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ARTICLE INFO ABSTRACT
Keywords: As an important agent of environmental change, atmospheric nitrogen (N) deposition could have profound ef-
Atmospheric nitrogen fects on terrestrial ecosystems. However, previous studies simulating N deposition in forest ecosystems were

Global change mostly based on understory manipulations, often neglecting canopy processes (e.g., N retention). Here, we
Soil biodiversity

Soil fauna employed a novel field experiment simulating N deposition through the canopy addition of N (CAN), and

Soil food web explored how soil nematode communities change in response to elevated N deposition in comparison with the
conventional approach of understory addition of N (UAN), at two levels of N concentration. We found that 52%
and 44% of the N added to the forest canopy at two N concentration levels were retained by the forest canopy.
The soil nematode community showed contrasting responses to different approaches of N addition. The con-
ventional UAN approach decreased the abundance of most nematode trophic groups and community diversity
compared with CAN approach. This detrimental effect was probably due to changes in fine root biomass and/or
nematode community composition caused by the high concentration of N directly entering the soils without the
canopy N retention process. Our results suggest that the conventional UAN approach might result in an
incomplete and potentially misleading understanding of the effects of N deposition on forest ecosystems. The
results show that previous studies might have overestimated the negative effects of N deposition on forest
ecosystems by overlooking forest canopy processes. In conclusion, forest canopy N-interceptions contribute to
maintaining the composition of soil communities and soil biodiversity under elevated N deposition. Our study
helps reconcile some of the discrepancies in the existing literature, and demonstrate the urgent need to consider
canopy processes in future N deposition studies.

* Corresponding author. Key Laboratory of Vegetation Restoration and Management of Degraded Ecosystems, South China Botanical Garden, Chinese Academy of
Sciences, Guangzhou, 510650, China.

** Corresponding author. Key Laboratory of Geospatial Technology for the Middle and Lower Yellow River Regions, Ministry of Education, College of Environment
and Planning, Henan University, Kaifeng, 475004, China.

E-mail addresses: liutao211@mails.ucas.ac.cn (T. Liu), pmao@scbg.ac.cn (P. Mao), shileilei1985@163.com (L. Shi), nico.eisenhauer@idiv.de (N. Eisenhauer),
liushengjie@xtbg.ac.cn (S. Liu), wangxiaoli@scbg.ac.cn (X. Wang), surge88@126.com (X. He), 1464372639@qq.com (Z. Wang), zhangwei@scbg.ac.cn
(W. Zhang), liuzf@scbg.ac.cn (Z. Liu), zhoulx@scbg.ac.cn (L. Zhou), yshao@vip.henu.edu.cn (Y. Shao), fsl@henu.edu.cn (S. Fu).

1 The authors contributed equally to this work.

https://doi.org/10.1016/j.s0ilbio.2020.107733

Received 21 August 2019; Received in revised form 24 January 2020; Accepted 25 January 2020
Available online 27 January 2020

0038-0717/© 2020 Elsevier Ltd. All rights reserved.


mailto:liutao211@mails.ucas.ac.cn
mailto:pmao@scbg.ac.cn
mailto:shileilei1985@163.com
mailto:nico.eisenhauer@idiv.de
mailto:liushengjie@xtbg.ac.cn
mailto:wangxiaoli@scbg.ac.cn
mailto:surge88@126.com
mailto:1464372639@qq.com
mailto:zhangwei@scbg.ac.cn
mailto:liuzf@scbg.ac.cn
mailto:zhoulx@scbg.ac.cn
mailto:yshao@vip.henu.edu.cn
mailto:fsl@henu.edu.cn
www.sciencedirect.com/science/journal/00380717
https://http://www.elsevier.com/locate/soilbio
https://doi.org/10.1016/j.soilbio.2020.107733
https://doi.org/10.1016/j.soilbio.2020.107733
https://doi.org/10.1016/j.soilbio.2020.107733
http://crossmark.crossref.org/dialog/?doi=10.1016/j.soilbio.2020.107733&domain=pdf

T. Liu et al.

1. Introduction

Nitrogen (N) deposition has rapidly increased in recent decades due
to industrialization and anthropogenic activities (Vitousek et al., 1997;
Galloway et al., 2004, 2008). In particular, the mean rate of wet N
deposition in China increased by about 25% from the 1990s to the 2000s
(Jia et al., 2014), and reached an average rate of 19 kg N ha—! yr™! from
2010 to 2014 (Xu et al., 2015). As an agent of global change, N depo-
sition profoundly influences the biodiversity and ecosystem functioning
of terrestrial ecosystems, e.g., forest ecosystems (Sala et al., 2000; Liu
et al., 2011; Zhou et al., 2018). As a major limiting nutrient for plant
growth in most ecosystems, N supports the productivity of vegetation.
However, excessive N inputs might be harmful to the balance of plant
nutrition, which could reduce plant diversity and productivity (van Dijk
and Roelofs, 1988; Aber et al., 1989; Gilliam, 2006; Mo et al., 2008; Lu
et al., 2010; Basto et al., 2015), with cascading effects on higher trophic
levels.

Given that soil food webs depend on plant inputs (i.e., plant litter,
root exudates; Wardle et al., 2004), N deposition might induce cascading
effects on the community structure of soil fauna (Boxman et al., 1998).
In fact, previous studies simulating N deposition in forest ecosystems
showed that elevated N deposition has significant detrimental effects on
the structure of soil microbial (Frey et al., 2004) and faunal communities
(Ruess et al., 1996; Xu et al., 2009; Zhao et al., 2014; Shao et al., 2017).
Moreover, a recent meta-analysis indicated that soil nematode diversity
and functions are significantly reduced under elevated N inputs (Liu
et al., 2016).

The conventional approach to simulate N deposition is to directly
add N to the forest floor or understory plants to investigate the
ecosystem responses (Boxman et al., 1998; Frey et al., 2004; Mo et al.,
2008; Sun et al., 2013). Therefore, most of the N added reaches the soil
surface directly and rapidly. Consequently, N inputs often suppress the
density and diversity of soil biota by directly changing the soil envi-
ronmental conditions, e.g., soil acidification (Chen et al., 2015) and
ammonium toxicity (Wei et al., 2012). However, Sievering et al. (2007),
Gaige et al. (2007) and Nair et al. (2016) showed that 80%, 70%, and
61% of N added to the canopy is retained and recovered, respectively, by
the forest canopy foliage and branches. Furthermore, foliar N-uptake has
been proved to directly affect plant metabolism and tree growth (Sparks,
2009; Wortman et al., 2012). Therefore, if a large proportion of N is
retained and utilized by the canopy, this might mitigate the direct in-
fluence of N on understory plants and soil biota. Consequently, the N
retention and uptake processes occurring in the canopy have been
largely overlooked when using the conventional approach to simulate N
deposition. To explore this potential caveat, Zhang et al. (2015)
employed the novel approach of canopy addition of N (CAN) to inves-
tigate the effects of N deposition on the structure and functions of forest
ecosystems. In this case, soil biota might be mostly affected by
N-induced changes in the resource inputs of arbor trees, and less so by
detrimental changes to soil chemistry.

Nematodes are the most abundant group of soil invertebrates, rep-
resenting ~80% of all multicellular animals (Bongers and Ferris, 1999),
and they have the capacity to respond rapidly to changes in the nutrient
status of soils (Bongers and Ferris, 1999). Nematodes are exceptionally
diverse (Hugot et al., 2001) and represent various components of most
trophic levels of soil food webs (Yeates et al., 1993), providing infor-
mation on the structure and function of food webs (Bongers and Ferris,
1999). For example, nematodes provide information on soil energy
channels through comparisons of “green” versus “brown energy chan-
nels”, as well as main decomposition pathways in the soil (Ferris et al.,
2001; Yeates, 2003). Furthermore, they are also used to assess the
disturbance level and structural complexity of soil food webs (Moore
and Hunt, 1988; Ferris et al., 2001). Thus, the diversity and community
indices of soil nematodes are common and powerful predictors of soil
biodiversity and soil food web structure (Yeates, 2003). Considering the
great diversity and bioindicator potential of soil nematodes,
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investigating the responses of soil nematode communities to elevated N
deposition could improve our understanding of how soil food webs
respond to environmental disturbances induced by anthropogenic ac-
tivities. Additionally, it would allow us to predict the effects of the
consequences of this response for ecosystem functioning.

The present study aimed to improve our understanding of how soil
nematode communities respond to elevated N deposition. Specifically, a
novel and more realistic manipulation of N addition (canopy addition of
N, CAN) was compared with the conventional approach of N application
(understory addition of N, UAN). We hypothesized that: 1) the novel
CAN approach might have less significant impacts on soil nematode
communities than UAN, 2) the conventional UAN approach over-
estimates the effects of N deposition on soil nematode communities, and
3) higher concentrations of N addition might have greater impacts on
soil nematode communities than lower levels of N addition. Our results
are expected to challenge the conclusions drawn from previous studies
in forests using the conventional approach of simulating N deposition
effects.

2. Materials and methods
2.1. Study site

This experiment was conducted in a mixed deciduous forest in
Jigongshan (JGS) National Natural Reserve (31°46'-31°52' N,
114°01'-114°06’ E), Henan Province, Central China. The site at JGS has
a warm temperate climate. The mean annual temperature is 15.2 °C, and
the mean annual precipitation is 1119 mm (according to temperature
and precipitation records of the last 60 years). The ambient N deposition
rate in rainfall is 19.6 kg N ha—! yr ! (Zhang et al., 2015). This site has a
yellow-brown sandy-loam soil with a pH value of 4.2. The forest is 45
years old, and the canopy tree species are dominated by Quercus acu-
tissima Carruth., Quercus variabilis Blume, and Liquidambar formosana
Hance (Zhang et al., 2015).

2.2. Experimental design

The experiment was a randomized block design with four blocks.
Two concentrations of N (25 kg N ha ! yr ! and 50 kg N ha~! yr 1) were
added through two approaches: canopy addition of N (CAN) and un-
derstory addition of N (UAN). Treatments included: 1) canopy addition
of N 25 kg N ha~! yr~! (CAN25); 2) canopy addition of N 50 kg N ha!
yr’1 (CAN50); 3) understory addition of N 25 kg N ha! yr’1 (UAN25);
4) understory addition of N 50 kg N ha! yr_1 (UANS50); and 5) control
(CK, without N addition) (Zhang et al., 2015). The four treatments and
control were randomly assigned to five circular plots in each of the
blocks. Twenty plots were established in total, and each plot covered an
area of 907 m? (with a diameter of 34 m).

Canopy addition of N was achieved by placing spraying systems on
the top of towers. Towers were built in the center of the CAN25 and
CANS50 treatment plots at a height of 35 m (5-8 m above the forest
canopy) to support the PVC pipelines (10 cm in diameter), which
transferred N solution. Understory addition of N was achieved by an
automatic irrigation system at a height of 1.5 m above the ground
(Zhang et al., 2015), which represented the conventional method of N
addition (Shi et al., 2016). From 2013, treatments were applied monthly
through each year from the start of the growing season, i.e., from
mid-April, until mid-October, according to the phenology of the JGS
forest (Zhang et al., 2015). The same frequency and duration of treat-
ments were used for both approaches.

For each N application event, an appropriate amount of NH4NO3
pellets was added to water to reach the target concentration. The total
volume of the solution used in each plot per year was less than 2% of the
equivalent mean annual rainfall. Therefore, the potentially confounding
effect caused by water addition was negligible (Zhang et al., 2015).
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2.3. Sampling and analysis of throughfall and stemflow

To quantify the amount of N input to forest floor under the treat-
ments of CAN and UAN, throughfall and stemflow in each treatment plot
were collected and measured during the growing season of 2016. For
throughfall collection, three L-shaped PVC troughs (diameter 185 mm
and length 1 m at each side) were connected with a drain-hosepipe
(diameter 35 mm), which led to opaque plastic buckets that were
randomly placed beneath the crown of dominant tree species (Quercus
acutissima Carruth., Quercus variabilis Blume and Liquidambar formosana
Hance.) in each plot (Fig. S1). The trough was fixed by Y-brackets 1 m
above ground, with a sampling area of 0.387 m? A downward bent
stainless net (bore diameter = 18 mm and wire diameter = 1.2 mm) was
installed above the trough to prevent contamination by litterfall.

In order to collect stemflow, three stemflow collection devices were
installed separately on the trunk of dominant tree species. Stemflow was
collected by an ethylene-vinyl acetate copolymer (EVA) encircling
collection device, which has been patented (Patent No.
71.201621395698.2). Briefly, this device includes a 25 cm width EVA
material with its 5 cm basal edge surrounding tree trunk to intercept
stemflow and an inserted pipe draining the intercepted stemflow to
another opaque plastic bucket with the same size as used for throughfall
collection. All buckets contained an opaque barrelhead to minimize
evaporation and photolytic degradation.

Throughfall collection troughs and storage buckets were rinsed with
deionized water after every sampling to avoid subsequent sample
contamination. Samplings were conducted according to the amount of
precipitation and the dates of N application. If the collected throughfall
volume approached or exceeded half of the max volume (71 L) of the
bucket, then the throughfall and stemflow were recorded and collected.
Generally, there were one to three times sampling during the interval of
N application. The total volume of throughfall and stemflow were
recorded through the inner volume scale of the bucket. About 60 mL of
throughfall or stemflow from each bucket was sealed in HDPE bottles
and stored at 4 °C for later chemical analysis. The throughfall and
stemflow samples were filtered using Whatman 0.45-pum filter paper.
The concentrations of total dissolved N (TDN) in filtered samples were
determined using a TOC analyzer (Shimazu, Japan).

To calculate per unit area N input into the forest floor via throughfall
and stemflow, we used the amount of total dissolved N divided by the
corresponding sampling area. The amount of total dissolved N was
calculated as the concentration multiplied the volume of each corre-
sponding sample. Since the study site is a mature forest with a closed
canopy, per unit canopy area and per unit sample area are almost
identical (Tomaszewski et al., 2003). Thus, we simply deemed the
sample tree crown area to be the sampling area of stemflow. Moreover,
we calculated the monthly cumulative amount of N input by throughfall
and stemflow of the different treatments during the whole growing
season.

2.4. Sampling and analysis of plant material

A composite litter sample for each plot was collected in May 2016,
July 2016, and November 2016. Specifically, two leaf litter samples
were collected from the soil surface of two randomly selected areas (25
cm x 25 cm) and combined into a single composite sample in each plot.
As a result, 20 samples (5 treatments x 4 blocks x 1 composite sample)
were collected during each litter sampling event.

October 2014, fine root samples were collected in a selection of plots.
To avoid too much soil disturbance due to the fine root collection, we
randomly selected 13 out of the 20 available plots (CK, 2 plots; CAN25, 3
plots; CAN5S0, 3 plots; UAN25, 3 plots; UANSO, 2 plots). In each of the
selected plots, 2-3 samples (an area of 30 cm x 30 cm and a depth of 20
cm) were collected, and fine roots were picked out by hand and com-
bined in a composite sample for fine root biomass analyses. Therefore,
34 fine root samples (CK, 6 samples; CAN25, 9 samples; CAN50, 7
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samples; UAN25, 7 samples; UAN50, 5 samples) were collected in total.
After cleaning and oven-drying the plant material at 70 °C for 48 h,
biomass of litter and fine root were measured. Afterwards, all litter
samples were ground to fine powder to measure litter carbon (LC), and
litter N (LN) with a Flow-Injection Autoanalyzer (FIA, Lachat In-
struments, USA). The biomass of litter and fine root was standardized to
g dry weight m 2.

2.5. Sampling and analysis of soil properties and biodiversity

Soil was sampled to extract nematodes in June 2013, August 2013,
October 2013, June 2014, August 2014, October 2014, June 2015,
October 2015, and June 2016. For each sampling event, eight soil cores
(5 cm in diameter) were collected and combined into a single composite
sample from each plot at 0-10 cm and 10-20 cm soil depths. As a result,
40 samples (5 treatments x 4 blocks x 2 depths) were collected during
each soil sampling event. Litter was removed from the soil surface before
soil samples were taken. Visible roots in the soil samples were picked out
by hand. In addition, microbial biomass and soil properties were
measured using the soil samples collected in June 2016.

Nematodes were extracted from 50 g fresh soil with Baermann fun-
nels for each composite soil sample (Barker, 1985). The number of
nematodes was counted with an inverted microscope (Nikon TS100,
Tokyo, Japan) after fixation in 4% formalin solution. The first 100 in-
dividuals (nematodes) encountered were identified to the genus level
using a differential interference contrast (DIC) microscope (Nikon 80i,
Tokyo, Japan). All nematodes were identified, when there were fewer
than 100 individuals in a sample. The identified nematodes were clas-
sified into four trophic groups (bacterivores, fungivores,
omnivore-predators, and herbivores) according to Yeates et al. (1993)
except Filenchus into fungivores (McSorley and Frederick, 1999; Okada
et al., 2005) and into functional guilds (Bongers, 1990; http://nemaplex.
ucdavis.edu/Ecology/EcophysiologyParms/GenusParmsQuery.aspx
(November 2018)).

Soil water content was measured by placing samples in an oven at
105 °C for 48 h. Soil pH was determined in a soil/deionized water sus-
pension (1:2.5) with a pH meter (Mettler Toledo, Shanghai, China). Soil
organic carbon (SOC, g kg™ ! dry soil) was measured by dichromate
oxidation. Soil total N (STN, g kg™! dry soil) was measured using an
ultraviolet spectrophotometer after Kjeldahl digestion (Liu, 1996). Soil
ammonium (NHZ-N, mg kg~ dry soil) and nitrate (NO3-N, mg kg ™! dry
soil) were measured with a Flow-Injection Autoanalyzer (FIA, Lachat
Instruments, USA) after 2 M KCl extraction. Soil microbial biomass
carbon (MBC, mg kg_1 dry soil) and soil microbial biomass N (MBN, mg
kg~! dry soil) were measured by the method described by Vance et al.
(1987).

2.6. Data analysis

Canopy N interception rate (CNIR) were calculated with the N
intercepted by canopy (NIC) and the N applied to the forest canopy
(NAC) as follows:

CNIR = NIC/NAC
NIC, = NAC, — Stemflow, — (Throughfall, — Throughfallcg)

NAC,, the N applied to the forest canopy under CAN25 and CAN50
were 3.76 kg N ha ! and 7.52 kg N ha'ineach N application event; x
represents the specific treatment.

The abundance of each nematode trophic group was calculated and
converted to individuals per 100 g dry soil. Nematode community
indices including enrichment index (EI), structure index (SI), channel
index (CI), maturity index (MI), and plant parasite index (PPI) were
calculated according to Ferris et al. (2001) and Bongers (1990).

The diversity of the nematode community at the genus level was
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Fig. 1. Temporal dynamics and cumulative values of total dissolved nitrogen (TDN) in throughfall and stemflow under the control (CK), canopy addition of N with
25 kg N ha ! yr~! (CAN25), canopy addition of N with 50 kg N ha~! yr~! (CAN50), understory addition of N with 25 kg N ha~! yr~! (UAN25), and understory

addition of N with 50 kg N ha! yr’1 (UANS50). Data are means + SE (n = 4).

assessed using the Shannon-Wiener index, H = —ZS: Pi(InPi) and the
i=1

Richness index, SR = (S—1)/InN; where Pi is the proportion of the in-

dividual genus (i) in the total nematode community, S is the number of

total genera in the community, and N is the total number of nematodes

in the community (Neher and Darby, 2009).

Post-hoc tests (LSD) were applied on TDN in stemflow and
throughfall in each sampling event, and on cumulative TDN to compare
differences among all N addition treatments and CK.

Two-way repeated measures ANOVAs were applied to test the effects
of N addition approach (A: CAN and UAN), N addition concentration (C:
25 kg Nha ! yr~! and 50 kg N ha~! yr1), and their interaction on litter
quantity, LC, LN, soil nematode abundances (bacterivores, fungivores,
omnivore-predators, herbivores, and total nematodes), nematode com-
munity indices (EI, SI, CI, ML, and PPI), nematode diversity indices (H’
and SR), and dominant genera which apparently responded to the
treatments (Bacterivores: Acrobeloides and Prismatolaimus; Fungivores:
Aphelenchoides and Filenchus; Omnivore-Predators: Pungentus and Apor-
celaimellus; Herbivores: Basiria and Hoplotylus; Table S4). Post-hoc tests
(LSD) were applied to compare differences among all N addition treat-
ments and CK.

Two-way ANOVAs were applied to test the effects of N addition
approach (A: CAN and UAN), N addition concentration (C: 25 kg N ha™?
yr ! and 50 kg N ha™! yr™1), and their interaction on fine root biomass,
soil properties (soil pH, SOC, STN, NHj-N, and NO3-N), and microbial
biomass (MBC and MBN). Post-hoc tests (LSD) were applied to compare
differences among all N addition treatments and CK. Pearson correlation
analyses were used to explore the potential relationships between soil
microbial biomass, abundance of nematode trophic groups, and soil
properties for the final sampling event (June, 2016). All data were log
transformed before the analyses to allow for parametric statistical tests.
Differences were considered significant at P < 0.05. Statistical analyses
were performed using SPSS 19 (SPSS Inc., Chicago, IL).

100%

80%

60%

——

40%

20%

0% ;

Canopy interception rate of TDN

CAN25 CAN50

Fig. 2. The ratio of the N intercepted by the canopy to the N applied to the
forest canopy under the canopy addition of N with 25 kg N ha™! yr~! (CAN25),
canopy addition of N with 50 kg N ha! yr’1 (CANS50). Data are means + SE (n
= 4).

3. Results
3.1. Throughfall, stemflow, and interception rate

The high N concentration treatment (with N addition of 50 kg N ha™?
yr’l) increased the mean and cumulative content of total dissolved N in
throughfall compared to the control and low N concentration treatment
(with N addition of 25 kg N ha~! yr!) in both CAN and UAN (Fig. 1A
and B). Furthermore, the content of the total dissolved N in UAN was
higher than in CAN at the same N concentration level (Fig. 1A and B). In
addition, the mean and cumulative content of total dissolved N in
stemflow under CAN was higher than in UAN and control (Fig. 1C and
D). The high N concentration treatment in CAN increased the mean
content of the total dissolved N in stemflow in comparison with the low
N concentration treatment in CAN (Fig. 1C and D). Overall, mean can-
opy interception rate of total dissolved N of the forest canopy under
CAN25 and CAN50 was 52% and 44%, respectively (Fig. 2).
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Table 1
Effects of N addition approach (A), N concentration (C), sampling time (t), and their interactions on plant litter properties assessed by two-way repeated measures
ANOVAs.
A C AxC t tx A txC txAxC
Fu,12) P Fa,12 P Fa,12) P F2,249) P Feo24 P Fo24) P Fo,29) P
Litter 0.872 0.369 0.620 0.446 0.001 0.978 4.179 0.028 0.283 0.756 1.394 0.267 3.738 0.039
LC 0.132 0.722 1.373 0.264 0.033 0.859 0.006 0.994 1.090 0.352 0.804 0.459 0.024 0.977
LN 0.146 0.709 5.971 0.031 0.906 0.360 105.874 <0.001 2.044 0.151 0.867 0.433 4.951 0.016
Litter: leaf litter quantity; LC: litter carbon; LN: litter nitrogen; significant (P < 0.05) effects are presented in bold.
Table 2 Table 3
Effects of N addition approach (A), N concentration (C), and their interactions on Plant, soil, and microbial properties.
root, soil properties and microbial biomass assessed by two-way ANOVAs. Variable  Depth Treatment
Variable foil)depth A C AxC (cm) CK CANZ5 CANS0 UANZS UANS0
cm
Fain P Fain P Fain P Plant properties
Root 0-20 5,690 0.025 1.829 0.189 0.088 0.769 Litter - 619.34 616.83 665.31 569.53 612.91
- - - - - - - (36.03) (44.35) (49.48) (39.53) (47.81)
Soil pH 0-10 0.077 0.786 1.604 0.229  0.024 0.880 LC - 388.54 377.33 387.21 379.13 392.88
10-20 4.538 0.055 0.580 0.461 0.122 0.732 (6.84) (7.92) (7.07) (7.51) (7.14)
SOC 0-10 0.014 0.907 1.013 0.334  0.750 0.403 LN - 15.43 14.95 15.84 14.33 16.18
10-20 0.487 0.499 0.041 0.842 4.155 0.064 (0.55)ab (0.47)ab (0.63)ab (0.68)a (0.69)b
STN 0-10 0.100 0.757 2.469 0.142 0.875 0.368 Root 0-20 107.31 85.74 67.86 59.84 46.96
10-20 1.832 0.201 3.268 0.096  0.000 0.992 (30.85)a (14.11)a (5.39)ab (8.83)ab (9.59)b
NHj-N 0-10 0.117 0.738 0.638 0.440  2.349 0.151 Soil properties
10-20 0.822 0.382 0.005 0.948 1.837 0.200 Soil pH 0-10 4.19 4.03 4.13 3.99 4.11
NO3-N 0-10 4611 0053 1696 0217 1713 0.215 0.12) (0.08) (0.13) (0.06) 0.04)
10-20 0.336 0.573 0.011 0918 0.797 0.390 10-20 4.23 4.03 4.12 4.23 4.27
MBC 0-10 0.003 0.958 1.012 0.334 1.520 0.241 (0.10) (0.07) (0.07) (0.06) (0.12)
10-20 0.208 0.656 1.038 0.328 1.606 0.229 SOC 0-10 101.76 76.51 123.44 86.57 89.28
MBN 0-10 0.189 0.671 1.862 0.197  0.240 0.633 (22.04) (7.67) (36.40) (3.42) (6.79)
10-20 0.824 0.382 0.021 0.887  3.073 0.105 10-20 30.49 35.99 25.30 27.83 44.41
(1.67)ab (6.10)ab (2.10)a (2.98)ab (12.97)b
Root: fine root biomass (df value = 1, 24); SOC: soil organic carbon; STN: soil STN 0-10 1.88 1.60 2.36 1.93 2.13
total nitrogen; NH4-N: ammonium; NO3-N: nitrate; MBC: microbial biomass (0.28) (0.14) (0.45) (0.19) (0.30)
carbon; MBN: microbial biomass nitrogen; significant (P < 0.05) effects are 10-20 0.65 0.73 1.13 1.01 1.50
presented in bold. (0.07)a (0.14)a (0.23)ab  (0.16)ab  (0.37)b
NH;-N 0-10 3.05 2.99 2.75 2.61 3.37
. ) . (0.29) (0.15) (0.20) (0.06) (0.60)
3.2. Litter and fine root material 10-20 1.66 273 2.04 1.63 2.96
(0.10) (0.84) (0.28) (0.25) (0.31)
N addition approach had no significant effects on leaf litter quantity, NOz-N  0-10 29.18 23.64 23.63 27.06 37.71
LC and LN (Tablel). However, UAN approach decreased fine root 1020 él'z?)z)ab ézi569)a ;3‘327)3 é“éighb (65;4)"
biomass compared with the CAN approac}} (F :'5.690, P.:' 0.025; Ta- 0.76) 0.61) (1.31) (1.00) 0.89)
bles 2, 3). Furthermore, high N concentration (with N addition of 50 kg Microbial biomass
N ha™! yr!) increased LN in comparison with low N concentration MBC 0-10 362.75 346.23 337.11 310.16 383.37
(with N addition of 25 kg N ha™! yr™1) (F = 5.971, P = 0.031; Tables 1, (49.26)  (3317)  (24.98)  (29.43)  (38:67)
3) 10-20 57.17 112.90 72.80 87.57 99.53
’ (15.95) (24.48) (24.39) (4.69) (23.37)
MBN 0-10 108.84 94.05 101.80 93.75 115.52
3.3. Soil properties and microbial biomass (12.16) (8.92) (3.10) (9:83) (15.62)
10-20 23.81 37.11 26.92 21.92 30.85
(2.81) (7.62) (5.06) (3.76) (4.70)

UAN approach tended to increase the content of NO3-N in the 0-10
cm soil layer (F = 4.611, P = 0.053; Tables 2, 3) compared with CAN
approach. No significant effects of N addition approach or concentration
on microbial biomass were found (Table 2).

3.4. Nematode abundance, community indices, and diversity indices

Abundances of all taxa found in the present study are provided in
Table S3. Generally, 90 and 84 genera were found in the 0-10 cm and
10-20 cm soil layer, respectively. The CAN approach increased the
abundance of bacterivores in the 0-10 cm soil layers (F = 17.231, P =
0.001; Table 4; Fig. 3A). Specifically, the CAN approach increased the
abundance of the dominant bacterivorous nematode genera of Acrobe-
loides (F = 5.841, P = 0.033; Table S4; Fig. S2) and Prismatolaimus (F =
6.611, P = 0.024; Table S4; Fig. S2) in the 0-10 cm soil layer compared
with UAN. Also, The CAN approach increased the abundance of fungi-
vores in the 10-20 cm soil layer (F = 6.400, P = 0.026; Table 4; Fig. 3D)
compared with UAN. However, the UAN approach decreased the

CK: Control; CAN25: canopy addition of N with 25 kg N ha™! yr~*; CAN50:
canopy addition of N with 50 kg N ha! yr~!; UAN25: understory addition of N
with 25 kg N ha™! yr~!; UAN50: understory addition of N with 50 kg N ha™?
yr~1; Litter: leaf litter quantity (g dry weight m~2); LC: litter carbon (g kg™* dry
weight); LN: litter nitrogen (g kg ™! dry weight); n = 12. Root: fine root biomass
(g dry weight m2),n=6,9,7,7, and 5 by the order of the treatment. SOC: soil
organic carbon (g kg~" dry soil); STN: soil total nitrogen (g kg~ dry soil); NHj-
N: ammonium (mg kg™ ! dry soil); NO3-N: nitrate (mg kg~! dry soil); MBC:
microbial biomass carbon (mg kg~ dry soil); MBN: microbial biomass nitrogen
(mg kg™! dry soil); n = 4. Values are means (with one SE in parentheses).
Different letters in the same row indicate significant (P < 0.05) differences be-
tween treatments tested by post-hoc test (Tables S1 and S2).

abundance of bacterivores in the 10-20 cm soil layers (F = 5.887, P =
0.032; Table 4; Fig. 3B), omnivore-predators (F = 5.420, P = 0.038;
Table 4; Fig. 3E), and total nematodes (F = 4.868, P = 0.048; Table 4;
Fig. 3D) in the 0-10 cm soil layer compared with CAN. In addition, high
N concentration tended to increase the abundance of herbivores (F =
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Effects of N addition approach (A), N concentration (C), sampling time (t), and their interactions on nematode abundances and diversity indices assessed by two-way

repeated measures ANOVAs.

Depth (cm) A C AxC t tx A txC txAxC
Fa,12) p Fa,12) p Fa,12) P Fg,96) p Fs,96) 3 Fs,96) p Fs,06) p
Abundance
Ba 0-10 17.231 0.001 2.927 0.113 1.599 0.230 10.842 <0.001 0.614 0.765 1.187 0.315 0.326 0.954
10-20 5.887 0.032 0.544 0.475 0.109 0.747 3.170 0.003 0.801 0.603 0.454 0.885 2.010 0.053
Fu 0-10 1.232 0.289 0.120 0.735 0.635 0.441 9.949 <0.001 1.860 0.075 1.083 0.381 0.524 0.836
10-20 6.400 0.026 3.224 0.098 0.999 0.337 6.417 <0.001 1.467 0.180 0.598 0.777 0.769 0.631
OP 0-10 5.420 0.038 0.005 0.946 0.012 0.914 6.317 <0.001 1.428 0.195 1.807 0.085 1.306 0.250
10-20 4.662 0.052 0.927 0.355 0.322 0.581 4.736 <0.001 0.507 0.848 1.003 0.439 1.105 0.367
He 0-10 0.509 0.489 2.732 0.124 0.549 0.473 4.815 <0.001 0.963 0.469 1.464 0.181 1.534 0.156
10-20 0.066 0.801 3.700 0.078 0.899 0.362 3.608 0.001 1.038 0.413 2.875 0.007 1.092 0.376
Total 0-10 4.868 0.048 3.262 0.096 0.777 0.395 9.471 <0.001 0.971 0.463 1.579 0.141 0.862 0.551
10-20 0.650 0.436 1.160 0.303 0.909 0.359 2.304 0.026 0.420 0.906 1.790 0.088 1.623 0.128
Diversity
H 0-10 0.459 0.511 4.010 0.068 0.052 0.824 4.871 <0.001 1.167 0.327 0.570 0.801 0.590 0.784
10-20 3.859 0.073 3.066 0.105 0.047 0.832 3.644 0.001 1.200 0.308 2.430 0.019 0.493 0.859
SR 0-10 0.923 0.356 0.498 0.494 0.005 0.946 3.866 0.001 0.373 0.933 0.682 0.707 0.756 0.642
10-20 5.991 0.031 0.517 0.486 0.147 0.709 3.174 0.003 0.536 0.827 1.556 0.148 0.356 0.941

Ba: bacterivores; Fu: fungivores; OP: omnivore-predators; He: herbivores; Total: total nematodes; H': Shannon-Wiener index; SR: Richness index; significant (P < 0.05)

effects are presented in bold.

3.700, P = 0.078; Table 4; Fig. 3H) compared with low N concentration
in the 10-20 cm soil layer and a significant interaction of sampling time
and N concentration (F = 2.875, P = 0.007; Table 4; Fig. 3H) was found,
with the greatest differences among treatments in August 2014. Nema-
tode community mainly showed no significant change in response to the
treatments at genus level (single dominant genus of fungivores,
omnivore-predators, and herbivores), but showed significant responses
to the treatments at the trophic group level (multiple genera).

The UAN approach decreased the richness index (F = 5.991, P =
0.031; Table 4; Fig. 4D) and tended to decrease the Shannon-Wiener
index (F = 3.859, P = 0.073; Table 4; Fig. 4B) in the 10-20 cm soil
layer compared with CAN. Furthermore, high N concentration tended to
decrease the Shannon-Wiener index in the 0-10 cm soil layer (F = 4.010,
P = 0.068; Table 4; Fig. 4A) compared with low N concentration.
Furthermore, a significant interaction between N concentration and
sampling time (F = 2.430, P = 0.019; Table 4; Fig. 4B) was found, with
the greatest difference among treatments in October 2015. Nematode
community indices were not significantly affected by any of the treat-
ments with an exception that high levels of N addition decreased the
Channel Index compared with low levels of N addition in the 10-20 cm
soil layer (F = 5.254, P = 0.041; Fig. S3; Table S6).

3.5. Relationships between soil properties and microbial biomass with
nematode abundance and diversity

In the 0-10 cm soil layer, NHj -N was positively correlated with MBC
(r = 0.66, P < 0.01; Table S8), abundance of fungivores (r = 0.64, P <
0.01; Table S8), and total nematode abundance (r = 0.46, P < 0.05;
Table S8). NO3-N was positively correlated with MBC (r = 0.54, P <
0.05; Table S8), MBN (r = 0.64, P < 0.01; Table S8), abundance of
herbivores (r = 0.51, P < 0.05; Table S8), and total nematode abundance
(r = 0.56, P < 0.05; Table S8).

In the 10-20 cm soil layer, NO3-N was positively correlated with
MBC (r = 0.57, P < 0.01; Table S9). Furthermore, MBC and NHZ-N were
positively correlated with the abundance of fungivores (r = 0.46, P <
0.05; r = 0.48, P < 0.05; Table S9).

4. Discussion

Our results showed that the soil nematode community was mainly
and negatively affected by the conventional approach of understory
addition of N (UAN) compared with canopy addition of N (CAN). When
using the conventional approach of N addition, our findings were

consistent with those of previous studies (e.g., Ruess et al., 1996; Zhao
et al., 2014). This is of great importance, because N addition approaches
used in previous studies were mainly based on UAN, while the signifi-
cant role of canopy processes was overlooked, which might have
resulted in an incomplete understanding of how N deposition affects soil
communities in forest ecosystems.

The negative effects of N deposition on nematode abundance and
diversity using UAN might be misleading. In the present study, CAN
increased the abundance of fungivores in the 10-20 cm soil layer
compared with UAN and control, while UAN caused the abundance
(bacterivores, fungivores, omnivore-predators, and total nematodes)
and diversity (Richness index, SR) of the soil nematode community to
decline compared with CAN, supporting our hypotheses. The contrast-
ing effects of CAN and UAN on soil nematodes might be attributable to
the canopy processes, which retained 44% and 52% of the N added to
the forest canopy by CAN50 and CAN25, respectively, and thereby
mitigated the effects of N addition on root resource input and soil
chemical status.

Previous studies have indicated that conventional simulated N
deposition significantly decreases fine root (diameter < 2 mm) biomass
by shifting the plant growth strategy (e.g., root: shoot ratio), increasing
environmental stresses, and injuring root tissues (Li et al., 2015; Shao
et al., 2017; Yan et al., 2017). The biomass of fine roots decreased in
UAN, which was in line with these previous studies. Therefore, soil
bacteria might be inhibited by the decease of food resources, i.e. root
exudates and dead root material. Consequently, UAN might decrease
soil bacterivorous nematodes by inhibiting the growth of fine roots.
Fungivorous nematodes decreased in UAN possibly also due to the
decrease of fine root biomass. For instance, changes in the growth of
symbiotic fungi (e. g., arbuscular mycorrhizal fungi), which typically
correlates with fine root biomass, could induce cascading effects on the
abundance of fungivores. Meanwhile, a previous study suggested that
conventional N addition decreases the fungal biomass (Frey et al.,
2004). While we did not find any significant changes in soil microbial
biomass in the present study, the reader should note that we did not
differentiate bacterial and fungal biomass.

Furthermore, many previous studies have shown that the forest
canopy could retain and take up N, and most of the N added to the forest
canopy tends to be recovered in aboveground plant material (Gaige
et al., 2007; Sievering et al., 2007; Nair et al., 2016), which might alter
the quantity and quality of plant-derived resources available to the soil
food web. For instance, densities of bacterivorous nematodes, fungivo-
rous nematodes, and microbes may be regulated by leaf litter through
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bottom-up effects (Wardle et al., 2004). Although we did not detect any
significant changes in the leaf litter quantity and quality between CAN
and UAN, it could be a critical factor which needs to be considered in the
future studies.

Omnivores and predators are more sensitive to disturbances and soil
condition changes (Ferris et al., 2001). In our hypothesis, if a large
proportion of N is retained and utilized by the canopy, this might
mitigate the direct influence of N on soil properties and biota. In the
present study, UAN decreased the abundance of omnivore-predators
(0-10 cm soil layer) and soil nematode community richness index
(10-20 cm soil layer), and tended to increase the content of NO3-N
(0-10 cm soil layer) compared with CAN. However, no significant
changes of soil properties and soil nematodes abundance were found
between CAN and the control. These results indicate that UAN caused
more significant changes of soil environmental conditions and stronger
disturbances on those trophic groups than CAN did. However, a previous
study at the same study site has shown that both CAN and UAN
increased soil AI** concentration (Shi et al., 2016), which might be toxic
to soil nematodes (Lucas et al., 2011). Furthermore, ammonium toxicity
on soil nematodes (Wei et al., 2012) may be more likely to be caused by
directly spraying of N solution (NH4NO3) onto the forest floor through

Aug Oct Jun Oct Jun
2014 2014 2015 2015 2016

10-20 cm

UAN. In the present study, considering the background input of N
deposition (19.6 kg N ha~! yr™1) and the fact that total N (50 kg N ha™!
yr~1) was applied in many small batches, the toxicity of ammonium may
have only weak effects, but we are still unable to eliminate the potential
impact of ammonium toxicity. However, no significant change of the
content of NH4"-N was found in the present study, possibly due to the
time lag of sampling events compared with the N application events, i.e.
soil was sampled one month after the N addition. A previous study
showed that most ammonium is easily and rapidly oxidized to nitrate by
nitrification after N addition in the forest floor (Stams et al., 1991).
Consequently, given that the quantity of N that directly affects the forest
floor under CAN is less than that under UAN, we speculate that this
possibly exerted unfavorable conditions and caused the significant
decline of omnivore-predators and the richness index. Overall, the
conventional approach of UAN tended to reduce the abundance of most
nematode trophic groups and the diversity of the nematode community,
which is in contrast to the results obtained using the novel CAN
approach. This finding provides empirical evidence for the notion that
the negative effects of N deposition on soil nematodes are overestimated
when using the conventional UAN approach. Our results, thus, indicate
that the CAN approach is a more realistic simulation of N deposition and
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Fig. 4. Temporal dynamics and means of diversity indices of the nematode community under the control (CK), canopy addition of N with 25 kg N ha™

10-20 cm

1 1

yr-

(CAN25), canopy addition of N with 50 kg N ha~! yr~! (CAN50), understory addition of N with 25 kg N ha~! yr~! (UAN25), and understory addition of N with 50 kg
Nha! yr’1 (UAN50) at 0-10 cm depth and 10-20 cm depth. Data are means + SE (n = 4); insets data are means + SE (n = 36). Significant (P < 0.05) effects from
two-way repeated measures ANOVA are presented in bold. Results of post hoc tests (Table S7) among treatments are provided with lowercase letters only when the
effects of N addition approach (A) or N concentration (C) in the ANOVA are significant (P < 0.05) or marginally significant (0.05 < P < 0.1).

has no detrimental effects on nematode communities in the studied
temperate forest. Therefore, the forest canopy may play a critical role in
maintaining soil biota under elevated N deposition.

Previous studies have found that high concentrations of N addition
can decrease soil biodiversity. For instance, Xu et al. (2007) showed that
soil fauna diversity and density decreased when N addition was >100
kg N ha~! yr! in a subtropical forest. In the present study, in line with
our last hypothesis, relatively high concentration of N addition (50 kg N
ha™! yr'!) tended to decrease the nematode community diversity
(Shannon-Wiener index). However, N addition concentration did not
influence the abundance of most of the soil nematode trophic groups
except herbivores. In fact, temperate forests are often considered as
N-limited ecosystems (Suding et al., 2005). Therefore, the relatively
high concentration (50 kg N ha™! yr™!) used in the present experiment
might not reach the threshold N concentration (i.e., N saturation con-
centration) of the studied forest ecosystem. Furthermore, high concen-
tration of N deposition may stimulate the herbivores and therefore
exacerbate the decrease of fine root biomass.

Moreover, we found that interception rates of N addition of 25 kg N
ha~!yr~! (52%) and 50 kg N ha~! yr~! (44%) in the present study were
lower than those observed in previous studies: e.g., Gaige et al. (2007)
found an interception rate of 70% in a spruce-hemlock forest and
Sievering et al. (2007) found an interception rate of 80% in a conifer
forest. Besides, the highest N addition concentration among the studies
mentioned above is 20 kg N ha! yr’l (Gaige et al., 2007). Therefore,
the forest type and N deposition intensity should be considered when
evaluating the interception effects of canopy processes. Moreover, it
should be noted that the dynamics of soil nematode communities typi-
cally varies across seasons (Ferris et al., 1996), which may be hard to
capture by a few sampling campaigns. In field studies, time might be
required for experimental treatment effects to materialize, with
long-term effects often being considered the most representative (e.g.,

Eisenhauer et al., 2012; Thakur et al., 2015; Shaw et al., 2019).

5. Conclusions

In summary, our results indicate that without forest canopy pro-
cesses, conventional simulated N deposition decreased the plant re-
sources input (root biomass), and tended to negatively affect the soil
nematode community. Furthermore, high N concentration levels tended
to reduce soil nematode diversity. In our study, abundances of most
trophic groups and diversity indices differed in their response to the
CAN and UAN treatments, underlining the sensitivity of soil nematodes
to environmental changes. Additionally, canopy fauna (e.g., some r-
selected taxa, bacterivorous nematodes, which colonize leaves) plays an
important role in the first stage of leaf litter decomposition (de Goede,
1996; Kitagami et al., 2019) and may also be influenced by canopy N
deposition. Thus, canopy N deposition may have profound effects on
ecosystem functioning via canopy responses (e.g., leaf litter production
and decomposition), which are overlooked by conventional simulated N
deposition studies. Notably, other systems (e.g., more N-rich forest
ecosystems) could have different resistance or tolerance to the N addi-
tion levels used in this experiment (i.e. 25 and 50 kg N h ~! year 1),
which could lead to different conclusions. Our results provide the first
important insights into the dissimilar effects of canopy and understory
addition of N to explore the effect of N deposition and highlight the
significance of canopy processes in N deposition studies. While these
findings help reconcile some of the discrepancies in the existing litera-
ture, they also demonstrate the urgent need to consider canopy pro-
cesses in future N deposition studies.
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