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Abstract

Background Anthropogenic pressures and climate change threaten the capacity of ecosystems to deliver a variety
of services, including protecting coastal communities from hazards like flooding and erosion. Human interventions
aim to buffer against or overcome these threats by providing physical protection for existing coastal infrastructure
and communities, along with added ecological, social, or economic co-benefits. These interventions are a type of
nature-based solution (NBS), broadly defined as actions working with nature to address societal challenges while
also providing benefits for human well-being, biodiversity, and resilience. Despite the increasing popularity of NBS for
coastal protection, sometimes in lieu of traditional hardened shorelines (e.g., oyster reefs instead of bulkheads), gaps
remain in our understanding of whether common NBS interventions for coastal protection perform as intended. To
help fill these knowledge gaps, we aim to identify, collate, and map the evidence base surrounding the performance
of active NBS interventions related to coastal protection across a suite of ecological, physical, social, and economic
outcomes in salt marsh, seagrass, kelp, mangrove, shellfish reef, and coral reef systems. The resulting evidence base
will highlight the current knowledge on NBS performance and inform future uses of NBS meant for coastal protection.

Methods Searches for primary literature on performance of NBS for coastal protection in shallow, biogenic ecosys-
tems will be conducted using a predefined list of indexing platforms, bibliographic databases, open discovery citation
indexes, and organizational databases and websites, as well as an online search engine and novel literature discovery
tool. All searches will be conducted in English and will be restricted to literature published from 1980 to present.
Resulting literature will be screened against set inclusion criteria (i.e,, population, intervention, outcome, study type)
at the level of title and abstract followed by full text. Screening will be facilitated by a web-based active learning tool
that incorporates user feedback via machine learning to prioritize articles for review. Metadata will be extracted from
articles that meet inclusion criteria and summarized in a narrative report detailing the distribution and abundance of
evidence surrounding NBS performance, including evidence clusters, evidence gaps, and the precision and sensitivity
of the search strategy.
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Background

Healthy coastal ecosystems provide services, ranging
from food provisioning and carbon sequestration to
nutrient cycling and water purification [2, 54]. These eco-
systems, including salt marshes, seagrasses, mangroves,
kelp forests, shellfish reefs, and coral reefs, also serve to
buffer communities from coastal hazards by reducing
physical impacts, such as shoreline erosion, wave energy
[2, 80], and storm surge [38]. For example, wave height
can be reduced by salt marsh vegetation by 60% [58],
fringing oyster reefs by 30-50% [92], and coral reefs by
84% [27]. The ability of coastal systems to dampen wave
energy can reduce erosion [11, 71] and in some cases,
trigger a shift from coastal erosion or shoreline retreat to
accretion [55]. Attenuation of storm surge by mangrove
forests [94] and marshes [1, 30] may also contribute to
coastal protection by substantially decreasing the vulner-
ability of coastal communities.

Combined impacts from anthropogenic pressures and
climate change threaten the capacity of coastal ecosys-
tems to protect communities from hazards. Anthro-
pogenic threats, including overexploitation, pollution,
development, and habitat degradation, have triggered
losses in habitat coverage across many coastal ecosys-
tems, with global declines measuring 85% in oyster reefs
[3], ~19-29% in seagrass meadows [18, 88], ~50% in
coral reefs [19], 42% in salt marshes [31], 35% or higher
in mangroves [34, 65, 87], and also prevalent in kelp [20,
50]. Losses in habitat cover directly remove the structural
components of the ecosystem (e.g., vegetation, reef sub-
strate) that are largely responsible for coastal protection.
Experimental evidence suggests that removing marsh
vegetation limits the ability of marshes to reduce wave
energy [58], and modeling efforts demonstrate linkages
between coral reef loss and increases in wave energy [74].
As habitats are degraded or lost, their ability to provide
ecosystem services, such as flood protection, is expected
to decline [21, 79]. Mangrove deforestation in Myanmar,
for example, decreased the total value of mangrove-asso-
ciated ecosystem services by almost 30% over 14 years, of
which almost 11% was attributed to a loss of coastal pro-
tection services [21].

With effects from climate change, including rising
sea levels, changing precipitation patterns, intensify-
ing storms, and increasing temperatures, the capacity
of natural coastal ecosystems to protect communities
can be overwhelmed or reduced, especially in systems
experiencing effects of heightened anthropogenic

activity [80]. Projections under these extreme scenarios
suggest that previously degraded coastal ecosystems
will experience further changes, loss, and degradation
[17, 29, 75, 93]. For example, mangroves may experi-
ence higher rates of erosion as wave heights increase
with climate change [75], while coral reef regenera-
tion may be impaired after storms when combined
with stressors from anthropogenic activities [29].
When extreme events overcome the natural protection
afforded by ecosystems, it can impose direct threats to
and increase the vulnerability of coastal communities
[59]. For instance, storm surge, which has already been
responsible for almost half of the fatalities from tropical
cyclones in the United States from 1963 to 2012 [66], is
expected to cause more fatalities as humans continue
to migrate to coastal areas and the percentage of urban
land at low elevations along the coast increases [39].
Additionally, populations within coastal communities
that are unwilling or unable to move may incur greater
risks as flooding increases [57].

To improve coastal protection, resource managers,
governments, local municipalities, tribal nations, mili-
tary installations, non-governmental organizations,
and private property owners are increasingly turn-
ing to nature-based solutions. Nature-based solutions
(NBS) are broadly defined as “actions to protect, con-
serve, restore, and sustainably use and manage natural
or modified terrestrial, freshwater, coastal, and marine
ecosystems to address social, economic, and environ-
mental challenges effectively and adaptively, while
simultaneously providing human well-being, ecosys-
tem services, resilience, and biodiversity benefits”
[85]. Phrased more concisely, NBS are “actions that
involve people working with nature, as part of nature,
to address societal challenges, providing benefits for
both human well-being and biodiversity” [72]. NBS is
an umbrella term [60] that includes measures like green
infrastructure, natural and nature-based features [4],
nature-based infrastructure [78], natural infrastruc-
ture [25], nature-climate solutions [37], and ecosystem-
based adaptation [13]. Here, we focus on the subset of
active NBS interventions used to improve coastal resil-
ience to hazards by providing physical protective ser-
vices, such as wave attenuation, flood reduction, and
sediment stabilization.

Active nature-based solutions for coastal protection
can come in a variety of forms and may include the cre-
ation or restoration of a variety of ecosystems with or
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without the inclusion of engineered structural compo-
nents. What these NBS techniques all have in common
is the goal of providing some kind of physical protec-
tive service, such as reduced erosion and inundation,
while also providing ecological co-benefits. Ecological
co-benefits include, but are not limited to: increased
biodiversity, improved water quality, and habitat
enhancement, as well as the ability to adapt to and keep
pace with stressors like sea level rise, that “gray” infra-
structure (e.g., seawalls, bulkheads) either do not pro-
vide or exacerbate (e.g., block connectivity) [4, 5, 78].
Additional social benefits of NBS projects may include
increased tourism [53], improvements in the aesthetic
value of coastal habitats, and expanded access to cul-
tural activities through environmental programs [14].
Economically, NBS often provide more cost-effec-
tive solutions for inundation protection, as they can
eliminate typical maintenance costs and responsibili-
ties associated with “gray” infrastructure [25, 76, 83],
effectively preventing billions of dollars in flood-asso-
ciated losses and repairs [67]. Although the economic
and social benefits of NBS are often less thoroughly
assessed than ecological benefits [77], primarily due to
limited socio-economic data availability and difficulties
in data collection [63], understanding the suite of ben-
efits NBS provide can help recognize the full potential
of NBS projects for coastal protection [83].

Growing evidence that NBS can provide coastal pro-
tection (physical benefits) and other valuable ecological,
economic, and social co-benefits if strategically designed,
placed, constructed, and managed has spurred inter-
national efforts to broadly adopt NBS for protecting
coastal communities and investments from threats of cli-
mate change and associated hazards [46, 48, 49, 84]. The
United Nations and International Union for Conserva-
tion of Nature (IUCN), heralding the 2020s as the “Dec-
ade on Ecosystem Restoration,” called for approaches to
reduce ecosystem degradation, one of which was nature-
based solutions [86]. In the United States (US), this call
has been met with landmark federal funding initiatives to
boost the widespread use of NBS. Most recently, the US
Infrastructure Investment and Jobs Act (IIJA, Novem-
ber 2021) allocated $47 billion for climate resilience
projects, including billions of dollars for NBS to for-
tify coastal communities and improve resilience [40, 90,
91]. In Europe, the European Commission (EC) has also
allocated funding to advance the development of NBS,
including in coastal settings, and mainstream it interna-
tionally through the Horizon Europe research program
(previously Horizon 2020) [22-24]. Some European
countries also have their own national plans for NBS
research and development. In Germany, the Climate and
Transformation Fund will supply EU €4 billion until 2026,
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with the goal of improving ecosystem health and resil-
ience [26]. NBS funding and initiatives are also prevalent
in Latin American and Caribbean countries, including
Mexico and Colombia [64] and Asian countries, includ-
ing China [10] and Japan [82].

Despite recent increases in global implementation of
NBS projects for coastal protection, substantial gaps
in our understanding of NBS performance exist both
broadly [73] and relative to coastal protection [70]. These
gaps proliferate due to a lack of studies on the broader
effectiveness of NBS, especially in coastal areas; a recent
review of NBS effectiveness found that only 13% of
studies were conducted in coastal ecosystems, includ-
ing coral reefs, mangroves, seagrass communities, and
salt marshes [7]. Most NBS studies do not report on the
full suite of NBS performance outcomes [7] because it
is challenging to develop, as well as costly to measure,
appropriate social and ecological [70, 73], as well as phys-
ical and economic [7, 73] performance standards. For
example, measuring cost-effectiveness of NBS is difficult
because the protection NBS affords depends on a variety
of factors, such as the intensity and frequency of events
an area experiences [73] or the time horizon over which
costs are considered [25]. This is also the case, however,
for gray infrastructure, but a key difference between
NBS and gray infrastructure is that NBS protective ser-
vices are hypothesized to increase over time, while gray
infrastructure protective services may decline [25]. NBS
assessments are also challenging because performance
is strongly influenced by the detailed and often unique
place-based context of each project (e.g., geomorphol-
ogy) [7]; this is also true of gray infrastructure, but many
modeling tools and design standards exist to help engi-
neers design structures for specific levels of protection.
Many NBS projects do not include budgets or require-
ments for monitoring, especially long-term monitoring,
to ensure that projects meet expectations [32, 51, 61],
reinforcing knowledge gaps. Inability to address these
gaps in the near future will likely hinder further invest-
ment and implementation of NBS [7], including NBS for
coastal protection.

Surges in funding and subsequent construction of NBS
for coastal protection, combined with the lack of NBS
performance knowledge across geographies and condi-
tions, have escalated the need to assess the performance
of NBS for coastal protection. This study aims to identify,
collate, and map the global evidence base on the ecologi-
cal, physical, social, and economic performance of active
NBS interventions used within the context of coastal
protection in six biogenic, shallow (intertidal or subtidal)
coastal ecosystems that face a variety of stressors and are
among the most imperiled ecosystems on earth [33, 43].
The coastal ecosystems that we selected for inclusion in



Paxton et al. Environmental Evidence (2023) 12:11

the systematic map are salt marsh, seagrass, kelp, man-
grove, shellfish reef, and coral reef systems. The system-
atic map scope includes active NBS interventions for
coastal protection, such as restoring or creating habitat,
adding structure, or modifying sediment or morphology.
The decisions to narrow the focus to six coastal ecosys-
tems and active NBS interventions for coastal protection
were made based on the primary research and manage-
ment expertise of the systematic map team, as well as
resource constraints. An improved understanding of NBS
performance in shallow, biogenic coastal areas will help
determine the breadth and depth of the knowledge base,
highlighting both knowledge clusters and knowledge

gaps.

Stakeholder engagement

This systematic map was initiated by the National Oce-
anic and Atmospheric Administration (NOAA) National
Centers for Coastal Ocean Science (NCCOS) to deter-
mine the state of knowledge regarding the performance
of NBS for coastal resilience. The synthesis was moti-
vated by a federally identified need to understand the evi-
dence base surrounding NBS performance to help inform
policy and management decisions about how to monitor
NBS and when and where to implement NBS, as well as
to identify where additional performance evaluations are
warranted. Federal “team leads” for the synthesis effort
developed a “core team” of federal researchers and aca-
demic scientists who study and implement NBS in estua-
rine and marine ecosystems. The core team helped refine
the protocol scope, including research questions, inclu-
sion criteria, and search strategy, and will continue to
play key roles in compiling the map. We also convened
an “advisory team” of additional scientists and managers
with expertise in NBS and coastal ecosystems to provide
additional direction and feedback. The advisory team
includes scientists and managers from federal agencies,
non-profits, and academia in the US. We engaged with
the advisory team in one-on-one or small group virtual
meetings and discussions. Several members of the advi-
sory team helped refine the protocol by, for example,
helping to represent the needs of their sectors, such as
coastal managers. Discussions with the advisory team
also helped refine our definitions for NBS and coastal
protection, intervention typologies, outcome typologies,
and data coding approach. The advisory team will remain
engaged in map development through activities such as
recommending additional sources of evidence to include
in the map. As neither our advisory group nor our core
team include international scientists, we plan to consult
additional scientists from countries outside of the US
during map development to help ensure that relevant
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international literature is incorporated into the map and
to reduce bias.

Objective of the systematic map

The objective of this systematic map is to identify, col-
late, and map the global evidence base on the ecologi-
cal, physical, social, and economic performance of active
NBS interventions related to coastal protection in salt
marsh, seagrass, kelp, mangrove, coral reef, and shell-
fish reef systems. We use the term “active intervention”
to mean the action of intentionally using, constructing,
introducing, installing, or implementing NBS. We use the
term NBS below to describe NBS for coastal protection
rather than NBS more broadly. As such, this systematic
map focuses on biogenic coastal ecosystems with active
NBS interventions for coastal protection rather than con-
servation of existing, relatively intact ecosystems and the
coastal protective services they provide.

Question: What is the extent and distribution of evi-
dence on the ecological, physical, social, and economic
performance of active NBS interventions used in salt
marsh, seagrass, kelp, mangrove, coral reef, and shellfish
reef systems within the context of coastal protection?

Sub-questions: We define performance as the suite of
evaluated ecological, physical, economic, or social out-
comes from active NBS interventions in six coastal eco-
systems. We ask the following sub-questions about NBS
performance:

+  Which coastal protection services (e.g., reduce shore-
line erosion, attenuate wave energy, reduce inunda-
tion) do active NBS interventions seek to deliver?

» How does the extent and distribution of evidence on
NBS performance differ across ecological (e.g., spe-
cies and population, biological interactions, nutrient
cycling), physical (e.g., water level, waves, sediment
and morphology), social (e.g., human health, culture,
safety and security), and economic (e.g., income, live-
lihoods, natural capital) outcomes?

+ How does the extent and distribution of evidence
on NBS performance differ by ecosystem type (e.g.,
salt marsh, mangrove, shellfish reef), NBS interven-
tion type (e.g., system restoration or enhancement,
system creation, structure addition), geographic loca-
tion, and spatial scale?

+ What approaches or methods are used to assess
NBS performance? When is performance assessed
relative to NBS implementation (e.g., <1 yr, 1-5 yrs,
5-10 yrs, >10 yrs after construction)? What com-
parative approaches, if any, are used to assess NBS
performance (e.g., presence vs. absence of NBS inter-
vention, different types of NBS interventions, natural
system vs. NBS intervention, no comparator)?
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«  Which metrics (e.g., aboveground biomass, job crea-
tion) are used to assess NBS performance?

Elements of the primary question: Elements of the pri-
mary question include the population, intervention, com-
parator, outcome, and study type (Table 1).

Methods

The systematic map will adhere to the Collaboration of
Environmental Evidence (CEE) Evidence Guidelines and
Standards for Evidence Synthesis [12] and conform to the
RepOrting standards for Systematic Evidence Synthesis
(ROSES) for systematic map protocols [42] (Additional
file 1).

Search strategy

A comprehensive search will be performed to acquire
traditional peer-reviewed publications and gray litera-
ture using bibliographic databases, indexing platforms,
open discovery citation indexes, a novel co-citation and
bibliographic coupling literature discovery tool, a web-
based search engine, and organizational databases and
websites. Our strategy will also include hand-searching
reference sections of relevant reviews found during initial
scoping to identify publications that may not be found in
our search. Finally, we will engage with stakeholders to
identify additional publications that may not be discov-
ered in our search.

All searches will be performed from 1980 to present.
This temporal scope is based upon a review of living
shorelines, a common type of NBS, in which the earli-
est known study uncovered in the scoping review was
from 1981 [77], suggesting that most studies on NBS
with performance monitoring will be from 1980 to pre-
sent. We realize that older NBS exist [52]; our temporal
scope cutoff of 1980 will not necessarily preclude our
search from including performance evaluations of older
NBS but will restrict our search to evaluations published
in 1980 or after. All searches will be conducted in Eng-
lish, and only studies with English language full text will
be included. Since many non-English language articles
include English language abstracts, studies included at
the title and abstract screening phase but whose full text
is not published in English, will be excluded and noted
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as non-English during full text screening to aid future
research that could be completed in additional languages.
We acknowledge that limiting the language to English
will introduce bias to our search because we may exclude
relevant articles solely on the basis that they are not writ-
ten in English. Despite the English-language focus of our
search, the systematic map will include global evidence,
regardless of country of origin, so long as it is available in
English, because it is useful to evaluate global evidence
across ecosystems and jurisdictional boundaries. Some
countries are at different stages of designing, implement-
ing, and evaluating NBS for coastal protection, and so
the global scope will help catalog the English-language
evidence base rather than evidence from one or several
countries. We recognize, however, that decisions on
how to design, site, and implement NBS are often loca-
tion-specific and that the systematic map will not pro-
vide localized information, beyond capturing individual
location-specific studies, but rather a broader knowledge
base upon which to build in the future. Subscriptions
from the NOAA Central Library and Duke University
will be used to access databases and platforms that are
not publicly available.

Keyword development

Initial keywords related to the elements of the primary
question for NBS (intervention), coastal ecosystems
(population), and coastal protection (intervention) were
developed by a team of subject matter experts and librar-
ians. Additional keywords for each topic were then iden-
tified for testing and review from known review articles
and an initial set of benchmarking articles. Next, fur-
ther keywords were developed by text mining, in which
terms were reproducibly selected from a sample set of
literature using the R package ‘litsearchr’ [35, 36]. Once
keywords were extracted for NBS, coastal ecosystems,
and coastal protection, subject matter experts and librar-
ians reviewed these keyword lists and selected keywords
for further testing during the search string development
phase.

An example of this process for NBS keyword develop-
ment is as follows. Keywords related to the broad con-
cept of NBS and similar concepts such as nature-based
infrastructure (NBI), natural and nature-based features

Table 1 Summary of elements of the primary question, including population, intervention, comparator, outcome, and study type

Population
Intervention
Comparator
Outcome

Study type
NBS performance outcomes

Salt marsh, seagrass, kelp, mangrove, shellfish reef, or coral reef systems where active NBS interventions are used
Active NBS interventions established within the context of coastal protection

No comparator required beyond presence of an active NBS intervention

Ecological, physical, economic, or social performance outcomes evaluated following NBS interventions
Experimental, quasi-experimental, observational, or modeling studies with quantitative or qualitative data on
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(NNBF), and green infrastructure were developed by a
team of subject matter experts and librarians. A simple
search string was created and applied in Web of Science
to test the keywords and capture a focused set of relevant
literature:

(TI=(“nature based solution*” OR “nature based infra-
structure” OR “living shoreline*” AND “coastal protec-
tion”)) OR AB=(“nature based solution*” OR “nature
based infrastructure” OR “living shoreline*” AND
“coastal protection”).

In this search, the (*) is a wildcard, which represents
any character, including no character. Quotation marks
are used to search exact phrases. Due to the mechanics
of Web of Science, the search “nature based solution*”
includes variations such as “nature-based solution,’
“nature based solutions,” and “nature-based solutions”
Following this simple search, results were exported and
run through the R package ‘litsearchr; which uses text-
mining and keyword co-occurrence to identify potential
keywords in a reproducible, quasi-automated method
[35, 36]. The package allows users to adjust both the min-
imum frequency (wherein a keyword must be discovered
in a set number of sources) and n-gram length (a contigu-
ous sequence of n items). The ability to extract keywords
and phrases sped up our process of keyword building
and provided our team with a more comprehensive list
of keywords for review and testing. Resulting keywords
were then reviewed by subject matter experts and librar-
ians and used to build search strings. This process was
repeated for elements of the primary question related to
coastal ecosystems and coastal protection.

To complement the keyword development approach
detailed above, we reviewed strings from previously
published studies to generate additional keywords. Spe-
cifically, we reviewed the search string used in a scoping
review of living shorelines [77], a systematic map from
the UK on how NBS contributes to human well-being
[16], and a systematic map protocol on natural climate
solutions and mitigation outcomes [9]. Relevant terms
that we had not yet identified from these three article’s
search strings were added to our list of keywords. We
also used ‘litsearchr’ to text-mine titles and abstracts
included in the living shoreline scoping review [77] to
develop additional keywords.

Search string development

Using the compiled keyword lists, search strings were
developed to align with the key elements of the pri-
mary question representing the population and inter-
ventions (Tables 1, 2, Additional file 2). The population
search string targeted eligible coastal ecosystems (i.e.,
salt marsh, shellfish reef, coral reef, mangrove, sea-
grass, kelp) and also included more general terms, like
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estuary and vegetation, used to refer to these ecosystems
(Table 2, Additional file 2). The intervention search string
was more complex because of the difficulty of searching
for articles that reported on NBS intended to mitigate
against coastal hazards and provide coastal protection
benefits. We developed three substrings for the inter-
vention string: (1) NBS, (2) hazards, and (3) mitigation
(Table 2, Additional file 2). Both hazards and mitigation
help identify papers focused on coastal protection. We
did not develop a search string for outcomes because
we wanted to cast a broad net across the range of pos-
sible outcomes in ecological, physical, social, and eco-
nomic areas. Web of Science Core Collection was used
to develop and test all search strings. The search string
development process and associated decisions are docu-
mented in Additional file 2.

The population and intervention search strings
(Table 2) were employed together in different combina-
tions to capture particular types of articles (Table 3). For
example, we combined strings for populations and NBS
to search for articles where NBS has been used in the six
target coastal ecosystems regardless of whether coastal
protection is referenced in the title or abstract. We then
created a string combining NBS and hazards and one
with NBS and mitigation to find articles where coastal
NBS has been used either in reference to hazards or spe-
cifically to mitigate hazards, respectively. Some articles
of interest do not explicitly refer to NBS interventions
using NBS or related terms like green infrastructure, so
we designed another search string combination of pop-
ulation and both coastal hazards and mitigation to find
these relevant articles. Other articles use mitigation lan-
guage and restoration language (e.g., restoration, mitiga-
tion, enhancement) but do not explicitly use NBS terms
or hazards, so we created a final search string combina-
tion to detect these articles.

Searching the literature

Indexing platforms, bibliographic databases, and open
discovery citation indexes Select indexing platforms,
bibliographic databases, and open discovery citation
indexes will be searched for relevant articles (Table 4).
Since search strings were developed based on the syntax
used by Web of Science, we will modify search strings as
needed to ensure proper source-specific syntax or restric-
tions. Any variations or modifications to the final search
strings will be documented, and any source-specific filters
or limiters used to implement searches will be noted to
ensure search transparency and reproducibility.

Web-based search engine Google Scholar will be
searched for relevant articles (Table 4). Given that
Google Scholar has reduced capabilities to implement
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Table 2 Search substrings created for population and interventions

PIO criteria Concept

Substring (Web of Science syntax)

Population  Coastal ecosystems

Intervention NBS

Intervention Hazards (coastal protection)

Intervention Mitigation (coastal protection)

Intervention Restoration

(TI=(oyster* OR mussel* OR bivalve* OR shell* OR cultch* OR coral* OR reef* OR marsh* OR saltmarsh*
OR wetland* OR estuar* OR kelp OR seaweed* OR seagrass* OR "sea grass*" OR mangrove* OR swamp*
OR mangal* OR "aquatic plant*" OR vegetation)

OR AB=(oyster* OR mussel* OR bivalve* OR shell* OR cultch* OR coral* OR reef* OR marsh* OR salt-
marsh* OR wetland* OR estuar* OR kelp OR seaweed* OR seagrass* OR "sea grass*" OR mangrove* OR
swamp* OR mangal* OR "aquatic plant*" OR vegetation))

(TI=("nature based solution*" OR "nature based strateg*" OR "nature based defen$e*" OR "nature based
protection*" OR "nature based coastal" OR "nature based shoreline*" OR "nature based mitigation" OR
"nature based infrastructure” OR "hybrid infrastructure" OR "hybrid technique*" OR "natural climate
solution*" OR "natural infrastructure" OR "eco* engineer*" OR "ecosystem friendly engineering" OR bio-
engineer* OR "blue engineering" OR "building with nature" OR "engineering with nature" OR "working
with nature” OR "nature derived solution*" OR "nature based feature*" OR "nature inspired solution*" OR
"nature inclusive design*" OR "nature inspired design*" OR "nature derived design*" OR "soft protection
strateg*" OR "soft shoreline*" OR "coastal adaptation*" OR "ecosystem* based adaptation*" OR "eco-
system* based measure*" OR "ecosystem* based mitigation" OR "disaster risk reduction" OR "living shore-
line*" OR "coastal defen$e*" OR "natural barrier*" OR bioshield* OR "coastal protection” OR "protect*
coast*" OR "shoreline protection*" OR "blue infrastructure" OR "soft defen$e*" OR "shoreline defen$e*"
OR "managed realignment" OR "ecosystem based disaster risk reduction" OR "coastal resilienc*" OR
"shoreline resilienc*" OR "restor* ecosystem* function*") OR AB=("nature based solution*" OR "nature
based strateg*" OR "nature based defen$e*" OR "nature based protection*" OR "nature based coastal"
OR "nature based shoreline*" OR "nature based mitigation" OR "nature based infrastructure" OR "hybrid
infrastructure" OR "hybrid technique*" OR "natural climate solution*" OR "natural infrastructure” OR "eco*
engineer*" OR "ecosystem friendly engineering" OR bioengineer* OR "blue engineering" OR "building
with nature" OR "engineering with nature" OR "working with nature" OR "nature derived solution*" OR
"nature based feature*" OR "nature inspired solution*" OR "nature inclusive design*" OR "nature inspired
design*" OR "nature derived design*" OR "soft protection strateg*" OR "soft shoreline*" OR "coastal
adaptation*" OR "ecosystem* based adaptation*" OR "ecosystem* based measure*" OR "ecosystem*
based mitigation" OR "disaster risk reduction" OR "living shoreline*" OR "coastal defen$e*" OR "natural
barrier*" OR bioshield* OR "coastal protection" OR "protect* coast*" OR "shoreline protection*" OR "blue
infrastructure" OR "soft defen$e*" OR "shoreline defen$e*" OR "managed realignment" OR "ecosystem
based disaster risk reduction" OR "coastal resilienc*" OR "shoreline resilienc*" OR "restor* ecosystem*
function*"))

(TI=("coastal hazard*" OR "extreme weather" OR "extreme event*" OR "severe storm*" OR tsunami* OR
typhoon* OR cyclon* OR hurricane* OR "tropical storm*" OR "storm surge*" OR monsoon* OR north-
easter® OR nor'easter OR "sea level*" OR "high wind" OR "wave action") OR AB=("coastal hazard*" OR
"extreme weather" OR "extreme event*" OR "severe storm*" OR tsunami* OR typhoon* OR cyclone* OR
hurricane* OR "tropical storm*" OR "storm surge*" OR monsoon* OR northeaster* OR nor'easter OR "sea
level*" OR "high wind" OR "wave action")) AND (TI=(erosion OR erod* OR flood* OR inundat* OR "storm
surge*") OR AB=(erosion OR erod* OR flood* OR inundat* OR "storm surge*")) AND (Tl=(coast* OR shore-
line* OR *tidal OR estuar* OR marsh*) OR AB=(coast* OR shoreline* OR intertidal OR subtidal OR tidal OR
estuar®* OR marsh¥))

(TI=(reduc* OR mitigat* OR protect* OR dissipat* OR dampen* OR attenuat* OR stabili$* OR trap*

OR buffer* OR armour* OR armor* OR barrier* OR accret* OR adapt* OR breakwater*) OR AB=(reduc*
OR mitigat* OR protect* OR dissipat* OR dampen* OR attenuat* OR stabiliz* OR trap* OR buffer* OR
armour* OR armor* OR barrier* OR accret* OR adapt* OR breakwater*)) AND (TI=(hazard* OR erosion
OR erod* OR flood* OR "storm surge*" OR wave* OR soil OR sediment* OR substrat* OR shoreline*) OR
AB=(hazard* OR erosion OR erod* OR flood* OR "storm surge*" OR wave* OR soil OR sediment* OR
substrat* OR shoreline*)) AND (Tl=(coast* OR shoreline* OR *tidal OR estuar®* OR marsh*) OR AB=(coast*
OR shoreline* OR intertidal OR subtidal OR tidal OR estuar* OR marsh*))

(TI=(construct* OR plant* OR install* OR restor* OR enhance* OR creat* OR retrofit*) OR AB=(construct*
OR plant* OR install* OR restor* OR enhance* OR creat* OR retrofit*))

Substrings are in Web of Science Syntax, where “Tl” indicates title and “AB” indicates abstract

Boolean logic compared to platforms like Web of Science
[41], we will adapt our search string for Google Scholar
using the most relevant search string components. We
will perform the search on article titles because title
searches tend to return more gray literature than full
text searches [41]. The search will be implemented via
Publish or Perish software [44] to ensure that relevant

articles can be exported as a .RIS file. We will screen
the first 1000 search returns from Google Scholar. We
selected this number of search returns based on recom-
mendations for searching Google Scholar peer-reviewed
literature and gray literature for systematic reviews [41].
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Table 3 Search string combinations employed to capture articles on NBS intended for coastal protection
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String combination

Search designed for

NBS AND population
NBS AND mitigation

NBS AND hazards

Population AND mitigation AND hazards

Population AND mitigation AND restoration

Articles focused on NBS concepts from target coastal ecosystems

Articles focused on NBS concepts and coastal mitigation actions that do not explicitly mention target
ecosystems in title or abstract

Articles focused on NBS concepts and coastal hazards that do not explicitly mention target ecosystems in
title or abstract

related terms in title or abstract

Articles focused on coastal ecosystems and hazards and mitigations that do not explicitly use NBS or

Articles focused on coastal ecosystems and mitigations that do not explicitly use NBS or related terms in
the title or abstract but do use terms related to habitat restoration and creation

Table 4 List of indexing platforms, bibliographic databases, open discovery citation indexes, and the web-based search engine and
novel literature discovery tool incorporated into the search strategy

Source type Source name Indexes Subscription  Limits, restrictions, or  Platform or provider
filters
Indexing platforms Scopus Scopus Duke University Year: 1980-present Elsevier
Web of Science Core SCl-expanded (1980- Duke University Year: 1980-present Clarivate
Collection (WoS) present) Document type: article,
SSCI (1980—present) proceeding paper, early
CPCI-S (1990-present) access, data paper
CPCI-SSH (1990—present)
ESCI (2018-present)
Bibliographic databases ~ Ocean abstracts (1981-  N/A NOAA Year: 1980-present ProQuest
present) Source type: scholarly
journals, dissertations
& theses, conference
papers & proceedings,
reports
Earth, atmospheric, & Databases included NOAA Year: 1980-present ProQuest
aquatic sciences col- Aquatic sciences and Source type: scholarly
lection fisheries abstracts journals, dissertations
Meteorological and geo- & theses, conference
astrophysical abstracts papers & proceedings,
Earth, atmospheric, reports
& aquatic sciences
database
Open discovery citation  LENS.org CORE N/A Year: 1980-present Cambia
indexes Crossref Document type: journal
PubMed article, conference
Microsoft Academic proceeding article,
conference proceedings,
dissertation, report
Dimensions N/A NOAA Year: 1980-present Digital science
Publication type: article,
proceeding
Web-based search Google Scholar Google Scholar N/A Title search Google Scholar via Pub-
engine Up to the first 1000 lish or Perish [44]
results
Novel literature discov-  Inciteful N/A N/A Up to the first 1000 [89] (https://inciteful.xyz/)

ery tool

results

For each source, the indexes, subscription, and provider are provided. Limits, restrictions, or filters are also noted


https://inciteful.xyz/
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Table 5 Organizations whose databases and websites will be searched for evidence on NBS performance

Organization name

URL

Asian Development Bank

Australian Government Department of Climate Change, Energy, the Environment, and Water

Billion Oyster Project

Caribbean Natural Resources Institute

Climate Resilient by Nature

ClimateLinks

Commonwealth Scientific and Industrial Research Organisation
Conservation International

UK Government Department for International Development
USAID Development Experience Clearinghouse

Duestsche Gesellschaft fur Internationale Zusammenarbeit
Environmental and Energy Study Institute

Environmental Defense Fund

European Union/Commission

Global Facility for Disaster Reduction and Recovery

Global Mangrove Alliance

Global Program on Nature-Based Solutions for Climate Resilience
iied Publications Library

International Monetary Fund

International Union for Conservation of Nature

National Fish and Wildlife Foundation

National Oceanic and Atmospheric Administration

National Science Foundation

Oxford Nature Based Solutions Initiative

Rare

Resources for the Future

The Nature Conservancy

United Nations Decade on Restoration

United Nations Development Programme

United Nations Environment Programme

United Nations Environment Programme World Conservation Monitoring Center
United States Army Corps of Engineers

United States Climate Resilience Toolkit

United States Department of Transportation

United States Environmental Protection Agency

United States Fish and Wildlife Service

United States Geological Survey

University of Georgia Institute for Resilient Infrastructure Systems
Wetlands International

Wildlife Conservation Society

World Agroforestry Center

World Bank

World Resources Institute

World Wildlife Fund

https://www.adb.org/
https://www.dcceew.gov.au/
https://www.billionoysterproject.org/
https://hub.canari.org/

https.//www.climateresilientbynature.com/

https://www.climatelinks.org/
https://www.csiro.au/
https://www.conservation.org/
https://www.gov.uk/
https.//www.usaid.gov/
https//www.giz.de/
https://www.eesi.org/
https://www.edf.org/
https://op.europa.eu/
https://www.gfdrr.org/
https://www.mangrovealliance.org/
https://naturebasedsolutions.org/
https://www.iied.org/
https://www.imf.org/
https.//www.iucn.org/
https://www.nfwf.org/
https.//www.noaa.gov/
https.//www.nsf.gov/

https://www.naturebasedsolutionsinitiative.org/

https://rare.org/
https://www.rff.org/
https://www.nature.org/
https://www.decadeonrestoration.org/
https://www.undp.org/
https://www.unep.org/
https://resources.unep-wcmc.org/
https://www.usace.army.mil/
https://toolkit.climate.gov/
https.//www.transportation.gov/
https://www.epa.gov/
https://www.fws.gov/
https://www.usgs.gov/
https://iris.uga.edu/
https.//www.wetlands.org/
https://library.wcs.org/
https://www.worldagroforestry.org/
https://www.worldbank.org/
https://www.wri.org/
https.//www.worldwildlife.org/

The name of each organization and the URL are provided


https://www.adb.org/
https://www.dcceew.gov.au/
https://www.billionoysterproject.org/
https://hub.canari.org/
https://www.climateresilientbynature.com/
https://www.climatelinks.org/
https://www.csiro.au/
https://www.conservation.org/
https://www.gov.uk/
https://www.usaid.gov/
https://www.giz.de/
https://www.eesi.org/
https://www.edf.org/
https://op.europa.eu/
https://www.gfdrr.org/
https://www.mangrovealliance.org/
https://naturebasedsolutions.org/
https://www.iied.org/
https://www.imf.org/
https://www.iucn.org/
https://www.nfwf.org/
https://www.noaa.gov/
https://www.nsf.gov/
https://www.naturebasedsolutionsinitiative.org/
https://rare.org/
https://www.rff.org/
https://www.nature.org/
https://www.decadeonrestoration.org/
https://www.undp.org/
https://www.unep.org/
https://resources.unep-wcmc.org/
https://www.usace.army.mil/
https://toolkit.climate.gov/
https://www.transportation.gov/
https://www.epa.gov/
https://www.fws.gov/
https://www.usgs.gov/
https://iris.uga.edu/
https://www.wetlands.org/
https://library.wcs.org/
https://www.worldagroforestry.org/
https://www.worldbank.org/
https://www.wri.org/
https://www.worldwildlife.org/
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Novel literature discovery tool The novel literature dis-
covery tool “Inciteful” [89] will be used to search for addi-
tional literature (Table 4). Inciteful is an online tool that
allows articles to be uploaded (.BIB file) and then provides
a list of similar papers. We will seed the tool using select
benchmarking articles. We will export up to 1000 most
similar articles.

Organizational databases and websites Forty-four
organizational databases and websites (Table 5) will
be searched for relevant gray literature not reflected in
indexing platforms, bibliographic databases, open discov-
ery citation indexes, novel literature discovery tools, and
web-based search engines. The organizations include gov-
ernmental organizations, non-profit organizations, and
academic institutions that fund, implement, or monitor
NBS in coastal systems. Organizational databases (e.g.,
repositories) contain searchable collections of literature
produced by, associated with, or funded by a particu-
lar organization (e.g.,, NOAA institutional repository).
Organizational websites include those that contain NBS
performance evidence but within a less formal framework
than a database or repository, such as a list of publications
on NBS performance evaluations.

Most organizational databases and websites do not
allow Boolean searches so the detailed search strings
(Table 2) will be adapted for “by hand” searches. The
search string used may vary by database or website but
will include a keyword or combinations of keywords,
or a built-in website filtering function (e.g., dropdown
menu to filter by document category or topic). Some
websites, however, do not have search functions so must
be searched manually. For each organizational database
or website, the first 100 search results will be screened
in situ. Relevant gray literature discovered from these
sources will be added to the systematic map database, but
articles screened in situ as not relevant will be excluded
and thus not added to the database. We will record the
website name, URL, date searched, search method (fil-
tered, keyword, search string, by hand), and number of
relevant articles identified for each organizational data-
base or website.

Comprehensiveness of the search

The stakeholder team identified 55 relevant articles to
test our search string against (Additional file 3). These
articles, which we refer to as benchmarking articles, were
sourced from subject matter experts. Some benchmark-
ing articles were also sourced from Smith et al. [77], a
recent scoping review of living shorelines. The identi-
fied benchmarking articles met the eligibility criteria and
would be included at the full text stage. We implemented
our search string in the Web of Science Core Collection
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and tested whether our benchmarking articles were
returned by our search strings. Of the 55 benchmarking
articles 52 were indexed in Web of Science. Our initial
search results failed to identify nine (6 indexed, plus 3 not
indexed) of the benchmarking articles. We then adjusted
our search string incrementally until it captured all 52
benchmarking articles indexed in Web of Science Core
Collection; in total, we conducted five rounds of testing
search string variations, improving searches, and refin-
ing combinations of substrings during the benchmarking
stage. We used functionalities within the R package ‘Cite-
Source’ [69] to evaluate how changes to the search string
affected the number of found benchmarking articles. We
also used ‘CiteSource’ to identify which search strings
and combinations found unique benchmarking articles,
versus which were duplicative, and which increased or
reduced search precision. We verified that the three
articles not indexed in Web of Science were returned in
searches via open discovery citation indexes like LENS
and Dimensions. Following benchmarking, research
librarians and subject matter experts peer-reviewed
the search strings and strategy to ensure consistent use
of syntax like truncations, and the search strings were
updated based on reviewer feedback.

Reference management and deduplication

All references will be managed using Clarviate’s End-
Note (version 20 and version 9) citation management
software [81]. Search results from indexing platforms,
bibliographic databases, open discovery citation indexes,
Google Scholar via Harzings, and the novel literature
discovery tool will be exported as separate .RIS files and
imported into EndNote. References within each .RIS file
will be deduplicated using ‘CiteSource, which dedupli-
cates within a database (e.g., WoS) and then across data-
bases (e.g., WoS, LENS, etc.). A combined deduplicated
.RIS file will be exported from CiteSource and imported
to EndNote. Within EndNote, we will perform manual
deduplication to identify any citations that could not
be merged via automated deduplication in CiteSource.
We will use the built-in deduplication function within
EndNote, to find and analyze any citations with match-
ing combinations of (1) DOI, (2) title and author, and (3)
author and year. Metadata quality will be checked within
EndNote to ensure completeness among metadata fields
and, specifically, that both title and abstract are avail-
able. Search results from the different platforms will be
combined into a single .RIS file and imported into Swift
Active Screener [45] along with benchmarking or seed
articles. Screening of titles and abstracts will be con-
ducted in Swift, and when screening is complete, we will
export .RIS files of all included articles, all excluded arti-
cles, as well as other Swift-generated reports. The .RIS
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file from Swift will be imported into EndNote, where—
in preparation for full text screening—we will add full
texts of articles that passed inclusion criteria and finalize
metadata (e.g., year, title, DOI). We will keep a record of
articles for which we could not locate full texts.

During full text screening, screeners will simultane-
ously operate EndNote and Google Sheets. They will use
EndNote to screen the full texts stored within EndNote
for each article and will highlight salient portions of each
article that relate to eligibility criteria or other metadata
attributes. Screeners will code metadata attributes in
Google Sheets during full text screening. Google Sheets
provides an open access spreadsheet that can be used
simultaneously by multiple users across institutions and
can be populated with dropdown options. More specifi-
cally, each row of the Google Sheet will correspond to an
article requiring full text screening. Initial columns of the
Google Sheet corresponding to metadata fields like title,
authors, and publication date will be populated from a
.RIS file exported from EndNote converted to a.CSV file
and fed into Google Sheets.

The subset of studies that pass full text screening will
be combined into a single .RIS file. All .RIS files from title
and abstract screening, full text screening, and the final
included articles will be available as additional files or
archived as part of the systematic map.

Article screening and study eligibility criteria
Screening process

Articles discovered during the search process will
be screened at the level of title and abstract to deter-
mine whether they meet predefined inclusion criteria
(Table 6). Screening at the title and abstract level will be
conducted in Swift Active Screener [45], which is a refer-
ence screening software application designed for system-
atic reviews. Swift Active Screener uses a type of machine
learning called active learning. Specifically, it employs
active learning to rank publications in order of relevance
based on screener feedback so that relevant publications
can be screened earlier rather than later. The software
updates the order and relevance of publications based on
completed reference screening actions. The software also
presents a running estimate of the percentage of relevant
references that have been screened from the initial set,
referred to here as the ‘recall rate; and a running estimate
of the number of remaining relevant references that have
not been screened. Those estimates allow a user to define
a target recall rate at which point the screening is termi-
nated. We selected a target recall rate of 95% at which
point we will terminate further screening [45]. Swift
Active Screener has been demonstrated to save signifi-
cant time resources through its active learning algorithm
and associated ranking system. For example, an analysis
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of datasets used for 26 systematic reviews found that
with a 95% recall rate, the median true recall rate using
the software was 99% [45]. Multiple systematic review
protocols (e.g., [15, 28]) from the medical sciences, which
similar to environmental sciences are also held to very
high standards, have been published using Swift Active
Screener; however, Swift Active Screener has not been
used frequently within environmental sciences. We rec-
ognize that using Swift Active Screener may introduce
bias into our map results because multiple articles could
be ranked low and thus targeted for exclusion that might
actually warrant inclusion and so could be overlooked.
However, based on Howard et al’s [45] analysis, we think
using Swift Active Screener for this systematic map
where we expect over 30,000 articles requiring screening
is necessary and beneficial.

To help facilitate screening within Swift Active
Screener, we will manually add keywords into the Swift
Active Screener interface so that they are highlighted in
titles and abstracts. We will also add questions for each
article that screeners will answer (check boxes, select
one or select multiple) within the software application to
record whether the article should be included or excluded
based on eligibility criteria. We will maintain a full list of
excluded articles. In cases where it is unclear whether
the article meets screening criteria based on information
contained within the title and abstract, the article will be
included at the title and abstract screening stage and sub-
jected to further screening at the full text level.

Articles that are deemed to meet inclusion criteria dur-
ing title and abstract screening will then be screened at
the full text level using the same inclusion criteria. If a
full text for an article cannot be obtained using all avail-
able resources, the article will be excluded. If an article
does not meet inclusion criteria during full text screen-
ing, it will be excluded. We will maintain a list of studies
excluded at the full text screening stage and the reason
for exclusion.

To reduce bias during screening, we will hold two train-
ing sessions—one for title and abstract screening and one
for full text screening—for all screeners to attend. Dur-
ing the training sessions, we will collaboratively work
through screening several articles. We will then assign
each screener the same small subset of articles to screen.
We will compare screening outcomes, discuss inconsist-
encies, and may alter eligibility criteria if needed. We will
evaluate inter-reviewer consistency for the final train-
ing set of articles at the title and abstract stage using the
Kappa statistic. Given the high number of expected arti-
cles, we will conduct double screening for as many as 5%
of articles at the title and abstract or full text screening
stages. The exact percentage of articles for which double
screening will be conducted will depend on the number
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of total articles, and we will report this information in
the systematic map. We recognize that single screening
may introduce bias to the systematic map, but it is nec-
essary because of the high number of expected articles
(~30,000) and resource constraints. If a screener is an
author of an article, they will not be permitted to screen
the article at the title and abstract or full text stage nor
permitted to code metadata extraction.

Eligibility criteria
To pass title and abstract and full text screening, articles
must meet the following eligibility criteria (Table 6).

Relevant population(s)

This systematic map focuses on six types of shallow
coastal ecosystems: salt marsh, seagrass, kelp, mangrove,
shellfish reef, and coral reef. These systems can be either
existing (e.g., where NBS is constructed in an existing
salt marsh or near an existing salt marsh) or created (e.g.,
NBS constructed to create salt marsh in an area where
salt marsh is currently nonexistent) (Table 6). The six
ecosystem types were selected because they are biogenic
(e.g., habitat formed by flora or fauna), characterized as
intertidal or subtidal, and are increasingly susceptible
to coastal development [33] and other human-induced
stressors [43]. Other coastal systems, such as dunes,
beaches, rocky reefs, and maritime forests, were excluded
because, even though they can host active NBS interven-
tions, these systems were deemed beyond the scope of
the study by the evidence map team based on time and
resource constraints. If, however, a study includes one or
more of the six eligible ecosystems and one or more of
the excluded ecosystems, the study would be included.
For instance, if a study reports on kelp and rocky reefs,
the study would be included since it reports on one of
the six target ecosystems, even though it also includes
content on an excluded system. The included systems
provide a range of latitudinal case studies. For instance,
some systems are constrained to tropical (coral reefs) or
temperate (kelp) latitudes, whereas others are widespread
across latitudinal gradients (shellfish reefs). Deep sea,
freshwater, subterranean, and terrestrial systems fell out-
side of the scope of this systematic map.

Relevant intervention(s)

A diversity of NBS types are used in coastal ecosystems
to solve problems ranging from biodiversity loss and hab-
itat degradation to pollution and coastal development.
We scoped this systematic map to focus on a subset of
active NBS interventions related to coastal protection
(Table 6). To be active interventions, NBS must be used,
installed, constructed, or implemented by humans, such
as through actions like restoring or creating habitat,
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adding structure, or modifying sediment or morphol-
ogy. To be related to coastal protection, NBS interven-
tions must either have a stated goal or evaluated outcome
of coastal protection. To meet the “stated goal” provi-
sion, NBS must be stated to have a goal, aim, or intent of
coastal protection related to waves, current, wind, water
level, storm surge, sediment, or morphology. To meet the
evaluated outcome provision, NBS must be evaluated for
physical outcomes (any directionality—positive, nega-
tive, neutral) related to waves, current, wind, water level,
storm surge, sediment, or morphology.

NBS for coastal protection range from green (e.g.,
marsh replanting to reduce coastal erosion) to hybrid
(e.g., construction of rock breakwaters with marsh
replanting) to gray (e.g., eco-concrete) [4, 25], and we
created a typology to encompass these diverse NBS inter-
ventions (Table 7; Additional file 4). We include fully
green and hybrid active NBS interventions related to
coastal protection. We also include gray or engineered
structures that have incorporated nature-inspired [48] or
nature-derived [48] designs (e.g., concrete module used
to create oyster substrate for wave attenuation), as well as
actions retrofitting, modifying, or removing gray infra-
structure. Specifically, if a human-made structure (gray,
hybrid) is installed in one of the six coastal ecosystems or
is installed with a goal of restoring one of the six coastal
ecosystems, it will be included so long as it meets the
other PIOS criteria.

Relevant comparator(s)

The systematic map employs a population—interven-
tion—outcome—study type (PIOS) approach and inten-
tionally lacks a formal comparator because any study that
includes an active NBS intervention related to coastal
protection is included (Table 6). For example, if the eco-
logical performance of the NBS intervention is evaluated
at a particular time point or location, that provides evi-
dence on performance outside of a comparator frame-
work. While we will include studies without explicit
comparators because they provide valuable “point-based”
evidence, we will also include studies with more explic-
itly identified comparators. These could include temporal
(presence vs. absence of NBS, before vs. after NBS, etc.)
or spatial comparators (e.g., locations with or without
NBS or with different types of NBS).

Relevant outcome(s)

This systematic map aims to determine the evidence
base surrounding performance of NBS in a variety of
coastal systems. We have scoped performance broadly to
include four categories: ecological, physical, economic,
and social (Table 6). Within each category, we have cre-
ated typologies to which particular outcomes belong for
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Table 8 Typology of ecological outcomes. Typologies are from or adapted from Brooks et al. [6], Cheng et al. [8], O'Leary et al. [62],
Reid et al. [68], Smith et al. [77]; see additional details in Additional file 5

Category

Definition

Examples

Population/species

Community

Habitat

Biological interactions

Spatial functions and processes

Temporal functions and processes

Ecosystem productivity
Nutrient cycling

Ecosystem health

Outcomes focused on characteristics of or changes in
species or populations

Outcomes focused on characteristics of or changes in
communities

Outcomes focused on characteristics of or changes in
habitats

Outcomes focused on characteristics of or changes
in biological or species interactions like facilitation,
competition, predation

Outcomes focused on characteristics of or changes in
spatial ecosystem functions and processes

Outcomes focused on characteristics of or changes in
temporal ecosystem functions and processes

Outcomes focused on characteristics of or changes in
ecosystem productivity

Outcomes focused on characteristics of or changes in
nutrient cycling

Outcomes focused on characteristics of or changes in
ecosystem health

Abundance; density; biomass; demography (age, size
structure); behavior (time spent hiding; time spent
feeding; distance from habitat); recruitment; reproduc-
tion (fecundity; spawning aggregations, reproductive
individuals); species range and spatial extent; dispersal
(migration patterns, natal homing, habitat use), con-
nectivity (measured with genetics, microchemistry), body
conditions (disease incidence, parasitism rate, toxin level),
adaptability, resilience, resistance, or recovery at species
level (genetic diversity, heat resistance, salinity tolerance,
other stressor tolerance)

Community composition and species diversity (abun-
dance, richness, evenness); trophic or food web structure
(abundance or diversity of organisms within trophic
levels, food web redundancy, number of trophic levels);
functional redundancy (degree to which species or
groups of species generate similar functions); resilience,
resistance, or recovery at community level

Habitat quantity (cover and extent—area, volume,
height, width, cover; gain or loss in extent); habitat qual-
ity (3D complexity, rugosity, fractal dimensions, founda-
tion species density); habitat connectivity or biogeog-
raphy (degree to which habitats are connected, such as
seagrass material in fish gut contents; spillover); upland
habitat transition boundary or extent; habitat transgres-
sion, migration, or transition

Competition; predation; mutualism; commensalism; facil-
itation; herbivory; omnivory; carnivory; zooplanktivory;
water filtration (e.g., shellfish filtering water or vegetation
slowing water movement); invasive or non-native species
interactions with other organisms

Spatial distribution, including zonation; connectivity
(not at species or habitat level, but rather ecosystem
level); dispersal; transgression or migration of ecosystem
[space]

Succession; colonization; transgression or migration of
ecosystem [time]; reaction to pulse or chronic distur-
bances; resilience, resistance, and recovery

Primary productivity; secondary productivity; energy
flow; photosynthesis; respiration; decomposition

Denitrification; nitrification; carbon sequestration; carbon
cycling and storage; phosphorus cycling

Turbidity; harmful algal blooms; bacteria, viruses, and
fungj; toxins and contaminants; microplastics; debris;
bioaccumulation; nutrient levels and pollution; invasive
or non-native species ecosystem effects; tipping points
and thresholds; resilience, resistance, or recovery at
ecosystem level

ecological (e.g., population and species, nutrient cycling;
Table 8; Additional file 5), physical (e.g., waves, flooding
and inundation; Table 9; Additional file 5), social (e.g.,
health, culture; Table 10; Additional file 5), and economic
(e.g., income, financial capital; Table 11; Additional file 5)
outcomes. These typologies will continue to be refined
during the screening process. Studies that do not report

performance within one of the four main categories
(ecological, physical, social, economic) will be excluded
because they do not provide evidence for this particular
evidence map.

Relevant study type(s)
Observational (e.g., monitoring, assessment), experi-
mental, modeling/simulation, or quasi-experimental
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studies will be included from peer-reviewed publica-
tions and gray literature (Table 6). These studies will
provide data on NBS performance that can be either
quantitative measurements or more qualitative com-
parisons. Theoretical studies will not be included
because they are not based on empirical in situ quanti-
tative or qualitative data. Commentaries, perspectives,
opinions, and editorials are excluded.

Study validity assessment

Because we are conducting a systematic map to com-
pile a broad evidence base, we do not plan to systemati-
cally assess the study validity through conducting critical
appraisals as is typical in systematic reviews. We under-
stand that this may have implications for the utility of
the systematic map, such as limiting interpretations sur-
rounding gaps and clusters in evidence. We will acknowl-
edge these limitations in the final map. We will, though,
code attributes of each study, such as performance
assessment frequency and the method used to evaluate
NBS performance outcomes. These attributes can assist
end users of the systematic map in making preliminary
assessments of study validity.

Data extraction and coding strategy

Metadata from studies that meet our inclusion criteria
will be entered into a standardized data coding spread-
sheet (Table 12; Additional file 6). The extracted meta-
data will include bibliographic (e.g., publication year,
authors, title) attributes, as well as attributes describing
the population, intervention, study type and—if applica-
ble—the comparator, and outcome. Population metadata
attributes will include the ecosystem type and descrip-
tion. Intervention attributes will include the NBS type
(Table 6) and description, as well as whether a coastal
protection goal accompanies the NBS intervention and
if so a description of the goal. Study type attributes will
include the type of study (e.g., observational, experimen-
tal, modeling), objective, design, geographic location,
and comparator. Outcome attributes will include the cat-
egory and subcategory of outcome (e.g., social—culture),
as well as evaluation method, metrics, duration, and
frequency.

We have developed a code book that explains the meta-
data attributes (Additional file 6). The code book provides
instructions for screeners, designates attribute types and
formats, and specifies levels for categorical attributes
from which screeners can select from dropdown menus
when entering data into the standardized data coding
spreadsheet. For attributes where the required informa-
tion is missing from or not stated in the article, screeners
will code the attribute as “unknown.” We do not plan to
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contact authors to request missing information. When an
attribute is not applicable to a particular article, it will be
coded as “not applicable” We will fully test the code book
prior to data coding and will report any modifications to
the codebook in the final systematic map.

To ensure consistency in data coding, we will hold a
training session to train screeners in how to conduct
metadata coding; this training session may occur within
the full text screening training session (see Screening
section above). During the training session, we will col-
laboratively work through data coding of several articles,
including some that are straightforward and others that
are more nuanced. We will then assign each screener
the same small subset of articles to code. We will com-
pare coding results, discuss inconsistencies, and may
alter attributes and instructions if needed. Given the high
number of expected articles, we will not conduct double
(or side-by-side) data extraction at the full text stage but
rather will conduct spot checks on a small percentage of
articles. We will compare spot checking results and dis-
cuss any inconsistencies with the screening team. The
exact percentage of articles for which spot checking will
be conducted will depend on the number of total arti-
cles, and we will report this information in the systematic
map.

Study mapping and presentation

Metadata extracted from studies that pass title and
abstract and full text screening will be converted into a
standardized format suitable for analysis. Analyses will
be conducted in R to investigate and visualize patterns in
the distribution and abundance of evidence surrounding
NBS performance. Analyses will be targeted to address
our primary and secondary research questions. For
example, we will characterize the distribution of evidence
on the intended performance of NBS, including the types
of coastal protection goals, number of coastal protec-
tion goals identified, whether coastal protection goals
are most frequently primary goals or co-benefits, and
what categories other goals fall under (economic, social,
ecological). We will also summarize evidence on the per-
formance of NBS, including the distribution of evidence
across ecological (e.g., species and population, biological
interactions, nutrient cycling), physical (e.g., water level,
waves, sediment and morphology), social (e.g., human
health, culture, safety and security), and economic (e.g.,
income, livelihoods, natural capital) outcomes. We will
then determine differences in the evidence base by fac-
tors, such as ecosystem type (e.g., salt marsh, man-
grove, shellfish reef), NBS type (e.g., system restoration
or enhancement, system creation, structure addition),
geographic location, and spatial scale. We will identify
approaches used to evaluate NBS performance, which
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Table 12 Metadata attributes to be extracted during data coding for articles that pass both title and abstract and full text screening

stages.
Category Attribute name Description
General Article ID Unique identifier for each article
Full text eligibility Whether article is eligible for inclusion based on full text screening (include, exclude)
Screener name Name of individual who screened full text
Screening date Screening date of full text
Full text available Whether full text is available for article (available, unavailable)
Screening notes Screener notes on full text screening stage
Bibliographic Publication type Type of publication (peer-reviewed, book chapter, etc.)
Author(s) Article author(s)
Publication year Year article was published (YYYY)
Title Title of article
Journal name Name of journal where article was published
Volume Volume of journal in which article was published
Page numbers Page numbers of article
DOI DOl of article
URL URL of article
Population  Population eligibility Inclusion versus exclusion decision during full text screening stage for population

Intervention

Study type

Outcome

Type of coastal ecosystem

Description of coastal ecosystem
Intervention eligibility

Category of NBS intervention
Coastal protection context of NBS intervention

Policy-relevant term for intervention
Description of NBS intervention

Description of NBS' coastal protection goal
Coastal protection context

Dates of NBS intervention
Cost of NBS intervention reported
Study type eligibility

Study type

Study objective
Study design
Study location
Geographic scale

Country

State

Water body

Category of comparator

Description of comparator
Outcome eligibility

(include, exclude)

Type of coastal ecosystem where NBS is located (salt marsh, seagrass, mangrove, kelp,
coral reef, shellfish reef)

Description from article of ecosystem type

Inclusion versus exclusion decision during full text screening stage for intervention
(include, exclude)

Category of NBS intervention (living shoreline, planting or seeding, artificial substrate
addition); see intervention typology, Table 7

Whether the NBS intervention seeks to achieve a stated coastal protection goal (stated
goal; evaluated outcome)

Policy-relevant term used to describe NBS intervention (NBS, NBI, NNBF, etc.)

Description from article of NBS intervention including quantitative or qualitative infor-
mation

Description from article of coastal protection goal that NBS intervention seeks to
achieve

Whether coastal protection was identified as an intended goal or intent, evaluated
outcome, or implied through framing (intended, assessed, implied)

When the NBS intervention takes place
Whether cost information on NBS intervention is reported (yes, no)

Inclusion versus exclusion decision during full text screening stage for study type
(include, exclude)

Type of study (experimental, modeling, etc.)
Description from article of study objective
Description from article of study design
Description from article of study location

Description from article of NBS intervention geographic scale (global, regional, national,
subnational, local)

Country where NBS intervention occurred
If NBS intervention used in United States, state where NBS intervention occurred
Name of water body where study was conducted

Category of comparator used in study (before vs. after, presence vs. absence, different
types of NBS interventions, etc.)

Description from article of study comparator, if applicable

Inclusion versus exclusion decision during full text screening stage for outcome
(include, exclude)
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Table 12 (continued)
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Category Attribute name

Description

Category of outcome

Whether performance outcome is ecological, physical, economic, or social (ecological,

physical, economic, social)

Subcategory of outcome

Subcategory of outcome (social: safety and security, culture, etc.); see outcome typol-

ogy, Tables 8,9, 10, 11

Description of outcome
When outcome evaluation took place

Description from article of performance outcome
Whether NBS performance outcomes were evaluated before, during, or after construc-

tion [before construction, during construction, after construction (<1 yr), after con-
struction (> 1 to <5 yrs), after construction (>5 to <10 yrs), after construction (> 10 yrs),
no evaluations conducted]

Frequency of outcome evaluation
5 years)

Methods for outcome evaluation

Frequency of outcome performance evaluation, including units (e.g., every 3 weeks for

Monitoring method(s) used to evaluate NBS performance outcome (net sampling,

economic survey, etc.)

Metrics for outcome evaluation

Data type for outcome evaluation

Monitoring metric(s) used to evaluate NBS performance outcome (fish biomass, job
creation, etc.)

Whether data are qualitative, quantitative, or a combination of both to monitor perfor-

mance outcome

Directionality outcome

Directionality of performance outcome (positive, negative, mixed, neutral/no effect)

For each attribute, its name and description are provided, along with the category that it falls within (bibliographic, intervention, etc.). If an article has more than
outcome, outcome attributes like outcome category and subcategory, outcome description, etc. will be repeated for each outcome

metrics were evaluated, and when evaluations were col-
lected relative to the NBS intervention. We will identify
topics and subtopics where sufficient evidence exists,
termed evidence clusters, suitable for future systematic
reviews or meta-analyses. We will also identify evidence
gaps suitable for future empirical research. Evidence clus-
ters and gaps will be identified using heat maps based
on matrices of the number of studies for cross-tabulated
attributes (e.g., interventions versus outcomes).

Following data analyses, we will prepare the final evi-
dence map for peer-reviewed publication in the journal
Environmental Evidence. The evidence map will include
visual summaries of the evidence base using figures
including heat maps, bar plots, and geographic distribu-
tion maps, as well as tabular summaries. A core compo-
nent of the map will be a narrative summary highlighting
evidence clusters for which systematic reviews or meta-
analyses can be conducted, as well as evidence gaps for
which additional research may be warranted. The narra-
tive report will also outline the policy and management
implications of the map findings. Data on included lit-
erature and associated metadata, as well as excluded lit-
erature, will be made publicly available either through
a public data repository or as Additional files published
with the resulting evidence map.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513750-023-00303-4.

Additional file 1. ROSES for systematic map protocols checklist.

Additional file 2. Search strategy development and testing.
Additional file 3. Benchmarking articles.

Additional file 4. Intervention typology.

Additional file 5. Outcome typology.

Additional file 6. Data extraction codebook.

Acknowledgements

We thank the NOAA National Centers for Coastal Ocean Science and the
NOAA Central Library for supporting the protocol. We thank Duke RESTORE for
supporting the protocol, and especially Alyssa Adler, Anjali Boyd, and Josette
McLean for their insight during initial protocol scoping. We thank Lisa Clarke,
and Hope Shinn from the NOAA Central Library and Brian Voss from the NOAA
Seattle Regional Library for reviewing the search string. We thank Leanne
Poussard, Alyssa Leclaire, Tomma Barnes, Trevor Meckley, and Rebecca Nicode-
mus for thoughtful reviews of the manuscript. We thank Samantha Cheng for
her feedback on scoping and developing the search and data coding strate-
gies. The views and conclusions contained in this document are those of the
authors and should not be interpreted as representing the opinions or policies
of the US Government, nor does mention of trade names or commercial
products constitute endorsement or recommendation for use.

Author contributions

AP and TR conceptualized the scope and developed the protocol. TR and AP
were the major contributors to the search strategy and string development,
bibliographic database selection, source analysis, and reference management.
AP, CS, and TR were the main contributors to the organizational literature
search strategy and database selection. AP developed the data coding
strategy. AP and TR drafted the manuscript with support from CS in the intro-
duction. AP drafted the intervention and outcome typologies with support
from BP and JD. All authors helped refine the systematic map scope, protocol
methods, and manuscript. All authors read and approved the final manuscript.

Funding
This study was supported by the NOAA National Centers for Coastal Ocean
Science.

Availability of data and materials
Not applicable.


https://doi.org/10.1186/s13750-023-00303-4
https://doi.org/10.1186/s13750-023-00303-4

Paxton et al. Environmental Evidence

(2023) 12:11

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

"National Centers for Coastal Ocean Science, National Ocean Service, National
Oceanic and Atmospheric Administration, 101 Pivers Island Road, Beaufort, NC
28516, USA. “Central Library, Office of Science Support, Oceanic and Atmos-
pheric Research, National Oceanic and Atmospheric Administration, 1315
East-West Highway, Silver Spring, MD 20910, USA. 3CSSInc, 10301 Democracy
Lane, Suite 300, Fairfax, VA 22030, USA. “Duke University Marine Lab, 135
Marine Lab Road, Beaufort, NC 28516, USA. 5Departmem of Marine, Earth,

and Atmospheric Sciences, North Carolina State University, 2800 Faucette
Drive, Raleigh, NC 27695, USA. 6Depar‘[ment of Biology, East Carolina Univer-
sity, 101 E. 10th Street, Greenville, NC 27858, USA. ’Coastal Studies Institute,
East Carolina University, 850 NC 345, Wanchese, NC 27981, USA.

Received: 2 March 2023 Accepted: 2 May 2023
Published online: 22 May 2023

References

1.

Barbier EB, Georgiou IY, Enchelmeyer B, Reed DJ. The value of wetlands in
protecting southeast Louisiana from hurricane storm surges. PLoS ONE.
2013;8:e58715.

Barbier EB, Hacker SD, Kennedy C, Koch EW, Stier AC, Silliman BR.

The value of estuarine and coastal ecosystem services. Ecol Monogr.
2011;81:169-93.

Beck MW, Brumbaugh RD, Airoldi L, Carranza A, Coen LD, Crawford C,
Defeo O, Edgar GJ, Hancock B, Kay MC, Lenihan HS, Luckenbach MW,
Toropova CL, Zhang G, Guo X. Oyster reefs at risk and recommenda-
tions for conservation, restoration, and management. Bioscience.
2011;,61:107-16.

Bridges T, King J, Simm J, Beck M, Collins G, Lodder Q, Mohan R. Interna-
tional guidelines on natural and nature-based features for flood risk man-
agement. In: U.S. A. E. R. a. D. Center, editor. U.S. Army Corps of Engineers;
2021.

Bridges TS, Burks-Copes KA, Bates ME, Collier ZA, Fischenich JC, Piercy CD,
Russo EJ, Shafer DJ, Suedel BC, Gailani JZ, Rosati JD, Wamsley TV, Wagner
PW, Leuck LD, Vuxton EA. Use of natural and nature-nased features
(NNBF) for coastal resilience. In: T. U. A. E. R. a. D. C. (ERDC), editor. U.S.
Army Corps of Engineers; 2015.

Brooks WR, Rudd ME, Cheng SH, Silliman BR, Gill DA, Ahmadia GN,
Andradi-Brown DA, Glew L, Campbell LM. Social and ecological out-
comes of conservation interventions in tropical coastal marine ecosys-
tems: a systematic map protocol. Environ Evid. 2020,9:1-12.

Chausson A, Turner B, Seddon D, Chabaneix N, Girardin CAJ, Kapos V, Key
I, Roe D, Smith A, Woroniecki S, Seddon N. Mapping the effectiveness of
nature-based solutions for climate change adaptation. Glob Change Biol.
2020;26:6134-55.

Cheng SH, Ahlroth S, Onder S, Shyamsundar P, Garside R, Kristjanson P,
McKinnon MC, Miller DC. What is the evidence for the contribution of
forests to poverty alleviation? A systematic map protocol. Environ Evid.
2017,6:1-11.

Cheng SH, Costedoat S, Sterling EJ, Chamberlain C, Jagadish A,

Lichtenthal P Nowakowski AJ, Taylor A, Tinsman J, Canty SWJ, Holland MB,

Jones KW, Mills M, Morales-Hidalgo D, Sprenkle-Hyppolite S, Wiggins M,
Mascia MB, Munoz Brenes CL. What evidence exists on the links between
natural climate solutions and climate change mitigation outcomes in
subtropical and tropical terrestrial regions? A systematic map protocol.
Environ Evid. 2022;11:1-17.

10.

20.

21

22.

23.

24.
25.

26.

27.

28.

Page 23 of 25

Chinese Ministry of Ecology and Environment, National Development
and Reform Commission, Ministry of Science and Technology, Ministry of
Finance, Ministry of Natural Resources, Ministry of Housing and Urban-
Rural Development, Ministry of Transport, Ministry of Water Resources,
Ministry of Agriculture and Rural Affairs, Ministry of Culture and Tourism,
National Health Commission, Ministry of Emergency Management, Peo-
ple’s Bank of China, Chinese Academy of Sciences, China Meteorological
Administration, National Energy Administration, and N. F. a. G. Admin-
istration. National climate change adaptation strategy 2035 (Center for
Security and Emerging Technology English translation); 2022.

. Chowdhury MSN, Walles B, Sharifuzzaman SM, Shahadat Hossain M,

Ysebaert T, Smaal AC. Oyster breakwater reefs promote adjacent mudflat
stability and salt marsh growth in a monsoon dominated subtropical
coast. Sci Rep. 2019;9:8549.

. Collaboration for Environmental Evidence. Guidelines and Standards for

Evidence synthesis in Environmental Management. Version 5.1. In: Pullin
AS, Frampton GK, Livoreil B, Petrokofsky G, editors. 2022. http://www.envir
onmentalevidence.org/information-for-authors.

. Colls A, Ash N, Ikkala N. Ecosystem-based adaptation: a natural response

to climate change. Gland: IUCN; 2009.

. CookT, Bishop A. Case study 53: rye harbour farm regulated tidal

exchange. 2016.

. Deluca NM, Angrish M, Wilkins A, Thayer K, Cohen Hubal EA. Human

exposure pathways to poly- and perfluoroalkyl substances (PFAS) from
indoor media: a systematic review protocol. Environ Int. 2021;146:
106308.

. Dick J, Carruthers-Jones J, Carver S, Dobel AJ, Miller JD. How are nature-

based solutions contributing to priority societal challenges surrounding
human well-being in the United Kingdom: a systematic map. Environ
Evid. 2020;9:1-21.

. DuJ, Park K, Jensen C, Dellapenna TM, Zhang WG, Shi Y. Massive oyster kill

in Galveston Bay caused by prolonged low-salinity exposure after Hur-
ricane Harvey. Sci Total Environ. 2021;774: 145132.

. Dunic JC, Brown CJ, Connolly RM, Turschwell MP, Cote IM. Long-term

declines and recovery of meadow area across the world's seagrass biore-
gions. Glob Change Biol. 2021;27:4096-109.

. Eddy TD, Lam VWY, Reygondeau G, Cisneros-Montemayor AM, Greer K,

Palomares MLD, Bruno JF, Ota Y, Cheung WWL. Global decline in capacity
of coral reefs to provide ecosystem services. One Earth. 2021;4:1278-85.
Eger AM, Marzinelli EM, Christie H, Fagerli CW, Fujita D, Gonzalez AP, Hong
SW, Kim JH, Lee LC, McHugh TA, Nishihara GN, Tatsumi M, Steinberg PD,
Verges A. Global kelp forest restoration: past lessons, present status, and
future directions. Biol Rev. 2022,97:1449-75.

Estoque RC, Myint SW, Wang C, Ishtiaque A, Aung TT, Emerton L, Ooba
M, Hijioka Y, Mon MS, Wang Z, Fan C. Assessing environmental impacts
and change in Myanmar’s mangrove ecosystem service value due to
deforestation (2000-2014). Glob Change Biol. 2018;24:5391-410.
European Commission. Towards an EU research and innovation policy
agenda for nature-based solutions and re-naturing cities. Final report

of the Horizon 2020 expert group on‘nature-based solutions and re-
naturing cities. Brussels; 2015.

European Commission. Horizon Europe: work programme 2021-2022
missions; 2022.

European Commission. Nature-based solutions research policy; 2022.
Feagin RA, Bridges TS, Bledsoe B, Losos E, Ferreira S, Corwin E, Lodder Q,
Beck MW, Reguero B, Sutton-Grier A, Figlus J, Palmer R, Nelson DR, Smith
C, Olander L, Silliman B, Pietersen H, Costanza R, Gittman RK, Narayan

S, Pontee N, Donahue M, McNeill D, Guidry T. Infrastructure investment
must incorporate nature’s lessons in a rapidly changing world. One Earth.
2021;4:1361-4.

Federal Ministry for the Environment, Nature Conservation, and Nuclear
Safety and Consumer Protection. Action plan on nature-based solutions
for climate and biodiversity (draft).

Ferrario F, Beck MW, Storlazzi CD, Micheli F, Shepard CC, Airoldi L. The
effectiveness of coral reefs for coastal hazard risk reduction and adapta-
tion. Nat Commun. 2014;5:3794.

Gardner B, Betson M, Cabal Rosel A, Canica M, Chambers MA, Conta-
dini FM, Gonzalez Villeta LC, Hassan MM, La Ragione RM, de Menezes

A, Messina D, Nichols G, Olivenca DV, Phalkey R, Prada JM, Ruppitsch

W, Santorelli LA, Selemetas N, Tharmakulasingam M, van Vliet AHM,
Woegerbauer M, Deza-Cruz |, Lo lacono G. Mapping the evidence of the


http://www.environmentalevidence.org/information-for-authors
http://www.environmentalevidence.org/information-for-authors

Paxton et al. Environmental Evidence

29.

30.

31.

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

(2023) 12:11

effects of environmental factors on the prevalence of antibiotic resist-
ance in the non-built environment: protocol for a systematic evidence
map. Environ Int. 2023;171: 107707.

Gardner TA, Coté IM, Gill JA, Grant A, Watkinson AR. Hurricanes and
Caribbean coral reefs: impacts, recovery patterns, and role in long-term
decline. Ecology. 2005;86:174-84.

Gedan KB, Kirwan ML, Wolanski E, Barbier EB, Silliman BR. The present
and future role of coastal wetland vegetation in protecting shore-

lines: answering recent challenges to the paradigm. Clim Change.
2011;106:7-29.

Gedan KB, Silliman BR. Patterns of salt marsh loss within coastal regions of
North America: presettlement to present. In: Silliman BR, Grosholz T, Bert-
ness MD, editors. Salt marshes: a global perspective. Berkeley: University
of California Press; 2009. p. 253-66.

Gittman RK, Popowich AM, Bruno JF, Peterson CH. Marshes with and with-
out sills protect estuarine shorelines from erosion better than bulkheads
during a category 1 hurricane. Ocean Coast Manag. 2014;102:94-102.
Gittman RK, Scyphers SB, Smith CS, Neylan IP, Grabowski JH. Ecologi-

cal consequences of shoreline hardening: a meta-analysis. Bioscience.
2016;,66:763-73.

Goldberg L, Lagomasino D, Thomas N, Fatoyinbo T. Global declines in
human-driven mangrove loss. Glob Change Biol. 2020;26:5844-55.
Grames EM, Stillman AN, Tingley MW, Elphick CS. Litsearchr: automated
search term selection and search strategy for systematic reviews. 2020.
Grames EM, Stillman AN, Tingley MW, Elphick CS, Freckleton R. An auto-
mated approach to identifying search terms for systematic reviews using
keyword co-occurrence networks. Methods Ecol Evol. 2019;10:1645-54.
Griscom BW, Adams J, Ellis PW, Houghton RA, Lomax G, Miteva DA,
Schlesinger WH, Shoch D, Siikamaki JV, Smith P, Woodbury P, Zganjar

C, Blackman A, Campari J, Conant RT, Delgado C, Elias P, Gopalakrishna

T, Hamsik MR, Herrero M, Kiesecker J, Landis E, Laestadius L, Leavitt SM,
Minnemeyer S, Polasky S, Potapov P, Putz FE, Sanderman J, Silvius M,
Wollenberg E, Fargione J. Natural climate solutions. Proc Natl Acad Sci.
2017;114:11645-50.

Guannel G, Arkema K, Ruggiero P, Verutes G. The power of three: coral
reefs, seagrasses and mangroves protect coastal regions and increase
their resilience. PLoS ONE. 2016;11: e0158094.

Guneralp B, Glneralp I, Liu Y. Changing global patterns of urban exposure
to flood and drought hazards. Glob Environ Change. 2015;31:217-25.
H.R.3684. Infrastructure investment and jobs act. 2021.

Haddaway NR, Collins AM, Coughlin D, Kirk S. The role of Google Scholar
in evidence reviews and its applicability to grey literature searching. PLoS
ONE. 2015;10: e0138237.

Haddaway NR, Macura B, Whaley P, Pullin AS. ROSES RepOrting standards
for systematic evidence syntheses: pro forma, flow-diagram and descrip-
tive summary of the plan and conduct of environmental systematic
reviews and systematic maps. Environ Evid. 2018;7:1-8.

Halpern BS, Selkoe KA, Micheli F, Kappel CV. Evaluating and ranking the
vulnerability of global marine ecosystems to anthropogenic threats.
Conserv Biol. 2007;21:1301-15.

Harzing AW. Publish or perish. 2007. https://harzing.com/resources/publi
sh-or-perish.

Howard BE, Phillips J, Tandon A, Maharana A, Elmore R, Mav D, Sedykh A,
Thayer K, Merrick BA, Walker V, Rooney A, Shah RR. SWIFT-active screener:
accelerated document screening through active learning and integrated
recall estimation. Environ Int. 2020;138: 105623.

International Union for Conservation of Nature (IUCN). Defining nature-
based solutions—WCC-2016-Res-069-EN; 2016.

International Union for Conservation of Nature (IUCN). Nature-based
solutions to address global societal challenges; 2016.

International Union for Conservation of Nature (IUCN). Guidance for
using the IUCN global standard for nature-based solutions: a user-friendly
framework for the verification, design and scaling up of nature-based
solutions; 2020.

International Union for Conservation of Nature (IUCN). IUCN global
standard for nature-based solutions: a user-friendly framework for the
verification, design and scaling up of NbS; 2020.

Krumhansl KA, Okamoto DK, Rassweiler A, Novak M, Bolton JJ, Cavanaugh
KC, Connell SD, Johnson CR, Konar B, Ling SD, Micheli F, Norderhaug

KM, Perez-Matus A, Sousa-Pinto |, Reed DC, Salomon AK, Shears NT,
Wernberg T, Anderson RJ, Barrett NS, Buschmann AH, Carr MH, Caselle

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Page 24 of 25

JE, Derrien-Courtel S, Edgar GJ, Edwards M, Estes JA, Goodwin C, Kenner
MC, Kushner DJ, Moy FE, Nunn J, Steneck RS, Vasquez J, Watson J, Witman
JD, Byrnes JE. Global patterns of kelp forest change over the past half-
century. Proc Natl Acad Sci. 2016;113:13785-90.

Kumar P, Debele SE, Sahani J, Rawat N, Marti-Cardona B, Alfieri SM, Basu

B, Basu AS, Bowyer P, Charizopoulos N, Jaakko J, Loupis M, Menenti M,
Mickovski SB, Pfeiffer J, Pilla F, Proll J, Pulvirenti B, Rutzinger M, Sannigrahi
S, Spyrou C, Tuomenvirta H, Vojinovic Z, Zieher T. An overview of monitor-
ing methods for assessing the performance of nature-based solutions
against natural hazards. Earth Sci Rev. 2021;217: 103603.

La Rosa D, Pauleit S, Xiang W-N. Unearthing time-honored examples of
nature-based solutions. Socio-Ecol Pract Res. 2021;3:329-35.

Leeds M. Case study 52: Fingringhoe managed realignment; 2016.
Liquete C, Piroddi C, Drakou EG, Gurney L, Katsanevakis S, Charef A, Egoh
B. Current status and future prospects for the assessment of marine

and coastal ecosystem services: a systematic review. PLoS ONE. 2013;8:
e67737.

McClenachan GM, Donnelly MJ, Shaffer MN, Sacks PE, Walters LJ. Does
size matter? Quantifying the cumulative impact of small-scale living
shoreline and oyster reef restoration projects on shoreline erosion. Restor
Ecol. 2020;28:1365-71.

McKinnon MC, Cheng SH, Dupre S, Edmond J, Garside R, Glew L, Holland
MB, Levine E, Masuda YJ, Miller DC, Oliveira |, Revenaz J, Roe D, Shamer S,
Wilkie D, Wongbusarakum S, Woodhouse E. What are the effects of nature
conservation on human well-being? A systematic map of empirical
evidence from developing countries. Environ Evid. 2016;5:1-25.
McMichael C, Dasgupta S, Ayeb-Karlsson S, Kelman I. A review of estimat-
ing population exposure to sea-level rise and the relevance for migration.
Environ Res Lett. 2020;15: 123005.

Méller I, Kudella M, Rupprecht F, Spencer T, Paul M, van Wesenbeeck BK,
Wolters G, Jensen K, Bouma TJ, Miranda-Lange M, Schimmels S. Wave
attenuation over coastal salt marshes under storm surge conditions. Nat
Geosci. 2014;7:727-31.

Moser SC, Davidson MA, Kirshen P, Mulvaney P, Murley JF, Neumann JE,
Petes L, Reed D. Ch. 25: Coastal zone development and ecosystems. In:
Melillo JM, Terese (T.C.) Richmond, Yohe GW, editors. Climate Change
Impacts in the United States: The Third National Climate Assessment. U.S.
Global Change Research Program; 2014. 841 pp. https://doi.org/10.7930/
J0Z31WJ2.

Nature.'Nature-based solutions’is the latest green jargon that means
more than you might think. Nature. 2017;541:133-4.

O'Leary BC, Fonseca C, Cornet CC, de Vries MB, Degia AK, Failler P, Furlan
E, Garrabou J, Gil A, Hawkins JP, Krause-Jensen D, Le Roux X, Peck MA,
Pérez G, Queirds AM, Rozyniski G, Sanchez-Arcilla A, Simide R, Sousa Pinto
I, Trégarot E, Roberts CM. Embracing nature-based solutions to promote
resilient marine and coastal ecosystems. Nat Based Solut. 2023;3: 100044.
O'Leary BC, Copping JP, Mukherjee N, Dorning SL, Stewart BD, McKinley
E, Addison PFE, Williams C, Carpenter G, Righton D, Yates KL. The nature
and extent of evidence on methodologies for monitoring and evaluating
marine spatial management measures in the UK and similar coastal
waters: a systematic map. Environ Evid. 2021;10:1-23.

Ommer J, Bucchignani E, Leo LS, Kalas M, Vrani¢ S, Debele S, Kumar

P, Cloke HL, Di Sabatino S. Quantifying co-benefits and disbenefits of
nature-based solutions targeting disaster risk reduction. Int J Disaster Risk
Reduct. 2022;75: 102966.

Ozment S, Gonzalez M, Schumacher A, Oliver E, Morales AG, Gartner

T, Silva M. Nature-based solutions in Latin America and the Caribbean:
regional status and priorities for growth. Washington, D.C.. Inter-American
Development Bank and World Resources Institute; 2021.

Polidoro BA, Carpenter KE, Collins L, Duke NG, Ellison AM, Ellison JC, Farns-
worth EJ, Fernando ES, Kathiresan K, Koedam NE, Livingstone SR, Miyagi T,
Moore GE, Ngoc Nam V, Ong JE, Primavera JH, Salmo SG, Sanciangco JC,
Sukardjo S, Wang Y, Yong JW.The loss of species: mangrove extinction risk
and geographic areas of global concern. PLoS ONE. 2010;5: e10095.
Rappaport EN. Fatalities in the United States from Atlantic tropi-

cal cyclones: new data and interpretation. Bull Am Meteorol Soc.
2014;95:341-6.

Reguero BG, Beck MW, Bresch DN, Calil J, Meliane I. Comparing the cost
effectiveness of nature-based and coastal adaptation: a case study from
the Gulf Coast of the United States. PLoS ONE. 2018;13:e0192132.


https://harzing.com/resources/publish-or-perish
https://harzing.com/resources/publish-or-perish
https://doi.org/10.7930/J0Z31WJ2
https://doi.org/10.7930/J0Z31WJ2

Paxton et al. Environmental Evidence

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.
90.

ot

(2023) 12:11

Reid H, Seddon N, Barrow E, Hicks C, Hou-Jones X, Kapos V, Rizvi AR, Roe
D, Wicander S. Ecosystem-based adaptation: question-based guidance
for assessing effectiveness. London: IIED; 2017.

Riley T, Hair K, Wallrich L, Grainger M, Young S, Pritchard C, Haddaway N.
CiteSource: analyze the utility of information sources and retrieval meth-
odologies for evidence synthesis; 2022.

Ruangpan L, Vojinovic Z, Di Sabatino S, Leo LS, Capobianco V, Oen AMP,
McClain ME, Lopez-Gunn E. Nature-based solutions for hydro-meteoro-
logical risk reduction: a state-of-the-art review of the research area. Nat
Hazard. 2020;20:243-70.

Scyphers SB, Powers SP, Heck KL Jr, Byron D. Oyster reefs as natural break-
waters mitigate shoreline loss and facilitate fisheries. PLoS ONE. 2011;6:
€22396.

Seddon N. Harnessing the potential of nature-based solutions for miti-
gating and adapting to climate change. Science. 2022;376:1410-6.
Seddon N, Chausson A, Berry P, Girardin CAJ, Smith A, Turner B. Under-
standing the value and limits of nature-based solutions to climate
change and other global challenges. Philos Trans B. 2020;375:20190120.
Sheppard C, Dixon DJ, Gourlay M, Sheppard A, Payet R. Coral mortality
increases wave energy reaching shores protected by reef flats: examples
from the Seychelles. Estuar Coast Shelf Sci. 2005;64:223-34.

Sippo JZ, Lovelock CE, Santos IR, Sanders CJ, Maher DT. Mangrove
mortality in a changing climate: an overview. Estuar Coast Shelf Sci.
2018;215:241-9.

Smith CS, Gittman RK, Neylan IP, Scyphers SB, Morton JP, Joel Fodrie F,
Grabowski JH, Peterson CH. Hurricane damage along natural and hard-
ened estuarine shorelines: using homeowner experiences to promote
nature-based coastal protection. Mar Policy. 2017;81:350-8.

Smith CS, Rudd ME, Gittman RK, Melvin EC, Patterson VS, Renzi JJ, Well-
man EH, Silliman BR. Coming to terms with living shorelines: a scoping
review of novel restoration strategies for shoreline protection. Front Mar
Sci. 2020;7:434.

Sutton-Grier A, Gittman R, Arkema K, Bennett R, Benoit J, Blitch S, Burks-
Copes K, Colden A, Dausman A, DeAngelis B, Hughes A, Scyphers S,
Grabowski J. Investing in natural and nature-based infrastructure: build-
ing better along our coasts. Sustainability. 2018;10:523.

Temmerman S, De Vries MB, Bourma TJ. Coastal marsh die-off and
reduced attenuation of coastal floods: A model analysis. Glob Planet
Chang 2012;92-93:267-274. https://doi.org/10.1016/j.gloplacha.2012.06.
001.

Temmerman S, Horstman EM, Krauss KW, Mullarney JC, Pelckmans |,
Schoutens K. Marshes and mangroves as nature-based coastal storm
buffers. Annu Rev Mar Sci. 2022;15:95-118.

The EndNote Team. EndNote. Clarivate, Philadelphia; 2013.

The Government of Japan. Adaptation communication pursuant to
Article 7, Paragraph 10 of the Paris Agreement; 2022.

Tinch R, Ledoux L. Economics of managed realignment in the UK: final
report to the coastal futures project; 2006.

United National Environment Programme and International Union for
Conservation of Nature (UN, IUCN). Nature-based solutions for climate
change mitigation. Nairobi and Gland; 2021.

United Nations Environment Programme (UNEP). Resolution adopted
by the United Nations Enviornment Assembly: nature-based solutions
for supporting sustainable development. United Nations Environment
Assembly, fifth session; 2022.

United Nations Environment Programme and International Union for
Conservation of Nature (UNEP, IUCN). Nature-based solutions for climate
change mitigation; 2021.

Valiela |, Bowen JL, York JK. Mangrove forests: one of the world’s threat-
ened major tropical environments. Bioscience. 2001;51:807-15.
Waycott M, Duarte CM, Carruthers TJB, Orth RJ, Dennison WC, Olyarnik
S, Calladine A, Fourqurean JW, Heck KLJ, Hughes AR, Kendrick GA,
Kenworthy WJ, Short FT, Williams SL. Accelerating loss of seagrasses
across the globe threatens coastal ecosystems. Proc Natl Acad Sci.
2009;106:12377-81.

Weishuhn M. Inciteful: citation network exploration; 2022.

White House Coastal Resilience Interagency Working Group. Compen-
dium of federal nature-based resources for coastal communities, states,
tribes, and territories; 2022.

White House Council on Environmental Quality, White House Office

of Science and Technology Policy, and White House Domestic Climate

Page 25 of 25

Policy Office. Opportunities to accelerate nature-based solutions: a
roadmap for climate progress, thriving nature, equity, and prosperity.
Washington, D.C; 2022.

92. Wiberg PL, Taube SR, Ferguson AE, Kremer MR, Reidenbach MA. Wave
attenuation by oyster reefs in shallow coastal bays. Estuar Coasts.
2018;42:331-47.

93. Wilson SS, Furman BT, Hall MO, Fourqurean JW. Assessment of Hurricane
Irma impacts on South Florida seagrass communities using long-term
monitoring programs. Estuar Coasts. 2019;43:1119-32.

94. Zhang K, Liu H, LiY, Xu H, Shen J, Rhome J, Smith TJ. The role of
mangroves in attenuating storm surges. Estuar Coast Shelf Sci.
2012;102-103:11-23.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1016/j.gloplacha.2012.06.001
https://doi.org/10.1016/j.gloplacha.2012.06.001

	What evidence exists on the performance of nature-based solutions interventions for coastal protection in biogenic, shallow ecosystems? A systematic map protocol
	Abstract 
	Background 
	Methods 

	Background
	Stakeholder engagement

	Objective of the systematic map
	Methods
	Search strategy
	Keyword development
	Search string development
	Searching the literature
	Indexing platforms, bibliographic databases, and open discovery citation indexes 
	Web-based search engine 
	Novel literature discovery tool 
	Organizational databases and websites 


	Comprehensiveness of the search
	Reference management and deduplication

	Article screening and study eligibility criteria
	Screening process
	Eligibility criteria
	Relevant population(s)
	Relevant intervention(s)
	Relevant comparator(s)
	Relevant outcome(s)
	Relevant study type(s)

	Study validity assessment

	Data extraction and coding strategy
	Study mapping and presentation
	Anchor 30
	Acknowledgements
	References


