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Long-term phosphorus
fertilization reveals the
phosphorus limitation shaping
the soil micro-food web stability
in the Loess Plateau

Liangliang Li*, Zhuzhu Luo'?*, Lingling Li?, Yining Niu?,
Yaoquan Zhang?, Renyuan He?, Jiahe Liu® and Lili Nian®

!College of Resources and Environmental Sciences, Gansu Agricultural University, Lanzhou, China,
2State Key Laboratory of Arid Habitat Crop Science, Lanzhou, China, *College of Forestry, Gansu
Agricultural University, Lanzhou, China

The intricate decomposition pathways within soil micro-food webs are vital for
cycling soil organic carbon and nutrients, influencing the quality, productivity,
and sustainability of soil systems. However, the impact of diverse phosphorus
addition on these organic decomposition pathways still needs to be explored.
In an 8-year experiment, phosphorus (P) fertilizer was added at varying levels
(Okgha™, CK; 60kgha™, P60; 120kgha=, P120; and 180kgha, P180), to
investigate the response of the soil micro-food web. The results revealed a
significant effect of phosphorus addition on soil microorganisms and nematodes,
with P60 exerting a greater influence than other treatments. At P60, the
Shannon index of nematodes and fungi surpassed other treatments, indicating
higher diversity, while the Shannon index of bacteria was lower. The Chaol
index of bacteria and fungi at P60 was higher, contrasting with the lower index
for nematodes. Metabolic footprints of bacterivores and omnivores—predators
(BFMF and OPMF) were higher at P60, while metabolic footprints of fungivores
and plant parasites (FFMF and PPMF) were lower, signifying altered energy flow.
Functional metabolic footprints and energy flow analysis unveiled a stable soil
micro-food web structure at P60, with enhanced energy conversion efficiency.
Network analysis illustrated positive correlations between fungi, fungivorous
nematodes (FF), and omnivorous-predatory nematodes (OP) at P60, while
P120 and P180 showed positive correlations among bacteria, bacterivorous
nematodes (BF), and OP. Path analysis underscored the higher contribution rate
of BF-C, FF-C, and OP-C to soil organic carbon at P60 compared with P120
and P180. These findings suggest that nutrient interactions between fungi and
nematodes regulate soil micro-food web decomposition under low phosphorus
concentrations. In contrast, interactions between bacteria and nematodes
dominate at high phosphorus concentrations. The study indicates that adding
phosphorus has nuanced bottom-up effects, intricately shaping the structure
and activity of the pathways and underscoring the need for a comprehensive
understanding of nutrient dynamics in soil ecosystems.

KEYWORDS

Loess Plateau, soil micro-food web, nematode metabolic footprint, decomposition
pathway, phosphorus

01 frontiersin.org


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2023.1256269﻿&domain=pdf&date_stamp=2024-01-11
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1256269/full
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1256269/full
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1256269/full
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1256269/full
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1256269/full
mailto:luozz@gsau.edu.cn
https://doi.org/10.3389/fmicb.2023.1256269
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2023.1256269

Lietal.

1 Introduction

Soil is the largest organic carbon pool in terrestrial ecosystems,
the carbon storage of which exceeds the sum of vegetation and
atmospheric carbon pools (Lehmann and Kleber, 2015). Indeed, soil
organic carbon (SOC) is crucial in providing ecosystem services and
regulating the global carbon cycle. However, small changes in the
global SOC pool will significantly impact atmospheric CO,
concentration (Kirschbaum, 2000). This change in SOC depends on
the balance between plant inputs and microbial decomposition
outputs, which can be further affected by soil phosphorus (P)
fertilizers (Jackson et al., 2017). Mismanagement or misunderstanding
of phosphorus fertilizers can have disastrous effects on soil quality and
productivity (Poirier et al, 2014). An important agricultural
management practice also provides carbon and nutrient sources to soil
micro-food web through decomposition pathways (Das et al., 2012).
The soil micro-food web represents a consumer-resource interaction
network composed of “microbes—protozoa-nematodes” or “microbes—
nematodes” and other soil microorganism groups with different
functions (Lavelle, 1997). Modifications in the structure of these webs
not only signify alterations in the energy pathways of organic matter
but also exert a profound influence on aboveground plant growth
through intricate feedback mechanisms. Among soil nematodes,
categories encompass bacterivores, fungivores, plant-parasitic, and
omnivore-predator nematodes, each contributing to distinct carbon
flow pathways, such as the bacterial channel, the fungal channel, and
the root channel. Specifically, within these pathways, the bacterial
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channel involves the collaboration of bacteria and bacterivorous
nematodes and the fungal channel involves fungi and fungivorous
nematodes, while the root channels are inhabited by plant-parasitic
nematodes (Thakur and Geisen, 2019). Increasing evidence shows that
the interconnections between these channels play a critical role in
regulating soil food webs (Ferris, 2010; Kou et al., 2020; Wu et al,,
2021). The interaction between soil microorganisms and nematodes
directly affects the connectivity of the soil micro-food web (Figure 1).
This interaction holds significant implications for organic matter
decomposition, carbon storage, nutrient recycling and redistribution,
soil respiration, and aggregate formation (Ferris et al., 2001). Utilizing
microorganisms and nematodes as a starting point for examining soil
micro-food webs offers valuable insights into the nutrient cycling
mechanisms in the ecosystem. It is of great scientific significance for
the in-depth understanding of the underground ecological processes
in which soil organisms participate under the addition of phosphorus
and for revealing soil health and quality (Jiang et al., 2018).

Soil microorganisms and nematodes are pivotal contributors and
indicators of subterranean ecosystems properly functioning. Microbial
communities in the soil significantly influence carbon sequestration,
nutrient cycling, decomposition of plant residue, and productivity
supply (Fang et al., 2016). Various ecological indicators related to soil
nematodes illuminate the response of the soil micro-food web to
resources and their contribution to ecosystem functions (Ferris et al.,
2001; Briar et al., 2012). Furthermore, the interactions between soil
microorganisms and nematodes act as indicators of ecosystem health.
Soil nematodes play a crucial role in shaping the composition of
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microbial communities. Alterations in the structure of the nematode
community trigger dynamic shifts in the microbial community,
impacting dominant species. This influence is evident in the selective
predation of soil nematodes on specific microorganisms. In meeting
their growth needs, soil nematodes may preferentially consume more
rapidly growing microorganisms, leading to changes in the structure
and diversity of microbial communities (Marschner and Kalbitz, 2003;
Jiang et al., 2018; Wang et al., 2018). The bottom-up relationship
between soil nematodes and microbial communities plays a pivotal
role in regulating the structure of the soil ecosystem. This relationship
is directly related to the soil biogeochemical processes, thereby
promoting soil ecosystem function and altering the soil ecological
environment (Sohlenius et al., 1988; Francini et al., 2018). In general,
disturbances in the soil environment trigger the trophic chain through
a bottom-up mechanism. This bottom-up regulation results in
alterations within bacterial and fungal communities due to primary
production or resource input, which subsequently extend to higher
trophic levels (Kou et al., 2020; Nguyen et al., 2020). Environmental
disturbance can lead to bottom-up regulation within the trophic levels
of the soil micro-food web, potentially impacting critical ecosystem
functions, including nutrient cycling and soil production (Thakur and
Geisen, 2019). In a context where human activities exert multifaceted
impacts on soil systems, the analysis of key factors that drive cascading
effects within trophic interactions is vital for the effective management
of soil health and plant productivity (Barnes et al., 2017).

To more accurately represent the pathways of the soil micro-food
web and carbon utilization in nematode production and respiration,
Ferris (2010) introduced the concept of the soil nematode metabolic
footprint (NMF) as a measure of carbon fluxes within the soil
nematode food web. Metabolic footprints can be divided into
enrichment footprints and structural footprints. Enrichment
footprints are the metabolic footprints of those nematodes that
respond most quickly to resource enrichment. Structural footprints
are metabolic footprints of nematodes at higher trophic levels that
may have regulatory functions in the food web (Ferris, 2010). Scholars
are increasingly recognizing the importance of soil nematodes as
biological indicators of the impact of human and soil disturbance on
soil food webs (Hu et al., 2016). Previous studies have shown that
phosphorus addition mainly affects the quantity and quality of organic
resources, thereby affecting the composition and activity of soil
biological communities (Aerts et al., 2003). It has been suggested that
low concentrations of phosphorus addition can improve soil nematode
and bacterial community diversity, while too high phosphorus
concentrations can improve soil fungal community diversity (Bissett
etal, 2011; Hu J. et al,, 2017). Consequently, we speculate that the
outcomes of phosphorus addition will differ depending on the
quantity applied. However, only some studies have attempted to
explore the mechanisms by which soil food webs respond to such
differences in resource management, and our study helps fill this
knowledge gap.

The Loess Plateau in northwestern China has a long farming
history. Due to the special ecological environment and soil texture, the
Loess Plateau suffers from severe soil erosion, making it one of the
most vulnerable regions in the world (Li et al., 2008; Fu et al., 2010).
Alfalfa, an excellent legume forage for popularization and planting,
has the characteristics of high yield, rich nutrition, and strong
ecological adaptability. Its root system has strong nodule nitrogen (N)
fixation, increasing soil organic matter, improving the regional
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ecological environment, and promoting the development of animal
husbandry (Abbas et al., 2022). However, continuous alfalfa planting
has seriously consumed soil moisture and phosphorus availability,
resulting in a short, vigorous growth period and low alfalfa yield, and
also caused the degradation of alfalfa artificial grassland (Gu et al,,
2018; Wang et al., 2021). Nevertheless, the phosphorus addition
exhibited a noticeable influence on the nitrogen fixation within alfalfa
root nodules (Jia et al., 2006). Therefore, choosing the appropriate
amount of phosphorus benefits the growth and soil fertility
improvement of alfalfa. In summary, this study used an 8-year
fertilization experiment to investigate the effects of different
phosphorus addition on alfalfa soil and explore their effect on the
decomposition pathway of soil micro-food web. We hypothesized that
the amount of phosphorus application significantly influences the
community structure, diversity, and metabolic footprint of
microorganisms and nematodes, thereby impacting the decomposition
pathways within the micro-food web. At low phosphorus
concentrations, fungi, fungivorous nematodes, and predatory/
omnivorous nematodes are primarily engaged in fungal
decomposition pathways, enhancing carbon storage. Conversely, at
high phosphorus concentrations, bacteria, bacterivorous nematodes,
and predatory/omnivorous nematodes primarily participate in
bacterial ~ decomposition  pathways,

potentially  reducing

carbon storage.

2 Materials and methods
2.1 Site description
This study carefully selected an experimental site which is situated

within  the University Comprehensive
Experimental Station for dry farming on the Loess Plateau in the

Gansu  Agricultural

northwestern region of China. The experimental site belongs to
Dingxi City in Gansu Province (35°28'N, 104°44'E with an average
altitude of 1,970 m. In this area, the mean annual temperature is 6.4°C,
the mean annual precipitation is 390mm, and the mean annual
evaporation is 1,531 mm. The experimental site is located in a semi-
arid middle temperate zone area, a typical rainfed farming area with
one crop annually. The basic properties of soil were characterized by
organic matter content of 8.04gkg™, total nitrogen content of
0.82gkg™", and total phosphorus content of 1.07 gkg™".

2.2 Experimental design and soil sampling

In this experiment, alfalfa was planted in April 2014 using a drill
method with a seeding rate of 22.5kgha™", 10 rows per plot, and a row
spacing of 30 cm. It had four treatments, including no phosphorus
(CK), low phosphorus with 60kgha™" (P60), moderate phosphorus
with 120kgha™ (P120), and high phosphorus with 180kgha™ (P180).
Phosphorus fertilizer was applied every 3 years (2014, 2017, and 2020),
and nitrogen fertilizer was applied yearly (N 50kgha™'). Each
treatment with three replicates was applied to a plot with a dimension
of 4m x 3 m. The nitrogen fertilizer used in the experiment was urea
(46%
superphosphate (12% pure P,Os). In addition to nitrogen and

pure nitrogen), and the phosphorus fertilizer was

phosphorus fertilizers, no other organic and inorganic fertilizers were
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added in this experiment. The experiment was carried out under
natural conditions without irrigation.

Soil samples were collected in June 2022 at the full flowering stage
of alfalfa head stubble. There were 12 samples (4 treatmentsx 3
replicates). Soil samples were collected from the tillage layer of
0-20cm depth. In each plot, five soil cores were randomly collected
with a 2.5 cm diameter auger, and then, the samples were hand-mixed
and passed through a 2-mm screen. Each sample was subdivided into
two parts to determine general soil properties and stored at —80°C for
the high-throughput sequencing of microorganisms.

2.3 Analysis of soil physicochemical
properties

In this study, selected soil properties were measured, including
soil moisture, pH, organic carbon (OC), total nitrogen (TN), total
phosphorus (TP), and available phosphorus (AP). Soil water content
(SW) was measured by drying fresh soil samples at 105°C to constant
weight. Soil pH was measured in a soil: water (1:2.5) extract with a pH
meter (Mettler Toledo, Switzerland). SOC was determined using the
dichromate oxidation method (Sanmanee and Suwannaoin, 2009).
This involved weighing 0.50g of an air-dried soil sample, adding a
potassium dichromate-sulfuric acid solution, and thoroughly mixing
the sample and solution with a mixer, followed by sequential digestion
and titration. Total nitrogen was analyzed by the Kjeldahl method
(Brookes et al., 1985). First, 1.00 g of an air-dried soil sample should
be weighed, fully enveloped in nitrogen-free weighing paper, and
carefully positioned at the base of the digestion tube. Subsequently, 2 g
of a copper sulfate-potassium sulfate accelerator and 5mL of
concentrated sulfuric acid are added to the tube, which was then
covered with a curved neck funnel. The prepared sample was then
placed in the digestion furnace and heated until the solution in the
tube turns a light blue-green or off-white color. Upon completion of
the digestion process, the tube was removed and allowed to cool to
room temperature. Finally, the cooled sample was analyzed using a
Kjeldahl Azotometer to determine its TN content. Total phosphorus
was determined by the molybdenum blue method (Levine et al,
1955). Initially, 0.5g of an air-dried soil sample was weighed in a
digestion tube, which was moistened with a small amount of water.
Next, 8 mL of concentrated sulfuric acid and 10 drops of perchloric
acid were added. The tube was then placed in the digestion furnace for
processing. Once digestion was complete, the tube was removed and
allowed to cool to room temperature. The digestion liquid was then
transferred from the tube to a 100 mL volumetric flask, diluted to the
mark with water, and set aside for measurement. For the test solution,
10 mL was transferred to a 50 mL stoppered colorimetric tube, diluted
with water to 40mL, and supplemented with a drop of
2,4-dinitrophenol indicator. The pH of the solution was adjusted to a
slight yellow hue using 0.5mol/L sulfuric acid solution and 2mol/L
sodium hydroxide solution. Subsequently, 5mL of molybdenum
antimony antireagent was added, and the volume was brought up to
50mL with water, followed by thorough mixing. After a 30-min
interval, colorimetry was performed at a wavelength of 880 nm.

Soil AP was determined by the Olsen method (Do et al., 2007).
Generally, 2.5g of the air-dried soil sample was weighed and then
transferred to a 250mL conical flask. Then, 100mL of sodium
bicarbonate solution was added as the extraction agent, and the flask
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was securely sealed. Subsequently, the mixture was agitated on a
constant-temperature reciprocating shaker for 30min and then
promptly filtered into a 150mL dry Erlenmeyer flask using
phosphorus-free filter paper, which was designated for analysis.
Subsequently, 10 mL of the filtrate was transferred into a 50 mL
volumetric flask, to which 5 mL of molybdenum antimony anti-
chromogenic agent was added, and the volume was adjusted to the
mark. After 30 min of resting period, colorimetric analysis was
performed at a wavelength of 880 nm.

2.4 DNA extraction and high-throughput
sequencing

The E.Z.N.A Soil kit (Omega Bio-tek, Norcross, GA, United States)
isolated total genomic DNA from a 0.5g soil sample, and the DNA
concentration and purity were detected with a NanoDrop 2000 UV-
(Thermo
United States). The quality of its extraction was detected by 1% agarose

VIS  spectrophotometer Scientific, Wilmington,
gel electrophoresis (Porazinska et al., 2009). The V4 region of the 18S
rRNA gene of nematodes was amplified with the primers NF1(5’-
GGTGGTGCATGGCCGTTCTTAGTT-3") and 18S r2bR (5’-TACA
AAGGGCAGGGACGTAAT-3') (Beauregard et al., 2010). The PCR
amplification was performed for each soil DNA extract in triplicate
and combined into a single composite sample. The thermal cycling
conditions were as follows: 95°C for 5min, 35 cycles of 95°C for 30s,
55°C for 30s, and 72°C for 45s, followed by 72°C for 10 min for
primers NF1/18S r2bR. For bacteria, the V3-V4 region of the 16S
rRNA gene was amplified using the primer pair 515F
(5"-GTGCCAGCMGCCGCGG-3") and 907R (5'-CCGTCAATTCM
TTTRAGTTT-3") (Wang and Wang, 1996). The thermal cycling
conditions were as follows: pre-denaturation at 98°C for 2min,
denaturation at 98°C for 15s, annealing at 55°C for 305, extension at
72°C for 30s, and final extension at 72°C for 5min, 30cycles. For
fungi, the ITSI region was amplified using the primer pair ITS1F
(5-CTTGGTCATTTAGAGGAAGTAA-3") and ITSIR (5-GCTG
CGTTCTTCATCGATGC-3') (Yang et al., 2017). The thermal cycling
conditions were as follows: 95°C for 5 min; 15 cycles of 95°C for 1 min,
50°C for 1min, and 72°C for 1 min, followed by 72°C for 7 min for
primers ITS1F/ITS1R. PCR products were gel-purified using the
Wizard SV Gel and PCR Clean-Up System (Promega, San Luis
Obispo, United States) (Mueller et al., 2014; Sinclair et al., 2015). The
resultant PCR products were combined at equimolar concentrations
before being sequenced on an Illumina MiSeq sequencer at the
Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China).
Paired-end (PE) reads obtained from Illumina sequencing were
initially spliced based on overlap relationships, simultaneously
undergoing quality control and filtration. After distinguishing the
samples, both OTU clustering and species taxonomy analyses were
performed. Based on the OTU cluster analysis results, diversity index
analysis was performed on OTUs. Using the taxonomic information,
community structure statistical analysis was performed at the fungal
and bacterial phylum levels and the nematode genus level. Based on
the above analysis, in-depth statistical and visual analyses were
conducted on community composition and phylogenetic information
of each treatment. The microbial and nematode DNA sequences of the
12 soil samples were deposited in the SRA of the NCBI database under
Accession nos. NCBI: PRINA988166 and SRA: SUB13581533.
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2.5 Data analysis

2.5.1 Calculation of soil microbial and nematode
diversity index

Calculate a diversity index of bacteria, fungi, and nematodes. The
Chaol index reflected the richness of microbial and nematode
communities (Chao, 1984), and the Shannon index indicated the
diversity of microbial and nematode communities (Shannon, 1997).

m(m —1)

S, =S —_—
chaol obs t 2(}’!2 N 1)
Sobs 3. .

H shannon = _Z%ln%

i=1

where S, is the number of OTUs observed; n is the data
with one sequence (e.g., singular); ny is the data with two
sequences (e.g., even); »; is the number of OTUs containing
sequence i; and N is the total number of sequences. The number
of OTUs in the sample was evaluated using the chaol index. The
larger the Chaol index, the larger the number of OTUs, indicating
more species in the sample. The larger the Shannon value, the
higher the community diversity.

Indices such as the nematode Basal Index (BI), Structural Index
(SI), Enrichment Index (EI), Trophic Diversity Index (TD), Free-living
Nematode Maturity Index (MI), Plant-parasitic Nematode Maturity
Index (PPI), and Channel Index (CI) were served to reflect the food
web structure, nutrient enrichment status, and decomposition
pathways of soil ecosystems (Bongers, 1990; Ferris and Bongers, 2006).

2.5.2 Metabolic footprints of nematode
communities

The nematode metabolic footprints were calculated using the
fresh weight of nematodes listed in the “Nematode-Plant Expert
Information System.”

NMF =% (Nt x (O'l x (Wi =mp) + 0'273(W’0'75)))

In the formula: N, is the abundance of z-type nematode group; nz,
is the c-p value of z-type nematode group; and W, is the biomass of
t-type nematode group (Ferris, 2010).

Nematode flora analysis assessed enrichment footprints (Fe) and
structural footprints (Fs). Taking the coordinate point of (SI, EI) as the
center position, sequentially connecting (SI-0.5Fs/k, EI), (SI+0.5Fs/k,
EI), (SI, EI-0.5Fe/k), and (SI, EI +0.5Fe/k), the formed diamond area
was the functional metabolic footprint of the nematode community
(Zhang et al., 2015).

2.5.3 Energy flow analysis of soil food web

The energy flow analysis of the soil food web referred to the
method by Ferris and Bongers (2006). The coordinate point of the
vertex was (50, 86.6), the coordinate point of the lower left corner of
the triangle was (0, 0), and the coordinate point of the lower right

1 http://plpnemweb.ucdavis.edu/nemaplex
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corner was (100, 0). Geometry knowledge calculated the coordinate
points that determine the center point of a triangle and the midpoints
of three sides. Seven coordinate points of each treatment were
calculated from the relative metabolic footprints of bacterivorous,
fungivorous, and plant-parasitic nematodes. After setting the
coordinate points of each process, we selected all of them to draw a
scatter diagram, in which the drawing of the three sides of the triangle
and the midline of each side can be presented by adding a solid line or
a dashed line, finally deleting the coordinate axis.

2.5.4 Correlation ecological network and
structural equation model

This study assessed the relationship between microorganisms
and nematodes using correlation network analysis. To simplify
the correlations between microbes and nematodes, we focused on
the relative abundance at the genus level, thereby excluding
interactions between genera within the same species. We screened
for all possible Spearman correlations among genera appearing
in at least three samples. If the Spearman correlation coefficient
(r)>0.6 and p <0.05, there was a valid co-occurrence between
genera (Deng et al., 2012). The network visualization was
performed using Gephi v0.9.2.

Path analyses were used to reveal nematode metabolic footprints
and microbial community relationships. The arrows and their path
coeflicients indicated the direction and strength of the relationships
between these potential variables. Model fit to the data was evaluated
using the X* value and associated p value. Three tests, namely,
Comparative Fit Index (CFI), Goodness of Fit (GFI), and Root Mean
Square Error of Approximation (RMSEM), were used to assess model
fit. The optimal model was identified by progressively eliminating
non-significant paths. Path analyses were conducted using Amos 24.0
software (Arbuckle, 2006).

2.5.5 Statistical analysis

One-way ANOVA was performed to investigate whether
different phosphorus treatments significantly affected soil
physicochemical properties, microorganisms, and nematode
communities. Differences between all soil parameter means were
compared using the least significant difference (LSD) (p <0.05).
Charts and figures of soil properties, microorganisms, and
nematode communities were generated by SPSS Statistics 22
(SPSS Inc., Chicago, IL, United States) and Origin 2021,
respectively. Canoco 5.0 software was used to determine the
interactions between soil physicochemical properties,
microorganisms, and nematode communities. The correlation

network was carried out using R software packages “igraph”

3 Results
3.1 Environmental factors

Soil physicochemical properties are shown in Table 1. There
was no significant difference between SW and TN. SOC, TP, and
AP increased significantly with increasing phosphorus addition
(p<0.05), while soil pH decreased with increasing phosphorus
addition, and the P180 treatment was significantly higher than
that of CK (p <0.05).
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TABLE 1 Soil physical and chemical properties under different phosphorus addition treatments.

Factors CK P60 P120 P180

Soil water (%) 7.75+0.15a 8.04+0.12a 7.69+0.43a 7.89+0.12a
Soil organic carbon (gkg™) 11.01£0.12¢ 11.30+0.07b 11.60+0.06a 11.67+0.03a
Total nitrogen (g-kg™) 0.78+0.01a 0.80+0.02a 0.83+0.01a 0.79+0.01a
Total phosphorus (gkg™) 0.82+0.01c 0.90+0.01b 0.94+0.02a 0.98+0.01a
Available phosphorus (mg-kg™) 4.07+0.27¢ 5.57+0.09b 6.05+0.02a 6.21+0.06a
pH 8.31+£0.02a 8.29+0.01a 8.27+0.02ab 8.24+0.01b
C/N 14.13+0.16a 14.18 +£0.36a 13.98+0.11a 14.69+0.21a

Values are mean + SE in triplicate replicates. Different lowercase letters indicate significant differences with a value of p<0.05 based on the ANOVA. C/N, Ratio of carbon to nitrogen.

100% - 100% 4
Nematode genus

@ others

&= Aporcelaimellus

% 4
80% of @ Campydora

]

S

X
f

@ Paratylenchus

@ Xiphinema

® Hoplotylus

@ Helicotylenchus
@ Ditylenchus

@ Criconemoides
= Boleodorus

M Longidorus

60% 60% -

40% 40% -

& Filenchus
@ Miculenchus %

Relative abundance on genus level
Relative abundance on plylum level

@ Panagrolaimus
@ Steinernema
BF |® Isolaimium

@ Acrobeles

B Acrobeloides

20% A 20% -

0% -~ 0%

CK P60 P120 P180

FIGURE 2

CK P60 P120 P180

Relative abundance of soil microorganism and nematode communities (greater than 0.1%) in different phosphorus treatments: CK, P60, P120, and
P180. Dominant genera: relative abundance of soil nematodes is greater than 10%; common genera: relative abundance of soil nematodes is 1-10%;
rare genera: relative abundance of soil nematodes is less than 1%. BF, Bacterivorous nematodes; FF, Fungivorous nematodes; PP, Plant parasitic
nematodes; and OP, Omnivorous predatory nematodes. The asterisk (*) indicated a significant difference between treatments (p < 0.05).

100% -

80%
Bacteria Plylum

B others

® Nitrospirota

@ Methylomirabilota
@ Armatimonadota

@ Bacteroidota

M Firmicutes

= Myxococcota

@ Gemmatimonadota %
@ Planctomycetota

m@ Chloroflexi

B Acidobacteriota

@ Proteobacteria

B Actinobacteriota

Fungi plylum

@ others

H Basidiomycota

M Mortierellomycota
B Ascomycota %

=

S

B
L

Relative abundance on plylum level
g
X

20%

0% -
CK P60 P120 P180

3.2 Community structure characteristics of
soil microorganisms and nematodes

In this study, high-throughput sequencing was used to identify soil
microorganisms and nematode communities under different phosphorus
treatments (Figure 2). The results showed significant differences in the
response of soil microbial and nematode communities to different
phosphorus addition treatments (p<0.05). At the soil nematode genus
level, Miculenchus had significant differences between different
phosphorus addition treatments (p <0.05); at the bacterial phylum level,
Gemmatimonadota showed a significant difference (p<0.05), and at the
fungal phylum level, Ascomycota displayed a significant difference
(p<0.05). In addition, different phosphorus addition treatments
influenced the relative abundance of nematode trophic groups.
Specifically, the relative abundance of plant-parasitic nematodes in CK
and P120 treatments was significantly higher compared with P60
treatment and P180 treatment. The CK treatment demonstrated a
significantly higher relative abundance of bacterivorous and fungivorous
nematodes in comparison to other treatments. Conversely, the P180
treatment exhibited a noticeable decrease in the abundance of
omnivorous-predatory nematodes compared with the other treatments.
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3.3 Alpha diversity of soil microorganism
and nematode communities

Shannon and Chaol indexes of soil microorganisms and
nematode communities (Figure 3) were measured to evaluate the o
diversity of soil microorganisms and nematode communities under
different phosphorus additions. Regarding the Shannon index, soil
nematodes and fungi in the P60 treatment displayed a higher value
than other treatments. Similarly, for the Chaol index, soil bacteria and
fungi under the P60 treatment surpassed other treatments.

3.4 Analysis of soil nematode metabolic
footprint and food web energy flow

The bacterivore’s metabolic footprint (BFMF) and omnivores-
predators’ metabolic footprint (OPMF) in the P60 treatment were
higher than those of other treatments. In contrast, the fungivore’s
metabolic footprint (FEMF) and plant parasites’ metabolic footprint
(PPMF) were lower than those of other treatments. The opposite was
true for the P180 treatment (Figure 4A). Flora analysis showed
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Diversity of soil microorganism and nematode communities under different phosphorus treatments. Different lowercase letters indicate significant

(Figure 4B) that CK, P60, P120, and P180 treatments were all in the C
quadrant. The functional footprint of soil nematodes (diamond area)
shows that the P60 treatment is higher than other treatments. The soil
nematode enrichment index (center position of the diamond)
increased with the increased amount of phosphorus added. The soil
nematode structure index (center position of the diamond) decreased
with the increased amount of phosphorus added. Food web energy
flow analysis (Figure 4C) showed that the P60 treatment had the
largest proportion of bacterial and fungal energy flow channels. In
contrast, the proportion of plant energy flow channels was the
smallest, and the P120 treatment was on the contrary. P180 treatment
was between P60 and P120 treatments, indicating that energy
conversion and utilization efficiency in soil food webs at P60 treatment
was relatively high.

3.5 Analysis of functional indices of soil
nematode communities

The functional index of the soil nematode community, as shown
in Figure 5, reveals several findings. The Free-living Nematode
Maturity Index (MI) for the P60 treatment surpasses other treatments.
Conversely, both the plant parasitic nematode maturity index (PPI)
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and the ratio of PPI to MI (PPI/MI) were lower in the P60 treatment.
These indexes suggested that the P60 treatment experiences fewer
external disturbances, indicating a more stable ecological environment.
As phosphorus application increases, indices such as the nematode
basal index (BI), channel index (CI), and trophic diversity index (TD)
demonstrate a declining trend. Significant differences (p <0.05) were
observed in BI and CI across treatments. This pattern indicated that
lower phosphorus concentrations would reduce environmental
disruptions, thereby enhancing the resistance of the soil food web.
Furthermore, fungi predominantly dominated the degradation
pathway in the soil food web at low phosphorus concentrations, while
bacteria prevail at high phosphorus concentrations.

3.6 Soil micro-food web relationships

The interaction between soil microorganisms and nematodes
became less frequent and weaker as the level of phosphorus addition
increased (Figure 6; Table 2). Compared with the CK treatment, the
phosphorus addition treatment increased the total number of links
in the network. Within the phosphorus addition treatment, the P60
treatment exhibited more links than other treatments, with
increased negative connections and decreased positive connections.
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In contrast, the P180 treatment displayed an inverse trend. In the
CK and P60 treatments, there was a positive correlation among
fungi, FE, and OP. In the P120 treatment, a positive correlation
existed between bacteria, BE and OP. Meanwhile, the P180
treatment showed a negative correlation between OP and both BF
and bacteria but a positive correlation between BF and bacteria.
Consequently, the low phosphorus treatment revealed a positive
correlation among fungi, FF, and OP, suggesting that fungi
predominantly drive the soil food web degradation channel. In
contrast, the high phosphorus treatment demonstrated a positive
correlation among bacteria, BE, and OP, indicating bacteria as the
primary degradation channel. Path analysis was utilized to evaluate
carbon flow within the soil food web, taking into account diverse
components of soil microorganisms and nematodes across varying
phosphorus additions. The contribution rates of BF-C, FF-C, and
OP-C to SOC were notably higher in the low-concentration
phosphorus treatment compared with the high-concentration
phosphorus treatment (Figure 7).
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3.7 Correlation analysis between soil
microorganism and nematode
communities and soil physicochemical
properties

The analysis employed soil microorganism and nematode
community at the genus levels as response variables, with SW, pH,
SOC, TN, AP, and TP serving as explanatory variables in the
redundancy analysis (Figures 8A-C). Redundancy analysis of
environmental factors and soil nematode communities showed that
Acrobeloides, Isolaimium, Filenchus, Hoplotylus, and Longidorus were
positively correlated with SOC, TP, AP, and TN; Helicotylenchus,
Ditylenchus, and Miculenchus were positively correlated with SW and
PH (Figure 8A). Redundancy analysis of environmental factors and
soil bacteria communities showed that Nocardioides, Streptomyces, and
Arthrobacter were positively correlated with SW, SOC, TN, AP, and
TP; Microvirga, Nitrospira, Solirubrobacter, and UTCFXI were
positively correlated with pH (Figure 8B). The effects of environmental
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FIGURE 5
Functional structure index of soil microorganism and nematode communities under different phosphorus treatments. Different lowercase letters
indicate significant differences with a value of p <0.05 based on the ANOVA.

factors on soil fungal communities showed that Titaea, Neonectria,
Phaeomycocentrospora, and Fusariella were positively correlated with
SOC, TN, AP, and TP; Paracylindrocarpon, Coniosporium, Beauveria,
and Chaetomium were positively correlated with SW and PH
(Figure 8C). The path analysis further indicated (Figure 8D) that SOC
was the predominant environmental factor influencing the soil
bacterial community (p<0.05). In contrast, the soil nematode
community was primarily affected by SW (p<0.05). No single
environmental factor significantly impacts soil fungal communities in
isolation. Instead, soil fungal communities are influenced by a
multitude of environmental factors. Both soil TP and AP exert indirect
effects on microorganisms.

4 Discussion

4.1 Responses of microbial and nematode
communities to physicochemical factors

P addition increased soil phosphorus availability, thereby
affecting plant productivity and altering soil carbon inputs (Feng
and Zhu, 2019). Moreover, phosphorus addition can change soil
physical and chemical properties, thereby impacting the growth,
activity, and community structure of the soil micro-food web
components, ultimately affecting soil ecological functions. In this
study, SOC emerged as the pivotal factor, impacting the bacterial
community. As the main carbon source, SOC provided the energy
and C-based nutrients, which are essential for soil bacteria.
Bacteria can obtain more energy and nutrients when SOC levels
are higher, which encourages bacterial growth and increases
SOC
concentration alter the interactions between soil microorganisms,

bacterial abundance. Simultaneously, changes in
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including symbiosis, competition, and predation, all of which can
have an impact on bacterial communities. Previous studies have
shown that soil bacterial richness and abundance were significantly
related to SOC content (Xia et al.,, 2011; Yuan et al., 2012), which
was consistent with our research results. In terrestrial ecosystems,
micro-food webs within soil ecosystems are instrumental in the
carbon cycle, particularly in mediating litter decomposition and
soil carbon sequestration. The process of soil carbon sequestration
is influenced by an array of factors, including soil microbial
biomass, community structure, secondary metabolites, and soil
physical and chemical characteristics (Frey et al, 2006).
Furthermore, the origin of stable soil carbon is predominantly
driven by microbial activities, underscoring the pivotal role of
microorganisms in stable carbon synthesis. Notably, the
contribution to soil carbon sequestration varies between bacteria
and fungi. Studies indicated that communities dominated by fungi
have a superior capacity for carbon sequestration compared with
those dominated by bacteria (Frey et al., 2006; Grandy and Neff,
2008). Soil nematodes predominantly inhabited the water film
surrounding soil particles. Their vital activities, including
movement, predation, and reproduction, are intricately linked to
soil moisture levels (Yeates, 1979). Enhanced soil moisture
facilitates these activities, resulting in a rise in both the abundance
and diversity of nematodes. Additionally, increased moisture
content improves resource availability, which indirectly influences
nematode community dynamics. This suggests that soil nematode
communities are influenced not only by direct environmental
factors but also by indirect bottom-up effects stemming from
substrate availability (Hu Z. et al., 2017). Redundancy analysis
revealed a close relationship between soil pH and the communities
of soil bacteria, fungi, and nematodes. Numerous studies have
identified soil pH as the primary determinant in shaping microbial
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TABLE 2 Correlation network parameters under different phosphorus addition treatments.

Index CK P60 P120 P180
Number of nodes 49 52 51 57

Total links 84 101 103 92

Positive links 41 65 77 70

Negative links 43 36 25 22

Average degree 3.53 3.85 4 3.19

Average node size 8.62 9.07 8.33 8.13
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communities (Fierer and Jackson, 2006; Lauber et al., 2009), which
is consistent with the results of this study. Microorganisms exhibit
varying pH preferences and tolerances. Long-term phosphorus
addition has been shown to lower soil pH, subsequently altering
microbial community composition and diversity. This shift in pH
is beneficial to certain microbes in new environmental conditions
while suppressing or diminishing others. Additionally, soil pH
influences nutrient forms and availability, subsequently impacting
microbial growth and activity. Alterations in microbial
communities consequently affect the composition and diversity of
microbivorous nematodes, as these nematodes depend on
microorganisms for sustenance. Changes in microbial populations
directly influence their food sources and habitats. Thus, soil pH
exerts a bottom-up effect on the entire microbial food web,
initiating microbial community alterations and extending to higher
trophic levels.

4.2 Effects of phosphorus addition on
structure and function of soil micro-food
web

Rhizosphere nutrients constitute the fundamental energy source
of the soil micro-food web. Plant roots and their secretions
significantly influence the energy flow within the soil micro-food web,
stimulating the proliferation of plant-parasitic, bacterivorous, and
fungivorous nematodes. This proliferation, in turn, impacts the micro-
food web through the predation of these nematode types by higher
trophic-level nematodes (Yeates and Bongers, 1999). Our study
indicated that high phosphorus concentrations were advantageous for
fungivorous and plant-parasitic nematodes (Porazinska et al., 2009).
This may be because high concentrations of phosphorus led to an
increase in soil fungal populations, the primary food source for
fungivorous nematodes, resulting in a higher proportion of
fungivorous nematodes (Beauregard et al., 2010). Moreover,
phosphorus addition increased soil nutrients, stimulated alfalfa root
growth, and promoted the reproduction of herbivorous nematodes,
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thereby increasing the proportion of plant-parasitic nematodes
(Beauregard et al., 2010; Xiaofang and Li, 2020). This finding
confirmed the strong interplay between plant roots and plant-parasitic
nematodes and supported the previous research to a certain extent.
Microbivorous nematodes not only expedite micro-food web turnover
by feeding on microorganisms but their metabolic processes also
provide feedback effects on plant growth. The interaction between soil
nematodes and microorganisms transcends a simple predator-prey
dynamic. Different nutritional types of nematodes exert varied
impacts on microbial communities. Research has shown that soil
nematode activity significantly inhibited bacterial and fungal
proliferation. Furthermore, the existence of microbivorous nematodes
increased the complexity and variability of the soil ecosystem and
micro-food web structure (Sauvadet et al., 2016). The results of this
study showed that fungi in low-concentration phosphorus soils have
a negative correlation with plant-parasitic nematodes and a positive
correlation with fungivorous nematodes and omnivorous-predatory
nematodes. In high-P soils, bacteria exhibit a negative correlation with
plant-parasitic nematodes and a positive correlation with
bacterivorous and omnivorous-predatory nematodes. Analysis based
on the structural characteristics and energy flow direction of the soil
micro-food web suggested that a short-term increase in plant-parasitic
nematodes elevated the consumption of plant root nutrients. Because
nematodes were larger and had longer survival times, their community
dynamics lag behind those of microorganisms. Simultaneously, in
environments with different phosphorus concentrations, bacteria and
fungi are more susceptible to external soil stress, affecting community
growth, thereby regulating soil nematode communities through a
bottom-up approach.

Energy flow pathways in the soil food web, classified based on
energy sources, comprise bacterial, fungal, and plant-based channels
(Moore and William Hunt, 1988). The varied feeding habits of
nematode trophic groups enable them to represent these energy flows
at a higher trophic level (Deng et al., 2012). Analysis of these flows
revealed that in P60 treatment soil, bacterial and fungal pathways
predominate, while the plant energy flow channels had the smallest
proportion. This dominance suggests a relatively high efficiency in
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Correlation analysis between soil microorganism and nematode communities and soil physicochemical factors. (A) Redundancy analysis of soil
nematode community and environmental factors. (B) Redundancy analysis of soil bacterial community and environmental factors. (C) Redundancy
analysis of soil fungal community and environmental factors. (D) Path analysis model of soil microorganism and nematode communities and
environmental factors (X2 =72.43, df = 32, p = 0.791, CFl = 0.956, GFl = 0.921, RMSEA = 0.052, NFI = 0.944, NFI = 0.923). The width of the arrows is
proportional to the strength of the path coefficient. The continuous red and broken blue arrows represent positive and negative relationships. Path
analysis model show direct and indirect effects of environmental factors on microorganisms and nematode communities. SW, Soil water content;
SOC, Soil organic carbon; TN, Total nitrogen; TP, Total phosphor; and AP, Available phosphorus.

energy conversion and utilization within the P60 treatment soil food
web. Specifically, the P60 treatment soil nematode community
exhibited an elevated carbon utilization rate and an enhanced capacity
to regulate the food web, maintaining a balanced predator-prey
dynamic (Deng et al., 2012). Our research indicated that both the
biomass of fungivorous nematodes and the total nematode biomass
are greater in low-P soils compared with high-P soils. This disparity
suggests that low-P soils, being less disturbed, offer more stable
conditions for nematodes, particularly for large-sized k-strategy
species treatment (Ferris, 2010). Fauna analysis demonstrated that the
functional footprint of soil nematodes in the P60 treatment exceeded
as compared with other treatments, implying that the P60 treatment
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enhanced soil nutrient levels and improved the soil environment.
Consequently, this results in reduced soil disturbance and a more
mature, stable food web structure. Furthermore, nematode functional
metabolic footprints were larger at lower phosphorus concentrations,
indicating a greater carbon flux through the decomposition pathway
of the soil food web. This increase results in a greater allocation of
carbon to higher trophic levels, where it was fixed by organisms at
these levels (Ferris and Bongers, 2006).

The free-living nematode maturity index (MI) and the plant-
parasitic nematode maturity index (PPI) were served as key indicators
of high-intensity interference in a short period (Lenz and Eisenbeis,
2000). A higher MI value suggests a less disturbed environment and a
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more stable nematode community, while the opposite was true for a
more intense disturbance (Neher, 2010). The plant PPI represents the
proportion of plant parasitic nematodes selected by r2 and k2, which
can reflect the ability of such nematodes to resist habitat disturbance
and their reproductive strength (Ferris et al., 2001). Compared with
MI and PP, the ratio of maturity index of plant parasitic nematodes
to free-living nematodes (PPI/MI) played an important role in
responding to the soil ecological environment and coping with
external environmental interference. It was more representative in
terms of the subsequent recovery status. The higher PPI/MI value
indicated a greater degree of disturbance in the habitat where the
nematode community resided (Bongers, 1990). In this study, applying
low-concentration phosphorus fertilizer improved the MI and reduced
PPI and PPI/ML. These results suggested that low phosphorus levels
enhanced soil environmental stability. Such an outcome arises because
prolonged phosphorus addition compels local organisms to develop
survival mechanisms that counter the effects of low-concentration
phosphorus fertilizers. Consequently, the P60 treatment displayed the
highest MI value and the lowest PPI and PPI/MI values, indicating
minimal external disturbances and a more stable ecological
environment. In contrast, the MI values diminished in the P120 and
P180 treatments while the PPI and PPI/MI values increased. This trend
may be attributed to the enhanced soil nutrients from phosphorus
addition, promoting robust growth in above-ground plants and
fostering healthy root systems. Such conditions deter plant-parasitic
nematodes, demonstrating that high phosphorus concentrations
reduce plant-parasitic nematode viability and hindering their survival
and reproduction. Overall, this research supported the use of
phosphorus fertilizers in restoring degraded grasslands.

4.3 The effect of phosphorus addition on
the decomposition pathway of soil
micro-food web

The ecological network indicated a positive correlation among
fungi, FE, and OP at low phosphorus levels but no positive correlation
between bacteria and BE This implies that, under low phosphorus
addition, the decomposition pathway of fungi exhibited greater
strength compared with high phosphorus levels. Bacteria and fungi
employ distinct metabolic abilities for the breakdown of substrates
with varying qualities. The alteration in decomposition pathways
within the soil food web played a crucial role in influencing the rate
of soil carbon loss. Notably, the bacterial decomposition pathway,
conducive to rapid nutrient turnover, surpassed the fungal
decomposition pathway in this aspect (de Vries et al., 2011). The
quality of readily available refractory substrates affects the transition
of bacterial and fungal decomposition pathways in soil food webs,
thereby largely influencing carbon turnover (Fabian et al., 2017). In
this study, elevated phosphorus addition levels resulted in the
predominance of bacterial decomposition pathways within the soil
food web. However, as phosphorus concentration diminishes, the
substrate exhibits increased resistance to degradation, thus favoring
fungal decomposition. Therefore, increasing phosphorus may drive
the successional trend of the community from fungi to bacteria. In
addition, it was also observed that organic carbon increased at low
phosphorus supply and relatively strong fungal decomposition
pathways, suggesting that fungi had larger protective carbon pools and
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larger carbon retention ratios than bacteria. This effect improved the
physical environment for carbon stabilization and promoted the
accumulation of microbial-derived organic matter (Frey et al., 2006;
Danger et al., 2016). Variations in both bacterivores and fungivore
nematodes were driven by phosphorus supply and soil microbial
communities (Ferris and Matute, 2003). Under different phosphorus
levels, this study found that fungi, fungivores, and omnivores-
predators were positively correlated at low phosphorus supply.
However, bacteria, bacterivores, and omnivores-predators were
positively correlated at high phosphorus supply, positively supporting
the view that low-P and high-P supply enhance fungal and bacterial
decomposition pathways, respectively (Rooney et al., 2006). Moreover,
the decomposition pathways of bacteria and fungi in the soil food web
need to be separated, as the two pathways work simultaneously, and
different carbon transfer and utilization processes occur between
them (Prescott and Vesterdal, 2021). Different phosphorus supplies
regulated the community composition and decomposition pathways
of microorganisms and nematodes differently.

Basis index (BI), channel index (CI), enrichment index (EI), and
structure index (SI) can provide a large amount of information for
food web dynamic processes in environments of stress, enrichment,
stable structure, and rapid decomposition (Ferris and Tuomisto,
2015). Compared with other treatments, the enrichment index (EI)
under the P60 treatment decreased, indicating that the number of Bal
and Fu2 nematodes, such as Acrobeles, Acrobloides, and Miculenchus,
was significantly reduced. A lower enrichment index (EI) value
indicated a decrease in food resources at this level of phosphorus
addition (Bongers et al., 1997), leading to fewer nutrient inputs from
external sources into the soil. The elevated structural index (SI) under
P60 treatment was attributed to the elevated number of cp3-5
nematode groups, especially the omnivore-predator cp3-5 nematodes,
which may signify a higher degree of connectivity in the soil food web,
with longer food chains, greater soil resilience (Ferris et al., 2001), and
a more stable soil food web. The CI values were greater than 60 under
the CK, P60, and P120 treatments and less than 60 under the P180
treatment. This distinction confirmed that soil food webs with lower
phosphorus concentrations predominantly decompose via fungal
channels, while those with higher phosphorus concentrations used
bacterial channels. The decomposition of organic matter in the soil
food web was carried out through different channels. Fungi break
down substances that are rich in cellulose, lignin, and high carbon-to-
nitrogen ratios, whereas bacteria process nitrogen-rich substances
(Yeates et al., 1993; Wardle et al., 2003). Excessively higher nitrogen
content also raised carbon content. However, a high soil organic
matter C/N ratio can be crucial for long-term sustainable plant
production in perennial or natural systems. In this state, the
degradation pathway in the soil micro-food web is dominated by fungi
(Ferris et al., 2001). As the phosphorus fertilizer concentration
increases, the Bl index gradually decreases. This decline suggested that
greater phosphorus addition might amplify environmental
disturbances, thus undermining the resilience of the soil food web.
This may be related to the potential toxic impact of phosphorus
addition on soil nematodes (Ferris and Bongers, 2006). Indeed,
phosphorus supply serves many purposes and benefits. In addition to
carbon fixation, phosphorus is a component of many important
organic compounds that constitute crops. Phosphorus is present in
nucleic acids, nucleoproteins, phospholipids, phytochemicals,
adenosine phosphate, and many enzymes in crops. It plays an
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important role in energy conversion and metabolism of crops,
affecting the synthesis and operation of carbohydrates and nitrogen
and fat metabolism. It also enhanced the resistance of plants against
stresses, such as drought, cold, and salinity.

5 Conclusion

This study has enhanced our comprehension of the mechanisms,
governing alterations in soil micro-food web decomposition pathways
Within  the
decomposition pathway of the soil micro-food web, phosphorus

under varying phosphorus supply conditions.

supply facilitated a noticeable shift between bacteria and fungi,
thereby promoting the transition between bacterivores and fungivores.
Notably, our experimental findings elucidate that low phosphorus
supply reinforces the fungal decomposition pathway, whereas high
phosphorus supply strengthens the bacterial decomposition pathway.
The intricate nutrient interactions between soil microorganisms and
nematode communities emerge as primary drivers of carbon flow in
the decomposition pathways. Consequently, low phosphorus supply
exerts a more pronounced regulatory effect on the decomposition
pathway of the soil food web compared with high phosphorus supply,
impacting the metabolic processes of carbon within the soil food web.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/supplementary material.

Author contributions

LiaL: Data curation, Investigation, Methodology, Software,
Writing - original draft. ZL: Conceptualization, Funding acquisition,
Methodology, Writing — review & editing. LinL: Conceptualization,
Data curation, Methodology, Writing - review & editing. YN:
Conceptualization, Investigation, Methodology, Writing — review &

References

Abbas, A., Mubeen, M., Sohail, M. A., Solanki, M. K., Hussain, B., Nosheen, S., et al.
(2022). Root rot a silent alfalfa killer in China: distribution, fungal, and oomycete
pathogens, impact of climatic factors and its management. Front. Microbiol. 13:961794.
doi: 10.3389/fmicb.2022.961794

Aerts, R., De Caluwe, H., and Beltman, B. (2003). Plant community mediated vs.
nutritional controls on litter decomposition rates in grasslands. Ecology 84, 3198-3208.
doi: 10.1890/02-0712

Arbuckle, J. L. (2006). Amos (version 7.0) [computer program]. SpSS, Chicago.

Barnes, A. D., Allen, K., Kreft, H., Corre, M. D., Jochum, M., Veldkamp, E., et al.
(2017). Direct and cascading impacts of tropical land-use change on multi-trophic
biodiversity. Nat. Ecol. Evol. 1, 1511-1519. doi: 10.1038/s41559-017-0275-7

Beauregard, M. S., Hamel, C., Atul, N,, and St-Arnaud, M. (2010). Long-term
phosphorus fertilization impacts soil fungal and bacterial diversity but not AM fungal
community in alfalfa. Microb. Ecol. 59, 379-389. doi: 10.1007/s00248-009-9583-z

Bissett, A., Richardson, A. E., Baker, G., and Thrall, P. H. (2011). Long-term land use
effects on soil microbial community structure and function. Appl. Soil Ecol. 51, 66-78.
doi: 10.1016/j.aps0il.2011.08.010

Bongers, T. (1990). The maturity index: an ecological measure of environmental

disturbance based on nematode species composition. Oecologia 83, 14-19. doi: 10.1007/
BF00324627

Frontiers in Microbiology

14

10.3389/fmicb.2023.1256269

editing. YZ: Investigation, Methodology, Software, Data curation,
Writing - review & editing. RH: Investigation, Project administration,
Software, Supervision, Writing — review & editing. JL: Investigation,
Methodology, Software, Writing - review & editing. LN: Data
curation, Formal analysis, Investigation, Software, Supervision,
Writing - original draft.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work was
supported by the National Natural Science Foundation of China
(31860364 and 32160526); the Science and Technology Program of
Gansu Province (22JR5RA840); and the Special funds for the Central
Government to guide local scientific and technological development
of Gansu Province (YDZX20216200001473).

Acknowledgments

The authors sincerely thank the reviewers for valuable comments
on the manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Bongers, T., van der Meulen, H., and Korthals, G. (1997). Inverse relationship between
the nematode maturity index and plant parasite index under enriched nutrient
conditions. Appl. Soil Ecol. 6, 195-199. doi: 10.1016/S0929-1393(96)00136-9

Briar, S. S., Culman, S. W., Young-Mathews, A., Jackson, L. E., and Ferris, H.
(2012). Nematode community responses to a moisture gradient and grazing along a
restored riparian corridor. Eur. J. Soil Biol. 50, 32-38. doi: 10.1016/j.ejsobi.
2011.11.006

Brookes, P. C., Landman, A., Pruden, G., and Jenkinson, D. S. (1985). Chloroform
fumigation and the release of soil nitrogen: a rapid direct extraction method to measure
microbial biomass nitrogen in soil. Soil Biol. Biochem. 17, 837-842. doi:
10.1016/0038-0717(85)90144-0

Chao, A. (1984). Non-parametric estimation of the classes in a population. Scand. J.
Stat. 11, 265-270.

Danger, M., Gessner, M. O., and Baerlocher, E. (2016). Ecological stoichiometry of
aquatic fungi: current knowledge and perspectives. Fungal Ecol. 19, 100-111. doi:
10.1016/j.funeco.2015.09.004

Das, A. C., Nayek, H., and Chakravarty, A. (2012). Soil application of dinitroaniline
and arylphenoxy propionic herbicides influences the activities of phosphate-solubilizing
microorganisms in soil. Environ. Monit. Assess. 184, 7453-7459. doi: 10.1007/
510661-011-2512-x

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1256269
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.3389/fmicb.2022.961794
https://doi.org/10.1890/02-0712
https://doi.org/10.1038/s41559-017-0275-7
https://doi.org/10.1007/s00248-009-9583-z
https://doi.org/10.1016/j.apsoil.2011.08.010
https://doi.org/10.1007/BF00324627
https://doi.org/10.1007/BF00324627
https://doi.org/10.1016/S0929-1393(96)00136-9
https://doi.org/10.1016/j.ejsobi.2011.11.006
https://doi.org/10.1016/j.ejsobi.2011.11.006
https://doi.org/10.1016/0038-0717(85)90144-0
https://doi.org/10.1016/j.funeco.2015.09.004
https://doi.org/10.1007/s10661-011-2512-x
https://doi.org/10.1007/s10661-011-2512-x

Lietal.

de Vries, E T., van Groenigen, . W., Hoffland, E., and Bloem, J. (2011). Nitrogen losses
from two grassland soils with different fungal biomass. Soil Biol. Biochem. 43, 997-1005.
doi: 10.1016/j.50ilbi0.2011.01.016

Deng, Y., Jiang, Y.-H., Yang, Y., He, Z., Luo, E, and Zhou, J. (2012). Molecular
ecological network analyses. BMC  Bioinformatics 13, 1-20. doi:
10.1186/1471-2105-13-113

Do, M., Horta, C., Torrent, J., Superior, E., Ria, A., Sra, Q, et al. (2007). The Olsen P
method as an agronomic and environmental test for predicting phosphate release from
acid soils. Nutr. Cycl. Agroecosyst. 77, 283-292. doi: 10.1007/510705-006-9066-2

Fabian, J., Zlatanovic, S., Mutz, M., and Premke, K. (2017). Fungal-bacterial dynamics
and their contribution to terrigenous carbon turnover in relation to organic matter
quality. ISME J. 11, 415-425. doi: 10.1038/isme;j.2016.131

Fang, X., Zhou, G, Li, Y, Liu, S., Chu, G, Xu, Z, et al. (2016). Warming effects on
biomass and composition of microbial communities and enzyme activities within soil
aggregates in subtropical forest. Biol. Fertil. Soils 52, 353-365. doi: 10.1007/
s00374-015-1081-5

Feng, J., and Zhu, B. (2019). A global meta-analysis of soil respiration and its
components in response to phosphorus addition. Soil Biol. Biochem. 135, 38-47. doi:
10.1016/j.s0ilbio.2019.04.008

Ferris, H. (2010). Form and function: metabolic footprints of nematodes in the soil
food web. Eur. J. Soil Biol. 46, 97-104. doi: 10.1016/j.ejsobi.2010.01.003

Ferris, H., and Bongers, T. (2006). Nematode indicators of organic enrichment. J.
Nematol. 38, 3-12.

Ferris, H., Bongers, T., and de Goede, R. G. (2001). A framework for soil food web
diagnostics: extension of the nematode faunal analysis concept. Appl. Soil Ecol. 18,
13-29. doi: 10.1016/S0929-1393(01)00152-4

Ferris, H., and Matute, M. M. (2003). Structural and functional succession in the
nematode fauna of a soil food web. Appl. Soil Ecol. 23, 93-110. doi: 10.1016/
$0929-1393(03)00044-1

Ferris, H., and Tuomisto, H. (2015). Unearthing the role of biological diversity in soil
health. Soil Biol. Biochem. 85, 101-109. doi: 10.1016/j.s0ilbio.2015.02.037

Fierer, N., and Jackson, R. B. (2006). The diversity and biogeography of soil
bacterial communities. Proc. Natl. Acad. Sci. 103, 626-631. doi: 10.1073/
pnas.0507535103

Francini, G., Hui, N., Jumpponen, A., Kotze, D., Romantschuk, M., Allen, J., et al.
(2018). Soil biota in boreal urban greenspace: responses to plant type and age. Soil Biol.
Biochem. 118, 145-155. doi: 10.1016/j.s0ilbio.2017.11.019

Frey, S., Thiet, R., and Batten, K. M. (2006). Bacterial and fungal contributions to
carbon sequestration in agroecosystems. Soil Sci. Soc. Am. J. 70, 555-569. doi: 10.2136/
$5$2j2004.0347

Fu, X., Shao, M., Wei, X., and Horton, R. (2010). Soil organic carbon and total nitrogen
as affected by vegetation types in northern loess plateau of China. Geoderma 155, 31-35.
doi: 10.1016/j.geoderma.2009.11.020

Grandy, A. S., and Neff, J. C. (2008). Molecular C dynamics downstream: the
biochemical decomposition sequence and its impact on soil organic matter structure
and function. Sci. Total Environ. 404, 297-307. doi: 10.1016/j.scitotenv.2007.11.013

Gu, Y.-J., Han, C.-L., Fan, J.-W,, Shi, X.-P,, Kong, M., Shi, X.-Y,, et al. (2018). Alfalfa
forage yield, soil water and P availability in response to plastic film mulch and P
fertilization in a semiarid environment. Field Crop Res. 215, 94-103. doi: 10.1016/j.
fcr.2017.10.010

Hu, J., Chen, G., Hassan, W. M., Chen, H., Li, J., and Du, G. (2017). Fertilization
influences the nematode community through changing the plant community in the
Tibetan plateau. Eur. J. Soil Biol. 78, 7-16. doi: 10.1016/j.ejs0bi.2016.11.001

Hu, N, Li, H,, Tang, Z., Li, Z., Tian, ], Lou, Y,, et al. (2016). Community diversity,
structure and carbon footprint of nematode food web following reforestation on
degraded karst soil. Sci. Rep. 6, 1-9. doi: 10.1038/srep28138

Hu, Z., Zhu, C., Chen, X., Bonkowski, M., Griffiths, B., Chen, E, et al. (2017).
Responses of rice paddy micro-food webs to elevated CO2 are modulated by nitrogen
fertilization and crop cultivars. Soil Biol. Biochem. 114, 104-113. doi: 10.1016/j.
s0ilbi0.2017.07.008

Jackson, R. B., Lajtha, K., Crow, S. E., Hugelius, G., Kramer, M. G., and Pineiro, G.
(2017). The ecology of soil carbon: pools, vulnerabilities, and biotic and abiotic

controls. Annu. Rev. Ecol. Evol. Syst. 48, 419-445. doi: 10.1146/annurev-ecolsys-
112414-054234

Jia, Y., Li, E-M., Wang, X.-L., and Xu, J. (2006). Dynamics of soil organic carbon and
soil fertility affected by alfalfa productivity in a semiarid agro-ecosystem. Biogeochemistry
80, 233-243. doi: 10.1007/s10533-006-9020-z

Jiang, Y., Qian, H., Wang, X., Chen, L., Liu, M., Li, H., et al. (2018). Nematodes and
microbial community affect the sizes and turnover rates of organic carbon pools in soil
aggregates. Soil Biol. Biochem. 119, 22-31. doi: 10.1016/j.s0ilbi0.2018.01.001

Kirschbaum, M. U. E. (2000). Will changes in soil organic carbon act as a positive or
negative feedback on global warming? Biogeochemistry 48, 21-51. doi:
10.1023/A:1006238902976

Kou, X., Ma, N, Zhang, X., Xie, H., Zhang, X., Wu, Z., et al. (2020). Frequency but not
amount of Stover mulching orchestrates the decomposition pathways of soil micro-

Frontiers in Microbiology

15

10.3389/fmicb.2023.1256269

foodwebs in a no-tillage system. Soil Biol. Biochem. 144:107789. doi: 10.1016/j.
50ilbi0.2020.107789

Lauber, C. L., Hamady, M., Knight, R., and Fierer, N. (2009). Pyrosequencing-based
assessment of soil pH as a predictor of soil bacterial community structure at the
continental scale. Appl. Environ. Microbiol. 75, 5111-5120. doi: 10.1128/ AEM.00335-09

Lavelle, P. (1997). Faunal activities and soil processes: adaptive strategies that
determine ecosystem function. Adv. Ecol. Res. 27, 93-132. doi: 10.1016/
S0065-2504(08)60007-0

Lehmann, J., and Kleber, M. (2015). The contentious nature of soil organic matter.
Nature 528, 60-68. doi: 10.1038/nature16069

Lenz, R., and Eisenbeis, G. (2000). Short-term effects of different tillage in a
sustainable farming system on nematode community structure. Biol. Fertil. Soils 31,
237-244. doi: 10.1007/s003740050651

Levine, H., Rowe, . ], and Grimaldi, E S. (1955). Molybdenum blue reaction and
determination of phosphorus in waters containing arsenic, silicon, and germanium.
Anal. Chem. 27, 258-262. doi: 10.1021/ac600982022

Li, Y. B,, Wang, H., and Fu, J. (2008). Regeneration niche of main tree species in
Quercus liaotungensis forest gaps in Ziwuling Mountain. Chin J Ecol 27, 2062-2066.

Marschner, B., and Kalbitz, K. (2003). Controls of bioavailability and biodegradability
of dissolved organic matter in soils. Geoderma 113, 211-235. doi: 10.1016/
S0016-7061(02)00362-2

Moore, J. C., and William Hunt, H. (1988). Resource compartmentation and the
stability of real ecosystems. Nature 333, 261-263. doi: 10.1038/333261a0

Mueller, R. C.,, Paula, E. S., Mirza, B. S., Rodrigues, J. L. M., Nuesslein, K., and
Bohannan, B. J. M. (2014). Links between plant and fungal communities across a
deforestation chronosequence in the Amazon rainforest. ISME J. 8, 1548-1550. doi:
10.1038/isme;j.2013.253

Neher, D. A. (2010). Ecology of plant and free-living nematodes in natural and
agricultural soil. Annu. Rev. Phytopathol. 48, 371-394. doi: 10.1146/annurev-
phyto-073009-114439

Nguyen, B.-A. T,, Chen, Q.-L., He, J.-Z., and Hu, H.-W. (2020). Oxytetracycline and
ciprofloxacin exposure altered the composition of protistan consumers in an agricultural
soil. Environ. Sci. Technol. 54, 9556-9563. doi: 10.1021/acs.est.0c02531

Poirier, V., Angers, D. A., and Whalen, J. K. (2014). Formation of millimetric-scale
aggregates and associated retention of C-13-N-15-labelled residues are greater in subsoil
than topsoil. Soil Biol. Biochem. 75, 45-53. doi: 10.1016/j.s0ilbio.2014.03.020

Porazinska, D. L., Giblin-Davis, R. M., Faller, L., Farmerie, W., Kanzaki, N., Morris, K.,
et al. (2009). Evaluating high-throughput sequencing as a method for metagenomic
analysis of nematode diversity. Mol. Ecol. Resour. 9, 1439-1450. doi:
10.1111/j.1755-0998.2009.02611.x

Prescott, C. E., and Vesterdal, L. (2021). Decomposition and transformations along
the continuum from litter to soil organic matter in forest soils. For. Ecol. Manag.
498:119522. doi: 10.1016/j.foreco.2021.119522

Rooney, N., McCann, K., Gellner, G., and Moore, J. C. (2006). Structural asymmetry
and the stability of diverse food webs. Nature 442, 265-269. doi: 10.1038/nature04887

Sanmanee, N., and Suwannaoin, P. (2009). Investigation of organic carbon using rapid
dichromate oxidation in comparison with dry combustion techniques among three
groups of two different sizes of soils. Environ. Asia 2, 11-14. doi: 10.1016/j.
50ilbi0.2011.07.016

Sauvadet, M., Chauvat, M., Cluzeau, D., Maron, P.-A,, Villenave, C., and Bertrand, I.
(2016). The dynamics of soil micro-food web structure and functions vary according to
litter quality. Soil Biol. Biochem. 95, 262-274. doi: 10.1016/j.s0ilbi0.2016.01.003

Shannon, C. E. (1997). The mathematical theory of communication. Comput. Med.
Pract. 14, 306-317.

Sinclair, L., Osman, O. A., Bertilsson, S., and Eiler, A. (2015). Microbial community
composition and diversity via 16S rRNA gene amplicons: evaluating the Illumina
platform. PLoS One 10:e0116955. doi: 10.1371/journal.pone.0116955

Sohlenius, B., Bostrom, S., and Sandor, A. (1988). Carbon and nitrogen budgets of
nematodes in arable soil. Biol. Fertil. Soils 6, 1-8. doi: 10.1007/BF00257912

Thakur, M. P, and Geisen, S. (2019). Trophic regulations of the soil microbiome.
Trends Microbiol. 27, 771-780. doi: 10.1016/.tim.2019.04.008

Wang, S., Li, T, and Zheng, Z. (2018). Response of soil aggregate-associated microbial
and nematode communities to tea plantation age. Catena 171, 475-484. doi: 10.1016/j.
catena.2018.07.041

Wang, G. C. Y., and Wang, Y. (1996). The frequency of chimeric molecules as a
consequence of PCR co-amplification of 16S rRNA genes from different bacterial
species. Microbiology 142, 1107-1114. doi: 10.1099/13500872-142-5-1107

Wang, L. L., Xie, J. H,, Luo, Z. Z,, Niu, Y. N,, Coulter, J. A., Zhang, R. Z., et al. (2021).
Forage yield, water use efficiency, and soil fertility response to alfalfa growing age in the
semiarid loess plateau of China. Agric. Water Manag. 243:106415. doi: 10.1016/j.
agwat.2020.106415

Wardle, D. A., Yeates, G. W,, Williamson, W., and Bonner, K. I. (2003). The response
of a three trophic level soil food web to the identity and diversity of plant species and
functional groups. Oikos 102, 45-56. doi: 10.1034/j.1600-0706.2003.12481.x

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1256269
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.soilbio.2011.01.016
https://doi.org/10.1186/1471-2105-13-113
https://doi.org/10.1007/s10705-006-9066-2
https://doi.org/10.1038/ismej.2016.131
https://doi.org/10.1007/s00374-015-1081-5
https://doi.org/10.1007/s00374-015-1081-5
https://doi.org/10.1016/j.soilbio.2019.04.008
https://doi.org/10.1016/j.ejsobi.2010.01.003
https://doi.org/10.1016/S0929-1393(01)00152-4
https://doi.org/10.1016/S0929-1393(03)00044-1
https://doi.org/10.1016/S0929-1393(03)00044-1
https://doi.org/10.1016/j.soilbio.2015.02.037
https://doi.org/10.1073/pnas.0507535103
https://doi.org/10.1073/pnas.0507535103
https://doi.org/10.1016/j.soilbio.2017.11.019
https://doi.org/10.2136/sssaj2004.0347
https://doi.org/10.2136/sssaj2004.0347
https://doi.org/10.1016/j.geoderma.2009.11.020
https://doi.org/10.1016/j.scitotenv.2007.11.013
https://doi.org/10.1016/j.fcr.2017.10.010
https://doi.org/10.1016/j.fcr.2017.10.010
https://doi.org/10.1016/j.ejsobi.2016.11.001
https://doi.org/10.1038/srep28138
https://doi.org/10.1016/j.soilbio.2017.07.008
https://doi.org/10.1016/j.soilbio.2017.07.008
https://doi.org/10.1146/annurev-ecolsys-112414-054234
https://doi.org/10.1146/annurev-ecolsys-112414-054234
https://doi.org/10.1007/s10533-006-9020-z
https://doi.org/10.1016/j.soilbio.2018.01.001
https://doi.org/10.1023/A:1006238902976
https://doi.org/10.1016/j.soilbio.2020.107789
https://doi.org/10.1016/j.soilbio.2020.107789
https://doi.org/10.1128/AEM.00335-09
https://doi.org/10.1016/S0065-2504(08)60007-0
https://doi.org/10.1016/S0065-2504(08)60007-0
https://doi.org/10.1038/nature16069
https://doi.org/10.1007/s003740050651
https://doi.org/10.1021/ac60098a022
https://doi.org/10.1016/S0016-7061(02)00362-2
https://doi.org/10.1016/S0016-7061(02)00362-2
https://doi.org/10.1038/333261a0
https://doi.org/10.1038/ismej.2013.253
https://doi.org/10.1146/annurev-phyto-073009-114439
https://doi.org/10.1146/annurev-phyto-073009-114439
https://doi.org/10.1021/acs.est.0c02531
https://doi.org/10.1016/j.soilbio.2014.03.020
https://doi.org/10.1111/j.1755-0998.2009.02611.x
https://doi.org/10.1016/j.foreco.2021.119522
https://doi.org/10.1038/nature04887
https://doi.org/10.1016/j.soilbio.2011.07.016
https://doi.org/10.1016/j.soilbio.2011.07.016
https://doi.org/10.1016/j.soilbio.2016.01.003
https://doi.org/10.1371/journal.pone.0116955
https://doi.org/10.1007/BF00257912
https://doi.org/10.1016/j.tim.2019.04.008
https://doi.org/10.1016/j.catena.2018.07.041
https://doi.org/10.1016/j.catena.2018.07.041
https://doi.org/10.1099/13500872-142-5-1107
https://doi.org/10.1016/j.agwat.2020.106415
https://doi.org/10.1016/j.agwat.2020.106415
https://doi.org/10.1034/j.1600-0706.2003.12481.x

Lietal.

Wu, X,, Yang, J., Ruan, H., Wang, S., Yang, Y., Naeem, L, et al. (2021). The diversity
and co-occurrence network of soil bacterial and fungal communities and their
implications for a new indicator of grassland degradation. Ecol. Indic. 129:107989. doi:
10.1016/j.ecolind.2021.107989

Xia, W, Zhang, C., Zeng, X., Feng, Y., Weng, J., Lin, X,, et al. (2011). Autotrophic
growth of nitrifying community in an agricultural soil. ISME J. 5, 1226-1236. doi:
10.1038/ismej.2011.5

Xiaofang, D., and Li, Y., H. xu, W. Ahmad & Q. Li (2020) Using high-throughput
sequencing quantitatively to investigate soil nematode community composition in
a steppe-forest ecotone. Appl. Soil Ecol., 152:103562. doi: 10.1016/j.
aps0il.2020.103562

Yang, Y., Dou, Y., Huang, Y., and An, S. (2017). Links between soil fungal diversity and
plant and soil properties on the loess plateau. Front. Microbiol. 8:2198. doi: 10.3389/
fmicb.2017.02198

Frontiers in Microbiology

16

10.3389/fmicb.2023.1256269

Yeates, G. (1979). Soil nematodes in terrestrial ecosystems. J. Nematol. 11, 213-229.

Yeates, G., and Bongers, T. (1999). Nematode diversity in agroecosystems. Inverteb.
Biodivers.  Bioindicat. ~ Sustain.  Landscap. 74, 113-135. doi: 10.1016/
S0167-8809(99)00033-X

Yeates, G. W., Bongers, T., De Goede, R. G., Freckman, D. W,, and Georgieva, S.
(1993). Feeding habits in soil nematode families and genera—an outline for soil
ecologists. . Nematol. 25, 315-331.

Yuan, H.,, Ge, T, Chen, C., ODonnell, A. G., and Wu, J. (2012). Significant role for
microbial autotrophy in the sequestration of soil carbon. Appl. Environ. Microbiol. 78,
2328-2336. doi: 10.1128/AEM.06881-11

Zhang, X., Guan, P, Wang, Y., Li, Q., Zhang, S., Zhang, Z., et al. (2015).
Community composition, diversity and metabolic footprints of soil nematodes in
differently-aged temperate forests. Soil Biol. Biochem. 80, 118-126. doi: 10.1016/j.
s0ilbi0.2014.10.003

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1256269
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.ecolind.2021.107989
https://doi.org/10.1038/ismej.2011.5
https://doi.org/10.1016/j.apsoil.2020.103562
https://doi.org/10.1016/j.apsoil.2020.103562
https://doi.org/10.3389/fmicb.2017.02198
https://doi.org/10.3389/fmicb.2017.02198
https://doi.org/10.1016/S0167-8809(99)00033-X
https://doi.org/10.1016/S0167-8809(99)00033-X
https://doi.org/10.1128/AEM.06881-11
https://doi.org/10.1016/j.soilbio.2014.10.003
https://doi.org/10.1016/j.soilbio.2014.10.003

	Long-term phosphorus fertilization reveals the phosphorus limitation shaping the soil micro-food web stability in the Loess Plateau
	1 Introduction
	2 Materials and methods
	2.1 Site description
	2.2 Experimental design and soil sampling
	2.3 Analysis of soil physicochemical properties
	2.4 DNA extraction and high-throughput sequencing
	2.5 Data analysis
	2.5.1 Calculation of soil microbial and nematode diversity index
	2.5.2 Metabolic footprints of nematode communities
	2.5.3 Energy flow analysis of soil food web
	2.5.4 Correlation ecological network and structural equation model
	2.5.5 Statistical analysis

	3 Results
	3.1 Environmental factors
	3.2 Community structure characteristics of soil microorganisms and nematodes
	3.3 Alpha diversity of soil microorganism and nematode communities
	3.4 Analysis of soil nematode metabolic footprint and food web energy flow
	3.5 Analysis of functional indices of soil nematode communities
	3.6 Soil micro-food web relationships
	3.7 Correlation analysis between soil microorganism and nematode communities and soil physicochemical properties

	4 Discussion
	4.1 Responses of microbial and nematode communities to physicochemical factors
	4.2 Effects of phosphorus addition on structure and function of soil micro-food web
	4.3 The effect of phosphorus addition on the decomposition pathway of soil micro-food web

	5 Conclusion
	Data availability statement
	Author contributions

	 References

