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Abstract 
Sporobolus alterniflorus (S. alterniflorus) is a widespread invasive plant that poses 
significant threats to coastal wetland ecosystems and local economies worldwide. 
However, most existing management methods for S. alterniflorus are costly and 
provide only temporary relief due to reoccurrences and reinvasion. Additionally, limited 
attention has been paid to examining the application of invasion mechanisms in the 
design of management measures, hindering the development of effective strategies. In 
this paper, we reviewed the literature on the mechanisms and management of 
S. alterniflorus invasion. We identified the key factors enabling invasion mechanisms,
analyzed how they are targeted in current control methods, and pointed out their
implications for future research. We recommend that the invasion mechanisms of
S. alterniflorus should be comprehensively considered during the design of management
measures. Furthermore, future research on invasion mechanisms could focus on the
joint effects and the relative roles of individual factors in successful invasion, the
impact of S. alterniflorus invasion on the coupled human and natural systems, and
the systematic review of studies at different scales.

Key words: biological invasion, ecological management, photosynthesis, 
reproduction, salt marsh 

Introduction 

Sporobolus alterniflorus, a perennial halophyte native to the east coast of 
North America and the Gulf of Mexico, plays essential ecological roles in 
its native ecosystems. Due to its great capacity for siltation promotion, beach 
protection and dike preservation, S. alterniflorus has been intentionally 
introduced to salt marshes on the East Coast of the United States, China, 
New Zealand, the United Kingdom, and other regions around the world 
for ecological restoration (An et al. 2007; Daehler and Strong 1996; Xie et al. 
2019). Given its strong reproductive ability and adaptability, S. alterniflorus 
has expanded rapidly, displacing native species in the introduced areas 
(Grosholz 2002; Sánchez et al. 1998). For example, the occupied area of 
S. alterniflorus in China exceeded 540 km2 by 2015 (Liu et al. 2017a; Zhao et al. 
2020c), posing significant threats to biodiversity and the local economy.
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Figure 1. Positive and negative effects of S. alterniflorus invasions. 

In addition, the well-developed root system of S. alterniflorus possesses the 
capacity to penetrate and disturb the soil, potentially disrupting soil structure. 
Moreover, the root system of S. alterniflorus can influence the distribution of 
soil moisture. The water absorption activities of its roots may lead to excessive 
drying in the vicinity of the root zone, rendering the soil more susceptible 
to weathering and erosion, thereby compromising soil stability (Figure 1). 
Due to its extensive environmental and social impacts, S. alterniflorus has 
been declared an invasive alien species in China, Japan and other countries 
(Xin et al. 2021; Kueffer 2017; Ormerod and Watkinson 2000). 

However, effective control of S. alterniflorus is challenging, given its 
characteristics as a deep-rooted plant with high reproductivity, growth rate 
and resistance to abiotic stresses. The roots of S. alterniflorus are well-
developed and often densely distributed in the soil layer up to 30 cm below 
the ground (Xiao et al. 2011). The stalks of S. alterniflorus are erect and 
tough, reaching heights of 1–3 m and diameters of 1 cm and above (Feng et al. 
2018; Webb et al. 1984). This makes the mechanical removal of complete 
S. alterniflorus both costly and time-consuming. Its high reproductivity 
further exacerbated the situation. Sporobolus alterniflorus propagates via 
seed, rhizomes or vegetative fragments (Figure 2). Every square meter of 
S. alterniflorus can produce several million seeds, and a single S. alterniflorus 
clone can expand to approximately 200 plants over nine months (Daehler 
and Strong 1997). Moreover, S. alterniflorus has a high photosynthesis rate, 
contributing to its fast growth. Additionally, it possesses a well-developed 
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Figure 2. Sexual and asexual reproduction of S. alterniflorus. 

aeration system and salt-secreting tissues in its stem, establishing strong 
tolerance to frequent flooding and high salinity (Pennings et al. 2003). 

In recent years, as the negative impacts of S. alterniflorus have been 
increasingly pronounced, the literature on its management has been expanded 
rapidly. The management measures include physical control, chemical control, 
biological control, biological substitution control and integrated management 
(Wang et al. 2006; Wang et al. 2023; Xie et al. 2019). For example, in 
Chongming Dongtan, China, the optimal control efficacy of Gallant (Haloxyfop-
R-methyl) herbicide application was 92% for continuous swards and 100% 
for small patches (Zhao et al. 2020a). However, in most cases, the control 
methods are costly and yield only short-term effects due to reoccurrences 
and reinvasion. Therefore, it remains an urgent task to improve and innovate 
existing control techniques, necessitating a deep understanding of the 
mechanisms that contribute to the successful invasion of S. alterniflorus. 
However, few studies have examined how the invasion mechanisms of 
S. alterniflorus guided the existing management measures and could inform 
future design of effective management measures. 

This review aims to improve the understanding of the invasion mechanisms 
and management measures of S. alterniflorus. We specifically address the 
following questions: (1) to identify the key factors contributing to the 
successful invasion of S. alterniflorus and explore their interlinkages; (2) to 
present the main management measures for S. alterniflorus and elucidate 
their connection with invasion mechanisms; and (3) to propose future 
research directions on invasion mechanisms and management measures of 
S. alterniflorus. 

Invasion mechanisms 

The invasion mechanisms of S. alterniflorus are highly sophisticated (Figure 3). 
Propagule pressure, biological phenotype and genotype of S. alterniflorus, 
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Figure 3. Invasion mechanisms of S. alterniflorus. Solid lines refer to well-established correlations, 
while dotted lines refer to correlations with little evidence. 

and abiotic and biotic factors in introduced ecosystems are the three principal 
factors that determine the successful invasion of S. alterniflorus. These three 
factors, along with human-induced environmental changes, interact with 
each other during the invasion process. 

Propagule pressure 

Propagule pressure is a major biotic factor for the successful establishment 
and spread of invasive species (Simberloff 2009; Li et al. 2014; Lockwood et al. 
2005; Mason et al. 2008). In China, human-mediated long-distance dispersal is 
the key driver of the rapid spread of S. alterniflorus along coastal salt marshes 
(Xia et al. 2020). The high seed mobility of S. alterniflorus also contributes to 
its high propagule pressure in the introduced regions. Invasive S. alterniflorus 
produces 133 to 636 seeds per inflorescence, and its seeds disperse widely 
out of S. alterniflorus patches into other intertidal habitats (Deng et al. 2009; 
Xiao et al. 2009). Despite its capability to produce a large number of seeds, 
the seed viability varies under different environmental conditions. Deng 
et al. (2009) found a significant difference in the total seed production of 
S. alterniflorus in different habitats, possibly associated with its adaptability 
to specific environments. Therefore, we will further explore the growth 
potential of S. alterniflorus under different environmental conditions. In 
addition, anthropogenic disturbance may increase the propagule pressure 
of S. alterniflorus. Artificial levees, trenches, ditches, and pits in tidal salt 
marshes may trap more seeds of S. alterniflorus in high marshes and promote 
the emergence of its seedlings, resulting in higher propagule pressure (Ning et al. 
2019; Xie et al. 2021). 

https://doi.org/10.3391/mbi.2024.15.2.06
https://www.invasivesnet.org


Invasion mechanisms and management measures of Sporobolus alterniflorus 

 Li et al. (2024), Management of Biological Invasions 15(2): 251–273, https://doi.org/10.3391/mbi.2024.15.2.06 255 

Biological phenotype and genotype 

Hybridization 

Intraspecific and interspecific hybridization may facilitate the successful 
invasion of S. alterniflorus (Ellstrand et al. 2000). Intraspecific hybrid vigor 
plays an important role in the spread of invasive species (Glotzbecker et al. 
2016; Roy et al. 2015), as demonstrated in the case of S. alterniflorus’s 
introduction to China. Sporobolus alterniflorus, initially introduced from 
North Carlolina, Georgia and Florida of the U.S. was cultivated together, 
and the most vigorous lineages were propagated (Qing et al. 2012; Shang et al. 
2015). Hybrid vigor and artificial selection contributed to the differentiation 
of invasive S. alterniflorus in China from its American origins and facilitated 
the rapid adaptation and invasion of S. alterniflorus in the coastal area of 
China (Liu et al. 2020a; Qiao et al. 2019; Xia et al. 2020). 

Interspecific hybridization between native species and invasive species 
has both genetic and ecological influences (Vilà et al. 2000). In terms of 
genetic effects, interspecific hybridization may dilute native species’ gene 
pool and genetically assimilate the native population, leading to the loss of 
genetic diversity and adaptability of native populations (Abbott 1992; 
Ellstrand et al. 2000; Levin et al. 1996). Anttila et al. (1998) demonstrated 
that the invasion of S. alterniflorus in the salt marshes of San Francisco Bay 
led to genetic assimilation of a very large population of native Spartina 
foliosa due to the superior siting ability of S. alterniflorus pollen. Invasive 
S. alterniflorus pollen increased the seed set of native S. foliosa almost eightfold 
over that produced by native S. foliosa pollen, which failed to increase the 
seed set of invasive S. alterniflorus. Regarding ecological influence, hybrids 
may threaten native species by occupying resources or modifying abiotic 
and biotic factors in the introduced ranges (Ellstrand et al. 2000; Vilà et al. 
2000). The hybrids of invasive S. alterniflorus have a higher recruitment 
rate and higher resistance to pathogens and herbivores than the parent 
species (Daehler and Strong 1997; Grosholz 2009).  

Sporobolus anglicus (also named Spartina anglica) is derived from 
interspecific hybridization between the native Spartina maritima Fernald 
and invasive S. alterniflorus (Thompson 1991). This resulted in a sterile F1 
hybrid named Spartina × townsendii, which later underwent chromosome 
doubling, resulting in the development of a newly fertile allopolyploid 
species identified as Spartina anglica (S. anglica). S. anglica exhibits robust 
vitality and strong reproductive capabilities, allowing it to rapidly spread 
and successfully invade (Muhammad and Ki 2022). This allopolyploid 
formation, marked by structural genome changes, renders S. anglica more 
dynamic than previously perceived (Huska et al. 2016). The successful invasion 
mechanism of S. anglica involves several key factors. Firstly, genomic 
recombination and enhanced adaptability are crucial for its successful 
adaptation to different environments. The combination of two parental 
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genomes through allopolyploidy, resulting in a new genomic composition, 
provides S. anglica with increased adaptability (Soltis and Soltis 1999), 
enabling it to thrive and reproduce more successfully in diverse environments. 
Secondly, the role of chromosome doubling further enhances the genetic 
diversity of S. anglica, providing richer genomic resources for better adaptation 
and colonization in the face of different habitats and ecosystems (Rieseberg 
and Willis 2007). Lastly, rapid dispersal is also a key factor in its successful 
invasion, likely associated with its rapid growth and reproductive strategies. 
Through seed propagation and the spread of underground rhizomes, S. anglica 
can quickly occupy new territories, further solidifying its invasion success 
(Daehler and Strong 1997). In summary, the invasive mechanism of S. anglica 
involves the synergistic effects of genome dynamics resulting from 
allopolyploid formation, thereby conferring adaptive advantages crucial for 
its successful colonization and ecological impact in diverse habitats. 

Phenotypic plasticity 

Phenotypic plasticity of invasive species allows them to adapt to various 
conditions in the introduced ranges, contributing to successful invasion 
(Castillo et al. 2014; Davidson et al. 2011; Zhu et al. 2007). Sporobolus 
alterniflorus exhibits high phenotypic plasticity, facilitating its rapid 
expansion (Crosby et al. 2017; Liu et al. 2022; Zhao et al. 2009). Numerous 
traits of invasive S. alterniflorus, including height and aboveground biomass, 
show considerable variation across latitudes and different abiotic conditions 
(Castillo et al. 2014; Proffitt et al. 2003; Zhang et al. 2008; Zhao et al. 2015a). 
He et al. (2012) also showed that S. alterniflorus develops more underground 
tillers in the mixed zone of S. alterniflorus and Scirpus mariqueter than in 
the monoculture of S. alterniflorus to acquire resources and occupy space, 
indicating S. alterniflorus’s plastic response to biotic conditions such as 
competitor pressure. Abundant evidence further proves that such variation 
is mainly attributed by phenotypic plasticity rather than genetic differences 
(Liu et al. 2017b; Liu et al. 2016, 2022). When planted in the common 
garden, S. alterniflorus lost its latitudinal variation in plant height, shoot 
density, aboveground biomass and flowering day (Chen et al. 2021; Liu et 
al. 2016, 2020b). Li et al. (2019) found only weak difference in the genetic 
structure and diversity among six populations of S. alterniflorus with different 
invasion histories in China. 

Reproduction 

Sexual reproduction through seedlings and asexual propagation by tillering 
and rhizomes are critical for the expansion of S. alterniflorus populations 
(Ma et al. 2019; Moffett et al. 2010; Xiao et al. 2010). Its transient seed bank 
duration is approximately 9 months, during which it can disperse and invade 
into new ranges (Xiao et al. 2009).  
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The extent to which sexual reproduction and asexual propagation of 
S. alterniflorus contribute to its range expansion is a topic of ongoing debate. 
Both field observations and laboratory experiments suggest that asexual 
reproduction is the primary factor driving the rapid spread of S. alterniflorus 
(Proffitt et al. 2003; Shang et al. 2015). Xu et al. (2014) also demonstrated 
that clonal ramets produced through asexual propagation exhibit larger biomass 
compared to sexual seedlings. Moreover, S. alterniflorus adults have demonstrated 
their ability to displace S. mariqueter through rhizoming and tillering, although 
the competitive advantage of S. alterniflorus seedlings may be weaker compared 
to adult S. mariqueter (Chen et al. 2004; Xiao et al. 2010). Nonetheless, the 
relative contribution of sexual and asexual reproduction may be influenced 
by various factors such as geographical location, habitat type, and biotic 
and abiotic factors (Honnay and Bossuyt 2005; Xu et al. 2014). 

Geographical location is a crucial determinant that influences the 
reproductive dynamics of S. alterniflorus population. Different regions exhibit 
different environmental conditions, climatic variations and ecological stresses 
(Castillo et al. 2014; Dawson et al. 2012; Hayasaka et al. 2020; Xue et al. 
2018; Zhao et al. 2015a), which influence the relative contribution of sexual 
and asexual reproduction. Sexual reproduction is more prevalent in areas 
where conditions are more stable and favourable, as it provides genetic 
diversity and promotes adaptation to changing environments.  

Habitat type further complicates the reproductive scenario of S. alterniflorus. 
Different habitats present varying levels of competition, predation and 
resource availability, which can influence the adaptive advantage of sexual 
and asexual reproduction (He et al. 2012; Liu et al. 2016; Zhao et al. 2015b). 
In more competitive environments, asexual reproduction is at an advantage due 
to its ability to rapidly expand and monopolise resources. Meanwhile, in less 
competitive habitats, sexual reproduction is more favourable as it helps 
to introduce genetic diversity and enhance the evolutionary potential of 
populations. 

Biotic and abiotic factors also play an important role in the regulation of 
reproductive strategies in S. alterniflorus. Interactions with herbivores, 
pathogens, or other plant species exert selective pressure on reproductive 
strategies (Avanesyan and Culley 2015; Daehler and Strong 1997; Grosholz 
2009; Zhang et al. 2017). Similarly, abiotic factors such as soil composition, 
moisture levels and temperature variations influence seed germinationand 
the biomass of S. alterniflorus (O’Donnell and Schalles 2016; Zhu et al. 
2019), influencing the balance between sexual and asexual reproduction.  

Photosynthesis 

In addition to reproductive ability, photosynthesis is another key growth 
trait linked to the successful invasion of S. alterniflorus. Sporobolus 
alterniflorus is characterised by the C4 photosynthetic pathway and has a 
higher net primary productivity than native plants (Zhang et al. 2010). 
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Compared to commonly observed native C3 plants in the introduced ranges 
such as S. mariqueter and Phragmites australis, S. alterniflorus has a higher 
leaf area index and photosynthesis rate, leading to an increased growth rate 
and dry matter accumulation rate, as well as improved water, light, and 
nitrogen use efficiency (Zhao et al. 2005). At the beginning of the growing 
season, S. alterniflorus exhibits a significantly higher maximum net 
photosynthetic rate, stomatal conductance, and transpiration rate compared 
to P. australis, indicating its ability to quickly occupy land and resources 
(Jiang et al. 2009; Yuan et al. 2014).  

Nitrogen 

Sporobolus alterniflorus exhibits high nitrogen use efficiency. Various studies 
have demonstrated that invasive S. alterniflorus shows high interspecific 
competitiveness over native species under both nitrogen deficit and nitrogen-
rich conditions (Liu et al. 2016; Zhao et al. 2015b; Zhao et al. 2009). Under 
nitrogen deficit conditions, the symbiotic relationship between S. alterniflorus 
and nitrogen-fixing bacteria facilitates the absorption of nitrogen, leading 
to improved physiological processes (Tyler et al. 2007). Nitrogen enrichment 
results in a rapid increase in the leaf area of S. alterniflorus, which impedes 
the growth of native species and contributes to the dominance of S. alterniflorus 
in interspecific competition (Zhao et al. 2008). Additionally, Xu et al. 
(2022) demonstrated that the high invasiveness of S. alterniflorus can be 
maintained under nitrogen-rich conditions, as its plasticity of light use 
reduces intraspecific competition and increases biomass production. 

Abiotic factors 

Habitat heterogeneity exerts a substantial influence on the invasion of 
S. alterniflorus, as abiotic factors play a pivotal role in mediating intraspecific 
competition. Many studies have shown that the performance and distribution 
of salt marsh plants are affected by various abiotic factors, including salinity 
(Silvestri et al. 2005), tidal regime (Pennings et al. 2005), nutrient availability 
(Levine et al. 1998), edaphic factors (Lu et al. 2020; Moffett et al. 2010; Xiao 
et al. 2017), meteorological factors (O’Donnell and Schalles 2016; Zhu et al. 
2019), microtopography (Sanderson et al. 2001), and sometimes pollutants 
(Saiz-Salinas and Francés-Zubillaga 1997). Among these factors, tidal regime 
and salinity, which are closely associated with elevation, are considered 
to be the two most significant factors. Moreover, invasive S. alterniflorus has 
been shown to actively modify the habitat environment to facilitate successful 
invasion (Zheng et al. 2017). Following this, we will explore in more depth 
how these key factors affect the invasion ability of S. alterniflorus.  

Tidal regime 

The growth potential and interspecific competitiveness of S. alterniflorus 
are influenced by the tidal regime, which includes inundation depth, frequency, 
and duration. The relationship between inundation duration and the growth 

https://doi.org/10.3391/mbi.2024.15.2.06
https://www.invasivesnet.org


Invasion mechanisms and management measures of Sporobolus alterniflorus 

 Li et al. (2024), Management of Biological Invasions 15(2): 251–273, https://doi.org/10.3391/mbi.2024.15.2.06 259 

potential of S. alterniflorus follows a parabolic trend, with optimal growing 
conditions observed at an inundation duration of 7 hours/day (Peng et al. 
2018; Zhu et al. 2019). This species usually occupies tidal creeks, which 
offer a favorable inundation duration (Li et al. 2018; Allen 2000; Chen et al. 
2020) and can tolerate submergence stress for up to six hours daily due to 
well-developed ventilation tissues (Luan et al. 2020; Xiao et al. 2005). However, 
persistent inundation effectively restrains the expansion of S. alterniflorus, 
leading to an over 80% reduction in biomass density and a significant 
decrease in plant height (Zhang et al. 2014). Moreover, tidal range has been 
proposed as a crucial factor influencing the distribution of S. alterniflorus 
(Li et al. 2018), with its range being proportional to the tidal range (Balke 
et al. 2016; McKee and Patrick 1988). 

Controlled experiments were conducted to investigate the effects of 
inundation on the reproductive capacity and strategy of S. alterniflorus. 
The results showed that elevated inundation depths and frequencies 
significantly increased the number, height, and stem diameter of new 
clonal ramets during asexual propagation, while low and moderate inundation 
depths impeded asexual propagation (Zhang et al. 2014; Ma et al. 2019; 
Xue et al. 2018; Zhang et al. 2008; Zhang et al. 2020). However, elevated 
inundation frequencies did not significantly affect the seed setting rates of 
S. alterniflorus during sexual reproduction (Ma et al. 2019). Instead, 
elevated inundation depths reduced the seed setting rates, since the seeds 
prefer aerobic conditions for germination, and they can germinate with 
inundation duration below certain thresholds (Hayasaka et al. 2020; Xiao 
et al. 2011; Xue et al. 2018; Zhao et al. 2020c). These findings suggest that 
the two reproductive strategies of S. alterniflorus are complementary. In 
contrast, both asexual and sexual reproduction for P. australis and S. mariqueter 
were significantly inhibited by elevated inundation depths and frequencies 
(Xue et al. 2018). These results indicate that S. alterniflorus exhibits higher 
adaptability to inundation conditions than native P. australis and S. mariqueter. 
A field experiment suggested that S. alterniflorus produces the highest number 
of seeds with the highest germination rate in the middle intertidal zone, 
while it produces the lowest number of seeds with the lowest germination 
rate in the low intertidal zone (Zhu et al. 2011). The finding that elevated 
inundation disturbance negatively affects the sexual production of S. alterniflorus 
aligns with the outcomes of the earlier mentioned controlled experiments. 
However, considering interspecific competition in the field experiment, both the 
seed setting rate and germination rate are lower in the high intertidal zone 
than compared to the middle intertidal zone. This discrepancy might be 
attributed to competition with native species such as P. australis in the 
high intertidal zone (Xiao et al. 2009; Zhu et al. 2011). 

Salinity 

Salinity plays a crucial role in determining the distribution patterns of plant 
species in salt marshes (He et al. 2011; Moffett et al. 2010). Xiao et al. 
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(2005) found that the height and stem diameter of S. alterniflorus initially 
increased and then decreased with rising salinity levels. The optimum salinity 
range for the growth of S. alterniflorus is 10‰–20‰, and it can tolerate 
salinity levels as high as 43‰–60‰. Furthermore, transplant experiments 
have shown that both the asexual propagation and sexual reproduction 
capacity of S. alterniflorus decreased when salinity increased (Xue et al. 
2018). Consistent findings were reported in a case study conducted in the 
Yellow River Delta, which employed satellite data analysis to detect and 
monitor the invasive process of S. alterniflorus at the patch scale (Chen et al. 
2020). The study demonstrated that the expansion rate of S. alterniflorus 
slows down in areas with exceptionally high salinity. 

Salt stress affects the competitive dynamics between native species and 
invasive S. alterniflorus. A field experiment conducted in Dongtan, China, 
revealed that native P. australis exhibited a higher growth rate than 
invasive S. alterniflorus at a low salinity of approximately 0.7%, while the 
growth rate of invasive S. alterniflorus increased, establishing competitive 
dominance as the salinity reached approximately 1.1% (Tang et al. 2016). 
Other field and laboratory studies have also supported the notion that 
S. alterniflorus possesses greater tolerance to high salinity compared to native 
species such as P. australis and S. mariqueter (He et al. 2011; Medeiros et al. 
2013; Sutter et al. 2015; Wang et al. 2010; Xue et al. 2018). 

Active modification to the habitat 

Sporobolus alterniflorus actively modifies various soil environmental factors, 
including trace element content and microorganism community, to enhance 
its interspecific competitiveness and facilitate rapid invasion (Zheng et al. 
2017). Several studies have documented significant alterations in soil bacterial 
communities following the invasion of S. alterniflorus (Liu et al. 2017a; 
Yang et al. 2016). The presence of S. alterniflorus led to a decrease in soil 
bacterial diversity but an increase in the indicator groups strongly associated 
with S. alterniflorus, including Chloroflexia, Alphaproteobacteria, and 
Bacilli (Gao et al. 2018). Additionally, Wang et al. (2019) demonstrated that 
S. alterniflorus contributed to increased wetland sulfur storage, as the areas 
occupied by S. alterniflorus exhibit higher concentrations of sulfur compared 
to areas occupied by native species S. mariqueter and unvegetated mudflats. 

Enemy release 

The enemy release hypothesis is widely recognized as a potential mechanism 
explaining the impact of herbivores on the success of plant invasions 
(Keane and Crawley 2002). According to this hypothesis, invasive plants 
can escape specialist enemies, experiencing reduced pressure from native 
generalist herbivores in their introduced ranges (Blumenthal et al. 2009; 
Morriën et al. 2012). Consequently, invasive species often exhibit decreased 
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defense levels but increased competitive ability (Schaffner et al. 2011). 
There is substantial evidence supporting the enemy release hypothesis in the 
case of S. alterniflorus invasion. Zhang et al. (2017) demonstrated that plant-
feeding nematodes exhibited reduced abundancy in the presence of invasive 
S. alterniflorus roots compared to native P. australis roots, indicating that 
invasive S. alterniflorus experiences lower pressure from plant-feeding 
nematodes than native species. Furthermore, several studies compared leaf 
functional traits between invasive S. alterniflorus and native S. alterniflorus, 
finding that invasive S. alterniflorus reallocated resources from enemy 
defense to growth, leading to higher photosynthetic capacity but weaker 
defense against herbivory (Qing et al. 2012; Liu et al. 2022). Qing et al. 
(2012) found that invasive S. alterniflorus allocated a higher proportion of 
leaf nitrogen to generate the photosynthetic protein Rubisco relative to cell 
walls compared to its native counterparts. Liu et al. (2022) also demonstrated that 
invasive S. alterniflorus exhibits larger leaf area and specific leaf area, reduced 
leaf thickness, and lower leaf toughness compared to native S. alterniflorus. 

Nevertheless, native herbivores, particularly generalists, can sometimes 
incorporate invasive plants into their food webs (Avanesyan and Culley 
2015; Carroll and Fox 2007; Morrison and Hay 2011). Laelia coenosa, a major 
pest of the native salt marsh plant P. australis, was reported to successfully 
integrate S. alterniflorus into its diet (Ju et al. 2016). Zhang et al. (2019) 
demonstrated that S. alterniflorus monocultures can even sustain a higher 
population density of L. coenosa than P. australis monocultures due to the 
enemy-free space provided by the invasive S. alterniflorus. Moreover, invasive 
S. alterniflorus is able to evolve defense strategies against L. coenosa and 
developed increased resistance compared with native S. alterniflorus (Ju et al. 
2016; Ma et al. 2015). Zhou et al. (2017) compared the plant-soil feedbacks 
of invasive S. alterniflorus and P. australis under L. coenosa attack and found 
that soils conditioned by S. alterniflorus exhibited higher inorganic nitrogen 
availability than those conditioned by P. australis, thereby generating a more 
pronounced increase in plant tissue nutrient concentration and photosynthesis 
rate for S. alterniflorus. This compensatory response mechanism may assist 
S. alterniflorus in adapting to foliar loss. 

Human-induced environmental changes 

The resistance of native ecosystems to invasive S. alterniflorus is a crucial 
factor influencing its successful invasion. Disturbed ecosystems usually 
exhibit reduced resistance to S. alterniflorus invasions (Xie et al. 2021). 
Sporobolus alterniflorus is capable of efficiently colonizing disturbed areas, 
potentially outcompeting native species, owing to its broad ecological 
amplitude and high phenotypic plasticity (Catford et al. 2012; Davidson et al. 
2011; Van Kleunen et al. 2010). Moreover, environmental disturbance can 
negatively impact the fitness, abundance, and diversity of native species, 
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thus generating vacant niches that can be exploited by S. alterniflorus 
(Bulleri et al. 2016; Shea and Chesson 2002).  

Existing literature has predominantly focused on the influence of three 
human-induced environmental changes—climate change, eutrophication 
and ditching—on the invasion of S. alterniflorus. Climate change is predicted 
to facilitate the extensive range expansion of exotic species over the coming 
decades (Dawson et al. 2012). Rising sea levels lead to enhanced saltwater 
intrusion, resulting in increased inundation and elevated surface soil 
salinity. These alterations significantly contribute to the expansion of S. 
alterniflorus and the shrinkage of S. mariqueter in tidal marshes of the 
Yangtze River delta, as S. alterniflorus can better tolerate high salinity and 
inundation conditions than S. mariqueter (He et al. 2011). Jiang et al. 
(2022) found that S. alterniflorus exhibited elevated net photosynthetic 
rate, stomatal conductance, transpiration rate and water use efficiency with 
higher temperature, whereas P. australis showed reduced physiological 
functions. 

The rapid intensification of agriculture and aquaculture leads to excessive 
loading of nitrogen and phosphorus in intertidal coastal ecosystems (Smith 
2003). Eutrophication often promotes the invasion of exotic plants due to 
their high plasticity in nutrient acquisition (Davis et al. 2000; Dukes and 
Mooney 1999; Funk 2013; Zhao et al. 2009). Field observations and experiments 
conducted by Zhao et al. (2015b) demonstrated that nitrogen-enriched 
eutrophication significantly contributed to the successful invasion of 
S. alterniflorus in China. In addition, invasive S. alterniflorus can spread from 
low marshes to high marshes through anthropogenic ditches by long-distance 
seed dispersal. The ditches enhanced the propagule pressure of S. alterniflorus 
by trapping abundant seeds while mitigating the limitations imposed by 
natural abiotic resistance of the native ecosystem (Ning et al. 2019). 

Management measures 

Major management measures for S. alterniflorus encompass physical 
control, chemical control, biological control, biological substitution and 
integrated management. When devising these measures, key factors such 
as reproduction, photosynthesis, submergence stress and enemy release are 
typically taken into account (Figure 4). 

Physical control 

Physical control involves mechanical treatments, such as manual uprooting, 
mowing, plowing, shading, waterlogging and burning, to hinder the 
growth of S. alterniflorus and eventually lead to its death (Davis et al. 
2004). The underlying mechanism of physical control is to reduce the biomass 
of S. alterniflorus by limiting photosynthesis, respiration, seeding, or rhizome 
reproduction (Xie et al. 2019). This approach yields effective weed control 
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Figure 4. Key factors in invasion mechanisms and their associated management measure. 

results within a short time while minimizing adverse environmental impacts 
but can be costly due to the need for multiple treatments. It is well-suited 
for regions with abundant human resources and a relatively short invasion 
history (Yuan et al. 2011).  

The effective physical control for S. alterniflorus relies on appropriate 
timing, frequency and intervals of treatments (Tang et al. 2021). Actions such 
as uprooting, digging, or burial by pressure should be carried out prior to 
the flowering period of S. alterniflorus to prevent the dispersal of mature 
seeds, while the control of live seedlings is typically performed during the 
germination stage to achieve a high mortality rate (Li and Chen 2002). 
Meanwhile, mowing has been proved to be most effective during the 
flowering period (Yuan et al. 2011), when a significant portion of energy 
generated through photosynthesis is allocated to sexual reproduction (Tang 
et al. 2021). Therefore, mowing S. alterniflorus during the flowering period 
can effectively restrict the allocation of energy and resources to the rhizomes 
and roots, leading to inhibited growth thereafter (Li and Zhang 2008). 
Furthermore, Tang et al. (2021) proved that the highest removal efficacy 
was achieved when S. alterniflorus was first mowed at the start of the flowering 
period and given the second treatment when new shoots stopped growing. 
This approach resulted in substantial biomass removal in each treatment 
and a 70% decrease in growth in the following year (Tang et al. 2021). 

The size of the infestation also affects the efficacy of physical control 
treatments. While physical control can effectively remove newly colonized 
seedlings or small patches of S. alterniflorus, a single method of treatment 
may not provide long-term control for large patches (Yuan et al. 2011). 

https://doi.org/10.3391/mbi.2024.15.2.06
https://www.invasivesnet.org


Invasion mechanisms and management measures of Sporobolus alterniflorus 

 Li et al. (2024), Management of Biological Invasions 15(2): 251–273, https://doi.org/10.3391/mbi.2024.15.2.06 264 

Therefore, some studies have attempted to integrate multiple physical 
control measures. Zhao et al. (2014) and Zhao et al. (2017) found that 
while mowing effectively inhibited the growth of individual plants, it had 
limited impact on population density, spike rate and spike length. However, 
the combined approach of mowing and shading effectively suppressed sexual 
reproduction of S. alterniflorus, improving overall control effect compared 
to mowing alone. In addition, Tang et al. (2021) implemented a demonstration 
project using waterlogging and mowing for S. alterniflorus control. 
While waterlogging initially reduced the biomass and seed production 
of S. alterniflorus, the species quickly adapted to prolonged waterlogging 
stress. However, implementing waterlogging for approximately 3 months 
in combination with mowing achieved successful control and eradication 
of S. alterniflorus. 

Chemical control 

Chemical control involves the application of herbicides to eradicate Sporobolus 
alterniflorus, requiring careful consideration of specificity, dosage, and 
application timing for precise targeting. The effectiveness of herbicides is 
also affected by factors such as wind, tidal cycle, and sediment coverage on 
stems and leaves (Wang et al. 2006). Commonly used herbicides in Sporobolus 
alterniflorus management include Glyphosate, ammonium glufosinate, 
imazamox (imidazolium nicotinate), and captan (flumioxazin) are. Herbicides 
act by disrupting cell division, chlorophyll synthesis and metabolic processes, 
ultimately leading to plant death (Taylor et al. 2004). In a cover-grass spraying 
trial conducted at Chongming Dongtan Nature Reserve, Shanghai, 92% of the 
sample plots were effectively eradicated within one month, with no residues 
observed in the sediment (Zhao et al. 2020b). However, the control effect of 
herbicides on underground roots is not significant. Additionally, the excessive 
or inappropriate use of herbicides poses potential risks to the ecosystem, 
and the impacts of herbicides for S. alterniflorus management on coastal 
salt marshes remains to be investigated (Liang et al. 2020). 

Biological and biological substitution control 

Biological control involves the introduction of natural enemies, such as 
phytophagous and parasitic insects, microorganisms, and pathogens, to 
regulate the population of S. alterniflorus (Grevstad et al. 2003). This method 
has long-lasting effects and minimal negative impacts on the environment 
(Tang et al. 2007; Xu et al. 1989). Biological control agents of S. alterniflorus 
include Littoraria irrorata (Say), Prokelisia marginata (Van Duzee), 
Clavieps purpurea (Fr.) Tul., and Fursarium spp., etc. (Fisher et al. 2005; 
Grevstad et al. 2003). For instance, Prokelisia marginata (Van Duzee) in the 
eastern U.S. and San Francisco Bay region inhibited the seed production of 
S. alterniflorus by feeding on its bast, thereby imposing negative impacts on 
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the population dispersal of S. alterniflorus (Daehler and Strong 1997). However, 
since the natural enemies of S. alterniflorus are not native to the introduced 
regions, their introduction poses a potential threat to non-target plants and 
may even lead to new biological invasions. 

Biological substitution is an ecological control technique that utilizes 
economically or ecologically valuable native plants to replace invasive plants, 
following the principles of plant community succession (Zhou et al. 2015). 
This approach is environmentally friendly and cost-effective, making it 
particularly suitable for areas with favorable soil conditions and competitive 
native plants. The commonly used plants for the biological substitution of 
S. alterniflorus include native herbaceous plants such as P. australis and 
S. mariqueter, as well as mangrove plants such as Kandelia candel, Sonneratia 
caseolaris (L.) Engl. and Sonneratia apetala Buch-Ham (Li 2021; Tang et al. 
2007). These plants contribute to reducing the dominance of S. alterniflorus 
and preventing its further spread. Native P. australis, for instance, has 
shown significant suppressive effects on the growth of S. alterniflorus, and 
the restoration of the local ecological environment can be achieved through 
the removal of S. alterniflorus and the transplantation of P. australis (Chen 
et al. 2012). However, Chen et al. (2012) found that in the third growing 
season after transplanting, the density and spike rate of P. australis decreased 
significantly, with a survival rate of only 25%, allowing for the potential re-
invasion of S. alterniflorus. Therefore, biological substitution techniques 
necessitate regular monitoring and management. In addition, these methods 
impose certain environmental requirements, limiting their scope of application.  

Integrated management 

Physical, chemical, and biological control methods each possess distinct 
strengths and weaknesses, and employing a single management measure is 
usually insufficient to achieve rapid and long-lasting effects. Therefore, 
integrated management approaches that leverage various control techniques 
are recommended to create efficient management systems, tailored to specific 
local conditions. Gu (2019) reported a successful integrated management 
system in Chongming Dongtan, China, incorporating mowing, waterlogging, 
herbicide application and a unique technique called crushing and fermenting. 
The crushing and fermenting method was creatively proposed, involving the 
cutting, crushing, and mixing of the aboveground part of S. alterniflorus 
with enzyme bacteria, followed by spraying to accelerate the decomposition of 
the underground part of S. alterniflorus and increase the soil nutrients. 
This approach not only improved treatment efficiency and reduced the 
negative impacts on the ecosystem, but also yielded long-lasting results. 
However, the implementation of integrated management approaches remains 
challenging due to their site-specific nature, requiring comprehensive 
planning that considers local economy, climate and other factors. 
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Recommendation for future research 

Although recent research on the invasion mechanism of S. alterniflorus has 
made significant progress, there are still substantial knowledge gaps that 
need addressing for effective management design. While the contribution 
of individual factors to the successful S. alterniflorus invasion has been 
widely studied, only understanding the independent impacts of each factor 
is inadequate to achieve effective and precise management. The joint 
effects of different factors and their relative importance in successful 
invasion remain unclear. For instance, further investigation is required to 
understand the combined effects of salinity and tidal regime on sexual production, 
the relative roles of asexual and sexual propagation in expansion, and the 
contributions of phenotypic plasticity and hybridization to trait changes.  

Moreover, although some studies have demonstrated the effects of 
human-induced environmental changes on S. alterniflorus invasion, as 
discussed above, the response of S. alterniflorus invasion to the coupled 
human and natural systems still remains poorly understood. Integrating this 
evidence into management strategies would be highly valuable for 
regulating human interventions and coping with uncertainties associated 
with climate change. While most existing studies have applied controlled 
experiments and field experiments to reveal the invasion mechanisms of 
S. alterniflorus at the individual level and small scale, an increasing number 
of studies have applied geographic information system and modeling to 
examine the ecological dynamics of S. alterniflorus at the community level 
and large scale. Investigating the invasion mechanisms of S. alterniflorus at 
different spatiotemporal scales will be important for comprehensively 
understanding and interpreting the invasion mechanisms, providing valuable 
guidance for the effective control of invasive S. alterniflorus. 

Most of the existing management measures for S. alterniflorus aim to 
hinder its growth and reproduction, targeting various factors in the invasion 
mechanism, including reproduction, photosynthesis, submergence stress 
and enemy release. Specifically, the timing, interval and frequency of successive 
treatments in physical and chemical control are typically based on S. alterniflorus’s 
reproductive and photosynthetic patterns. Biological control methods 
introduce natural enemies of S. alterniflorus, which disrupt the enemy-free 
space for invasive S. alterniflorus in the introduced areas. However, certain 
factors in the invasion mechanisms, such as phenotypic plasticity, 
hybridization and abiotic factors, have received little consideration in the 
design of management measures, despite their potential significance in 
achieving effective control. The reinvasion of S. alterniflorus, which often 
occurs after the implementation of biological substitution methods, is an 
example. The competitiveness of the plant used as a substitute for S. alterniflorus 
tends to decline after three or more growing seasons, which may be 
attributed to S. alterniflorus’s plastic response to competitor pressure and 
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genetic assimilation of a significant portion of the introduced plant through 
interspecific hybridization. Therefore, supplementary measures may be 
necessary to prevent reinvasion, such as modifying abiotic factors that influence 
interspecific competition to enhance the competitiveness of the transplanted 
plant, preventing interspecific hybridization and integrating physical and 
chemical control methods. In conclusion, a full consideration of the invasion 
mechanism is recommended in the design of management measures for 
S. alterniflorus. 
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