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Abstract: Plant invasions can have long-lasting impacts on soil nitrification, which plays a critical
role in nutrient cycling and plant growth. This review examines the legacy effects of plant invasion
on soil nitrification, focusing on the underlying mechanisms, context dependence, and implications
for management. We synthesize literature on the positive, negative and neutral legacy effects of plant
invasion on soil nitrification, highlighting the complexity of these effects and the need for further
research to fully understand them. Positive legacy effects include increased soil microbial biomass or
activity, potentially enhancing nutrient availability for plants. However, negative legacy effects, like
reduced nitrifier abundance, can result in decreased soil nitrification rates and nutrient availability.
In some cases, changes to nitrification during active invasion appear transitory after the removal of
invasive plants, indicating neutral short-term legacies. We discuss the context dependence of legacy
effects considering factors, including location, specific invasive plant species, and other environmental
conditions. Furthermore, we discuss the implications of these legacy effects for management and
restoration strategies, such as the removal or control of invasive plants, and potential approaches for
restoring ecosystems with legacy effects on soil nitrification. Finally, we highlight future research
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effects, and the role of plant-microbe interactions. Overall, this review provides insights into the
legacy effects of plant invasion on soil nitrification and their implications for ecosystems.
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1. Introduction

Alien species invading ecosystems are a major driver of global environmental change
and the second greatest threat to biodiversity, following habitat loss [1]. These invasive
species have significant effects on ecosystem structure and function, including a reduction
in diversity of native plant species, alterations in soil nutrient pools and fluxes, and changes
in ecosystem productivity [2-4]. The ecological impacts of invasive species are extensive
and have been focused based on their effects on aboveground terrestrial plant communities’
diversity and dynamics as well as below-ground ecosystem structure and function, specifi-
cally the dynamics of the soil system [5-8]. These studies are particularly relevant because
plants and soil have a close relationship, and any alterations in soil properties caused by
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chemicals/secondary compounds that can persist in the soil even after the removal of the
invasive species and alter the soil nutrient availability, microbial communities, and soil
organic matter content [12-15]. These compounds play a crucial role in promoting the
further spread and survival of invasive species [16]. The net effect of these changes on soil
nitrification, however, may depend on several factors, such as the invasive plant species,
soil type, and the length of time since the invasion [17,18].

Invasive plant species may affect soil nitrogen cycling by altering the nitrogen inputs
and outputs, soil pH, and microbial community structure. For example, invasive species
can increase soil nitrogen availability and alter soil nitrogen forms by increasing nitrate
leaching and decreasing ammonium adsorption [14,17,18]. Invasive plants may also have a
significant impact on soil nitrification through their legacy effects. One study found that
invasive plants affected soil nitrification rates by altering the soil microbial community
and the nitrogen forms available in the soil [17]. Another study investigated the effects
of invasive plant species on soil nitrogen cycling and found that invasive species reduced
nitrogen mineralization rates and increased nitrate leaching compared to native plants [19].
The study suggested that the reduced nitrogen mineralization rates could be attributed to
changes in the soil microbial community and that the increased nitrate leaching may be
caused by changes in the plant community.

Overall, the concept of legacy effects is important in understanding the long-term
impacts of disturbances on soil properties and ecosystem function. More research is needed
to elucidate the specific mechanisms underlying legacy effects and their potential influence
on soil nitrification following plant invasion.

2. Legacy Effects of Plant Invasion on Soil Nitrification

The legacy effects of plant invasion on soil nitrification allude to the long-lasting influ-
ence of invasive plants on the nitrification process in the soil. Nitrification is a microbial-
mediated process that drives the conversion of ammonium (NH4") into nitrate (NO3;7),
which is an essential plant nutrient [20-22]. Research studies have shown that the persis-
tence of plant invasion can impact the composition, abundance and the activity of nitrifying
microbial communities in the soil, altering nitrogen cycle and the associated ecosystem dy-
namics [23] (Table 1). These changes can directly influence the soil nitrification rates, which
can either increase or decrease depending upon the plant species and their interaction
with soil microbiota. Knops et al. [24] explained how plant species traits and differences
in general impact nitrogen cycling dynamics in ecosystems based on two main theories,
including input-output theory and plant nitrogen use theory. It was concluded that species
impacts on nitrogen cycling are not caused by their nitrogen use efficiency but are more
strongly related to their impacts on nitrogen inputs and outputs [24]. However, it may not
be true in the case of all invasive species, for example, the invasive tree Pinus strobus was
found to accumulate higher nitrogen and carbon with a longer nitrogen residence time,
retaining nitrogen in its tissues for longer periods compared to native grasses and oak trees.
This allowed P. strobus to accumulate more nitrogen from the soil over time without an
equal return through decomposition [25].

Invasive plants frequently produce significant amounts of leaf litter and release root
exudates, which can alter the pH and nutrient availability and reshape the microbial
community structure in the soil system over time [23,26]. These plant inputs consist of
both aboveground and belowground mechanisms. The aboveground litter, including fallen
leaves, upon decomposition, can serve as a source of organic matter (OM) and nutrients
for the soil. Moreover, decomposing leaf litter and roots release compounds that acidify or
alkalize soils based on their chemical composition [27]. The decomposition rate is mainly
attributed to the chemical composition of invasive plant litter.
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Table 1. Changes in the nitrification associated with plant invasions.

Impact on Soil

Plant Species Study Location Nitrification Mechanisms References
Increasing the abundance and
Avena barbata, . . . .
California grassland, . changing the composition of
Bromus hordeaceus, and Increasing : . .. [28]
. . USA ammonia-oxidizing bacteria in
Lupinus bicolor .
soil.
Increased abundance of
Mikania micrantha Guangdong, China Increasing nitrification genes, including AOA, [29]
AOB, and AOC genes.
Increased abundance of
Bidens alba Guangzhou, China Increasing ammoma—ox'ldlzn'\g. b.a cteria (AOB) [30]
and ammonia-oxidizing archaea
(AOA) in the soil.
Altered soil microbial community
Ambrosia artemisiifolia . . structure and function with low
and Bidens pilosa Beijing, China Decreasing relative abundances of functional 311
genes related to nitrification.
Decreased net nitrification rates
moso bamboo Jiangxi, China Decreasin with N addition and increases in [32]
(Phyllostachys edulis) & & denitrification, leading to :
increased N»>O emissions.
Aegilops triuncialis and California, USA Increasing Alteratlc.)r.l of mlcro.blal gommunlty [33]
Elymus caput-medusae composition and diversity.
Altered soil nitrogen cycling
associated with higher soil pH by
Microstegium vimineum  Indiana/USA Increasing promoting the conversion of [34]
ammonia to nitrate through the
process of nitrification.
Changes in soil microbial
Mikania micrantha Guangzhou, China Increasing communities and nutrient [35]
availability.
The mechanisms of invasion of the
Decreasing for Wedelia studied invasive species remained
Wedelia trilobata, trl’lolbata and Ipomoea unclear; howeyer, it was sgggested
. . cairica that the chemical composition of
Ipomoea cairica and Southern China . . [36]
L Both increasing and leaf leachates may be a cause of
Mikania micrantha . . .
and decreasing for the changes observed in soil
Mikania micrantha nitrogen transformation and the
abundance of ammonia oxidizers.
No difference in
Microstegium vimineum  Indiana, USA potential nitrification Recovery of nitrification function.  [37]
rates after removal
No difference in
Bromus tectorum Colorado, USA nitrifier abundance Resilience of nitrifier communities.  [38]
after removal
No difference in Functional resilience of nitrifier
Acacia saligna South Africa potential nitrification [39]

rates after removal

communities.

Several studies report that litter from invasive plants decomposes faster than that of
native plants, resulting in an accelerated nutrient cycling rate and release of organic acids,
reducing soil pH in invaded systems [27,40—42]. For instance, the invasive herb Alliaria
petiolate produces litter high in calcium that contributes to increased nitrate leaching and
soil acidification in North American hardwood forests [43]. Acidic soils favor fungal-driven
nitrification pathways [21]. Such variations in soil pH resulting from plant invasions
might shift the balance of fungal and bacterial dominance and provide favorable niches
for certain nitrifiers over others, causing a long-term alteration in community structure
and function [34]. However, some studies also indicate that the invasive plant litter
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decomposition may be slower than native plant litter decomposition. The invasive species
Phragmites australis, for instance, had a slower rate of aboveground litter decomposition
compared to the native plant Spartina patens [44]. In addition, Aegilops triuncialis, an invasive
herbaceous plant, has been shown to reduce nitrogen cycling in the invaded area by slowing
litter decomposition [43]. The reduced rate of litter decomposition could be attributed to
higher lignin and polyphenol content in the litter [45]. However, the influence of invasive
plants on nitrogen cycling depends not just on the dynamics of their own litter, but also
on complex synergistic interactions between invasive and native litter that can accelerate
overall decomposition and nitrogen release in the invaded ecosystem [46—49].

The belowground inputs, for example root litter and exudates, can significantly im-
pact the soil microbiota by acting as a source of carbon for their growth and influencing
their activity involved in the process of nitrification [23]. Several studies have reported
that the allelochemicals present in the root exudates of invasive plants showed significant
impacts on the structure and function of soil microbial communities [15,50-55]. For ex-
ample, catechin from invasive Centaurea maculosa and Centaurea stobe in North America
significantly impacted the number of cultivable bacteria and reduced soil nitrification rates,
respectively [56,57]. Soil N transformation processes and the structure and function of soil
microorganisms have been shown to be significantly altered by the allelopathic effects of
invasive plants, but the impact of these changes on the number, composition, structure, and
function of ammonia-oxidizing microorganisms has received less attention and needs to be
further investigated [58-60]. However, the root exudates of other plant species, including
tropical grasses like Brachiaria humidicola and some cereals like sorghum, contain nitrifica-
tion inhibitors termed ‘biological nitrification inhibitors” (BNIs) that suppress the activity
of nitrifying bacteria like Nitrosomonas spp. in the soil [61-63]. The inhibitors include
chemicals like hydrophilic brachialactone and phenylpropanoids, and hydrophobic sor-
goleone that can block enzymes critical for nitrification, like ammonia monooxygenase and
hydroxylamine oxidoreductase in Nitrosomonas [61,62]. By suppressing nitrifier activity,
BNI plants can substantially reduce nitrification rates and ammonium oxidation in soils,
leading to smaller nitrifier populations over time [62]. Studies showed 90% declines in soil
ammonium oxidation rates in fields planted with Brachiaria humidicola compared to other
species. The production and release of BNIs by plant roots is triggered by the presence of
ammonium in the soil, and the strength of nitrification inhibition can differ based on plant
genetics [63,64]. It has been reported that the transport of hydrophilic BNIs may take place
via anion channels, ABC transporters, or MATE proteins powered by plasma membrane
H*-ATPase activity [65-67]. On the other hand, the release of hydrophobic BNIs is indepen-
dent of the proton motive force or membrane potential generated by H*-ATPase [65] and
may involve vesicle trafficking and exocytosis [68]. This localized and targeted inhibition of
nitrifiers likely helps retain nitrogen and reduces losses. Not all potential BNIs released by
plants are equally effective in soils. Compounds like brachialactone seem more persistent
and suppressive compared to others [69]. It has been suggested that plants have evolved
BNI functions as an adaptation to conserve nitrogen in low nitrogen environments [63].
Despite biodegradability, these allelochemicals and BNIs present a sustained selective
pressure on nitrifiers during invasion. After invaders are eliminated, the reduction in
nitrifier abundance and alteration in community structure may persist for years, providing
a chemical legacy effect on nitrification [70].

The changes in the soil microbial communities and nutrient processes induced by the
invasive plants can produce lasting effects on nitrification, even after their removal from
the soil, and can affect the growth and functions of the succeeding plant species inhabiting
the invaded area for an extended period [28]. The soil legacy effects may act as a feedback
loop whereby the alterations in soil microbial communities resulting from the non-native
plants can impact the growth and establishment of future plant species [71].

It is noteworthy that the legacies of plant invasion on soil nitrification are contin-
gent upon the particular invasive plant species, the attributes of the invaded ecosystem,
and the interplay between the invasive flora and the indigenous soil microbial commu-
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Native plant species

nities [72,73]. Furthermore, there is still a lack of complete comprehension regarding
the impacts of aboveground and belowground input components on the soil nitrification
and the microbial communities involved [23]. More investigation is required to elucidate
the mechanisms underlying these legacy effects and their implications for the ecosystem
functioning. Understanding the legacy effects is of utmost importance in the effective
management and restoration of invaded ecosystems, as well as in the preservation of the
ecological equilibrium between plants and soil microbial communities (Figure 1).
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Figure 1. The figure shows the mechanism of legacy effects of invasive plants on the soil nitrification.

2.1. Positive Legacy Effects of Plant Invasion on Soil Nitrification

Invasive species can have positive effects on soil nitrification that leads to higher
microbial biomass and activity in the soil. These effects have a significant contribution
towards soil nutrient availability and ultimately the plant growth. For example, nitrogen-
fixing invasive species can enhance the availability of nutrients and have a beneficial impact
on the growth of recolonizing plant species, particularly those that grow rapidly and can
take advantage of the increased nutrient availability [74].

Geddes et al. [75] found that the older invaded parts of the chronosequence had bigger
soil nutrient pools and diversity of denitrifiers in comparison to uninvaded areas, implying
that the invasive plants may have positive legacy effects on soil nitrification. According to
the findings of the study, soil nutrient pools (organic matter, nitrate, and ammonium), as
well as the diversity of denitrifiers, were greater in the older Typha x glauca-invaded areas
of the chronosequence. This lends credence to the contention that age since invasion and
persistent soil “legacies” are important factors to take into consideration when researching
the effects of invaders on ecosystems. Invasive plants can modify soil microbial populations,
with consequences for ecological processes that may be an invisible legacy of non-native
plant invasions. A study reported that invasive annual grasses in a grassland system in
California could potentially gain advantages from changes in the nitrogen cycle within
the soil [29]. These grasses have the ability to enhance the overall rates of nitrification and
modify the types of bacteria responsible for ammonia oxidation in the soil. Consequently,
this could result in a shift in the nitrogen balance of the ecosystem following the invasion.
Conversely, the native grasses did not exhibit a similar rise in gross nitrification rates
observed in the invasive grasses. This process of self-promotion facilitated by plant-microbe
interactions serves as a mechanism through which invasive plants can effectively invade
and establish themselves in new environments. From a functional perspective, increased
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nitrogen absorption is expected to have a beneficial impact on the fitness of invasive
grasses, enabling them to sustain their dominant role within the community [36]. Stark
and Norton [76] discussed the positive legacy effects of cheatgrass on soil nitrification. The
study showed that Bromus tectorum L. (cheatgrass), compared to Artemisia tridentata Nutt.
(sagebrush), perennial grass stands of the same age, enhances the availability of nitrogen
in the soil. Cheatgrass dominance leads to higher rates of both net and gross nitrogen
mineralization, as well as net nitrification. The study demonstrates that cheatgrass soils,
whether disturbed or intact, exhibited increased net rates of nitrogen cycling during field
and laboratory incubations. Furthermore, cheatgrass soils contained higher concentrations
of soil organic carbon and nitrogen compared to sagebrush-grass soils, suggesting that
cheatgrass has beneficial long-term effects on soil nitrification. A study also demonstrates
that invasive species like Microstegium vimineum enhance nitrification rates in the invaded
soil, and it proposes that monocultures of invasions are sustained by the presence of high
soil nitrate concentrations. These positive plant—soil interactions, facilitated by microbial
nutrient transformations and nutrient availability, may be an underrecognized mechanism
that supports the persistence of plant invasions [77].

In summary, positive legacy effects of plant invasion on soil nitrification can arise
from changes in soil microbial communities, nutrient availability, and nutrient cycling
dynamics caused by invasive plants. These effects include the establishment of novel
plant-soil feedbacks, increased nutrient release from decomposers, and persistent microbial
soil legacies.

2.2. Negative Legacy Effects of Plant Invasion on Soil Nitrification

Invasive plants can have negative legacies on the process of soil nitrification by al-
tering the soil nitrifying community and impacting the soil nutrients [78]. These legacy
effects can influence growth and successional pathways of the new plant community.
Amatangelo et al. [79] found that the impacts of removing litter one year later on plant
available nitrogen and microbial community composition can persist for at least another
year. The litter produced by highly invaded populations had an indirect negative effect on
soil nutrients, proving that invasive systems can be controlled by adjusting soil nutrient
levels. The opposite was found to be true with non-invaded communities where the litter
appeared to facilitate the annual grasses production, which could hasten the rate at which
desired species are displaced by invasive ones [80]. During fast vegetation changes like
exotic species invasions or native species restoration, the legacy effect of long-term litter
inputs from invasive plants outweighs the short-term effects [23]. The legacy effect of the
preceding plant type determines the soil microbial community structure and function, not
the current vegetation. These detrimental legacy effects can last for extended periods, even
in the face of restoration endeavors. A study by Carey et al. [81] showed that two invasive
plant species, Aegilops triuncialis (goatgrass) and Elymus caput-medusae (Medusahead), de-
creased soil NO3; ™ and potential nitrification as compared to native plant communities in
California. This indicates a negative impact on soil nitrification caused by invasive plants,
and these changes in soil conditions may contribute to the persistence of invasive plant
populations, potentially hindering restoration efforts. A study by Suding et al. [82] revealed
that plots invaded by non-native grasses experienced reduced soil nitrogen availability
and rates of net nitrification compared to uninvaded plots. These effects were observed
for a minimum of two years following the removal of the invasive grasses. Similarly,
Hawkes et al. [83] reported that the plots invaded by cheatgrass (Bromus tectorum) when
introduced into sagebrush ecosystems exhibited lower soil nitrogen availability and rates
of net nitrification compared to uninvaded plots, and these impacts persisted for at least
three years following the removal of the invasive grasses.

Invasive plants have been reported to have negative legacy effects on soil microbial
communities and nitrogen cycling, which may survive even after the treatment of herbi-
cide [28]. The study showed that nitrifiers were found in short supply at both herbicide-
treated and highly invaded untreated-sites, suggesting legacy consequences in nitrogen
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cycling. Given the continued lack of nitrifiers in herbicide-treated areas, nitrogen-fixing
species like bush lupine may have an advantage in colonizing these areas, which could
prevent the recovery of native vegetation and cast doubt on the success of restoration
efforts. In contrast, native plants may have a positive effect on soil nitrification. A study
in California found that the abundance of nitrifiers was higher in native-dominated sites
compared to non-native-dominated sites [84]. The study suggests that this difference
may be due to the higher quality of organic matter inputs from native plants, which may
promote the growth of nitrifiers. Additionally, the study found that the abundance of
nitrifiers was positively correlated with the abundance of native plant species, indicating
that the presence of native plants may enhance soil nitrification. It was proposed that the
presence of invasive plants can have adverse consequences on soil nitrification, leading to
a decline or even complete loss of vital ecosystem processes like denitrification when these
aggressive invaders establish themselves over a long duration [75]. The research discovered
that the newly invaded site exhibited the highest denitrification rates, suggesting that when
aggressive invaders take root at a location for extended periods, significant ecosystem
functions like denitrification may diminish or ultimately vanish.

It is important to note that the specific negative effects of invasive plants on soil nitri-
fication can vary depending on the particular invasive species, ecosystem characteristics,
and management practices. These effects can have significant implications for ecosystem
functioning, nutrient cycling, and plant community dynamics.

2.3. Neutral Legacy Effects of Plant Invasion on Soil Nitrification

Invasive plants can have neural effects on soil nitrification rates, nitrifier abundance,
and community composition over the long-term following invasion and removal, indicating
a lack of persistent positive or negative legacy impacts on the nitrification process in the soils
of the corresponding ecosystems. Studies on the neutral legacy effects of plant invasions on
soil nitrification have reported mixed results, with some demonstrating transient effects but
others reporting persistent alterations even after invader removal. Overall, research on the
processes and context-dependence of neutral nitrification legacies is limited in comparison
to negative or positive impacts [85].

A study in Hawaii investigated the legacy effects of the nitrogen-fixing invasive tree
Morella faya 5-7 years after its removal from the invaded site [74]. It was found that the
potential net nitrification rates, ammonia-oxidizing archaea abundance, and bacterial and
archaeal ammonia oxidizer community composition returned to levels statistically similar
to uninvaded sites after the removal of M. faya. The study concluded that the positive
legacy effects of this invasive N-fixer on nitrification were reversible once it was removed
from the ecosystem, indicating that the removal of M. faya allowed recovery of the nitrifier
community and nitrification function to a non-invaded state. Several recent studies have
documented a lack of legacy effects on nitrifier abundance or nitrification rates in historically
invaded soils compared to uninvaded soils [85]. However, the emerging picture is mixed. A
global meta-analysis found negligible legacy effects in most cases, but substantial variation
across invasive plant species [85]. They propose neutral legacies may arise when invaders
minimally alter resource availability for nitrifiers. In contrast, another study showed plant
litter inputs could impose lasting legacy effects on microbial communities and nitrogen
cycling for up to 3 years post-removal in grasslands [71]. This suggests species that modify
soil habitat can impart persistent impacts even after elimination. While transitory effects
have been documented in some cases, the mechanisms driving neutral legacy emergence
and persistence remain unclear. Studies have postulated various factors like invasion
duration, removal efficacy, resource competition, and environmental context may interact
to determine legacy strength [71]. Elucidating these mechanisms is an important frontier
for invasion legacy research.

In these cases, changes to the nitrifier community and nitrification processes induced
during active invasion appeared transitory once the invasive species was removed from the
ecosystem. Within a few years, aspects of the nitrification function like nitrate production
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rates and nitrifier community structure appeared resilient and recovered to conditions
similar to never-invaded soils. The timescale of these studies may not have been long
enough to fully evaluate legacy effects, which could take decades to disappear in some
ecosystems. However, the evidence does suggest neutral or negligible legacy impacts on ni-
trification for some invasive plant species over this shorter time span. Further investigation
across diverse ecosystems is needed to discern when neutral legacies will emerge and their
implications for restoration.

3. Context Dependence of Legacy Effects on Soil Nitrification

The legacy effects of invading plants on soil nitrification might vary greatly depending
on the location of the invasion, the particular species of invasive plant that was involved,
and any other relevant environmental conditions [86]. The presence of invasive plant
species can cause major changes to the characteristics of the soil and the microbial com-
munities inside, which in turn can cause shifts in the processes that regulate the cycling of
nutrients and the functioning of ecosystems.

It is possible for the legacy effects on soil nitrification to be affected by the location
where the invasive plant species first establish themselves. The qualities of the soil, the
meteorological circumstances, as well as the existing plant and microbial communities,
might differ from one area to another, which can lead to changes in the processes of soil
nitrification. For instance, variations in soil pH, the amount of organic matter present,
and the availability of nutrients can all have an effect on the activity and composition of
nitrifying microorganisms, which in turn can have an effect on the rates of nitrification in the
soil [87,88]. In addition, environmental conditions such as temperature and precipitation
can have an effect on plant growth, litter breakdown, and microbial activity, all of which
can indirectly have an effect on soil nitrification [71,73].

How the legacies of plant invasion impact on soil nitrification are also determined
by the specific invasive plants species involved. Various invasive plant species exhibit a
wide variety of characteristics and interactions with the microbial communities in the soil,
all of which have the potential to affect nitrification in the soil. Invasive plants have the
potential to either release allelochemicals or affect the environment of the rhizosphere, both
of which have the potential of changing the composition and activity of the soil microbiota
that are engaged in the nitrification process. Depending on the particular plant-microbe
interactions, these shifts can either boost or lower the soil’s nitrification rates [85,88,89].
Furthermore, invasive plants may have distinct strategies for nutrient uptake, variable rates
of litter decomposition, or various root exudation patterns, all of which further influence
the soil’s nutrient cycle and nitrification [16,90].

The residual impacts of invasive plants on soil nitrification can also be influenced by
other environmental factors, such as the availability of nutrients and the disturbances in
the ecosystem. The growth and competitive advantage of invasive plants can be affected
by the availability of nutrients, particularly nitrogen deposition, which has the potential to
change the effect that these plants have on nitrification in the soil [18,91]. The environment
of the soil can be altered by disturbances such as fire or the history of land use, which
can have an effect not only on the establishment of invasive plant species, but also on the
functioning of nitrifying microorganisms and, as a result, on the processes of nitrification
in the soil [10,92].

Having provided the above information, there is still a need to explore the combined
influence of location, invasive plant species, and other environmental factors on soil ni-
trification. However, considering the general understanding of the topic and the factors
involved, it is reasonable to assume that these factors interact and collectively shape the
legacy effects of invasive plants on soil nitrification. Understanding these effects can pro-
vide insights into the long-term implications of plant invasions on soil ecosystems and help
improve predictions and management strategies for invasive species.
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4. Implications for Management and Restoration

Invasive plant species have the potential to have a substantial impact on soil nitrifi-
cation, impacting nitrogen cycling, ecosystem processes, and native plant communities.
Managing invasive plant species based on their effects on soil nitrification necessitates a
complete approach that takes into account the invasive species’ particular traits, the local
ecology, and available resources.

The elimination and management of invasive plant species is one method for dealing
with the problem. This may require repeated burning, grazing, pruning, mowing, or
uprooting the plants, either by hand or with a machine, and could be incorporated when
reviewing soil nitrogen management options [93]. When invasive plants are eradicated,
native plant species are given a better chance to flourish because they face less competi-
tion for limited nutrients like nitrogen. Changes in plant community composition and
nutrient dynamics may result in unintended consequences for soil nitrification [93,94]. In
addition, to control invasive species and restore degraded ecosystems, manipulating soil
nutrients, particularly nitrogen, can be an effective method. Reducing the availability of
nitrogen through techniques such as nitrogen immobilization may reduce the invasiveness
of nutrient-rich ecosystems [93]. Methods like carbon addition and establishing native
plants that conserve nitrogen can lower nitrogen, but can also be costly to implement and
maintain, or have only temporary effects [95-101]. According to studies, reducing nitrogen
levels can reduce the biomass and development of invasive species such as Phragmites
australis while encouraging the growth of native species such as Melaleuca ericifolia [102].
Furthermore, it has been reported that native perennial grasses were better able to compete
with invasive annual grasses at low soil nitrogen levels. This supports the concept that
lowering soil nitrogen can help shift competitive advantage to native species over inva-
sives [93,103]. This also proposes a conceptual model predicting community dynamics
based on soil nitrogen levels, where native species dominate at low nitrogen but invasives
dominate at higher nitrogen. This model could be referenced when discussing management
implications of altering soil nitrogen. In addition, a global meta-analysis suggests that
managing nitrogen must be paired with priority effect and propagule management tools,
including herbicide, mowing, and grazing for effective restoration strategies [103].

Topsoil removal rapidly and dramatically lowers nitrogen availability by extracting
the surface soil layers where nitrogen accumulates [104]. However, it also involves intense
disturbance that may inhibit re-establishment of native species [105]. It may only be suitable
in systems adapted to major sod disturbance, like certain grasslands or heathlands under-
going restoration. The potential for managers to control soil nitrogen availability depends
heavily on the current nitrogen inputs to the ecosystem from atmospheric deposition, agri-
cultural runoff, or other sources [106,107]. Management efforts are more likely to succeed in
ecosystems that are not subject to high ongoing external nitrogen loading. Where feasible,
reducing excessive nitrogen inputs will expand opportunities for management strategies
aimed at lowering soil nitrogen. When implementing any nitrogen management strategy;, it
is critical to consider broader ecological impacts besides nitrogen availability, such as effects
on non-target native species. Adaptive monitoring and assessment is essential to gauge
whether the benefits of nitrogen control methods outweigh any negative consequences.

Ecosystems that have been subjected to legacy effects on soil nitrification may necessi-
tate the implementation of specific restoration strategies to address the altered nitrogen
dynamics. Introducing beneficial microorganisms to the soil can aid in the restoration of
nitrification processes. Certain microbial communities play a crucial role in nitrification,
and their absence or alteration due to disturbances can disrupt nitrogen cycling. By in-
oculating the soil with nitrifying microorganisms, the restoration of nitrification can be
promoted, helping to reestablish the natural nutrient cycling processes [102]. Applying
nutrient amendments, such as organic matter or specific fertilizers, can help restore ni-
trogen availability and promote nitrification. Organic matter additions can improve soil
fertility and provide a source of nitrogen for plant uptake and microbial activity. Controlled
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application of fertilizers, considering the specific nutrient requirements and limitations of
the ecosystem, can also aid in restoring soil nitrification processes [102].

It is important to note that the specific management and restoration strategies may
vary depending on the characteristics of the invasive species, the ecosystem, and local
conditions. Monitoring and adaptive management approaches are essential to assess the
effectiveness of these strategies and make adjustments as necessary.

5. Future Research Directions

The legacy effects of plant invasion on soil nitrification are a complex phenomenon
that requires further research to fully understand the underlying mechanisms and context
dependence. Non-native plants have the potential to significantly modify soil microbial
communities [23]. These alterations can influence soil nutrient processes, including ni-
trification. Understanding the specific mechanisms by which invasive plants affect soil
microbial communities and their subsequent impact on nitrification is crucial.

There is still a lack of consensus regarding the relative effects of aboveground and
belowground plant inputs on nutrient cycling and microbial communities [23,108,109].
Determining whether aboveground inputs (e.g., leaf litter) or belowground inputs (e.g.,
root litter and exudates) have a primary influence on soil nitrification is essential for
comprehending the overall dynamics of legacy effects. Moreover, considering the spatial
variability of plant invasion impacts on soil nitrification is crucial for capturing the full
context dependence.

6. Conclusions

In conclusion, the impact of plant invasions on soil nitrification is a complex and
multifaceted phenomenon. The invasion of alien plant species can have both short-term
and long-term effects on soil microbial community composition, nutrient cycling processes,
and soil carbon and nitrogen content. Understanding the legacy of plant invasions on soil
nitrification is crucial for effective management and restoration strategies, as it provides
insights into the mechanisms driving ecosystem changes and the potential implications
for ecosystem functioning and services. Further research is needed to explore the long-
term consequences of plant invasions on soil nitrification and develop comprehensive
management approaches that consider the complex interactions between invasive plants,
soil microbial communities, and nutrient dynamics.
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