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Abstract

Excessive nitrogen (N) fertilization in croplands results in environmental problems, such

as soil quality deterioration, water contamination, and biodiversity losses, which

threaten the sustainable development of soil ecosystems. The soil nematode food web

plays key roles in soil organic matter decomposition and nutrient cycling, and thus the

sustainable development of cropland ecosystems. However, how the negative impact

from the excessive N fertilization on the nematode food web is effectively alleviated

remains uncertain. This study aimed to explore the effects of different N fertilization

management practices (N fertilizer reduction or organic material addition) on alleviating

the negative effects on the nematode food web in croplands. Four treatments/ manage-

ment practices were examined: conventional fertilization (N control), N fertilizer reduc-

tion of 100% (N0), N fertilizer reduction of 50% (N1), and conventional fertilization with

organic material addition (N+S). The results showed that the abundance of nematodes

and microbial phospholipid fatty acids (PLFAs) both increased in the treatments of N0,

N1, and N+S compared with N. Besides, N+S also increased the nematodes' biomass,

diversity, and metabolic footprint, which correspondingly strengthened the nutrient

turnover through the nematode food web. Overall, two management practices 1)N fer-

tilizer reduction and 2) organic material addition, differ in the abiotic or biotic process in

alleviating the negative effects of N fertilization on the nematode food web. The reduc-

ingN fertilization can directly alleviate the negative effect of fertilizer on soil acidification

and then benefit for the growth of microorganisms and nematodes. The exogenous car-

bon input from organic material addition might promote carbon flowing and immobiliza-

tion into nematode foodweb, and ultimately enhance the stability of soil foodweb.

K E YWORD S

carbon flow, N fertilizer reduction, nematode community, organic material addition, soil

food web

1 | INTRODUCTION

Nitrogen (N) fertilizers are often applied to croplands to relieve N limi-

tation and give the benefit of relatively high yields (Zhang

et al., 2007). However, excessive N application can also lead to seri-

ously harmful or negative effects, such as soil quality deterioration,

water contamination, and biodiversity losses (Bai et al., 2010; Shahbaz

et al., 2016). Numerous previous studies focus on the responses of
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crops aboveground to N fertilization (Becker, 1996; Qiao et al., 2012).

However, increasing studies have paid attention to the ecological

effect on belowground ecosystems in recent years. Soil faunas play

key roles in soil nutrient availability and soil multifunctionality (Liang

et al., 2005; Okada & Harada, 2007; Zhang et al., 2020), and are reg-

arded as the guarantee of the sustainable development of cropland

ecosystems (Cusack et al., 2011; Leininger et al., 2006; Neher, 2001;

Wang et al., 2019; Yeates, 2003). In previous studies, it is inferred that

the N fertilization influenced soil nematode abundance and diversity

by changing soil conditions and N availability, and this then impacted

the structure of nematode food webs through trophic interactions

(Bardgett & Wardle, 2010; de Ruiter et al., 1998; Ferris et al., 2001;

Okada & Harada, 2007; Zhao et al., 2014). Lenoir et al. (2007)

suggested that fungivorous nematodes significantly reduced fungal

biomass with top–down control within the soil food web after N fer-

tilization. However, the opposite result was proposed by Li

et al. (2010), who found that fungal decomposition channel was

degraded due to the lower soil pH and high electrical conductivity

induced by N fertilization. Additionally, Okada and Harada (2007)

reported that the abundances of total nematodes, fungivores,

bacterivores, and omnivores were lower in unfertilized plots than in

chemical fertilized plots in a conventional tillage system. The

previously-mentioned inconsistent results probably depend on the

application amounts of the N fertilizers. It is generally thought that

low amount of N fertilization has a positive and high or excessive one

has a negative effect on soil nematodes (Li et al., 2009; Thakur

et al., 2019). To relieve the negative effects of excessive N fertiliza-

tion on soil fauna, the management practices mainly including N fertil-

izer reduction or organic material addition were proposed (Gao

et al., 2020; Huang et al., 2015; Wile et al., 2014).

Reducing N fertilization as a direct method fundamentally solved

some negative effects of excessive N fertilizer, but crop yields may

not be guaranteed (Liang et al., 2015; Liang et al., 2018; Thorp

et al., 2007; Wile et al., 2014). Organic materials containing large

portions of labile carbon (C) (Metay et al., 2007; Ogle et al., 2003;

West & Post, 2002) provide an essential source of C and energy for

soil microorganisms and nematodes (Chivenge et al., 2007; Zhang

et al., 2015). It was also observed that organic material addition

increased the activities of most hydrolytic enzymes excreted by soil

microbes and was significantly linked to the rates of nutrient miner-

alization (Liang et al., 2018; Zhao et al., 2016). Therefore, this was

proposed as one possible effective practice to both maintain yields

and alleviate the negative effects of excessive N fertilizer on the

food web (Lu, 2015; Metay et al., 2007). Recent evidence indicated

that organic material input with a higher ratio of carbon to nitrogen

leads to competition between microorganisms and crops for N,

which leds to reduction in crop production (Fontaine et al., 2004;

Fontaine et al., 2003; Pan et al., 2016). Therefore, the combined

application of organic material with chemical fertilizers was encour-

aged in sustainable and environmental-friendly agriculture to main-

tain production (Cai et al., 2019). However, its feasibility is still to be

proved from the view of belowground biodiversity maintenance.

Above-all, N fertilizer reduction and organic material addition both

have their advantages and disadvantages, and there are urgent needs

to fill the knowledge gap about which practice has a better

alleviative/negative effect on biodiversity maintenance within the

soil food web.

Therefore, the objective of this study was to explore the response

of the nematode food web to management practices alleviating the

negative N effects (N fertilizer reduction and organic material addi-

tion) in cropland ecosystems. We hypothesize that (a) the reduction of

N fertilizer and the addition of organic material will directly or indi-

rectly alleviate the negative N effects on the nematode food web, and

(b) after alleviation, the growth of soil nematodes will be stimulated

and the corresponding decomposition pathway and trophic relation-

ship within the nematode food web will be varied with the reduction

of N amount and the addition of organic material.

2 | MATERIALS AND METHODS

2.1 | Site description and experimental design

The N fertilization experiment was set up at the Tieling Agricultural

Research Station of the Liaoning Academy of Agricultural Sciences

(42�350N, 123�630E), Liaoning Province, Northeast China in 2014. The

area has a temperate humid and semi-humid continental monsoon cli-

mate. The mean annual precipitation and temperature are 700 mm

and 6.3�C, respectively. The soil type is Hapli-Udic Cambisol (FAO

Classification). Maize (Zea mays L.) continuous cropping and conven-

tional tillage were practiced before the experiment was initiated.

The experiment was a complete randomized block design with

four treatments including conventional N fertilization as the control

(N, 225 kg N ha−1 yr−1), N fertilizer reduction of 100% (N0, no N fer-

tilization), N fertilizer reduction of 50% (N1, 112.5 kg N ha−1 yr−1),

and combined organic material addition with conventional N fertiliza-

tion (N+S, 8000 kg ha−1 yr−1 straw application and 225 kg N ha−1 yr−1;

Table S1). The experiment was a completely randomized block design

with three replicates plots, and the plot size was 62.1 m2

(6 m × 10.35 m).

2.2 | Soil sampling and analysis

Soil samples were taken at a depth of 0–20 cm on July 7, 2017. In

each plot, eight soil cores were randomly collected with a 2.5 cm

diameter auger and then uniformly mixed as a composite sample for

each replicate. In total, 12 soil samples (4 treatments × 3 replicates)

were collected. A total of 10 g fresh soil was taken from each compos-

ite sample, and then frozen at −20�C for extracting microbial phos-

pholipid fatty acids (PLFAs). Another subsample of the soil was air-

dried in a dark condition for the analysis of soil properties. Then soil

pH, total carbon and soil total nitrogen were measured using standard

methods, and detailed description in Cui et al. (2018). A total of 5 g

fresh soil was used for NH4
+-N and NO3

−-N extraction with 50 ml

2 M KCL solution (Su et al., 2017).
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2.3 | Soil enzyme activities

Soil enzyme activities were used to measure the functions of relevant

microbial communities and significantly link to the rates of nutrient

mineralization and organic matter decomposition (Carreiro

et al., 2000; Saiya-Cork et al., 2002; Sinsabaugh et al., 2008). The

activities of β-glucosidase (BG) and Leucine aminopeptidase (LAP)

enzymes were quantified based on Saiya-Cork et al. (2002). Briefly,

total 2 g fresh soils were placed in 500 mL container, add sodium ace-

tate buffer, and the buffer keep a pH of 5.0, and blend on high speed

for 1 min to make a slurry. Subsequently, 200 μl of slurry was added

into the 96-well plates, and, then, added 50 μl of 5 mM substrate in

each plate. The mixture was then incubated at 25�C for 2 hr, and the

absorbance of spectrophotometer was determined using at 450 nm.

2.4 | Analysis of soil PLFAs

Soil microorganism composition was characterized using PLFA analy-

sis according to Bossio et al. (1998). Detailed extraction processes

were description in our previous studies (Cui et al., 2018; Guan

et al., 2018; Kou et al., 2018; Zhang et al., 2015). The following PLFAs

biomarkers were used: gram-positive (G+) PLFAs (i15:1ω6c, i15:0,

a15:0, i16:0, i17:1ω9c, i17:0, a17:0), gram-negative (G−) PLFAs

(16:1ω6c, 16:1ω7c, 16:1ω9c, 17:1ω8c, cy17:0ω7c, 18:1ω6c, 18:1ω7c,

cy19:0ω7c), fungal PLFAs (18:2ω6c, 18:1ω9c), arbuscular mycorrhizal

fungi (AMF) PLFAs (16:1ω5c), and actinomycete PLFAs (10MeC16:0,

10MeC17:0, 10MeC17:1ω7c, 10MeC18:0, 10MeC18:1ω7c) (Briar

et al., 2011; Cui et al. 2018; Dempsey et al., 2013; McKinley

et al., 2005). Fatty acids were converted into microbial biomass car-

bon according to de Vries et al. (2013) and Guan et al. (2018).

2.5 | Soil nematode extraction and identification

The modified cotton-wool filter method was used to extract soil nem-

atodes with 100 g fresh soil (Liang et al., 2009). In each sample, nema-

todes were counted under stereoscope (OLYMPUS CX41), and then

at least 100 nematodes were identified to genus level according to

Bongers (1994), Ahmad and Jairjpuri (2010) and Liet al. (2017). Then

the nematodes were divided into the following four trophic groups

according to their morphological characteristics: bacterivores, plant

parasites, fungivores, and predators-omnivores (Yeates, 2003).

The average fresh body weight (W) of each nematodes genus was

defined based on http://nemaplex.ucdavis.edu. The nematode bio-

mass carbon is calculated according to the following formula:

Necarbon = 20%×Wf ×52%=100 μgg−1
� �

where Necarbon = nematode biomass carbon, Wf = nematode fresh

weight (Ferris, 2010).

Nematode metabolic footprints values were calculated using the

Nematode Indicator Joint Analysis (NINJA) (Sieriebriennikov

et al., 2014). Nematode species abundance (number of nematode

100 g−1 dry soil) and Shannon–Wiener diversity (H0) were calculated

for each plot. Following equations were used to calculate the indices:

H0 = −
XS

i=1

ni=N× ln ni=Nð Þ ð1Þ

where H0= Shannon–Wiener diversity, S = number of species, ni = each

genus individual number in identified samples, N = total individual

number in identified samples.

2.6 | Statistical analysis

Data analysis was calculated using SPSS19 statistical software (SPSS

Inc., Chicago, IL). One-way analysis of variance (ANOVA) was per-

formed to assess the effects of N fertilization treatments on soil prop-

erties, microbial PLFAs, nematode biomass, and enzyme activities. The

LSD test was used if the main effect was significant, and the differ-

ences at the p < .05 level were considered statistically significant. The

effect of N fertilization treatments and types of microbial PLFAs (bac-

teria or fungi) or nematode trophic groups on biomass and biomass

carbon were determined using two-way ANOVA. A Tukey's HSD test

was used to permit pairwise comparisons of means.

Functional metabolic footprints of nematode communities under

different N fertilization treatments were calculated using the NINJA

application (Sieriebriennikov et al., 2014). The vertical axis represents the

enrichment footprint and the horizontal axis represents the structural

footprint. The x-axis coordinates of the metabolic footprints are calcu-

lated as SI-0.5Fs/k and SI + 0.5Fs/k, and the y-axis coordinates as EI-

0.5Fe/k and EI + 0.5Fe/k. The functional metabolic footprint is depicted

by sequentially joining points: SI-0.5Fs/k, EI; SI, EI + 0.5Fe/k; SI + 0.5Fs/

k, EI; SI, EI-0.5Fe/k; and SI, EI (central point). Fs (structure footprint) is the

sum of the standardized C utilization from the structural indicator taxa

and Fe (enrichment footprint) from the enrichment indicator taxa, and

the k value is 2. The total nematode metabolic footprint defined as the

total area of the enrichment and structure footprints (Ferris, 2010).

We analyzed the correlations between soil properties and soil

microbial and nematode biomass carbon using the ‘Corrplot’ function

in R studio software (version 3.1.2). In order to determine the effects

of the management practices on soil nematode food web associations,

Spearman's rank correlation matrix based on biomass carbon data of

microorganisms and nematodes were depicted graphically through

network analysis using the CYTOSCAPE software, version 3.7.1 (Kou

et al., 2020; Morriën et al., 2017; Shannon et al., 2003).

3 | RESULTS

3.1 | Soil physiochemical properties

Reducing N fertilizer application treatments including N0 and N1

all significantly influenced the soil pH and moisture (p < .05),
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with the highest values in N0. Compared with the control (N),

N0 and N1 significantly decreased the soil NO3
−-N. No signifi-

cant differences were found in the measured soil

physiochemical properties between N and N+S treatments

(Table 1).

3.2 | Soil enzyme activities

The values of enzyme activities ranged from6.59 to10.81 μ mol hr−1 g−1

dry soil for BG, and from 0.41 to 1.47 μ mol hr−1 g−1 dry soil for LAP.

The organicmaterial addition (N+S) had a significant effect on the enzyme

activities of both BG and LAP (p < .05; Figure 1). For BG activity, a

significant higher value was observed in N+S than in other treatments

(p < .05). The activity of LAP was significantly higher in N1 and N+S than

inN0 andN (p < .05; Figure 1).

TABLE 1 Soil physichemical properties in different N fertilization treatments (means ± SE)

N N0 N1 N+S F-value p-Value

Soil pH 5.07 ± 0.03c 5.37 ± 0.03a 5.26 ± 0.01b 5.13 ± 0.01bc 5.51 .02

Soil moisture (%) 11.24 ± 0.18b 12.04 ± 0.04a 11.31 ± 0.25b 10.87 ± 0.25b 6.12 .02

Total carbon (g kg−1) 11.70 ± 0.06 10.76 ± 0.32 11.43 ± 0.20 11.53 ± 0.33 2.58 ns

Total nitrogen (g kg−1) 1.60 ± 0.01 1.43 ± 0.03 1.50 ± 0.01 1.50 ± 0.01 2.43 ns

C/N 7.32 ± 0.23 7.51 ± 0.05 7.62 ± 0.14 7.70 ± 0.12 0.59 ns

NO3
−-N (mg kg−1) 20.83 ± 6.11a 3.66 ± 0.49b 9.39 ± 0.30b 10.28 ± 2.82ab 4.48 .04

NH4
+-N (mg kg−1) 9.61 ± 1.41 2.92 ± 0.36 4.86 ± 1.49 5.67 ± 2.01 3.75 ns

Note: Different lower-case letters represent significant differences among different N fertilization treatments, as determined by LSD test.
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F IGURE 1 The enzyme activities and abundance and Shannon–Wiener diversity of nematodes under different N fertilization treatments.
Different lower-case letters represent significant differences among different N fertilization treatments, as determined by LSD test

TABLE 2 Two-way ANOVA on the effect of N fertilization
treatments and types of microbial PLFAs and nematode trophic
groups on biomass

F values of ANOVA Microbial biomass Nematode biomass

Nitrogen (N) 9.93** 3.11*

Type (T) 238.32** 18.68**

N × T 1.09 1.76

*p < .05.

**p < .01.
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3.3 | Soil microbial PLFAs and biomass carbon

Both the N fertilization and the types of microorganism have a signifi-

cant effect on the microbial PLFAs (Table 2), but not on the bacterial

or fungal biomass carbon (Table 3). The microbial PLFAs of actinomy-

cete and fungi were both significantly higher in N0 than in N (p < .05),

and there was no significant difference in the PLFAs of G+ and G−

among different treatments (Figure 2a). The PLFAs value of actinomy-

cete and fungi were significantly lower than that of G+ and G−.

3.4 | Soil nematode communities

Nematodes' abundance was significantly higher in N0, N1, and N+S than

in N (p < .05). Compared with N0, N1, and N+S significantly increased

the Shannon–Wiener diversity index of nematode (p < .05; Figure 1).

Two-way ANOVA showed that the N fertilization and types of nema-

tode trophic groups have significant effects on the nematode biomass

and biomass carbon (p < .05; Tables 2 and 3). The biomass value of

predator-omnivores was significantly higher than other three nema-

tode trophic groups in N0, N1, and N+S treatments, but not in N (p < .05;

Figure 2b). Different fertilization treatments also significantly

influenced the biomass carbon of bacterivores and predator-omnivores

with the higher value in N and N+S, respectively, but did not impacted

that of fungivores and plant parasites (Table 3). The nematode func-

tional metabolic footprint (NMF), which is the total area of the enrich-

ment and structure footprints, is shown in Figure 3. The total NMF was

the greatest in N+S, and higher structure index and a lower enrichment

indexwere found in N+S than in other treatments.

3.5 | Relationships among soil properties,
microbes, and nematodes

Soil fungal and fungivores biomass carbon were all positively corre-

lated with soil pH (p < .05; p < .01). The soil enzyme activities of BG

and LAP showed a significantly positive relationship with predator-

omnivores biomass carbon (p < .05). No significant relationship was

found among soil moisture, TC, TN, C/N, and biomass carbon of soil

TABLE 3 Two-way ANOVA on the effect of N fertilization treatments and types of microbial PLFAs and nematode trophic groups on
biomass carbon (means ± SE)

Type

Treatment

Microbial biomass carbon Nematode biomass carbon

Bacteria Fungi Bacterivores Fungivores Plant parasites Predator-omnivores

N 111.60 ± 4.27 601.56 ± 41.36 12.11 ± 1.09a 3.74 ± 0.11 4.08 ± 0.77 6.37 ± 2.27c

N0 123.72 ± 0.51 715.29 ± 28.52 11.02 ± 0.96a 6.15 ± 1.16 5.91 ± 0.78 21.40 ± 3.94b

N1 113.47 ± 0.77 678.90 ± 43.66 8.96 ± 0.80ab 6.07 ± 0.65 4.93 ± 1.46 19.13 ± 3.70bc

N+S 121.63 ± 6.80 630.03 ± 22.67 6.76 ± 0.40b 4.79 ± 0.63 8.06 ± 0.46 54.92 ± 0.07a

F values of ANOVA

Nitrogen (N) 2.22 38.89**

Type (T) 17.28** 134.65**

N × T 0.49 41.64**

Note: Different lower-case letters represent significant differences among different N fertilization treatments, as determined by Tukey's test.

**p < .01.
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F IGURE 2 Themicrobial PLFAs and nematode biomass under
different N fertilization treatments. Different lower-case letters in
microbial community represent significant differences among different
N fertilization treatments, and different lower-case letters in nematode

community represent significant differences among different trophic
groups, as determined by Tukey's test. PLFA, phospholipid fatty acid
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microbes and nematodes (Figure 4). An obviously negative relation-

ship between predator-omnivores and other trophic groups was

found in N, which indicated a weak predator channel or predation

relationship. Oppositely, N+S showed a relative stronger predator rela-

tionship among predator-omnivores, fungivores, G+, G−, and fungi.

Positive relationship between microbes (fungi, G+ and G−) and

fungivores was found in N0, which indicated that more carbon flow

through fungal channel (Figure 5).

4 | DISCUSSION

4.1 | Effect of N fertilizer reduction and organic
material addition on microbial and nematode
communities

In our study, we found that N fertilization and types of soil fauna

(microbial PLFAs or nematode trophic groups) have significant effects

on the microbial and nematode biomass (Table 2). Among N fertiliza-

tion treatments, N fertilizer reduction (N0 and N1) significantly

increased the biomass of actinomycete and fungi (Figure 2a), and had

different effect on the nematode biomass of different trophic groups

with obvious response from predator-omnivores (Figure 2b). These

results reflected that the susceptible response of soil biota to fertilizer

reduction was in a positive way (Laliberte et al., 2017), and reduced N

fertilization would be beneficial to the growth of soil biota. It was fur-

ther confirmed that N fertilizer reduction directly decreased the
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F IGURE 3 Functional metabolic footprints of nematode
communities under different N fertilization treatments. The vertical
axis represents the enrichment footprint and the horizontal axis
represents the structural footprint (Ferris, 2010)

F IGURE 4 Relationships among soil properties, microbes and nematode trophic groups' biomass carbon, as determined by the Pearson test.
*p < .05; **p < .01. Mineral.N, sum of NH4

+-N and NO3
−-N; TN, total nitrogen; TC, total carbon; C.N, ratio of carbon to nitrogen; BG,

β-glucosidase; LAP, leucine aminopeptidase; Bacterial.Carbon, bacteria biomass carbon; Fungal.Carbon, fungi biomass carbon; BF.Carbon,
bacterivores biomass carbon; FF.Carbon, fungivores biomass carbon; PP.Carbon, plant parasites biomass carbon; OP.Carbon, predators-
omnivores biomass carbon [Colour figure can be viewed at wileyonlinelibrary.com]
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amount of NO3
−-N in the soil, then alleviated the soil acidification

(pH from 5.07 in N to 5.37 in N0) caused by excessive N fertilizers

(Table 1), which was one of the important reasons that promoting the

growth of soil biota (Song et al., 2016). However, different from previ-

ous studies (Li et al., 2010; Okada & Harada, 2007), we did not find

that soil nematode diversity increased in N fertilizer reduction treat-

ments (N0 and N1) (Figure 1). It was generally considered that ecosys-

tem multifunctionality potentially depended on diversity of soil biota

(Wang et al., 2019) and soil nematode diversity was also related to a

vast number of vital ecosystem functions and services (Bardgett &

van der Putten, 2014). From the view of biodiversity, N fertilizer

reduction contributes less to ecosystem function. Nitrogen fertilizer

reduction directly alleviated the negative effect of N fertilizers on soil

acidification and benefit for the growth, but not for the diversity of

soil fauna.

Compared to conventional N fertilization (N), organic material

addition also stimulated the biomass of soil microorganisms and nem-

atodes. However, compared with the N fertilizer reduction (N0 and

N1), a significant higher biomass (Figure 2b) and biomass carbon

(Table 3) of predator-omnivores nematodes appeared in organic mate-

rial addition. Predator-omnivores with a relatively bigger body are par-

ticularly susceptible to soil conditions, especially soil physical

structure (Freckman & Caswell, 1985; Yeates et al., 2009; Zhang

et al., 2013). It had been proved that organic material addition contrib-

uted to the formation of large aggregates and increased soil porosity

(Chivenge et al., 2007; Liang, Cai, et al., 2018), which could provide

suitable conditions and bigger space for the movement and predation

of predator-omnivores, and therefore their biomass was enhanced

correspondingly (Ferris, 2010). Additionally, there was a significantly

higher value of nematode diversity in N+S than in other treatments

(Figure 1). The diversity of soil biota determines the rates and magni-

tudes of ecosystem services and its increase is beneficial for

maintaining ecosystem functioning of the soil food web (Wang

et al., 2019).

4.2 | Effect of N fertilizer reduction and organic
material addition on relationships among the
nematode food web

Compared with other treatments, N+S showed a greater nematode

metabolic footprint (Figure 3), which indicated a stronger metabolic

process in the nematode food web decomposition pathway

(Ferris, 2010). It can be explained by the greater predator-omnivores

being fuelled by organic material addition, and then a stronger path-

way through predator channel was activated. The larger predation

strength may stimulate the stronger metabolic process (Ferris, 2010;

Thakur & Geisen, 2019). Additionally, the main decomposition path-

way within soil food web (i.e., bacterial and fungal channel) was signif-

icantly different among fertilization reduction treatments. Treatments

of N0 and N1 showed a relatively stronger pathway through fungal

and bacterial channels, respectively (Figure 5). It can be seen from this

F IGURE 5 Relationship betweenmicroorganism and nematodes. The solid and dashed lines represent significant and insignificant correlations,
respectively. The red and blue lines represent positive or negative correlations, respectively, as determined by the Spearman test. G+, gram-positive
biomass carbon; G−, gram-negative biomass carbon; Fungi, fungi biomass carbon; BF, bacterivores biomass carbon; FF., fungivores biomass carbon;
PP, plant parasites biomass carbon; OP, predators-omnivores biomass carbon [Colour figure can be viewed at wileyonlinelibrary.com]
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result that the dominant channel, bacterial or fungal channel, mostly

depended on the amount of the reducing N fertilization (reduced 50%

or 100%). Bacterial and fungal channels are, respectively, considered

fast and slow decomposition pathways with regard to rates of miner-

alization and nutrient turnover (Chen et al., 2015; de Vries &

Caruso, 2016; Fabian et al., 2017). The amount of nutrient being regu-

lated by N fertilization application coordinated the nutrient decompo-

sition channels and enhanced the trophic connection between soil

microbes and nematodes (Kou et al., 2020).

We also observed that soil enzyme activities of BG and LAP were

significantly higher in N+S than that in N (Figure 1), and have a signifi-

cant positive relationship with predator-omnivores biomass carbon

(Figure 4). The reason for this is that the addition of organic material

stimulated the microorganisms to produce more enzyme to accelerate

the decomposition process and release more nutrients, which in turn

promoted the microorganisms' growth and then predation strength

(Ai et al., 2012; Bowles et al., 2014). Thus, it proved again that organic

material addition strengthened the metabolic process within the nem-

atode food web (Metay et al., 2007; Samahadthai et al., 2010), and

even the exogenous carbon immobilization by soil biota.

In summary, N fertilization management practices significantly

influenced the relationship within the soil nematode food web. Both

N fertilizer reduction and organic material addition strengthened the

links between different trophic groups and definitely alleviating the

negative effect of N fertilizer on the nematode food web. However,

compared with N fertilizer reduction treatment, organic material addi-

tion enhanced the cascade effect among trophic groups and struc-

tured the more stable nematode food web, thus exerts a better

alleviation.

5 | CONCLUSIONS

In our study, two kinds of management practices, N fertilizer reduc-

tion and organic material addition, differ in how they affect the abiotic

or biotic process of alleviating the negative effects of N fertilizer on

the nematode food web. Reducing N fertilization alleviates the nega-

tive effect of N fertilizers through changing soil pH and available N,

and then benefits the soil fauna by improving their survival conditions.

Organic material addition alleviates the effects of N fertilizers by

changing soil biological characteristics, for example, soil enzyme activi-

ties and predation strength of food web. Furthermore, we confirmed

that organic material addition enhanced the diversity and metabolic

footprint of soil nematodes, and then fuelled the energy flow through

predation channel, which will promote the stability of soil food web.

ACKNOWLEDGMENTS

This research was supported by the National Natural Science Founda-

tion of China (grant Nos. 41977054 and 41771280) and the National

Key Research and Development Plan (Nos. 2016YFD0300204 and

2017YFD0200602). We are grateful to the Tieling Agricultural

Research Station of the Liaoning Academy of Agricultural Sciences for

providing the experimental sites.

CONFLICT OF INTEREST

Authors declare no conflicts of interest.

ORCID

Xiaoke Zhang https://orcid.org/0000-0002-5277-2315

REFERENCES

Ahmad, W., & Jairjpuri, M. S. (2010). Mononchida: The predaceous nema-

todes. Nematology monographs and perspectives. Leiden, The Nether-

lands: Brill Academic Publishers.

Ai, C., Liang, G. Q., Sun, J. W., Wang, X. B., & Zhou, W. (2012). Responses

of extracellular enzyme activities and microbial community in both the

rhizosphere and bulk soil to long-term fertilization practices in a fluvo-

aquic soil. Geoderma, 173–174, 330–338. https://doi.org/10.1016/j.
geoderma.2011.07.020

Bai, Y. F., Wu, J. G., Clark, C. M., Naeem, S., Pan, Q. M., Huang, J. H., …
Han, X. G. (2010). Tradeoffs and thresholds in the effects of nitrogen

addition on biodiversity and ecosystem functioning: Evidence from

Inner Mongolia grasslands. Global Change Biology, 16, 358–372.
https://doi.org/10.1111/j.1365-2486.2009.01950.x

Bardgett, R. D., & van der Putten, W. H. (2014). Belowground biodiversity

and ecosystem functioning. Nature, 515, 505–511. https://doi.org/10.
1038/nature13855

Bardgett, R. D., & Wardle, D. A. (2010). Aboveground-belowground linkages:

Biotic interactions, ecosystem processes, and global change. Oxford, UK:

Oxford University Press.

Becker, K. W. (1996). Effects of long-term fertilizer n reduction on winter

grain and sugar beet yields. Journal of Agronomy and Crop Science, 177,

339–354. https://doi.org/10.1111/j.1439-037X.1996.tb00254.x
Bongers, T. (1994). De Nematoden van Nederland. In Vormgeving en tech-

nische realisatie. Uitgeverij Pirola. Schoorl, The Netherlands: KNNV

Uitgeverij.

Bossio, D. A., Scow, K. M., Gunapala, N., & Graham, K. J. (1998). Determi-

nants of soil microbial communities: Effects of agricultural manage-

ment, season, and soil type on phospholipid fatty acid profiles.

Microbial Ecology, 36, 1–12. https://doi.org/10.1007/s002489900087
Bowles, T. M., Acosta-Martínez, V., Calderón, F., & Jackson, L. E. (2014).

Soil enzyme activities, microbial communities, and carbon and nitrogen

availability in organic agroecosystems across an intensively-managed

agricultural landscape. Soil Biology and Biochemistry, 68, 252–262.
https://doi.org/10.1016/j.soilbio.2013.10.004

Briar, S. S., Fonte, S. J., Park, I., Six, J., Scow, K., & Ferris, H. (2011). The dis-

tribution of nematodes and soil microbial communities across soil

aggregate fractions and farm management systems. Soil Biology and

Biochemistry, 43, 905–914. https://doi.org/10.1016/j.soilbio.2010.

12.017

Cai, A. D., Xu, M. G., Wang, B. R., Zhang, W. J., Liang, G. P., Hou, E. Q., &

Luo, Y. Q. (2019). Manure acts as a better fertilizer for increasing crop

yields than synthetic fertilizer does by improving soil fertility. Soil and

Tillage Research, 189, 168–175. https://doi.org/10.1016/j.still.2018.

12.022

Carreiro, M. M., Sinsabaugh, R. L., Repert, D. A., & Parkhurst, D. F. (2000).

Microbia-l enzyme shifts explain litter decay responses to simulated

nitrogen deposition. Ecology, 81, 2359–2365. https://doi.org/10.

1890/00129658(2000)081[2359:MESELD]2.0.CO;2

Cui, S. Y., Liang, S. W., Zhang, X. K., Li, Y. B., Liang, W. J., Sun, L. J., … Li, Q.

(2018). Long-term fertilization management affects the C utilization

from crop residues by the soil micro-food web. Plant and Soil, 429,

335–348. https://doi.org/10.1007/s11104-018-3688-4
Chen, D. M., Lan, Z. C., Hu, S. J., & Bai, Y. F. (2015). Effects of nitrogen

enrichment on belowground communities in grassland: Relative role of

soil nitrogen availability vs. soil acidification. Soil Biology and Biochemis-

try, 89, 99–108. https://doi.org/10.1016/j.soilbio.2015.06.028

KOU ET AL. 2959

https://orcid.org/0000-0002-5277-2315
https://orcid.org/0000-0002-5277-2315
https://doi.org/10.1016/j.geoderma.2011.07.020
https://doi.org/10.1016/j.geoderma.2011.07.020
https://doi.org/10.1111/j.1365-2486.2009.01950.x
https://doi.org/10.1038/nature13855
https://doi.org/10.1038/nature13855
https://doi.org/10.1111/j.1439-037X.1996.tb00254.x
https://doi.org/10.1007/s002489900087
https://doi.org/10.1016/j.soilbio.2013.10.004
https://doi.org/10.1016/j.soilbio.2010.12.017
https://doi.org/10.1016/j.soilbio.2010.12.017
https://doi.org/10.1016/j.still.2018.12.022
https://doi.org/10.1016/j.still.2018.12.022
https://doi.org/10.1890/00129658(2000)081[2359:MESELD]2.0.CO;2
https://doi.org/10.1890/00129658(2000)081[2359:MESELD]2.0.CO;2
https://doi.org/10.1007/s11104-018-3688-4
https://doi.org/10.1016/j.soilbio.2015.06.028


Chivenge, P. P., Murwira, H. K., Giller, K. E., Mapfumo, P., & Six, J. (2007).

Long-term impact of reduced tillage and residue management on soil

carbon stabilization: Implications for conservation agriculture on con-

trasting soils. Soil and Tillage Research, 94, 328–337. https://doi.org/
10.1016/j.still.2006.08.006

Cusack, D. F., Silver, W. L., Torn, M. S., Burton, S. D., & Firestone, M. K.

(2011). Changes in microbial community characteristics and soil

organic matter with nitrogen additions in two tropical forests. Ecology,

92, 621–632. https://doi.org/10.1890/10-0459.1
de Ruiter, P. C., Neutel, A. M., & Moore, J. C. (1998). Biodiversity in soil

ecosystems: The role of energy flow and community stability. Applied

Soil Ecology, 10, 217–228. https://doi.org/10.1016/S0929-1393(98)
00121-8

de Vries, F. T., & Caruso, T. (2016). Eating from the same plate? Revisiting

the role of labile carbon inputs in the soil food web. Soil Biology and

Biochemistry, 102, 4–9. https://doi.org/10.1016/j.soilbio.2016.06.023
de Vries, F. T., Thébault, E., Liiri, M., Birkhofer, K., Tsiafouli, M. A.,

Bjørnlund, L., … Bardgett, R. D. (2013). Soil food web properties

explain ecosystem services across European land use systems. PNAS,

110, 14296–14301. https://doi.org/10.1073/pnas.1305198110
Dempsey, M. A., Fisk, M. C., Yavitt, J. B., Fahey, T. J., & Balser, T. C.

(2013). Exotic earthworms alter soil microbial community composition

and function. Soil Biology and Biochemistry, 67, 263–270. https://doi.
org/10.1016/j.soilbio.2013.09.009

Fabian, J., Zlatanovic, S., Mutz, M., & Premke, K. (2017). Fungal–bacterial
dynamics and their contribution to terrigenous carbon turnover in

relation to organic matter quality. The ISME Journal, 11, 415–425.
https://doi.org/10.1038/ismej.2016.131

Fontaine, S., Bardoux, G., Abbadie, L., & Mariotti, A. (2004). Carbon input

to soil may decrease soil carbon content. Ecology Letters, 7, 314–320.
https://doi.org/10.1111/j.1461-0248.2004.00579.x

Fontaine, S., Mariotti, A., & Abbadie, L. (2003). The priming effect of

organic matter: A question of microbial competition? Soil Biology and

Biochemistry, 35, 837–843. https://doi.org/10.1016/S0038-0717(03)
00123-8

Ferris, H., Bongers, T., & Goede, R. G. M. D. (2001). A framework for soil

food web diagnostics: Extension of the nematode faunal analysis con-

cept. Applied Soil Ecology, 18, 0–29. https://doi.org/10.1016/S0929-
1393(01)00152-4

Ferris, H. (2010). Form and function: Metabolic footprints of nematodes in

the soil food web. European Journal of Soil Biology, 46, 97–104.
https://doi.org/10.1016/j.ejsobi.2010.01.003

Freckman, D. W., & Caswell, E. P. (1985). The ecology of nematodes in

agroecosystems. Annual Review of Phytopathology, 23, 275–296.
https://doi.org/10.1146/annurev.py.23.090185.001423

Gao, L., Li, W., Ashraf, U., Lu, W. J., Li, Y. L., Li, C. Y., … Hu, J. H. (2020).

Nitrogen fertilizer management and maize straw return modulate yield

and nitrogen balance in sweet corn. Agronomy, 10, 362. https://doi.

org/10.3390/agronomy10030362

Guan, P. T., Zhang, X. K., Yu, J., Cheng, Y. Y., Li, Q., Andriuzzi, W. S., &

Liang, W. J. (2018). Soil microbial food web channels associated with

biological soil crusts in desertification restoration: The carbon flow

from microbes to nematodes. Soil Biology and Biochemistry, 116,

82–90. https://doi.org/10.1016/j.soilbio.2017.10.003
Huang, J. K., Huang, J. R., Jia, X. P., Hu, R. F., & Xiang, C. (2015). Long-term

reduction of nitrogen fertilizer use through knowledge training in rice

production in China. Agricultural Systems, 135, 105–111. https://doi.
org/10.1016/j.agsy.2015.01.004

Kou, X. C., Ma, N. N., Zhang, X. K., Xie, H. T., Zhang, X. D., Wu, Z. F., …
Ferris, H. (2020). Frequency of stover mulching but not amount regu-

lates the decomposition pathways of soil micro-foodwebs in a no-

tillage system. Soil Biology and Biochemistry, 144, 107789. https://doi.

org/10.1016/j.soilbio.2020.107789

Kou, X. C., Su, T. Q., Ma, N. N., Li, Q., Wang, P., Wu, Z. F., … Cheng, W. X.

(2018). Soil micro-food web interactions and rhizosphere priming

effect. Plant and Soil, 432, 129–142. https://doi.org/10.1007/s11104-
018-3782-7

Laliberte, E., Kardol, P., Didham, R. K., Teste, F. P., Turner, B. L., &

Wardle, D. A. (2017). Soil fertility shapes belowground food webs

across a regional climate gradient. Ecology Letters, 20, 1273–1284.
https://doi.org/10.1111/ele.12823

Leininger, S., Urich, T., Schloter, M., Schwark, L., Qi, J., Nicol, G. W., &

Prosser, J. I. (2006). Archaea predominate among ammonia-oxidizing

prokaryotes in soils. Nature, 442, 806–809. https://doi.org/10.1038/
nature04983

Lenoir, L., Persson, T., Bengtsson, J., Wallander, H., & Wirén, A. (2007).

Bottom–up or top–down control in forest soil microcosms? Effects of

soil fauna on fungal biomass and C/N mineralization. Biology and Fertil-

ity of Soils, 43, 281–294. https://doi.org/10.1007/s00374-006-

0103-8

Li, Q., Jiang, Y., Liang, W. J., Lou, Y. L., Zhang, E. P., & Liang, C. H. (2010).

Long-term effect of fertility management on the soil nematode com-

munity in vegetable production under greenhouse conditions. Applied

Soil Ecology, 46, 111–118. https://doi.org/10.1016/j.apsoil.2010.

06.016

Li, Q., Liang, W. J., Zhang, X. K., & Mohammad, M. (2017). Soil nematodes

of grasslands in Northern China. Hangzhou: Zhejiang University Press.

Li, Q., Xu, C. G., Liang, W. J., Zhong, S., Zheng, X. H., & Zhu, J. G. (2009).

Residue incorporation and N fertilization affect the response of soil

nematodes to the elevated CO2 in a Chinese wheat field. Soil Biology

and Biochemistry, 41, 1497–1503. https://doi.org/10.1016/j.soilbio.

2009.04.006

Liang, G. P., Cai, A. D., Wu, H. J., Wu, X. P., Houssou, A. A., Ren, C. J., …
Cai, D. X. (2018). Soil biochemical parameters in the rhizosphere con-

tribute more to changes in soil respiration and its components than

those in the bulk soil under nitrogen application in croplands. Plant and

Soil, 435, 111–125. https://doi.org/10.1007/s11104-018-3886-0
Liang, G. P., Houssou, A. A., Wu, H. J., Cai, D. X., Wu, X. P., Gao, L. L., …

Li, S. P. (2015). Seasonal patterns of soil respiration and related soil

biochemical properties under nitrogen addition in winter wheat field.

PLoS One, 10, e0144115. https://doi.org/10.1371/journal.pone.

0144115

Liang, G. P., Wu, H. J., Houssou, A. A., Cai, A. D., Wu, X. P., Gao, L. L., …
Li, S. P. (2018). Soil respiration, glomalin content, and enzymatic activ-

ity response to straw application in a wheat-maize rotation system.

Journal of Soils and Sediments, 18, 697–707. https://doi.org/10.1007/
s11368-017-1817-y

Liang, W. J., Li, Q., Jiang, Y., & Neher, D. A. (2005). Nematode faunal analy-

sis in an aquic brown soil fertilized with slow-release urea, Northeast

China. Applied Soil Ecology, 29, 185–192. https://doi.org/10.1016/j.
apsoil.2004.10.004

Liang, W. J., Lou, Y. L., Li, Q., Zhong, S., Zhang, X. K., & Wang, J. K. (2009).

Nematode faunal response to long-term application of nitrogen fertil-

izer and organic manure in Northeast China. Soil Biology and Biochemis-

try, 41, 883–890. https://doi.org/10.1016/j.soilbio.2008.06.018
Lu, F. (2015). How can straw incorporation management impact on soil

carbon storage? A meta-analysis. Mitigation and Adaptation Strategies

for Global Change, 20, 1545–1568. https://doi.org/10.1007/s11027-
014-9564-5

Metay, A., Moreira, J. A. A., Bernoux, M., Boyer, T., Douzet, J. M., Feigl, B.,

… Scopel, E. (2007). Storage and forms of organic carbon in a no-tillage

under cover crops system on clayey Oxisol in dryland rice production

(cerrados, Brazil). Soil and Tillage Research, 94, 122–132. https://doi.
org/10.1016/j.still.2006.07.009

McKinley, V. L., Peacock, A. D., & White, D. C. (2005). Microbial commu-

nity PLFA and PHB responses to ecosystem restoration in tallgrass

prairie soils. Soil Biology and Biochemistry, 37, 1946–1958. https://doi.
org/10.1016/j.soilbio.2005.02.033

Morriën, E., Hannula, S. E., Snoek, L. B., Helmsing, N. R., Zweers, H., de

Hollander, M., … van der Putten, W. H. (2017). Soil networks become

2960 KOU ET AL.

https://doi.org/10.1016/j.still.2006.08.006
https://doi.org/10.1016/j.still.2006.08.006
https://doi.org/10.1890/10-0459.1
https://doi.org/10.1016/S0929-1393(98)00121-8
https://doi.org/10.1016/S0929-1393(98)00121-8
https://doi.org/10.1016/j.soilbio.2016.06.023
https://doi.org/10.1073/pnas.1305198110
https://doi.org/10.1016/j.soilbio.2013.09.009
https://doi.org/10.1016/j.soilbio.2013.09.009
https://doi.org/10.1038/ismej.2016.131
https://doi.org/10.1111/j.1461-0248.2004.00579.x
https://doi.org/10.1016/S0038-0717(03)00123-8
https://doi.org/10.1016/S0038-0717(03)00123-8
https://doi.org/10.1016/S0929-1393(01)00152-4
https://doi.org/10.1016/S0929-1393(01)00152-4
https://doi.org/10.1016/j.ejsobi.2010.01.003
https://doi.org/10.1146/annurev.py.23.090185.001423
https://doi.org/10.3390/agronomy10030362
https://doi.org/10.3390/agronomy10030362
https://doi.org/10.1016/j.soilbio.2017.10.003
https://doi.org/10.1016/j.agsy.2015.01.004
https://doi.org/10.1016/j.agsy.2015.01.004
https://doi.org/10.1016/j.soilbio.2020.107789
https://doi.org/10.1016/j.soilbio.2020.107789
https://doi.org/10.1007/s11104-018-3782-7
https://doi.org/10.1007/s11104-018-3782-7
https://doi.org/10.1111/ele.12823
https://doi.org/10.1038/nature04983
https://doi.org/10.1038/nature04983
https://doi.org/10.1007/s00374-006-0103-8
https://doi.org/10.1007/s00374-006-0103-8
https://doi.org/10.1016/j.apsoil.2010.06.016
https://doi.org/10.1016/j.apsoil.2010.06.016
https://doi.org/10.1016/j.soilbio.2009.04.006
https://doi.org/10.1016/j.soilbio.2009.04.006
https://doi.org/10.1007/s11104-018-3886-0
https://doi.org/10.1371/journal.pone.0144115
https://doi.org/10.1371/journal.pone.0144115
https://doi.org/10.1007/s11368-017-1817-y
https://doi.org/10.1007/s11368-017-1817-y
https://doi.org/10.1016/j.apsoil.2004.10.004
https://doi.org/10.1016/j.apsoil.2004.10.004
https://doi.org/10.1016/j.soilbio.2008.06.018
https://doi.org/10.1007/s11027-014-9564-5
https://doi.org/10.1007/s11027-014-9564-5
https://doi.org/10.1016/j.still.2006.07.009
https://doi.org/10.1016/j.still.2006.07.009
https://doi.org/10.1016/j.soilbio.2005.02.033
https://doi.org/10.1016/j.soilbio.2005.02.033


more connected and take up more carbon as nature restoration pro-

gresses. Nature Communications, 8, 14349. https://doi.org/10.1038/

ncomms14349

Neher, D. A. (2001). Role of nematode in soil health and their use as indi-

cators. Journal of Nematology, 33, 161–168. https://doi.org/10.1034/j.
1600-0684.2001.300606.x

Ogle, S. M., Breidt, F. J., Eve, M., & Paustian, K. (2003). Uncertainty in esti-

mating land use and management impacts on soil organic carbon stor-

age for US agricultural lands between 1982 and 1997. Global Change

Biology, 9, 1521–1542. https://doi.org/10.1046/j.1529-8817.2003.

00683.x

Okada, H., & Harada, H. (2007). Effects of tillage and fertilizer on nema-

tode communities in a Japanese soybean field. Applied Soil Ecology, 35,

582–598. https://doi.org/10.1016/j.apsoil.2006.09.008
Pan, F., Li, Y., Chapman, S. J., & Yao, H. (2016). Effect of rice straw applica-

tion on microbial community and activity in paddy soil under different

water status. Environmental Science and Pollution Research, 23,

5941–5948. https://doi.org/10.1007/s11356-015-5832-5
Qiao, J., Yang, L. Z., Yan, T. M., Xue, F., & Zhao, D. (2012). Nitrogen fertil-

izer reduction in rice production for two consecutive years in the

Taihu Lake area. Agriculture, Ecosystems & Environment, 146, 103–112.
https://doi.org/10.1016/j.agee.2011.10.014

Saiya-Cork, K. R., Sinsabaugh, R. L., & Zak, D. R. (2002). The effects of

long-term nitrogen deposition on extracellular enzyme activity in an

Acer saccharum forest soil. Soil Biology and Biochemistry, 34,

1309–1315. https://doi.org/10.1016/S0038-0717(02)00074-3
Samahadthai, P., Vityakon, P., & Saenjan, P. (2010). Effects of different

quality plant residues on soil carbon accumulation and aggregate for-

mation in a tropical sandy soil in northeast Thailand as revealed by a

10-year field experiment. Land Degradation & Development, 21,

463–473. https://doi.org/10.1002/ldr.982
Shahbaz, M., Kuzyakov, Y., Maqsood, S., Wendland, M., & Heitkamp, F.

(2016). Decadal nitrogen fertilization decreases mineral-associated

and subsoil carbon: A 32-year study. Land Degradation & Development,

28, 1463–1472. https://doi.org/10.1002/ldr.2667
Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., &

Amin, N., Schwikowski, B., & Ideker, T. (2003). Cytoscape: A software

environment for integrated models of biomolecular interaction networks.

London: Routledge Inc.

Sieriebriennikov, B., Ferris, H., & de Goede, R. G. M. (2014). NINJA: An

automated calculation system for nematode-based biological monitor-

ing. European Journal of Soil Biology, 61, 90–93. https://doi.org/10.
1016/j.ejsobi.2014.02.004

Sinsabaugh, R., Lauber, C., Weintraub, M., Ahmed, B., Allison, S.,

Crenshaw, C., … Gallo, M. (2008). Stoichiometry of soil enzyme activity

at global scale. Ecology Letters, 11, 1252–1264. https://doi.org/10.

1111/j.1461-0248.2008.01245.x

Song, M., Li, X. M., Jing, S. S., Lei, L. J., Wang, J. L., & Wan, S. Q. (2016).

Responses of soil nematodes to water and nitrogen additions in an

old-field grassland. Applied Soil Ecology, 102, 53–60. https://doi.org/
10.1016/j.apsoil.2016.02.011

Su, T. Q., Dijkstra, F. A., Wang, P., & Cheng, W. X. (2017). Rhizosphere prim-

ing effects of soybean and cottonwood: Do they vary with latitude?

Plant and Soil, 420, 1–12. https://doi.org/10.1007/s11104-017-3396-5
Thakur, M. P., & Geisen, S. (2019). Trophic regulations of the soil micro-

biome. Trends in Microbiology, 27, 771–780. https://doi.org/10.1016/j.
tim.2019.04.008

Thakur, M. P., Del Real, I. M., Cesarz, S., Steinauer, K., Reich, P. B.,

Hobbie, S., … Eisenhauer, N. (2019). Soil microbial, nematode, and

enzymatic responses to elevated CO2, n fertilization, warming, and

reduced precipitation. Soil Biology and Biochemistry, 135, 184–193.
https://doi.org/10.1016/j.soilbio.2019.04.020

Thorp, K. R., Malone, R. W., & Jaynes, D. B. (2007). Simulating long-term

effects of nitrogen fertilizer application rates on corn yield and

nitrogen dynamics. American Society of Agricultural and Biological Engi-

neers, 50, 1287–1303. https://doi.org/10.13031/2013.23640
Wang, L., Delgado-Baquerizo, M., Wang, D. L., Isbell, F., Liu, J., Feng, C., …

Liu, C. (2019). Diversifying livestock promotes multidiversity and mul-

tifunctionality in managed grasslands. Proceedings of the National Acad-

emy of Sciences of the United States of America, 116, 6187–6192.
https://doi.org/10.1073/pnas.1807354116

West, T. O., & Post, W. M. (2002). Soil organic carbon sequestration rates

by tillage and crop rotation: A global data analysis. Soil Science Society

of America Journal, 66, 1930–1946. https://doi.org/10.2136/

sssaj2002.1930

Wile, A., Burton, D. L., Sharifi, M., Lynch, D., Main, M., &

Papadopoulos, Y. A. (2014). Effect of nitrogen fertilizer application rate

on yield, methane and nitrous oxide emissions from switchgrass (Pani-

cum virgatum L.) and reed canarygrass (Phalaris arundinacea L.). Cana-

dian Journal of Soil Science, 94, 129–137. https://doi.org/10.4141/

cjss2013-058

Yeates, G. W. (2003). Nematodes as soil indicators: Functional and biodi-

versity aspects. Biology and Fertility of Soils, 37, 199–210. https://doi.
org/10.1007/s00374-003-0586-5

Yeates, G. W., Ferris, H., Mones, T., & van der Putten, W. H. (2009). The

role of nematodes in ecosystem. In M. J. Wilson & T. Kakouli-Duarte

(Eds.), Nematode as environment biondicators. Wallingford, UK: CABI.

Zhang, F. S., Fan, M. S., & Zhang, W. F. (2007). Principles dissemination

and performance of fertilizer best management practices developed in

China. In K. I. Krauss & P. Heffer (Eds.), Fertilizer best management prac-

tice, general principles, strategy for their adoption and voluntary initia-

tives vs. regulations. (pp. 193–201). Paris, France: International

Fertilizer Industry Association.

Zhang, G. Z., Kou, X. C., Zhang, X. K., Bai, W., & Liang, W. J. (2020). Effect

of row spacings on soil nematode communities and ecosystem multi-

functionality at an aggregate scale. Scientific Reports, 10, 4779.

https://doi.org/10.1038/s41598-020-61498-x

Zhang, S. X., Li, Q., Lü, Y., Sun, X. M., Jia, S. X., Zhang, X. P., & Liang, W. J.

(2015). Conservation tillage positively influences the microflora and

microfauna in the black soil of Northeast China. Soil and Tillage

Research, 149, 46–52. https://doi.org/10.1016/j.still.2015.01.001
Zhang, X. K., Liang, W. J., & Li, Q. (2013). Forest soil nematodes in Changbai

Mountain - morphology and distribution. Beijing, China: Chinese Agricul-

ture Press.

Zhao, J., Wang, F. M., Li, J., Zou, B., Wang, X. L., Li, L. A., & Fu, S. L. (2014).

Effects of experimental nitrogen and/or phosphorus additions on soil

nematode communities in a secondary tropical forest. Soil Biology

and Biochemistry, 75, 1–10. https://doi.org/10.1016/j.soilbio.2014.03.019
Zhao, S. C., Li, K. J., Zhou, W., Qiu, S. Y., Huang, S. W., & He, P. (2016).

Changes in soil microbial community, enzyme activities and organic

matter fractions under long-term straw return in north-Central China.

Agriculture, Ecosystems & Environment, 216, 82–88. https://doi.org/10.
1016/j.agee.2015.09.028

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of this article.

How to cite this article: Kou X, Zhang X, Bai W, et al.

Exploring N fertilizer reduction and organic material addition

practices: An examination of their alleviating effect on the

nematode food web in cropland. Land Degrad Dev. 2020;31:

2952–2961. https://doi.org/10.1002/ldr.3685

KOU ET AL. 2961

https://doi.org/10.1038/ncomms14349
https://doi.org/10.1038/ncomms14349
https://doi.org/10.1034/j.1600-0684.2001.300606.x
https://doi.org/10.1034/j.1600-0684.2001.300606.x
https://doi.org/10.1046/j.1529-8817.2003.00683.x
https://doi.org/10.1046/j.1529-8817.2003.00683.x
https://doi.org/10.1016/j.apsoil.2006.09.008
https://doi.org/10.1007/s11356-015-5832-5
https://doi.org/10.1016/j.agee.2011.10.014
https://doi.org/10.1016/S0038-0717(02)00074-3
https://doi.org/10.1002/ldr.982
https://doi.org/10.1002/ldr.2667
https://doi.org/10.1016/j.ejsobi.2014.02.004
https://doi.org/10.1016/j.ejsobi.2014.02.004
https://doi.org/10.1111/j.1461-0248.2008.01245.x
https://doi.org/10.1111/j.1461-0248.2008.01245.x
https://doi.org/10.1016/j.apsoil.2016.02.011
https://doi.org/10.1016/j.apsoil.2016.02.011
https://doi.org/10.1007/s11104-017-3396-5
https://doi.org/10.1016/j.tim.2019.04.008
https://doi.org/10.1016/j.tim.2019.04.008
https://doi.org/10.1016/j.soilbio.2019.04.020
https://doi.org/10.13031/2013.23640
https://doi.org/10.1073/pnas.1807354116
https://doi.org/10.2136/sssaj2002.1930
https://doi.org/10.2136/sssaj2002.1930
https://doi.org/10.4141/cjss2013-058
https://doi.org/10.4141/cjss2013-058
https://doi.org/10.1007/s00374-003-0586-5
https://doi.org/10.1007/s00374-003-0586-5
https://doi.org/10.1038/s41598-020-61498-x
https://doi.org/10.1016/j.still.2015.01.001
https://doi.org/10.1016/j.soilbio.2014.03.019
https://doi.org/10.1016/j.agee.2015.09.028
https://doi.org/10.1016/j.agee.2015.09.028
https://doi.org/10.1002/ldr.3685

	Exploring N fertilizer reduction and organic material addition practices: An examination of their alleviating effect on the...
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Site description and experimental design
	2.2  Soil sampling and analysis
	2.3  Soil enzyme activities
	2.4  Analysis of soil PLFAs
	2.5  Soil nematode extraction and identification
	2.6  Statistical analysis

	3  RESULTS
	3.1  Soil physiochemical properties
	3.2  Soil enzyme activities
	3.3  Soil microbial PLFAs and biomass carbon
	3.4  Soil nematode communities
	3.5  Relationships among soil properties, microbes, and nematodes

	4  DISCUSSION
	4.1  Effect of N fertilizer reduction and organic material addition on microbial and nematode communities
	4.2  Effect of N fertilizer reduction and organic material addition on relationships among the nematode food web

	5  CONCLUSIONS
	ACKNOWLEDGMENTS
	  CONFLICT OF INTEREST
	REFERENCES


