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Abstract

Intensified livestock system produced large amount of bio-waste, and improper disposal of livestock manure has led to severe

environmental consequences. However, knowledge about the time-dependent changes of manure-derived nitrate and soil bacterial

diversity along the soil profiles is limited. In this study, vertical variation of soil bacterial diversity and composition in a manure-

amended maize field and adjacent non-manured woodland was investigated using high-throughput sequencing technique in

spring and autumn along a 1-meter profile depth. The results showed that higher amount of nitrate was detected along the

soil profile loaded with cattle manure compared with the adjacent non-manured woodland, and soil δ15N-NO3- composition

further corroborated the manure-derived nitrate in the maize field. No significant difference in bacterial richness between the

two land uses was found, while clear separation of bacterial structure was detected even to the deep soil layers. Canonical

correspondence analysis showed that soil properties were the major factors influencing the variance of bacterial community

composition. Bacterial network is more complex in the maize field than in the adjacent woodland. Soil bacterial communities

among the depth profiles in the two land uses tended to be more phylogenetically clustered than expected by chance, and were

more likely to be clustered along the depth. These findings suggested that bacterial β diversity was strongly related to multi-

nutrient properties with high livestock manure load, and had important implications for assessing the environmental impacts

on below-ground biodiversity in sandy loam soils.
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1 INTRODUCTION

China‘s livestock industry has undergone a vast transition during the last four decades, providing the major-
ity of meat and other dairy products supporting the rapidly growing human population. However, increasing
demand for livestock generated large amount of bio-waste. It has been documented that over 3.8 billion tons
of livestock waste was produced per year in China and the nitrogen (N) in the waste accounted for 38%
of the agricultural N released into the environment (data from China Rural statistical Yearbook, 2014).
Additionally, the increased availability of synthetic N (mostly chemical fertilizers) contributed to the aban-
donment of livestock waste instead of re-using in agricultural system (Bai et al., 2018). As a consequence,
large areas of lands are necessary for those redundant livestock manure disposal (Jia et al., 2018), with severe
environmental issues for terrestrial and aquatic ecosystems.

Livestock waste confers benefits to soils if managed and used properly as it contains abundant carbon (C), N,
phosphorus (P) and other trace elements, improving soil fertility and quality. However, livestock production,
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consuming 1/3 of global agricultural land and 32% of world’s freshwater, is a primary source of greenhouse
gases such as nitrous oxide (N2O) and methane (CH4), and of N and P in water leading to eutrophication
(Yu et al., 2019). A large amount of N in livestock manure is finally converted into nitrate (NO3

-) by
microorganisms and accumulates in the soil profile (Ju et al., 2007; Yang et al., 2006; Zhou et al., 2016).
Concerning the severe impact of nitrate on aquatic and terrestrial ecosystems, it is of particular importance
to distinguish various nitrate sources, e.g. from sewage or manure. Dual isotope approach using nitrogen
and oxygen isotopic composition has been successfully applied in differentiating the numerous nitrate sources
and identifying the N role in various processes (Krapac et al., 2002; Liu et al., 2013; Wang et al., 2017).
However, knowledge about the time-dependent changes of manure-derived 15N and 18O in the soil profile is
limited.

Soil harbor enormously diverse microorganisms driving a wide range of ecosystem processes including soil
nutrients cycling, organic matter decomposition and detoxification of contaminants (Bardgett & van der
Putten, 2014). Hence insights into the role of microbial community can also explain how livestock manure
influences ecosystem processes and function, as well as provide a more effective strategy to recycle and
utilize the nutrients (Feng et al., 2015). Numerous studies have reported that organic fertilization like
animal manure can improve soil fertility, impact microbial diversity and alter community structure and
composition compared with chemical fertilization (Ashworth et al., 2017; Hartmann et al., 2015; Lin et
al., 2019; Sun et al., 2015; Tian et al., 2015; Yang et al., 2017). However, few studies have explicitly
addressed the succession feature of bacterial community along the soil profile seasonally, especially from the
start of manure application. Previous research suggested that environmental filtering is more important
than stochastic process in agricultural system due to the manure disturbance (Yu et al., 2019), and vice
versa for a less disturbed environment, like forest (Mayfield & Levine, 2010). It has been widely accepted
that microbial community assembly is driven by deterministic or stochastic processes (Jiao et al., 2018;
Stegen et al., 2012), while more and more studies suggested that the assembly process generally performed
together but not independently (Powell et al., 2015; Zheng et al., 2013). Therefore, understanding the factors
influencing the microbial community assembly process along the soil profile with the addition of manure is
critical to assessing the environmental consequences of livestock waste disposal. Livestock manure is a
considerably labile and C-rich source of resource and energy, which would likely activate r-strategy microbial
taxa (Hartmann et al., 2015; Ho et al., 2017). In our previous study, we found shifts of soil bacterial
community structure in organic manure treated soil using finger-printing methods (Shen et al., 2010). Feng
et al (2015) further suggested that species Bacillus asahii responded most distinctly to manure addition,
which become dominant in organic manure fertilized soils. However, which species would disappear along
the application of manure is still unknown. Here we investigated the spatio-temporal variation of bacterial
community in a long-term cattle manure loaded site near a dairy farm. We also collected the adjacent forest
soil for comparison. We hypothesized that along the soil profile, nutrient availability might drive variation of
bacterial community composition with r-strategy taxa responding most strongly with time. The aim for this
study was to investigate (1) nitrate accumulation and leaching potential along the soil profile; (2) the most
distinctly bacterial group in response to long-term manure loading; (3) the seasonal and vertical assembly of
soil bacterial community and their factors in a sandy loam soil. Our study provides important information
for understanding how the complex of soil bacterial community responds to anthropogenic disturbance,
especially the abandonment of livestock waste and land use transformation.

2 MATERIALS AND METHODS

2.1 Site description and sample collection

The sampling site is located in Yanqing District (40o29’ N, 11 5 o 56’ E), Beijing, China, with a temperate
continental monsoon climate. The annual temperature and precipitation was 8oC and 400-500 mm, respec-
tively. Most of the rainfall occurs between July and September. The soil is classified as aquic inceptisol
with a bulk density of 1.31 g cm-3, and a sandy loam texture. There is a local dairy farm sitting within this
area with a total of over two hundred cattle, producing around 4,000 t a-1 livestock waste loading into the
maize fields near the daily farm (Figure 1). Therefore, three maize fields each with over 100 x 100 m size
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were selected as three experiment plots, and each received cattle manure with 4x 104 kg ha-1 without any
other fertilizers every spring for ten years. Soil samples were also collected from three adjacent woodlands
with secondary forest developed from abandoned cropland for over ten years receiving no dairy manure or
chemical fertilizers.

Sampling along a 0-100 cm profile including 0-20, 20-40, 40-60, 60-80 and 80-100 cm depth took place in May
and October in 2018 just after maize seeds were sown and maize harvested, respectively. For each plot, 5 soil
cores from each plot were collected with a hand auger and homogenized into a soil sample for each depth.
Therefore, a total of 60 soil samples were obtained from two land uses for two seasons. After removing large
pieces of rocks and plant material, soils collected from fields were transported to the laboratory immediately,
and passed through a 2.0-mm sieve. Samples were preserved at 4 oC and -20 oC for further soil properties
and molecular analysis, respectively.

2.2 Soil physicochemical properties determination

Measurement of soil properties were carried out following the methods of the soil agrichemical analysis
(Lu, 2000). Soil pH was measured with a METLER TOLEDO FE20 at a soil/water ratio (m/m) of 1:1.
Soil moisture content was determined after drying at 105°C for 12 h. Soil organic matter was calculated
with organic carbon determined with potassium dichromate and sulfuric acid. Total carbon (TC) and total
nitrogen (TN) were measured by the elemental analyzer (Vario EL III, Elementar). Dissolved organic carbon
(DOC) and dissolved organic nitrogen (DON) were measured by TOC/TN analyzer (Multi N/C Model 3100,
Analytic Jena, Germany). Ammonium-N (NH4

+-N) and nitrate-N (NO3
--N) were extracted from 6.0 g fresh

soil with 1.0 mol L-1 KCl solution (soil/extract ratio of 1:5) and shaken for 1 h at 180 rpm. The soil extract
was analyzed by continuous flow analyzer (AA3, SEAL, Germany).

2.3 Σοιλ δ
15
Ν ανδ δ

18
Ο-ΝΟ3

-
σταβλε ισοτοπε αναλψσις

The concentration of δ15N and δ18O of natural nitrate NO3
- was measured using denitrifier method (Sigman

et al., 2001). Briefly, soil NO3
- was extracted from 10.0 g fresh soil sample by ultrapure water at a soil/water

ratio of 1:5 with shaking (180 rpm) for 1 h. Then δ15N and δ18O isotope ratios of the extracted NO3
- was

determined based on N2O produced by cultured denitrifying Pseudomonas aureofaciens that converts NO3
-

to N2O and analyzed on a Trace-Gas/Isotope Ratio Mass Spectrometry (IRMS, Isoprime100, UK) calibrated
with ultra-high purity N2 gas against air N in Chinese Academy of Agricultural Sciences. The stable isotope
ratios are expressed in delta (δ) units and a per mil (

2.4 DNA extraction and Illumina MiSeq sequencing

Soil DNA was extracted from 0.5 g frozen soil using the FastDNA spin kit (DNeasy® Power Soil® Kit (100),
QIAGEN, Germany) according to the manufacturer manual. DNA quality was assessed by a NanoDrop ND-
1000 Spectrometer (NanoDrop, Thermo Scientific, USA) at the wavelength of 260/280 nm. DNA samples
were stored at -40degC for further analysis.

The V4-V5 region of the bacterial 16S rRNA gene were amplified by PCR using primers 338F (ACTCC-
TACGGGAGGCAGCA) and 806R (GGACTACHVGGGTWTCTAAT) (Lee et al., 2012). Triplicate PCR
reactions for each sample was executed in 20 μL mixture containing 4 μL of 5 × FastPfu Buffer, 2 μL of
2.5 mM dNTPs, 0.8 μL of forward and reverse primer (5 μM), 0.4 μL of FastPfu Polymerase, and 10 ng of
template DNA in ABI GeneAmp® 9700. Purified PCR products were pooled in equimolar and paired-end
sequenced (2 × 250) on an Illumina MiSeq platform (Majorbio Bio-Pharm Technology Co. Ltd., Shanghai,
China) following the standard protocols. The Quantitative Insight into Microbial Ecology (QIIME V1.9.1)
pipeline (Caporaso et al., 2010) was used to process the raw sequences. A chimera filtering approach UPARSE
was applied to bin the sequences into operational taxonomic units (OTUs) at the 97% sequence identity level
(Edgar, 2013). As an even depth of sampling is required for diversity comparison, samples were randomly ra-
refied according to the lowest number (i.e. 17,113 sequences) among all the samples for downstream analysis.
The rarefied OTU was used to calculate alpha diversity (OTU richness: observed number of OTUs, Shannon
index) and community dissimilarity (Bray-Curtis dissimilarity distance). The raw reads were deposited into
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the NCBI Sequence Read Archive (SRA) database with the project accession number PRJNA603198.

2.5 Co-occurrence network analysis

Network analysis was performed on the rarefied OTU table and only OTUs with relative abundances over
0.1% and presented in at least 3 samples were included. The co-occurrence network analysis was executed in
the CoNet 3 plugin for Cytoscape 3.7.1. For each network, node attributes were computed by bootstrapping
approach with 1,000 iterations. Cluster Viz, a plugin in Cytoscape was used to find clusters in a network.
Network topological parameters were calculated by the NetworkerAnalyzertool in Cytoscape 3.7.1. Networks
were constructed based on five correlation measures using the Brown method, and only correlations with a ρ
value over 0.8 and a significance level below 0.06 were presented in the network. In a network, high average
node degree, high clustering coefficient and high network density can depict how dense a network is and the
tendency to form clusters (Banerjee et al., 2019; Rebollar et al., 2019). In a microbial co-occurrence network,
the OTUs with the highest degree, highest closeness centrality and lowest study, OTU with degree greater
than 10, closeness centrality greater than 0.24, and betweenness centrality lower than 0.011 was selected as
the keystone taxa.

2.6 Phylogenetic analysis

Standardized effect size measure of mean nearest taxon distance (ses.MNTD) was used to quantify phylo-
genetic relationships between closely related taxa (Webb et al., 2002). Negative ses.MNTD value ( < 0)
suggests that species are more closely related than expected by chance (clustering), whereas positive value (
> 0) indicates that species are less closely related than expected by chance (over dispersion). The calculation
was implemented in the R environment (http://www.r-project.org) with the Picante package using the null
model ‘taxa.labels’ (999 randomization) (Kembel et al., 2010).

2.7 Statistical analysis

One-way analysis of variance (ANOVA) was used to evaluate the effects of land-use type, seasonal change
and soil depth on soil physiochemical properties, α-diversity and the relative abundances of bacterial phyla
in SPSS 19.0 (SPSS, Chicago, IL, USA). While the interacted effects of land-use, seasonal change and soil
depth on soil physiochemical properties were assessed by PerMANOVA (permutations = 999). The effects
of land-use, seasonal change and soil depth on overall bacterium community dissimilarity were performed
using ‘adonis’ and ‘anosim’ function within ‘vegan’ package in R 3.5.3.

Canonical correspondence analysis (CCA) was performed to identify the major factors driving bacterial
distribution in maize field between two seasons as well as in two different land uses in spring and autumn.
Soil factors including soil moisture, SOM, TC, DOC, DON, C/N ratio, pH, NO3

- N, and NH4
+ N were

included in the analysis, while TN was eliminated as strong collinearity in the CCA. Permutation tests were
applied to assess the significance of the partial effects of the factors.

The relative abundance of bacterial orders (> 0.1%) was analyzed in Statistical Analysis of Metagenomic
Profiles (STAMP) software, where Welch’s t-test was applied to compare the relative abundance of bacterial
orders between maize field and woodland in spring and autumn, respectively. In addition, the heat-map of
relative abundance of bacterial community at order level was demonstrated using the R package ‘pheatmap’
and ‘ggplot2’.

3 RESULTS

3.1 Σοιλ πηψσιοςηεμιςαλ προπερτιες ανδ δ
15
Ν ανδ δ

18
Ο-ΝΟ3

-
ςομποσιτιον αλονγ τηε

σοιλ προφιλε

Soil physiochemical properties varied significantly between maize field and woodland in two seasons along the
depth (Figures 2 and S1). Generally, all the soil properties except NH4

+-N, NO3
--N and C/N significantly

decreased along the depth, especially between the top 0-20 cm layer and other layers. While soil C/N ratio
showed the opposite trend along the depth for both land uses. Soil NH4

+-N and NO3
--N contents showed

inconsistent trend along the depth in two land uses and seasons.
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Among different land uses, soil DON, DOC, C/N, NH4
+-N and NO3

--N contents were all significantly higher
in maize field than in woodland irrespective of season (Table 1). Among different seasons, soil C/N was
significantly higher in spring than in autumn irrespective of land use. Soil NH4

+-N content was significantly
higher in spring than in autumn only in maize field, and no significant difference of soil NO3

--N content was
found in maize field irrespective of season.

The dual isotope ratios of soil δ15N and δ18O-NO3
- are shown in Figure 3. It clearly showed that iso-

topes abundance from different land uses were separated from each other along the Y axis. Soil δ15N-
NO3

-composition from maize field fall between +5fall between -5composition from both land uses fall between
-5

3.2 Soil bacterial community structure

Soil bacterial community structure and diversity was determined based on 16S rRNA gene using pyrose-
quencing technique. In total, 7, 922 OTUs were obtained from 60 soil samples with the average number of
30,677 sequence per sample. Based on the relative abundance of OTU, we found that bacterial OTU richness
(Figure 4a) and Shannon diversity (Figure 4b) in the maize field showed no significant difference with those
of woodland irrespective of season (P > 0.05 for both). However, the NMDS ordination based on the relative
abundance of OTU using Bray-Curtis distance showed that bacterial community structure in maize field was
clearly separated from those in woodland. Furthermore, bacterial community structure from both land uses
showed a clear pattern along the depth and seasonal variance (Figure 4c), which was further confirmed by
PerMANOVA and ANOSIM analysis based on different land uses (P <0.01) and seasonal change (P < 0.05)
(Table S1).

3.3 Soil bacterial community composition

Bacterial phylum with a relative abundance over 8.0% was considered as the dominant phylum in this study.
As shown in Figure S2, the dominant bacterial phyla in maize field are Proteobacteria (mean 31.8%),Chlo-
roflexi (mean 14.4%), Actinobacteria (mean 12.1%),Acidobacteria (mean 11.4%), Bacteroidetes (mean 9.2%)
and Gemmatimonadetes (mean 5.5%). The relative abundance of bacterial phyla varied significantly in maize
field from spring to autumn except Chloroflexi and Patescibacteria (Table S2). For example, Proteobacteria
in the maize field along the depth in spring and autumn ranged from 57.1- 22.2% and 47.6% - 15.0%, respec-
tively. Actinobacteria and Bacteroidetes were in the range of 14.6 - 5.2% and 25.8 - 9.7%, 27.6- 2.8% and
11.3 - 1.0%, respectively. Additionally, the relative abundance of the dominant bacterial phyla in the wood-
land along the depth areProteobacteria (mean 23.2%), Actinobacteria (mean 18.2%), Acidobacteria (mean
17.9%) and Chloroflexi (mean 12.2 %) (Figure S2). Only Actinobacteria, Acidobacteriaand Nitrospirae in
the woodland responded significantly to seasonal change (Table S2). For example, Actinobacteria in the
woodland along the depth in spring and autumn ranged from 22.2 - 10.9% and 31.8 - 14.1%, respectively.
Within the same season, it is quite clear that most of the dominant phyla except Chloroflex andFirmicutes
showed significant differences (P < 0.05) between these two land uses in spring, while onlyActinobacteria
and Bacteroidetes showed significant difference in autumn. The relative abundance of Bacteroidetesshowed
significant differences between different land uses for each season and seasonal difference in the maize field
(P < 0.05), but no seasonal difference in the woodlands (P> 0.05).

We further compared the relative abundance of bacterial group (relative abundance > 0.1%) at order level,
and found that more bacterial groups showed significant variance between the two land uses in spring than in
autumn (Figure 5), indicating that manure addition had a strong impact at the beginning. For example, the
relative abundance of Flavobacteriales, Sphingobacteriales and Bacteroidales affiliated withBacteroidetes,
Methylococales affiliated withGammaproteobacteria are significantly higher in the maize field than in the
woodland in spring (P < 0.05), while no difference was found in autumn. While some bacterial groups
showed lower abundance in the maize field than that in the woodland. For example, the relative abundance of
Pyrinomonadales affiliated withAcidobacteria , Gaiellales affiliated withActinobacteria , Gemmatimonadales
affiliated with Gemmatimonadetes, and Rokubacteriales affiliated withRokubacteria , are significantly lower
in the maize field than in the woodland in spring, while there was no difference in autumn.

5
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3.4 Factors driving the distribution of bacterial community structure

We focused on the edaphic factors shaping bacterial community structure between different land uses (Figure
6A) and different seasons (Figures 6B and 6C) with CCA analysis. For different land uses, SOM (R2 = 0.74,
P = 0.001), C/N (R2 = 0.70, P = 0.001), NO3

--N (R2 = 0.63, P = 0.001), soil pH (R2= 0.57, P = 0.001) and
moisture (R2 = 0.53, P = 0.001) were strongly and significantly linked to the variance of bacterial community
between different land uses (Figure 6A). All the tested factors except DOC and DON were highly correlated
with the seasonal variance of bacterial community structure in maize field (Figure 6B), with SOM (R2=0.81,
P=0.001), soil pH (R2=0.61, P = 0.001), NO3

--N (R2 = 0.49, P = 0.001) and ammonium (R2 = 0.44, P =
0.001) as the major factors.

In order to reveal phylogenetic community composition, standardized effect sizes of NMTD (ses.MNTD) was
calculated. All of the ses.MNTD values obtained using the null model in both land uses were significantly
negative (Figure 7), indicating that bacterial assemblages were phylogenetically clustered for all the soils
along the depth. Furthermore, the ses.MNTD values showed an increased trend along the depth, indicating
that bacterial phylogenetic clustering in the top soil is stronger than those in the deeper soils.

3.5 Bacterial general co-occurrence network in different land uses

We constructed four co-occurrence networks based on OTU-OTU correlations for different land uses and
seasons, and found striking differences in the network size between land uses (Figure 8). There were three
main clusters in maize field for both seasons, while only one main cluster in woodland. The networks of maize
field in the spring and autumn (376 and 371 nodes) were more complex than that of woodland (278 and 334
nodes). Positive correlation (co-occurrences) displayed as edges was significantly higher than negative ones
(mutual exclusions) in all the networks (Table 2). As shown in Table 2, network topological parameters varied
in two land uses. The woodland network exhibited considerably higher average degrees, higher clustering
coefficient and higher network density compared with the maize field network. The highest positive and
negative correlation were recorded in maize field in the spring and woodland in the autumn, respectively,
while the lowest positive and negative correlation were both recorded in the maize field in the autumn.
More than 70% of all nodes were assigned to five dominant phyla includingProteobacteria , Acidobacteria,
Actinobacteria andChloroflexi . Interestingly, Bacteroidetes was found as the dominant group in the maize
field co-occurrence network, while not shown in woodland network (Figure 8).

4 DISCUSSION

Intensified livestock production system contributes significantly to environmental impacts including water, air
and soil quality by altering the biogeochemical cycling of carbon, nitrogen and phosphorus (Bai et al., 2018;
Leip et al., 2015; Pelletier & Tyedmers, 2010). In this study, higher amount of nitrate was detected along
the soil profile applied with cattle manure compared with the adjacent non-manured woodland, indicating
higher risks of nitrate pollution even down to the subsurface soils with continued manure application. This
result was in good agreement with a meta-analysis based on over 7000 cropland samples, which showed large
accumulations of nitrate in the soil deep down to 4 meters (Zhou et al., 2016). Soil δ15N-NO3

- value further
corroborated the high proportion of manure-derived nitrate in the maize field, which is consistent with
previous research working on nitrate contamination sources in various environments (Fenech et al., 2012).
While some researchers mentioned that the effect of manure addition on nitrate leaching varied with soil
texture, climatic condition as well as the applied amounts (Gai et al., 2019; Maeda et al., 2003). Over-use of
manure results in nitrate redundancy that gives rise to environmental concerns (Herrero & Thornton, 2013),
e.g., groundwater contamination, soil nitrogen losses. Similar result was also obtained from a long-term
field study carried out in Nebraska in USA applied with different rates of manure application (Nguyen et
al., 2013). However, in the above mentioned study, they suggested that manure if applied below or at the
rates equal to crop N requirements has many benefits for food production and environmental protection.
Recently, the possibility of substituting manure for commercial fertilizer has been addressed based on 141
published studies and concluded that recycling of livestock manure in agroecosystems would reduce nitrogen
losses and increase food production especially in upland soils (Xia et al., 2017). Critical land management in
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crop production is therefore necessary in keeping sustainability of food production and agricultural systems.

Soil microbial diversity exhibited distinct response to the environment disturbance (Falkowski et al., 2008).
In this study, manure addition had no significant impact on bacterial OTU richness and Shannon diversity
in the maize field compared to woodland for both seasons, indicating that the change of land use in this
site had no significant impact on bacterial α diversity. Generally, agricultural soil microbial diversity tend
to be spatially homogeneous when compared to natural habitats because of the interference from human
activities (Kennedy & Smith, 1995). Soil bacterial diversity showed a decreasing trend from woodland to
cropland (Zheng et al., 2017), which is contrast to our observation. Previous research also observed that
soil bacterial diversity responds strongly to the land use change of Amazon rainforest and resulted in biotic
homogenization in agricultural soils (Rodrigues et al., 2013). This discrepancy regarding the little difference
of bacterial diversity between these two land uses was probably attributed to the addition of manure in
the maize field. Additionally, not all the change of land uses would alter bacterial α diversity (Jesus et al.,
2009). For example, soil bacterial diversity kept constant following the conversion of cropland to orchard
in a degraded karst system (Liao et al., 2018). Our results suggested that the conversion of woodland to
cropland did not significantly change bacterial α diversity.

Contrasting to the result of bacterial OTU richness between these two land uses, clear separation of bacterial
structure between the maize field and woodland was detected even to the deep layers, which was further
confirmed by PerMANOVA analysis. This difference may be explained by the following reasons. Firstly,
manure contains numerous microbial resources including liable C and N, providing soil nutrients for microbial
growth, especially for the bacteria (Enwall et al., 2007; Sun et al., 2004). Secondly, manure application will
change soil physical and chemical properties by altering soil aggregate stability, water and gas exchange,
which in turn improving microbial living conditions (Guo et al., 2019). Additionally, manure harbors a
large amount of microorganisms (Meng et al., 2019), and some of which will be introduced and persisted
in soils from several days to several months depending on soil types and manure sources (Udikovic-Kolic
et al., 2014). All these indicated that manure application favor microbial growth, enabling a shift in soil
bacterial community composition (Peacock et al., 2001; Shen et al., 2010). The differences between these
two land uses were more apparent in the network analysis as maize field networks harbor more modular
than woodland. The co-occurrence network in woodland harbored a denser and highly connected bacterial
community compared with that in the maize field, nevertheless, the bacterial community in maize field is
more specialized with different ecosystem function.

Most interestingly, the shift of bacterial composition kept consistent along the soil profile, as site-specific
pattern of bacterial community structure was detected in this study. Differences in spatial distribution of
soil bacterial community was largely affected by the vertical gradients of soil properties (Jiao et al., 2018).
The increase of ecological heterogeneity with increasing depth in our studied site may be attributable to the
significant response of bacterial β diversity along the soil profile. Similar to our study, researchers in four
Alaska soil cores also indicated that microbial assembly process was mainly determined by environmental
factors rather than depth (Tripathi et al., 2018). In both land uses, the ses.MNTD mean values deviated sig-
nificantly from zero, indicating that bacterial assemblages had higher phylogenetic clustering than expected
by chance. This finding is consistent with other previous studies (Horner-Devine & Bohannan, 2006; Stegen
et al., 2012), which indicated that soil bacterial community were more structured by environmental filtering
in a wide range of environments. Significant correlation between ses.MNTD and depth further suggested
that bacterial community are shifted from more phylogenetically clustered assembly to less along soil depth.
Similar results have been found in various habitats, like Alaskan soil cores (Tripathi et al., 2018), Tibetan
Plateau (Chu et al., 2016), which showed that environmental filtering are more important in the assembly
of bacterial community in surface soils than in deeper soils.

In this study, we found higher concentrations of nitrate in the maize field with long-term applications of live-
stock waste. This raises the question about which bacterial species responded mostly promptly or persisted
longer following manure addition in the context of high nitrate scenario. Pearson correlation analysis between
the dominant bacterial groups and nitrate content suggested that nitrate was significantly correlated with
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phyla of Bacteroidetes (P< 0.001), Nitrospirae (P < 0.01),Firmicutes (P < 0.001), andGemmatimonadetes
(P < 0.001) in the maize field (Table S3), but not correlated with special groups in the woodland. Further-
more, many bacterial groups at phylum or order levels showed significant differences in the two land uses in
the spring than in the autumn, especially Bacteroidetes . Accumulating evidence showed that Bacteroidetes
is widely present in a range of habitats including plant (Thomas et al., 2011), soil (Lauber et al., 2009) and
animal gut (Tajima et al., 1999). Their mammal origin might explain the higher abundance and sensitive
response in the maize field especially in spring. Our result is consistent with a previous study by Wolinska
and his colleagues (Wolinska et al., 2017), who suggested that Bacteroidetes could be recommended as a
sensitive indicator for agricultural soil type. Additionally, Bacteroidetes is specialized in decomposing high
molecular weight compounds such as polycyclic aromatic hydrocarbons and xenobiotics (Fernandez-Gomez
et al., 2013), which could be explained by its copiotrophy life strategy exhibiting more responsive to rich
available nutrients (Ho et al., 2017; Pepe-Ranney et al., 2016). The enrichment of this microbial group in
response to the addition of exogenous manure, suggests their ability in processing complex organic matter
in soils and therefore improving soil fertility.

CONCLUSIONS

Significant changes in soil nutrient availability with the addition of manure contributed to the separation of
soil bacterial community structure between different land uses in our study. More sensitive bacterial groups
were detected in response to the manure addition especially in the beginning. Bacteroidetes phylum was one
of the most responsive groups to the addition of manure addition, which could be a potential bio-indicator for
agricultural usage. These results provide solid and necessary information for a better understanding of the
succession characteristics of bacterial diversity as well as the driving factors in the maize field receiving cattle
manure over a long term. Bacterial diversity is beneficial to terrestrial ecosystem in increasing disturbance
tolerance and maintaining ecosystem services. Network analysis further highlights strong differences in
network structure between the maize field and woodland that is more related to ecosystem function. We
propose that future research should focus on the microbial diversity and function in assessing environmental
risks of manure disposal as well as strategies to reduce nitrate leaching.
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Figure 8 The correlation network of bacterial OTUs in maize field (A and B) and 

woodland (C and D) in spring (A and C) and autumn (B and D). The size of nodes 

represents relative abundance and the color of nodes indicates different cluster. Green 

and red line represent co-occurrence and mutual exclusion relation, respectively. 
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