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Abstract 10 

There is currently no consistent conclusion about the impacts of global Spartina 11 

alterniflora invasion on intertidal macrobenthic communities, and the impact 12 

mechanisms are also not clear enough due to the limitations in study sites and duration. 13 

Here, after collecting and extracting 2110 data from 96 studies around the world, we 14 

utilized hierarchical meta-analysis to quantify the impacts of Spartina alterniflora 15 

invasion on intertidal macrobenthic communities, and systematically analyzed and 16 

summarized the factors influencing invasion results for the first time. The results 17 

showed that the invasion of Spartina alterniflora generally has a negative impact on 18 

macrobenthic communities, but has a positive impact on species number and richness 19 

index of macrobenthic communities. The pattern of influence strongly depends on the 20 

native habitat, invasion duration, average annual temperature, sediment type and tide 21 

level, which indicates that Spartina alterniflora affects macrobenthic communities by 22 

altering the external environment of the invaded area, and the habitat heterogeneity in 23 

different intertidal zones also leads to diverse impacts of Spartina alterniflora invasion 24 

on macrobenthic communities. Our study provides important insights for a 25 

comprehensive understanding of biological invasions and offers new perspectives for 26 

future ecological restoration in intertidal zones. 27 

 28 

Author-formatted, not peer-reviewed document posted on 10/05/2024. DOI:  https://doi.org/10.3897/arphapreprints.e126577



2 

 

Keywords 29 

Biodiversity, biological invasion, coastal wetlands, macrobenthos, smooth cordgrass 30 

 31 

Introduction 32 

Plant invasions in the intertidal zone are complex and challenging issues on a global 33 

scale (Powell et al. 2011). As ecological engineers, exotic plants can alter the biological 34 

community structure and diversity level of the intertidal zone by modifying external 35 

environmental factors (Crooks 2002). While they have a negative impact on the 36 

ecosystem, they are sometimes often accompanied by some positive effects (Rodriguez 37 

2006). Most plants of the genus Spartina originate from the Gulf of Mexico and the 38 

Atlantic coasts of North America. Many species in this genus are recognized as highly 39 

invasive (Thiebaut 2007), especially Spartina alterniflora. 40 

 41 

Many researchers have conducted extensive research on the impact of the invasion of 42 

Spartina alterniflora on macrobenthos globally, especially in coastal areas of China. 43 

Some of them believe that the invasion of Spartina alterniflora can cause serious 44 

negative impacts on macrobenthic communities (Zhou et al. 2009; Su et al. 2020; Chen 45 

et al. 2023), while others hold the opposite view (Quan et al. 2016; Han et al. 2022; Lu 46 

et al. 2022). However, there is still no unified conclusion so far. 47 

 48 

The response of macrobenthic communities to Spartina alterniflora invasion may be 49 

regulated by multiple environmental factors. Many studies have shown that various 50 

factors such as invasion duration, sampling season, invaded habitat, and tide level can 51 

affect the results (Chen et al. 2019; Ge et al. 2019; Qiu et al. 2019; Li et al. 2023). 52 

Additionally, our long-term field surveys suggest that different latitudes, temperatures, 53 

coastal types and sediment types in intertidal zones invaded by Spartina alterniflora 54 

will also have varying impacts on macrobenthic communities, but most studies may 55 

have overlooked these issues due to their focus on a small study area. 56 

 57 
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Ning et al. analyzed the effects of Spartina invasion and removal on intertidal native 58 

animal communities (Ning et al. 2021). However, it has paid less attention to the effects 59 

of Spartina alterniflora invasion on macrobenthos, and lacked analysis of 60 

environmental factors associated with Spartina alterniflora invasion that may affect 61 

macrobenthic communities. 62 

 63 

Therefore, we conducted a global meta-analysis to quantify the extent and direction of 64 

the impact of Spartina alterniflora invasion on macrobenthic community structure and 65 

biodiversity, and summarized the key factors that controlled the research results, 66 

providing a theoretical basis for the global ecological restoration of the intertidal zone 67 

to be carried out efficiently, economically and purposefully in the future. 68 

 69 

Materials and methods 70 

Literature sources and screening 71 

We conducted a systematic literature search for publications in China National 72 

Knowledge Infrastructure (https://www.cnki.net/), Web of Science 73 

(http://www.webofknowledge.com/), Google Scholar (https://scholar.google.com/) and 74 

some other resources. The search was performed form December 2023 to January 2024 75 

by using the following search terms: (Smooth Cordgrass or Spartina alterniflora) and 76 

(Macrobenthos or Macrobenthic community or Benthic macrofauna or Benthic 77 

macrofaunal community). After removing publications without full-text access, we 78 

collected a total of 322 publications published between December 1984 and January 79 

2024. 80 

 81 

We selected relevant studies according to title and full text, finally we selected studies 82 

that met the following criteria: (1) Evaluating the impact of Spartina alterniflora 83 

invasion on one or more indices of macrobenthic species number, density, biomass and 84 

diversity index (including the Shannon-Wiener diversity index, Pielou evenness index, 85 

Margalef species richness index and Simpson dominance index); (2) Including 86 
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replicated studies with treatment groups (invaded habitat) and control groups 87 

(uninvaded habitat), where mean values and sample sizes were presented. (3) The study 88 

sites must be located outside the native range of Spartina alterniflora (i.e. outside the 89 

Atlantic coast of North America). (4) Studies about the impacts of other Spartina 90 

species or hybrid Spartina species on macrobenthos communities would be excluded. 91 

(5) Exclude studies on the effects of removing Spartina alterniflora on macrobenthic 92 

communities. To avoid omissions or duplication, the collection and screening of 93 

publications were completed independently by three researchers and then handed over 94 

to one researcher for proofreading and summary. In addition, since most reports on the 95 

Simpson index in publications refer to the Simpson dominance index, to ensure the 96 

accuracy of the analysis results, the Simpson diversity index reported in few 97 

publications were converted into the Simpson dominance index. Finally, based on 98 

mentioned priori criteria, 96 publications, including 67 research articles, 1 preprint 99 

article and 28 dissertations, were retained in our meta-analysis. Appendix S1 and 100 

Appendix S1 provide the PRISMA flow diagram and a list of these above publications. 101 

 102 

Data extraction and proceeding 103 

First, we extracted the sample sizes, mean values and standard deviation of treatment 104 

and control groups from these publications. The mean values include the species 105 

number, density, biomass, shannon-wiener diversity index, pielou evenness index, 106 

margalef abundance index and simpson dominance index in each study site (Appendix 107 

S1). Since quadrats and traps are primarily used to collect macrobenthos in the intertidal 108 

zone, the number of quadrats or traps was used as the sample size during the sampling 109 

process. 110 

 111 

Second, We extracted environmental factors from publications that could potentially 112 

influence the analysis results as explanatory variables, including: (1) Latitude; (2) 113 

Average Annual Temperature (AAT: ℃); (3) Sediment type (ST: Mud, Mix, Sand); (4) 114 

Costal landform (CL: Accumulation, Erosion); (5) Tide level (TL: Low, Middle, High); 115 

(6) Invasion duration (ID: 0 to5 year, 5 to 10 year, 10 to 15 year, Over 15 year); (7) 116 
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Sampling season (SS: Spring, Summer, Autumn, Winter); (8) Native habitat (CH: Bare 117 

flat, Suaeda salsa, Scirpus mariquete, Phragmites australis, Tamarix chinensis, 118 

Mangrove); (9) Invasive habitat (IH: Spartina alterniflora, Spartina alterniflora & 119 

Scirpus mariquete, Spartina alterniflora & Phragmites australis, Spartina alterniflora 120 

& Mangrove). Because the seasonal changes in the Northern and Southern Hemispheres 121 

are opposite, we adjusted the sampling seasons in the Southern Hemisphere during the 122 

data entry process, while the division and entry of other influencing factors were based 123 

on the publications. Additionally, we extracted supplementary data, including study site 124 

location, longitude, author’s name and publication year to distinguish different research 125 

cases. 126 

 127 

Third, we extracted data from these 96 publications following these criteria: (1) If a 128 

study includes cases from different study areas or sampling seasons, each case is entered 129 

into the database as an independent sample. (2) If there are multiple treatment groups 130 

using the same control group in a study, each treatment group will be entered into the 131 

database as an independent case. (3) Habitat types in treatment groups must correspond 132 

to the native habitat in the controls. For example, the control of Spartina alterniflora & 133 

mangrove habitat in the treatment group is the mangrove habitat. (4) If some 134 

publications don’t have information about latitudes and longitudes, they were identified 135 

on Google Earth (https://earth.google.com/). (5) Sample sizes, means, and standard 136 

deviation of treatment and control groups were extracted either from tables or measured 137 

from figures using the GetData Graph Digitizer 2.26 (http://getdata-graph-138 

digitizer.com/). In order to reduce errors caused by researchers during the data 139 

extraction process, it was completed independently by three people, and then handed 140 

over to one person for proofreading and entry into the database. 141 

 142 

Finally, we extracted 2110 data from 96 publications, and the research locations were 143 

distributed along the Pacific coast of Asia, the Pacific coast of North America, and the 144 

Atlantic coast of South America (Figure 1). 145 

 146 
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Effect size and variance calculation 147 

We used log response ratio (LRR) to measure the effect size, and calculated the variance 148 

(υ) of each effect size (Hedges et al. 1999). 149 

 150 

𝐿𝑅𝑅 = 𝑙𝑛(𝑋𝑡/𝑋𝑐) , 151 

𝑣 =
𝑆𝐷𝑡2

𝑁𝑡×𝑋𝑡2 +
𝑆𝐷𝑐2

𝑁𝑐×𝑋𝑐2 , 152 

 153 

Where Nt and Nc are the sample sizes of the treatment and control groups, Xt and Xc 154 

are the mean values of the treatment and control groups, SDt and SDc are the standard 155 

deviations of the treatment and control groups, respectively. If several cases are missing 156 

standard deviations, the square root of the mean value is used to calculate them for 157 

species data that conforming to the Poisson distribution, and the standard deviation for 158 

other data is calculated using the standard error multiplied by the square root of the 159 

sample size. If standard errors are also missing, the “Bracken1992” method is used to 160 

estimate the missing standard errors. 161 

 162 

Meta-analysis 163 

Our meta-analysis mainly includes three parts: cumulative effect size calculation, 164 

explanatory variable analysis and assessment of publication bias. 165 

 166 

During the calculation of the cumulative effect size, variations exist not only within 167 

cases, but also among different cases due to differences in time, personnel, methods, 168 

and study sites, and the nested structure of some data in the database can also lead to 169 

the non-independence of the effect size (Solgaard 2020). Therefore, to ensure the 170 

accuracy of the results, in meta-analysis, we need to consider not only the variance 171 

within the case but also the variance between the cases. So after constructing a variance-172 

covariance matrix, we used hierarchical random-effects meta-analysis to evaluate the 173 

impact of Spartina alterniflora invasion on various indicators of macrobenthic 174 

communities (Lajeunesse 2011; Veroniki et al. 2016; Wallace et al. 2017).When the 175 
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heterogeneity of the cumulative effect size is significant (P < 0.05), and its 95% 176 

confidence interval (95%CI) didn’t overlap with 0, it indicates a significant positive or 177 

negative effect, and there are explanatory variables that can create heterogeneity in the 178 

cumulative effect size. 179 

 180 

For each explanatory variables, we used multilevel meta-analysis models with random 181 

effects to account for differences between studies (Veroniki et al. 2016; Wallace et al. 182 

2017). The heterogeneity of effect sizes (Qt) can be divided into the variance explained 183 

by explanatory variables (Qm) and the residual error variance (Qe).When the 184 

heterogeneity of Qm value is significant (P<0.05), it means that the explanatory 185 

variable has an impact on the effect size, and the direction of this impact (positive or 186 

negative) can be determined by the estimated value and its 95% confidence interval 187 

(Borenstein et al. 2021).To avoid strong correlations between explanatory variables that 188 

could decrease model confidence and interpretability, we evaluated the correlation and 189 

collinearity between explanatory variables using Spearman's rank correlation 190 

coefficient and variance inflation factor (VIF) (Moreira et al. 2018). Subsequently, we 191 

analyzed whether the explanatory variables that significantly impact the cumulative 192 

effect size exhibit significant differences at different levels through multiple 193 

comparisons, and conducted multi-model selection using Akaike’s information 194 

criterion (AIC) to determine the relative importance of each explanatory variable on the 195 

cumulative effect value. 196 

 197 

To test the potential publication bias in each cumulative effect size, we first graphed the 198 

funnel plots for each cumulative effect size, and then examined funnel plot asymmetry 199 

using Egger's regression test (Sterne and Egger 2005; Nakagawa et al. 2017). If the 200 

effect size is symmetrically distributed in the funnel plot (P>0.05), it indicates that the 201 

results are not affected by publication bias; If the effect size is asymmetric in the funnel 202 

plot (P<0.05), trim and fill is also used to adjust for funnel plot asymmetry from 203 

publication bias (Duval and Tweedie 2000). Additionally, Rosenberg's fail-safe number 204 

was also used to examine the robustness of cumulative effect size (Rosenberg 2005). A 205 
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fail-safe number can estimate the number of unpublished or missing studies that are 206 

needed to be added to reduce cumulative effect size of heterogeneity to a non-significant 207 

level (P > 0.05). The result is often considered robust if the fail-safe number of the 208 

cumulative effect size is greater than 5K +10, where K is the number of studies included 209 

in meta-analysis 210 

 211 

Data processing, statistical analysis and graph production were completed by using 212 

“metafor”, “metagear”, “ggplot2”, “glmulti, “orchard” in R 4.3.3 and Excel 2021 213 

(Viechtbauer 2010; Wolfgang 2010; Nakagawa et al. 2021). 214 

 215 

Results 216 

Responses of macrobenthic communities to Spartina alterniflora invasions 217 

Overall, Spartina alterniflora invasion had a significant negative impact on 218 

macrobenthos communities (P < 0.05), and this impact varied across different indicators 219 

(P < 0.001). Specifically, Spartina alterniflora invasion significantly reduced biomass 220 

(P < 0.001) while significantly increasing species number and the Margalef richness 221 

index (P < 0.05). Although not statistically significant, there was a decreasing trend 222 

observed in the abundance, Shannon-Wiener diversity index, Pielou evenness index due 223 

to Spartina alterniflora invasion, while the Simpson dominance index showed an 224 

increasing trend (Figure 2). 225 

 226 

Test results of heterogeneity and significance 227 

The results of the heterogeneity test revealed that the cumulative effect size 228 

heterogeneity (Qt) for all indicators was significant (P < 0.0001), and the ratio of the 229 

variance between cases to the total variance (I2) exceeded 98%, indicating high 230 

heterogeneity among them (Higgins et al., 2003). Therefore, it was necessary to 231 

introduce explanatory variables for interpretation (I2 and Qt values of each cumulative 232 

effect value are shown in Table S1).The results of the collinearity test showed that there 233 

was significant collinearity between the average annual temperature and latitude. After 234 

excluding the explanatory variable "latitude", the correlation between the remaining 235 
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explanatory variables (|r| < 0.7) and the VIF value (all less than 5) are all low (Table 236 

S2). Subsequently, we analyzed the effects of different explanatory variables on the 237 

cumulative effect value of each indicator. The results indicated that, except for the 238 

invaded habitat (IH), which had no significant effect on the cumulative effect value of 239 

each indicator, the remaining explanatory variables had significant effects on the 240 

cumulative effect value of each indicator in different degrees (Figure 3 and Figure 4, 241 

specific values of each variable are shown in Table S3). 242 

 243 

The impact of explanatory variables on mean effect size 244 

In general, the annual average temperature has a significant positive correlation with 245 

the cumulative effect value. For each classification index, the species number, density 246 

and biomass of macrobenthic communities in the invaded area increased with the rising 247 

annual average temperature, while the Simpson dominance index decreased with the 248 

increase of temperature. However, the influence of annual average temperature on the 249 

Shannon-Wiener diversity index, Pielou evenness index, and Margalef richness index 250 

was not significant.  251 

 252 

For sediment types, the impact of Spartina alterniflora invasion on macrobenthic 253 

communities was significantly positive in sandy and mixed tidal zones, and 254 

significantly negative in muddy tidal zones. The effect size of species number, density, 255 

Shannon-Wiener diversity index and Margalef species richness index showed the same 256 

trend as the general population, but the effect size of biomass, Pielou evenness index 257 

and Simpson dominance index were not significantly affected by the sediment type. 258 

 259 

For coastal landform, although it has no significant effects on the macrobenthic 260 

communities in Spartina alterniflora invasion area, the invasion of Spartina 261 

alterniflora can significantly increase the number of macrobenthos species and reduce 262 

macrobenthos biomass in accumulation coast, while showing the opposite trend in 263 

erosion coast. 264 

 265 
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The species number, density, and biomass of macrobenthos typically increased during 266 

the early stage of Spartina alterniflora invasion (0 to 5 years). However, this effect 267 

became less significant with increasing invasion time and even exhibited a reverse trend. 268 

In contrast, the impact of invasion duration on the diversity indexes of macrobenthos 269 

was not significant. 270 

 271 

Except for the significant decrease in the biomass of macrobenthic communities in areas 272 

invaded by Spartina alterniflora in summer, the impact of the sampling season on 273 

various indicators of the macrobenthic communities in Spartina alterniflora habitats 274 

shows no significant difference. 275 

 276 

For native habitat type, Spartina alterniflora invasion significantly decreased the 277 

density and biomass of macrobenthos on bare flat, and all indexes except Simpson 278 

dominance index also showed a decreasing trend with the invasion of Spartina 279 

alterniflora, although there was no significant difference at the statistical level. While 280 

in the intertidal zone covered by native vegetation, the invasion of Spartina alterniflora 281 

into the habitats of Suaeda salsa, Phragmites australis and Tamarix chinensis tends to 282 

increase the number of species in their habitats. Additionally, it increases the Shannon-283 

Wiener diversity index of macrobenthos in the habitat of Tamarix chinensis. However, 284 

the impact on various indicators of macrobenthos in Scirpus mariquete and mangrove 285 

habitats is not significant. 286 

 287 

Relative importance of explanatory variables 288 

We rank the importance of explanatory variables that have a significant impact on the 289 

cumulative effect size by weight, and the results show that: In general, ID, TL, AAT, 290 

and CH are identified as key factors influencing the macrobenthic communities in 291 

Spartina alterniflora-invaded areas. Specifically, TL, AAT, CL, and CH play significant 292 

roles in impacting the number of macrobenthos species affected by Spartina 293 

alterniflora invasion. The density of macrobenthos in Spartina alterniflora habitat is 294 

mainly influenced by ID, TL, and AAT, while CL and AAT have the greatest impact on 295 

Author-formatted, not peer-reviewed document posted on 10/05/2024. DOI:  https://doi.org/10.3897/arphapreprints.e126577



11 

 

macrobenthic biomass in Spartina alterniflora habitat. TL primarily affects the 296 

Shannon-Wiener diversity index and Pielou evenness index of macrobenthos in 297 

Spartina alterniflora habitat. The main factors affecting the Margalef richness index 298 

and Simpson dominance index of macrobenthos in Spartina alterniflora habitat are ST 299 

and AAT (Figure 5). 300 

 301 

Assessment of publication bias 302 

Egger's regression test showed that the funnel plot of the cumulative effect values of 303 

macrobenthos species number, abundance, Shannon-Wiener diversity index, Pielou 304 

evenness index, Margalef richness index and Simpson dominance index all exhibited  305 

symmetry (P>0.05), but there is a slight publication bias in the cumulative effect values 306 

of overall and biomass. However, the Rosenberg loss safety factors for both are 307 

sufficiently large (both exceeding 5K+10). The research of Doherty et al. (Doherty et 308 

al 2021) demonstrates that due to the varying calculation principles among different 309 

types of publication bias detection methods, the conclusions generated may be 310 

conflicting. Nonetheless, it can be considered that the potential impact of publication 311 

bias on the results of meta-analysis is minimal. The funnel plots and loss safety 312 

coefficient values of various indicators are shown in Figure S3. 313 

 314 

Discussion 315 

Our meta-analysis showed that Spartina alterniflora invasion has had an overall 316 

negative impact on macrobenthic communities globally. At the species level, Spartina 317 

alterniflora changes the species composition and distribution of invaded areas and 318 

reshapes the biological communities of invaded areas (Zhou et al. 2009), the decrease 319 

in density and biomass and the increase in species number and Margalef richness index 320 

also reflect such changes, which is consistent with the environmental filtration 321 

hypothesis (Kraft et al. 2015). Although there was no statistically significant difference, 322 

the Pielou evenness index and Simpson dominance index of macrobenthic communities 323 

still showed a trend of decreasing and increasing, respectively, due to the invasion of 324 
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Spartina alterniflora. Additionally, the Shannon-Wiener diversity index of the 325 

macrobenthos community also showed a decreasing trend. These changes in diversity 326 

index indicate that the invasion of Spartina alterniflora increased the dominance of 327 

some species and decreased the overall biodiversity of the community (Su et al. 2020). 328 

 329 

As ecological engineers, invasive plants have a negative impact on native biological 330 

communities by changing the natural environment of invaded areas and creating 331 

homogenized habitats (Crooks 2022). However, some researchers believe that the 332 

facilitation effect of invasive species on native species is also widespread in nature 333 

(Rodriguez 2006). The reason for these seemingly contradictory phenomena may be 334 

due to the significant differences in natural environment among different regions of the 335 

world. The habitat heterogeneity hypothesis holds that high habitat heterogeneity in a 336 

local ecosystem can promote the coexistence of more species, thereby increasing the 337 

species diversity of the communities (MacArthur 1961). And the moderate disturbance 338 

hypothesis holds that when an ecosystem is exposed to moderate levels of disturbance, 339 

its biodiversity is highest (Connell 1979).  340 

 341 

Some previous studies have suggested that Spartina alterniflora invasion leads to the 342 

homogenization of the macrobenthic communities in its habitat, rendering the 343 

latitudinal differences in macrobenthos communities within the invaded habitat 344 

insignificant (Zhang et al. 2019). But our research shows that the impact of Spartina 345 

alterniflora invasion on macrobenthos is generally negative in areas with low average 346 

annual temperature and positive in areas with high average annual temperature. This 347 

may be because the intertidal zone is dually regulated by land and ocean, the range of 348 

temperature changes is small, and the effect of ocean currents may cause temperature 349 

differences on some coasts with similar latitudes (Southward et al. 1995). This is also 350 

why latitude is excluded from the collinearity test and the average annual temperature 351 

is analyzed. 352 

 353 

In sediment types, Spartina alterniflora invasion of sandy and mixed intertidal zones 354 
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has significant positive effects on macrobenthic communities in general, while its 355 

invasion of muddy intertidal zones is on the contrary, which may be related to the strong 356 

silt-promoting ability of Spartina alterniflora. Spartina alterniflora can intercept fine 357 

particulate matter in seawater (Braga et al. 2024), and its invasion into sandy intertidal 358 

zone can gradually transition the sediment bottom to muddy. With the increase in habitat 359 

heterogeneity, some species that originally existed only in muddy intertidal zone also 360 

appear in sandy beaches. In addition, the vertical distribution of macrobenthos is more 361 

uniform in muddy intertidal zones than in sandy intertidal zones. The invasion of 362 

Spartina alterniflora causes the texture of the underlying sediment to become harder, 363 

shortening the vertical distribution space for macrobenthos, which in turn has a negative 364 

impact on them (Jiang 2014; Santos et al. 2020). 365 

 366 

For different coastal landforms, Spartina alterniflora invasion increased the species 367 

number and decreased the biomass in accumulation coast, but showed the opposite 368 

trend in erosion coast. This may be attributed to the differences in coastal landforms 369 

across various intertidal zones, leading to impacts in different directions on the 370 

community structure of macrobenthos after the invasion of Spartina alterniflora, and 371 

this observation is also supported by our long-term field investigation. 372 

 373 

The impact of Spartina alterniflora invasion on macrobenthos communities varies 374 

dynamically with the elevation and invasion duration. This may be due to the moderate 375 

intensity of Spartina alterniflora's interference with the intertidal ecosystem in the early 376 

stages of invasion, leading to increased habitat heterogeneity. However, with the 377 

increase of invasion time and elevation, the degree of disturbance gradually increases, 378 

which instead reduces the habitat heterogeneity in the intertidal zone. This result has 379 

also been supported by many researchers (Qiu et al. 2019; Ge et al. 2020; Li et al. 2023).  380 

 381 

Some studies suggest that the community structure and diversity level of macrobenthos 382 

differ significantly between seasons, whether in invasive or native habitats (Liao et al. 383 

2018; Reis et al. 2019). Our study complements this view: Season does lead to 384 
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differences between invasive habitats and native habitats in terms of biomass, but this 385 

effect is not obvious from the overall trend, indicating that season has an impact on the 386 

macrobenthos communities in the intertidal zone, but this effect is not highly relevant 387 

to Spartina alterniflora invasion.  388 

 389 

In addition, differences in native vegetation habitats will have a significant impact on 390 

the cumulative effect values of multiple indicators. The invasion of Spartina 391 

alterniflora into bare flat will have a negative impact on macrobenthos communities in 392 

the habitat, while invasion of native vegetation habitats generally shows the opposite 393 

trend. On one hand, Spartina alterniflora's alterations to hydrological conditions and 394 

sediment physical and chemical properties in the invaded area may have a greater 395 

impact on bare flat (Quan et al. 2016), making the difference between light flats and 396 

native plant habitats greater than the difference between invasive plant habitats and 397 

native plant habitats (Chen et al. 2023).On the other hand, Spartina alterniflora, as a 398 

C4 plant, has higher nutritional value and palatability (Feng et al. 2015), making 399 

macrobenthos more inclined to feed on Spartina alterniflora and the detritus it produces.  400 

 401 

Although the results of the publication bias assessment indicate that our findings are 402 

highly robust, there are still some limitations. First, we found that the sediment type 403 

and coastal landform in invaded area will have an impact on the macrobenthic 404 

communities. However, there is still a lack of relevant research to support this 405 

phenomenon. This phenomenon has only been discovered in our long-term field 406 

surveys. Second, according to our meta-analysis results, only one explanatory variable 407 

among all considered has a significant impact on the cumulative effect values of the 408 

Pielou evenness index, Margalef richness index, and Simpson dominance index of the 409 

macrobenthic communities. Simultaneously, the heterogeneity of the cumulative effect 410 

value residuals (Qe) for each indicator remains highly significant (P < 0.0001), 411 

suggesting the presence of other unknown explanatory variables influencing the 412 

macrobenthic communities in the invaded area. Some previous studies have found that 413 

indicators such as Spartina alterniflora density (Chen et al. 2023) and vegetation 414 
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coverage (Li et al. 2023) in invaded areas, as well as heavy metal content (Qu et al. 415 

2023) and salinity (Han et al. 2022) in sediments, will have an impact on macrobenthos 416 

communities. Unfortunately, due to the lack of relevant literature and insufficient data, 417 

these factors were not included in the meta-analysis of this study. Finally, it is difficult 418 

for our study to directly reflect the differences in species composition between invasive 419 

habitats and various native habitats in the results.  420 

 421 

At the end of 2023, the Chinese government initiated the removal of Spartina 422 

alterniflora in coastal area, and the ecological restoration work in intertidal zones are 423 

also in preparation (National Forestry and Grassland Administration 2022). In the study 424 

of the impacts of Spartina alterniflora removal on the recovery of intertidal biological 425 

communities, many researchers believe that removal measures play a crucial role in 426 

community recovery. Measures such as mowing, plowing, spraying herbicides, and 427 

planting native vegetation have been found to promote the recovery of native biological 428 

communities (Mo et al. 2022; Lyu et al. 2023; Jiang et al. 2024), while removing 429 

Spartina alterniflora through waterlogging can have serious negative impacts on the 430 

intertidal ecosystem (Wang et al. 2021). However, some studies have found that the use 431 

of measures other than waterlogging to control Spartina alterniflora may lead to its 432 

recurrence, and the use of chemical methods may pose a potential threat to the intertidal 433 

ecosystem (Paveglio et al. 1996; Xie et al. 2019; Wang et al. 2023). Moreover, it is also 434 

difficult for areas cleared of Spartina alterniflora to return to their pre-invasion state 435 

(Moreno-Mateos et al. 2012; Huang et al. 2022). This undoubtedly makes the removal 436 

of Spartina alterniflora and the restoration of intertidal zones a long and arduous task. 437 

Our research results showed that a though Spartina alterniflora invasion has a 438 

significant negative impact on the macrobenthos communities in general, the effects 439 

vary for each indicator, and many external environmental factors also influence the 440 

results. Therefore, the management of Spartina alterniflora and restoration efforts in 441 

intertidal zones should be tailored to local conditions, while also considering the 442 

beneficial role that Spartina alterniflora plays in promoting the intertidal ecosystem. 443 

 444 
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Conclusions 445 

In summary, we conducted a global meta-analysis to investigate the impacts of Spartina 446 

alterniflora invasion on intertidal macrobenthic communities, and to understand how 447 

these impacts occurred. The results show that following the invasion of Spartina 448 

alterniflora into the intertidal zone, there was a significant increase in both the number 449 

and species richness of macrobenthos, along with a significant decrease in their biomass, 450 

but no significant effects were observed on density, diversity index, or evenness index. 451 

As elevation and invasion duration increased, the impact of Spartina alterniflora 452 

invasion on macrobenthos communities shifted from positive to negative, while the 453 

average annual temperature exhibited the opposite trend. Moreover, variations in 454 

sediment properties, coastal types, and vegetation coverage within invaded areas can 455 

lead to significantly different impacts on macrobenthos communities. Hence, we 456 

speculate that Spartina alterniflora may influence macrobenthos communities through 457 

intricate interactions with various environmental factors in the intertidal zone, and its 458 

underlying mechanism warrants further investigation in future studies. At the end of 459 

2023, the Chinese government initiated the removal of Spartina alterniflora in coastal 460 

area, and the ecological restoration work in intertidal zones are also in preparation. The 461 

intertidal zone along China's coast is a crucial habitat for millions of waterbirds on the 462 

East Asian-Australasian Flyway (EAAF) (Hu et al. 2022), with macrobenthos serving 463 

as an essential food source for these waterbirds (Zhang et al. 2018). Many scholars 464 

believe that removing Spartina alterniflora can partially restore native animal 465 

communities; however, whether subsequent restoration measures can fully restore 466 

wetland ecosystems to their original levels remains to be verified. We believe that 467 

intertidal zone management and restoration projects should be tailored to local 468 

conditions, taking into full consideration the beneficial role of Spartina alterniflora in 469 

the intertidal zone ecosystem. 470 
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Fig 1. 702 

(a) Global distribution of Spartina alterniflora invasion studies. (b) Spartina 703 

alterniflora habitat, (c) Some species of macrobenthos in intertidal zone. 704 
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 706 

Fig 2. 707 

Subfigures (a) to (h) show the effect of Spartina alterniflora invasion on each 708 

macrobenthic community indicator. In the figures, pink represents cases with 709 

significant negative effects, sky blue represents cases with significant positive effects, 710 

and gray represents cases with insignificant effects, K is the number of cases, LRR is 711 

the mean effect size, and 95% CI is the 95% confidence interval. Effect sizes are 712 

considered significantly different from zero when the 95% CI does not overlap 0 (***p 713 

< 0.001; **p < 0.01; and *p < 0.05). 714 

 715 
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 716 
Fig 3.  717 

Subfigures (a) to (h) show the impact of annual average temperature on the effect size 718 

for each indicator. The red line is the fitted regression curve, the pink area represents 719 

the 95% confidence interval of the regression curve, and the dotted line represents the 720 

zero mark. Each purple point represents a case, and the size of the point indicates the 721 

weight of the case. (+)/ (-) indicates the positive/negative effect of annual average 722 

temperature on the effect size, ***p < 0.001, **p < 0.01, *p < 0.05. 723 

 724 
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 725 

Fig 4. 726 

The impact of various classification variables in the Spartina alterniflora invasion area 727 

on the effect values of various indicators on the macrobenthic communities. Display 728 

the Q test results and multiple comparison results for categorical variables with 729 

significant heterogeneity. Effect sizes are considered significantly different from zero 730 

when the 95% CI does not overlap 0 (***p < 0.001; **p < 0.01; and *p < 0.05), gold/red 731 

represent significant positive/negative effects respectively. 732 

 733 
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 734 

Fig 5.  735 

Akaike weights of explanatory variables that have a significant impact on the effect size 736 

based on model selection. In the figures, green represents explanatory variables with 737 

higher weights in the optimal model, while orange represents explanatory variables 738 

with lower weights in the optimal model, AAT is average annual temperature, ST is 739 

sediment type, CL is coastal landform, TL is tide level, ID is invasion duration, SS is 740 

sampling season, CH is control habitat. Because only one explanatory variable in the 741 

Pielou evenness index, Marglef species richness index, and Simpson dominance index 742 

had a significant impact on the effect size, model selection was not performed on them. 743 
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