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Sustained nitrogen (N) deposition has a wide-ranging impact on terrestrial ecosystems.
However, still little attention has been paid to responses of urban soil fauna to the
increasing N deposition. To clarify such effects on the soil properties and soil fauna
in typical urban lawns (featuring Cynodon dactylon vegetation), a control experiment
was conducted for 1 year, in which NH4NO3 was added as the external N source with
four treatments of N addition: N0 (i.e., only water), N1 (50 kg N ha−1 yr−1), N2 (100 kg
N ha−1 yr−1), N3 (150 kg N ha−1 yr−1). Results showed that N additions influence
soil faunal communities in the urban lawns soil. The relative abundance of Oribatida
increased with the N treatment level, partially replacing the more sensitive Collembola.
Significant differences in the Shannon-Wiener and Margalef indices (p < 0.01) supported
this statement. Although higher doses of N addition showed adverse effects on soil
fauna communities, low N inputs increased the soil fauna diversity and richness,
especially at 5–10 cm depth. A threshold effect appears to exist: low N addition (<25 kg
N ha−1) did not negatively affect pedofauna structure and composition, while in the
range from these values up to 50 kg N ha−1, the composition of the soil fauna underwent
major changes which were confirmed by the decline of biodiversity indices. These
changes are accompanied by the decreased pH values with increasing N inputs.

Keywords: N deposition, urban lawn, urban soil, soil fauna, soil biodiversity

INTRODUCTION

Humans have modified more than 50% of Earth’s land surface (Hooke et al., 2012). The global
nitrogen cycle has been dramatically perturbed by human activities (Decina et al., 2017), and the
excessive nitrogen (N) deposition caused by fossil fuel emissions from industry and transportation
has become a global ecological problem (Vitousek et al., 1997; Galloway et al., 2008; Bobbink et al.,
2010). Environmental effects of N deposition on vegetation, soil, and water have been described at
a global scale (Vitousek et al., 1997; Sutton et al., 2014), as well as at those of single continent or
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nation (Liu et al., 2011; Stevens et al., 2011). Existing reports
predict that N deposition levels are not expected to decrease
in the next decades and will probably further increase in
Asian regions along with population growth and economic
development (Kanakidou et al., 2016). Featuring one of the
highest loads of nitrogen deposition, China has recorded rapidly
increasing values, especially in areas with high-intensity human
activities (Liu et al., 2013; Jia et al., 2014).

With the fast-growing urbanization all around the world,
urban ecosystems are the most intense areas of human activity
and the urbanization process has led to a rapid transformation of
man-inhabited habitats with a profound impact on biodiversity
(McKinney, 2006; Seto et al., 2012). Nitrogen emissions are
the main source of nitrogen deposition, and urban areas are
the ones where the phenomenon shows its maximum rates
(Templer et al., 2015). The increased deposition in the urban
areas was likely due to the volatilization and redeposition of N
applied as mineral fertilizer or manure (Fahey et al., 1999; Bettez
and Groffman, 2013). In terrestrial ecosystems, especially in
nutrient-poor, N-limited ones, or those with weak acid-buffering
capability, increasing N deposition leads to soil cations leaching,
which causes soil acidification (Simkin et al., 2016). Therefore, N
deposition heavily affects urban abiotic and biotic soil properties
(Shi et al., 2016). Urban soils undertake a series of functions and
services in the urban ecosystem, such as support (soil nutrient
cycling or habitat space), regulation (climate and water balance),
carrying or cultural services (Rawlins et al., 2015; Tresch et al.,
2018), which are essential for an ecologically livable city (Elmqvist
et al., 2015). Therefore, urban green spaces, amidst a concrete-
dominated landscape, are becoming important refuges for native
biodiversity in urban and suburban areas (Goddard et al., 2010).
Improving the conditions for the biodiversity-hosting service in
cities has been pointed out as a major contribution to the quality
of life for city dwellers (Tzoulas et al., 2007; Standish et al., 2013).

The soil fauna community, the “engineer of the soil
ecosystem,” along with the microbial counterpart, is endowed
with remarkable values in terms of abundance and biodiversity
and is an integral and crucial part of the soil ecosystem
(Heneghan and Bolger, 1996; Wardle et al., 2004; Xu et al.,
2006; Payne et al., 2012). The living soil biota represent the
highest proportion of the planet’s species and are the main drivers
of the ecosystem functions (Ochoa-Hueso et al., 2014), which
have drawn increasing attention in environmental biodiversity
studies (Fu et al., 2009). Some prior studies described changes
in soil fauna both in aquatic and terrestrial systems as a result
of increased N deposition (Berg and Verhoef, 1998; Xu et al.,
2009). In N-limited ecosystems, soil fauna communities are
affected by N deposition. Effects of increased nitrogen fallout
on soil fauna could be determined by increased available N
in soils, whose dominant forms are ammonium and nitrate N
(Heneghan and Bolger, 1996; Ochoa-Hueso et al., 2011). Changes
in soil fauna communities could also be operated through soil
acidification and eutrophication (van Straalen and Verhoef, 1997;
Xu et al., 2009; Stevens et al., 2014). Moreover, in comparison
to other sites, the urban area has multiple burdens of pollution.
Metals and in particular heavy metals content in urban soils can
contribute to toxicity effects to biota (Shifav, 2018). However,

studies investigating the impacts of increased nitrogen deposition
on soil faunal community structure and composition are still
scarce and virtually non-existing in urban ecosystems. It is
known that in agricultural soils the communities of collembola
are composed by few species, well adapted to these intensely
exploited environments. Instead, the collembolans of the city soils
show more varied and richer in species, with levels closer to those
found in forests (Santorufo et al., 2015). The network that binds
together the soil organisms and those living outside the soil is
very complex (Zanella et al., 2018). This study is in the wake
of those works which attempt to circumscribe at least the most
fundamental aspects of the soil functioning. In particular, the soil
organisms are related to available nitrogen and soil pH at different
profile depths.

In essence, nitrogen deposition has not yet received due
attention to clarify its effects on urban ecosystem functions
and processes. In the absence of a thorough understanding
of the causal mechanisms behind its effects on urban soil
fauna species and their diversity, we cannot plan an optimized
conservation or restoration measures. Although research in
urban lawns has demonstrated that these landscapes have
relatively high rates of N cycling and retention compared to
unmanaged ecosystems (Groffman et al., 2009; Martinez et al.,
2014; Trammell et al., 2016), the N deposition effects on soil fauna
in these particular habitats had not been thoroughly explored
yet. While observational surveys have been gathered, randomized
trials with the possibility of manipulating the variables had not yet
been carried out in these important habitats. Hence, to identify
the risks caused by increasing N pollution to soil fauna and its
diversity in urban ecosystems, we set up a simulated atmospheric
nitrogen deposition-controlled experiment. The lawns, planted
with Bermuda grass (Cynodon dactylon), which is one of the
most popularly used gramineous plants in recreational greens,
were selected as the research target. The working hypothesis
of the present investigation was that, similar to what occurs
in other ecosystems, nitrogen deposition can have a dose-
dependent significant impact on soil fauna in urban lawns. The
questions tested were the following: (1) Will the composition
and diversity of soil fauna change in urban meadow soils
subjected to incremental and repeated nitrogen supplementation
in comparison to the control background? (2) at which soil
depth and with which temporal dynamics would the possible
effects mostly occur? (3) Are some pedofaunal taxonomical
groups more sensitive than others to the nitrogen deposition
stress? (4) In case of negative impact, which is the safety
threshold of supplementation below which no significant changes
in the diversity and/or abundance of soil arthropods would be
detectable? (5) Are nitrogen compounds themselves a direct
cause of the possible arthropod diversity disorders or are there
other consequential factors enacting on the sensitive biota?

MATERIALS AND METHODS

Study Site and Experimental Design
This study was conducted in a green space experimental field at
Guangzhou University, Guangzhou, China (113◦38′E, 23◦04′N,
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FIGURE 1 | The studied area, located in a green experimental field at Guangzhou University, China.

Figure 1). The climate of the area is a typical subtropical
monsoon, with warm and wet summer, and short and dry
winter. The annual average temperature is 21.5◦C and the
average relative humidity is 77%. The hottest month is July,
with a mean monthly temperature of 28.7◦C. The coldest
month is January, and the monthly average temperature is
9∼16◦C. The rainy season is from April to September, and
the annual rainfall is 1727.22 mm. The nitrogen deposition
inputs in the four districts (Baiyun, Tianhe, Luogang, and
Conghua) of Guangzhou, with average N deposition levels
of 43.3, 41.2, 35.2, and 30.1 kg N ha−1 yr−1, respectively
(Huang et al., 2012).

The experiment started in May 2016 and continued until April
2017. A randomized block design was used with four treatments
and five replicate plots of each treatment. Twenty 2 m × 2 m
plots were arranged in a 4 × 5 matrix. 50 g of C. dactylon
seeds were evenly sown in each plot. The distance between any
two adjacent plots was 0.5 m. NH4NO3 was added in a water
solution as external N source once a month, and the final N
input corresponded to N0 (i.e., only water), N1 (50 kg N ha−1

yr−1), N2 (100 kg N ha−1 yr−1), N3 (150 kg N ha−1 yr−1).
Total annual N applications for the three N addition treatments
were used according to the study of Xu et al. (2006). The input
values of N correspond, respectively, to those of low, medium
and high annual average N fertilization for common crops as

wheat, barley and rice (van Grinsven et al., 2012). It needs to be
remarked that fertilization was progressively reiterated and that
the above correspondence to agricultural dosages is intended as
the one reached at the end of the year. Up to 6 months fertilization
remained therefore below average agricultural levels even in the
case of the highest dosage. The whole experimental field and each
sample plot were fenced off to prevent disturbance.

Soil Sampling and Analysis
At 3rd, 6th, 12th month after the experiment started, in each
replicate plot, three soil cores from a 0 to 5 cm and three from a 5
to 10 cm depth, were sampled and extracted on a Tullgren funnel
for 48 h. Ethanol 70% was used as conservation fluid and the soil
fauna obtained was analyzed using a Leica S8 APO microscope
(Leica, Germany) to reach taxonomical identification. Individuals
of Oribatida, Prostigmata, and Mesostigmata were identified to
order level, while others were identified to family or genus level
according to Yin (1998).

For soil chemical properties 3 soil subsamples from the 0 to
5 cm and 5 to 10 cm depth from each plot were taken and
mixed thoroughly into a composite sample. The samples were
air-dried for several days and stored at room temperature in the
dark until analysis. Soil pH (water: soil = 2.5:1) was determined
using a pH meter. Nitrate N (NO3

−–N) and ammonium N
(NH4

+–N) were extracted from 10 g of soil using 2 M KCl and
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determined using a San++ Continuous Flow Analyzer (Skalar,
Breda, Netherlands). Soil total carbon (TC) was determined
by the dichromate digestion method, and total nitrogen (TN)
was measured by the Kjeldahl method. For determining total
phosphorus (TP) concentrations, soil samples were digested
in perchloric acid-sulfuric acid (HClO4-HSO4) and sodium
hydroxide (NaOH) mixtures, respectively. Total phosphorus
(TP) was determined using colorimetry in an atomic absorption
spectrophotometer (TAS-986, PGENERAL, Beijing, China). Soil
chemical properties before the beginning of the trial (means of
four replicates ± standard deviation) were the following: pH:
8.28± 0.06; ammonium N (mg kg−1): 1.54± 0.10; nitrate N (mg
kg−1): 3.37± 0.03; total N (g kg−1): 0.61± 0.06; total C (g kg−1):
13.41± 0.96; total P (g kg−1): 0.25± 0.01 (Mo et al., 2018).

Statistical Analysis
To evaluate the differences in soil fauna abundance and diversity,
we employed multiple indices, as studies have determined that
single ones may miss some of the aspects of the possible
biodiversity change (Bellard et al., 2012). The community
abundance (individual density) and taxa richness (number of
taxa per sample) in each sample were calculated (Gonçalves
et al., 2020). Community parameters analyzed were the following:
diversity using Density-Group (DG) and Shannon–Wiener (H′)
indices, richness and evenness using Pielou (J) and Margalef
(D) indices (Shannon, 1948; Margalef, 1968; Pielou, 1969;
Liao et al., 1997).

We employed Multivariate analysis of variance (MANOVA
for repeated measures) to test the significance of differences
of the measured indices in the soil layers among treatments
over time. The matrix was square-root transformed before
being subjected to MANOVA. Chi-square tests were performed
for the major soil fauna taxa. The principal component
analysis method (PCA) was used to analyze how the major
soil fauna taxa and diversity indices were influenced by N
addition after 12 months, a statistical analysis of 9 factors
was conducted. These factors included community abundance,
taxa richness, Density-Group (DG), Shannon–Wiener (H′),
Pielou (J), and Margalef (D) indices, dominant groups (the
number of individuals represented over 10% of the total
sample), which were sorted as follows: Oribatida, Collembola,
and Mesostigmata.

We used R software (function “MANOVA,” package “BruceR”)
to perform the MANOVA for repeated measures. RDA was
conducted to analyze the relationships between soil fauna
communities and soil chemical properties using the “rda”
function in the “vegan” package. IBM SPSS Statistics (version
25.0) was used to perform the Chi square test and the PCA. We
created the figures with R software (package “ggplot2”).

RESULTS

Community Composition of Soil Fauna in
Different Nitrogen Treatments
A total of 3820 individuals of soil fauna, distributed in 16
Classes or Orders or Suborders, encompassing 48 taxa, identified

either at Order or Class or Suborder or Family or Genus level,
were detected (Supplementary Table 1). The dominant faunal
group was that of the Suborder Oribatida, followed by Order
Collembola and Order Mesostigmata. These groups contain,
respectively, 46.24, 26.48, and 12.82% of the fauna individuals
found in the soil.

When categorizing the dataset according to the sampling
date (Figure 2), the structure of the soil fauna at order level
did not change particularly. After 6 months of N addition,
however, the proportion of Oribatida in the plots with N2 and N3
treatment began to increase, while the proportion of Collembola
decreased, and the other groups did not change significantly.
But at twelfth month, the proportion of Collembola under N2
and N3 treatment significantly increased. Chi-square test statistic
results showed that Oribatida (X2 = 37.08, p < 0.001) and
Collembola (X2 = 191.18, p < 0.001) differed significantly across
the different N treatment.

Response of Soil Fauna Abundance and
Biodiversity Indices to N Treatment
To detect the potential effects of N treatments, we performed
a MANOVA on the community abundance and taxa richness,
and Density-Group, Shannon-Winner, Margalef and Pielou
diversity indices (Table 1). The N addition treatment had
significant effects on the taxa richness, Shannon-Winner index
and Margalef index (p < 0.01) and Density-Group index
(p < 0.05). Treatment duration had significant effects on the
community abundance, taxa richness (p < 0.001), and Density-
Group index and Shannon-Winner index (p < 0.05). The
soil layer depth showed significant effects on the community
abundance, taxa richness and Pielou index (p < 0.001),
and Density-Group index (p < 0.05). Furthermore, The N
addition treatment and soil layer depth showed a significant
interaction influence on the taxa richness and Margalef index
(p < 0.05). Treatment duration and soil layer depth also
had a significant interaction effect on Density-Group index
(p < 0.05).

As evidenced by multiple biodiversity indices in both soil
layers, the N2 and N3 treatments decreased the diversity and
taxa richness of soil fauna in comparison to the control (N0)
(Figure 3). When compared at equal treatment duration, the
differences among the treatments in 0–5 cm soil layer appeared
at sixth month for taxa richness, Density-Group index, Shannon-
Wiener index and Margalef index, but at 5–10 cm soil layer, the
differences were detected only at twelfth month (Figure 3). The
Pielou evenness index instead appeared insensitive to the increase
of N doses, and was higher in deep layer (5–10 cm) than that in
the surface one (0–5 cm) (Figure 3E).

Relationships of Soil Fauna With Abiotic
Factors
According to principal component analysis (PCA), the
eigenvalues of the correlation matrix of the first two components
were both greater than 1, reaching 3.839 and 3.011, respectively.
The cumulative contribution rate reached the high value of
76.108% (Supplementary Table 2). The Shannon-Wiener and
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FIGURE 2 | Left: Community composition (0–10 cm) of pedofauna populations associated with the increasing N doses added to the soil in relation to the duration of
the treatment. The groups accounting for ≥ 1% are shown with explicit nomenclature, while those < 1% are integrated into “Other.” Right: Examples of Collembola
(top panel) and Oribatida (bottom panel) individuals.

TABLE 1 | Main and interaction effects of the N addition period (Time), soil layer depths (Layer) and N addition treatments (Treatment) on community abundance, taxa,
and diversity indices (MANOVA results are showed).

Factor Abundance Taxa DG H′ J D

F P F P F P F P F P F P

Time 12.67 <0.001 *** 10.33 <0.001 *** 4.33 0.02 * 3.80 0.033 * 2.65 0.09 3.07 0.06

Layer 0.83 <0.001 *** 45.08 <0.001 *** 7.21 0.02 * 0.35 0.56 40.09 <0.001 *** 1.16 0.30

Treatment 1.08 0.38 5.96 0.006 ** 3.41 0.04 * 6.76 0.004 ** 2.41 0.11 6.26 0.005 **

Time × layer 1.54 0.23 0.43 0.65 3.47 0.04 * 1.33 0.28 0.29 0.75 0.76 0.05

Time × treatment 0.95 0.48 0.49 0.81 0.57 0.75 0.63 0.71 0.70 0.65 0.34 0.91

Layer × treatment 1.00 0.42 4.89 0.013 * 1.64 0.21 2.22 0.13 0.27 0.84 3.31 0.047 *

Time × layer × treatment 0.76 0.61 0.91 0.50 1.18 0.31 1.53 0.20 1.13 0.37 1.21 0.33

Abundance: Community abundance; Taxa: Taxa richness; DG, Density-Group diversity index; H′, Shannon–Wiener diversity index; J, Pielou evenness index; D, Margalef
richness index.
*Significant differences at p < 0.05, **significant differences at p < 0.01; ***significant differences at p < 0.001.

Margalef indices, and taxa richness, with the eigenvectors of
0.968 and 0.920 and 0.825, respectively, contributed to the
first main component. The Pielou and Density-Group indices
followed, with eigenvectors of 0.684 and 0.666, respectively.
For the second major component, the community abundance
(eigenvector of 0.924) had a main contribution, followed by
Oribatida individuals (eigenvector of 0.768), the Density-Group
index (eigenvector of 0.698), and Mesostigmata individuals
(eigenvector of 0.650) (Supplementary Table 2). These results

reflect the relative abundance dynamics of the different soil fauna
groups. In Figure 2 the oscillations of Mesostigmata, Collambola
and Oribata are very evident.

In the Redundancy analysis (RDA), it indicated that soil
pH and NH4

+-N were determining variables for the soil
fauna’s main taxa and indices, followed by NO3

−-N. Soil pH
positively correlated to most soil fauna parameters, while NH4

+-
N showed a negative correlation to them. Increasing soil acidity
corresponded to increasing soil fauna diversity indices (Figure 4).
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FIGURE 3 | Effects of N addition on the community abundance (A), taxa
richness (B), and diversity indices (C–F) across sampling dates in 0–5 cm and
5–10 cm layer (a and b, respectively). Data are means ± SE (n = 5). Results of
post hoc tests among treatments are provided with lowercase letters only
when the effects of the N treatment in the MANOVA are significant (p < 0.05)
or marginally significant (0.05 < p < 0.1).

DISCUSSION

Evidence of a Nitrogen
Threshold-Related Impact
Especially in the first 5 cm of soil, the abundance and taxa of soil
fauna decreased with an increasing nitrogen addition, across the
three sampling periods, in comparison to the control site. Most

of the soil fauna indices tended to decrease in the first 5 cm of
soil surface under increasing N additions (significantly for H′ and
D). N input was therefore observed as a suppressing factor for
soil fauna. The negative effects of N deposition on mesofauna
communities had already been highlighted by numerous works
(Xu et al., 2007; Ochoa-Hueso et al., 2014; Song et al., 2015;
Liu et al., 2020).

Within the range of N inputs used in the tests, it was possible
to individuate a threshold N-value and the effects that the use of
higher doses can have on arthropods. Xu et al. (2007) reported
that soil fauna increased in the lower nitrogen treatments and
that there was a threshold around 100 kg N ha−2 yr−1 for N
deposition in southern China. Then, adding rates of about 105 kg
N ha−2 yr−1, Bai et al. (2010) proved that an ecosystem under
this dosage in northern China would reach nitrogen saturation.
The same type of response to increasing N deposition was
also described for soil fauna in European regions. In central
Spain, upon additions within ranges comparable to ambient N
deposition, a critical N point was recorded between 20 and 50 kg
N ha−2 yr−1 (Pinho et al., 2012; Ochoa-Hueso et al., 2014). These
authors suggested 26 kg N ha−1 yr−1 as a critical point for N
deposition in Mediterranean ecosystems.

We found that at low doses (<50 N kg ha−1) the number of
groups increased (DG index) but that the abundance changed
more in some groups than that in others, with lowering the
Shannon index (H′). From Figure 2, it can be clearly seen that the
animals’ groups did not undergo major changes after 3 months
from the beginning of the treatments. After 6 months, the change
was noticeable with the N1 treatment, but it appeared relatively
much clearer under the N2 and N3 treatments (Figure 2). Yearly
N doses are assessable, knowing the setup as follows by dividing
by 12 and then multiplying by the number of elapsed months:
N1 = (50/12) ∗ 6 = 25; N2 = (100/12) ∗ 6 = 50; and N3 = (150/12)
∗ 6 = 75 kg ha−1. An effect appeared at 25 kg N ha−1; fauna had
already changed at 50 kg N ha−1 and continued to experience
stress with higher doses of 75 kg N ha−1.

The other objective of this study was to observe the response
of soil fauna in different soil layers under increasing N addition.
Generally speaking, surface soil gets better resource conditions
including supply of oxygen, water, and organic matter to
arthropods than deeper soil which shows relatively harsher living
conditions for these animals (Wei et al., 2017). Xu et al. (2009)
found that the effects of N addition on arthropod density, group
richness, and diversity indices were especially strong in the
first 0–5 cm soil layer, and that the stratification of soil fauna
tended to disappear after a long-term N treatment. Our results
confirm these outcomes (Table 1 and Figures 3A,B). However,
we noticed that diversity and richness indices under N1 were still
higher than N0 after 12 months at both soil depths. Besides, at
higher N addition, the groups of animals benefit from a low N
fertilization at deeper depth between 5 and 10 cm (Table 1 and
Figures 3C–F). A substantial proportion of the deposited N could
be retained by the surface soil, which thereby would reduce the N
input reaching the deeper soil layer (Providoli et al., 2006). The
threshold in the nitrogen dose calculated above could therefore
be considered as valid for the first 5 cm of soil layer and not
for deeper layers.
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FIGURE 4 | Results of redundancy analysis of main taxa and indices of soil fauna in association with soil chemical properties. Soil fauna data are labeled as:
Abundance (community abundance); Taxa (Taxa richness); Oribatida individuals; Collembola individuals; Mesostigmata individuals; DG (Density-Group index); H′

(Shannon–Wiener index); J (Pielou index); D (Margalef index). Soil chemical properties are labeled as: Ammonium (ammonium nitrogen); Nitrate (nitrate nitrogen); TN
(total nitrogen); TC (total carbon); TP (total phosphorus).

The Effect of Nitrogen Addition on Soil
Fauna Community Structure
Oribatida, Collembola, and Mesostigmata reacted more than
other Arthropod groups to nitrogen inputs. With doses N2 and
N3, Oribatida almost completely replaced Collembola after 6
months. However, after 12 months Collembola recovered to a
partial balance with the N2 treatment and Oribatida replaced
part of the Collembola niche with the N3 treatment. Notably,
Oribatida individuals increased along with the N addition time
(Supplementary Table 1).

It is well known that soil fauna taxa and diversity respond
to soil acidification (Ponge and Chevalier, 2006; Treseder,
2008; Auclerc et al., 2012; Serna-Chavez et al., 2013; Wang
et al., 2015), and that soil faunal communities altered by
an increasing N deposition can also be influenced by a
decreasing soil pH (Badiane Ndour et al., 2008; Rousk et al.,
2010; Ochoa-Hueso et al., 2014). Thus, nitrogen can indirectly
affect soil fauna communities by consequent soil acidification
(Treseder, 2008; Serna-Chavez et al., 2013), but the effects of
soil acidification and N addition on soil fauna are difficult to
separate.

An increasing abundance of Collembola with N additions
or with an increasing available resource was suggested by

Ochoa-Hueso et al. (2014) and Sun et al. (2020), respectively.
According to our RDA results, soil pH was positively
correlated with Collembola and Mesostigmata individuals,
but ammonium and nitrate impacted Collembola and
Mesostigmata negatively.

On the other side, in our study the Acari Subclass did
not respond to available N, and soil pH was not significantly
correlated to Acari abundance. In fact, Acari may tend to be
more tolerant to low pH and environmental changes (Makkonen
et al., 2011; Bokhorst et al., 2012; Zanella et al., 2018). We suggest
that alterations in soil pH due to continuous N addition could
negatively and significantly impact Collembola populations. The
consequent decrease in soil pH can affect Collembola abundance.
On the contrary, Acari population can increase because they
tolerate acidic conditions and take advantage of the reduced
Collembola competition.

N addition caused changes in the soil chemistry such as pH
and N availability, which was consistent with other relevant
studies (Vourlitis and Fernandez, 2012). These trends were
confirmed by ANOVA, which revealed a change in pH in soil
samples at the end of the treatments even with N1 doses, a
difference of NH4

+ and NO3
− starting with N2 doses, and a

difference of TN with N3 doses (Supplementary Table 3). In
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the first 5 cm of soil layer, at the end of twelfth month of N inputs,
soil samples began to show a different pH with N1 doses.

With this observation in mind and looking at Figure 2, we can
state that the changes at the fauna level started as early as after 6
months and as low as under N1 doses. This suggests that fauna
did not react directly to the N amount but to the soil pH, and that
this change is supposedly caused by doses between 25 and 50 kg
ha−1 of nitrogen, as calculated above. We can therefore infer that
N deposition does not appear to affect soil fauna community
composition directly, but rather indirectly by decreasing soil
pH. A more comprehensive and dynamic approach is needed to
couple soil pedological and biological processes and to combine
current experimental and theoretical knowledge (Briones, 2018).
Our reasoning on pH is also based on the fact that it can
profoundly affect the bacterial communities which on a lower
ecological level, it could in turn affect the soil faunal components.
In this regard, our data can be compared with a parallel analysis
that we carried out from the same experiment and setup, in which
we analyzed soil bacterial communities by culture-independent
16S DNA metabarcoding (Mo et al., 2021), also finding a dramatic
drop in microbial diversity and evenness in a dose and time-
dependent fashion. Thus, the relevance of pH as a factor that
could act in this sense, is supported by such prior analysis of
the bacterial communities on the very same plots, in which we
demonstrated the parallel effects on the bacterial trophic level,
which is consistent with those displayed on arthropods described
in the present study.

CONCLUSION

In this study, we observed that nitrogen addition treatments,
simulating N deposition, induce changes in soil fauna community
composition and diversity of urban green spaces. The negative
effects of higher doses of N addition on soil fauna diversity were
stronger in the first 0–5 cm of soil than in a deeper soil layer (5–
10 cm). Although N addition showed negative effects on some
soil fauna communities, Oribatida maintained a high abundance
even in soils with high nitrogen input. We pointed out a clear
threshold effect of N addition: low N input (<25 kg N ha−1)
in the urban area had even some positive effect on all fauna
communities. The low-dose N addition to some extent increased
the soil fauna diversity and richness, especially in the lower (5–
10 cm) soil layers. However, after a critical nitrogen amount of
50 kg N ha−1, mesofauna radically changed. With doses N2 and

N3, the Oribatida almost completely replaced the Collembola
populations after 6 months. Soil then underwent a partial resilient
recovery and a new balance by the end of the experiment.

N addition decreased soil pH which, in turn, affected the
mesofauna structure and biodiversity. A long-term monitoring
of at least 12 months appears therefore necessary to explain urban
soil fauna living strategy and to identify the mechanisms behind
possible changes due to N deposition.
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