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In an era of rapid coastal population expansion and habitat degradation, restoration is

becoming an increasingly important strategy for combating coastal habitat loss and

maintaining ecosystem services. In particular, techniques that use habitat restoration

alone or restoration in combination with built infrastructure to provide coastal protective

services are growing in popularity. These novel approaches, often called living shorelines,

have the potential to expand the reach and applicability of coastal restoration projects.

To understand how living shorelines research has expanded over time, we conducted

a scoping review of English-language peer-reviewed articles. We included papers that

self-identified as living shorelines research, as well as studies that used other related

terminology, to investigate trends in publication rates, geography, site characteristics, and

outcomes measured. Using a systematic search protocol, we compiled a database of 46

papers; the earliest study was published in 1981, and the earliest study to use the term

living shoreline was published in 2008. Eighty-three percent of studies were conducted in

North America, followed by 11% in Asia, and 7% in Europe, but the use of the term living

shoreline was almost exclusively restricted to North America. Saltmarshes, oyster reefs,

mangroves, and freshwater vegetation were used in living shoreline designs, but 91%

of studies also incorporated structural materials like oyster shell and rock. Most living

shorelines research was conducted at sites that were <5 years old. The vast majority

of studies exclusively reported on ecological outcomes (89%), and of those, ecological

processes were measured in 74% of studies. Processes related to coastal protection

were measured most frequently (52% of ecological studies), followed by biological

interactions, water filtration, nutrient cycling, and carbon sequestration. Altogether, our

data suggest that living shorelines research is on the rise, but there is a need for more

long-term data, socio-economic research, further consensus on the terminology used to

describe different types of projects, and research on the types of living shorelines that are

most effective in different environmental contexts. Future long-term and interdisciplinary

research will help to elucidate the full effects of living shorelines.

Keywords: natural infrastructure, nature-based solution, coastal protection, habitat degradation, ecosystem

service, ecological engineering, hybrid infrastructure
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INTRODUCTION

Coastal habitats provide ecologically and economically important
ecosystem services—they protect shorelines, cycle nutrients,
support fisheries, promote tourism, and sequester carbon
(Barbier et al., 2011; Mcleod et al., 2011; Scyphers et al., 2011;
Silliman et al., 2019). These habitats and associated services,
however, are under threat from a variety of human impacts
including climate change (Hoegh-Guldberg and Bruno, 2010; He
and Silliman, 2019), urbanization (Bertness et al., 2004), land
reclamation for aquaculture and development (Lee et al., 2006),
and overexploitation of key species (Coleman and Williams,
2002). In the two decades between 1980 and the turn of the
century, 35% of mangroves were lost worldwide and mangrove
cover is projected to continue declining (Valiela et al., 2001).
Similarly, human impacts destroyed 67% of wetlands in 12 major
estuaries across Europe, Australia, and the United States (Lotze
et al., 2006). Finally, in the most extreme ecosystem-specific case,
85% of historic oyster reefs have been lost and many remaining
reefs are in poor condition (Beck et al., 2011). In response to
these widespread declines, conservation practitioners are turning
to restoration in an effort to slow and potentially reverse coastal
ecosystem loss.

The number of scientific articles published annually on
coastal restoration has increased dramatically in recent years
(Zhang et al., 2018), and diverse restoration projects are
being implemented worldwide (Bayraktarov et al., 2016). The
original intent of restoration was to return an ecosystem to
a close approximation of its original condition (NRC, 1992),
but this may not be widely feasible going forward because of
climate change, widespread human impacts, conflicting uses,
and ecosystems that have been forced into alternate stable states
(Hobbs and Norton, 1996). As such, the field of ecological
engineering has emerged over recent decades with the goal of
sustainably restoring habitats in a way that benefits both humans
and the environment, especially in areas that are experiencing
ongoing human pressure (Mitsch, 2012). In particular, there
is rising interest in ecological engineering alternatives for
traditional coastal protection infrastructure (Cheong et al., 2013;
Sutton-Grier et al., 2015).

The proliferation of coastal defense structures is likely as
coastal populations grow and hazards intensify (Scyphers et al.,
2011; Hinkel et al., 2014); however, common coastal armoring
strategies (e.g., seawalls, revetments, groins) can drive habitat
loss (Titus, 1998), lower floral and faunal biodiversity (Gittman
et al., 2016a), and depress socio-economic resilience by requiring
frequent and expensive maintenance (Smith et al., 2017,
2018). Accordingly, ecosystem-friendly alternatives to traditional
coastal defense structures are becoming more prevalent in
areas where maintaining a natural shoreline is not possible.
These techniques rely on some combination of natural or
living materials and built infrastructure; they can meet a socio-
economic need, by providing enhanced shoreline protection,
and they can also expand the reach of restoration projects into
urbanized areas. The terminology used to refer to these projects
is diverse and includes (but is not limited to): natural and nature-
based infrastructure (Sutton-Grier et al., 2018), nature-based

solutions (Nesshöver et al., 2017), hybrid infrastructure (Sutton-
Grier et al., 2015), ecosystem-based coastal defense (Temmerman
et al., 2013), soft ecological engineering (Strain et al., 2019),
and living shorelines. Non-standardized terminology can cause
miscommunication and lead to flawed or reduced information
sharing among scientists, practitioners, managers, and coastal
residents (Bilkovic et al., 2017).

The term “living shoreline” is quickly becoming one of
the primary terminologies used by practitioners, management
agencies, and policy makers in the USA to refer to novel
restoration projects for shoreline protection (e.g., Maryland’s
Living Shorelines Protection Act of 2008, the United States Army
Corps of Engineers Nationwide Permit for Living Shorelines, and
the Living Shorelines Act of 2019). The term living shoreline
is not consistently defined, but generally refers to a suite of
shoreline protection schemes that incorporate habitat restoration
alone or in combination with some type of built infrastructure
to provide coastal protective services to humans (NOAA, 2015).
Living shoreline designs are often categorized along a green to
gray spectrum, spanning from vegetative plantings for coastal
protection on the green end to habitat restoration in conjunction
with structural materials on the gray end (Figure 1). Living
shorelines are touted for their potential to provide triple-bottom
line returns (i.e., ecological, social, and economic benefits) by
enhancing coastal habitat function (Currin et al., 2008; Davis
et al., 2015; Gittman et al., 2016b) and increasing community
resilience to storms (Manis et al., 2015; Smith et al., 2018), while
requiring less maintenance and fewer repairs than traditional
coastal armoring infrastructure (Smith et al., 2017, 2018). States
within the USA have instituted local-level policies to encourage
the installation of living shorelines, and on a national level, the
US House of Representatives passed the Living Shorelines Act of
2019 to assist local and state governments and non-profits with
living shoreline creation.1 High-level interest in living shorelines
may indicate an increased appreciation for the services that
coastal habitats provide, but there are still unknowns related
to the design and functionality of living shorelines in different
environments. To increase the likelihood that living shorelines
are successful at protecting coastal property and infrastructure,
as well as delivering other ecosystem services, we need to
ensure that restoration practice is based on the most up-to-date
science and that the services most desired by coastal residents
are being measured. Unfortunately, restoration practice is often
based on anecdotal information rather than the systematic
review of existing evidence (Pullin et al., 2004). For example,
in a survey of managers of one of the most highly-protected
wetlands in England, Sutherland et al. (2004) found that 77%
of management actions were based on personal experience and
only 2% were based on primary scientific literature. This is
problematic, as common practices and assumptions based on
personal experience are not always supported (Pullin and Knight,
2001).

To ensure that limited research and restoration funds
for living shorelines are optimally allocated, and to reduce
duplication of research efforts as well as information gaps, we

1Living Shorelines Act of 2019 (2019). U.S. House of Representatives.
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FIGURE 1 | Living shoreline spectrum illustrating three broad categories of living shorelines, including (A) vegetation plantings only, (B) restoration with soft materials

(e.g., oyster shell, coir fiber), and (C) restoration with hard materials (e.g., granite rock, marl, concrete).

need a better understanding of which living shoreline practices
and impacts are backed by scientific studies. The overarching
goals of this scoping review were to: (1) characterize the English-
language living shorelines literature; and, (2) identify research
gaps and areas of concentrated research. In particular, we
were interested in the following questions: (i) where has living
shorelines research been conducted?; (ii) which types of living
shorelines have been studied?; (iii) what is the disciplinary scope
of the research that has been conducted andwhich outcomes have
been measured?; and, (iv) what other terms are commonly used
to refer to living shoreline projects?

METHODS

Literature Search
A challenge for reviewing living shorelines research is that the
term itself is relatively new and is often used synonymously
with other terminology. To fully characterize the field, we
included papers that self-identified as living shorelines research
(i.e., included the term in the text of the paper) as well as
research that used alternate terminology, but that met our criteria
for inclusion. We performed a preliminary search of the term
“living shoreline” in Scopus and Web of Science to identify
other terminology commonly used to refer to living shoreline
projects. Synonyms identified during this search, along with
terms compiled by the authors and terms suggested by external
experts, were used to formulate the final search string.

We systematically searched Web of Science and Scopus
in October 2019, using the search string: (“living shoreline∗”
OR “bioengineer∗ hybrid technique∗” OR “blue engineering”
OR “blue infrastructure∗” OR “build∗ with nature∗” OR
“created wetland∗” OR “eco engineering” OR “ecosystem
friendly engineering” OR “engineer∗ with nature” OR
“green engineering” OR “green infrastructure∗” OR “hybrid
infrastructure∗” OR “hybrid restoration technique∗” OR
“hybrid shoreline∗” OR “hybrid stabilization∗” OR “hybrid
technique∗” OR “natural infrastructure∗” OR “nature based
coastal management” OR “nature based feature∗” OR “nature
based infrastructure∗” OR “nature based protection” OR “nature
based saltmarsh restoration” OR “nature based shoreline∗” OR

“nature based solution∗” OR “nature friendly bank protection∗”
OR “riprap mangrove habitat∗” OR “soft engineering” OR
“soft shoreline∗” OR “soft stabilization∗” OR “stabilized salt
marsh∗” OR “sill∗”) AND (“shoreline∗”). Additionally, we used a
snowball approach and searched the bibliographies of the papers
included from the database search and the bibliographies of
several relevant literature reviews (Bilkovic et al., 2016; Gittman
et al., 2016a; Dugan et al., 2018; Morris et al., 2018, 2019; Mitchell
and Bilkovic, 2019). A full diagram of the search flow can be
found in Figure 2 (Moher et al., 2009).

To be included in our database, all papers had to be
English-language, peer-reviewed (no government reports, theses,
etc.), and primary literature (no syntheses, conceptual papers,
etc.). Additionally, each study had to include a physical living
shoreline intervention (though it did not need to specifically be
called a living shoreline) that: (1) included the restoration of a
biogenic shoreline habitat; (2) mentioned that erosion control,
sediment stabilization, or shoreline protection was a motivation
for the project (or studied the same sites as another paper
that mentioned that erosion control, sediment stabilization,
or shoreline protection were project motivations); and, (3)
maintained the land/water continuum (Bilkovic et al., 2017).
Requiring a physical living shoreline intervention likely excluded
some social and economic analyses from our database, but
it was impossible to evaluate whether a project contained an
appropriate living shoreline intervention when there were no
project descriptions. We also excluded beach restoration projects
from this synthesis, though they are sometimes considered living
shorelines (Bilkovic et al., 2016, 2017), as living shorelines
tend to be best suited for low to moderate- energy areas
(United States Army Corps of Engineers, 2016), and beach-front
projects are often subject to a different set of management and
permitting regulations. Finally, the coastal protective services
and ecosystem benefits of natural habitats as compared to
hardened shorelines have been thoroughly reviewed elsewhere
(Gittman et al., 2016a), and accordingly we focus on living
shorelines where habitats were being actively restored. Going
forward, all studies are referred to as living shorelines research,
regardless of whether that term explicitly appeared in the text of
the paper.
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FIGURE 2 | PRISMA flow diagram for article selection.

Data Extraction
To ensure consistency, two independent reviewers conducted
abstract screening and full-text data extraction. From each
included study, we extracted bibliographic details (i.e., journal

name, date of publication, and author affiliations), project
descriptions (i.e., location, habitats restored, age, materials
included in project design), metrics of study design (i.e., study
type and comparators), and measured outcomes. Additionally,
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we noted whether or not the term “living shoreline” was included
in the text of each paper and any relevant synonyms used to
refer to the projects. When project age was reported, we recorded
the age of each project at the time of the final sampling event;
for papers looking at multiple projects, we report on the oldest
living shoreline included in each study. For projects that had
more than one type of non-living material incorporated into
their designs (e.g., a rock breakwater in combination with coir
logs) we categorized the project based on the grayest component
of the design (e.g., rock). To characterize project outcomes,
we first noted whether papers were reporting ecological or
socio-economic outcomes. We further categorized ecological
outcomes as focusing on foundation species structure (e.g.,
density, biomass, percent cover of the foundation species being
restored), diversity and community abundance (i.e., community
level metrics), and/or ecosystem processes (sensu Wortley et al.,
2013). To evaluate the different terminology used to refer to
living shoreline projects, we extracted synonyms from the title
and abstract of each paper. We were interested in high-level
terminology that could be applied to most living shoreline
projects, thus we only included non-habitat specific synonyms
(e.g., “restored oyster reef” and “stabilized saltmarsh” were
not included). When an individual paper used the same word
in multiple synonyms (e.g., “hybrid stabilization” and “hybrid
shoreline protection”), the repeated word was only counted once
in the frequency plot. The experimental unit for this synthesis is
the individual paper rather than each living shoreline project, as
multiple papers may have reported on the same project. All data
are presented descriptively.

RESULTS

Our final database included 46 studies (Table 1). The earliest
study was published in 1981 and the earliest study that
included the term living shoreline was published in 2008
(i.e., Currin et al., 2008). The number of papers increased
dramatically over time. Overall, 57% of studies included the
term living shoreline (Figure 3A). Fifty-nine percent of studies
had authors affiliated with only one sector (i.e., academic,
governmental, non-governmental, or other/unknown), 35% had
authors that were affiliated with two sectors, and 6% had authors
affiliated with three sectors. Academic affiliations were the most
common (87% of papers), followed by governmental (43%), non-
governmental (9%), and other or unknown (9%) (Figure 3B).
Fifteen percent of all 1st authors had cross-sector affiliations;
83% of 1st authors were affiliated with academic institutions,
followed by 24% affiliated with governmental organizations,
4% with non-governmental organizations, and 4% with other
types of organizations. Sixty-one percent of studies used a field
survey approach (e.g., observational studies), followed by field
experiments (33%), modeling (4%), stakeholder interviews (4%),
and lab experiments (2%) (Figure 3C); two studies used multiple
approaches. Fifteen percent of studies had no comparator and
35% of studies had multiple comparators. Eighty-three percent
of studies included a reference (natural or degraded) shoreline
as a comparator, 20% compared to a hardened shoreline, 13%

compared among different types of living shorelines, and 9%
used another type of comparator (such as before-after or space-
for-time design) (Figure 3D). The studies were published in
26 different journals, with Ecological Engineering (n = 7) and
Estuaries and Coasts (n = 5) being the most frequent (Table 1).
Thirty percent of all studies were open access.

Studies were heavily concentrated in North America (n =

38), followed by Asia (n = 5), and Europe (n = 3), with no
studies included from other continents. The term living shoreline
was used in the majority of North American studies (66%), only
used in one European study, and not used in any studies in
Asia (Figure 4A). Within the continental United States, we found
examples of living shorelines research in all Gulf States, most
Atlantic coast states, and only one Pacific coast state, California.
North Carolina had the highest number of studies (n = 14),
followed by Florida (n = 7), Louisiana (n = 6), Maryland (n =

5), Virginia (n= 5), and Alabama (n= 4) (Figure 4B).
Forty-five of the 46 articles in our database investigated living

shorelines that were built in the field and one study built living
shorelines in a laboratory setting (Manis et al., 2015). Of the
45 field studies, 27% reported on a single living shoreline site
and 78% included five or fewer living shoreline sites. Of the
field studies that provided information about the age of any of
the structures sampled (n = 41), 56% of the oldest structures
sampled were younger than 5 years old and 76% were younger
than 10 years old (Figure 5A). Four studies included sites that
were more than 25 years old, and the oldest project was 52 years
old (i.e., Knutson et al., 1981). Four of the 46 studies included
living shorelines where different habitats were being restored at
different sites. Thirty-five percent of papers included a site where
saltmarsh was the only habitat restored, vs. 30% for oysters, 11%
for mangroves, and 4% for freshwater vegetation. Twenty-two
percent of articles included sites where saltmarsh and oysters
were restored together vs. 0% for saltmarsh and mangroves,
2% for oysters and mangroves, and 4% for all three habitats
(Figure 5B). Only 13% of studies included living shoreline
sites/designs where only vegetation was planted, whereas 91% of
studies included sites that used soft or hard structural materials in
addition to habitat restoration. Nine of the 46 studies investigated
more than one living shoreline design (e.g., one site had a rock sill
and another site had an oyster sill). Forty-eight percent of studies
investigated sites that used shell, including loose shell, bagged
shell, shell mats, and shell in gabion boxes. Only 4% of studies
used coir logs as the only structural component. Nine percent
of studies looked at sites with wooden breakwaters, 13% with
concrete structures (e.g., oyster castles), and 33% investigated
sites with rock materials (Figure 5C).

Most studies in our database reported on purely ecological
outcomes (89%), with few studies reporting on socio-economic
outcomes (Figure 6A). Within the ecological studies, foundation
species structure was often measured (61% of studies) but rarely
as the only metric (5%). Diversity and community abundance
metrics were also often measured (49% of studies), but rarely
on their own (12%). Of the 21 studies that measured diversity
and community assemblage metrics, 24% only measured floral
diversity, 62% only measured faunal diversity, and 14%measured
both. Twelve of the 16 faunal studies measured diversity and
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TABLE 1 | Bibliographic information for included studies with location of study, habitats restored, and synonyms used to describe projects.

No. References Journal Country Habitat type(s) Synonyms LS?

1 Chowdhury et al. (2019) Scientific Reports Bangladesh Oyster reef Nature-based solution

2 Kibler et al. (2019) Sustainability USA Saltmarsh; Oyster reef;

Mangrove

✓

3 Wiberg et al. (2019) Estuaries and Coasts USA Oyster reef

4 Davenport et al. (2018) Estuaries and Coasts USA Saltmarsh ✓

5 Herbert et al. (2018) Sustainability USA Oyster reef ✓

6 Josephs and Humphries (2018) Journal of Environmental

Management

USA Saltmarsh Nature-based coastal

management

✓

7 Onorevole et al. (2018) Ecological Engineering USA Saltmarsh; Oyster reef Nature-based solution ✓

8 Palinkas et al. (2018) Estuaries and Coasts USA Saltmarsh ✓

9 Polk and Eulie (2018) Estuaries and Coasts USA Saltmarsh; Oyster reef ✓

10 Smith et al. (2018) Ecological Applications USA Saltmarsh, Oyster reef Nature-based solution; rock

sill

✓

11 Donnelly et al. (2017) Hydrobiologia USA Saltmarsh; Oyster reef;

Mangrove

✓

12 Balouskus and Targett (2016) Transactions of the

American Fisheries Society

USA Saltmarsh Riprap-sill ✓

13 Gittman et al. (2016b) Ecological Applications USA Saltmarsh; Oyster reef ✓

14 Sharma et al. (2016) Ecological Engineering USA Saltmarsh; Oyster reef Hybrid shoreline

stabilization; bioengineering

hybrid technique; hybrid

restoration technique

✓

15 Walles et al. (2016) Journal of Sea Research Netherlands Oyster reef

16 Casas et al. (2015) Marine Ecology Progress

Series

USA Oyster reef

17 Davis et al. (2015) PLoS ONE USA Saltmarsh; Oyster reef Natural infrastructure; hybrid

infrastructure

✓

18 De Roo and Troch (2015) River Research and

Applications

Belgium Freshwater vegetation Nature-friendly bank

protection

✓

19 Humphries and La Peyre (2015) PeerJ USA Oyster reef ✓

20 Kochnower et al. (2015) Ocean and Coastal

Management

USA Saltmarsh Natural infrastructure ✓

21 La Peyre et al. (2015) PeerJ USA Oyster reef Sustainable shoreline

protection

✓

22 Manis et al. (2015) Journal of Coastal

Conservation

USA Saltmarsh; Oyster reef ✓

23 Milbrandt et al. (2015) Ecological Engineering USA Oyster reef; Mangrove Multiple habitat restoration

strategy

24 Peters et al. (2015) Bulletin of Marine Science USA Mangrove ✓

25 Scyphers et al. (2015b) Environmental Management USA Oyster reef Submerged breakwater ✓

26 Van Cuong et al. (2015) Ecological Engineering Vietnam Mangrove Soft coastal engineering

27 Gittman et al. (2014) Ocean and Coastal

Management

USA Saltmarsh Alternative shoreline

protection approach

28 La Peyre et al. (2014) Ecological Engineering USA Oyster reef

29 Lawless and Seitz (2014) Journal of Experimental

Marine Biology and Ecology

USA Oyster reef ✓

30 Motamedi et al. (2014) The Scientific World Journal Malaysia Mangrove Ecofriendly coastal

protection scheme

31 Bilkovic and Mitchell (2013) Ecological Engineering USA Saltmarsh Hybrid stabilization ✓

32 De Roo and Troch (2013) Journal of Waterway, Port,

Coastal, and Ocean

Engineering

Belgium Freshwater vegetation Environmentally friendly

bank protection

33 Moody et al. (2013) Marine Ecology Progress

Series

USA Oyster reef ✓

(Continued)
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TABLE 1 | Continued

No. References Journal Country Habitat type(s) Synonyms LS?

34 Balouskus and Targett (2012) Estuaries and Coasts USA Saltmarsh Riprap-sill

35 Naohiro et al. (2012) International Journal of

Ecology

Thailand Mangrove

36 Kamali and Hashim (2011) Ecological Engineering Malaysia Mangrove

37 O’Connor et al. (2011) Wetlands Ecology and

Management

USA Saltmarsh Sill ✓

38 Scyphers et al. (2011) PLoS ONE USA Oyster reef Natural breakwater ✓

39 Stricklin et al. (2010) Gulf and Caribbean

Research

USA Oyster reef

40 Currin et al. (2008) Wetlands Ecology and

Management

USA Saltmarsh ✓

41 Piazza et al. (2005) Restoration Ecology USA Oyster reef Sustainable shoreline

protection strategy

42 Meyer and Townsend (2000) Estuaries USA Saltmarsh; Oyster reef Habitat creation technique

43 Meyer et al. (1997) Restoration Ecology USA Saltmarsh; Oyster reef

44 Broome et al. (1986) Estuaries USA Saltmarsh

45 Benner et al. (1982) Wetlands USA Saltmarsh Vegetative erosion control

46 Knutson et al. (1981) Wetlands USA Saltmarsh Vegetative stabilization

LS, indicates whether the term living shoreline was included in the full-text of the paper.

FIGURE 3 | Bibliographic information from studies, including (A) number of studies published over time, (B) author affiliations, (C) study type, and (D) comparator

types. The bars in figures (B–D) do not add up to 100% as some studies had multiple author affiliations, study types, and comparators.

abundance within invertebrate and vertebrate communities,
and the remaining four studies only measured within the
invertebrate community. Ecological processes were the most

common outcomes measured, with 74% of studies reporting
on an ecosystem process (Figure 6B). More than half of all
ecological studies (52%) measured a process related to the
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FIGURE 4 | Map of study distributions (A) globally and (B) in the continental

United States. The global distribution indicates the number of studies from

each continent and the proportion of studies within each continent that

included the term living shoreline. Studies that included sites from multiple

states count toward the total of each state.

coastal protection services of living shorelines (i.e., sediment
stabilization, wave attenuation). Other measured ecosystem
processes were biological interactions (n = 9), water filtration
(n = 3), nutrient cycling (n = 1), and carbon storage (n = 1)
(Supplementary Material).

The terminology used to refer to living shoreline projects was
extremely diverse (Table 1). The most common words used in
living shoreline synonyms were protection, nature, sill, based,
and shoreline (Figure 7).

DISCUSSION

The number of living shorelines papers increased substantially
over time, as did the proportion of studies specifically using
the term living shoreline. This supports the idea that living
shorelines are gaining momentum as a practice and research
topic. Further, the term living shoreline has become a primary
term used by the research community to refer to restoration
projects that have a principal goal of providing coastal protective
services. Interest in living shorelines has similarly increased
within the practitioner and policy realm in the United States.
For example, Restore America’s Estuaries, a conservation non-
profit, maintains a living shorelines community of practice,
through which practitioners and managers can network, access
training modules, and view relevant webinars on the most up-
to-date research. Since its creation in 2016, this community
of practice has grown 4-fold, with training modules and the
companion website experiencing steady and constant traffic

FIGURE 5 | Living shoreline project characteristics, including (A) maximum

age of living shoreline projects when they were sampled, (B) habitat types

restored within a single living shoreline site, and (C) materials used within a

single living shoreline site. When there were multiple living shorelines in a single

study, we report on the oldest living shoreline at the time of the last data

collection. For (B,C), the bars do not add up to 100% as some articles

investigated multiple types of living shorelines. In (B), S, saltmarsh; O, oyster;

M, mangroves; FV, freshwater vegetation; & indicates that the habitats were

restored together within a single site.

(personal communication H. Stevens). Moreover, the recent
passage of the Living Shorelines Act of 2019 within the US
House of Representatives as well as a 2017 Nationwide Permit
for the construction of living shorelines (United States Army
Corps of Engineers, 2016), illustrate high-level interest in the
promotion and construction of living shorelines. Nevertheless,
for living shorelines to scale to a meaningful level, enthusiasm
needs to be met by interdisciplinary evaluations of efficacy in
different contexts.
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FIGURE 6 | Venn diagrams showing (A) the percentage of papers that

reported ecological and socio-economic outcomes, and (B) the percentage of

ecological papers that reported outcomes related to foundation species

structure, diversity and community assemblage, and/or ecosystem processes

and functions.

FIGURE 7 | Bar graph showing the 10 most common words used in

synonyms to describe living shoreline projects (all other words were used

fewer than three times). Frequency also corresponds to the number of papers

that used each word in at least one synonym.

Our results show that the vast majority of living shoreline
studies had an ecological focus, with very few papers reporting
socio-economic outcomes. These results are congruent with
similar studies looking at habitat restoration in terrestrial

(Wortley et al., 2013) and marine biomes (Bayraktarov et al.,
2019). Historically, restoration was aimed at replacing habitat
that had been lost in order to restore ecological structure
and function (NRC, 1992). These relatively narrow objectives
and outcomes could be stated and measured by ecologists;
now, however, there is increasing investment in restoration
with broadened objectives that include maximizing the delivery
of ecosystem services. As the breadth of desired restoration
outcomes has expanded well beyond what can be measured by
ecologists alone, so too must our assessments of these projects
expand to include social and economic metrics (Eden and
Tunstall, 2006; Martin, 2017). Living shorelines are fairly unusual
because they have a high potential for private investment, as they
provide an alternative to hardened shorelines that homeowners
and municipalities are already accustomed to paying for (Sutton-
Grier et al., 2018). As such, a deeper understanding of why and
in which types of communities living shorelines are being built
could help to elucidate the factors that influence their social
acceptability and implementation.

Nearly three quarters of the ecological studies in our
database measured a process, rather than exclusively reporting
on foundation species structure or diversity. In contrast, similar
reviews of terrestrial restoration projects reported that ecosystem
processes were measured less frequently than diversity metrics
(Ruiz-Jaen and Aide, 2005; Wortley et al., 2013); the authors
attributed these findings to the time and cost required to
take multiple measurements over time rather than a one-
time measurement of diversity or ecosystem structure. Unlike
traditional restoration projects, living shorelines are designed
and promoted as restoration techniques that provide explicit
services to humans, namely coastal protection. This reflects a
growing trend involving a shift away from the restoration of
an ecosystem and toward the restoration of ecosystem services
(Palmer et al., 2014). To measure an ecosystem service, it is
necessary to measure whether the underlying process has been
restored, which may explain why the studies in our database
focused heavily on processes. Moreover, waterfront property
owners in the United States prioritize effectiveness over all
other attributes when choosing how to stabilize their shorelines
(Scyphers et al., 2015a; Smith et al., 2017); appropriately,>50% of
all ecological studies in our database investigated a process related
to the coastal protective services of living shorelines.

Living shoreline studies were heavily concentrated in the
United States, with no studies from the Southern Hemisphere.
At a global level, many of the most at-risk geographic regions
have seen little research regarding living shorelines. For example,
Asia is home to eight of the top ten countries with the largest
populations in low-elevation coastal zones (McGranahan et al.,
2007), yet only five of the living shoreline studies in our
database took place in Asia. This finding may be due in part
to: (1) an English-language publication bias; (2) fewer research
institutions and lower funding in other countries; or, (3) different
terminology than what was included in our search terms.
Regardless, more studies from diverse locations could expand our
understanding of which techniques and habitats can successfully
be incorporated into coastal defense plans at a global scale.
Within the continental United States, the largest concentration
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of research was in North Carolina. It can take time for new
technology to gain momentum and familiarity among users,
practitioners, and managers; thus, it is probably not coincidental
that the earliest study in our database and the earliest study to use
the term living shoreline were both conducted in North Carolina.
Moreover, North Carolina was one of the earliest states in the
country to issue a general permit for living shorelines (i.e., the
General Permit for the Construction of Marsh Sills in 2005),
which streamlined the process for constructing projects. As
information about living shorelines continues to disseminate and
management and policy avenues improve, we are likely to see an
increase in research on a global scale. Nevertheless, the amount of
primary research may not correlate with the prevalence of actual
living shoreline projects. For example, while North Carolina
has been a leader in peer-reviewed living shorelines research,
according to our database, it is likely that there are fewer living
shorelines projects in North Carolina vs. other areas (RAE’s
Living Shorelines Academy). Furthermore, North Carolina has
certainly lagged behind on understanding and acknowledging
the negative ecological effects of shoreline hardening relative
to other areas, such as the Chesapeake Bay (see Seitz et al.,
2006; Bilkovic and Roggero, 2008; Patrick et al., 2016 for a
few examples), which has policies specifically identifying living
shorelines as a preferable alternative to hardened shorelines (i.e.,
the Living Shorelines Protection Act of 2008). Further research
into the distribution and characteristics of living shoreline
projects themselves would be useful for characterizing the socio-
ecological factors that influence their construction.

Currently, in the United States, the relative difficulty of
completing the permitting necessary for installation of a living
shoreline, as opposed to conventional shoreline protection
structures (e.g., bulkheads), incentivizes construction of the
latter. This differential burden stems partly from a desire by
permitting agencies, and therefore property owners, to avoid
projects that might encroach into public waters (National
Research Council, 2007) or that have unknown or unproven
effects. Research has been conducted on the ecological effects
of shoreline hardening more broadly (Gittman et al., 2016a),
but studies focused on the alternatives when maintaining a
natural shoreline is not possible have lagged behind. Thus,
a hurdle for the adoption of living shorelines as opposed to
artificial protection is evaluation of the relative efficacy of both
(Morris et al., 2018). While coastal protective services in general
were well studied, only 20% of the studies in our database
directly compared living shorelines to hardened shorelines.
If living shorelines are to become a feasible alternative to
hardened shorelines, we need research not only demonstrating
that they actually work at stabilizing sediments, attenuating
waves, and protecting property, but also demonstrating that
they are as effective or more effective than the status quo
(i.e., traditional engineering approaches). Furthermore, research
on the relative costs of different living shoreline interventions
is extremely limited (Gittman and Scyphers, 2017), though
there is promising data from the wider field of nature-based
infrastructure (Narayan et al., 2016). One significant advantage
that living shorelines have over hardened shorelines is the
potential to self-repair and adapt over time without continued

human intervention. While this potential is promising, the
majority of the projects in our database were young (<5 years
old) at the time of sampling and only provided a short-term
snapshot of performance. Many ecosystem services require
time to fully develop after restoration (La Peyre et al., 2014;
Manis et al., 2015; Gittman et al., 2016b) and therefore long-
term monitoring data will be critical to fully evaluate the
functionality of living shorelines, particularly in the context of
rising sea levels.

Given sustained interest in living shorelines among
researchers, practitioners, and policy makers, the need for
common terminology is particularly pressing. The terminology
used to refer to living shorelines in this study was extremely
diverse; even the same authors used different terms to refer to
the same projects (see De Roo and Troch, 2013, 2015; Gittman
et al., 2014, 2016b). This could be because some papers pre-date
the common use of the term living shoreline or it could reflect
the fact that different terminology is used to appeal to different
audiences (e.g., the term living shoreline is often used by
non-governmental organizations, whereas the term marsh sill
is commonly used by permitting agencies in the United States).
Regardless, lack of a shared definition may hinder efforts to
incorporate living shorelines into large-scale coastal initiatives
and policies (such as those described by Sutton-Grier et al.,
2015). A secondary challenge associated with terminology is
that living shorelines come in a variety of different forms,
each of which may be associated with different terminology. For
example, studies in our database used four different habitat types,
alone and in combination, and 90% of papers included sites that
also had structural components, ranging from shell and natural
fibers to eco-concrete and rock. Standardized terminology is
essential to future performance and dissemination of living
shorelines research and therefore, implementation. Though a
shared definition would not be a panacea, providing a unifying
description of living shorelines to local and national policy
makers could promote further rulemaking regarding living
shorelines, and allow inter-jurisdictional cooperation and
sharing of lessons learned. Moreover, an assessment of the
relative performance of different structural materials in different
environmental contexts is needed to improve best practices.

One of the biggest challenges for translating basic science
to practice and policy is that research is currently buried in a
growing number of interdisciplinary journals, many of which are
locked behind pay walls where practitioners and coastal managers
cannot access them (Fuller et al., 2014). The studies in our
database were published in 26 unique journals, spanning many
sub-disciplines within the environmental sciences. Nearly one
third of the papers were open access, compared to the 9% rate
of open access articles that has been noted in other restoration
syntheses (Zhang et al., 2018). This may reflect the general
growth of open access publishing or may alternatively reflect the
highly applied nature of living shorelines research and a push
within the community to make research accessible to restoration
practitioners and managers that can use the data. Future
support for open access publishing should be permissible from
granting agencies, universities, and organizations to encourage
the transference of knowledge between sectors.
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Recommendations for Future Research
Our review highlights some important areas of concentrated
research as well as gaps in the peer-reviewed literature
surrounding living shorelines. Going forward, more studies
might be included in a synthesis if the search was expanded
beyond peer-reviewed and English-language literature. In regards
to research foci, a large proportion of the papers in this review
measured processes related to the coastal protective services of
living shorelines. Accordingly, it may be possible going forward
to conduct a targeted synthesis or meta-analysis to determine
whether or not living shorelines can provide superior coastal
protection. In terms of research gaps, we suggest that the study
of living shorelines could benefit from directed research in the
following areas:

• The socio-economic dimensions of living shorelines,
particularly relating to their social acceptability among
homeowners and municipalities, as well as their installation
and maintenance costs over both short and long time scales.

• Long-term performance of living shorelines, which could be
achieved by revisiting older sites that have been sampled
in previous studies and publishing longer-term data sets
to understand how living shoreline functionality changes
over time, and how it may change with accelerated sea
level rise.

• Direct comparisons between living shorelines and traditional
hard infrastructure, to better understand the tradeoffs between
different coastal protection strategies.

• The impacts of different living shoreline designs and
materials on the delivery of ecosystem services to
maximize the functionality of living shorelines in different
environmental contexts.
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