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Abstract

The increasing degree of plant invasion is an expanding problem that affects the functioning and
composition of forest ecosystems with increasing anthropogenic activities, particularly soil nitro-
gen (N) cycles. Numerous studies have revealed that one of the main factors for successful plant
invasion is that plants could pose significant effects on soil N cycles via direct and/or indirect ways,
such as changes in soil microbial communities, litter decomposition rates, and/or soil physico-
chemical properties. We thereby summarize the ecological effects of invasive plants on soil N
cycles, including the aforementioned changes, to understand the mechanism of successful invasion.
We also discuss the needs for further research on the relationship between invasive plants and
soil N cycles.
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1. Introduction

The rapid development of anthropogenic activities in recent years has triggered unprecedented global environ-
mental changes, such as biological invasion mediated by invasive plants. Such plants are colonizer species car-
ried far from their natural areas and then introduced into a new habitat with unprecedented rates, where they of-
ten establish prosperous populations outside their native distributional ranges and significantly change the prop-
erties of native ecosystems [1] [2]. These invasive plants have received an increasing concern from ecologists
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because they could pose a ubiquitous threat to ecosystems worldwide [1] [3] [4], including natural habitat de-
gradation, biodiversity decline [1] [4], and changes in the quality and quantity of forest litter input to soil eco-
system [1], forest litter decomposition rates [1] [5]-[7], community structure and metabolic activities of soil mi-
croorganisms [8]-[10], soil physicochemical properties [1] [8] [11], and soil nutrient cycles [1] [5] [9] [12]. In
addition, the invasion incurs high economic damage and management challenges [13]. Thus, the ecological and
economic costs induced by invasive plants across the globe have stimulated considerable interest in the mechan-
isms of successful plant invasion, especially the core question that why some plants are more invasive than oth-
ers [14]. In particular, N cycles play an important role in successful plant invasion [4] [15].

Resource is one of the most important environmental factors for any plant species [16]. Because N is often the
most limited nutrient element for plant growth [17]-[19], invasive plants could acquire a competitive superiority
on native species when those invaders obtain substantial resources, especially N. Therefore, N is crucial for
successful plant invasion.

The main concern of this study is to describe the ecological effects of invasive plants on soil N cycles to in-
sights into the mechanism of successful plant invasion.

2. Importance of N for Invasive Plants

Previous studies have observed N-limited condition for the biomass production of plants in many ecosystems
globally [17]-[19]. N is a key factor determining the outcome of interspecific competition in many ecosystems
[4] [5] [19]. Given that resource is one of the most important environmental factors for any plant species [16],
no plant in all habitats could achieve maximization in growth, reproduction, and competitive [3] [20] [21].
However, invasive plants grow by using resources efficiently. Thus, the efficiency of N use or acquisition of in-
vasive plants could maximize their invasiveness, especially in N-limited ecosystems [19] [22] [23]. Invasive
plants could enhance their efficiency of N use or acquisition via many ways, such as photosynthetic tissue allo-
cation, photosynthetic N use efficiency, N fixation, N leaching losses, gross N mineralization, and/or plant N
residence time [3] [5] [19]. Thus, increased substrate availability for N could allow invasive plants to gain a
competitive advantage over native plants.

Plant-plant interactions may play an important role in regulating the composition of communities and ecosys-
tems [13] [24]. Not only do they control the composition of plant communities but they also have effects that
spread throughout ecosystems [24]. However, external drivers (both natural and anthropogenic), such as nutrient
availability, could pose an effect on plant-plant interactions [24]. Substantial evidence has revealed that plant-—
plant interactions are an important ingredient of the mechanism by which environmental change drivers affect
plants and communities, e.g., competition is commonly considered as one of the processes that determine the
response of plant communities to environmental change drivers, such as plant invasion [13] [24]. Fluctuating
resource availability theory suggests that a community with enhanced available resources is vulnerable to plant
invasion [25]. Environmental constraint hypothesis also indicates that limited resources could restrict plant inva-
sion, and the restriction could alleviate when the nutrient level increased [26]. A number of studies have found
that invasive plants tend to have fast growth rates and respond opportunistically to nutrient (especially N)
through high phenotypic plasticity, which could explain why high-resource environments are likely to be in-
vaded by such plants [4] [20] [27] [28]. Thus, the nitrophilous characteristic of invasive plants could make their
preferred investment in N uptake and utilization [28]. Previous studies have observed that both native and inva-
sive plants could acquire N with exogenous N addition in several lab/field studies, however, invasive plants
grew more than native plants under the condition with exogenous N addition [15] [28] [29]. Increased N availa-
bility could thus confer a competitive advantage to fast-growing invasive plants. The results of previous studies
indicated a positive relationship between the invasion degrees of invasive plants and the levels of soil nutrient
(especially N) [30] [31]. A number of fertilization experiments across a wide variety of ecosystems have also
revealed that increased soil N leads to an increase in invasive biomass and a decrease in the biomass of native
plants, i.e., high N levels positively affect the growth and competitive advantages of invaders over natives be-
cause invaders display higher resource acquisition, lower nutrient requirements, and less resource-limited
growth than natives [26] [32] [33]. High N availability favors invasive plants, and low N availability favors na-
tive plants [19]. Other studies have indicated that invasive plants may outperform natives in both low- and high-
resource environments [3] [34]. On the contrary, other studies have found no effect of nutrient enrichment or
elevated soil N levels on invasion success [35]. He et al. [36] found that the competitive advantage of invasive
plants remained unchanged along N level gradient.
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The conventional wisdom is that plants are only able to acquire soil nutrients, such as N, from soil solution
after microbial mineralization from organic (e.g., amino acids, proteins, chitins, and urea) to mineral forms (i.e.,
ammonium and nitrate) [29]. However, this conventional view has been revised to include direct plant access to
organic N pools, particularly in infertile ecosystems [29] [37]. Although some scholars have found no evidence
of plant N preferences [15] [29], invasive plants may be better competitors for soil N than native plants, and or-
ganic N may be less beneficial to native plants than inorganic N [15]. Thus, invasive plants positively affect
their relative dominance over native plants in organic N soils compared with inorganic-N soils [15]. The asym-
metry of the competition results may confer a competitive advantage to invasive plants over native plants [22]
and create a situation through changes in the limiting availability of another resource (e.g., P, water, and/or light)
indirectly [18] [38].

In sum, N availability may have important contributions to successful plant invasion. Thus, invasive plants
could maximize their invasiveness via accelerating soil nutrient cycles, especially N cycles [9] [39]-[41].

3. Effects of Invasive Plants on Soil N Cycles

N cycle is one of the most significant nutrient cycles in terrestrial ecosystem [42]. Plants affect N pools and
fluxes in ecosystems through increased ecosystem N inputs via N fixation, reduced ecosystem N losses from N
leaching, increased soil N turnover via changes in gross N mineralization, and/or reduced plant N turnover via
increased plant N residence time [4] [19] [27]. The alterations to nutrient cycles mediated by the invasion of in-
vasive plants are divided into two categories, namely, dramatic and gradual [43]. Dramatic alterations could
happen when invasive plants present a new functional trait into the ecosystem, making resources available from
new sources (e.g., the introduction of N,-fixing plants into ecosystems with no such symbioses); gradual altera-
tions happen when invasive plants possess some functional traits (e.g., size, growth rate, and/or tissue quality)
that differ quantitatively from those of native plants, which could induce a high rate of nutrient uptake or turno-
ver (e.g., the cycles involving plant-available nutrients, soil nutrients, plant nutrients, and litter—plant-available
nutrients in soil) [43].

A large number of studies have shown that the alterations mediated by invasive plants on soil N cycles are
inconsistent. These inconsistent results may be ascribed to the difference in plant types, soil physicochemical
properties, and/or the time scale of the studies. For example, some investigators have found positive effects of
invasive plants on soil N cycles, e.g., Vitousek et al. [44] found that the mean N input into the forest ecosystem
in Hawaii caused by Myrica faya was 18 kg N ha -year ', whereas other N inputs were only 5.5 kg N ha *-year .
This vanward study has become the classical example of a dramatic alteration of the nutrient cycles induced by
invasive plant species. Several subsequent studies have revealed the similar results [1] [5] [41] [42]. Castro-Diez
et al. [12] found that plant invasions increased N pools and accelerated N fluxes even when excluding N-fixing
invaders using a meta-analysis of 100 papers, covering 113 invasive plant species with 345 cases of invasion
across the globe and reporting impacts on N cycle-related metrics.

Other studies have found negative effects of invasive plants on soil N cycles, e.g., Wolf et al. [45] found low
soil N levels in Rocky Mountain National Park grasslands associated with invasive plants (Melilotus officinalis
and M. alba). The low N availability found in the invaded patches may be mainly attributed to plant’s aggressive
growth pattern, long growing season, low N availability, and/or low N use efficiency [45] [46]. The ability to
provide its own N may allow invasive plants to drive soil nutrient levels down because of their rapid consump-
tion and growth [45]. Evans et al. [46] found that the concentration of soil inorganic N and the rates of soil net
mineralization were reduced by 50% after Bromus tectorum invasion into a semi-arid native perennial grassland
in Utah. Gonzalez-Mufioz et al. [47] also found the similar results for plant invasion on soil N cycles. The inhi-
bited soil N cycles may be due to the bereaved competitive advantage of invasive plants mediated by P limita-
tion on N fixation because N fixation requires high availability of P, which constrains the success of these or-
ganisms in low-nutrient ecosystems [48].

Kourtev et al. [49] found that the invasion of Berberis thunbergii leads to an increase in soil inorganic N,
whereas that of Microstegium vimineum leads to a reduction in soil inorganic N. On the contrary, invasive
grasses (Avena barbata and Bromus hordeaceous) positively affect soil ammonium concentration but negatively
affect soil nitrate concentration [39]. Therefore, the effects of invasive plants on soil N cycles vary per species.

Other scholars have even found neutral effects of invasive plants on soil N cycles. For example, Windham
and Ehrenfeld [50] observed that although N concentration of invasive plant (Phragmites australis) litter was



C.Y. Wang et al.

higher than that of native plant (Spartina patens) litter, the mineralization rates of P. australis were greater than
those of S. patens. Thus, the compensation of increased N demand with increased N supply results in a neutral
effect of P. australis invasion on the net N budget (input-output) in coastal marshes of the eastern United States.
Herr-Turoff [51] found no differences in the total N or NOs-N in soils or in the concentrations of NH,;-N or
NOs-N released in the discharged water from wet prairie mesocosms with and without the invasion of Phalaris
arundinacea. Castro-Diez et al. [52] and Scharfy et al. [53] also found neutral effects of invasive plant invasion
on soil N or P.

Changed soil N cycles are generally mediated by invasive plants through three main ways, i.e., the changed
soil microbial communities, litter decomposition rates, and soil physicochemical properties.

3.1. Changed Soil N Cycles Mediated by Invasive Plants via Changed Soil
Microbial Communities

Accumulating evidence has suggested that the main reason for successful plant invasion is that they could acce-
lerate the succession of soil microbial communities in their rhizosphere and then strengthen microbial functions
to facilitate their further invasion [19] [54] [55]. Some investigators have suggested that invasive plants could
trigger changes in the structure of soil microbial communities in invaded ecosystems [54] [56] in a way that re-
sults in a positive feedback for them and a negative feedback for the native plant communities [5]. Invasive
plants could benefit from the altered interactions with soil communities and by interfering with the mutualistic
interactions between soil microorganisms and native plants [57]. For example, nitrate N and ammonium N are
the two major N types of plants used directly [29]. Some scholars have affirmed that over 80% of all plant fami-
lies are mycorrhizal-dependent. N absorption of mycorrhizal fungi is an important way to plant N uptake [58].
The total N of plant required ranged from 21% to 50%, which were absorbed by their mycorrhizal symbiosis,
and the proportion even reached 75% by ectotrophic mycorrhiza [59] [60]. Mycorrhizal fungi could generally
absorb and assimilate various N components, including inorganic N (e.g., nitrate and ammonium) and organic N
(e.g., urea and amino acid) [61] [62], and mainly ammonium [61]. Inoculation tests have shown that mycorrhizal
fungi could increase N and/or P concentrations and the growth of host plants significantly [59] [63]-[65], al-
though some scholars have found that ectomycorrhizal fungi transfer a larger fraction of absorbed N to plants
only under more N available conditions [66]. Mycorrhizal fungi could also enhance resistance to external stress
(such as heavy metal pollution) and promote plant growth [63] [64] [67]. However, invasive plants are faculta-
tively mycorrhizal fungi, which either have weak or no dependence on microscopic symbiont depending on the
environment, and could gain a competitive advantage via degenerating the mycorrhizal symbiont networks on
which many native plants rely [57] or receive great benefits from the associations with microscopic symbiont,
reduced dependence on microscopic symbiont [54] [68], and/or alterations to the community construction of
microscopic symbiont [57], and/or alterations to the community construction of microscopic symbiont [5]. This
alternative dependency may be a successful strategy of some invasive plants. As an important element on the
survival and competition of native plants, the absence of mycorrhizal symbiosis could alter the competitive out-
come of these dominant native plants [69].

Invasive plants could create a microenvironment that facilitates its further invasion via increasing N availabil-
ity in soil ecosystem through changed community structure and metabolic activities of soil microorganisms,
which contribute to N cycles (i.e., N-fixing, nitrifying, nitrosifying, ammonia oxidizing, and denitrifying bacte-
ria) [8] [39]-[41]. Moreover, invasive plants could increase N availability in soil ecosystem through symbiotic
N, fixation [30] [70] to gain a competitive advantage and enhance their invasiveness for further invasion.
N-fixing microorganisms, especially endophytic microorganism, could enhance the growth of symbiotic plant
via increasing the levels of N availability and use efficiency [71]. The major source of N for invasive plants
(Spartina alterniflora) is its rhizospheric N-fixing microorganisms [72]. Ehrenfeld [30] confirmed that the inva-
sion of invasive plants that support symbiotic N-fixers could pose a large effect on soil N cycles. As a result, the
increased N availability through N-fixing may favor the growth, establishment, and spread of other invasive
plants and facilitate their further invasion, particularly in previously N poor ecosystems [1].

A number of studies have indicated that invasive plants could also affect the community structure of soil mi-
croorganisms. For example, Si et al. [10] found that Wedelia trilobata invasion can trigger changes in the rich-
ness of soil fungal community but not in soil bacterial community. Lorenzo et al. [73] revealed that Acacia
dealbata invasion can lead to significant increases in the richness of soil bacterial community and significant
reductions in the richness of soil fungal community in grassland ecosystems. Zhao et al. [74] found that the
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function of soil microbial metabolism and soil microbial biomass C and N were enhanced, whereas soil micro-
bial community functional diversity was reduced following the invasion of Flaveria bidentis. The changed
community structure of soil microorganisms mediated by invasive plants could affect soil N cycle because the
fungi-to-bacteria ratio has been found to be negatively correlated with net N mineralization rates [75].

An increase in N availability could mediate a priming effect on the activities of some components of soil mi-
crobial community. Priming theory suggests that positive priming effects should be most pronounced in soils
characterized by low nutrient availability, especially N [76] [77]. Ammonium could cause larger priming effects
on soil microbial community than nitrate [78]. As a factor contributing to the invasiveness of invasive plants,
increased soil N could accelerate the succession of soil microorganism communities and strengthen microbial
functioning to facilitate further plant invasion [13] [39] [56].

Furthermore, plant invasion may pose a legacy effect on soil microorganism communities in invaded ecosys-
tems, which continues to give negative effects on the establishment and growth of the next generation of native
plants [9] [79], through the release of alleopathic compounds, changes in resource availability, nutrient cycles,
and/or accumulation of pathogens [80].

3.2. Changed Soil N Cycles Mediated by Invasive Plants via Changed Litter
Decomposition Rates

Leaf litter decomposition, the accompanying release of nutrients and CO,, and the formation of soil organic
matter are fundamental processes in ecosystem nutrient cycles, C flux, and humus formation [81] [82]. Thus,
invasive plants must have higher rates of litter decomposition obtain more nutrients for their further invasion,
especially N. Invasive plants could also affect soil N cycles via the changed rates of litter decompaosition. At the
community level, litter decomposition rates are controlled by plants or functional type composition [82]. Thus,
plant invasion into a new ecosystem could pose a profound change in community structure and functions [83],
mainly including changes in litter decomposition and nutrient cycles [40] [41]. Plants could affect litter decom-
position through direct and indirect ways. Direct effects are mediated via the quality of leaf litter, whereas indi-
rect effects are related to unique conditions that the plants created in their surrounding environment [84]. The
concentration of litter N of invasive plants is generally often higher than that of native plants [40] [41]. As one
of the important indicators of litter quality, the concentration of litter N is one of the main factors affecting the
rates of litter decomposition, i.e., high-quality litters that contain higher concentration of N tend to be decom-
posed faster than low-quality litters that contain lower concentration of N [81] [82]. Meanwhile, litter from ex-
otics contains less lignin and lower lignin:N ratios than that of congeneric natives [85]. Thus, the rates of litter
decomposition of invasive plants are typically higher than that of native plants [5] [40] [41] [82] [85]. The dif-
ferences in litter quality are often reflected by the amounts of microdecomposers colonizing it, and fungi typi-
cally dominate microdecomposer communities on low-quality litters because of their lower nutrient require-
ments and metabolic activities than those of bacteria [81] [86]. However, increasing N could decrease the ratio
of fungal and bacterial biomass [86]-[88] because this condition negatively affects the competitive ability of
fungi for N acquisition [89]. Meanwhile, the invasion of exotic invaders could pose positive effects on soil bac-
terial communities and negative effects on soil fungal communities [73] that may decrease the decomposition
rates of low-quality litters, which are the typical representative of native plants, according to previous results.
Moreover, low-quality litters contain substantial lignin, and increasing N could lead to a reduction of lignin de-
composition efficiency [81] [87] [90] because lignin-degrading fungi are inefficient in their C use, grow slowly,
and are likely to be outcompeted by other microorganisms when N is abundant [90] because of the fact that a
high concentration of low-molecular weight N compounds suppress the synthesis of lignin-degrading enzymes
[87] and lead to a reduction of polyphenol decomposition efficiency by the formation of recalcitrant matters af-
ter the complexation between N and polyphenols [87]. Invasive plants could also create a microclimate in soil
ecosystem that facilitates litter decomposition by increasing soil temperature and moisture [7] [91]. Through a
meta-analysis, Liao et al. [41] found that plant invasion could accelerate the rates of litter decomposition by
116.80% in invaded ecosystems; the amplitudes of plant underground N pool, plant aboveground N pool, plant
N concentrations, litter N concentrations, microbial N pool, soil total N pool, soil net nitrification rates, and soil
net mineralization rates were 111.66%, 85.63%, 40.18%, 37.70%, 25.81%, 19.25%, 53.11%, and 51.80%, re-
spectively.

Diverse ranges of plant species exist in natural ecosystems after plant invasion; thus, the litter of invasive
plants is often mixed with that of native plants in the invaded ecosystem, which could affect litter decomposition
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through litter mixing [82] [92]. The chemical environment and microdecomposer community may be altered
when litters mixed because of species difference in resource quality and structure [82] [92]. By mixing species
at different litter evenness levels, the ratios of different types of structure and nutrients may also be altered [21]
[92] [93]. Evenness could thereby affect litter decomposition because of the non-linear responses of decomposi-
tion to changes in litter quality [21] [93]. High species evenness generally facilitates litter decomposition rates
[93]. As leaf structure and chemical composition may vary among species, species composition of mixed leaf
packs may alter the litter decomposition rates of each species individually. Their decompaosition rates may the-
reby result from the characteristics of all (additive effects) or dominant species (key species) [94]. High-quality
litters could generally promote the decomposition of low-quality litters. The synergistic effects of litter mixing
are significant when litters with different qualities are mixed [21] [82] [92] [95] [96]. The effect might be mainly
caused by the: 1) transfer of decomposition-enhancing nutrients from high- to low-quality litters; 2) acceleration
in decomposition rates by species-specific litters; 3) facilitation by the structural complexity of diverse litters of
a favorable microclimate for decomposition; 4) enhancement of the abundance, diversity, and/or activities of
soil decomposers through heterogeneous resource-base and/or high biochemical diversity of root exudates [21]
[82] [96]; 5) high water retention capacity by some litter types that could be beneficial to the decomposition of
other litter types [97]; 6) a significantly low richness of saprotrophic fungi in the monodominant forest relative
to species-rich forest [98]; 7) soil nutrient (such as N) concentration decrease with increasing plant diversity,
and/or [99], and/or 8) litters with high N and P that may induce priming effects on microdecomposer community
in litters with low N and P [76] [78] and facilitate fast decomposition of low-quality litters without necessarily
retarding the decomposition of high-quality litters [82] [96]. Antagonistic [94], neutral [95], or stochastic [100]
effects of mixing on litter decomposition have also been observed. Species amount in litter mixture seems to al-
so play a major role in litter decomposition, e.g., considering only the significant non-additive interactions,
two-species mixtures mostly shows antagonistic effects, while great species produces synergistic interactions for
mass loss and nutrient releases [101]. Over two plants generally exist in natural ecosystems after plant invasion.
Thus, plant invasion could trigger the acceleration of litter decomposition rates according to previous results.
invasive plants with high rates of litter decomposition and high concentration of leaf N could be expected to re-
lease N into soil ecosystem with a more rapid rate than that of native plants and facilitate the further invasion of
such invaders [21] [30] [40] [41] [92]. The increased soil N availability mediated by one invasive plant species
may also benefit the invasion of other invasive species and lead to a secondary plant invasion, i.e., interspecific
facilitation, which could increase the numbers and impacts of plant invasions ultimately [6].

However, the study of individual exceptions has shown that the litter decomposition rates of invasive plants
(Juniperus virginiana) were lower than those of native plants (Andropogon gerardii) in grasslands of eastern
Kansas [102]. Godoy et al. [103] found that the litter of invasive plants tended to decompose more slowly than
that of its allied native plants after comparing 19 invasive-native pairs of co-familial species from Spain. Vila et
al. [1] observed that plant invasion decreased litter decomposition by 15.6% through a meta-analysis. Low rates
of litter decomposition of invasive plants may be mainly attributed to their high lignin and polyphenol concen-
tration and low C:N ratio [1] [103]. However, Witkowski [104] found that the rates of litter decomposition of
invasive N-fixation shrub (A. saligna) were higher than those of indigenous sclerophyllous shrub (Leucosper-
mum parile). On the contrary, the rates of litter decomposition of invasive N-fixation shrub (A. cyclops) were
lower than those of indigenous sclerophyllous shrub (Pterocelastrus tricuspidatus) in coastal lowlands of Cape
fynbos in South Africa. A number of studies have indicated no difference in the decomposition of native and
exotic leaf plants [105]. These results suggest species-effects of the litter decomposition of invasive plants.

3.3. Changed Soil N Cycles Mediated by Invasive Plants via Changed Soil
Physicochemical Properties

Considerable evidence has indicated that plant invasion could change soil physicochemical properties [7] [42]
[45] [70] [91]. For example, invasive plants (M. officinalis and M. alba) could trigger the reduction of soil
moisture in Rocky Mountain National Park grasslands [45]. The reason may be ascribed to the rapid growth
pattern and long persistence of invasive plants that could lead to fast evapotranspiration rate [45]. However,
Yelenik et al. [91] showed that invasive plants (A. saligna) could increase soil moisture and temperature. Posi-
tive correlation has also been observed between soil moisture and plant invasion [7].

N acquired by invasive plants could induce changes in soil pH values, e.g., high ammonium absorption could



C.Y. Wang et al.

result in acidification, and high nitrate absorption could trigger alkalinization [106]. Previous studies suggested
that plant invasion leads to a high soil pH value [7] [107]. However, Si et al. [10] found that low degrees of W.
trilobata invasion significantly increased soil pH values, whereas high degrees of invasion did not affect soil pH
values. Hawkes et al. [39] found that invasive grasses (Avena barbata and Bromus hordeaceous) could posi-
tively affect soil ammonium concentration but negatively affect soil nitrate concentration and induce soil acidi-
fication. The results were also achieved by other investigators [8] [17] [42] [108].

The decreased soil pH values mediated by plant invasion could enhance P solubility in soil ecosystem [108].
High P availability could facilitate plant invasion [17] [108]. High soil P availability is often correlated with the
invasion degrees of invasive plants [11]. Thus, P plays an important role in successful plant invasion [45] [109].

Soil physicochemical properties, especially soil moisture, temperature, and pH values, are well known as a
dominant factor in regulating the community structure and metabolic activities of soil microorganisms, litter
decomposition rates, and soil N availability [81] [110]. Thus, changes in soil physicochemical properties could
affect plant invasion.

4. Conclusions

In summary, changes in soil N cycles triggered by plant invasion may be a result of the changes in the physical
properties of soil ecosystem caused by the introduction of invasive plants. They might also result from the
changes in the patterns of plant dominance within the plant communities where they occur because the effects of
a given species on ecosystem processes are modulated by its relative abundance within the community. Changes
in soil N cycles mediated by invasive plants via direct and/or indirect ways, such as the changed of soil microbi-
al communities, litter decomposition rates, and/or soil physicochemical properties, may play an important role
during successful plant invasion (Figure 1).

Numerous studies have investigated the ecological effects of invasive plants on soil N cycles in recent years.
However, several shortcomings remain. We offer the following key summary points:

1) Gradual succession occurs after invaders are transported from their natural habitat and progressively estab-
lish populations in invaded ecosystems. Invasive plants thereby exert different degrees of invasion in affected
areas. Thus, understanding the effects of different degrees of plant invasion on soil N cycles is important in elu-
cidating the mechanism underlying the success of plant invasion. However, existing studies have often ignored
the invasion degrees of invading plants or did not discuss the effects of different degrees of plant invasion on
soil N cycles.

2) Soil microorganisms can play an important role in facilitating successful plant invasion. Thus, the effects
of non-native plants on the metabolic activities and community composition of soil microorganisms must be de-
termined, especially the soil microorganisms that contribute to N cycling (e.g., N-fixing, nitrifying, nitrosifying,
ammonia oxidizing, and denitrifying bacteria), to understand the effects of invasive plants on soil N cycles and
forecast the potential invasiveness in the coming years.

Modify the
nutrition cycles
(particularly N) in
soil

Maximize the Changes in soil
invasiveness of physicochemical
invasive plants properties (particularly
and then soil pH and moisture) and
facilitate their thereby affecting the
further invasion community structure and

process metabc_)llc actlw_ty of soil
microorganisms

Figure 1. The diagram of the interactive feedback between invasive
plants, soil properties, and soil N cycles.
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3) The increasing human activities in recent decades have induced global climate and environmental changes,
such as elevated atmospheric N deposition. Human-induced climate and environmental changes, such as atmos-
pheric N deposition, can affect species distribution and resource dynamics in terrestrial and aquatic ecosystems,
which may exacerbate the threat of non-native plants on native ecosystems. Therefore, understanding how non-
native plants can invade ecosystems is a major challenge to ecologists, especially under the condition of global
changes, in order to better understand thoroughly the ecological effects of invasive plants on native ecosystems
and their potential invasion. However, information on the effects of invasive plants on soil N cycles under the
condition mediated by atmospheric N deposition is limited, especially under N deposition, not only with gra-
dient N addition but also with various N form addition or mixed N addition that contains various N components.
Natural atmospheric N deposition contains various N components, including inorganic N (e.g., ammonium and
nitrate) and organic N (e.g., urea, amino acids, aliphatic amines, peroxyacyl nitrates, N heterocyclic compounds,
alkyl nitrates, and methyl cyanide). N deposition varies in its form, and changes in the form of N deposits are
expected in future. Therefore, identifying the effects of invasive plants on N cycles under different forms of N
deposition (especially organic N deposition or even mixed N deposition containing various N components) is an
important task in understanding the successful mechanism of plant invasion under the condition with anthropo-
genic N deposition.
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