlation anal-
ysis indicated that the AP concentrations were significantly
correlated with the TP concentrations in the runoff (Fig. 1d).

3.3 Soil microbial biomass C and community structure

The soil MBC significantly increased in the SSNM treatment
and reached 495.8 μg g−1, which was 35.1 and 4.3% higher
than those in the CK and FFP treatments, respectively
(Table 3). The soil ATP content was the highest in the
SSNM treatment (10.38 nmol ATP g−1 soil), and this was
31.7 and 20.0% higher than those in the CK and FFP treat-
ments, respectively (Table 3). No statistically significant dif-
ferences (p < 0.05) in alpha diversity were observed between
the FFP and SSNM treatments (Table 3).

The cluster dendrogram showed the Bray-Curtis dissim-
ilarity of the soil samples from the three fertilization re-
gimes, and the bacterial communities in the SSNM treat-
ment were far apart from those in the FFP and CK treat-
ments (Fig. 3a). The bacterial genetic sequences revealed
that Proteobacter ia , Acidobacter ia , Chlorof lexi ,
Nitrospirae, Actinobacteria, and Bacteroidetes (> 5%) were
the dominant phyla of microorganisms in all of the samples
(Fig. 2). Abundances of Proteobacteria, Actinobacteria,
and Bacteroidetes were significantly higher after the im-
plementation of the SSNM treatment when compared with
FFP, whereas Chloroflexi was most abundant in the FFP
treatment, where it was significantly more abundant than in
the SSNM treatment (Fig. 2). Nitrospirae, one of the im-
portant phyla involved in N cycling, was not affected by
the different fertilization regimes. LEfSe analysis was con-
ducted to examine which taxa (phylum to genus) were
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affected by different fertilization treatments (Fig. 4). Those
with an LDA score > 3.0 were selected to identify bacterial
taxa with statistically significant differences in abundance
between fertilization treatments. At the order level, a total
of 14 clades were detected, with 7 clades from the CK
treatment, 2 clades from FFP, and 5 clades from SSNM
(Fig. 4). Among these orders, Corynebacteriales,
Pseudonocardiales, and Streptosporangiales, belonging to
the Actinobacteria, were significantly increased by the im-
plementation of SSNM. Meanwhile, Anaerolineales, be-
longing to Chloroflexi, changed significantly in the FFP
treatment (Fig. 4).

3.4 Soil physicochemical properties and bacterial
community

RDA of Bray-Curtis distances was conducted to examine
the associations between environmental properties and bac-
terial population distribution (Fig. 3b). The effects of soil
properties on the bacterial community were shown by the
direction and length of the vectors. The soil properties, in-
cluding pH, TN, AN, TP, AP, AK, SOM, and salinity ex-
plained 78.95% of the total bacterial variations. AN and AP
were significantly related to the first axis (explaining
55.88% of the total variance), and SOM was significantly
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Fig. 1 Nutrient losses as affected by different fertilization regimes:
accumulated TN losses (a), NH4

+-N and NO3
−-N concentrations (b),

accumulated TP and AP losses (c), and relationship between TP and
AP concentrations in surface runoff (d). NH4

+-N and NO3
−-N (b)

correspond to the left and right Y-axis, and TP and AP (d) correspond to
the left and right Y-axis, respectively. Adjusted R2 value with associated P
value (d) are shown



related to the second axis (explaining 23.07% of the total
variance). AVPAwas constructed by defining the explana-
tory impact of N and P on the bacterial communities (Fig.
3c). A total of 81.28% of the variance of bacteria commu-
nities could be explained by N and P contents in water, soil,
and plant samples (Fig. 3c). N and P could explain 18.08
and 12.64% of the variations in the bacterial community,
respectively. The variation was mostly explained by the in-
teraction between N and P, accounting for 50.56%. The
Mantel result (Fig. 3c) indicated that the vital properties that
markedly affected bacterial population distribution were AP
(r = 0.544, p < 0.01), AK (r = 0.537, p < 0.05), and salinity
(r = 0.472, p < 0.05) (Fig. 3c).

4 Discussion

4.1 Effects of different fertilization regimes on N
and P losses

Rainfall and fertilization have been considered the most
important factors determining soil nutrient runoff losses
(Shan et al. 2015). The heaviest rainfall (on Sept. 11,
119 days after fertilization) resulted in 39.19 and
34.14% of the TN losses in the FFP and SSNM treat-
ments, respectively (Fig. 1). Hence, environmental condi-
tions (i.e., rainfall intensity) around the time of fertilizer
application should be taken as a critical factor for control-
ling N runoff losses (Peng et al. 2011). Furthermore, the

relatively poor growth of plants in the FFP treatment may
also have increased the risk of N losses in surface runoff.
The FFP treatment caused the highest TN runoff losses in
the present study (15.52 kg N ha−1), whereas SSNM re-
sulted in a much lower 3.50 kg N ha−1 loss. These ob-
served results were consistent with those reported in other
studies (8.8–18.5 kg ha−1 year−1) (Liang et al. 2013, Shan
et al. 2015). The N in the runoff consisted predominantly
of soluble inorganic N, mainly NO3

−-N (Di and Cameron
2002) (Fig. 1b). NH4

+-N is easily adsorbed onto soil min-
eral and organic matter surfaces (Rosenfeld 1979); hence,
it is usually not the dominant form of inorganic N in
runoff. While NH4

+-N losses in our experiment accounted
for 28.1–36.5% of the N in the runoff (Table 2), this may
be attributable to the large amount of organic fertilizer
applied. Organic fertilizers have been reported to contain
some ammonium, which can increase the average concen-
tration of NH4

+-N in surface runoff (Shan et al. 2015).
The loss ratio of P in the FFP and SSNM treatments
was lower than 1% (Table 2), similar to those reported
in other studies (0.03–1.09 kg ha−1 year−1) (Djodjic
et al. 2004). The TP and AP concentrations in runoff
had a strong correlation (R2 = 0.933), mainly because the
P in the runoff water was mainly in the form of available
P (Pote et al. 1996). Therefore, the SSNM practice de-
creased overall fertilizer application rates through better
synchronization of nutrient supply to meet the demands of
the growing vegetable crops, thereby lowering nutrient
concentrations in floodwater.

Table 2 Nitrogen and phosphorus loss loading in surface runoff in different fertilization regimes

Fertilization
regimes

Fertilizing amount Loss loading of surface runoff Loss ratio AEN (%)

TN
(kg ha−1)

TP
(kg ha−1)

TN
(kg ha−1)

NH4
+-N

(kg ha−1)
NO3

−-N
(kg ha−1)

TP (kg ha−1) AP
(kg ha−1)

TN (%) TP (%)

CK 0.00 0.00 5.90 ± 0.26c 2.24 ± 0.28b 2.43 ± 0.07c 0.21 ± 0.01b 0.12 ± 0.01c – – –

FFP 200 80.0 15.52 ± 0.70a 4.36 ± 0.48a 4.01 ± 0.04a 0.68 ± 0.06a 0.53 ± 0.04a 7.76 ± 0.35a 0.85 ± 0.07a 11.87±3.19a

SSNM 209 68.0 12.02 ± 0.40b 4.39 ± 0.17a 3.47 ± 0.10b 0.62 ± 0.06a 0.42 ± 0.02b 5.76 ± 0.21b 0.91 ± 0.09a 15.67±3.73a

Loss ratio, total nitrogen (phosphorus) loss loading/amount of applied nitrogen (phosphorus); AEN, agronomic N use efficiency, increased grain yield/
unit N application. The values are the mean ± SE, n = 3. Different lowercase letters in the same column indicate significant differences (p < 0.05)

Table 3 Microbial alpha diversity and biomass between different fertilization regimes

Fertilization regimes OTUs (×104) Richness Diversity Biomass

Ace (×103) Chao (×103) Shannon Simpson (×10–3) MBC (μg g−1) ATP (nmol ATP g−1 soil)

CK 2.857 ± 0.38a 2.089 ± 0.11b 2.113 ± 0.12b 6.123 ± 0.04b 4.400 ± 0.20a 367.0 ± 22.1b 7.883 ± 0.10b

FFP 2.744 ± 0.16a 2.527 ± 0.12a 2.555 ± 0.12a 6.344 ± 0.03a 3.600 ± 0.20a 480.1 ± 21.7a 8.652 ± 0.41b

SSNM 2.651 ± 0.16a 2.316 ± 0.15a 2.324 ± 0.14ab 6.251 ± 0.06ab 4.200 ± 1.00a 495.8 ± 22.5a 10.38 ± 0.75a

The values are the mean ± SE, n = 3. Different lowercase letters in the same column indicate significant differences (p < 0.05)

MBC, microbial biomass carbon; ATP, adenosine triphosphate, a good indicator of active soil microbial biomass
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4.2 Response of soil microbial biomass
and community structure

MBC can be altered by fertilization, and combined applica-
tions of organic and inorganic fertilizers may provide the big-
gest benefits (Liu et al. 2010) (Table 3). ATP, as an indicator of
active bacterial biomass, was the highest in the SSNM

treatment, indicating that the SSNM system was conducive
to microbial activity.

Previous studies have reported that fertilization can impact
soil bacterial community structure (Li et al. 2014; Zhao et al.
2014). The relative abundance variation at the phylum level and
LEfSe at each taxonomic level (from phylum to genus) (Figs. 2
and 4) was conducted to detect population distribution
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Fig. 3 The cluster dendrogram
(a) of Bray-Curtis dissimilarity of
samples based on relative
abundance. Redundancy analysis
(b) of Bray-Curtis distances of
16S rRNA of samples. Variation
partitioning analysis (c) shows the
effects of nitrogen (N),
phosphorus (P), and the
interactions between them on the
bacterial community. Circles
show the percentage of variation
explained by each factor
individually and the Br^ inMantel
test represents the correlation
coefficient between
environmental and microbial
matrices

Fig. 2 Average relative
abundance of 16S rRNA bacterial
community at phylum level in
different fertilization regimes.
The abundance is expressed as the
average percentage of the targeted
sequences to the total high-quality
bacterial sequences of samples
from triplicate plots of each
fertilization regime



variations among the three fertilization regimes. Firstly, hierar-
chical cluster analysis (Fig. 3a) of the similarity of the bacterial
communities confirmed that each treatment led to a unique
community structure. We observed that Proteobacteria,
Actinobacteria, and Bacteroidetes were all both dominant and
responding phyla in the SSNM treatment, whereas only
Chloroflexi was dominant at the phylum level in the FFP treat-
ment. A greater abundance of Actinobacteria was found in
aerobic environments with a full supply of N (Li et al. 2014).
Bacteroidetes was associatedwith decomposition of recalcitrant
C compounds, especially following N additions (Nemergut
et al. 2008). Similar results were found in the N and organic
carbon treatments in our experiment. Acidobacteria, a ubiqui-
tous and abundant member of the soil bacterial community,
have been suggested to be closely associated with pH (Jones
et al. 2009). The highest Acidobacteria abundance in our study
was in the CK treatment, probably because of the relatively
acidic soil (pH 5.27). Secondly, the respondingmicrobes select-
ed under LEfSe analysis further demonstrated that the bacterial
community was altered by the different fertilization treatments.
Although Chloroflexi was not a responding bacterium in the
FFP treatment, Anaerolineae, a class within this phylum,

showed a remarkable abundance increase (Fig. 4), a finding
consistent with previous studies. The large amount of organic
fertilizer applied and the high oxygen consumption in the de-
composition process might have significantly affected this fac-
ultative anaerobic order (Zhao et al. 2014).

4.3 Microbial community associations
with environmental characteristics

Multiple studies have demonstrated that environmental factors
such as acidity, available nitrogen and potassium, soil organic
carbon, and soil salinity are prevailing environmental factors
that can shape soil bacterial population distribution with fer-
tilizer application (Li et al. 2014; Zhao et al. 2014). Significant
impacts of fertilizer on the soil microbial community compo-
sition have been reported, whereby fertilizer applications can
enrich soil nutrients and improve soil properties (Fierer et al.
2007, Li et al. 2014). In this study, results showed that the
microbial population distribution was highly related to the soil
physicochemical properties, which were mediated by different
fertilization regimes. The RDA and Mantel test showed that
microbial community structure was significantly related to
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Fig. 4 LEfSe cladogram indicating the phylogenetic distribution of
bacterial lineages under different fertilization regimes. Colored circles
show the differentially abundant taxa, and the color is corresponding to
the different fertilization regimes in which the taxon is the highest

abundance (red for CK, green for FFP, blue for SSNM). Six rings of the
cladogram stand for domain (innermost), phylum, class, order, family,
and genus, and lineages with LDA values higher than 3.0 are displayed



AP. Phosphorus is an essential element for all forms of life and
a constituent of nucleic acids (Adeola 1999); hence, the con-
tent and availability of P can influence the composition and
diversity of the microbial community. As is shown in our
study, the interactions between N and P were major factors
(50.56%) that impacted the microbial community. These re-
sults indicated that the soil microorganisms were impacted by
N and P migration and transformation in the soil, plants, and
water. Runoff losses and plant uptake were two important
pathways for nutrient migration after fertilizer application.
Additionally, the VPA and Mantel test showed that AK (r =
0.537, p = 0.013) and salinity (r = 0.472, p = 0.012) contribut-
ed less than AP to microbial community variation. Potassium
is an essential element for plant growth, and salinity can in-
fluence microbial growth and activity through osmotic stress
limits and the metabolic quotient (Rietz and Haynes 2003).
Therefore, fertilization affected the microbial structure by
changing the microbial living environment, mainly through
the cycle of soil nitrogen and phosphorus, followed by altering
the soil properties and plant growth conditions, which also
indirectly affected the microorganisms.

5 Conclusions

In summary, for the first time, we provided direct evidence of
economic and environmental benefits of adopting the SSNM
system in vegetable production systems. Our results have
clearly demonstrated that fertilizer regime not only affects
plant yields but also N losses, soil physicochemical properties,
microbial biomass, and bacterial community structure. The
SSNM system decreased TN and TP losses by 22.6 and
8.8%, respectively, and increased the crop yields by 23.3%
due, in part, to multiple topdressings and matching the plant
demand with nutrient supplies. The SSNM system was shown
to be a more cost-effective and environmentally friendly fer-
tilization regime than FFP. Positive correlations were found
between bacteria community and certain soil physiochemical
properties, such as AP, AK, and salinity, and the relative abun-
dance of Proteobacteria, Actinobacteria, and Bacteroidetes
changed significantly following the SSNM application. Our
results also showed that microbial biomass responded differ-
ently to the different fertilization regimes and that this also has
major implications for the sustainability of the fertilization
regimes in the long term.
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