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Restoring degraded and damaged salt marshes has become an important initiative in
the coastal wetlands management around the world. Evaluating the economic output
of salt marsh restoration is of great significance for identifying the current state of
knowledge gaps related to conservation activities and economic benefits. To address
this question, we conducted an overview of global salt marsh restoration projects, and
their financial expenses and restoration benefits in the past 40 years. The results showed
that most of the saltmarsh restoration projects are near megacities and larger rivers, and
restoration techniques of different regions depend on the types of disturbance factors
such as climate change, extreme weather events, and land use change. With limited
resources, fund allocation between protected areas and unprotected areas in middle-
income countries is often unbalanced, indicating a mismatch between conservation
efforts and regional needs. Although restoration projects are expensive, the evidence in
this article implies that most salt marsh restoration projects could recover their financial
expense in the finite time, especially for large-scale restoration activities. Besides,
the great carbon sequestration potential would make salt marsh restoration projects
more profitable under current efforts to promote carbon sequestration for combating
global warming.

Keywords: salt marshes, ecological restoration, restoration cost, restoration outcome, mismatch, carbon

INTRODUCTION

Coastal salt marshes usually occur in the intertidal zone of moderate to low-energy shorelines along
estuaries, bays, and tidal rivers and have characteristics of both marine and terrestrial environments
(Broome et al., 1988; Doody, 2008). They sustain a rich, dynamic, and productive ecological zone
that plays an important role in biological diversity and human welfare (Mitsch and Gosselink,
2015). They not only provide abundant resources for production and daily life but also serve
as nursery and shelter places for numerous species, including benthic fauna, fish, and migratory
birds. Moreover, they provide a significant number of vital ecosystem services, including water
purification, flooding mitigation, carbon sinks, climate stabilization, nutrient cycling, and coastal
protection, and socioeconomic benefits (e.g., sightseeing and tourism, recreation, education, and
research spaces; Barbier et al., 2011; Tang et al., 2018; Stewart-Sinclair et al., 2020). Although salt
marshes occupied relatively small geographical space, less than 1% of the earth’s surface area, the
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economic value generated from related ecosystem services,
culture, and employment was estimated around US$ 8,722
billion/year, approximately 29% of the global coastal wetland
value of each year (Costanza et al., 2014; The United Nations
Ocean Conference, 2017; Li et al., 2018).

Despite their importance, salt marshes were still under
enormous pressure and disappeared at an unpredictable speed
in the global scale (Scott et al., 2014). Triggered by climate
change, sea level rise, and extreme weather events and disturbed
by urbanization expansion and intensive human activities, 20–
50% of salt marshes were predicted to be either lost or degraded
during the current century (Barbier et al., 2011; Kirwan and
Megonigal, 2013). Salt marsh degradation and loss have induced
declinations in ecosystem resilience and biodiversity, which
lead to the reduction of supporting ability and collapse of
maintaining ability (Koch et al., 2009; DeLaune and White, 2012).
Eventually, those processes would have an adverse effect on
environmental and economic benefits. Even without considering
other ecosystem services’ loss, the annual economic loss of carbon
emissions caused by the loss and degradation of salt marshes
can reach US$ 6.4–97 million (Coverdale et al., 2014). In this
context, salt marsh rehabilitation and restoration is an effective
initiative to stop further degradation process and to restore the
integrity, health, and sustainability of the degraded salt marsh
ecosystem (Saintilan, 2013; Adam, 2019), especially in areas
where natural recovery is relatively slow or facing biological
or physical obstacles (Society for Ecological Restoration, 2004).
Some successful salt marsh ecological restoration projects have
been conducted around the world, such as the San Francisco
Bay, the Gulf of Mexico, the Bay of Fundy, and the Yangtze
River Estuary (Cornelisen, 1998; Roman and Burdick, 2012; Liu
et al., 2016). These projects generated numerous environmental,
economic, and social benefits, such as increase of ecosystem
services, conservation of biodiversity, supplying of products, and
jobs creation. For example, the report from the Restore America’s
Estuaries website1 gave a message that coastal habitat restoration
work in the Chesapeake Bay, the Great Lakes, and Everglades
boosted US$ 4.3 billion economic output and supported more
than 3,200 jobs (Restore America’s Estuaries, 2011).

Although salt marsh restoration projects reinforce ecosystem
function and generate relatively high benefits, people still pay
less attention to salt marsh restoration and wrongly consider
them as “net-cost” projects based on inadequate analysis (De
Groot et al., 2013; Secretariat of the Convention on Biological
Diversity, 2020). The cost of ecological restoration is relatively
expensive, ranging from tens of thousands of dollars (for seagrass,
salt marsh, and mangrove) to millions (for coral reefs; Spurgeon,
1999; Bullock et al., 2011). The high up-front cost and long-term
nature of investment cannot match investors’ desire for liquidity
and might reduce their investment interests (Wainaina et al.,
2020). However, some studies posed new evidence and suggested
that salt marsh restoration projects were profitable (Mok, 2019;
Taillardat et al., 2020). Besides, salt marshes and mangroves
play an important role in keeping coastlines stable and could
considerably reduce coastal infrastructure costs, which might

1http://www.estuaries.org/

make restoration engineering and sustainable management of
marine ecosystems more economical (Hochard et al., 2019; van
Zelst et al., 2021).

There is very substantial literature about salt marsh
restoration and rehabilitation technologies and methods,
restoration result evaluation indicators and their framework,
and their application and accounting for specific sites, including
reviews of them (Adam, 2019). However, interdisciplinary
research among restoration ecology, society, and economy
is lacking. While Spurgeon (1999) and Bayraktarov et al.
(2016) had carried out some surveys about the cost and
benefit of restoration, they focused on different marine
and coastal ecosystems. Similarly, Su et al. (2021) analyzed
the cost and benefit of mangrove restoration. But there
have been few studies on salt marsh ecosystem restoration
projects’ cost and benefit at a global scale. Furthermore, the
location preference (i.e., bias) phenomenon or mismatches
between conservation efforts and regional demands might
occur during restoration because of limited resources, invalid
communication, lack of adaptive management, and weak
links between conservation science and practice, among other
reasons (Zhang et al., 2018). In fact, mismatches between
restoration efforts and needs had been well documented
in coral reefs, avian conservation, amphibians, and other
conservation actions (Lawler et al., 2006; Fisher et al., 2011).
Besides, although the number of marine-protected areas
has increased over the past decade, the levels of protection
investment of “areas of importance for ecosystem services”
have not been effectively studied (United Nations Environment
Programme -World Conservation Monitoring Centre et al.,
2018).

Actually, the theoretical framework among ecological
restoration goals, restoration technologies and methods,
restoration projects’ cost, and ecological policies should be
better tailored to overcome people’s prejudice about salt
marsh restoration (Blignaut et al., 2013). Economic evaluation
of restoration projects should be interpreted cautiously to
determine if similar mismatches exist in salt marsh restoration
activities. Further analysis of salt marsh restoration is necessary
for us to understand the relationship between restoration
projects’ attributes and budget. Therefore, we conducted a
systematic literature review to better identify knowledge gaps
related to conservation activities and economic benefits, which
was critical to improve practice and justify further investment
in salt marsh restoration. We assessed the distribution,
protection status, geographical area, duration, disturbance
factors, techniques, cost, and outcome in relation to different
restoration projects, to address the following three questions:

1. What are the spatial and temporal characteristics of global
salt marsh restoration projects, as well as disturbance
factors and restoration techniques and their changing
patterns?

2. According to the financial cost of different restoration
projects, is there a mismatch existing between
conservation fund allocation and regional ecological
service supplication?
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3. How long might it take for salt marsh restoration projects to
pay for themselves? What is the impact of carbon ecosystem
services and types of ecosystem services on this outcome?

METHODS

Literature Collection
We searched the peer-reviewed literature to identify quantitative
studies about the economic costs and benefits of salt marsh
restoration. In the first step, we first searched using the title
search term “salt marsh,” “ecosystem restoration,” “ecological
rehabilitation,” and “coastal restoration” or their combination
in the Google Scholar, Web of Science (WOS), and China
National Knowledge Infrastructure (CNKI) online version
database, respectively. Our search period is mainly focused
from 1980 to 2001. After removing invalid, irrelevant, and
repetitive articles, we did further screening according to the
abstract and preliminarily obtained 232 relevant articles. We
updated other restoration projects’ data and supplemented
additional useful information of all restoration projects
by browsing governments’ ecological and environmental
department websites, non-profit organizations’ websites, and
influential ecological protection websites’ databases. We also
looked through relevant physical books, conference reports,
and other “gray materials.” Some effective messages, such
as citations and personal communications, enabled us to
figure out the connection of diverse information sources.
According to the international principles and standards of
ecological restoration practice proposed by Gann et al. (2019),
the ecological restoration projects and experiments included
in our analysis should meet some specific standards. We
modified them for following practical reasons: (1) Stakeholders
participation, (2) many types of knowledge used for ecological
restoration, (3) a reference system, and (4) clear indicators
for ecological assessment and restoration. For this study, 133
primary studies that had feasible economic data finally met
the above criteria.

Restoration Cost and Benefit Data
As for the restoration cost, to eliminate the impact of inflation
and regional disparity, we used consumer price index (CPI),
purchasing power parity (PPP), and discount rate (DIS) to
convert all value data into 2020 (base year). The calculation
methods of three indices were derived from Hanley and Black
(2006); Bayraktarov et al. (2016), and Wei et al. (2018). More
details are shown in the supplementary material. A discount
rate reflects a society’s relative valuation on today’s wellbeing
versus wellbeing in the future. Since small changes in the
discount rate would have a great influence on future benefits,
huge errors might occur by roughly applying one or several
discount rates to all restoration projects (Hanley et al., 2009).
Therefore, we summarized the corresponding countries’ discount
rates (Table 1) and applied the exact value according to every
restoration projects’ reference year. We assumed a constant
discount rate of 4.7% (value of 1978–2017) for the years after
2017 for the United States as relevant data are unavailable during

this period. Similarly, the discount rate of China is 4.5% after
2011. All restoration projects were divided into two categories,
namely, completed projects and ongoing projects. The completed
projects’ reference year used for monetary converting was chosen
according to the following priority order: (1) funding year, (2)
project year, (3) data collection year, and (4) publication year
minus one. In contrast, those unfinished projects’ reference year
selection method was much easier. We defined all of them as
2021. All economic data were derived from the National Bureau
of Statistics of China2 and the World Bank website3.

We recorded every sites’ monetary value generated from
restoration action. In addition, we replenished extra benefit
data from the latest ESVD database (Ecosystem Service Value
database, 2020) developed by De Groot et al. (2012). Every
benefit value of the ESVD database was assigned to geographically
overlapping or adjacent restoration sites through spatial analysis.
Using the same way, further supplementary benefit data were
obtained from official reports, monitoring data documents, and
other relevant information. Detailed gray information sources
are also available in the Supplementary Material. As mentioned
above, benefit value data were also converted into 2020 to ensure
data consistency. Finally, we calculated how many years were
needed for the restoration projects to recover their cost (ty) with
the following equation:

Cost2020$ =
ty∑

t=1

Benefit2020$ (1+ i)ty

In this equation, the symbol “i” represented the discount
rate of each country in different periods. Cost2020$ and
Benefit2020$ represented the total cost and benefit of the
restoration project in 2020.

Since most selected studies do not have valid monitoring
and running cost data, we assumed that all restoration projects
in this research did not need human actively interfering and
managing after restoration activities. This meant the monitoring
and running cost was excluded from the calculation of ty for
simplification. Besides, due to the lack of the carbon sequestration
benefit in most restoration projects, we also applied the simple
and empirical model proposed by Burden et al. (2019, Figure 1f)
to replenish these restoration projects’ new carbon stock situation
after 2020. An open-access software called GetData Graph
Digitizer was used to obtain data from the graph. The carbon
price range was $ 5–30/t CO2 e, taking into account current
carbon prices in compliance and voluntary markets across the
world (Mok, 2019). So, $ 5/t CO2 e was supposed to be a
low-carbon value, while $ 30/t CO2 e was regarded as a high-
carbon value in this study. We calculated ty of restoration
sites based on three different benefit data evaluations (i.e.,
original, high-carbon value, and low carbon) to assess salt
marsh carbon sequestration potential value contribution under
a warmer climate.

2http://www.stats.gov.cn/english/
3https://www.worldbank.org/en/home
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TABLE 1 | Social discount rates in some countries.

Countries and area Time Discount rates (%) Calculation methods References

The United States 1954∼1976 5.3 SRTP Kula, 1987

1978∼2017 4.7 SRTP Nesticò and Maselli, 2020

Canada 1954∼1976 5.4 SRTP Kula, 1987

10.0 SOC Zhuang et al., 2007

Australia Before 1991 8.0 SOC Zhuang et al., 2007

6.5 Other Abelson and Dalton, 2018

The United Kingdom 1970∼2001 4.2 SRTP Evans and Sezer, 2004

European Union (Spain, Netherlands, Denmark, Portugal) 3.0 SRTP Evans and Sezer, 2005

The Republic of Korea 3∼4.5 Weighted average approach Song, 2016

The People’s Republic of China 8.0 Weighted average approach Zhuang et al., 2007

2001∼2011 4.5 SRTP Wang et al., 2013

South Africa 10.1 Weighted average approach Du Preez, 2004

India 12 SOC Zhuang et al., 2007

FIGURE 1 | Spatial distribution of the global salt marsh ecological restoration projects used for this study.

Analysis
Apart from the cost and benefit data of salt marsh restoration
projects, geographical location, disturbance reasons, actions, and
outcomes were also included in the analysis. For experimental
restoration projects with multiple restoration sites and different
cost data, every site was regarded as a single study when doing
a cost-benefit analysis. But when we counted other information
frequency, including degradation factor, restoration technologies,
and generated ecosystem services, we regarded all restoration
sites of an experimental restoration project as a study, since there
was usually a strong similarity among different sites. We also

combined the Ramsar wetland website4 and Protected planet
website5 data to evaluate every single site protection situation
for spatial analysis. Salt marshes areas with human management
and conservation, such as ecological reserves, marine parks, and
national wetlands, were all defined as “protected” status in this
article, while other salt marshes were defined as “unprotected”
status. In this article, we assumed that protected areas represent

4https://rsis.ramsar.org/ris-search?selectlayer=centroids-ramsar_sdi%
3Aunboundaries
5https://www.protectedplanet.net/en
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areas where restoration efforts and resources are concentrated,
which generally have a higher restoration priority than non-
protected areas.

RESULTS

Distribution of Restoration Projects
A total of 117 studies with reasonable data were incorporated
into our spatial analysis. Compared with Africa and Europe,
North America and Asia had more restoration projects data
publicly available, similar to Zhang et al. (2018). As shown
in Figure 1, global salt marsh restoration projects had an
obvious spatial distribution pattern. Most of the restoration
projects were concentrated in the San Francisco Bay, the Gulf
of Mexico, and Maine Bay in the United States, Yangtze Estuary
in China, and the New South Wales region of Australia.
The distribution of high-density value of restoration sites was
adjacent to larger rivers (i.e., Mississippi and Yangtze River) and
megacities (i.e., New York, Sydney, and Shanghai). This pattern
reflected that intensive human activities and rapid economic
development may accelerate the transformation of salt marsh and
the degradation process of this ecosystem, which in turn induces
intensive restoration activities in the later period. A further issue
that emerged from the data was that salt marsh restoration
activities dominated by people might have an evident location
preference, with emphasis on those degradation areas used to
sustain high ecosystem services and have a strong influence on
surrounding residents.

There was a surge of restoration projects during the period
of 1990–2000 and 2013–2021 around the world (Figure 2).
Not only the number of restoration studies showed an obvious
upward trend between 1990 and 2000 but also the cumulative
restoration area and cost increased rapidly. This reflected that
intensive and large-scale restoration projects were carried out
during this period, and people’s investment enthusiasm was
gradually ramping up, but it dropped down in the next decade.
Although the cumulative cost was gradually climbing during
the period from 2001 to 2012, the cumulative restoration area
remained virtually unchanged. The number of restoration studies
in North America dropped, while the number of restoration
studies grew in Asia and Oceania, despite of fluctuation.
Fluctuations of the number of restoration studies in North
America might have a relationship with the global financial
crisis that happened in 2008 because a recent study verified
the relationship between gross domestic product (GDP) and the
number of salt marsh restoration projects in the United States
(Li et al., 2019). From 2013, the cumulative total cost started to
dramatically increase till 2021. This meant that the government
and people began to understand the importance of salt marsh
ecosystem protection. For example, the Chinese State Council
issued a public announcement to strictly control coastal wetlands
reclamation in 2018 (Gu et al., 2018). Besides, heavy disasters
also accelerated wetland legislation processes and salt marsh
restoration and creation projects in disaster-stricken areas. After
Hurricane Sandy devastated the New England area in 2012,
the United States government allocated funds to salt marsh

restoration projects in Rhode Island to improve the resistance in
coastal and estuarine areas. The growth of salt marsh restoration
projects in recent years would deliver a positive signal to
ecological scientists and conservationists and encourage their
work, especially when we started the “UN Decade on Ecosystem
Restoration” (2021–2030; Waltham et al., 2020).

Degradation Factors and Restoration
Methods
We also collected other useful information about restoration
projects for analysis. Table 2 showed more details about
restoration methods that were used in this study. With regard to
disturbance and stress factors, different continents shared some
common characteristics. Obviously, extreme weather events and
climate change were the main physical stress factors to induce salt
marshes’ ecosystem degradation and loss in the five continents.
Marshland conversion affected by human activities, such as
enclosure, aquaculture, and urbanization, were the dominant
anthropogenic factors for the loss of salt marshes (Figure 3A).
The number of studies reported about dams and hydrology
change in North America was significantly different from other
continents. The United States used to consider salt marsh as
mosquito nurseries and thus carried out long-term and massive
physical landfilling and water impoundment activities in the past
century (Taylor, 2011). This may have explained why North
America showed the largest number in hydrological connectivity
and managed realignment approaches (Figure 3B). There had
been 3,869 dams removed between 1950 and 2016, about a third
of which occurred in America (Secretariat of the Convention on
Biological Diversity, 2020). Besides, the beneficial use of dredged
materials and hard structure construction were also popular in
North America. Although the planting vegetation method was
widely applied across the world, using fences for avoiding animals
disturbance was also popular in Oceania.

The number of studies that recorded different stress factors
and restoration methods changed with time and showed different
patterns. The number of studies that recorded land use change,
dam, and hydrology change declined during the period 1991–
2021 (Figure 4A). In contrast, the number of studies of climate
change and contamination increased with time. Overall, almost
every restoration method experienced an earlier increase and
later decrease, whereas a dissimilar increase trend could be
seen in the number of studies that documented vegetation
restoration and removing disturbance methods (Figure 4B).
The emerging shoreline protection concept, living shorelines
and nature-based solutions, might prompt vegetation restoration
technology flourishing in recent years (Bilkovic et al., 2016).

Unbalanced Restoration Cost Allocation
As shown from Table 3, the number of restoration sites
located in the protected area was significantly less than
those in unprotected areas, probably due to the limited
space of protected salt marshes. According to the Global
Biodiversity Outlook 5, at least 10% of coastal and marine
zone are effectively conserved by 2020 (Chape et al., 2005;
Secretariat of the Convention on Biological Diversity, 2020). The
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FIGURE 2 | Temporal distribution of the global salt marsh ecological restoration projects used for this study.

TABLE 2 | Salt marsh restoration methods and techniques.

Methods Techniques Note References

Vegetation restoration Planting vegetation Native vegetation communities were promoted by sowing seeds, transplanting
propagules and small plants in areas where vegetation propagules or seed
dispersal are restricted

Lindig-Cisneros
and Zedler, 2002

Seed bank The seed bank is an important seed source for the secondary succession of the
vegetation community after disturbance

Bossuyt and
Honnay, 2008

Bio-geomorphologic Using positive and negative feedback mechanisms between plant growth and
dynamic geomorphological processes to assist ecological restoration

Removing disturbance Fence Fencing is used to reduce livestock and tourist impact on restoration sites Laegdsgaard, 2006

Decontamination To remove contamination from soil and water, including chemicals, radioactive
materials, rubbish and other harmful materials

Invasion control Physical, chemical,
biological control and
integrated control
methods

Use a variety of methods to eliminate invasive species

Sediment and substrate Dredged material The dredged materials are used to raise the elevation of the restoration sites,
which offsets the direct or indirect impacts of sediment reduction and sea level
rise, thereby promoting the establishment and growth of vegetation

Hardy and Wu,
2020

Micro-topography Micro-topography manipulation is the typical way to imitate or recover the
natural topographic heterogeneity for the degraded salt marsh restoration.
Artificially alter the landform and elevation of tidal flats to form diverse habitats
under the influence of rainwater and tide.

Wang et al., 2020

Hydrological restoration Managed realignment Shore-hardening structures are removed selectively to allow natural coastal
environments to be maintained or reestablished locally

Neal et al., 2005

Hydrological
connectivity

Hydrological connectivity was originally defined as being the water-mediated
transfer of matter, energy and/or organisms within or between the elements of
the hydrological cycle. Degradation areas can be restored by changing the
variation of key factors that affect plant history process.

Li et al., 2021;
Wang et al., 2021

Hard structure Culverts, spillways,
breakers, dykes and
other constructions

Hard structures, such as groins and breakwaters, are built on the foreshore to
prevent or mitigate erosion.

Schoonees et al.,
2019

cumulative restoration area and mean total cost per hectare
values were variable in different income countries. Although
middle-income countries restored and created more area in
comparison with high-income countries, their expense allocation
of restoration sites under different protection statuses was
more unbalanced than high-income countries. Except for hard
structure cost, we found that almost all the cost for the restoration
of unprotected sites in high-income countries were higher
than those in middle-income countries, regardless of the three
different monetary conversion methods. In contrast to earlier

findings, however, the cost of the six restoration methods listed in
Table 3 for protected sites in the high-income country was either
lower or roughly equal with those in the middle-income country.

No matter which monetary conversion method was applied,
vegetation restoration, removing disturbance, and hard structure
restoration methods need more financial investment in
comparison with invasion control, hydrological restoration, and
sediment and substrate recovery (Figure 5). Although removing
disturbance and hard structure restoration methods were
more expensive, middle-income countries still invested more

Frontiers in Ecology and Evolution | www.frontiersin.org 6 April 2022 | Volume 10 | Article 865516

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-865516 April 4, 2022 Time: 12:35 # 7

Wang et al. Salt Marsh Restoration Projects Review

FIGURE 3 | Salt marsh ecological restoration projects’ degradation factors (A) and restoration techniques (B) in the five continents. Numbers are the count of
projects.

FIGURE 4 | Salt marsh ecological restoration projects’ degradation factors (A) and restoration methods (B) in the past four decades.

money for those methods in protected sites than high-income
countries. The invasion control cost in protected areas in the
middle-income countries was biased by an expensive ecological
project in Shanghai, China, which spent over one billion RMB
for wiping out the invasive species and promoting birds’ habitats.
After removing anomaly data, the mean total cost of invasion
control restoration approach for one hectare would drop to
US$ 4,369–6,596. Overall, middle-income countries paid more
attention to the salt marsh restoration projects in the protected
area, such as Ramsar sites, wildlife management areas, refuges,
ecological reserves, marine parks, and marine protected areas.
Since they are generally faced with more economic and resource
limitations than high-income countries, restoration projects

for ecological hot spots tend to get funds and public support
relatively easy because they have particular importance for
biodiversity and ecosystem services.

Restoration Benefits and the Year to
Recover the Cost
We analyzed all ecosystem services generated from effective
managed action and documented ecosystem services only used
for monetization of every restoration project. Then, we calculated
the year to recover the cost of every restoration project in three
different benefit data evaluations based on CPI, PPP, and DIS
value conversion methods by combining with the restoration
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TABLE 3 | Restoration cost in protected and unprotected restoration sites in the middle-income and high-income countries and other useful information (only minimum
and maximum value of the three monetary conversion methods presented).

Country Middle-income country High-income country

Restoration Sites’ Status Protected Unprotected Protected Unprotected

Percentage of studies (%) 6.8% 11.3% 19.5% 62.4%

The cumulative restoration area (ha) 83,505 1,777 11,568 33,919

Mean total cost per hectare ($/ha) 956,609∼1,418,770 495,067∼876,564 472,101∼633,032 454,285∼694,724

Mean total cost of different
restoration methods per
hectare ($/ha)

Invasion control 7,953,495∼11,781,099 4,369∼6,596 31,930∼72,014 15,781∼23,157

Hydrological restoration 24,235∼37,008 6,090∼9,945 26,489∼50,373 37,532∼64,623

Sediment and substrate 24,235∼37,008 6,090∼9,945 26,489∼50,373 37,532∼64,623

Vegetation restoration 89,319∼133,875 26,945∼42,756 123,338∼179,867 90,765∼139,724

Removing disturbance 634,567∼960,478 No data 79,324∼130,417 48,531∼74,207

Hard structure 103,152∼153,837 66,262∼108,197 59,909∼84,555 56,136∼97,023

FIGURE 5 | Salt marsh ecological restoration methods and their total cost per
hectare.

projects’ cost data. We found that most benefit data only
included one or two types of ecosystem service value, namely,
production or ecotourism. According to the rough benefit data
estimation, nearly one-fifth of the restoration projects that are
based on the ordinary benefit data evaluation could return
their investment cost in a short period of time (less than
5 years). If time is extended to 30 years, the proportion of
restoration projects with recovered cost will increase to about
40%, of which nearly half (47%) are located in protected areas.
As Figure 6 showed, salt marsh restoration projects located
in the protected area needed less time to recover costs than
those in unprotected areas, either in high-income countries
or in middle-income countries. Therefore, ecological hotspots
produced enormous ecological benefits and human welfare
in return to the high financial support. However, there were
still 19% of restoration projects located in unprotected areas
whose cost recovery period was significantly lower than the
mean cost recovery period. The mismatch between ecological

investment and returns in some unprotected areas presented
in this study could raise our recognition of the remaining
restoration gaps in global salt marsh restoration. In addition,
restoring and recreating salt marsh can contribute to carbon
sequestration and climate mitigation (Johnson et al., 2018). But,
we found that carbon sequestration value was often overlooked
in most restoration projects’ benefit evaluations. After adding
carbon sequestration value to restoration projects without carbon
benefit data, our findings showed that the cost recovery period
for those restoration projects had been reduced, regardless of
whether they were under low-carbon value or high-carbon value.
The information presented in this study suggested that the
tremendous carbon sequestration benefit of salt marsh habitat
restoration and creation could make corresponding restoration
activities more profitable.

DISCUSSION

Restoration Scale and Cost
Until recently, most coastal restoration projects were still costly
and at small scales in comparison with terrestrial ecosystem
restoration projects, with a limited success rate. To achieve the
expected success of the large-scale coastal zone management, we
need to think broadly about the relationship between restoration
scale and cost because it is vital for restoration site selection
and financial resource division. Some scholars believe that large-
scale restoration size would diminish and share construction
and management expenses as a result of the economy of scale
theory, which is more thrifty (Berger, 1997). However, other
scientists find no obvious linear relationship between restoration
area and restoration cost per unit area (Bayraktarov et al., 2016).
In this study, salt marsh restoration projects are dominated
by small-scale experimental restoration, ranging from 1 ha
to 76,000 ha. The total cost and cost per hectare irregularly
and dramatically fluctuate when restoration size is scaled up.
However, after using the natural breaks method to divide all
restoration projects into several categories to maximize single
category similarities, we found restoration cost and benefit value
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FIGURE 6 | Year to recover the cost of salt marsh ecological restoration projects based on three different benefit data evaluations. The purple lines represent the
max, min, median, and two quartile values.

TABLE 4 | Restoration cost and benefit of different scales (only minimum and maximum value of the three monetary conversion methods presented).

Area (0–471) (471–1400) (1400–4238) >4238

Mean duration time (year) 2.50 7.25 8.67 5.40

Mean total cost ($) 6,509,325∼8,769,151 13,623,094∼15,168,969 34,423,676∼43,898,802 62,010,124∼64,805,808

Mean total cost per hectare ($/ha) 565,139∼825,752 23,855∼26,583 12,112∼14,979 6,354∼6,925

Mean benefit per hectare ($/ha•a) 6103 1011 No data 16070

Mean cost recovery time (year) 33∼46 8∼20 No data 0∼1

presented different changing patterns as the restoration scale
increased (Table 4). With the increase of the restoration scale,
the mean total cost of restoration projects has risen significantly.
But the mean benefit per hectare showed a trend of decrease first
and then increase. It reached the lowest point when restoration
size ranged from 471 ha to 1,400 ha and then increased to
a high level as restoration scaled up. This can be caused by
the relationship between ecological services, landscape scale,
ecosystem service assessment methods, and people’s willingness
to pay. Further research is needed to provide evidence for
explaining the relationship between restoration scale and cost.
Besides, since small-scale and short-time restoration activities
had the highest unit mean cost and relatively lower benefit,
it was foreseeable that small-scale restoration activities would
take longer time to recover the original expenses than large-
scale restoration.

Although substantial literature have focused on restoration
scale, cost, and their correlations, all the studies reviewed so
far, however, suffer from the difficulty of data collection. When
collecting data from the same country and adjacent geographical
area, scientists tended to draw a conclusion that restoration cost
has a regression relationship with scale when complicated factors
were simplified, such as GDP, technologies, funding sources, and

policies. Some of these factors have been proven to affect the
restoration budget (Stewart-Sinclair et al., 2020).

Mismatch Phenomenon
Although we have recognized that unbalanced funding allocation
and regional biases of salt marsh restoration projects would
probably provoke a mismatch between restoration efforts and
social expectations, corresponding practical reasons are diverse
and complex. One potential explanation is that endangered
species richness and the degree of ecosystem degradation vary
widely across the world. Regarding degradation areas that have
lost tremendous ecological services and are faced with severe
human encroachment, scientists are predisposed to understand
their threats and consider them as conservation priority areas
(Lawler et al., 2006). Due to the greater ecosystem services
value in ecological hotspots and reserves, restoration projects
happening in these areas would receive more attention and
funds than unprotected zones (Table 3). Various restoration and
creation activities, such as lowering water levels on impounded
former wetlands, filling in with dredged material, or creating new
habitats by removing tidal barriers, are all associated with the
transformation of different land use forms. There is a trade-off
between former land use and salt marsh restoration activities.
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The buffer effect of salt marshes against storm surge is critical to
coastal cities with high population density and economic values.
However, an important predictor of salt marsh services value is
the income level of the particular affected community, which
means the salt marsh value in high-income areas is higher in
“avoided damage cost” method than that in middle-income areas.
Therefore, we inadvertently created a justification to over-invest
in marshes in high-income areas and underinvest in middle-
low-income areas (zu Ermgassen et al., 2021). The salt marsh
assessment and land trade-off offered an intrinsic explanation
about why most of the restoration sites are adjacent to megacities.
Another factor that affects ecological funds allocation is regional
administrative capacity and policies, rather than environmental
needs or population size (Borgström et al., 2016). Government
funding is still the main source for coastal habitat restoration
(Zhang et al., 2018). Except for North America and Europe,
private protection was rarely considered in other regions, and
subnational protection was least considered in Asia (McKinley
et al., 2020). On the other hand, some mismatches are mainly
derived from English literature. Africa and South America have
many countries and regions where English is not the primary
official language or a secondary foreign language, which means
non-English literature cannot be accessed even if they do exist in
native language (Lawler et al., 2006).

Limitations and Uncertainties
Although we endeavored to search salt marsh restoration projects
and their cost and benefit data, cost data are still quite limited
for deep research. The Economics of Ecosystems and Biodiversity
project conducted a study of more than 2,000 recovery cases and
found that less than 5% of the cases provided meaningful cost
data (Neßhöver et al., 2011). The quality of the cost data varied
in different projects (Bullock et al., 2011). Similarly, a report
by Wortley et al. (2013) indicated that only 3.9% of restoration
projects interpreted the economic results of restoration projects.
Bayraktarov et al. (2016) and Li et al. (2019) also pointed out
the problem of restoration cost data accessibility. In addition,
multiple projects with a certain degree of relevance are often
implemented within a long duration in some specific geographic
areas, with repetitive and somewhat different records from
different sources such as academic journals, news, bloggers,
reports, and webpages. Establishing advanced and available
coastal wetland restoration databases might be helpful to improve
the analysis results. However, only some developed countries
owned public available ecosystem restoration databases, while
most developing countries still need time to establish their
restoration database and share the data.

To simplify the research questions, we used simplified cost-
benefit analysis as a “decision rule” for identifying a preferred
option in our study. But, it is subject to the uncertainties of
different monetary conversion methods. CPI, PPP, and DIS
are the most common and widely used monetary conversion
methods in environmental management projects, such as coastal
protection, wild animal protection, and their cultural services
(Narayan et al., 2016; Wei et al., 2018). But they reflect different
economic concepts and consumption differences, which would
cause uncertainties in our final calculation results (Bayraktarov

et al., 2016; Ma et al., 2020). When we compared the three
monetary conversion methods, DIS usually had the highest value,
while the difference between CPI and PPP was not obvious
(Figure 7). Different discount rates also affect our results. In the
DIS method, different discount rates can produce contradictory
results, and there is no consensus on which discount rate
should be applied for restoration projects (Bullock et al., 2011).
Turner et al. (2007) considered that fixed negative, positive, and
zero discount rates were not suitable for longtime restoration
projects because climate change and other various factors may
affect consequences. Gowdy et al. (2010) suggested that variable
discount rates should be used for assessing the long-term impacts
of environmental change. Considering the differences among
countries and years, we used various discount rates for every

FIGURE 7 | The total cost of salt marsh ecological restoration projects in
different monetary conversion methods.

FIGURE 8 | Comparison between actual restoration results and converted
monetary values. The red bar represents the number of studies of specific
restoration results that either improved or were generated due to salt marsh
restoration projects in a total of 133 studies. Similarly, the blue bar represents
the number of studies with restoration economic results reported. Not all
natural restoration benefits were converted into monetary value.
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single restoration project to minimize inherent uncertainties in
the DIS method. Moreover, in the actual situation, a certain
restoration project usually lasted for several years, and their
investment is in batches, including long-term maintenance cost
and original construction cost. For practical reasons, we used
a specific year during the implementation period and removed
maintenance and running costs from the calculation, which
would reduce costs and thereby affect the results’ accuracy.

Another uncertainty is from the economic evaluation
of restoration outcomes. We must distinguish between
the “restoration outcomes” and the “restoration benefits.”
Restoration outcomes cover all the results produced by the
restoration action, while the restoration benefits are more
inclined toward the beneficial ones for human. Sometimes,
ecosystem benefits generated from restoration activities return
over long periods of time, which might be overlooked because
they are hard to monetize. For example, local residents’ health
improvement associated with environmental changes could be
absent from ecological assessment documents of restoration
activities. After summarizing the natural and economic results
of 133 selected restoration studies, we found that ecosystem
services generated from restoration actions are not consistent
with reported monetary benefit calculation (Figure 8). In fact,
most benefit data only recorded benefit values of fish and shrimp
production, raw materials, and ecotourism. Ecosystem services,
such as residents’ sense of experience from restoration activities
and the value of specific native species, were absent from the
benefit data. Without species composition, biodiversity, and
physical condition improvement benefit data generated from
restoration activities, we could draw an inexact conclusion that
the costs of salt marsh restoration outweigh the benefits. In
addition, the potential negative impacts and opportunity cost of
land use change caused by restoration activities should be further
taken into account because the overall result of cost-effectiveness
of ecological restoration was sensitive to manipulation of market
and economic data. In the materials collected, we barely found
any observed bad effects or failure lessons of restoration. In the
future, the uncertainties can be alleviated by conducting surveys
and interviews with relevant participators and management
organizations of restoration projects. Further work is required to
understand the multiple values of salt marshes across the globe.

CONCLUSION

Our results showed that most ecological restoration projects
were geographically close to large rivers and megacities and
formed two restoration booms during the periods of 1990–
2000 and 2013–2021. Restoration methods were based on the
types of natural disturbances and anthropogenic threats, while
planting vegetation was becoming more popular. Although

the number of restoration projects is increasing in recent
years, middle-income countries tend to spend more salt marsh
restoration efforts in protected areas than that in unprotected
areas. As for restoration benefits, most restoration projects could
recover their original investment in a relatively short period
under the imprecise monetary valuation of limited ecosystem
services. The great carbon sequestration potential would make
salt marsh restoration projects more profitable in the future, as
carbon neutral policies are being adopted by many countries to
combat global warming. Compared with large-scale restoration
activities, small-scale experimental restoration projects are more
expensive and make it difficult to recover their costs. Our
study provides obvious evidence that middle-income countries
have not adequately recognized the contributions of salt marsh
restoration in unprotected areas yet. Restoration can significantly
increase natural capital and the flow of services and benefits
to human society. More efforts are needed to make these links
explicit and provide evidence to convince society that the benefits
outweigh the investment costs. Our results could help to bridge
policymakers and ecologists in their joint efforts to improve
restoration planning and implementation.
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