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Abstract

Summary 1. Research has indicated that increases in nitrogen (N) deposition can greatly affect ecosystem processes and

functions. There is limited information about the effects of long-term N addition on soil nematodes and their functional

composition, although nematodes are the most abundant multicellular animals on Earth. 2. We conducted a field experiment

in 2004 with four levels of N addition (0, 60, 120, and 240 kg N ha-1 yr-1) in a subtropical Cunninghamia lanceolata forest.

Soil samples with three depths (0-20, 20-40 and 40-60 cm) were collected and the community structure, diversity and trophic

groups of soil nematodes were determined in 2014. 3. N addition significantly increased the abundance of bacterial- and

fungal-feeding nematodes, but decreased the abundance of plant-feeding nematodes at the 0-20 cm soil layer. Accordingly,

the plant parasite index and enrichment index decreased but the basal index and channel index increased, which weaken the

importance of the plant-based energy channel, but enhance the importance of the fungal-based energy channel. N addition

had no effects on the diversity of soil nematodes in three soil depths. Structural equation modeling analysis indicated that N

loading directly changed plant-feeding (total r2=0.42) nematodes, or indirectly affected bacterial- (r2=0.43), fungal- (r2=0.31)

and plant-feeding nematodes via change soil nutrients, soil water content and pH. 4. These findings suggest that N addition can

change the community structure and energy channels soil nematodes, which would affect soil processes and food web functions

in forest soils under future environmental change scenarios.
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Summary

1. Research has indicated that increases in nitrogen (N) deposition can greatly affect ecosystem processes
and functions. There is limited information about the effects of long-term N addition on soil nematodes
and their functional composition, although nematodes are the most abundant multicellular animals on
Earth.

2. We conducted a field experiment in 2004 with four levels of N addition (0, 60, 120, and 240 kg N
ha-1yr-1) in a subtropical Cunninghamia lanceolata forest. Soil samples with three depths (0-20, 20-
40 and 40-60 cm) were collected and the community structure, diversity and trophic groups of soil
nematodes were determined in 2014.

3. N addition significantly increased the abundance of bacterial- and fungal-feeding nematodes, but de-
creased the abundance of plant-feeding nematodes at the 0-20 cm soil layer. Accordingly, the plant
parasite index and enrichment index decreased but the basal index and channel index increased, which
weaken the importance of the plant-based energy channel, but enhance the importance of the fungal-
based energy channel. N addition had no effects on the diversity of soil nematodes in three soil depths.
Structural equation modeling analysis indicated that N loading directly changed plant-feeding (totalr2

=0.42) nematodes, or indirectly affected bacterial- (r2 =0.43), fungal- (r2 =0.31) and plant-feeding
nematodes via change soil nutrients, soil water content and pH.

4. These findings suggest that N addition can change the community structure and energy channels
soil nematodes, which would affect soil processes and food web functions in forest soils under future
environmental change scenarios.

Key-words:nitrogen deposition, soil biology, soil nematodes, forest ecosystem, global change

Introduction

The deposition of reactive nitrogen (N) from the atmosphere to the Earth’s surface has been increasing
globally (Vitousek et al.1997; Li et al. 2020; Xie et al. 2020) and is predicted to increase to as much as
200 Tg N yr-1 by 2050 (Vitouseket al. 1997; Galloway et al. 2008). In China, the increases in N deposition
caused by rapid agricultural and industrial development and its pollution on ecosystems has been of wide
concern over the past decade (Cui et al. 2013; Liu et al. 2013; Yuet al. 2019). The effects of N deposition
on terrestrial ecosystems include changes in carbon (C) and N cycling (Isbell et al. 2013; Zhang et al. 2020),
plant species richness (Luet al. 2010; Wu et al. 2013), soil community structure (Liet al. 2019; Yang et
al. 2020) and human health (Chenet al. 2019; De Marco et al. 2019). The effects of N deposition on soil
nematode communities, however, are incompletely understood.

Nematodes are the most abundant multicellular animals on Earth (van den Hoogen et al. 2019). They
are important components of soil food webs (De Long 2017). Abundance and diversity of nematodes are
correlated with many geochemical processes such as ecosystem succession, litter decomposition and N cycling
(Fu et al. 2000; Neher et al.2012; Zhao et al. 2012). Several related studies have shown that the development
and characteristics of nematode communities were greatly affected by plant community characteristics (Li
et al. 2007; de la Peña et al. 2016; Shao et al. 2016; Zhao et al. 2019). Because nematodes are sensitive to
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external disturbances (e.g., land-use change and environmental pollution) and nematode communities are
generally regarded as effective indicators of the health and stability of soil food webs (Bongers 1990; Powell
2007; Zhao et al. 2013). Researchers have therefore concluded that the assessment of an ecosystem’s renewal
efficiency and adaptability after changes in site conditions should include belowground components including
soil nematodes (Todd et al. 2006). In recent years, studies of nematode communities have focused on their
responses to changes in agricultural management and land-use. For example, cropping systems have obvious
effects on soil nematode communities (Treonis et al. 2018). In addition, fertilization can alter nematode
communities by affecting the soil microbial communities and the soil abiotic properties (Liu et al.2016; Li et
al. 2018a; Zhao et al. 2018).

The effects of excess N deposition on soil nematodes have not been well understood. Previous reports indica-
ted that N deposition increased the abundance of a particular taxon or of several trophic groups (Lianget al.
2009; Shaw et al. 2019). In another report, N deposition generally decreased the abundance of nematodes in
N-rich but phosphorus-poor soils (Zhao et al. 2014). Other researchers found that long-term N enrichment
reduced the abundance of bacterial-feeding, fungal-feeding, plant-feeding and omnivorous-predatory nema-
todes because of soil acidification (Chen et al. 2015) or because of biotic interactions (Shao et al. 2017; Shaw
et al. 2019). Generally, changes in the community compositions of soil nematodes may alter energy fluxes
in soil food webs (Shao et al. 2019), where the energy flow and stability of food webs can be closely linked
(Rooney and McCann, 2012; Schwarz et al. 2017).

In the current study, we focus on the effects of N addition on soil nematodes in subtropical forest. Tropical
and subtropical forests contribute one-third to terrestrial primary production and have high species richness,
which function as important C sinks (Brookshireet al. 2012; Ferreira et al. 2018). However, global change
phenomenon such as N deposition could nevertheless have substantial effects on tropical and subtropical forest
ecosystems (Hedin et al. 2005; Lewis et al. 2009; Gerber et al. 2010). Therefore, exploring the responses of
soil nematode community and the changes in the energy channel in soil food webs to a long-term N addition
in tropical and subtropical forests is of great importance to ecosystem stability. In the present study, we
conducted a long-term N-loading experiment to determine how N addition affects the community structure
of soil nematodes in a subtropical forest. We hypothesized that 1) N addition will alter the energy channel that
indicated by the structure of nematode community; and 2) different trophic groups of nematodes would have
different responses to N addition with the direct or indirect pathways. These hypotheses were suggested by
previous findings, which reported that N deposition and other environmental factors can affect soil nematode
communities and energy channels (Zhaoet al. 2014; Shao et al. 2017; Shao et al. 2019).

Materials and methods

Site description

This study was conducted at the Guanzhuang National Forestry Farm, Sanming City, Fujian Province,
South China (117°43’E, 26deg30’N). This region has a subtropical monsoon climate with a mean annual
temperature ranging from 18.8 to 19.6 degC and a mean annual precipitation ranging from 1,606 to 1,650
mm (Wu et al. 2013). The Farm contains a 5173-ha Chinese fir (Cunninghamia lanceolata ) planation, which
was planted in 1992 (Fan et al. 2014). The test soil is classified as a mountain red soil. Annual average wet
N deposition (including soil nitrate and ammonium nitrogen) resulting from rainfall in the Sanming region
was reported to range from 4.2 to 5.7 g N m-2year-1 (Fan et al. 2014).

Experimental design

In December 2003, 12 experimental plots were established in a 6-ha section of the Chinese fir plantation.
Each plot was 20 m x 20 m and had similar site conditions. In each plot, a central area of 15 m x 15 m
was designated for treatments, arranging one of four levels of N. The treatment codes N0, N1, N2, and N3
indicated the loading of 0, 60, 120, and 240 kg N ha-1 yr-1, respectively. Each treatment was represented
by three randomly assigned replicate plots. Urea [CO(NH2)2] was used as the N source, and the required
quantity was dissolved in 20 L of water per plot. From January 2004 to January 2014 (when plots were
sampled), 20 L of N solution was sprayed onto the soil surface in the central area (15 m x15 m) of each plot
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once per month. Control plots (N0) were sprayed with the same volume of water without CO(NH2)2.

Soil sampling and the extraction and identification of nematodes

In January 2014 (after 10 years of N application), soil cores were collected from each plot (the treated central
area) at 0-20 cm, 20-40 cm, and 40-60 cm soil depths. In each plot, five soil cores (3 cm in diameter) at each
depth were randomly taken and combined to form one composite sample per depth per plot. The litter layer
at the sample locations was removed before cores were collected. There were 36 soil samples (3 depths x 12
plots) in total.

After visible roots and stones were removed, the soil samples were passed through a 2-mm-mesh sieve and
then stored at 4 degC for chemical analysis and nematode extraction. Soil water content (SWC, %, g of
water per 100 g dry soil) was measured by comparing weights before and after oven-drying at 105 degC for
24 h, and soil pH was determined in a 1:2.5 (w/v) soil suspension. Concentrations of total N (TN, g/kg
dry soil) and total phosphorus (TP, g/kg dry soil) were measured according to Zhou et al. (2019). Total
C (TC, g/kg dry soil) was determined using an elemental analyzer (Perkin Elmer Instruments series II,
USA). Contents of soil nitrate (NO3

--N, mg/kg fresh soil) and ammonium nitrogen (NH4
+-N, mg/kg fresh

soil) were determined as previously described (Chen et al. 2015). Available P (AP, mg/kg dry soil) was
extracted with a sodium bicarbonate solution (0.5 M, 30 min extraction), and the extracted phosphate was
then quantified by the molybdenum blue procedure (Zhao et al.2018).

Nematodes were extracted from a 100-g subsample of fresh soil from each composite soil sample with Baer-
mann funnels (Gray, 1984). The extracted nematodes were collected in a 4% formalin solution, and then
counted and identified with a DIC microscope (ECLIPSE 80i, Nikon). The first 100 individuals encountered
were identified to the genus or family level and classified into four trophic groups, including bacterial-feeding
nematodes (BF), plant-feeding nematodes (PF), fungal-feeding nematodes (FF) and omnivorous-predatory
nematodes (OP) (Bongers and Bongers, 1998; Yeates et al. 1993).

Statistical analysis

The total number of soil nematodes in each trophic group was converted to the total number of individuals
per 100 g of dry soil. The following indices were used to determine nematode diversity as described by Zhao
et al. (2014):

Shannon-Wiener diversity index (H’ ),H
′

= −
∑

Pi ln Pi (1)

Pielou evenness index (J ), J = H′

H′ max (2)

H
′
max = lnS (3)

Simpson dominance index, λ =
∑

Pi 2 (4)

Margalef richness index, SR = S−1
lnN (5)

where pi is the proportion of the i th species (i = 1, 2, 3. . . S), S is the number of nematode categories in
one soil sample, and N is the total number of individuals of all nematode categories.

Two maturity indices (MI25 and PPI) were also calculated to represent the diversity of nematode life history
based on colonizer-persister (c-p) values; c-p values range from 1 to 5, i.e., from colonizer (r -strategy) to
persister (K -strategy) (Bongers, 1990). MI25 is a maturity index for free-living nematodes (c-p value =
2, 3, 4, and 5) except plant-feeding nematodes and juveniles, and PPI is a maturity index for plant-feeding
nematodes (Bongers, 1990). These indices are calculated as follows:

MI25 =
∑
v(i)

cp2−5 × f(i)
cp2−5

(6)

PPI =
∑
v(i)

cp1−5 × f(i)
cp1−5

(7)

where v (i ) is the c-p value of the taxon, andf (i ) is the proportional abundance of this taxon relative
to the total abundance of free-living nematodes (for MI25) or plant-feeding nematodes (for PPI) in one soil

4
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sample.

The functional diversity of nematodes in each soil sample was determined by calculating the enrichment index
(EI), structure index (SI), basal index (BI), and channel index (CI). According to Ferris et al. (2001), the EI
value is the expected response of the opportunistic Ba1 (bacterial-feeding nematodes with c-p = 1) and Fu2
(fungal-feeding nematodes with c-p = 2) to abundant resources; the SI value indicates the conditions of the
soil food web. BI and CI values are used to evaluate the effects of soil management methods on nematode
communities (Berkelmans et al. 2003). These indices were calculated as follows:

EI = 100 × ( e
b+e ) (8)

SI = 100 × ( s
b+s ) (9)

BI = 100 × ( b
b+e+s ) (10)

CI = 100 × ( ef
eb+ef ) (11)

where e is the enrichment of Ba1 and Fu2; b is the basal component of Ba2 and Fu2; s is the structural
component containing the guilds of Ba3-5, Fu3-5, Om3-5, and Pr2-5; ef is a product of the abundance x
weight value of the Fu2 guild; and ebis a product of the abundance x weight value of the Ba1 guild.

Two-way ANOVAs were conducted to assess the effects of two main factors (N addition and sampling depth,
N and D) and their interactions (N*D) on all dependent variables. One-way ANOVAs were used to com-
pare the four treatments. If ANOVAs were significant, means were compared with an LSD test at P<
0.05. SPSS Statistics 19.0 was used for statistical analyses (SPSS Inc., Chicago, USA). Structural equa-
tion modeling (SEM) was performed by “lavaan” package in R (Rosseel, 2012), to analyze hypothetical
pathways that may explain how N loading affected different trophic groups of soil nematodes. Before we
employed the model, we assessed model identification according to t -Rule, which the number of nonre-
dundant elements in the covariance matrix of the observed variables must be greater than or equal to
the number of unknown parameters (https://stat.utexas.edu/software-faqs/lisrel/146-training/software/655-
lisrel-assessing-model-identification). The response variables (showed in the Supplementary Table 1) for soil
total C, total N and total P; for NO3

--N, NH4
+-N and available P were indicated by principal component

scores (both PC1 scores were employed). The co-occurrence networks of different nematode genera were
used to determine the stability of their coexistence under different N levels; these networks were constructed
using the “wgcna” package in R based on the Spearman correlation matrix (Langfelder and Horvath, 2012).

Results

Soil nematode abundance and diversity

The abundance of total nematodes and of BF and OP groups significantly decreased with soil depth (Fig.
1). Two-way ANOVAs showed that N loading significantly changed BF (P <0.01) and PF (P =0.02) groups.
At 0-20 cm depth, N3 significantly increased the abundance of total nematodes and of BF and FF groups
but significantly decreased the abundance of PF group.

Two-way ANOVAs indicated that soil nematode diversity was not significantly affected by N loading but was
significantly affected by soil depth (Fig. 2). The Shannon-Weiner (Fig. 2a) and Margalef richness indices
(Fig. 2d) decreased with soil depth, while the Simpson dominance index (Fig. 2c) increased with soil depth.

Nematode

ecological indices

N loading significantly decreased the values of MI25 (Fig. 3a), EI (Fig. 3c) and SI (Fig. 3d) while significantly
increased the BI value (Fig. 3e) at 0-20 cm. MI25 (Fig. 3a) and SI (Fig. 3d) values significantly decreased
with soil depth, and the CI value (Fig. 3f) significantly increased with soil depth. At 20-40 cm, the values
of EI, SI, BI, and CI differed between N2 and N3.

Co-occurrence patterns in the N-loading system

5
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A co-occurrence network was built for the identified nematodes at the genus level. Compared with N0, there
was a slight rising of positively correlated edges at N1 treatment, then decreased at N2 and N3 treatments
(Fig. 4a). N1 treatment had the most positive correlations (74.2%) and network connections (31 edges),
while N2 and N3 levels had more negative correlations. The structure values in the N-loading networks were
greater than or equal to those in N0 (Fig. 4b).

Pathways determining the abundances of soil nematode trophic groups

SEM analysis was performed to reveal the relationships between the abundance of nematode trophic groups
and environmental attributes under a good model fit using χ2 test (χ2=7.55, Fig. 5). As for the four
nematode trophic groups, the SEM explained 0.8-42.5% of total variance with N loading. The abundance of
the PF group (r2 =0.42) was directly affected by N loading (P <0.001), and was indirectly affected by soil pH
under N-loading regulation (P <0.001, Fig. 5a). By altering soil available nutrients and soil water content, N
loading significantly changed the abundance of FF (P <0.001,r2 =0.31) and BF groups (P <0.01, r2 =0.43).
Moreover, N loading was as a whole beneficial to the fungal- (Fig. 5b; Table S2) and bacterial-feeding (Fig.
5c; Table S2) nematodes, while was detrimental for the plant-feeding nematodes (Fig. 5d; Table S2).

Discussion

In the present study, long-term N loading affected the abundance of nematode trophic groups in shallow soil
of a subtropical Chinese fir forest. The N3 treatment, for example, significantly increased total, bacteria-
and fungal-feeding nematode abundances but significantly decreased the abundance of plant-feeding group
(Fig. 1), which is consistent with the first hypothesis. Because the population dynamics of nematode trophic
groups are closely related with their functional roles (Mueller et al. 2016; Shaw et al. 2019), N addition
would also affect nematode ecological indices, i.e., MI25, EI, SI, BI, and CI (Fig. 3). For example, N
loading significantly decreased the MI25 value at 0-20 cm soil depth but not at deeper soil layer, which
supported that N loading only affected bacterial-feeding nematodes in the shallow soil layer. The values of
MI25 are determined by c-p2 to c-p4 values (Zhao et al. 2014), however, the values of c-p3 and c-p4 guilds
did not respond to N loading (Fig. S1 and S2), so the increase of bacterial- and fungal-feeding nematode
abundances to N loading was caused by the increase in the abundance of c-p2 values in our study. Therefore,
we considered that the long-lived functional guilds with higher c-p values, e.g., the OP group, are more
vulnerable to environmental changes and require longer time to recover from disturbances than fungal- and
bacterial-feeding nematodes (Ferriset al. 2001; Liang et al. 2009). Consistent with that view, our results
showed that N addition tended to reduce the abundance of OP group. Furthermore, the SI value, which
is mainly determined by the abundance of omnivorous and predatory nematodes (Ferris et al. 2001), also
declined at 0-20 cm soil depth in response to N loading (Fig. 2d). The SI value is generally found to be high
in undisturbed natural systems (Ferris et al. 2001; Zhao et al. 2013), which suggests that N addition may
bring some negative effects on soil ecosystem of the subtropical forests.

Another interesting finding is that N loading decreased the EI value, but increased the CI value (Fig. 3).
EI reflects resource availability and decomposing capacity of primary decomposers of soil food web, while
CI is an indication of fungal-feeding nematodes as the dominant energy channel in soil food web (Ferris
et al. 2001; Shaw et al.2019). Therefore, the consideration of both indices provides useful information on
soil nutrient status. A previous study suggested that a higher EI value and a lower CI value indicated a
resource-rich soil environment dominated by bacterial-feeding nematodes (Liang et al. 2009). Our finding
that N loading decreased the EI value and increased the CI value indicates that N loading diminished the
relative importance of a bacterial-dominated energy channel. Moreover, the, A significant increase in the
BI value indicated a positive effect of N loading on both Fu2 and Ba2 guilds (Fig. S2), since BI value is
mainly determined by Fu2 and Ba2 guilds (Zhaoet al. 2014). N loading also increased the abundance of
fungal-feeding nematodes, suggesting that the relative importance of fungal energy channel increased with
N loading. However, N loading significantly reduced the abundance of plant-feeding nematodes (Fig. 1).
The results differed from those of Shao et al. (2017), who found that N inputs did not significantly affect
the abundance of plant-feeding nematodes. The reason would be that we used a gradient of N-loading rates,
which probably provides more information than a single rate in that Shao et al. (2017). Because the quantity
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of nitrogen applied regulated the responses of soil nematode communities (Lokupitiya et al. 2000; Wei et al.
2012; Liet al. 2013).

It is worth noting that N addition had no effects on the diversity of soil nematodes (Fig. 2). Both the
Shannon-Wiener diversity and Margalef richness were similar with or without N loading and significantly
decreased with soil depth. Our results are similar with previous results from a secondary tropical forest
(Zhao et al.2014) but not with results from a temperate forest (Sun et al.2013) or a grassland (Wei et al.
2012), where N addition reduced soil nematode diversity. The Simpson dominance index in N2 treatment
was significantly higher at 40-60 cm soil depth than at the other two soil depths, indicating that a certain
concentration of N addition might increase the dominant position of some nematode species in deep soil. Our
results indicated that nematode diversity only showed some dynamics along different soil depth but not N
treatments. The explanation would be that the changes of soil nematode community structure did not always
reflect the diversity, since the complexity of soil micro-food web in natural ecosystems (Rooney and McCann,
2012; Li et al. 2013). Our recent report also showed that changes in soil microbial community composition
would mainly contribute to the litter decomposition process compared with soil microbial diversity (Wu et
al. 2019), which supports the phenomenon of soil nematode in this study.

Structural equation modeling was performed to test the second hypothesis how N addition affects the trophic
groups of soil nematodes with direct or indirect pathways. We found that N loading reduced the abundance
of plant-feeding nematodes either directly or indirectly via an alteration in soil pH. The negative effect of N
loading on plant-feeding nematodes may result from the negative effects on plants, for that N addition may
reduce plant diversity, aboveground biomass, and fine root biomass of understory vegetation (Lu et al. 2010;
Lu et al. 2011; Wuet al. 2013). A decrease in the aboveground biomass and fine root biomass of understory
vegetation may lead to a reduction in food resources for plant-feeding nematodes (Wu et al. 2013; Fanet
al. 2014). Our previous reports also indicated that N loading decreased soil pH in the studied region (Wu
et al. 2013; Shenet al. 2019) and other report also proved it in Northeast China (Liang et al. 2009). Soil
acidification may indirectly affect plant-feeding nematodes by decreasing soil base cations and altering the
abiotic environment (Chen et al. 2015).

N loading increased the abundance of fungal- and bacterial-feeding nematodes apparently through an increase
in the concentration of soil available nutrients, which presumably supported increases in food resources for
them. On one hand, the decrease of soil pH in our study did not exert a negative impact on the fungal-
and bacterial-feeding nematodes, which was supported by the SEM analysis. Indeed, an increase in the
individuals of bacterial-feeding nematodes was measured. Commonly, soil acidification induced by N addition
can inhibit soil microbial growth and bacterial biomass accumulation (Rousk et al. 2010; Chen et al. 2015;
Li et al. 2018b), which is supposed to lead a reduction of food resources for soil fungal- and bacterial-
feeding nematodes, and eventually result in a decline in their abundance. On the other hand, N loading may
change the community structure of bacterial-feeding nematodes by changing their environmental adaptations.
Generally, soil condition with plentiful food resources are beneficial to those nematodes with short generation
cycles (Bongers, 1990; Bongers & Ferris, 1999; Liang et al. 2009), i.e., Ba1 and Ba2 guilds. The elevated N
stress made bacterial-feeding nematodes change their survival strategy and transform community structure
to abundant r -strategy colonizer (Ba1 and Ba2 guilds) under N addition (Zhao et al. 2015a). The co-
occurrence network of nematodes taxa analysis showed that nodes and edges varied in different N treatments
(Fig. 4), which supported our inference that N addition can change the community structure and stability
of soil nematode communities (Zhao et al. 2015b). All these results indicate that nematodes changed by
N addition, whether they can finally reach a new equilibrium in response to gradually elevated N loading
requires more studies.

Conclusions

A 10-year field N-loading experiment was conducted and the responses of soil nematode communities to
N addition were investigated in a subtropical Chinese fir forest. We first found that long-term N loading
affected the abundance and community structure of soil nematodes in the surface soil layer. N addition
increased the abundances of total nematodes, bacterial-feeding nematodes, and fungal-feeding nematodes,
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but decreased the abundance of plant-feeding nematodes at 0-20 cm soil depth. Secondly, SEM and network
analyses verified that N addition changed the nematode community structure. N addition directly affected
plant-feeding nematodes and weakened the importance of the plant-based energy channel and enhanced the
importance of the fungal-based energy channel. Effects of N addition on soil bacterial-, fungal- and plant-
feeding nematodes were contributed the resource inputs and soil physico-chemical variations indirectly. These
responses of community structure and trophic groups of soil nematodes may therefore affect soil processes
and food web functions under N addition in forest ecosystems.
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Figure legends

Figure 1 . Abundance of nematode trophic groups as affected by N treatments and soil depth. Treatment
and soil depth from two-way ANOVA are provided in each subpanel. Within each depth, different lowercase
letters indicate significant differences of means (P < 0.05) under a LSD test among N treatments. Bars
indicate standard errors of means (n = 3).

Figure 2. The diversity of soil nematodes as affected by N treatments and soil depth. Treatment and soil
depth from two-way ANOVA are provided in each subpanel. Different uppercase letters indicate significant
differences of means (P < 0.05) under a LSD test among soil depths. Bars indicate standard errors of means
(n = 3).

Figure 3. Ecological indices of soil nematodes as affected by N treatments and soil depth. Treatment and soil
depth from two-way ANOVA are provided in each subpanel. Within each depth, different lowercase letters
indicate significant differences of means (P < 0.05) under a LSD test among N treatments. Bars indicate
standard errors of means (n = 3).

Figure 4. The co-occurrence networks of nematode genera under different N treatments (a) and the ro-
bustness of nematode genera networks under different treatments (b). The size of each node indicates the
proportion of total nematode abundance represented by the indicated genus. BF: bacterial-feeding nemato-
des; FF: fungal-feeding nematodes; PF: plant-feeding nematodes; OP: omnivorous-predatory nematodes.

Figure 5. Structural equation model (SEM) examining the direct and indirect effects of N addition on ne-
matode trophic groups (a) and the standardized total effects (direct plus indirect effects) of each nematode
trophic group derived from the SEM (b-e). Black and red lines indicate positive and negative effects, re-
spectively. Line thickness in SEM indicates the strength of significant path coefficient and gray lines present
the non-significant paths. Values associated with arrows are standardized path coefficients. r 2values linked
with response variables indicate the proportion of variation explained by relationships with other variables.
PCT: the first component of TC, TN and TP determined by principal component analysis; PCA: the first
component of AP, NO3

+-N and NH4
+-N determined by principal component analysis; FF: fungal-feeding

nematodes; BF: bacterial-feeding nematodes; PF: plant-feeding nematodes; OP: omnivorous-predatory ne-
matodes. ***P < 0.001, **P < 0.01, *P < 0.05, n = 36.
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Figure 1

13



P
os

te
d

on
A

u
th

or
ea

11
A

u
g

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
59

71
49

94
.4

54
43

76
7

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Figure 2
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Figure 3
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Figure 4

Figure 5
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