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Societal Impact Statement

The invasive species S. alterniflora and P. australis are fast growing coastal wetland

plants sequestering large amounts of carbon in the soil and protect coastlines against

erosion and storm surges. In this global analysis, we found that Spartina and Phragmi-

tes increase methane but not nitrous oxide emissions, with Phragmites having a lesser

effect. The impact of the invasive species on emissions differed greatly among differ-

ent types of native plant groups, providing valuable information to managers and

policymakers during coastal wetland planning and restoration efforts. Further, our

estimated net emissions per wetland plant group facilitate regional and national blue

carbon estimates.

Summary

• Globally, Spartina alterniflora and Phragmites australis are among the most perva-

sive invasive plants in coastal wetland ecosystems. Both species sequester large

amounts of atmospheric carbon dioxide (CO2) and biogenic carbon in soils but also

support production and emission of methane (CH4). In this study, we investigated

the magnitude of their net greenhouse gas (GHG) release from invaded and non-

invaded habitats.

• We conducted a meta-analysis of GHG fluxes associated with these two species

and related soil carbon content and plant biomass in invaded coastal wetlands.

• Our results show that both invasive species increase CH4 fluxes compared to

uninvaded coastal wetlands, but they do not significantly affect CO2 and N2O

fluxes. The magnitude of emissions from Spartina and Phragmites differs among

native habitats. GHG fluxes, soil carbon and plant biomass of Spartina-invaded

habitats were highest compared to uninvaded mudflats and succulent forb-

dominated wetlands, while being lower compared to uninvaded mangroves

(except for CH4).

• This meta-analysis highlights the important role of individual plant traits as drivers

of change by invasive species on plant-mediated carbon cycles.
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1 | INTRODUCTION

Vegetated coastal wetlands (mangrove forests, tidal saltmarshes and

seagrass beds—collectively termed ‘blue carbon’ habitats) cover only
�0.24% of global land area (Murray et al., 2022) but provide highly

valued ecosystem services, such as coastal protection from storm

surges, erosion prevention along shorelines, nutrient cycling and habi-

tat provision (Duarte et al., 2013; Temmerman et al., 2013). Plants in

these habitats have high production rates, low rates of decomposition

in seawater-inundated soils and a unique ability to trap and accrete

sediments (Duarte et al., 2005). Blue carbon habitats are valued for

sequestering and storing carbon for centuries to millennia, placing

them among the most carbon-rich ecosystems on the globe (Kirwan &

Megonigal, 2013), with an estimated net CO2 uptake of 102 Tg C

year�1 (Lu et al., 2017).

Coastal wetlands can emit substantial quantities of the green-

house gases (GHG) methane (CH4) and nitrous oxide (N2O), which

have warming potentials 30–45 and 263–270 times greater than

CO2, respectively (Neubauer & Megonigal, 2015). CH4 is produced

by methanogenic archaea in the anoxic, organic matter-rich condi-

tions found in the soils of vegetated wetlands (Kolb & Horn, 2012;

Liikanen et al., 2009), while N2O production is controlled by micro-

bial nitrogen transformations, such as aerobic nitrification and

anaerobic denitrification (Hamersley & Howes, 2005; Qiu, 2015).

Other microbial activities mitigate the production of these GHGs.

Microbes that use more energy-efficient electron acceptors outcom-

pete methanogens for electron donors (Abram & Nedwell, 1978;

Lovley & Klug, 1983), while dihydrogen sulphide (H2S) produced by

sulphate-reducing bacteria inhibits N2O reduction (Senga

et al., 2006; Sørensen et al., 1980) and denitrifiers can consume N2O

(Emery & Fulweiler, 2014; Foster & Fulweiler, 2016; Gao

et al., 2022). Further, these microbial processes are influenced by

the traits of coastal wetland plants. Plants are the largest source of

electron donors supporting microbial metabolism in soils through

primary productivity and exudation of dissolved organic compounds

(Brix et al., 2001). Simultaneously, plants release oxygen via their

aerenchyma (Armstrong & Wright, 1975), creating oxygen micro-

zones (Koop-Jakobsen & Wenzhöfer, 2015). Aerenchyma are spaces

that form after cell death, which develop in the shoots, roots and rhi-

zomes of vascular plants in waterlogged soils and allow bidirectional

gas transport through the plant (Ni et al., 2019). The oxygen regen-

erates ferric iron and sulphate, which inhibit methanogenesis when

re-reduced (Laanbroek, 2010), and facilitates aerobic methanotrophy

(Conrad, 2009), which may oxidise >90% of the methane in the root

zone (Laanbroek, 2010; Megonigal & Schlesinger, 2002).

Emission and uptake of GHG in coastal wetlands differ among

plant species (Mueller et al., 2020). For example, the invasive

S. alterniflora (hereafter Spartina) and P. australis (hereafter

Phragmites) have been reported to increase CH4 fluxes compared to

native vegetation (Gao et al., 2018; Mozdzer & Megonigal, 2013;

Tong et al., 2012). CH4 emissions from Phragmites are enhanced due

to convective flow. Diel stomata opening induces a pressurised con-

vective gas flow through the plant towards the rhizomes, which con-

tain aerenchyma filled with CH4 diffusing in from the surrounding

soil. Subsequently, gases are transported with the mass flow to the

efflux culms and released into the atmosphere (Armstrong

et al., 1996). Both Phragmites and Spartina belong to the grass family

(Poaceae) but are structurally similar to native sedges (Cyperaceae)

and can have higher CH4 concentrations in the lacunae (aerenchyma)

of their culms than other grasses in their native ranges (Tong

et al., 2012). Their aerenchyma facilitate the release of oxygen and

exudates into deep soil layers, as well as transport of GHG from

those deep layers (Bertness, 1992; Moseman-Valtierra et al., 2016).

Root biomass can affect CH4 fluxes in opposite ways, (1) by supply-

ing labile carbon substrates via root exudates, which will stimulate

fermentation processes and subsequent methanogenesis, (2) by

releasing oxygen to the rhizosphere, thereby limiting anaerobic

decomposition processes and stimulating aerobic methane oxidation

and nitrification and (3) by providing a conduit for GHG formed in

the surrounding soil and transporting them through the plant. Hen-

neberg et al. (2012) demonstrated that lateral roots and root tips are

the most important plant features affecting CH4 transport through

the plant (Juncus effusus).

Blue carbon ecosystems are susceptible to invasion by exotic

plant species (Davidson et al., 2018; Zedler & Kercher, 2004), and the

increasing threat of climate-induced sea-level rise, erosion and storm

surges have prompted purposeful introductions of exotic plant species

to coastal wetlands to help elevate, stabilise and protect the coast.

Spartina and Phragmites are rapid colonisers, with the former being

introduced intentionally to China in 1979/1980 (An et al., 2007;

Qin & Chung, 1992) and the latter incidentally to North America in

the 19th century (Bart et al., 2006; Saltonstall, 2002). Invasive Spar-

tina and Phragmites grow and spread quickly, form large monocultures

and replace native species (Chen et al., 2018; Riddin et al., 2016). Both

species form tall, densely distributed stems with long leaves (Chen

et al., 2015; Riddin et al., 2016), and have deep and dense rooting sys-

tems, thereby providing high above- and belowground biomass (BGB)

and altering soil conditions (Li et al., 2009; Srivastava et al., 2014).

Globally, Spartina and Phragmites are among the most pervasive inva-

sive plants in coastal wetland ecosystems.

Previous meta-analyses on the impact of invasive species on

coastal wetlands focused on comparisons of GHG emission to fresh-

water wetlands and terrestrial habitats, including multiple invasive

species (Beyene et al., 2022), or on impacts of Spartina and Phragmites

invasion combined with management impacts on ecosystem structure

and function (Wails et al., 2021). In contrast, this study focused
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specifically on the impact of invasive Spartina and Phragmites on blue

carbon parameters (GHG fluxes, soil carbon and plant biomass) in

coastal wetlands, with emphasis on GHG emissions and the role of

plant species diversity. Information on the impact of the different

traits of invasive and native plant species on blue carbon potential

and GHG emissions is scarce. While many studies have investigated

correlations between plant biomass and CH4 emissions, there is little

evidence on the bioavailability of the decomposing organic matter

and released exudates, photosynthesis rates and gas transport

mechanisms.

Biological invasions alter carbon and nitrogen cycles in a variety

of ecosystems (Ehrenfeld, 2003; Liao et al., 2008) and have a net

positive effect on carbon pools in coastal vegetated habitats

(Davidson et al., 2018). High soil organic carbon (OC) is a key factor

correlated to CH4 emissions from freshwater and coastal wetlands

affected by invasive species (Beyene et al., 2022). The effect of

invasive species on GHG emissions is complex, and a consensus in

the literature remains elusive. An improved understanding of GHG

fluxes and the overall carbon balance in invaded blue carbon

habitats will inform decisions on coastal wetland management. We

present a meta-analytical investigation of GHG emissions affected

by Spartina and Phragmites invasions in blue carbon systems. We

focused in addition on differences in impact based on plant traits

within different groups of native vegetation (mudflats, succulent

forbs, fine grasses, large graminoids and mangroves). Our aim was to

determine the direction and magnitude of the effects and to discuss

the long-term climate impact of biological invasions on coastal wet-

land habitats.

2 | MATERIALS AND METHODS

The meta-analysis was performed following the steps outlined by a

flow diagram in Figure S1, based on recommendations by Koricheva

and Gurevitch (2014).

2.1 | Study selection

A literature search was performed in February 2021 to identify peer-

reviewed publications quantifying the effects of the invasive species

Spartina and Phragmites on GHG emissions from blue carbon habitats.

This included pairwise studies (invasion vs. non-invasion) as well as

repeated studies (before and after invasion). The ISI Web of Science

database was screened using the following terms:

• (Spartina OR Phragmites) AND (invasi* OR non-native OR non

native OR nonnative OR exotic* OR non-indigenous OR non

indigenous OR introduced) AND (Methane OR CH4 OR carbon

dioxide OR CO2 OR Nitrous Oxide OR N2O).

One hundred forty-nine publications were found to match the cri-

teria of this search. To relate the data to carbon stocks, literature from

a previous meta-analysis by Davidson et al. (2018) was selected for

invasive P. australis and S. alterniflora (28 studies, from March 2, 1864

to November 30,2017). The blue carbon pool literature was updated

for the period of November 30, 2017 until February 18, 2021 by an

additional search for.

• (Spartina OR Phragmites) AND (invasi* OR non-native OR non

native OR nonnative OR exotic* OR non-indigenous OR non

indigenous OR introduced)

This second search resulted in 501 publications since November

2017 (in addition to the 28 relevant studies from 1864 to 2017).

Abstracts of the identified literature were screened for inclusion

criteria, which were as follows: (a) relevant title and/or text and

(b) experiments and/or observations conducted outdoors (not solely

within a laboratory or greenhouse) and within a saltmarsh, mangrove

or seagrass habitat.

Full texts of the remaining articles were examined for eligibility,

that is, for containing appropriate data. Each included study had to

have a measure of GHG flux, soil carbon parameters or plant biomass

(Table S1) in an invaded (treatment) and uninvaded (control) condition.

Dominant native species in uninvaded habitats are listed in Table 1. If

a paper included data from multiple sites, each site was considered as

separate and independent data. This resulted in 2119 lines of data

from 123 articles. Study sites are shown in the map of Figure 1.

2.2 | Data treatments

Several data treatments were applied to account for missing informa-

tion. If articles did not display their data in numeric form in tables or

within the text, the online tool WebPlotDigitizer (https://apps.

automeris.io/wpd/) was used to retrieve values from graphs (60 stud-

ies, 1389 lines of data). If articles did not contain information on sam-

ple size, standard deviation, standard error or confidence intervals

(CI), missing values were estimated (details described in Methods

S1.1). If an article reported responses over time (40 studies, 969 lines

of data [46.4%]), such as seasonal or annual measurements,

unweighted random-effects models were performed on each set of

time series to collapse the data to one independent entry (Koricheva

et al., 2013). The model outcomes of this time-series collapse, that is,

estimated effect size (ES) and standard error, were treated as equal to

Hedges' d and variance in the subsequent meta-analysis. If an article

reported responses in different depth layers of the soil (22 studies,

731 data lines [35.0%]), the same approach was applied as for time

series. The impact of estimated missing values on the ES was assessed

by comparing the results of random-effects models of imputed data

to those of complete data (Table S2). In addition, uncollapsed data

were analysed separately by time and depth, to determine long-term

effects on GHG fluxes and impacts on carbon parameters in different

soil depths. These data did not only include time- and depth-series,

but all studies that identified the time (33 studies for GHG fluxes,

476 data lines; 58 studies for plant biomass, 571 data lines) or depth
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(73 studies for soil carbon parameters, 908 data lines) of sampling. For

temporal analyses, information on sampling times was recorded as

season. All studies were performed on the Northern hemisphere and

have similar time-of-year seasonal patterns. For analyses by depth,

four main depth layers were defined, as top (0–20 cm), mid (20–50 cm),

deep (50–75 cm) and very deep (75–100 cm). For studies that investi-

gated larger portions of soil, or overlapping depth fractions, such as

0–50 cm, the average value was used.

After the initial data treatments, parameters measured in only

one or two studies, such as particulate organic carbon (POC) or sea-

grass species, were eliminated and resulted in a final dataset of

709 lines from 116 studies. The parameters plant height (23 studies,

44 lines of data) and plant density (23 studies, 47 lines of data) were

excluded from most analyses, as the ES disproportionally affected the

outcome of the analyses (e.g., mangroves being far less dense and fine

grasses being far smaller than the invasive species).

2.3 | ES

The effect of invasive species on native coastal wetlands was calcu-

lated using Hedges' d (d, Equation 1) for each case study, based on the

sample means (Y) of treatment (T) and control (C) groups. This index

weights cases by their number of replicates (n) and the inverse of the

pooled variance (S, Equation 2; Lajeunesse, 2013) and is not biased by

small sample sizes and unequal variances (Koricheva et al., 2013). It is

also the most appropriate metric for flux data, which are often nega-

tive, rendering log response ratios unsuitable. J is a small sample size

bias correction factor (Equation 3), and vd is the variance of the ES

(Equation 4 Shen & Zhu, 2021).

d¼YT �YC

S
J ð1Þ

S¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

nT �1ð Þs2T þ nC �1ð Þs2C
nT þnC �2

s

ð2Þ

J¼1� 3
4 nT þnC�2ð Þ�1

ð3Þ

vd ¼ nT þnC
nTnC

þ d2

2 nT þnCð Þ ð4Þ

The Hedges' d values and variances of each case study were

entered into unweighted random-effects models to estimate the true

ES (see Methods S1.2 for details). The 95% bootstrap CI of Hedges'

d was used to assess whether d differed significantly from zero

(i.e., no effect of invasions). In contrast to log response ratios, it is

not possible to calculate percentages of change from Hedges'

d values.

TABLE 1 Grouping of native plant species and their contribution to each analysed parameter category (GHG = greenhouse gases) per
invader.

Native GHG Soils Plants

Spartina Succulent forbs Suaeda glauca,

Suaeda salsa

S. glauca,

S. salsa

Salicornia ramosissima,

Salicornia virginica,

S. salsa

Fine grasses Aeluropus littoralis,

“Native”
“Native” A. littoralis,

“Native”

Large graminoids Cyperus malaccensis,

Phragmites australis,

Scirpus mariqueter

C. malaccensis,

P. australis,

Phragmites communis,

S. mariqueter

C. malaccensis,

P. australis,

S. mariqueter,

Spartina foliosa,

Spartina maritima

Mangroves Avicennia marina,

Kandelia obovata

Aegiceras corniculatum,

Aricennia marina,

A. marina,

K. obovata,

Kenaelia candel,

“Mangrove”

A. marina,

K. obovata,

“Mangrove,”
Rhizophora stylosa

Phragmites Succulent forbs Suaeda japonica S. japonica -

Fine grasses “Native,”
Distichlis spicata,

Spartina patens

“Native,”
D. spicata,

S. patens

Leersia oryzoides, S. patens, “native”

Large graminoids Spartina alterniflora Cyperus malaccensis,

P. australis, S. alterniflora,

Spartina spp.

P. australis, S. alterniflora,

Spartina spp.,

Typha augustifolia

Mangroves - - -
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2.4 | CO2-equivalent fluxes

CH4 and N2O have higher sustained-flux global warming

potentials than CO2 (45 and 270 times, respectively, Neubauer &

Megonigal, 2015); therefore, relatively small changes in emissions of

these gases have the potential to offset large changes in carbon

sequestration within the same habitat. For this meta-analysis, litera-

ture reporting gross primary production, respiration or net ecosystem

exchange was not used due to lack of sufficient data for robust anal-

ysis. To demonstrate the potential impact of each invasive species on

GHG fluxes from native vegetation groups, average annual fluxes

were calculated for each GHG (Table 2). Only data presented in a unit

that could be transformed into kg ha�1 year�1 were included in that

calculation. As the number of studies on CO2, CH4 and N2O fluxes

vary widely and are predominantly performed in summer, only stud-

ies performing measurements in more than one season were used

here, resulting in more moderate estimates. Due to this approach,

results for Phragmites were limited to the native groups fine grasses

and large graminoids. The calculated mean flux rates in Table 2 are

not suitable to show invader effects on GHG emissions from

uninvaded habitats, which need to be calculated for each study indi-

vidually and are best presented by Hedges' d, and merely demon-

strate differences in flux ranges per habitat. Average CH4 and N2O

fluxes were calculated in CO2-equivalents for each group of invaded

and native vegetation and summarised as potential net CO2-

equivalent flux (CO2e; Table 2). Previous studies show that CO2 is

the dominant GHG emitted from coastal wetlands, and the inclusion

of short-term daytime CO2 fluxes from chamber measurements

increases the CO2-equivalent emission by 81%–96% (Chen

et al., 2015; Xu et al., 2014). However, the lack of diurnal and night-

time CO2 data might result in poor estimates. For the purpose of this

analysis, we assumed equal CO2 uptake and release from each

wetland type. Based on the terminology described in detail by Neu-

bauer (2021), these figures do not represent the radiative balance. An

accurate calculation of the net CO2-equivalent GHG flux between

ecosystem and atmosphere requires annual data for each GHG

emitted as well as annual changes in carbon stocks. In this meta-

analysis, we considered a variety of studies that do not fully meet

these criteria and therefore present an estimate of the potential net

CO2-equivalent flux from each wetland type.

F IGURE 1 Coastal wetland sites investigated by studies on greenhouse gas emissions (red), plant biomass (blue) and soil parameters (green).
Main study areas in the US east coast being invaded by Phragmites (circles, box A), and the US west coast and China (box B) being invaded by
Spartina (triangles).
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2.5 | Quality checks

The impact of data treatments on ESs was assessed (Table S2).

Unweighted random-effects models were performed on each subset

of data containing estimated standard deviation, and/or estimated

sample sizes, as well as on data that were fully available and did not

require any treatments (“complete, ungrouped data”). Models were

performed on data containing time- and/or depth-series and com-

pared before and after collapsing them to single data entries. The

treated data subsets were combined with the “complete, ungrouped”
data to assess the change of the overall ES. The robustness of the

overall ES was tested by removing outliers per parameter category

(GHG, soil carbon, plant biomass).

Different options for weighting the models are compared in

Table S3. ESs were compared using (a) unweighted fixed-effects

models, which calculate the ES purely on the observed effects and do

not take heterogeneity into account, (b) unweighted random-effect

models, which considers within-study results as equally independent

as between-study results, (c) random-effects models using vssb,

(d) random-effects models weighted by study ID and (e) random-

effects models using the rma.mv function of the metafor-package to

include study ID as random factor. Based on the assessments of Buck

et al. (2022), we decided that unweighted random-effects models pro-

vide the least biased results. The robustness of our analyses was

verified by applying various effects models to the data set as well as

to data subsets (Tables S2 and S3).

Methodological heterogeneity (i.e., whether variance may be

attributed to between-study differences in methods or to some pre-

dictor variables) was examined using I2 statistics (Table S3). Publica-

tion bias (i.e., selective publication of articles with significant findings

over those with nonsignificant results) was tested using funnel plots

(Figure S2), which include regression test results from the function

regtest of the metafor-package in the software R (R Core Team, 2021).

Moderator analyses were performed to determine if specific

parameters were dominantly responsible for the estimated ES

(Table S4). Tested moderators included publication year, habitat,

country of study, invasive species, native vegetation groups and

parameter groups (GHG, soil carbon parameters, plant biomass).

2.6 | Data analysis

The results of the meta-analysis on the impact of Spartina and Phrag-

mites on blue carbon ecosystems were analysed by groups and sub-

groups to disentangle the roles of different response variables and

habitat types. A previous meta-analysis demonstrated that the effect

of introduced species varies among blue carbon habitats (Davidson

et al., 2018); thus, we ran random-effects models by groups of native

TABLE 2 Annual CH4 and N2O fluxes (mean ± sd, in kg ha�1 year�1) and CO2-equivalent fluxes (mean ± sd, in t ha�1 year�1) from uninvaded
and invaded coastal wetlands per habitat and invasive species.

Invasive species Habitat Status

Annual fluxes (kg ha�1 year�1) CO2e (t ha�1 year�1)

n
CH4

n
N2O

n
(CH4 + N2O)

Mean ± sd Mean ± sd Mean ± sd

Spartina Mudflats Uninvaded 66 45.5 ± 70.7 35 0.70 ± 1.21 101 2.2 ± 1.3

Invaded 66 212.8 ± 338.1 35 0.94 ± 1.50 101 9.8 ± 6.6

Succulent forbs Uninvaded 25 14.4 ± 32.1 15 0.76 ± 0.93 40 0.9 ± 0.3

Invaded 25 44.9 ± 54.2 15 1.38 ± 1.36 40 2.4 ± 1.2

Fine grasses Uninvaded 21 56.9 ± 102.4 15 1.39 ± 0.84 36 2.9 ± 1.5

Invaded 21 37.6 ± 49.0 15 1.38 ± 1.36 36 2.1 ± 0.9

Large graminoids Uninvaded 34 187.9 ± 287.3 21 1.29 ± 1.98 55 8.8 ± 5.7

Invaded 34 478.4 ± 622.4 21 1.24 ± 2.00 55 21.9 ± 15.0

Mangrove Uninvaded 12 483.8 ± 873.7 12 1.73 ± 1.20 24 22.2 ± 15.1

Invaded 12 449.4 ± 725.0 12 2.51 ± 2.08 24 20.9 ± 13.8

All Uninvaded 158 106.0 ± 299.9 98 1.1 ± 1.4 256 37.1 ± 6.8

Invaded 158 238.1 ± 440.3 98 1.3 ± 1.7 256 57.1 ± 8.5

Vegetated Uninvaded 92 149.4 ± 383.5 63 1.3 ± 1.4 155 34.8 ± 7.6

Invaded 92 284.3 ± 287.9 63 1.5 ± 1.8 155 47.2 ± 9.3

Phragmites Fine grasses Uninvaded 20 19.5 ± 40.0 20 0.9 ± n.a.

Invaded 20 550.2 ± 792.9 20 24.8 ± n.a.

Large graminoids Uninvaded 12 742.7 ± 2,462.0 8 �0.14 ± 0.36 20 33.4 ± 23.7

Invaded 12 96.1 ± 140.3 8 �0.04 ± 1.01 20 4.3 ± 3.1

Vegetated Uninvaded 32 290.7 ± 1,509.5 8 �0.14 ± 0.36 40 34.1 ± 34.3

Invaded 32 379.9 ± 665.0 8 �0.04 ± 1.01 40 29.1 ± 13.2
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vegetation: (a) unvegetated mudflats, (b) succulent forbs, (c) fine

grasses (relatively short stature, soft, thin lamina), (d) large graminoids

(tall, large lamina, and tough stems—including reeds, cordgrasses,

sedges and Typha) and (e) mangroves (Table 1). Native vegetation

described as “native” or consisting of a mix of species was added to

the group of fine grasses. The plant groups were not assigned with

regard to phylogenetic relatedness but rather their growth form, size

and the plants' contribution to biomass, soil carbon parameters and

GHG emission potential. Further, effects were grouped by the type of

measured parameters, such as (a) GHG fluxes, (b) soil carbon parame-

ters and (c) plant biomass, and sub-groups of parameters within each

of these groups (Table S1).

A principal component analysis (PCA) was performed on the ESs

resulting from Spartina invasion on succulent forbs, large graminoids,

mangroves and unvegetated mudflats using the package FactoMineR

(Lê et al., 2008). The ESs of CO2, CH4 and N2O were selected as

quantitative variables, and the native vegetation groups were selected

as the qualitative variable. The PCA considers the relationships of the

ES of aboveground biomass (AGB), BGB, soil C, soil OC and soil dis-

solved organic carbon (DOC), and how they impact the ES of the

GHGs. The analysis used only the Spartina portion of the dataset and

excluded fine grass-dominated native vegetation and the parameter

soil organic matter (SOM) due to missing values. For the same rea-

sons, only final ES results could be used for the PCA analysis, not

including the range of results or CIs.

All analyses and graphs were conducted with R software.

Meta-analyses were performed using the metafor-package

(Viechtbauer, 2010), with rma to calculate the ESs ± CIs and to per-

form moderator analyses, funnel to create funnel plots on publication

bias and regtest to test the significance of the latter. Furthermore, the

packages egg (Auguie, 2019), ggtext (Wilke, 2020), tidyverse (Wickham

et al., 2019) and VIM (Kowarik & Templ, 2016) were used to create

data figures. The package clusterSim (Walesiak & Dudek, 2020) was

used for data normalisation prior to PCA analysis, which was per-

formed using the package FactoMineR (Lê et al., 2008).

3 | RESULTS

There was a net total increase (ES: 1.76, CI: 1.50–2.03, p < 0.001)

of GHG and carbon pools in coastal wetlands invaded by Spartina

or Phragmites (Figure 2). When considering different groups of

parameters, the net impact of invasive Spartina and Phragmites is

lowest on GHG fluxes (ES: 1.08, CI: 0.68–1.48, p < 0.001), slightly

higher on plant biomass (ES: 1.24, CI: 0.68–1.80, p < 0.001), and

about twice as high on soil carbon parameters (ES: 2.49, CI: 2.20–

2.79, p < 0.001). Both invasive species cause a large increase of

CH4 fluxes from invaded wetlands, while the effect on CO2 and

N2O fluxes is mostly negligible (Figure 2), resulting in a net increase

of GHG fluxes by Spartina (ES: 1.18, CI: 0.73–1.64, p < 0.001) but

F IGURE 2 Effects (Hedges' d ± confidence intervals) of invasive P. australis (blue circles, number of observations (n) and studies (in brackets)
on the left) and Spartina alterniflora (red triangles, numbers on the right) on greenhouse gas fluxes (GHG), soil carbon pools (SOIL) and plant
biomass (PLANTS) from coastal wetlands.
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not by Phragmites (ES: 0.60, CI: �0.28-1.48, p = 0.018). Invasive

Spartina increased annual average fluxes of CH4 2.2-fold (1.9-fold

when considering only vegetated coastal wetlands) and of N2O

1.2-fold (1.2-fold without mudflats), while invasive Phragmites

increased annual fluxes from vegetated wetlands 1.3-fold for CH4

and 0.2-fold for N2O (Table 2). Combined, CH4 and N2O fluxes in

CO2-equivalents alter the GHG balance of these gases (CO2 seques-

tration not considered) in Spartina-invaded vegetated coastal wet-

lands by a 1.5-fold increase (1.4-fold increase including mudflats),

from 37.1 t CO2e ha�1 year�1 (native) to 57.1 t CO2e ha�1 year�1

(invaded) and by a 1.2-fold decrease in Phragmites-invaded vege-

tated coastal wetlands from 34.1 t CO2e ha�1 year�1 (native) to

29.1 t CO2e ha�1 year�1 (invaded, Table 2).

3.1 | Seasonal effects

The effect of both invasive species on coastal wetlands varies among

seasons (Figure 3, Figure S3). The invasive species tended to have

higher AGB than the native vegetation, an effect that increased during

the growing season, reaching its maximum in summer and autumn

(Figure 3). The increase in AGB ES was accompanied by a summer and

autumn increase in CH4 flux ES and a summer peak of N2O flux ES

(Figure 3). ESs of the soil parameters SOM, OC and DOC were highest

in autumn as well but do not show a clear seasonal trend (Figure 4).

Effects on soil OC and DOC in invaded coastal wetlands were lower

during the growing season, peaked in autumn, and remained elevated

during winter (Figure S3). CO2 flux ESs were highest in winter

(Figure 3), when AGB and BGB were lowest (Figure 3). A few studies

investigated the long-term impact of invasive species over several

years, which indicate a strongly decreasing impact of the invasive spe-

cies on plant AGB and BGB after a decade, while CH4 emissions

remain elevated (Figure S4).

3.2 | Environmental drivers

Invasive Spartina significantly increased CH4 fluxes (ES: 2.37, CI:

1.73–3.01, p < 0.001), soil parameters (ES: 2.68, CI: 2.36–3.00,

p < 0.001), as well as above- and belowground plant biomass (AGB

ES: 1.29, CI: 0.40–2.17, p = 0.005; BGB ES: 1.39, CI: 0.78–2.00,

p < 0.001), compared to the native vegetation (Figure 2). There was

no difference in the impact of invasive Spartina on plant or soil param-

eters by geographic region (Figure 4). The impact of invasive Phragmi-

tes, by contrast, was much weaker and mostly insignificant. Only CH4

(ES: 1.61, CI: 0.93–2.29, p < 0.001), C (ES: 1.76, CI: 0.57–2.94,

F IGURE 3 Effects (Hedges' d ± confidence intervals) of invasive Spartina and Phragmites on GHG fluxes and plant biomasses per season. The
meta-analysis was performed only on “complete,” uncollapsed data from studies that provided information on the month or sampling season.
Numbers of observation (n) and studies (in brackets) are shown on the right.
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p = 0.004), DOC (ES: 1.74, CI: 0.19–3.29, p = 0.028) and AGB (ES:

2.12, CI: 1.34–2.89, p < 0.001) were increased by Phragmites invasion

(Figure 2), with AGB being the parameter most affected by invasive

Phragmites, and the only one being affected more strongly by invasive

Phragmites than by Spartina.

The effect of the invaders on soil carbon contents varies among

the two species with soil depth (Figure 5). Invasive Phragmites has low

impact on soil carbon contents within the upper soil layers but

increasingly elevates DOC with increasing depth. In contrast, invasive

Spartina has its highest impact in the upper soil layers, strongly

F IGURE 4 Effect (Hedges' d ± confidence intervals) of invasive Spartina on GHG emissions, soil parameter and plant biomass in coastal
wetlands in California, USA (orange) and China (red).

F IGURE 5 Effects (Hedges' d ± confidence intervals) of invasive Phragmites (blue) and invasive Spartina (red) on soil carbon contents per
depth. The meta-analysis was performed on uncollapsed, “complete” data. Depths are defined as top (0–20 cm), mid (20–50 cm), deep (50–
75 cm) and very deep (75–100 cm). Numbers of observations (n) and studies (in brackets) are shown to the right of each panel.
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increasing SOM, C, OC and DOC, with much weaker effects in the

lower depths of invaded wetland soils.

Effects of Spartina invasion on AGB and DOC appear to be very

closely linked to each other and correlated positively to effects on CH4

fluxes and negatively to effects on N2O fluxes (Figure 6). Effects of

Spartina invasion on BGB are strongly negatively correlated to effects

on N2O fluxes and weakly positively correlated to effects on CH4

fluxes (Figure 6). Impacts of Spartina on CO2 fluxes did not correlate to

any of the measured parameters (Figure 6). Furthermore, Spartina inva-

sions have opposite effects on mangrove ecosystems than on succu-

lent forb-dominated and unvegetated wetlands, with native large

graminoids-dominated habitats remaining unaffected overall (Figure 6).

3.3 | Variability among native vegetation

The identity and type of native vegetation plays an important role in

the direction and magnitude of change that occurs in invaded wet-

lands (Figure 7). In general, measured parameters increased in invaded

habitats compared to uninvaded fine grass (including relatively small,

soft grasses), succulent forb and native large graminoid (including

reeds, cordgrasses, sedges and Typha) habitats and decreased com-

pared to native mangrove habitats (Figure 7). Large effects of invasive

species on soil and plant parameters can be attributed to the massive

impact of invasive plant incursions on unvegetated wetlands (net ES

on soils: vegetated 1.44, CI: 1.16–1.72, p < 0.001, vs. unvegetated

mudflats 4.80, CI: 4.12–5.50, p < 0.001). SOM contents did not differ

between invasive Phragmites and native succulent forbs and fine

grasses but were higher than in large graminoids habitats, despite

these native plants being structurally very similar to the invaders

(Figure 7). Invasive Spartina increased all soil parameters compared to

mudflats, succulent forbs and large graminoids (except SOM com-

pared to large graminoids; Figure 7). Mangroves are the most structur-

ally different from the invaders and other native vegetation, as their

trees or bushes are larger, less dense and support an equal or higher

AGB than invasive Spartina (Figure 7), and they maintain a higher

content of soil C and OC in their uninvaded state compared to cases

when mangroves are invaded (Figure 7).

The relative impact of invasive Spartina on CO2e fluxes of CH4

and N2O from native succulent forbs, large graminoids and unvege-

tated habitats was similar (Table 2), raising the potential net CO2e

fluxes by three- to fourfold, while the impact was lower and negative

(0.7-fold and 0.9-fold increases) on native fine grasses and mangrove

habitats. Invasive Phragmites had opposite effects on the potential net

CO2e fluxes of CH4 and N2O from native fine grasses and large grami-

noids habitats, strongly increasing the former (37-fold) and decreasing

the latter (6-fold decrease). In accordance, the largest mean ES of

invasive Spartina and Phragmites on CH4 fluxes was observed from

unvegetated mudflats (Spartina: ES 3.17, CI 1.37–4.98, p < 0.001;

Phragmites: ES 2.75, CI 0.52–4.98, p = 0.016), while the effects of

both invasive species on CO2 and N2O fluxes from mudflats were

insignificant and tended to be negative (Figure 7). However, ESs vary

at species level among native plants. Large increases in CH4 fluxes

and decreases of N2O fluxes were observed from invaded habitats

compared to the native succulent forb species Suaeda salsa (CH4:

n = 7(5), N2O: n = 2(2)), while there was no difference in fluxes com-

pared to the native succulent forb species Suaeda glauca (CH4: n = 1

(1), N2O: n = 1(1); Table S5). In native mangrove habitats, CH4 fluxes

were increased by Spartina invasions in Avicennia marina habitats but

insignificantly affected in Kandelia obovata habitats, and vice versa for

N2O fluxes (Table S5).

3.4 | Quality tests

Moderator analyses showed that model outcomes were most affected

by the group of parameters, native vegetation groups and country of

study (Table S4). Most studies were performed in China (75%,

Figure 1), where Spartina is the main invasive species in coastal wet-

lands (100% of studies in China), whereas Spartina is also an invasive

species in California, USA. All studies on native mangroves were per-

formed in China. However, a broad range of wetlands along the

F IGURE 6 Principal component
analysis (PCA) of the effect sizes resulting
from invasion by Spartina alterniflora on
plant (aboveground biomass [AGB] and
belowground biomass [BGB]) and soil (C,
organic carbon [OC], dissolved organic
carbon [DOC]) parameters, and how they
affect GHG (CO2, CH4, N2O).
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Southwest coast of China was investigated and provided data on

short-term and long-term invasions, sometimes following decades of

invasion. As such, the dataset covers a good range of timelines in the

invasion history of these species and their invaded habitats.

The outcomes of the meta-analysis are affected by multiple deci-

sions, such as selecting the methods to estimate missing data, calcu-

lating variation, dealing with time- and depth-series and weighting the

models (Table S2, S3). Although each decision affects the outcome,

the trend always remains the same. Estimates of standard deviations

(Table S2) and model weighting (Table S3) have a significant impact on

Hedges' d, while collapsing time- and depth-series (Table S2) and the

calculation method of variation (Table S3) is less significant for the

model outcome. In addition, funnel plots show a publication bias

towards positive ES (Figure S2), as most parameters are increased or

unaffected by invasive species, but rarely decreased.

4 | DISCUSSION

Our meta-analysis shows that Spartina and Phragmites increase plant

biomass in invaded coastal wetlands, while the increase in soil carbon

contents and GHG fluxes is only significant for Spartina. For both

invaders, increased GHG fluxes are attributed mainly to CH4

(unweighted Hedges' d: 2.21, CI: 1.70–2.72, p < 0.0001), while the

net effects on CO2 and N2O fluxes are neutral. The wetland meta-

analysis by Beyene et al. (2022) showed a higher impact of invasive

species on CH4 fluxes from coastal wetlands (weighted Hedges' d:

3.50, CI: 2.47–4.53, p < 0.05) but was not limited to Spartina and

Phragmites as invaders. The production and emission of each GHG

from emergent plants is influenced by multiple factors, and our results

suggest that various plant traits of invasive and native species play an

equally significant role in controlling GHG fluxes as the sources of

organic matter and abiotic conditions.

4.1 | AGB

Our analysis showed that invasive Spartina and Phragmites produce

higher AGB than native species, with the exception of mangroves, and

simultaneously emit more CH4 than all types of uninvaded native habi-

tats. Increases in CH4 fluxes and AGB in Spartina-invaded habitats

were strongest compared to native succulent forbs, which grow to

small height (Figure S5), and unvegetated mudflats. However, Spartina

also increased CH4 fluxes compared to large graminoid plants (which

include reeds, cordgrasses, sedges and Typha) and mangroves of simi-

lar or far greater plant biomass and soil carbon content (Figure 7). Our

F IGURE 7 Summary schematic of the effects of invasive Spartina (top row, depicted on the left side) and invasive Phragmites (bottom row,
depicted on the left side) on different groups of native vegetation (depicted in each panel). Numbers represent effect sizes (in bold and marked
with an asterisk when significant) and are shown in green when the impact was positive and in red when the impact was negative. Results are
shown for the greenhouse gases (blue box) methane (CH4), carbon dioxide (CO2), nitrous oxide (N2O), plant biomasses (green box) aboveground
(AGB) and belowground (BGB) and soil (yellow box) organic matter (soil organic matter [SOM]), carbon (C), organic carbon (SOC) and dissolved
organic carbon (DOC).

72 FUCHS ET AL.



findings show that invasive Spartina and Phragmites release more CH4

than any type of native vegetation, which begs the question if a supe-

rior mode of gas transport exists in these species. The mechanisms

leading to increased CH4 emissions from Phragmites, that is, convective

pressurised flow, have been well described (Armstrong et al., 1996) and

are estimated to be >5 times higher than diffusive emission (Brix

et al., 2001). Spartina species release CH4 only via diffusive transport

(Zhang & Ding, 2011) and can release even higher CH4 fluxes than

native Phragmites in Chinese coastal wetlands (Tong et al., 2012; Zeleke

et al., 2013; Zhou et al., 2015), while emitting equally high CH4

fluxes as invasive Phragmites as a native species in US coastal wetlands

(Emery & Fulweiler, 2014). During diffusive plant-mediated transport,

GHG are released from culm micropores and leaf sheaths (Nouchi

et al., 1990). Some studies suggested that higher biomass, density and

stem diameter at the end of the growing season facilitate CH4 emis-

sions by means of transport and lacunal area (Cheng et al., 2007; Yuan

et al., 2015; Zhang & Ding, 2011). In our meta-analysis, we found no

link between plant height or density (Figure S5) and the impacts of

Spartina and Phragmites on CH4 fluxes. Thus, mechanisms of plant gas

transport and phylogenetic relationships do not appear to explain why

invasive species tend to increase CH4 emissions.

While AGB facilitates gas fluxes from Spartina and Phragmites—as

its removal reduces CH4 emissions by 19%–75% (Cheng et al., 2007;

Yin et al., 2015)—it may only capture the tail end of a chain of pro-

cesses leading to increased CH4 release. Several studies have shown

no correlation between AGB and CH4 fluxes (Ding et al., 2005;

Emery & Fulweiler, 2014) and proposed that soil conditions (Emery &

Fulweiler, 2014; Martin & Moseman-Valtierra, 2015) or spatial and

temporal variations in abiotic conditions regulate methanogenesis

(Mueller et al., 2016). In the case of mangroves, Chen et al. (2015)

suggested that large canopies provide shade and cooler soil tempera-

tures, possibly resulting in lower methanogenesis. Plant biomass is the

primary source of electron donors for methanogens in the soil of

these ecosystems (Vann & Megonigal, 2003), which is consistent with

the largest increase in CH4 emissions occurring where Spartina and

Phragmites invaded unvegetated mudflats. Further, increases in

methanogenesis in Spartina-invaded soils may be facilitated by

reduced competition with sulphate-reducing bacteria, as Spartina can

consume sulphate for growth (Gao et al., 2018), oxidises toxic hydro-

gen sulphide via oxygen release through aerenchyma (Kraus &

Doeller, 1999) and facilitates noncompetitive methylotrophic metha-

nogenesis (Oremland & Polcin, 1982) by exuding acetate and methyl-

ated compounds from its roots (Chen et al., 2018; Tong et al., 2018).

The extent and significance of each of these mechanisms and others

(Noyce & Megonigal, 2021) in driving CH4 emissions from Spartina

and Phragmites need further study.

4.2 | BGB

In our meta-analysis, BGB was strongly elevated by invasive Spartina

compared to uninvaded native vegetation, but not significantly

affected by invasive Phragmites. This may be due to the majority (82%)

of studies selected for this meta-analysis investigating only the upper

30 cm of soil for BGB, where a large proportion (50%; Sheng

et al., 2022) of Spartina roots is found (Liu et al., 2017). Lateral flux in

these upper soils might contribute to Spartina's increased CH4 emis-

sions. This depth also showed the highest increase in DOC concentra-

tions in Spartina-invaded habitats, which were correlated to the

increase in CH4 emissions. In contrast, Phragmites roots expand deeper

(Bernal et al., 2017; Moore et al., 2012; Mozdzer et al., 2023;

Windham, 2001) and increased DOC concentrations predominantly in

deeper soil layers, where they possibly stimulated CH4 production (Kim

et al., 2020). However, elevated concentrations of DOC with increasing

soil depth could also be due to decreasing rates of hydraulic conductiv-

ity with depth (D'Andrea et al., 2002; Huettel et al., 1998). The rela-

tively marginal ESs of DOC at the soil surface compared to uninvaded

vegetation might be due to slow decomposition of Phragmites' recalci-

trant leaf tissues (Windham, 2001) or due to inhibition of microbial

decomposition by Phragmites-sourced phytotoxic compounds (Uddin

et al., 2013, 2014). There is little known about the depth-dependent

processes that regulate CH4 production and emission in coastal wet-

land soils and even less known about the influence of plant traits that

vary across native and invasive species, such as rooting depth.

4.3 | Photosynthetic pathways and soil C

The transformation of photosynthetically active radiation (PAR) into

biomass is affected by a plant's photosynthetic pathway (Jones, 1988).

A meta-analysis on freshwater and coastal wetlands (Wails

et al., 2021) found Spartina significantly increasing C (CO2 and CH4)

fluxes, but not Phragmites, which was attributed to their photosyn-

thetic pathways. Our meta-analysis on coastal wetlands alone partly

affirms these findings and indicates that both invasive species increase

CH4 but not CO2 fluxes, with lower effects of invasive Phragmites on

both. Phragmites is a C3 plant, with C3-C4 intermediate ecotypes being

found in salty meadows (Zheng et al., 2000). C4 plants, such as Spar-

tina, have a unique leaf anatomy and a more complex, energy-efficient

system of CO2 fixation (Sage & Zhu, 2011) that works even when sto-

mata are partially or fully closed at daytime to avoid transpiration.

Noyce and Megonigal (2021) classified a C3 saltmarsh species (Schoe-

noplectus americanus) as a net oxidizer and a C4 saltmarsh species

(Spartina patens) as a net reducer of the rhizosphere, resulting in higher

soil dissolved CH4 concentrations and CH4 emissions from the latter.

As a group, C4 plants investigated in this meta-analysis, that is, Cyperus

malaccensis, Distichlis spicata, S. alterniflora in its native range and

S. patens, do not show higher GHG emissions than the invasive C3

plant Phragmites (Figure 8); thus, our meta-analysis does not indicate a

decisive role of the photosynthetic pathway.

4.4 | Seasonal and temporal drivers

Chronosequence studies (Figure S4) showed that the impact of inva-

sive species on CH4 emissions continued over years, even decades
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(Kim et al., 2020; Tong et al., 2012; Xiang et al., 2015). Both invasive

species increased CH4 fluxes year-round, with the largest increases

measured in summer and autumn, which coincides with peak biomass,

carbon inputs,and microbial activity. High temperatures are known to

increase microbial activities generally, including CH4 production

(Schulz et al., 1997; Yang et al., 2019; Zeleke et al., 2013). However,

Xu et al. (2014) suggested that the summer peak in CH4 emissions in

Chinese coastal wetlands, where Spartina is invasive, is related primar-

ily to precipitation. The standing water during low tide may reduce

CH4 oxidation (Chen et al., 2013), increase CH4 production (Ding

et al., 2010; Shao et al., 2017) and enhance aerenchyma development

(Maricle & Lee, 2022; Xu et al., 2014).

Our seasonal analysis indicated that invasive species also increase

N2O fluxes during summer, which suggests that rising temperature

and plant production (Yang et al., 2020) interact to increase microbial

N2O production in the soil. However, there is no clear effect on N2O

fluxes in spring, autumn or winter, as well as no clear correlation in

the PCA; thus, the function of temperature or primary productivity as

drivers of N2O fluxes is uncertain.

Interestingly, CO2 ESs were higher from invaded than from native

wetlands in winter, with no significant impact during the other sea-

sons. Most CO2 flux studies were undertaken during daytime, when

photosynthetic CO2 uptake exceeds the sum of plant and microbial

respiration. Our results indicate that Spartina and Phragmites have

higher BGB leading to higher CO2 emissions due to root respiration

and microbial respiration in winter, which are balanced by photosyn-

thesis during the growing season.

4.5 | Soil N and N2O fluxes

We found only one suitable study investigating the impact of Phragmi-

tes invasion on N2O fluxes from coastal wetlands; therefore, our

results on N2O fluxes reflect predominantly Spartina-invaded habitats.

Spartina effects on N2O fluxes were strongly negatively correlated to

BGB. Higher N2O flux ESs reflect higher N2O production, lower N2O

consumption or both. Invasive Spartina only had higher N2O fluxes

compared to mangrove habitats dominated by Kandelia obovata, which

have prop roots (Lin et al., 2020) that are mostly below the soil surface

(Chen et al., 2015). The presence of emergent plant features, such as

the high culms of Spartina and the protruding pneumatophores of

A. marina (Kreuzwieser et al., 2003; Purvaja et al., 2004), might con-

tribute significantly to the transport of soil N2O to the atmosphere.

Invasive Spartina strongly decreased N2O fluxes from native

Suaeda salsa-dominated succulent forb habitats, which are low-

biomass succulents using crassulacean acid metabolism (CAM). Spar-

tina has an ability to efficiently outcompete soil microbes for N

sources and use excess N for growth (Jia et al., 2016; Mou

et al., 2019; Zhang et al., 2013), thereby reducing microbial N2O pro-

duction. Suaeda has shallow root depths, and studies on S. salsa

(Olsson et al., 2015) and S. glauca (Bian et al., 2019) habitats indicated

the release of significant amounts of oxygen via their root system,

which may stimulate N2O production at the oxic–anoxic interfaces via

coupled nitrification–denitrification (Hamersley & Howes, 2005;

Qiu, 2015). The relative influence of plant trait differences on factors

such as primary productivity and N uptake kinetics versus N2O

responses to invasion remain to be investigated.

4.6 | Emission rates and CO2-equivalent fluxes

While Beyene et al. (2022) indicated that invasive plants more than

doubled annual CH4 emissions from uninvaded coastal wetlands (from

111 to 255 kg CH4 ha�1 year�1), our calculations suggest a 2.2-fold

increase of mean annual CH4 emissions (from 106 to 238 kg CH4

ha�1 year�1, Table 2) in Spartina-invaded but only a 1.3-fold increase

(from 291 to 380 kg CH4 ha�1 year�1, Table 2) in Phragmites-invaded

vegetated coastal wetlands. However, we wish to point out that the

impact of invasive species is best expressed by ESs, while our calculated

mean fluxes only serve to present the different flux ranges of each hab-

itat. The magnitude of GHG emissions from the same invasive species

varies enormously among different habitats, indicating that environ-

mental conditions influence the level of GHG emission potential.

Annual measurements by Yuan et al. (2015) showed that the ben-

efits of increased SOC and decreased N2O caused by invasive Spar-

tina supersede the increase of CH4 emissions and result in net

mitigation of atmospheric CO2 by the invasive species. Our estimates

suggest that fluxes of N2O, which has a far higher global warming

potential than CH4, are not high enough to change the direction of

potential net CO2e emissions from each type of coastal wetland habi-

tat. Native mangrove forests have the highest levels of potential net

CO2e emissions and are the only habitat with opposing effects of

F IGURE 8 Effect (Hedges' d ± confidence intervals) of invasive Spartina (red triangles) and Phragmites (blue circles) on CH4 emissions from
native plants by photosynthetic pathway.
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invasive Spartina on CH4 and N2O flux directions, which resulted in a

neutral net impact. However, mangrove forests were most affected

by Spartina invasion in terms of reduced biomass and soil carbon

parameters, thus severely decreasing their value as a blue carbon hab-

itat. In addition to expanding the geographic scope and types of inva-

sion scenarios studied thus far, there is also a need to study coastal

wetland emissions during winter, at night-time and during flooding.

These considerations may change our current understanding of car-

bon cycling and invasion effects in blue carbon habitats and inform

coastal wetland management decisions.

4.7 | Comparison with previous meta-analyses and
conclusions

The impact of invasive species on blue carbon habitats has been

investigated in multiple meta-analyses, most of which showed an

increase in soil C stocks and CH4 emissions. However, despite a sub-

stantial body of individual studies and various discussions of the

mechanisms influencing carbon sequestration and GHG emissions, no

study could identify the environmental drivers definitively, including

this one. The data included in each meta-analysis differ and affect the

level of impact attributed to the invasive species, leading to over- or

underestimates of individual invader effects or the impact on individ-

ual ecosystems.

Meta-analyses showing increased CH4 fluxes from invaded

coastal wetlands included a variety of invasive species and showed dif-

ferent magnitudes of impact, with response ratios ranging from 0.73

(95% CI: 0.43 to 1.04) in mangroves and 0.83 (95% CI: 0.66 to 1.00;

weighted RRd, Yao et al., 2023) in saltmarshes to 3.50 (95% CI: 2.47

to 4.53; lnRR; Bezabih Beyene et al., 2022) in all types of coastal wet-

lands. Wails et al. (2021)'s meta-analysis resulted in increased C fluxes

(mean Hedges' g: �1.38, 95% CI: �1.77 to �0.98; negative signs indi-

cate invader impact in this study) due to Spartina invasion, whereas

Phragmites had no significant impact on C fluxes (mean Hedges' g:

0.14, 95% CI: �0.46 to 0.74), but their meta-analysis grouped CO2

and CH4 fluxes into one C flux response variable and included fresh-

water marshes and swamps besides estuaries. Further meta-analyses

targeted GHG emissions from coastal wetlands and focused on net

radiative forcing (Taillardat et al., 2020) or land-use/land-cover (Tan

et al., 2019) without differentiating between native and invasive spe-

cies or analysed the impacts of invasive species on GHG emissions

from coastal wetlands in reviews (Hu et al., 2020; Qi & Chmura, 2023)

without the statistical power and objectivity of a meta-analysis.

Our meta-analysis addresses the issue of different magnitudes of

ES by splitting the impact on CH4 per Spartina (Hedges' d: 2.37, 95%

CI: 1.73 to 3.01) and Phragmites (Hedges' d: 1.61, 95% CI: 0.93 to

2.29) as well as per native vegetation group (Figure 7), thereby pro-

viding new levels of detail and accuracy for individual invasion sce-

narios. Our analysis shows that known drivers of methanogenesis in

soils, such as biomass and anaerobic conditions, are important

impacts of invasive species but are not sufficient to predict CH4

fluxes from different vegetation groups or the direction and

magnitude of invasive species on GHG fluxes. Our results indicate

that invasive Phragmites increases CH4 fluxes compared to fine

grasses, succulent forbs and unvegetated mudflats but has no signifi-

cant impact when invading coastal wetlands with structurally similar

native vegetation (large graminoids). This finding will enable coastal

wetland managers to adjust measures in specific habitats. The differ-

ences we found in the impacts of two different invasive species on

four distinct native vegetation groups suggests an important role for

plant traits, such as leaf degradability, canopy structure, aerenchyma

development and rooting depths. Such traits determine key mecha-

nisms that regulate GHG emissions including excretion of labile

organic matter and availability to methanogens as well as transport

of gases through the plant. We addressed the suggestion of C4

plants increasing CH4 emissions compared to C3 plants (Wails

et al., 2021) and found no association to photosynthetic pathways.

Further, we highlighted the longevity of invader impacts, as chrono-

sequence studies indicate the increase of CH4 emissions from

invaded coastal wetlands can persist over decades. The radiative

forcing impacts of higher CH4 emissions from invaded habitats are

slightly offset by a small trend towards decreased N2O fluxes. The

number of studies describing the impact of invasive species on GHG

emissions from coastal wetlands is low and dominated by the com-

prehensive literature on invasive Spartina in Chinese wetlands. As

such, the results of our meta-analysis have to be considered with

care in this context. More studies in different regions are needed to

broaden our understanding of invasion impacts on wetland GHG

emissions. In addition to expanding the geographic scope and types

of invasion scenarios studied thus far, there is also a need to study

coastal wetland emissions during winter, at night-time and during

flooding. These considerations may change our current understand-

ing of carbon cycling and invasion effects in blue carbon habitats and

inform coastal wetland management decisions.
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