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Increasing coastal reclamation
by Invasive alien plants and
coastal armoring threatens the
ecological sustainability of
coastal wetlands
Jian Li1,2, Zhanrui Leng1,2, Taitiya Kenneth Yuguda1,2*, Lili Wei3,
Jiaojiao Xia1,2, Chongyu Zhuo1,2, Ziying Nie1,2 and Daolin Du1,2*

1School of Emergency Management, Jiangsu University, Zhenjiang, China, 2School of the
Environment and Safety Engineering, Jiangsu University, Zhenjiang, China, 3Institute of Urban
Environment, Chinese Academy of Science, Xiamen, China
Coastal reclamation is becoming a common land restoration trend all over the

world as a result of the rising demand for land. Though restoring coastal wetlands

has significant economic advantages, a slew of adverse ecological effects

threatens the carbon functions of coastal wetlands. For the objective of

making appropriate land use policymaking, the ecological-economic trade-

offs of reclamation initiatives must be carefully considered. In this study, we

utilized appropriate models to estimate the ecosystem service values and

economic benefits of invasive alien plants and embankment seawall coastal

reclamation in China. We centered on three main ecology-related ecosystem

services: greenhouse gas regulation, storm-flood-erosion control, and waste

treatment/habitat preservation. Coastal reclamation intensity index and financial

analysis were utilized to assess the trade-offs between ecological degradation

and economic benefit resulting from land reclamation. Findings reveal that a total

of 26,322 ha and 10,731 km of coastal wetlands were reclaimed by Spartina

alterniflora and seawalls respectively from 2000 to 2020 in China. S. alterniflora

reclamation resulted in a significant decline of ESV loss of 5,702,454 Yuan ha−1,

while seawalls reclamation yielded some Ecosystem service value (ESV) gain of

4,800, 111 Yuan km-1 from 2000-2020. The combined effects of coastal

armoring and invasive S. alterniflora reclamation led to a loss of about 32.2

billion Yuan in ESV for the study duration. Economic gains failed to make up for

the ecosystem service value ESV loss, since the cumulative ESV loss significantly

exceeded the economic gains across the period studied. This correlation of

trade-offs emerged from reclamation development that favored quick economic

gains over long-lasting ecological value, posing a potential long-term threat to

the ecological integrity and carbon sinks in coastal wetlands. To establish an

equilibrium between seawall reclamation and Invasive alien plant species spread
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in coastal wetlands, stakeholders could use this scientific knowledge as leverage

to avert future irreparable losses.
KEYWORDS

land reclamation, ecosystem services, coastal reclamation, wetland degradation,
invasive plants, coastal armoring, climate change
1 Introduction

Coastal reclamation is a prospective land reclamation approach for

creating new land or enclosing the sea and tidal flats for multiple uses.

Two of themost widely used coastal land reclamationmeasures include

invasive alien plant species (IAPS) and seawalls; which are walls or

embankments constructed to prevent the sea from infringing on or

degrading a piece of land. Reclamation of coastal wetlands on a large

scale has now become amajor land use concern around the world (Qiu

et al., 2021; Wang et al., 2021). Although coastal reclamation has

significant economic benefits and promotes regional development,

manmade environmental change drivers such as pollution, altered

land use, overexploitation, and ecosystem degradation have negative

impacts on the structure and function of coastal ecosystems (Bowen

et al., 2019; Wang et al., 2021; Yu et al., 2021). IAPS and coastal

armoring (CA) structures have been introduced, imported, and spread

throughout key coastal habitats around the world as a result of efforts to

reclaim and preserve these depleted coastal habitats in recent times (Ma

et al., 2014; Li et al., 2021).

According to the Intergovernmental Science-Policy Platform on

Biodiversity and Ecosystem Services (IPBES) of the United Nations

(UN), IAPS threatens 20% of the earth’s surface, including

biodiversity hotspots (Ngo et al., 2019). Concurrently, coastlines

have changed dramatically, prompting the armoring of coastlines

through the construction of seawalls, which have been vital since

ancient times (Ma et al., 2014). As a result, ecosystems and the

ecosystem services they provide have been significantly depleted

(Dugan et al., 2018; Jaramillo et al., 2021). Global reports of

declining coastal biodiversity have been related to anthropogenic

activities (MEA, 2005; IPBES, 2019; Newton et al., 2020; Sandoval

Gallardo et al., 2021). On a global scale, three most comprehensive

studies have reported declines in coastal biodiversity. These studies

revealed coastal biodiversity loss as being predominantly caused by

IAPS and coastal armoring (MEA, 2005; IPBES, 2019; Newton et al.,

2020). Additionally, current worldwide studies have underlined the

importance of wetland ecosystems, especially the knowledge of

coastal wetlands, in assessing global ecosystem effects (Brown

et al., 2021; Zeng et al., 2021). Some comprehensive studies

(Schindler et al., 2018; Bartz and Kowarik, 2019; Kumar Rai and

Singh, 2020), have reported IAPS to cause a reduction in native

plant biodiversity, which have consequential implications for

environmental, health, ecosystem, and global warming. The

adverse effects of coastal armoring on coastal ecosystems around
02
the world, on the other hand, are swiftly becoming widely

recognized (Dugan et al., 2018; Jaramillo et al., 2021).

A global overview of coastal land reclamation reveals that massive

land reclamation initiatives have been particularly noticeable in China.

Since the 1950s, China’s clamor for coastal reclamation has increased

significantly due to its economic growth (Ma et al., 2014). From 1979 to

2014, 11,162 km2 of land has been reclaimed (Meng et al., 2017), while

the loss of coastal wetlands in China since 1949 is estimated to be on a

scale of 22,000 km2 (Sengupta et al., 2018), with the conversion of

coastal wetland vegetation to tidal mudflats and sub-tidal zones

attributable to the adoption of geo-engineering construction

techniques (Zhu et al., 2016). The rapid spread of IAPS and coastal

armored structures may cause irreparable damage to coastal wetland

ecosystems, putting a strain on the long-term viability of coastal

wetland resources. As a result, thorough scrutiny of IAPS and coastal

armoring and their trade-offs are required to adequately grasp how

their continued expansion in China’s coastal ecosystems will shape

community structure, biodiversity, and habitat in Asia and worldwide.
2 Invasive alien plants and coastal
armoring in China’s coastal wetlands

2.1 Progression and expansion of IAPS

World regions have in recent times resorted to natural solutions

to coastal erosion that reduce sediment loss and promote ecosystem

function. This prompted the introduction of S. alterniflora and

other IAPS to China. S. alterniflora was brought into China in 1979

as a tide barrier and to speed up the formation of coastal wetlands.

Ever since, spontaneous dispersal and replication have caused this

invasive plant to spread rapidly across coastal China, with typically

detrimental ecological consequences (Meng et al., 2020). S.

alterniflora was declared an invasive species in China in 2003 and

was listed in the first inventory of alien invasive species based on a

collaboration between China’s State Environmental Protection

Administration and the Chinese Academy of Sciences (Wang

et al., 2006). By 2007, it had expanded to 34,178 ha, with

Jiangsu’s coastal areas responsible for about 17,842 ha (52%) (Lu

and Zhang, 2013). It now occupies 50,000 ha of China’s land

compared to ~260 ha in 1985 (Meng et al., 2020).

Because of its diverse habitats and environmental conditions,

China is particularly prone to the spread of invasive species from
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other countries. S. alterniflora spread has presently impacted

Chinese wetlands, affecting productivity, soil hydrology,

hydrodynamics, sedimentation, soil structure, and nutrient

loading. The usage of Sonneratia apetala as an alternate plant

species to replace S. alterniflora is effective on some China islands

(Tang et al., 2007). The benefits and drawbacks of these alterations

vary according to the area and habitat quality. In certain areas, S.

alterniflora, for instance, plays a vital role in coastline conservation,

while in others, it has hampered aquaculture activity (Wan et al.,

2009; Chen et al., 2018; Gao et al., 2018). Numerous studies have

explored its advantages and disadvantages, as well as evolutionary

processes and management (Jiang et al., 2009; Chen et al., 2012).

2.1.1 IAPS and biodiversity/habitat loss
The implications of IAPS as a fast-growing risk to ecosystem

delivery of services and local biodiversity loss are widely

acknowledged (Kumar Rai and Singh, 2020). By mending putative

gaps or displacing native species, IAPS have occupied the

phenotypic and operational space within the diverse array of

species (Loiola et al., 2018; Dalle Fratte et al., 2019). According to

an assessment of the globe’s ecosystem services, 60% are in poor

condition due to anthropogenic causes such as loss of habitat and

alterations, invasive alien species, and climate change (MEA, 2005).

Certain species have been reported as being very invasive globally,

especially S. alterniflora, S. anglica, and S. densiflora, and are listed

in the IUCN’s International Invasive Species Database (ISSG, 2018).

The largest invasion in China is by S. alterniflora, which was

introduced from the Atlantic coasts of the United States, and has

quickly spread across China, covering about 50,000 acres of land

(Meng et al., 2020). These IAPS are a global problem that threatens

ecosystem biodiversity by causing the extinction of native species

and interrupting anthropogenic activities due to habitat damage

(Chen, 2019). IAPS are known to have harmful consequences on

biodiversity. Depending on the region, maturity, and kind of habitat

concerned, the invasive tendency of S. alterniflora in China’s coastal

wetlands could have varying consequences on biodiversity. S.

alterniflora spreads and outcompetes native plants for growth

area due to its biotic features and tolerance. The invasion by S.

alterniflora altered the main macrobenthos species in the native

habitats and affected macrobenthos diversity in seagrass and

unvegetated areas (Quan et al., 2016; Su et al., 2020). By altering

carbon sequestration and impacting biodiversity, S. alterniflora

invasion has the potential to influence the ecological integrity of

southern China’s coastal habitats (Su et al., 2020).

2.1.2 IAPS and greenhouse gas regulation
Coastal ecosystems regulate gas emissions in two ways. Thus,

gas control plays a vital role in minimizing climate change by

enabling carbon to be sequestered. Negative gas regulation, on the

other hand, might result in higher amounts of CH4 and N2O

emissions in wetland environments. The average carbon dioxide

(CO2) methane (CH4), and nitrous oxide (N2O), fluxes over China’s

coastal wetlands were estimated to be 3.41 x 106 mg m-2 yr-1, 1.92 x

104 mg m-2 yr-1, and 1.44 x 105 µgm-2yr-1, respectively (Hu et al.,

2020). A significant link between CO2 fluxes and SOC, which was
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linked to higher levels of C feedstock and availability of nutrients,

could well have resulted in increased C emission by vegetation and

microbial activity control. The invasive S. alterniflora s associated

with more CH4 and CO2 emissions than native plants, increasing

the risk of global warming. Furthermore, in coastal wetlands, CH4

and N2O fluxes have a significant response to global warming,

which is mostly mediated by CH4 emissions (Hu et al., 2020).

According to China’s national wetland conservation action plan,

wetland reclamation has a carbon sequestration capacity of 6.57 Gg

C a-1 (Xiaonan et al., 2008). Particulate organic carbon POC

sequestration rates were 141 ± 17 g C m-2 y-1 at sites above mean

sea level and 381± 10 g C m-2 y-1 at sites below mean sea level. The

high rates of PIC accumulation 916 ± 133 g C m-2 y-1 indicate the

Yellow River delta’s high concentration of dissolved inorganic

carbon (Ye et al., 2015). Compared to native species populated

marshes, S. Alterniflora’s introduction in China’s coastal marshes

has a remarkably higher CO2 assimilation potential (3.16 Mg C ha-1

yr-1), a 1: 4 ratio increase (Yuan et al., 2015).

Stored CO2 had an approximate average value of 1200 Yuan

ton-1 in 2010, whereas released O2 had an approximate average

value of 376 Yuan ton-1 (Lin et al., 2019). Currently, the value of gas

flux and gas control in the coastal environment ranges from 0.24 x

104 Yuan ha-1 in Mariculture to 2.10 x 104 Yuan ha-1in croplands,

attributable to, the transformation of farmlands to developed land

resulting in increased weakening of the greenhouse gas control

function of coastal ecosystems (Qiu et al., 2021).
2.1.3 IAPS and storm/erosion control
Waves can be dissipated by vegetation plants, such that the

more noticeably the wave height is attenuated, the broader the

breadth of the plants connected (Barbier et al., 2008). Due to its

dense plant population and superior wave-damping capabilities, S.

alterniflora had a wave-damping capacity that is ten times greater

than that of the mangrove (Qin et al., 1998). A perennial grass

native to the Atlantic coast of the Americas called S. alterniflora has

been introduced to many coastal areas of China primarily to

prevent coastal wetland erosion, shoreline protection from storm

damage, and enhance coastal reclamation. Exotic S. alterniflora

seems to enhance soil erosion resilience (Yang and Guo, 2018). It

accomplishes this by diminishing the energy of tidal waves,

retaining sediment, and promoting vertical accretion (Zhang

et al., 2017; Meng et al., 2020). S. alterniflora has been observed

to preserve seawalls, compared to seawalls without S. alterniflora

distribution. Additionally, S. alterniflora elevates the ground by

forming biomass in its roots and deposits plant and organic debris

on the ground’s surface. In Jiangsu coastal areas, salt marshes with

S. alterniflora coverage gain more than 1000 ha of new land each

year compared to mudflats (Meng et al., 2020). In comparison to S.

alterniflora, which was less negatively impacted, increased

inundation salinity dramatically reduced the physicochemical

properties of native plants. Increased flooding depths ha rmed S.

alterniflora’s ability to set seeds, but a significant positive impact on

its ability to survive. Increased flooding rates had a negative impact

on S. alterniflora’s height, but a positive impact on the production of

new stems (Xue et al., 2018). Even though a large portion of China’s
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population (> 60%) lives in coastal regions, modifying enormous

territories through reclamation to accommodate urban growth and

industrialization, S. alterniflora wetlands have the potential to

conserve these lands (Meng et al., 2020).

2.1.4 IAPS and waste treatment/
habitat preservation

In China, invasive plants outcompete native plants in

significantly N-limited habitats, and invasiveness increases with N

addition, implying that continuing eutrophication of many

ecosystems will likely drive exotic plant invasions even further

(Wang et al., 2019). Exotic plant invasions in coastal wetland

habitats cause significant phosphorus (P) accumulation in the

soils, resulting in substantial pollution and eutrophication (Li

et al., 2018). The mean Total phosphorous concentration for

different S. alterniflora invasion times was 675.37 mg kg-1, and

ranges from 160.33–1071 mg kg-1 (Li et al., 2018). S. alterniflora’s

ability to accumulate ≥ 70 and ≥15 kg P by ha in soil and standing

plant biomass respectively, demonstrates that the ecosystem N:P

ratio may drop, with implications for below- and aboveground food

cycles in the long term. Furthermore, the depletion of carbon and

nutrients reduces the system’s overall reproductive capacity,

making future reemergence of dense mangrove ecosystems

difficult (Wang et al., 2019). The displacement of native marsh

habitat by exotic plant Phragmites australis, leads to the

deterioration of the soil’s ability to retain Phosphorus (Wang

et al., 2016). Nutrient augmentation of exotic A. philoxeroides’

allelopathic effects on native species suggests that attributable to a

unique pathway, eutrophication could significantly boost exotic

plant invasion potential and speed up their territorial spread (Xiao

et al., 2019).
2.2 Coastal armoring and China’s
changing coastlines

In China and other parts of Asia, the rapid expansion of coastal

armoring and the reclamation of intertidal zones through the

deployment of seawalls and other manmade coastal structures has

been unparalleled in terms of frequency and intensity (Choi et al.,

2018). The recent loss of over two-thirds of tidal flats in the Yellow

Sea, a globally unique environment with tremendous ecological

significance, is one of the most conspicuous occurrences (Yim et al.,

2018). While the most damaging consequences of China’s recent

major coastal land reclamation activity on biodiversity have been

extensively reported, several recent research has stressed the

ecological benefits afforded by such manmade coastal intervention

in China (Choi et al., 2018). This could be worrisome because, while

exploring the “modern ecology” resulting from coastal alteration is

beneficial, drawing general conclusions about the ecological

position or sustainability gains from coastal embankment

development without sufficient conceptualization trivializes the

ecological impacts of mega coastal reclamation projects and may

jeopardize biodiversity conservation efforts. The domination by

essentially “new” seawalls throughout the China coastline is due
Frontiers in Marine Science 04
to the rising extent and pace of conversion of original coastal

wetlands into fishponds and other enterprises. Coastal expansion

seawalls erected primarily to create additional land on a huge scale

in China have more rapid yields compared to seawalls established

primarily as permanent defenses for existing coastlines in other

world regions (Asselen et al., 2013). With major additional seawall

development currently slated and approved, at least 3,387 km2 of

tidal flats are planned to be transformed between 2005 and 2020 in

China’s Yellow Sea (Wang et al., 2014). As a result, protecting

declining tidal flat ecosystems, restoring degraded habitats, and

mitigating irreparable losses will become increasingly important.

2.2.1 Coastal armoring and biodiversity/
habitat loss

Since the 1960s, coastal armoring has caused the loss of an

estimated 10,520 km2 of China’s tidal flats and shallow waters (Choi

et al., 2018). The span of these seawalls has increased over the last

twenty years, surpassing 11,000 km of the entire 18,000 km

coastline in 2010 (Guan, 2013). Such enormous coastal

reclamation, frequently accompanied by the incorporation of

sediment-promoting exotic plants like S. alterniflora, and sand

churning has resulted in a significant reduction in biodiversity

and related ecological processes, with even worse repercussions

anticipated in the not-too-distant future. The accelerated loss of

shorebird communities in the East Asian–Australasian flyway,

which is presently the migratory route for waterbirds, is due to

the deterioration of wetlands, which now encompasses the largest

percentage (19%) of vulnerable waterbird populations of the

worldwide flyways (Piersma et al., 2016; Studds et al., 2017). After

reclamation, wetlands are transformed from pollution sinks to

sources, generating contaminants from industrial and agricultural

activities and chemicals from aquacultures, like antibiotics, leading

to the degradation of onshore and marine habitats (CCICED, 2018).

In 2010, it was anticipated that the reclamation of China’s coastal

wetlands would result in a loss of $31 billion in ecosystem services

each year, accounting for nearly 6% of China’s overall marine

products (CCICED, 2018). By the year 2020, 250,000 ha of

coastal wetlands will be enclosed for infrastructural projects and

other wetlands activities, with the reclamation pace, predicted to

accelerate to 60,000 ha/year leading to the loss of more coastal

biodiversity (Ma et al., 2014).

2.2.2 Coastal armoring and GHG regulation
Embanked reservoirs and coastal ecosystems emit considerable

amounts of greenhouse gases; thus, they ought not be taken for

granted (Yuguda et al., 2020). The reclamation of coastal wetlands

has been observed to modify the physiochemical characteristics of

coastal sediments (Wang et al., 2014) and may impact the balance

and accumulation capacity of soil organic carbon pools in coastal

wetlands (Bu et al., 2015). Reclamation by sea embankments

resulted in significant reductions in total organic carbon and total

organic nitrogen, and labile and recalcitrant organic carbon and

nitrogen levels were also reduced in invasive S. alterniflora salt

marsh (Li et al., 2021). By reducing S. alterniflora remains input into

the soil and lowering soil salinity and moisture, embankment
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construction could significantly reduce soil C and N buildup in

invasive plant salt marshes, further reducing soil microbial biomass

and limiting available soil C and N in invasive plant salt marshes

(Qiao et al., 2018). Coastal embankment has been shown to increase

CO2 and N2O emissions in coastal wetlands while curbing CH4

emissions (Li et al., 2021). Essentially, the C and N sinks of native

and invasive saltmarshes are weakened by coastal embankment

reclamation, effectively reducing C and N sinks in coastal wetlands

and spurring CO2 and N2O emissions while providing some CH4

pollution curtailment benefits.

2.2.3 Coastal armoring and storm/flood/
erosion control

For at least a thousand years now, embankments have been

constructed to protect the coastline from erosion and flooding.

Almost the whole Chinese coastline has currently been embanked as

a precaution (Wang et al., 2021). Embankments exceeding the top-

water level are believed to be beneficial for flood mitigation (Zhang

et al., 2021), while dike systemsmust be maintained for inundation and

coastal flood management in the major delta (Yin et al., 2010).

Although reclamation by coastal embankments has provided

protection from moderately severe storm surges and extremely high

tidal water levels, they have worsened wave run-ups on the barrier and

increased the risk of combined wave overtopping extreme storm surges

(Zhang et al., 2021). Accelerating coastline erosion also causes other

issues like salinization and harm to seawalls. Because a tropical storm

has an elevated base owing to projected sea level rise, the coast will

likely be significantly more susceptible to adverse flooding (Yin et al.,

2012). Storm surge toppled a seawall, creating floods and having a

significant effect on Chongming Island (Chen et al., 2018). Studies

show that flooding mostly affects coastal areas and barely reaches

inland attributable to the conservative protection provided by

embankment systems (Yin et al., 2010). However, due to how slope

failure affects the height of seawalls and embankments, it is predicted

that 46% of these structures will have been breached by 2100, flooding

half of Shanghai (Wang et al., 2012). In addition, it is estimated that

without defense upgrades, 0.7–20.0 million people could experience

flooding each year and damages would range from US$67 to US$3,308

billion (Fang et al., 2020). Though protection from typhoon damage

provided by seawalls is 90% cost-effective compared to paddy fields

(Geng et al., 2021), it is more likely that China will be able to establish a
Frontiers in Marine Science 05
longer-lasting “ecological civilization” by preserving and reclaiming

coastal wetlands, instead of building an additional 500 km of seawalls

(Liu et al., 2019).
3 Research framework and method

The formulation of a systematic framework and characterization

of environmental parameters related to reclamation were based on

the ecosystem services (ES) framework, which is extensively deployed

(MEA, 2005). Current findings have shown that the ES framework

can be used to explore coastal reclamation, including Economic and

ecological trade-offs (Qiu et al., 2021), habitat depletion (Zhang et al.,

2020), resource supply (Yang et al., 2018), treatment of water (Sun

et al., 2017) and blue carbon storage (O’Connor et al., 2020). The

rationale for using our conceptual approach based on the ES

framework is illustrated in Figure 1; (1) Reclamation alters the

dynamics and ecosystems along the coastline, from natural to

artificial habitats. (2) Landscape alteration has an impact on all

four processes; hydrology, the gas cycle, photosynthesis, and

respiration, which are different in natural and artificial wetland

habitats. (3) As a result of an individual ES, direct and indirect

interactions may have an impact. For instance, subterranean water

contamination and freshwater eutrophication can be caused by

intensive farming and the excessive use of chemical fertilizers

and pesticides.

This research explored the impact of reclamation on biodiversity

loss, greenhouse gas dynamics, and eutrophication pollutants, with

respect to IAPS and coastal armoring. In July, of 2022, the ISI Web of

Science database and the China Knowledge Resource Integrated

Database (http://www.cnki.net/) were used to conduct a literature

search of peer-reviewed papers assessing the effects of invasive alien

species and coastal armoring on biodiversity loss, greenhouse gas

dynamics, and nutrient cycling. Table 1 shows the search phrases that

were used without a limitation on publication year. These keywords

were selected research based on measured or inferred invasion and

coastal armoring effects at the ecosystem scale. Our search turned up

217, 124, and 32 reports (21,54 and 14 included) on S. alterniflora-

biodiversity loss, S. alterniflora-greenhouse gas dynamics, and S.

alterniflora-storm/flood/erosion control, respectively. We further

identified 113, 106, and 37 reports (18,16, and 15 included) on CA-
FIGURE 1

Conceptual and methodological framework.
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biodiversity loss, CA-greenhouse gas dynamics, and CA-storm/flood/

erosion control as shown in Table 1, from which the ensuing data for

evaluation were applied. Figure 2A shows the changes in reclamation

areas due to S. alterniflora invasion and seawall expansion, while

Figures 2B–D presents the trends in greehnhouse gas fluxes and

stocks of CO2, CH4 and N2O from year 2000 – 2020.

Table 1 keyword combinations utilized in the original

bibliography for this synthesis. For each key combination, the

database was retrieved using the search terms: (China), (coastal

wetland OR seagrass meadows OR intertidal flats OR tidal

saltmarshes OR mangrove forests OR tidal freshwater), (Spartina

alterniflora OR invader* OR invasive* OR invasion* OR exotic
Frontiers in Marine Science 06
species OR alien species OR nonnative species)/(coastal armor OR

coastal structures OR coastal embankments OR seawalls OR

bulkheads OR dikes OR dams OR revetments) AND (ISI keyword

sequences specified below).
3.1 Coastal Reclamation Intensity Index

The Coastal Reclamation Intensity Index (CRI) was established

to assess the extent of reclamation in various areas along China’s

coasts over time. The CRI is a basic, approximate quantitative

approach that is often used in coastal reclamation investigations as a
A B

DC

FIGURE 2

(A) coastlines changes due to S. alterniflora and seawall expansion (B) CO2 fluxes due to S. alterniflora and seawall reclamation (C) N2O fluxes due to
S. alterniflora and seawall reclamation (D) CH4 fluxes due to S. alterniflora and seawall reclamation3.1 Coastal reclamation intensity index.
TABLE 1 keyword combination utilized in the original bibliography for this synthesis.

Key terms ISI keyword sequences Search
results

Reports
included

S. alterniflora –

biodiversity/habitat loss
(Biodiversity OR habitat OR ecosystem OR land use OR land reclamation OR landscape) AND (loss OR

degradation OR damage OR changes)
217 21

S. alterniflora – GHG
dynamics

(Carbon OR CO2 OR Nitrous oxide OR N2O OR Methane OR CH4) AND (emission* OR flux* OR
uptake* OR storage OR sequestration

OR loss* OR stock*)

124 54

S. alterniflora – Storm/
floods erosion/control

(Storm OR floods OR erosion) AND (destruction OR loss OR damage OR protection OR control OR
mitigation)

32 14

Coastal armoring –

biodiversity/habitat loss
(Remote sensing OR Coastal reclamation OR Intensity index OR land use OR land reclamation OR

landscape OR land loss OR land degradation OR land damage OR land changes)
113 18

Coastal armoring – GHG
dynamics

(Carbon OR CO2 OR Nitrogen OR Nitrous oxide OR N2O OR Methane OR CH4) AND (emission* OR
flux* OR uptake* OR storage OR sequestration OR loss* OR stock*)

106 16

Coastal armoring-storm/
floods/erosion control

(Storm OR floods OR erosion) AND (destruction OR loss OR damage OR protection OR control OR
mitigation OR changes)

37 15
For each key combination, the database was retrieved using the search terms: (China), (coastal wetland OR seagrass meadows OR intertidal flats OR tidal saltmarshes OR mangrove forests OR
tidal freshwater), (Spartina alterniflora OR invader* OR invasive* OR invasion* OR exotic species OR alien species OR nonnative species)/(coastal armor OR coastal structures OR coastal
embankments OR seawalls OR bulkheads OR dikes OR dams OR revetments) AND (ISI keyword sequences specified below).
Data sources from included reports can be found in Supplementary material.
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measure of reclamation area per unit of coastline length over time

(Yang et al., 2018; Qiu et al., 2021). The CRI expressed in (ha year-1

km-1) is calculated using the following formula:

CRI =
St−t0

(t − t0)� lt+lt0
2

(1)

where to and t are the study period’s outset and endpoint

periods (years), respectively; The entire distances (km) of the

study area’s coastline at time to and t, respectively, are lt and lt0,

while the entire reclamation area (ha) between to and t is st-to.
3.2 Gas regulation value

In order to produce one gram of organic matter, plants must

absorb 1.63 g of carbon dioxide and release 1.19 g of oxygen (He

et al., 2012).

P1 = (1:63C1 + 1:19C2)XS (2)

where P1 represents the yearly loss of gas regulation function, and

C1 represents the cost of fixing carbon dioxide, based on China’s

afforestation costs and the global carbon tax requirement (C1 = 750

yuan/t.). C2 represents the cost of generating oxygen, or the cost of

producing industrial oxygen to substitute it, which is 400 yuan/t. X is

the yield per unit sea area, given as 929. 645mg.C/m2. d, and S is the

total S. alterniflora reclamation area in China (He et al., 2012).

To calculate the value of gas control, this study employed the

carbon tax approach and the cost of industrial oxygen generation

for coastal ecosystems (Qiu et al., 2021).

The net biomass per unit area of varied geographical classifications

was used to compute the amount of stored CO2 and emitted O2 for

reed marshes (Biomass 25 ton ha−1, CO2 absorbed 40.74 ton ha−1, O2

emission 29.78 ton ha−1, CH4 emission 0.46 ton CO2eq ha−1, N2O

emission 0.38 ton CO2eq ha−1, Gas regulation value 5.91×104 Yuan

ha−1) (Ma et al., 2019). The approximate annual rate of emitted O2 was

376 Yuan ton-1 (Lin et al., 2019), whereas the approximate annual rate

of stored CO2 was 1200 Yuan ton-1 in 2010 (Qiu et al., 2021). CO2

equivalent (CO2-eq ha
-1) values for N2O and CH4 were divided by 296

and 23, respectively (IPCC, 2006; Hu et al., 2020). Their costs were

calculated by converting them to CO2 equivalents (IPCC, 2014), and

the cumulative worth of gas management in the research region was

calculated by adding positive and negative values (Qiu et al., 2021).
3.3 Storm/floods/erosion protection value

The effectiveness of natural wetlands and constructed seawalls

for averting mortality and safeguarding property from disasters in

China’s coastal zones are referred to as storm/flood protection

value. The effectiveness of mudflats, saltmarshes and coastal

embankments in storm/flood mitigation was investigated in this

study, employing the assessment approach developed by (Liu et al.,

2019). Given that the average yearly benefits of coastal wetlands and

seawalls in preventing storm damage were 892.5 million Yuan ha-1

and 37.2 million Yuan km-1 between 1989 and 2016, a realistic
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evaluation was conducted using median values of 11.87 million

Yuan ha-1 and 4.8 million Yuan km-1 (Liu et al., 2019).
3.4 Value of waste treatment/
habitat maintenance

The value of COD treatment is taken into account as the value

of N and P regeneration is only evaluated in the context of nutrient

cycling activity (He et al., 2012).

P2 = CXV (3)

Where P2 represents the value of waste treatment, while C

represents the price of removing COD, which is 4300 yuan/t

according to (Chen et al., 1999). X denotes the COD capability,

which ought to be 2 mg/l (He et al., 2012). V stands for reclamation

volume (tonnes) of S. alterniflora which is equal to the product of

“net primary productivity” NPP and “reclamation area”.

N and P recycling from the water body is valued as follows:

P3 = (CNXN + CPXP)V (4)

Where P3 is the value of nutrient cycling; CN represents the cost of

N removal per unit; CP represents the cost of P removal per unit which

is 5000 yuan/t for P as well as for N (Zhang and Sun, 2009). XN and XP

represent the capacities of N and P, which is 2 mg/l (He et al., 2012); V

represents the volume of reclamation of S. alterniflora defined above.
3.5 Estimating primary productivity of
invasive spartina alterniflora

In order to improve the biomass, (Xie et al., 2015) proposed

incorporating the mean annual temperature and rainfall and

utilized the Thornthwaite Memoria model to determine the

biological community’s net primary productivity (NPP). The

equation is given by (Yin et al., 2020) as:

NPP = 300½1 − e−0:0009695(V−20)� (5)

where NPP (t/h m2) is the net primary productivity of the

spartina community in the study region; V is the exact yearly

evaporation, with V = 1.05pre/[1 + (1.05pre/L)2]1/2; L (mm) is the

average annual evapotranspiration, with L = 3000 + 25T + 0.05T3;

and T (°C) is the annual average temperature, which is ∼ 14.25°C

(Yuguda et al., 2022b).
3.6 Estimation of ecological-
economic benefit

3.6.1 Ecological-economic benefits of
spartina alterniflora

There are three levels of value that contribute to the overall

ecological and economic benefits of the Spartina plants (Qin

et al., 1997):
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3.6.1.1 Seashore protection value

Although S. alterniflora has a range of uses in the natural

environment, including advantages for biodiversity, sturdiness, and

long-term growth in salt marsh systems, the plantation’s greatest

value comes from the money it saves on shoreline protection. The

equation for shoreline protection value is as follows (Qin et al.,

1997):

B1 = (TiEf − Fp)Ms (5)

Where Ti is the coefficient of typhoon damage, which is

equivalent to 0.5 (Qin et al., 1997); Ef is the coefficient of

environmental factors, which is equivalent to 0.5 (Qin et al.,

1997); Fp is the planting fee coefficient, which is equivalent to 0.1

(Qin et al., 1997);Ms is the plant’s cost savings per hectare, which is

equivalent to 10,000 yuan (Qin et al., 1997).
3.6.1.2 Extraction value

The use of biomineral liquid BML from Spartina culms for food

production was approved by the Chinese Ministry of Health in

1990, and the country has since produced several biomineral

products (Qin et al., 1997). The extraction value equation is given

by (Qin et al., 1997):

B2 = WCgPn (6)

Where W represents the annual total biomass of Spartina culm

per ha, which is equal to NPP, ∼ 75 tonnes ha−1 as corroborated by

(Lu and Zhang, 2013); Cg stands for the coefficient of transition

from grass to BML, which is equivalent to 0.1 (Qin et al., 1997); Pn
represents the profit from BML, which is equivalent to 30 yuan/kg

(Qin et al., 1997).
3.6.1.3 Residue value

The grass residue left over after extraction has significant

nutritional content and can be utilized. The equation for the

residue value is given by (Qin et al., 1997):

B3 = RuW(1 − Cg)(Pr1 + Pr2 ) (7)

Where Ru is the residue utilization ratio, which is equivalent to

0.1 (Qin et al., 1997); Pr1 and Pr2 are the net profit from the

mushroom (5 yuan/kg) and fodder (1 yuan/kg) residues

respectively (Qin et al., 1997); W and Cg are defined previously in

equation (6).

Based on a synthesis of the worldwide estimates for coastal

ecosystem services, six landscape groups were found to provide

effluent treatment and habitat preservation in the case study (de

Groot et al., 2012).

3.6.2 Ecological-economic benefits of coastal
armoring by seawalls

According to (Liu et al., 2019), the cost of building seawalls

could reach CNY 6,397,500/km, with the cost of routine

maintenance ranging from CNY 15,622/km to CNY 74,216/km.

As a result, the average cost of building and maintaining seawalls is

CNY 172,969 km/year, which when compared to the projected
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value of storm protection provided by seawalls of CNY 848,312 km/

year yields a benefit/cost ratio of 4.9. These rates were adopted to

estimate the ecological-economic benefits of coastal armoring in

this study, given the Spatio-temporal variations of storm types and

robustness of data utilized by (Liu et al., 2019).
4 Results

4.1 Coastal reclamation and
ecological changes

To date, more than 50,000 ha of China’s coastal wetlands have

been reclaimed by S. alterniflora since its introduction. On the other

hand, approximately 13, 830 km of embankment seawalls have been

erected in China for coastal protection since the 20th century. In the

past two decades (2000-2020), the average annual coastal

reclamation to S. alterniflora is 1,316 ha, and 536.58 km to

seawalls, with an average CRI of 12.29 ha yr−1 km−1. With gross

reclaimed land areas of 43,061 and 51,970 ha and CRIs of 11.32 and

13.26 ha year−1 km−1 per decade, reclamation area accelerated

between 2000 and 2020 Figure 2A. Coastal land reclamation by

invasive S. alterniflora and embankment seawalls is pertinent to the

four central provinces of China; Jiangsu, Shanghai, Zhejiang, and

Fujian, whereas the northernmost and southernmost provinces,

account for minimal reclamation Table 1.

Over 579.59 × 104 ha of coastal wetlands make up China’s

coastline, which is about 1.8 × 104 km long and accounts for

12.42% of the country’s total natural wetlands (Sun et al., 2015).

However, China’s coastal wetlands have drastically shrunk in size as a

result of the country’s rapid economic growth and persistent

anthropogenic activity, endangering carbon sequestration and other

ecological functions (Hu et al., 2020). Consequently, different forms

of reclamation have different effects on the sizes and patterns of GHG

fluxes across China’s coastal wetlands. In the S. alterniflora marshes,

CO2, N2O fluxes, and CH4 fluxes ranged from 256-1202 mg·m-2·h-1,

32.59-101.27 µg·m-2·h-1, and 4.85-14.88 mg·m-2·h-1 respectively,

whereas the contribution of seawalls to GHG fluxes ranged from

97.28-456.76 mg·m-2·h-1 for CO2, 5.54-17.22 µg·m
-2·h-1 for N2O and

1.65-5.06 mg·m-2·h-1 for CH4. Overall, GHG fluxes were higher in the

spartina-dominated wetlands compared to the seawalls reclaimed

wetlands and increased with increasing reclamation areas and

coastline length, as shown in Figures 2B–D.
4.2 Landscape changes to spartina invasion
and seawalls domination

Table 2 depicts the areas of S. alterniflora in various years as

well as changes in those areas through time. S. alterniflora was

found to be continuously spreading throughout the coast of

mainland China, increasing from 25,648 ± 201 ha in 2000 to

43,061 ± 405 ha in 2010, and 51,970 ± 115 ha in 2020. Between

2000 and 2020, S. alterniflora increased by 26,322 ha which

corresponds to an average total increase of 1316.1 ha yr-1 or a

10.26% annual rate of change. Throughout the entire span of 2000-
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2020, Jiangsu Province experienced the most expansive spread of S.

alterniflora, with an invasive rate of 715 ha yr-1, followed by

Zhejiang with a 563 ha yr-1 rate (Mao et al., 2019). In China,

seawalls now span between 58 and 61% of the coastline (Luo et al.,

2015). As shown in Table 3, a rapid rate of seawall construction

occurred between 2000 and 2010, with an increase of 7,902 km at

25.5% per decade compared to other periods. Over the entire period

of 2000-2020, seawall construction increased by 10,732 km,

corresponding to an average increase rate of 536.6 km yr-1 or

21.26% annual rate of change. Although the cumulative increase in

invasive spartina and seawall expansion mostly infringed on

mudflat and shallow water, the landscape change revealed a fairly

irreversible process of a gradual shift from natural to constructed

wetlands, and eventually to impermeable surfaces.
4.3 Trade-offs between the economic
benefits and ESV loss of reclamation by
invasive spartina and seawalls

From the year 2000 to 2020, the estimated distributions of total

ESV and economic benefit were estimated. As shown in Figures 3A–

C, it can be seen that the ESV of spartina gradually declined while

the ESV of seawalls marginally increased. However, the economic

benefit of spartina dramatically increased while the economic value

of seawalls moderately declined, demonstrating a clear spatial trade-

off pattern throughout the investigation. Intriguing trends of greater

modification composition were observed for both ESV and

economic benefit for seawalls and IAPS, demonstrating that the

fragmentation of the ecosystem brought on by both types of

reclamation has a growing effect on ESV and economic benefit.

Particularly, over the course of two decades, both types of

reclamation maintained a rapid change rate with a final total ESV

that far exceeded the total economic value Figures 3A, B,. This

suggests an apparent trade-off between the economic gains and

ecological consequences of the invasion of S. alterniflora, i.e., that

the economic boom is linked with long-term loss of ecological value

in China’s coastal ecosystems.

Throughout the research period, ESV loss and economic gain

for the spartina and seawall expansion projects showed opposing

trends with no equilibrium point reached between, and ESV loss

was greater than economic gain. The study period saw a total net

increase from 75.39 billion Yuan in the first decade to 101.34 billion

Yuan in the second, indicating that economic growth was unable to

make up for the ESV loss caused by the S. alterniflora and seawalls’

reclamation in China. According to the results of Pearson’s

correlation analysis shown in Figure 4, there were trade-offs

between specific ecosystem services and economic advantage for
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the study period of 2000–2020, as indicated by a moderately

negative correlation between the two variables (P< 0.01).

Economic benefits and ESV trade-off characteristics generally

showed a steady trend for the study period.
5 Discussion

5.1 Invasion versus reclamation trade-offs
of coastal reclamation

Persistent wetland reclamation has resulted in the steady

shrinkage of coastal wetland areas, weakening marine dynamics,

habitat degradation, and declines in biodiversity (Cui et al., 2018;

Yan et al., 2022). In China, the rate of embankment erection and S.

alterniflora invasion spread has increased by more than double as

much during the previous few decades with the primary objective of

coastal land reclamation (Li et al., 2021). This led to the loss of at

least 10,520 km2 of ecosystems in the Yellow Sea, as well as

additional ecological effects like global warming, GHG emissions,

marine pollution, etc. (Choi et al., 2018). Evidence suggests that

continuing conversion of the coastal habitats from natural to

engineered has exacerbated the protracted ecological damage,

even while reclamation in coastal wetlands has escalated ecologic

and environmental losses. The expenses of regulating gas,

preventing storms, treating waste, and maintaining the ecosystem

were examined in this study with respect to reclamation by spartina

and seawalls.

Reclamation by invasive alien plants and embankment seawalls

has seriously harmed the coastal ecosystem’s structure and function

in sequestering carbon, absorbing waves and storms, reducing water

pollution, and enabling breeding habitats for flora and fauna (Feng

et al., 2021; Feng et al., 2022). The introduction of embankment

seawalls in invasive S. alterniflora-dominated salt marshes

significantly altered the GHG regulation capacity of coastal

marshes. Sea embankment reclamation has been reported to

significantly decreased soil total organic C & N by > 50% (Yang

et al., 2016; Li et al., 2021), increasing CO2 emissions by > 30%, and

N2O emission by over 40% in coastal saltmarshes and reducing CH4

emissions by > 30% (Li et al., 2021). Due to coastal embankment in

a conventional coastal saltmarsh ecosystem, soil nitrogen

immobilization and microbial mineralization affected the growth

and activity of soil microbes, which were principally related to

alterations in the organic and inorganic Nitrogen pools (Feng et al.,

2022). Although invasive plant saltmarshes function as filters to

remove significant amounts of nitrogen and phosphorus before

discharging wastewater into the sea (Qiu et al., 2021), The
TABLE 2 Areas and changes in S. alterniflora invasion over the last two decades in China’s coastalines and wetlands.

Year Area (ha) Period Change in Area (ha) Annual Change Rate (%)

2000 25,648 ± 201 1990-2000 21,273 48.61

2010 43,061 ± 405 2000-2010 17,413 6.78

2020 51,970 ± 115 2010-2020 8,909 2.07
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impounding of salt marshes by embankment walls has been

associated with lower nutrient accretion rates (Sturdevant et al.,

2002), while salinity and dissolved oxygen levels diminished

(Bolduc and Afton, 2004).

According to this study’s trade-off analysis, the ecological

consequences of seawalls and invasive spartina reclamation

outweigh the economic benefits. Similar trade-off trends were also

reported in other coastal ecosystems. For instance, in areas where

the shoreline border of the marsh is eroding, the extent of marsh

promoting the coastal protection works reduces with time. This is

because the possible loss of coastal marshes near seawall structures

that border marshes limit the onshore movement of marshes as the

sea level rises (Foster et al., 2013). Anthropogenic activities have a

significant impact on the growth of tidal flats outside of seawalls as
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they advance seaward, supporting solely pioneer wetland plants like

S. mariqueter (Huang et al., 2020). Jiangsu’s coastal wetlands have

high environmental potential, and there are few prospects for

further land reclamation, which will provide difficult problems

given that the area is a major hub for urban growth and a major

producer of food (Cai et al., 2017). The stark contrast between total

ESV loss and economic benefits in Hangzhou Bay implies that a

trade-off between protracted ecological value and quick economic

benefits from reclamation was detrimental (Qiu et al., 2021). Even

though erecting hard coastal defenses will always be necessary to

ensure a certain degree of protection for the coastal ecosystem, it is

also important to take into account the geographic context,

economic needs, cultural values, and interactions between

sophisticated ecological processes when making decisions about
TABLE 3 Length and changes in seawalls construction over the last two decades along China’s coastlines.

Year length (km) Period Increase in length (km) Annual increase Rate (%)

2000 3,098 ± 165 1990-2000 2,479 39.96

2010 11,000 ± 584 2000-2010 7,902 25.50

2020 13,830 ± 233 2010-2020 2,830 2.57
A B

C

FIGURE 3

(A) the total ecosystem services values of reclamation by S. alterniflora and seawall expansion from 2000 to 2020 (B) the economic benefit of
reclamation by S. alterniflora and seawall expansion between 2000 to 2020 (C) the total ecosystem services loss of reclamation by S. alterniflora and
seawall expansion between 2000 to 2020.
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how to reduce flood risk and sustainably develop our beautiful

coastlines (Hoggart et al., 2015). Ultimately, preserving and

restoring coastal wetlands by introducing invasive species instead

of building more seawalls is more likely to guarantee longer-lasting

ecological sustainability (Liu et al., 2019).

Coastal reclamation still has the potential to increase economic

efficiency by balancing the trade-offs between reclamation by

invasive plants and seawalls until the overall costs of ecosystem

service loss are adequately offset by economic benefits. This is true

even though trade-offs between conservation and restoration of

ecosystem services continue to be difficult problems for decision-

makers. Nonetheless, the complex problem is that when deciding

how to utilize and enhance coastal ecosystems, we fail to value the

numerous services they bring (Barbier, 2019).
5.2 Limitations and future work

Though S. alterniflora has a variety of functions in nature, such

as benefits for biodiversity, sturdiness, and long-term growth in salt

marsh systems, we only considered the plantation’s greatest value

which comes from the money it saves on shoreline protection costs,

followed by BML extraction value and residue value. This study

adopted improved ESV models to assist in attaining robust

management of reclamation by invasive plants and coastal

armoring rather than relying on the configuration of varying

coefficients. Additionally, it made an effort to combine its ESV

with ecological components. To maintain the consistency of the

annual calculation findings, the prices estimated in this article are

derived from the national retail price index and were utilized to

adjust the various wetland ESVs in the years 2000 and 2010 into

similar values in 2020. Though, the cost of production might vary

spatiotemporally, with customers’ excesses, the availability of more

preservable or restorable coastal wetland ecosystems may curb the

cost of production dramatically. However, because there is a
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significant awareness gap regarding their advantages, it is still

difficult to value many crucial services that have no obvious

pricing (Costanza et al., 2017).

Although the long-term ecological cost of reclamation is still grossly

overestimated, spatially explicit fate factors in life cycle assessment (LCA)

might come in handy, given the well-developed modeling techniques for

forecasting the spatial pattern and intensity of anthropogenic activities in

the coastal ecosystem (Yuguda et al., 2022a). LCA and life cycle costing

(LCC) offer opportunities for the investigation of the environmental and

economic consequences associated with invasive plants and seawalls over

their entire lifecycle. Therefore, it is strongly recommended to integrate

LCA with other approaches such as comprehensive life cycle costing

(Yuguda et al., 2020), so that LCA may be a key input in decisions

involving coastal ecosystems. While this study centered on the ecology-

related ecosystem services of coastal reclamation, it is suggested that

future studies take into account other agriculture and bioenergy-related

ecosystem services of reclamation, to enable drawingmore thorough and

reliable conclusions.
5.3 Management implications for
coastal reclamation

Since S. alterniflora was labeled as an invasive plant in the early

2000s and now covers ~50,000 ha of China’s coastal wetlands,

seawalls have increasingly been constructed to control its invasion

and spread. Previous research primarily documented the adverse

effects of S. alterniflora invasion (Meng et al., 2020) and seawall

expansion (Feng et al., 2021; Li et al., 2021). However, both positive

and adverse aspects are assessed concerning S. alterniflora invasion

and expansion of coastal embankments. Construction of seawalls

may have detrimental impacts on invasive plant-dominated

saltmarshes, including reduced soil organic carbon and nitrogen

accumulation, which may weaken sediment nitrification/

denitrification, among other effects (Li et al., 2021). Contrarily,

when established in front of seawalls and coastal defenses, salt

marshes can provide a buffer that greatly reduces waves and storm

damage (Liu et al., 2019; Zhu et al., 2020). Open embankments

safeguard native wetlands, resulting in limited loss of ecosystem

services (Wu et al., 2018), whereas croplands and seawalls can

substantially reduce the economic loss caused by strong storms by

restoring wetlands outside the seawalls (Geng et al., 2021).

In native and invasive salt marshes, sea embankment

reclamation dramatically reduced soil total organic C and total

organic N, which in turn decreased plant biomass, soil moisture,

and soil salinity (Yang et al., 2016; Li et al., 2021). It considerably

enhanced N2O emissions in native plant marshes, and decreased

CH4 emissions in invasive plant marshes, while increasing CO2

emissions in both saltmarshes (Li et al., 2021). In China, seawall

costs versus estimated storm protection value led to a benefit/cost

ratio of ∼ 5.0, implying that coastal embankment is delivering a

positive net present value. However, plans to build 500 km of new

coastal embankments in the next ten years, suggest that over CNY

30 billion will be invested in new seawalls, placing an undue

financial strain on municipal governments (Liu et al., 2019).
FIGURE 4

Pearson’s correlation coefficients between ecosystem services: total
ESV ecosystem services value; GR, gas regulation; SP, storm
protection; WT, waste treatment; HM, habitat maintenance; and EB,
economic benefit.
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While findings continue to stress that coastal armored structures

altered the Physico-chemical, and biological processes of

ecosystems while also promoting habitat loss, it is suggested that

stakeholders shift their attention from artificial seawalls to a natural

alternative that uses wetland marsh plants for storm mitigation. In

this study, the ESV value of invasive S. alterniflora declines while

that of seawalls increases, suggesting that coastal wetlands are not

guaranteed to substitute seawalls as aforementioned. Furthermore,

the ESV loss of alien plant invasion increased as opposed to seawalls

in this study, indicating that economic gains are insufficient to offset

the ecological costs of reclamation. This supports the notion that

seawall-based coastal reclamation could reduce S. alterniflora

invasion while putting at risk biodiversity roles related to

reducing the effects of climate change, and the long-term viability

of coastal wetlands. Consequently, in order to evaluate the

ramifications of coastal reclamation management approaches

from the perspective of mitigating global warming, decision-

makers responsible for ecological sustainability measures and

other types of restoration must specify their goals and standards

for success. This is particularly paramount given the complexity of

today’s critically endangered ecosystems.
6 Conclusion

This study explored the ecological-economic implications of

coastal reclamation by invasive S. alterniflora and coastal armoring

in China. A total of 26,322 ha of coastal wetlands were reclaimed by

S. alterniflora, and 10,731 km of reclamation seawalls were built

between 2000 to 2020 in China. Reclamation by invasive S.

alterniflora resulted in a significant decline of ESV loss of

5,702,454 Yuan ha−1, while seawalls reclamation yielded some

ESV gain of 4,800, 111 Yuan km-1 from 2000-2020. Overall,

reclamation by invasive S. alterniflora and coastal armoring

collectively resulted in a total ESV loss of 32.2 billion Yuan

between 2000 and 2020. For this study, the total ESV loss greatly

outweighed the economic gains from reclamation in China,

suggesting that the trade-off correlation was brought on by the

surge of quick economic benefits at the detriment of protracted

ecological value. Plants to erect more seawalls, coupled with S.

alterniflora expansion, will continue to exacerbate the biodiversity

ESV losses of the coastal ecosystem while increasing the financial

burden on local administrations.

We, therefore, propose that robust wetland conservation

strategies are required at both the federal and local governments,

towards achieving the objective of “zero net loss” and longer-lasting

sustainability of coastal wetlands. Global efforts to counteract global

warming and climate change can be boosted by compensating for

manmade perturbations and restoring degraded wetlands through

sustained Carbon budgets and limiting seawall expansion. This

scientific evidence provides stakeholders leverage to strike a balance

between seawall reclamation and IAPS spread in coastal wetlands,

hence opening up possibilities for future investigations on weighing
Frontiers in Marine Science 12
the trade-offs of the synergistic impacts of coastal armoring

and IAPS.
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