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Salt marshes and tidal flats serve as vital habitat for biodiversity and provide extensive and
highly valuable ecosystem services. Yet, they have undergone substantial loss and
transformation over millennia with impacts increasing in recent decades. Their loss and
degradation have impacted species of high conservation concern, including migratory
shorebirds and other waterbirds, as well as ecosystem functions and services they provide to
humans more broadly. There is increasing recognition of the importance of these systems, and
the impact of their loss, and increasing concern and effort in managing and restoring them.

These intertidal areas are vital in protecting the coast from erosion, especially during on-shore
storm tides, and act as a natural flood defence that can protect built areas such as housing
and industry, and other human land uses such as agriculture. As such they can reduce the
costs of hard engineering-based coastal protection, and will have an increasing importance as
sea levels rise as a result of climate change.

Scope of the document

This document collates evidence-based guidance for site managers and decision makers
involved in salt marsh and tidal flat restoration with an ecological focus on shorebirds, a highly
threatened group of broad conservation concern. Here, we consider shorebirds in a rather
general sense, including all species of the order Charadriiformes. Shorebirds that commonly
use or heavily depend on intertidal habitats include waders (e.g. plovers, stilts, oystercatchers,
sandpipers), gulls and terns.

This document is a collection of smaller stand-alone pieces of guidance, each focusing on a
different conservation action. They can therefore be used singularly, or as a collection,
depending on the management needs of the user.

This document was initiated by concerns about salt marshes and tidal flats in the Yellow Sea
region, particularly as habitats for birds. The Yellow Sea is a critical bottleneck for migratory
shorebirds and other waterbirds that have suffered extensive loss and degradation of tidal flats
and salt marsh (see also Box 1). Therefore, the collated guidance relates to selected actions
most relevant to salt marsh and tidal flat restoration, and bird conservation therein, in the
Yellow Sea region. The content of each guidance document is, however, global in scope.

The guidance does not provide strict protocols that must be followed or detailed practical
instructions about how to implement interventions or specific techniques (e.g. how to install a
culvert, how to transport sediment, required permits and the application process). Rather, it
highlights interventions and restoration techniques that have been demonstrated to be
effective in at least some situations. Application and implementation of these techniques
requires a thorough understanding of the natural system, both its biotic and abiotic aspects.
Interventions that were successful at one site may not be at another because of different local
conditions or implementation methods.

Evidence for the guidance was gathered primarily from the literature. For evidence on the
effects of interventions on biodiversity (focusing on shorebirds, benthic invertebrates and
vegetation), we drew from Conservation Evidence syntheses (Sutherland et al., 2019) where



available, i.e. the Bird Conservation Synopsis (Williams et al., 2013) and the Marsh and Swamp
Conservation Synopsis (Taylor et al., 2021). These syntheses are based on systematic
literature searches of studies that test the effectiveness of conservation actions (see
www.conservationevidence.com). We complemented these with ad hoc searches for further
literature, especially on invertebrates. In addition to evidence from the literature, we contacted
experts and practitioners to record their experiences of the effects of salt marsh and tidal flat
restoration efforts and practical information about implementation. New evidence is continually
emerging, and readers should take into consideration that this guidance document is currently
underpinned by available evidence up until 2023.

Who is this document for?

This document is for practitioners and policy planners who are responsible for managing
intertidal habitats, especially those that may be responsible for overseeing/managing
restoration projects on tidal flats and/or salt marshes, and who are looking for practical
guidance. The information provided focuses on how these systems can be managed as
habitats for shorebirds, but this will also be useful for the conservation management of these
habitats more generally.

The aim is to allow practitioners to easily consult and evaluate existing evidence and
implementation knowledge before considering the practical implications relating to the situation
at their site when deciding about future management and restoration.


http://www.conservationevidence.com/

Structure of guidance

The guidance documents in sections 3 & 4 follow a set structure:

O« O¢ O«

[@]3

(@]

Objective: A concise statement of the desired outcome of the intervention.
Definitions: Of key technical terms used in the guidance document

Description: A definition of the intervention and what it involves, explanation of the
logic behind the intervention, and why the intervention is needed.

Evidence for effects on biodiversity: Evidence, largely drawn from the scientific
literature, about the effects of this intervention on biodiversity and the timescales over
which they may occur. There is a focus on three groups that are key indicators of the
state and functioning of coastal ecosystems (birds, invertebrates and vegetation) and,
where possible, on quantitative evidence.

Factors that can affect outcomes: A list of some major factors that may affect the
outcomes of the intervention: generally related to (a) the local context and (b) how the
intervention is done.

Implementation: Notes about practical implementation to achieve the overall
objective, for example, specific techniques that can be used, and practical issues to
consider when carrying out the intervention. This is based on published reports, the
experience of practitioners, and scientific literature.

Case study: A specific illustrative example of the implementation of the intervention
and its observed effects.

Other useful sources of information: Sources that provide further detail and/or
complement information in the guidance.

References: Published sources referred to in the preceding text.



Description of salt marshes and intertidal flats

Salt marshes and tidal flats are found in the intertidal zone, the area between the reach of the
highest high tide and the lowest low tide, and are subject to varying amounts of flooding by
seawater. The ratio of salt marsh to tidal flat in the intertidal zone can vary (Atkinson et al.,
2001) but together, they provide a variety of different habitats for wildlife, including benthic
invertebrates, fish and birds. They also provide important ecosystem services to people
through coastal protection, water purification, carbon sequestration, food production and
recreation (Barbier et al., 2011).
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An example of a coastal system showing variation in habitat and species present across the tidal range [Credit: Petra Dankers. Adapted
from: EcoShape].

Tidal flats are large expanses of temporarily exposed soft substrates (sand or mud) that form
where sediment deposits, often at the edge of estuaries or in sheltered sections of coasts. A
key feature of tidal flats is that they are regularly inundated with water (Healy et al., 2002),
have sufficiently high mud content for the sediment to exhibit cohesive properties (Dyer et al.,
2000) and have no vegetation cover other than occasional seagrass. The International Union
for Conservation of Nature (IUCN) classifies tidal flats as shoreline systems within the marine-
terrestrial biome (MT1.2; Bishop et al., 2020).

Salt marshes (also known as tidal marshes) are vegetated areas, typically found in the upper
parts of the intertidal zone, experiencing less frequent flooding than tidal flats. Salt marshes
naturally occur globally but are more well studied in temperate and northern regions. A key
feature of salt marshes is the 6zonationb
establish in bands following bathymetric patterns, depending how tolerant they are of being
submerged by saltwater (Davy, 2000). Vegetation is dominated by salt-tolerant forbs, grasses
and shrubs, such as Phragmites spp. and Sueda spp., but not seagrasses (Keith et al., 2020a).
The IUCN classifies salt marshes as brackish tidal systems within the marine-freshwater-
terrestrial biome (MFT1.3; Keith et al., 2020b).
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https://www.ecoshape.org/en/concepts/growing-salt-marshes/get-started/

Salt marshes and tidal flats attract shorebirds for feeding, roosting and nesting. Different

degrees of vegetation cover, fluctuating water depths, and varied sediment composition

provide habitats that meet the needs of a wide variety of shorebird and other waterbird species,

which have different requirements for foraging, roosting and nesting. Tidal creeks (networks of

small drainage channels in tidal areas) provide foraging habitat for fish and invertebrates

(Olmstead & Fell, 1974; West & Zedler, 2000). During high tide, these animals are able to

invade the salt marsh via tidal creeks in order to feed and are subsequently preyed upon by

|l arger fish and birds (Ol mstead & Fell, 1974). T
supermarkets oftheseab because of their abundance of food t
as polychaete worms, molluscs and crustaceans. Many migratory shorebirds use intertidal

areas as stepping stones to re-fuel before embarking on, or during, their long migrations and

during the non-breeding period. Resident species of shorebirds and other waterbirds depend

on these food sources throughout the year.

Tidal flats and salt marshes occur in
estuarine systems worldwide, providing
both ecological and economic value.
However, these systems are vulnerable
to arange of threats, which overall have
led to a significant reduction in their
extent. Top: Salt marshes at Saeftinge,
Speelmansgat, The Netherlands [Credit:
Edwin Paree]. Left: Shorebirds feeding
on atidal flat on the west coast of South
Korea [Credit: Peter Prokosch,

www.grida.no/resources/4394].
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Why and how are they threatened?

Salt marshes and tidal flats are under pressure from a range of threats (Melville et al., 2016).
It has been estimated that 16% of tidal flats were lost globally between 1984 and 2016 (Murray
et al., 2019), while salt marshes are being lost at a rate of 0.3% per year (Campbell et al.,
2022).

Some of the main threats include:

Coastal development (including land reclamation): The expansion of human populations
on coastlines has put increasing pressure on developing infrastructure and housing in these
areas (Charlier et al., 2005; Lai et al., 2015; Murray et al., 2019).

Reduced sediment supply: Activities upstream, such as river damming, limit the amount of
sediment reaching estuaries, therefore the rate at which sediment is replenished is reduced
relative to the rate it is eroded (Syvitski et al., 2005; Dethier et al., 2022). Similarly, the removal
of sand from rivers is a major global environmental issue (Rentier & Cammeraat 2022) that
reduces sediments reaching the coasts, including in the Yangtze and Yellow Rivers (Yang et
al., 2006; Yi et al., 2022).

Sea level rise: Coastal areas are vulnerable to sea level rise, which leads to the erosion of
shorelines and increased risk of flooding (Fujii, 2012; Passeri et al., 2015). The combination of
rising sea levels with coastal development, which prevents the landward movement of salt
marshes and tidal flats, means there is simply less space available for these habitats. The
resulting loss of intertidal habitats is called coastal squeeze (Pontee, 2013).

Sinking river deltas: Due to sediment compaction and reduced sediment supply, it is
estimated that 85% of the worl dés dedtd.®2809have ex
This impacts salt marshes and tidal flats by increased wave exposure, altered tidal inundation
characteristics and increased erosion.

Habitat degradation: Intertidal habitats can become degraded from human activities such as
bottom trawling, dredging and digging, which impact the benthic fauna (Dieter &
McConnaughey, 2003). Many pollutants including heavy metals, pesticides, plastics and
excess nutrients end up in estuaries from agriculture, aquaculture and domestic waste (Islam
& Tanaka, 2004; Bessa et al., 2018).

Invasive species: Invasive species spread through a variety of routes infiltrating coastlines
and outcompeting native species (Reise et al., 2023). The highly invasive Smooth Cordgrass
Spartina alterniflora is a considerable threat to tidal flats and salt marshes on many shorelines
including the Chinese (Zuo et al., 2012; Stokstad, 2023) and Korean (Kim et al., 2015, 2023)
coasts. The deliberate introduction of native species for commercial purposes, for example
molluscs, can be a threat to other native species by taking over ecological roles (Peng et al.,
2021).

12



Importance of salt marsh and intertidal flat restoration

The movement to restore salt marshes and tidal flats has been driven by increasing recognition
of their value (Casagrande, 1997; Barbier et al., 2011). Their protection and restoration benefits
biodiversity by conserving and reinstating habitats, while maintaining vital functions required
by people. Around 27% of the human population live near the coast (Kummu et al., 2016) and
depend on a range of services provided by coastal ecosystems. Most recorded coastal
restoration projects occur in the USA, Europe and Australia, but this may be a reflection of
data availability T more data about the successes and failures of restoration projects are
urgently needed (Bayraktarov et al., 2016). Restoring these habitats can be a cost-effective,
nature-based solution to biodiversity loss and climate change.

Important functions and services of these habitats include:

Coastal defence: Salt marshes and tidal flats defend the coastline by slowing the incoming

tide and dissipating wave energy, thereby reducing coastal erosion and protecting vulnerable

human settlements from flooding (Arkema et al., 2013; Pontee et al., 2016; Reed et al., 2018).

They can form -gpragywo oifnffrgarseamuct ur e, whi ch
structures of the built environment such as seawalls and dikes (Green-Gray Community of

Practice, 2020).

Carbon storage: Salt marshes and tidal flats are a major contributor to the amount of carbon
sequestered in the marine environment, particularly due to their ability to store carbon in their
soils and sediments (Duarte et al., 2005; Chen and Lee, 2022; Maxwell et al., 2023). As such,
they have been identified as important blue carbon ecosystems (Macreadie et al., 2021).

Many species are almost entirely dependent on coastal
habitats during the migration season such as these
Whimbrels Numenius phaeopus, Sundarbans,

Bangladesh. [Credit: Sayam Chowdhury].

Biodiversity: Being at the interface between the terrestrial and marine worlds, salt marshes
and tidal flats support a unique variety of wildlife, which function together as a large ecological
complex (Daiber, 1986; Boorman, 2003). Salt-tolerant plants and benthic microalgae that live
in the sediments are primary producers (Cloern et al., 2014), which means they are at the base
of the food chain. They support organisms at higher trophic levels, such as fish and mud-
dwelling invertebrates, which subsequently provide food for foraging shorebirds and humans.
Salt marshes and tidal flats are critical stepping stones in the flyways of migratory shorebirds,
connecting breeding grounds at high latitudes with non-breeding grounds at lower latitudes.

13
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The loss of intertidal habitats has caused declines in shorebird populations (Piersma et al.,
2016; Studds et al., 2017) and is a key driver for the focus on their restoration.

Filtering of nitrogen pollution: Salt marshes can act as a buffer from nitrogen pollution,
caused by run-off from agricultural areas where fertiliser has been applied. The uptake of
nitrogen by salt marsh plants can increase their biomass and reduce the amount of nitrogen
entering the ocean (Nelson & Zavaleta, 2012). The presence of filter feeders in tidal flats can
significantly reduce nutrient and pollution loads in the water column (Officer et al., 1982).

Supporting human livelihoods: Living in coastal areas provides opportunities for specific
economic activities and trade (Kummu et al., 2016). This is reflected in the fact that many large
cities are close to the coast. Many communities are dependent on coastal ecosystems for food.
For example, subsistence fishing provides protein-rich food and income in many countries (Bell
et al., 2009) and gleaning (the collection by hand of marine organisms from intertidal areas) is
an economic activity specifically dependent on healthy tidal flat systems (Grantham et al.,
2021). Coastal areas also support tourism and recreational activities, although these can have
negative consequences on sensitive coastal landscapes (Gormsen et al., 1997).

Intertidal invertebrates are a key human food
supply globally, with many communities being
dependant on coastal systems for their
livelihood. Left: A crab catcher searches for mud
crabs at a tidal flat i
Bazar, Bangladesh. [Credit: Sayam Chowdhury].
Bottom: Traditional shellfish harvesting on the
former tidal flats of Seamangeum in South
Korea. These tidal flats, along with the shelffish
harvesting grounds, have been lost due to the
embankment at Seamangeum. [Credit: Ju Yung

Ki, www.grida.no/resources/4418
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Feeding, roosting and nesting sites for shorebirds

The availability of feeding, roosting and nesting sites in coastal habitats is essential for
shorebirds. Many migratory shorebirds use coastal habitats as stepping stones in their
migratory flyway. They use them as stopover or staging sites, where they stop for a period of
days to weeks during migration to feed and refuel before a (often long-haul) flight (Warnock,
2010). Shorebirds mostly forage on tidal flats during low tide, following the tide as it moves
across the flat. During periods of high tide they must leave their feeding grounds in intertidal
areas. They move to areas where they are safe from high water and threats like predators,
mostly to roost, but sometimes to continue feeding. They roost in so-called high-tide roosts
(Rogers, 2003), either on exposed ground or in shallow water. The availability of both suitable
high-tide roosting sites and feeding sites in a given area will affect bird abundance (Rogers et
al., 2006).

Some shorebirds prefer to roost in the upper portion of the tidal flats where they feed, in areas
above the water level, but will also roost (and forage) in man-made features in intertidal
wetlands (Rosa et al., 2006; Fidorra et al.,, 2015; Scarton & Montanari, 2015), such as
aquaculture ponds (such as fish or crab ponds) (Li et al., 2013) or salt production ponds
(Sripanomyom et al.,, 2011). Some species actually show a preference for such artificial
habitats (Green et al., 2015). It has been suggested that artificial habitats provide a buffer, a
secondary role, or a complementary habitat for shorebirds when natural sites are not available
(Li etal., 2013; Rocha et al., 2017; Jackson et al., 2019). There are some concerns about the
reliance of shorebirds on artificial wetlands in coastal areas (Jackson et al., 2020). For
example, if aquaculture or salt ponds fall out of use, or if they are converted to other land uses,
shorebirds may be at risk. Therefore, management of artificial habitats should be considered
alongside natural habitat creation and restoration.

In addition to providing valuable stop over
sites for migratory birds, many coastal
areas also provide nesting habitat to
birds. As roosting and nesting are
vulnerable behaviours, shorebirds prefer
sites that are safe from disturbance from
humans or predators (Rogers et al., 2006;
Rosa et al., 2006). However, with the
continuing loss of coastal habitat, safe
and accessible roosting and nesting sites
are becoming fewer (Studds et al., 2017).
This means that birds may spend more
time flying between foraging and roosting

sites, which uses up their precious energy N
reserves needed for migrating or reproducing. roosting during high tide in the upper tidal flats that

have not been covered by seawater in Moreton Bey,
Queensland, Australia. [Credit: Micha V. Jackson].
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Land reclamation has led to the loss of non-breeding ~

stopover sites and subsequent population declines for ‘
shorebird species such as the endangered Great Knot

Calidris tenuirostris (pictured above). Here they are

feeding on the former Saemangeum tidal flat in South

Korea. Developments on coastal wetlands has led to

declines of non-breeding populations in South Korea. TR s
[Credit: Ju Yung Ki, www.grida.no/resources/4409]. -’I- - 7

Maintaining habitat for coastal birds can require
sustaining both prey in the water column, as for the
globally endangered Indian Skimmers Rynchops
albicollis (top photo, Nijhum Dwip National Park,
Bangladesh), and prey once the tide has receded, as
for the critically endangered Spoon-billed Sandpiper
Calidris pygmaea (right photo, Sonadi a | s
Bazar, Bangladesh). [Credit: Sayam Chowdhury].
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Box 1: The Yellow Sea ecoregion

The Yell ow Sea is bordered by eastern CHh
(North Korea) and the Republic of Korea (South Korea). Salt marshes and tidal flats are the
principal coastal ecosystems in this region (Murray et al., 2015), yet nearly 65% of tidal flats
and nearly 60% of salt marshes have been lost since the 1950s and 1980s, respectively
(Murray et al., 2014; Gu et al., 2018). The Yellow Sea tidal flats are now considered an
endangered ecosystem under the IUCN Red List of Ecosystems due to the decline in their
extent, the severity of their degradation and biotic disruption (Murray et al., 2015).

Land reclamation is one of the main drivers of intertidal habitat loss in this region but existing
intertidal habitats also suffer from degradation (Melville et al., 2016; Gu et al., 2018). In South
Korea, around half of the tidal flats have been embanked since the 1970s (Koh & de Jonge,
2014) and in China, the seawall stretches for 13,830 km along the coast (Luo et al., 2015).
A typical salt marsh community in North and South Korea is dominated by Phragmites
communis and Suaeda japonica (Kolbek et al., 1989; Ihm et al., 2001; Chung et al., 2021),
while in China the most extensive species are Suaeda salsa, Phragmites australis,
Aeluropus littoralis, Zoysia maerostachys and Imperata cylindrica (Yang & Chen, 1995).
However, there is evidence to suggest that reclamation and embanking could change the
distribution of vegetation from a zonal pattern to a mosaic pattern by altering the salinity
gradient (Feng et al., 2018). Now, in parts of the Yellow Sea, there is next to no salt marsh,
even in areas where a tidal flat remains (Melville et al., 2016).

The Saemangeum Seawall on the southwest coast of South
Korea separates the former Saegmangeum estuary from
the Yellow Sea. Its construction caused controversy and
opposition from some citizens and environmental groups.

[Credit: Ju Yung Ki, www.grida.no/resources/4415].

The damming of both the Yellow and Yangtze rivers has drastically reduced the sediment
supply to the coastline (Yang et al., 2006; Wang et al., 2012). Water use for irrigation and
human consumption in the upper reaches of the Yellow River has also considerably reduced
the fresh water flow to its delta (Yang et al., 2020). Coastal groundwater extraction is
associated with subsidence of up to 25 cm/year (Higgins et al., 2013). In China, sewage
disposal and the movement of chemical industries to the coast increases the risk of chemical
pollution (Melville 2018). There are also huge outbreaks of macroalgae (e.g. Ulva prolifera)
in China and South Korea, thought to be a result of multiple factors, including climate
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change, rising sea temperatures and eutrophication caused by increased nitrogen pollution
(Zhang et al., 2019)

Coastal areas in the Yellow Sea are threatened by the invasive Cordgrass (Spartina sp.), a
group of grasses native to Atlantic, European and African coasts. Spartina species have
been introduced intentionally and unintentionally to many coastal areas globally. Spartina
occupies large areas of open tidal flats and can facilitate the accumulation of sediment
(Crooks, 2002; Civille et al., 2005). Spartina can be detrimental to shorebirds, making tidal
flats and salt marshes inaccessible (Gan et al., 2009; Jackson et al., 2021; Lyu et al., 2023),
as well as by reducing the diversity of benthic macroinvertebrates. Research from the
Wadden Sea and Australia shows that the diversity of arthropods and macrobenthos is
higher in open tidal flat and native salt marsh than in Spartina-invaded marshes (Tang &
Kristensen, 2010; Cutajar et al., 2012). Spartina can outcompete native plants, including
Zostera (Madden et al., 1993), Suaeda (An et al., 2007), Phragmites australis, and Scirpus
mariqueter (Li et al., 2022), decreasing the amount of food resources and nesting habitats
for birds. The loss of intertidal benthic fauna, such as shellfish, can negatively impact human
livelihoods (Gan et al., 2010; Goss-Custard & Moser, 1988; Jackson et al., 2021). Spartina
is a well-known invasive, but it is not the only species to cause problems in intertidal habitats.
For example, Black Swans (Cygnus atratus) are increasing in numbers in at least two coastal
national nature reserves: Yellow River Delta and Chongming Dongtan (David Melville, pers.
comm.).

The coastline of the Yellow Sea is a critical area for migrating birds and their reliance on this
habitat as a migration stop over is a major cause of their decline (Studds et al., 2017). The
East Asian-Australian Flyway (EAAF) is a major bird migration route, where birds travel from
Russia, China and Alaska to South East Asia, Australia and New Zealand. The Yellow Sea
stopover accounts for around 40% of the birds travelling on the EAAF, with a yearly influx of
around 3 million individual birds (Studds et al., 2017). It is a critical staging region where the
birds stop to feed and refuel while they prepare for next steps in their long-haul migration
flight. In response to human population growth, many coastal areas have been converted to
aguaculture ponds for food production (Sun et al., 2015), with China being the leading
aguaculture producer in the world (FAO, 2020). Although artificial, aquaculture ponds can in
fact provide roosting and foraging sites for shorebirds, depending on how they are managed
(e.g. Bohai Bay in China, Lei et al. 2018). Therefore, integrating waterbird conservation with
economic productivity is something to be considered (Ma et al., 2010). A healthy intertidal
zone will benefit both birds and commercially important benthos.

Overall, the coastal ecosystems in the Yellow Sea ecoregion, and the species within, are
under immense anthropogenic pressure. In 2018, China introduced strict regulations on land
reclamation, whereby general land reclamation projects will no longer be approved (Miao &
Xue 2021). In South Korea, opposition by citizens has had some success, for example a
lawsuit by environmental groups was brought against the Saemangeum Reclamation
Project, forcing the development to take the environment into account (Koh & de Jonge
2014; Song et al., 2014). According to IUCN (2023), despite efforts to strengthen protection
for habitats in the Yellow Sea, most especially in the intertidal zone, the trends for most
species continue to decline (IUCN, 2023).
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Other sources of information

Documents

Techniques for restoring coastal habitats: Ausden M. (2007) Habitat Management for
Conservation: A Handbook of Techniques. Oxford University Press, New York.

Videos

An example of the wider benefits of salt marsh and tidal flats: Cowden B. (2022,
November 08) Rewilding the Essex coast [video]. Vimeo. www.vimeo.com/768722918
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Definitions

0 Evidence = relevant data, information, knowledge and wisdom used to assess an
assumption (Salafsky et al., 2019).

0 Evidence-based practice = the consideration of evidence in the decision-making
process.

0 Evidence-based guidance = a trusted source of information and

recommendations based on the best available, up-to-date evidence to help

decision-making (Downey et al., 2022).

The aim of this section is to outline how evidence can aid decision-making. It comprises three
elements. Firstly, describing the importance of guidance being evidence-based and the
principles for creating evidence-based guidance. Secondly, listing a range of possible sources
of evidence and finally briefly outlining the principles for evidence-based decision-making.

Creation of evidence-based guidance

To ensure guidance is trustworthy, Downey etal. ( 202 2) provi ded a set of |
production of evidence-based gui danced (see Box 1 below). Ke
is based on up-to-date, relevant evidence and integrates the knowledge and experience of

experts and practitioners. An important consideration is that guidance is transparent about its

sources with a comprehensive effort to include evidence to support the claims and

assumptions made. This creates transparency by allowing the reader to locate the original

source (if needed) that formed the basis for each claim. Using evidence to write guidance in

this way can ensure that effective decisions are made based on the information that is currently

available.

Besides informing us about the effectiveness (or ineffectiveness) of actions, evidence use also
helps identify knowledge gaps. These knowledge gaps are revealed when there is no (or very
little) documented information, for example for a certain species group, country or action.
Consulting practitioners can help to fill these gaps, but practitioner knowledge should also be
referenced. Understanding where gaps in our knowledge lie enables the prioritisation of future
research (Christie et al., 2021).

Much existing guidance relating to conservation is not evidence-based: few guidance
documents include a reference list and even fewer provide sources to justify recommended
actions (Downey et al., 2022). This creates a problem when guidance influences decision-
making, particularly if those decisions lead to heavy investment of time, money and labour into
actions for which there is no evidence of their effectiveness.
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Box 1 Principles for the production of evidence-based guidance

(taken from Downey et al., 2022)
Collating evidence

1. Scientific evidence should be reviewed and where available incorporated when
formulating recommendations.

Review the available scientific evidence on conservation actions (either from peer-reviewed
studies, databases, grey literature or expert consultation) and extract key messages to
inform the development of recommendations. There are now many databases available that
synthesise relevant evidence, such as conservationevidence.com,
environmentalevidence.org, and databases that collate grey literature such as Applied
Ecology Resources (www.britishecologicalsociety.org/applied-ecology-resources). These
can drastically reduce search, reading and interpreting time as well as overcoming access
barriers. The evidence should be considered by stakeholders to judge its strength and
relevance (Salafsky et al., 2019) and assessed alongside the experience and knowledge of
stakeholder groups, which must include relevant experts. The date, search terms, and
databases used for searching for evidence should be stated (Haddaway et al., 2015). Non-
English language papers should also be considered in the search to avoid bias (Konno et
al., 2020).

2. Conduct repeated searches of the literature regularly and update guidance to include new
studies when required.

To ensure that guidance is based on the most up-to-date information, guidance should state
when the evidence was searched and set review dates. We suggest reviewing the evidence
every five years. When critical new information is available, guidance should be updated.
Out-of-date guidance should be updated and then archived, with clear links to the updated
version provided. If the original evidence synthesis clearly specifies its references and
justification for recommendations, then updating the guidance will be easier and faster.

3. Presentation and interpretation of evidence should be neutral.

The information should be presented factually and objectively and those engaged in collating
and synthesising the evidence should operate as neutral brokers. This can be difficult for
some authors or organisations involved in the production of guidance, particularly where
there is an advocacy objective or when they have been involved in producing the relevant
evidence. It may therefore be beneficial to have guidance peer-reviewed or produced
collaboratively across communities of practice, to avoid bias affecting the presentation of the
evidence. Some organisations may find it hard to remove all advocacy of their agenda from
guidance. Such conflicts of interest should be stated explicitly.

4. Bias and limitations of the reviewed literature should be stated explicitly.
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State the problems (such as publication bias) and uncertainty that are inherent in any study
or synthesis. Any potential bias or limitation in evidence searching and collation strategies
should also be clear (Dicks et al., 2017).

5. Where possible, assess and report on the cost (financial and other), cost-effectiveness,
and side effects of potential interventions.

Information on the costs and outcomes on factors other than biodiversity should be collected
where possible. This should include possible areas of conflict, for example, with other
biodiversity or socioeconomic priorities. This can help inform the recommendation process.

Making recommendations
6. Specify the type and source of evidence used to make recommendations.

Make clear what evidence has been used. Document the review process and sources (e.g.
scientific papers, grey literature, expert opinion, indigenous knowledge). Details of methods
should be provided either in the guidance document or in a linked source (e.g. weblink or
QR code) that explains how the evidence was identified and extracted. This allows the
details of the original studies to be available to those who are interested in further research.

7. The strength of the evidence behind recommendations should be transparent.

If there is uncertain or conflicting evidence this should be made apparent, either by explicitly
describing the evidence or using appropriate terms (strong evidence, some evidence, weak
evidence, studies predominantly support, etc.). The scale of inference should also be clear,
such as if the evidence is based on a subset of conditions or varies with context (e.g.
species, location).

8. Make explicit where statements have been made in the absence of effectiveness
information.

Make cases explicit where no evidence exists and recommendations are based upon first
principles, theory or common sense. Consensus recommendations are still valuable when
made without scientific evidence, for example, based on practitioner knowledge and
experience. Explicitly labelling these cases reveals gaps in evidence-based guidance that
inform future research.

9. Make explicit where recommendations are based on factors besides the evidence of
effectiveness (e.g. costs, social acceptability).

Some recommendations are derived from a range of factors beyond the available evidence
base, such as financial costs or the acceptability of outcomes and side effects to different
stakeholders. This logic and the key factors should be made clear in the guidance. For
example, there may be good evidence for the effectiveness of an action, but it may be too
costly or socially unacceptable and so is not recommended.

30



Making evidence-based decisions

There is no suggestion that users should simply follow the content of any guidance. Instead,
the recommended practice is to combine the available scientific evidence (if using guidance,
also updating with more recent material) with experience and local knowledge as well as with
values; this process is shown in Figure 1.

Evidence
complacency

Experience
and local knowledge

Evidence-based
conservation

Inappropriate
solutions

Inappropriately
applied
conservation

Figure 1. The role of evidence in
evidence-based conservation,
showing how the components
interact. Values incorporate ethical,
social, political, and economic
concerns. From Sutherland (2022).

Scientific evidence

There are eight main stages of decision-making listed below with descriptions of good practice
(Sutherland in prep). For details of approaches for carrying out each stage rigorously see
Sutherland (2022).

Identify and frame the challenge: Formulate the issue, or issues, where there are problems
or opportunities resulting in a need for decisions. Frame the issue in terms of what is being
decided, including what is not being decided and the goals that are being sought.

Identify who to consult: Consider who should be involved in making decisions, overseeing
decisions, consulted or informed. A stakeholder analysis is a good starting point.

Research the problem: Research the causes and consequences of the problem. The
research may result in modifications of the challenge, for example by making it more specific.

Identifying options: One study showed that practitioners were only aware of 57% of the
possible options for a particular topic (Walsh et al., 2015). Solution scanning, in which options
are extracted from the literature and practitioners followed by wide consultation to collate
further options, is an approach for ensuring a reasonably comprehensive list.
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Identifying relevant evidence: Identification of relevant studies if already extracted or search
of literature if not. The below section suggests sources of evidence.

Assessing evidence: Each piece of evidence is assessed according to its reliability and
relevance. The assessed evidence is then combined to summarise the conclusions. For an
action this would be the strength of the effect and confidence in the result.

Using experts appropriately: Experts providing and assessing statements (rather than
making decisions, which requires combining with values that may differ from the decision
maker). The literature shows there are humerous sources of bias that seriously impair the
accuracy of experts. There are a range of techniques for reducing these biases including tools
such as the Delphi Techniqgue and IDEA protocol. Key elements are for scoring to be
anonymous.

Using a structured decision-making process: Structured approaches vary according to the
issue but include multi-criteria analysis, argument maps, theories of change and cost-benefit
analysis.

Sources of evidence

Listed below are some sources of evidence that apply to many conservation projects.

0 Conservation Evidence database: This database collates and summarises documented
evidence about the effectiveness of conservation actions (Sutherland et al., 2019). All of
the actions relevant to a specific subject are grouped into a subject fsynopsisa As of
February 2024, evidence for 24 different taxa or habitats had been collated.

0 What Works in Conservation: An annual update of the information within the Conservation
Evidence database on the effectiveness of actions is produced as a book, What Works in
Conservation (Sutherland et al., 2021). All the information within each update is also
presented within the searchable database.

0 CEEDER (The Collaboration of Environmental Evidence Database of Evidence Reviews):
Lists 1,920 reviews and systematic maps across the environmental field.

0 PANORAMA: Allows practitioners to share and reflect on their experiences, by describing
their projects and any lessons learnt.

0 RESTOR: Database to share insights from nature conservation and restoration projects.

0 Metadataset: A collection of open data from scientific publications. Provides over 15,000
effect sizes, mostly related to invasive species management.

0 Specific papers, books, reports and other documents relating to the particular issue.
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Restoration projects in coastal habitats are successful when they effectively reinstate the
ecological values identified as having been lost or degraded due to human activities or natural
events and successfully maintain it over time. Setting clear targets is the cornerstone of any
successful restoration initiative, providing a reference point for achieving ecological,
conservation, and community-related goals. In the context of shorebird conservation, the
success of restoration depends on the ability to recreate vital habitats with specific ecological
functions that are specific to the needs of shorebirds. For instance, if the objective is to restore
a tidal flat crucial for shorebirds' feeding, the restoration process must ensure that the restored
tidal flat can effectively serve this purpose. This involves respecting the morphological features
of a natural tidal flat, preventing the growth of vegetation, as well as fostering the return of
benthic fauna, ensuring appropriate and adequate food source for the birds. In addition to
target setting, establishing a common and shared vision can increase ownership and
participation of key stakeholder groups.

It is crucially important to understand the threats that have caused the degradation of the
natural habitat and ensure that they have been addressed and eliminated. Restoring a natural
ecosystem while the threats are still present would only lead to failure. Mangrove restoration,
for instance, should only start after illegal logging and mangrove clearance has been stopped,
otherwise it is much more beneficial and cost effective to ensure the conservation of existing
natural ecosystems.

The guidelines presented here advocate for a stepwise approach to coastal habitat restoration,
with target setting at its core. This approach provides a structured and systematic
methodology, facilitating informed decision-making and adaptive management practices for
sustainable ecological outcomes.
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A stepwise approach to coastal habitat restoration:

Identify the area/habitat/landscape: Site selection considerations: Assess historical ecosystem
distribution, current characteristics, and future landscape changes.

Get to know the area: Comprehensive site assessment: evaluate geomorphological, hydrological,
and ecological features.

Stakeholder engagement: Identify and engage stakeholders and experts throughout the process,
cultivating local ownership and expert involvement.

Set SMART targets: Identify conservation and restoration priorities and objectives, based on
measurable and achievable targets.

Identify ways to achieve targets: Develop strategies based on scientific evidence and
understanding.

Design a restoration project: Synthesise site assessments and stakeholder input to formulate
detailed project proposals.

Develop arestoration plan: Detailed plan of action to achieve targets, outline tasks,
responsibilities, and timelines.

Develop a monitoring strategy: Define indicators, protocols, and timelines for monitoring.

Start implementation of restoration: Putting the plan into action, execute interventions.

Evaluate the success of interventions: Restoration success assessment: evaluate outcomes
against ecological restoration targets.

Adapt the restoration plan: Monitoring-informed adjustments: use monitoring data for adaptive
management.

Document the steps: Maintain records of assessments, strategies, and implementation.
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1.

Identify the area/habitat/landscape

When selecting a restoration site, it is important to recognise the occurrence of natural
processes that can either facilitate or impede successful restoration. Optimal sites for
restoration are those where natural processes support and complement engineering
interventions and other man-made restoration actions. This harmonious work with nature
aligns with the principles of ABuil ding
that restoration work complements natural dynamics and local stakeholder interests.

Building with Nature principles:

ABuil ding with Nature" i s adasalpgutionaas
fundamental aspect of designing water-related infrastructure for coasts, rivers, deltas,
and cities. It harnesses natural forces to benefit biodiversity recovery, the economy,
and society as a whole. Adhering to the principles of Building with Nature, restoration
efforts should strategically leverage the inherent dynamics of the selected site rather
than contrasting them.

A practical example of this approach is evident in coastal restoration. In this context,
a viable method to replenish an eroding coast involves depositing sediment in one
location, allowing gradual and natural redistribution by wind, waves, and currents.
This strategy minimises disturbance to local ecosystems while creating new areas for
both nature and recreation (De Vriend et al., 2014; Ecoshape, 2020).

Another practical example comes from the approach followed under the Building with
Nature Indonesia project in Demak. The flooding risk on an eroding coastline that
once hosted a mangrove forest was addressed by constructing permeable dams
made of brushwood. These dams are deployed to capture sediment and help
establish a healthy sediment balance. Once the nearshore bed level has sufficiently
risen, mangroves begin regenerating naturally, forming a natural water defence
against flooding and further erosion (Wetlands International & Ecoshape, 2022).

Key considerations for site selection include the historical distribution of natural
ecosystems, current geomorphological and ecological characteristics, and predictions of
future landscape changes. Managed realignment is often particularly effective in areas with
sediment accretion, where natural deposition processes can be encouraged to create or
enhance coastal habitats (Atkinson, 2001). However, in sites experiencing erosion, where
maintaining traditional coastal defences can be costly, managed realignment offers an
alternative approach that may be more financially sustainable. Furthermore, an action may
require continual maintenance (e.g. the expected inland movement of the shoreline as a
result of subsidence and change of the relative sea level). Therefore, the costi benefit
trade-off needs to be considered alongside site suitability. This practical insight
underscores the importance of site-specific features, guiding the restoration approach
based on the inherent characteristics of the ecosystem.
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Of course, it is important to consider the current state and functioning of the habitat. If the
habitat is degraded and suboptimal for target species, then habitat creation could have
ecological benefits. If the existing habitat is functioning well, creating additional tidal flat or
salt marsh may be unnecessary or an inefficient use of resources (Yozzo et al., 2004). This
may also depend on the availability of sufficient roosting habitat to accommodate increased
numbers of birds.

Get to know the area: Detailed assessment of natural and socioeconomic conditions

Conduct a comprehensive assessment of the selected site, considering its
geomorphological, hydrological, and ecological characteristics. Understanding the natural
dynamics of the area informs subsequent restoration decisions. Key aspects requiring
assessment include the tidal range and positioning of the chosen site, sediment
characteristics, the level of wave exposure, the amount of erosion and sediment deposition,
topographic features (e.qg. the distribution of tidal creeks), vegetation composition, benthic
structure in tidal flat areas, the present and historical wildlife occurrences, and the predicted
relative sea level change. These factors are pivotal in comprehending the site's ecological
complexities, predicting its response to restoration interventions and communicating with
stakeholders.

Assess the area while considering the wider landscape. It is important to learn of larger
landscape-scale development plans, such as building of harbours, breakwaters or other
construction in the intertidal areas in the vicinity that may affect volumes of sediment and
flow patterns and local currents, as well as changes to river water flows into the area,
through construction of upstream barrages that may affect sediment flows to the coast.

Identify and engage stakeholders and experts throughout the process

What works and does not work is critically dependent on understanding and responding to
the socioeconomic environment. Therefore, stakeholder involvement is essential for
sustainable success of a restoration project. Understanding stakeholder perceptions,
misconceptions and areas of concern may influence planning.

Stakeholder groups should be identified through a stakeholder analysis (Golder & Gawler,
2005), categorising them based on industry, function, socioeconomic factors, and their
stance on the restoration project. This classification prepares for potential hurdles and
facilitates effective planning.

Engage professionals from diverse fields in an interdisciplinary manner to enrich the
restoration plan with varied viewpoints and expertise. Additionally, it is vital to promote
meaningful engagement through capacity-building endeavours, ensuring that local
stakeholders and underrepresented groups possess the knowledge and skills to actively
contribute. Capacity development may be necessary to secure agreement among all local
communities and authorities concerning several aspects of the restoration project (FAO et
al., 2023).
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Aligning with the A4 Returns FrameworKk?o
landscape-level partnerships and collaborative planning efforts. By embracing this
approach, restoration initiatives become more than just ecological endeavours: they
become catalysts for social, economic, and inspirational returns. Through a shared
understanding of the landscape's challenges and opportunities, stakeholders co-create a
vision for restoration, ensuring that projects are aligned with broader landscape goals.
Moreover, the framework's emphasis on monitoring and learning enables adaptive
management, allowing restoration plans to evolve in response to changing conditions and
stakeholder feedback. This iterative process fosters greater stakeholder buy-in and long-
term commitment to restoration efforts, ultimately enhancing project sustainability and
success (Sterling et al., 2017; Dudley et al., 2021).

4 Returns Framework

The 4 Returns Framework is an approach for evaluating restoration feasibility at
landscape scales (e.g. >100,000 ha) and for assessing how smaller projects fit within
and contribute to the wider landscape. This conceptual and practical framework helps
stakeholders to achieve returns in four areas i social returns, natural returns,
financial returns, and inspirational returns. The framework follows five process
elements:

1. Landscape partnership

2. Shared system understanding

3. Landscape vision and collaborative planning
4. Taking action

5. Monitoring and learning.

The elements are implemented within a multifunctional landscape (including natural
zones, economic zones, and combined zones) over realistic time periods (indicative:
minimum 20 years). Multiple restoration projects across several ecosystem types
must go through an alignment and planning process that may take up to 2 years.

4. Set SMART targets: Specific Measurable Achievable Realistic and Time-bound

When setting targets for restoring habitats, it is necessary to take an approach focused on
reinstating ecological functions rather than concentrating on delivering individual attributes
(Atkinson et al., 2001) or actions. In the field of restoration ecology, a crucial distinction is
made between (real) ecological targets and management actions. The former pertains to
the overarching goal of restoring an ecological function, such as transforming a degraded
tidal flat into a thriving foraging habitat for waterbirds. On the other hand, the latter involves
specific management actions, like removing invasive cordgrass Spartina, managing native
vegetation, repositioning sediment, etc., which should be regarded as means to achieve
the ecological target rather than targets themselves (Bakker et al., 2000).
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5.

Reinstating an ecological function in a site through a restoration or conversion intervention
may involve reducing or terminating another ecological function. Such trade-offs should be
clearly identified and carefully considered. For example, creating a mangrove forest with
fish nursery and wave attenuation functions on an open tidal flat may contravene or reduce
the function of that tidal flat as a feeding habitat for shorebirds or for mollusc collection by
local communities. Historic function of the site, next to scarcity and desirability of the target
functionality, may help decide where to aim in such trade-off situations.

The identification of a clear and specific target becomes the cornerstone for selecting
appropriate restoration actions to restore the desired ecological function.

SMART criteria

To enhance the effectiveness of restoration efforts, targets should adhere to the
SMART criteria: Specific, Measurable, Achievable, Realistic, and Time-bound.
Examples of well-formulated targets could include:

1. Restore 50% of the tidal flat to support the foraging and roosting habitat for
waterbirds in the next 5 years.

2. Increase salt marsh extent by 50% to provide nesting sites for an endangered
shorebird species in 5 years.

3. Improve sediment composition to ensure that the benthic fauna recolonises the
target area, and that the community consists of species suitable for shorebirds
to feed on.

4. Restore two effective high tide roost sites by converting aquaculture ponds into
open, shallow water areas suitable for high tide roosting for waterbirds within 1
year.

Identify ways to achieve targets: Developing strategies based on scientific
understanding

Craft a strategy outlining the specific actions required to achieve the set targets. Identify
those actions that will deliver the necessary results as steps towards the targets, based on
evidence. ldentify any assumptions and risks associated with such actions. The actions
that are part of such a strategy may involve landscape modification, vegetation
management, or other interventions tailored to the identified needs of the ecosystem.

Several restoration actions are mentioned in the sections below. It needs to be stressed
again that these individual actions themselves are not the target, but one or more of these
actions lead to the achievement of the ecological restoration target.
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6. Design arestoration project

In order to craft an effective restoration plan, first a project design should be developed.
The design integrates findings from the site assessment and the stakeholder consultation
process. This phase involves synthesising scientific understanding and stakeholder input
to develop a comprehensive framework for restoration efforts. By tailoring interventions to
address the site's ecological complexities and aligning with local interests and priorities,
the design ensures that restoration actions are effectively targeted. Additionally, this phase
facilitates proactive planning to identify potential challenges and opportunities, enhancing
the sustainability and success of restoration initiatives.

Importantly, the design should incorporate the adoption of an adaptive-management
approach, allowing for modifications informed by the evaluation of monitoring results. Thus,
the design should inherently facilitate adaptive management to accommodate evolving
circumstances and optimise restoration outcomes.

7. Develop arestoration plan: Detailed plan of action to achieve targets

Drawing from the strategies identified in the project design, the next critical step in the
restoration process involves the formulation of a comprehensive restoration plan. This plan
should delve into the specifics, outlining detailed tasks, assigning responsibilities, and
establishing timelines for the implementation of each identified strategy. If possible, it is
helpful to determine the necessary resources, encompassing aspects like labour,
equipment, and materials. The formulation of the plan should also account for potential
challenges that may arise during implementation, offering a proactive approach to handling
unforeseen circumstances.

The development of a restoration plan should be a collaborative effort, co-created with
stakeholders and partners who were identified during steps 2 and 3. The participatory
approach ensures that diverse perspectives are considered, enriching the plan with a
comprehensive understanding of the project. The restoration plan functions as a crucial
document, serving as a comprehensive guide for all those involved in the project. Its clarity
enables anyone engaged with the initiative to grasp the project's objectives, understand
the necessary actions, identify decision points, and gauge the financial requirements
essential for the project’'s success (Beeston et al., 2023).

8. Develop a monitoring strategy

To track the progress and success of the restoration plan, a comprehensive monitoring
strategy is indispensable. This strategy involves defining key indicators, measurement
protocols and timelines.

Defining targets and monitoring for ecological restoration are intricately intertwined.
Monitoring serves as an essential tool to evaluate whether targets are met within a
specified timeframe. The methods employed should align with the project's targets (step
5), emphasising simplicity, participatory processes and costs.
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The selection of monitoring indicators must be tailored to the project's objectives, the
specific ecosystem under restoration, and the site's unique conditions. Monitoring should
take place before and after intervention. In addition, monitoring should compare indicators
between the intervention and control sites, where restoration activities occur and do not
occur, respectively. This comparative analysis aims at measuring the net difference the
project makes toward achieving the desired ecological state.

Data collection should be conducted according to standard and scientific approaches,
including, for instance, vegetation surveys, benthos surveys, assessment of bird (roosting)
numbers and (feeding) densities and habitat use monitoring. It may also be important to
consider human use of sites in instances when a restored area contains commercially
important species that may be harvested.

Where available, species and habitat monitoring should be carried out according to
coordinated and standardised monitoring protocols. In this regard, the East Asian-
Australasian Flyway Partnership (EAAFP) encourages the development of a coordinated
waterbird monitoring and reporting protocol to be adopted by the EAAF countries.

Securing dedicated funding streams or budget reservations for monitoring activities is
essential. Collaboration with relevant governmental departments, policymakers, and
stakeholders is crucial to highlight the importance of monitoring in achieving restoration
objectives. Clarifying roles and responsibilities for monitoring within the governance
framework ensures efficient resource allocation and governance alignment, enhancing
project effectiveness and long-term sustainability.

Examples of indicators for assessing coastal wetland ecosystems restoration projects. These indicators are most
informative when a restoration site is compared to a pre-restoration baseline and/or a reference site. Adapted from
Cadier et al., (2020) and Atkinson (2001).

Attribute category Indicators
0 Species richness and diversity
Biological conditions d Species abundance, percentage area cover and biomass
0 Presence of threatened species
0 Soil and sediment physiochemical conditions
Physical conditions ® Water physiochemical variables
0 Bathymetry
0 Current intensity
0 Biological threats (e.g. invasive species) are absent from
Absence of threats the restoration area
0 Extraction of resources by people is sustainable
0 Pollution levels
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9. Start implementation of a restoration plan: Putting the plan into action

Begin the implementation of the restoration plan, carefully executing the outlined
interventions while considering the ecological sensitivities of the habitat.

10. Evaluate the success of interventions: Comparing outcomes with set targets

Consistent evaluation of restoration outcomes against predetermined targets is pivotal for
success. The efficacy of restoration efforts is intricately linked to the identified targets.
Assessing outcomes at the target level, rather than merely the means level, is crucial. For
instance, monitoring the success of Spartina removal solely informs about the presence or
absence of Spartina, yet it does not provide insights into the broader restoration of the tidal
flat's health, for example as a foraging habitat for shorebirds, such as the re-establishment
of the native salt marsh community.

Functional success is an important concept that assesses whether the ecological functions
of the system have been restored (Atkinson, 2001). This encompasses, for instance, the
restoration of intertidal habitats' ability to support food chains, attenuate wave action, and
improve water quality. Monitoring efforts must extend beyond the immediate factors to
encompass broader ecological indicators. In the case of tidal flat rehabilitation through
Spartina r e mov al , al ongside tracki nmge ar heturn,iitnsv asi v e
imperative to monitor the benthic composition of the restored tidal flat and the return of
foraging bird populations. The continuing success of an action, as well as its initial success,
is key. This comprehensive approach ensures a holistic evaluation, aligning with the
restoration's overarching goals and contributing to the long-term success of the
intervention.

A practical tool to aid in the evaluation of restoration work is offered by the 5-star Recovery
System (www.ser.org/page/SERNews3113) developed by the Society for Ecological
Restoration and widely adopted to assess the success of restoration initiatives worldwide.
This structured approach allows for assessing and ranking a site's progress towards
ecosystem recovery. Using a 5-star scale, it evaluates the similarity of a restored
ecosystem to a reference system, providing a comprehensive understanding of recovery.
The system allows for overall assessments or individual evaluations of specific ecosystem
attributes, promoting continuous improvement. While aimed at achieving full ecosystem
recovery, the system is adaptable for projects focusing on specific functional attributes.
However, its reliability depends on robust monitoring data, emphasising the importance of
comprehensive monitoring plans tailored to each site (McDonald T. et al., 2016).

11. Adapt the restoration plan: Flexibility and adaptive management

Use monitoring data to inform adaptive management. If the outcomes deviate from
expectations, be prepared to adjust the restoration plan accordingly, ensuring a responsive
and dynamic approach. This may involve liaison meetings with stakeholders (e.g. annual
reviews) to assess the progress, with the option of tweaking the restoration plan, while
maintaining the overall objectives. In cases where the predefined target is not attained,
further investigation is required to understand whether the discrepancy results from
inappropriate restoration actions, insufficient implementation, unrealistic, targets or
unforeseen external factors, such as changes in government policy or catastrophic events.
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12. Document the steps: Thorough documentation for future reference

Maintain detailed documentation throughout the entire process. This includes records of
assessments, target setting, strategies, implementation procedures, resources required,
and any adjustments made. Monitoring efforts should be recorded and both the successes
and failures of interventions should be reported. The results of a restoration project should
be summarised and translated in an accessible way, so that they are usable to decision-
makers, such as practitioners and policy makers. Documentation provides a valuable
resource for future reference and informs best practices for subsequent restoration
projects. Consideration should be given to having data be open-access, or adding results
to open access repositories including national or international databases.

Other sources of information

Public perceptions of coastal restoration: Yamashita H. (ed.) (2021) Coastal Wetlands
Restoration: Public Perception and Community Development. Routledge: London.
https://doi.org/10.4324/9780367863098

OMReg: A database of coastal habitat recreation schemes. Available at: www.omreg.net/

Guidance on implementing green-grey infrastructure: Green-Gray Community of Practice
(2020) Practical guide to implementing green-gray infrastructure. Available at:
www.conservation.org/projects/global-green-gray-community-of-practice

The 4 Returns framework i Guidebook. Available at: https://4returns.commonland.com/
lesson/introduction/

A tool for assessing ecosystem recovery: The 5-Stay Recovery System. Available at:
www.ser.org/page/SERNews3113
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Objective: create or restore coastal habitat by reinstating or managing the tidal
regime

Definitions

0 Benthic invertebrates = invertebrates living at the bottom of the water column

(macro: >1 mm; meio: < 1 mm; micro: < 0.1 mm).

0 Ebb = period from high water to low water, i.e. when the tidal waterline is retreating.
0 Intertidal zone = area between high and low tide.
0 Managed realignment = a technique where coastal defences (e.g. sea walls) are

breached or removed to reinstate tidal exchange, allowing an area previously
protected to become fl ooded. Al so know
0 Regulated tidal exchange = allowing regulated flow of tidal water through existing
coastal defences. Sometimes referred t
0 Spring tide = Extreme tides occurring when the Sun, Moon and Earth are aligned
leading to strong gravitational pull. These produce the highest and lowest tides that

regularly occur. Spring tides occur twice each month.

1. Description

Tidal exchange permits the periodic inundation with sea water that is a defining feature of tidal
flats and salt marshes. Tidal exchange can be facilitated by breaching or removing the existing
coastal defences, as in managed realignment, or controlling tidal flow through existing coastal
defences, as in regulated tidal exchange (Ausden, 2007; Scott et al., 2012). Often, the aim is
to restore tidal exchange to impounded salt marshes, where roads or bridges, for example,
restrict tidal flow (Ausden, 2007). New defences typically need to be built further inland to
protect human infrastructure and farmland from flooding.

This intervention has been used extensively in Europe, namely the UK, Germany and the
Netherlands (Wolters et al., 2005; Rupp-Armstrong & Nicholls, 2007; Scott et al., 2012). One
of the major benefits of replacing hard coastal defences, such as sea walls, with salt marshes
and tidal flats is that the natural defences provide protection from flooding with reduced
maintenance costs. As such, economic benefits of intervention can exceed the costs, making
funding decisions clear.

2. Evidence for effects on biodiversity

Effect on birds: Sites with restored tidal exchange are known to support shorebirds, with bird
numbers beginning to increase within one to three years (Slavin & Shisler, 1983; Brawley et
al., 1998; Atkinson et al., 2004; Natuhara et al., 2005; Badley & Allcorn, 2006; Armitage et al.,
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2007; Mander et al., 2007; Elliot, 2015). The community may change after facilitating tidal
exchange, compared to what it was before. For example, at Osaka Port, Japan, the number of
shorebirds increased five-fold after tidal introduction on reclaimed land (Natuhara et al., 2005),
with ducks (e.g. Common Pochard Aythya ferina) being replaced by plovers (Charadriidae)
and sandpipers (Scolopacidae). Habitat preference may differ among species. For example,
at a restored site in California, USA, Willet Catoptrophorus semipalmatus and dowitchers
(Limnodromus spp). preferred extensive tidal flats, while godwits (Limosa spp.) and sandpipers
(Calidris spp.) preferred habitats with a mix of water and tidal flats (Armitage et al., 2007). Note
that there may be a trade-off when creating habitat for birds, between breeding and foraging
space.

Effect on invertebrates: Macrobenthic invertebrates can colonise quickly, with biomass
densities reaching similar levels to those in comparable areas of 'natural’ tidal flat within two to
five years (Mazik et al., 2010; Malcom Ausden, pers. comm.), but it can take decades for the
community structure to fully develop (Craft & Sacco, 2003; Reading et al., 2008). In a restored
tidal flat in Osaka, Japan, chironomids were replaced by polychaetes and gammarids after
reinstating tidal flow, and there were fewer brachyurans and molluscs compared to natural tidal
flats in Japan (Natuhara et al., 2005). The time taken for invertebrates to reach natural levels
will depend on the characteristics of the species and their requirements. For example, in
created marshes in North Carolina, USA, species with dispersing larval stages reached natural
levels within three years, while earthworms (oligochaetes) took 25 years to reach densities
similar to natural marshes (Craft & Sacco, 2003).

Effect on vegetation: In many cases where tidal exchange has been facilitated (and where
areas were of a suitable elevation), vegetation characteristic of salt marshes develops within
one to two years (Barrett & Niering, 1993; Dagley, 1995; Brockmeyer et al., 1996; Burdick et
al., 1996; Roman et al., 2002; Thom et al., 2002; Williams & Orr, 2002; Badley & Allcorn, 2006;
Garbutt & Wolters, 2008; Wolters et al., 2008; Hughes et al., 2009; Howe et al., 2010;
Mossman et al., 2012; Rochlin et al., 2012; Elliot, 2015; Chang et al., 2016; Flitcroft et al.,
2016; Clifton et al., 2018). However, the vegetation community of restored areas may remain
different from natural salt marshes after more than 30 and 50 years (Elphick et al., 2015;
Flitcroft et al., 2016). In some cases, facilitation of tidal exchange is followed by little or no
change in the amount of vegetation for up to four years (Buchsbaum et al., 2006; Konisky et
al., 2006; Kadiri et al., 2011).

3. Factors that can affect outcomes

Site area: Before facilitating tidal exchange, the amount of space available for intertidal habitat
needs to be considered. If infrastructure is too close to the coast, new intertidal habitat and its
associated wildlife will have limited space to develop behind the breached defences (Howe et
al., 2010; Morris, 2013). The size (and isolation) of a restoration site may also influence the
species that establish there. Small sites may never develop the full range of biodiversity that
is seen in large natural sites (Atkinson et al., 2004; Wolters et al., 2005). One review found that
the highest species diversity occurred in sites over 100 ha (Wolters et al., 2005). At a site in
Japan, the population of large sandpipers and snipe (Scolopacidae) decreased even after the
enlargement of the tidal flat and it is speculated that the area (2.6 ha) was too small for these
species (Natuhara et al., 2005).
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Elevation: Elevation influences the amount of flooding on a site, therefore, the habitat that
forms will be strongly influenced by the existing height of the land. One review found site-level
species diversity was highest in salt marshes with the largest elevation range (Wolters et al.,
2005). At a site in England where a sea wall was breached, the area supported wintering
waterbirds, but not breeding waders because the site was too low, meaning the entire area
was flooded during spring tides (Badley & Alcorn, 2006). Maintaining sediment supply will, in
turn, maintain the desired elevation. The size and number of breaches can influence the
amount of sediment entering a site, and therefore the habitat that develops. Wider or more
frequent breaches allow more sediment to enter the site, favouring development of salt
marshes rather than tidal flats (Morris, 2013). Additional fill material may be added (see Cultts
et al., 2024), but it is generally sensible for the target state to be dictated by the existing
elevation/topography of the site (Mark Dixon, pers. comm.).

Drainage: Well-drained salt marshes may be more resistant to erosion (Atkinson et al., 2001)
and can support a greater diversity of species (Wolters et al., 2005). Poor drainage can affect
the plant species that grow, favouring those tolerant of moisture and anaerobic conditions
(Atkinson et al., 2001). When restoring intertidal habitats, it is important to avoid permanent
inundation.

Sediment: The development of tidal flat and salt marsh habitat will also depend on the
transport paths of sediments and the stability of the substrate in relation to the prevailing
hydrodynamic forces, including the amount of wave energy that can move through the breach
(Williams & Orr, 2002; Morris, 2013). The grain-size composition, water-retaining capacity and
degree of compaction of the sediment are also important factors to consider. The sheltered
conditions within managed realignment sites on estuaries that have high levels of suspended
sediment can result in high rates of sediment accretion, resulting in the rapid development of
salt marsh at the expense of mudflat (Mazik et al., 2010). Note that wave action within a site
can re-suspend deposited sediment, slowing the process of sedimentation (Morris, 2013).

Distance from natural sites: If a site with restored tidal exchange is left to revegetate
naturally, the appearance of vegetation will depend on the distance from source populations
of target species, which will determine how easy it is for them to colonise (Bakker et al., 1996;
Elsey-Quirk et al., 2009). Seeds of salt marsh plants will arrive via tidal water (Malcom Ausden,
pers. comm.). Experimental evidence found that bivalves colonised via the water column,
while polychaete colonisation was hindered by fences, suggesting that lateral movement is
important (Negrello Filho et al., 2006). Note that the functional distance to source populations
matters here, not the mathematical distance: a seed source 1 km upstream or up-current of a
restoration site is functionally closer than a seed source 1 km downstream or down-current.
Implementing this action before dispersal season may allow vegetation to colonise more
quickly (Wolters et al., 2005). Around much of the Yellow Sea in China, vegetation has been
slow to colonise due to the reclamation of upper marsh areas (David Melville, pers. comm.).
Slow colonisation by desirable vegetation presents an opportunity for invasive species, such
as Smooth Cordgrass Spartina alterniflora, to do so.

Invertebrates: The presence of different species of invertebrates influences whether birds will
use the site. For example, at a site in the UK, Eurasian Oystercatchers Haematopus ostralegus
did not occur as there were no large bivalves, whereas Red Knot Calidris canutus used the
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site after four years coincidentally with the appearance of a saltwater clam Macoma balthica
(Atkinson et al., 2004).

Vegetation: The initial increase in the amount of surface water on a site may eliminate
breeding habitat for specialised birds, but the eventual re-establishment of salt marsh
vegetation can re-create ideal breeding conditions (Brawley et al., 1998).

Proximity to man-made structures: Man-made structures could deter some birds by
obstructing their view of predators (Erftemeijer, 2023). One study found shorebird species
diversity at a restored site to be lower closer to man-made structures (Armitage et al., 2007).

4. Implementation

Breaching coastal defences: The width of a single breach can range from 20 m to 150 m
(Thom et al., 2002; Mazik et al., 2010; Elliot, 2015) but in some cases multiple breaches are
dug (Hughes et al., 2009). The number of breaches needed will depend on the tidal range and
the bathymetry of the area to be flooded (Hand Winterwerp, pers. comm.). Breaches could be
located where there is an existing sluice (Mark Dixon, pers. comm.). Itis recommended to start
excavation during neap tide, as the tide ebbs, with the final breaching undertaken in one ebb
tide cycle on one day only (Mark Dixon, pers. comm.). Once the final breach is made there is
no going back, so it is recommended that the material is loaded and carted at the same speed
as it is excavated from the breach, and that there are escape routes for machinery to get off
site as the tide comes in (Mark Dixon, pers. comm.).

If breaches are too narrow, tidal exchange can be restricted, limiting the amount of sediment
entering the site (Williams & Orr, 2002), while larger breaches can be more costly. The size
and number of breaches will influence the frequency and depth of inundation, and the amount
of sediment entering a site. Be aware that scour holes can form around breaches at their base,
caused by fast flowing water (Whitehouse, 2006). Extreme weather events caused by climate
change could affect breaches, for example with the increase in typhoons in China (Huang et
al., 2022; David Melville, pers. comm.)

Modifying culverts or other openings: Culverts channel water through or under a barrier or
obstruction, such as a road. Culverts can be removed or their diameter increased to allow more
tidal exchange (Streever & Genders, 1997). Where culverts have allowed sufficient tidal flow,
their diameter has ranged from 0.7571 2.10 m (Barrett & Niering, 1993; Burdick et al., 1996;
Brawley et al., 1998; Roman et al., 2002; Buchsbaum et al., 2006; Wolters et al., 2008).
Culverts or other openings can be used for regulated tidal exchange by placing tidegates on
them (Ausden, 2007). This consists of a hinged door that opens in a seaward direction,
allowing the flow of water to be self-regulated as the force of the incoming tide pushes the gate
closed. Floats can be used to open the gate based on changes in water level (e.g. Ridgway &
Williams, 2021). Electronically operated gates can also be used (Ausden, 2007).

Drainage: Channels can be constructed to improve drainage and provide foraging habitat for
fish and invertebrates (Olmstead & Fell, 1974; West & Zedler, 2000). Alternatively, it is
suggested that a natural drainage system can develop following deep ploughing to crack
existing land drains (Mark Dixon, pers. comm.).
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Vegetation: It is suggested that existing terrestrial vegetation should be cut back or removed
before flooding, to prevent rapid die off post-breaching, which can pollute adjacent tidal
systems (Mark Dixon, pers. comm.). Furthermore, chemical application on vegetation should

stop six months prior to breaching to prevent

Dixon, pers. comm.).

Capturing fresh water: Constructing low-level bunds or excavating lagoons to capture any
fresh water that is coming into the site pre-breaching can considerably improve the value of a
site for birds by providing fresh water to drink and preen in (Mark Dixon, pers. comm.).

Counter walls: Tidal inundation can be limited to the target area by constructing new defences
or o6counter wa kthlsZD08). €onsider usthe amad wall faces to better reflect
wave energy (Mark Dixon, pers. comm.). Existing footpaths can be diverted onto counter walls
(Mark Dixon, pers. comm.). The tide may naturally reach higher ground in some parts of the
site, in which case counter walls may not be needed (e.g. Leeds, 2016). Counter walls can be
expensive to build and maintain, so allowing the tide to move to higher land can keep costs
down (Mark Dixon, pers. comm.).

Case Study: Meddat Marsh, Nigg Bay reserve, Scotland

Meddat Marsh in the Nigg Bay RSPB reserve was the first salt marsh created through
managed realignment in Scotland. Over one third of the salt marsh in Nigg Bay had been
lost between 1946 and 1977. The sea wall that was built in the 1950s had no salt marsh in
front of it, which meant it was constantly being eroded by wave action, resulting in high
maintenance costs.

Meddat Marsh was purchased by the RSPB from a local landowner to be used as the
realignment site. In 2003, the existing sea wall was breached. Two breaches 20-m-wide
were dug using a mechanical digger across sites of relict channels, which allowed fast
incoming tide but slow outgoing tide. Secondary defences were built to prevent the
neighbouring land from being flooded.

The rationale for breach design: Using two breaches provided sufficient inundation whilst
retaining some sheltered conditions for vegetation to establish and for creeks to develop.
Removing the entire sea wall was too expensive and would have provided no shelter.
Allowing the sea wall to breach naturally was an option, but strategic placement of the
breaches was preferred.

The site was repeatedly monitored before and after breaching the seawall. Salt marsh plants
began to colonise within six months. Within 10 years, salt marsh vegetation was dominant
and covered the majority of the site; mud-dwelling invertebrates that are eaten by birds were
recorded, 25 species of waterbirds were recorded with up to 2,000 individuals using the site,
and 207 30 cm of sedimentation occurred. Overall, this created 20 ha of salt marsh and 5 ha
of pioneer salt marsh and tidal flat habitat, increasing these habitats by 23% in the Nigg Bay
reserve. The sea wall required no maintenance during this time.

Sources: Elliot (2015); Video: Restoring salt marsh (youtube.com/watch?v=aiOl8bjctAw)
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5. Other sources of information

Review of UK projects: Atkinson P.W., Crooks S., Grant A. & Rehfisch M.M. (2001) The
Success of Creation and Restoration Schemes in Producing Intertidal Habitat Suitable for
Waterbirds (ENRR425). English Nature Research Reports, No. 425. Natural England (English
Nature): Peterborough. Available at: https:/publications.naturalengland.org.uk/publication/
63026

Scott C., Armstrong S., Townend I., Dixon M. & Everard M. (2012) Lessons learned from 20
years of managed realignment and regulated tidal exchange in the UK. In: Innovative Coastal
Zone Management. Sustainable Engineering for a Dynamic Coast, pp. 3651 374. ICE
Publishing. https://doi.org/10.1680/iczm.57494

Global database of managed realignment projects: ABPmer (ABP Marine Environmental
Research Ltd) (2015) http://www.abpmer.net/omreg

Breach design: Hudson R., Kenworthy J. & Best M. (eds.) (2022) Saltmarsh Restoration
Handbook. Environment Agency: Bristol, UK. Available at:
https://catchmentbasedapproach.org/wp-content/uploads/2021/10/Saltmarsh _Restoration
Handbook FINAL 20210311.pdf

Tidal restriction: U.S. Environmental Protection Agency (2020) Tidal Restriction Synthesis
Review: An Analysis of U.S. Tidal Restrictions and Opportunities for their Avoidance and
Removal. Document No. EPA-842-R-20001. Washington, D.C. Available at:
https://www.epa.gov/sites/default/files/2020-12/documents/tidal_restrictions synthesis
review final 12.01.20.pdf

Salt marsh management: Adnitt H., Brewer D. Cottle R., Hardwick M., John S. et al. (2007)
Saltmarsh Management Manual. R&D Technical Report SC030220. Environment Agency:
Bristol, UK. Available at: https://assets.publishing.service.gov.uk/media/602bf8d8e90e070556
671435/Saltmarsh_management _manual_Technical _report.pdf

Coastal habitat management for conservation: Ausden M. (2007) Habitat Management for
Conservation: A Handbook of Techniques. Oxford University Press: New York.
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Disclaimer: These guidelines have been developed through a thorough assessment of available evidence,
including a literature review from various global sources, complemented by insights from experts in the field.
Their aim is to provide practical insights and recommendations for coastal habitat restoration efforts worldwide.
Practitioners and professionals are encouraged to apply their expertise and judgement when using this guidance,
adapting it as necessary to address their specific contexts and requirements. It is important to note that
stakeholders interested in replicating the approaches presented here assume full responsibility for the success
and sustainability of their implementation.
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Objective: create or restore intertidal habitat

Definitions

0 Benthic invertebrates = invertebrates living on or in the substrate at the bottom of
the water column (macro: >1 mm; meio: < 1 mm).
0 Biofilm = a cluster of microorganisms that stick to each other and often to a

surface.

0 Dredged sediment = sediment/debris removed from the bottom of water bodies,
such as harbours, lakes and rivers and sea.

0 Dredge islands = artificial islands created with the controlled disposal of dredged
sediment.

0 Intertidal recharge = using dredged sediments to restore coastal habitats.

0 Intertidal zone = area between high and low tide.

1. Description

This guidance describes the use of sediment to restore tidal flats and salt marshes by
depositing large quantities of sediment to form the physical structure. Adding sediment can
alleviate threats such as erosion, sea level rise, land subsidence and reduced sediment
discharge from rivers or the sea. This guidance does not include manipulating sediment flows
up stream (e.g. dam removal).

The successful creation of a functioning tidal flat or salt marsh ecosystem must aim to mimic
(as much as possible) the morphology and composition of natural tidal flats and salt marshes,
with a view of the prevailing hydrodynamic forces, tide and other environmental conditions in
the area. Such considerations are important to ensure the long-term (dynamic) stability of these
habitats. Study of historical topographic maps and satellite imagery can help to reconstruct
former tidal flat and salt marsh areas.

2. Evidence for effects on biodiversity

Birds: The use of dredged material as habitat by shorebirds is well documented (Golder et al.,
2008; Yoon et al., 2018; ABPmer, 2020). Both natural and created tidal flats can provide habitat
for shorebirds, but it is not fully understood if they have the same bird communities (Atkinson,
2003). Whether, and how quickly, shorebirds will use artificially created tidal flats or islands
depends to a large extent on the function that it has been designed for. Open dry or shallow
water areas created for roosting may be used immediately if sufficient feeding habitat is
available in the vicinity to already support populations of shorebirds. Distance to these feeding
habitats and suitability for roosting (no access for predators, minimal disturbance) will be
important determining factors in this. For dry nesting habitat the breeding season following the
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creation may already see birds using it if the required vegetation cover (ranging from none to
substantial, depending on the target species) has been achieved (see Cutts et al., 2024a). For
feeding habitat, the created tidal flat needs to have been able to build up a population of
invertebrates before the birds can start feeding on them, which may require a colonisation
interval (Evans et al., 1999).

Invertebrates: Macrobenthic invertebrates can colonise created tidal flats and reach similar

overall abundance to that of natural tidal flats. For example, a study in Ago Bay, Japan, saw

similar or even higher biomass of macrobenthic fauna develop over a 20-month period

compared to nearby natural tidal flats. In Moune Bay, Japan, restored tidal flats (following an

earthquake and tsunami) were found to be inhabited by a diverse and abundant benthic fauna

dominated by juvenile clams within 14 months (Chiba et al., 2015). However, sometimes it may

take decades for the community structure to ful
2003; Bolam et al., 2006; Reading et al., 2008).

Polychaetes are typically among the first pioneers to colonise; they are habitat generalists
(Diaz-Castafieda & Reish, 2009) but species in later successional stages can vary as their
responses to disturbance differs (Zajac & Whitlatch, 1982) and may vary depending on
differences between the existing sediment and the added dredged sediment (Imai et al., 2008;
Ishii et al., 2008; Nasser et al., 2019). A study in the UK that noted late colonisation of
invertebrates suggested that it was due to too much compaction of the earth caused by heavy
machinery (Evans et al., 1999). The dispersal capacity of the species will influence the time
taken for colonisation of a new site (Craft & Sacco, 2003).

Vegetation: Salt marsh vegetation can develop naturally on dredged sediment, but the time
taken has shown to vary among sites. For example, in Louisiana, USA, some salt marshes
were created by pumping dredged sediment into open water (Edwards & Proffitt, 2003). The
created marshes were colonised from nearby natural marshes, but it took between 4 and 17
years for the vegetation community to reach similarity to natural marshes. In South Carolina,
USA, LaSalle et al. (1991) found that vegetation biomass on areas of deposited sediment
reached similar levels to that of natural marshes within four years. Further research in South
Carolina showed that it took between 6 and17 years for monospecific stands of vegetation to
develop on areas of deposited sediment, with a minimum of 13 years for mixed communities
to develop (Alphin & Posey, 2000). The vegetation community that develops on created
marshes may be different from natural marshes, as Edwards & Proffitt, (2003) found in one of
their sites, where the plant community was different eight years after creation.

3. Factors that can affect outcomes

Sediment characteristics: Differences in sediment composition (e.g. grain size and
organic:inorganic ratio) can affect how biodiversity develops and manifests. For example,
using coarser sediment, or compacted sediment, can affect its suitability for benthic
invertebrates (Evans et al., 1999; Peterson et al., 2006), and can make it more difficult for
vegetation to establish (if the goal is to create a salt marsh) (Haltiner et al., 1996). A pilot study
creating two artificial tidal flats at mesocosm scale (3.6 m?) in a tidal flat simulator in Japan,
found that increasing the percentage of silt and clay increased the emerging number of
macrobenthos (Ishii et al., 2008). An experiment in the UK found that a higher organic content
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led to a slower recovery (Bolam et al., 2004). The characteristics of the sediment in tidal flats
and salt marshes can vary across the globe. For example, in the USA, coastal soils tend to be
more peat-based than sediment-based compared to those in the UK (Atkinson, 2003).

Wave action/sheltering of the coastline: How exposed the site is, and how strong the waves
are, may influence the erosion rates of the sediment. Sites subject to high erosion rates may
need regular placements of sediment. Alternatively, if a site composed of fine sediments is
eroding, then replacement or protection by coarser material may reduce or prevent that erosion
(but consider the effects of changing grain size on sediment properties and biodiversity; see
above). In exposed sites, permanent or temporary breakwaters can help to disperse energy
and/or trap sediment, thus controlling erosion (Zhang et al., 2010; Pontee et al., 2022). Note
that sheltering tidal flats can facilitate seaward expansion of salt marsh vegetation (Chowdhury
et al., 2019). Sea currents can influence the migration of intertidal invertebrates (e.g. as seen
in a -dmegashmentd project in the Delfland Coast
Oudenhoven, 2019).

Elevation: The final elevation of the deposited sediment will determine the duration and
frequency of inundation and exposure of the different parts of the flat. Most of the site should
lie between the level of mean low water spring and mean high water spring tides, but with
some variation to support a diversity of species (see Cultts et al., 2024b).

Slope: Shallower slopes will allow for creation of a wider intertidal zone. Experience suggests
a typical slope should preferably be around <0.04 or 1:1000 (WAVE, 2001).

Drainage: Well-drained marshes may be more resistant to erosion (Atkinson et al., 2001) and
can support a greater diversity of species (Wolters et al., 2005). Poor drainage can affect the
plant species that grow, favouring those tolerant of moisture and anaerobic conditions
(Atkinson et al., 2001).

Pollution: Biodiversity on restored/created intertidal habitats may be negatively impacted by
pollutants. These range from chemical pollutants, such as aquaculture effluents, sewage and
oil, to large solid waste, such as fishing nets (e.g. Melville, 2018). A study of Indonesian tidal
flats found that decapod crustaceans and oligochaetes made up a greater proportion of the
macrofaunal community in areas covered by litter, whereas polychaetes dominated litter-free
areas (Uneputty & Evans, 1997). If pollutants are (or are likely to be) present, consider whether
they can be managed on the tidal flat and/or at the source.

Temperature: Microbenthic invertebrate recolonisation tends to be faster in tropical areas due
to higher water temperatures, in comparison with other regions (Dittman, 2002).

4. Implementation

Obtaining the sediment: Dredging is common practice for maintaining navigation in
infrastructure and transport corridors, such as ports and waterways (Sheehan & Harrington,
2012), and in such practices the disposal of the dredged sediment can be costly (Svensson et
al., 2022). Consequently, dredged sediment can be available at no or low cost but costs will
be incurred for transportation. Sourcing sediment from nearby locations may be the most cost-
effective in terms of transportation, and the sediment itself is more likely to resemble the natural
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sediment of the focal site (Erftemeijer, 2019). This could include harbours, lagoons, or sea
inlets. If material has to be sourced far offshore, this can become expensive for large sediment
deposits, such as De Zandemotor in The Netherlands (Stive et al., 2013). Dredged sediment
is typically silt, sand and clay (Costa-Pierce & Weinstein, 2002). It is important to realise that
the area to be recharged is accessible to the ship that will deliver the material i.e., the water
depth available for the dredger to operate in when laden with the cargo (Baptist et al., 2019).

Amount/height of sediment: This will vary depending on the target habitat, i.e. a tidal flat or
a salt marsh, but generally the elevation of the sediment should be such that it is covered by
the sea during high tide but exposed during low tide. However, if the objective is to create a
nesting area for shorebirds, then consider placing the material at a height above high tide level.
Of 12 intertidal recharge projects in the UK, one-off sediment placements ranged from 800 m?
to 550,000 m?, while yearly placements ranged from 600 m?® to 107,750 m?* (Scott et al., 2017).

Moving and placing sediment: Moving large quantities of sediment requires heavy
machinery and skilled labour. Sediment can be placed exactly where it is needed, or it can be
spread by current and waves. In the latter case, adding the sediment at a dynamic location will
allow it to spread more easily (Borsje et al., 2012). Creating topographic diversity with the
sediment (to ensure rich biodiversity) can be achieved in a number of practical ways, for
example by using multiple discharge points from pipelines carrying dredged material slurry into
the target area, or periodically moving the discharge point (end of pipeline) across the area to
create multiple gradients in grain-size and achieving spatial variability in surface elevation
(microtopography) across the flat (Erftemeijer, 2024). Consider the breeding times for birds as
well as the dispersal of invertebrates as moving and placing dredged sediments cause
sediment resuspension (Golder et al., 2008; Van Der Werf et al., 2015). Furthermore, care
should be taken when using heavy machinery to spread sediment as it has been suggested
this may cause too much compaction of the earth, inhibiting invertebrate colonisation (Evans
et al., 1999).

Drainage: Channels can be constructed to improve drainage and provide foraging habitat for
fish and invertebrates (Olmstead & Fell, 1974; West & Zedler, 2000). Alternatively, it is
suggested that a natural drainage system can develop by deep ploughing to crack existing
land drains (Mark Dixon, pers. comm.).

Contamination of dredged material: Be wary that dredged material can be contaminated
with heavy metals, which can be taken up by vegetation and other wildlife. Contaminated
sediments are ideally to be avoided, but can, if unavoidable, be capped with clean substrate,
ideally a minimum of 60 cm (Yozzo et al., 2004).

Vegetation control: Prevention/removal of colonising vegetation may be necessary if the goal
is to create tidal flats (e.g. manually, chemically using herbicides, or control by fire, flooding or
salinity change). Tidal flats should not be planted with mangroves, as the mudflats are typically
inundated for longer periods than the mangroves can tolerate (thus typically resulting in failure
of the planting efforts). Even if successful, this would be substituting one habitat for another
thereby losing the specific value provided by tidal flats (Erftemeijer & Lewis, 2000).
Encroachment by other vegetation, such as the prolific colonisation of opportunistic algae
Agarophyton (Besterman et al., 2020), Ulva (Zhang et al., 2019) and Lyngby (Estrella et al.,
2011), should also be avoided (see Cultts et al., 2024c).
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Water: Regular tidal flushing with seawater will ensure an abundant supply of larvae
(recruitment) to replenish macrobenthic populations and prevent encroachment of the tidal flats
by vegetation (Jackson et al., 2021). While some freshwater inflow can boost nutrient supply
and input of organic matter (favouring biofilm formation and increasing benthic biomass),
effluent discharges and sewage outfalls are best avoided, as these can promote prolific algal
blooms on the flats, which reduces diversity and attractiveness of tidal flats to some shorebirds
(see Estrella et al., 2011; Besterman et al., 2020). Wetter areas on tidal flats provide habitat
for macroinvertebrates, hence feeding habitat for shorebirds, while drier areas with some
vegetation provide nesting habitat for birds and drier open areas may provide roosting habitat.
But requirements vary across species, for example the Spoon-billed Sandpiper Calidris
pygmaea seems to have a specific requirement for sandier substrates with shallow pools
(Spike Millington, pers. comm.).

Moving large quantities of sediment requires heavy
machinery and skilled labour. Here, sediment is
transported on a boat and is pumped through a pipeline
to the target area. Location: Roggenplaat island,
Oosterschelde, The Netherlands. [Credit: Edwin Paree].

Pipes can be used on land and water to bring sediment
to where itis needed. Location: Roggenplaat Islands,
Oosterschelde, The Netherlands. See the photo on the
next page for the result. [Credit: Edwin Paree].
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