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Coastal and marine ecosystems characterized by foundation species, such as seagrass
beds, coral reefs, salt marshes, oyster reefs, and mangrove forests, are rich in
biodiversity and support a range of ecosystem services including coastal protection,
food provisioning, water filtration, carbon sequestration, recreational opportunities,
cultural value, among others. These ecosystems have experienced degradation and
a net loss of total area in regions around the world due to a host of anthropogenic
stressors, resulting in declines in the associated ecosystem services they provide.
Because of the extensive degradation in many locations, increasing attention has turned
to ecosystem restoration of these marine habitats. Restoration techniques for marine
and coastal ecosystems are generally more expensive when compared to terrestrial
ecosystems, highlighting the importance of carefully selecting locations that will provide
the largest return on investment, not only for the probability and magnitude of restoration
success, but also for ecosystem service outcomes. However, site selection and spatial
planning for marine ecosystem restoration receive relatively little attention in the scientific
literature, suggesting a need to better study how spatial planning tools could be
incorporated into restoration practice. To the degree that site selection has been formally
evaluated in the literature, the criteria have tended to focus more on environmental
conditions beneficial for the restored habitat, and less on ecosystem service outcomes
once the habitat is restored, which may vary considerably from site to site, or with more
complex landscape dynamics and spatial patterns of connectivity. Here we (1) review
recent (2015–2019) scientific peer-reviewed literature for several marine ecosystems
(seagrass beds, salt marshes, and mangrove forests) to investigate how commonly
site selection or spatial planning principles are applied or investigated in scholarly
research about marine ecosystem restoration at different spatial scales, (2) provide a
conceptual overview of the rationale for applying spatial planning principles to marine
ecosystem restoration, and (3) highlight promising analytical approaches from the marine
spatial planning and conservation planning literatures that could help improve restoration
outcomes. We argue that strategic site selection and spatial planning for marine
ecosystem restoration, particularly applied at larger spatial scales and accounting for
ecosystem service outcomes, can help support more effective restoration.

Keywords: restoration, spatial planning, site selection, conservation planning, spatial prioritization, seagrass,
mangrove, salt marsh
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INTRODUCTION

Coastal and marine ecosystems characterized by foundation
species, such as seagrass beds, coral reefs, salt marshes, oyster
reefs, and mangrove forests, support a range of ecosystem
services important to society including storm protection,
food provisioning, water filtration, erosion control, carbon
sequestration, recreational opportunities, cultural value, among
others (Barbier et al., 2011). All of these ecosystems have
experienced degradation and a net loss of total area in regions
around the world because of a host of anthropogenic stressors,
with associated declines in the ecosystem services that they
provide (Valiela et al., 2001; Waycott et al., 2009, IPBES, 2019).
Ecosystem degradation is so widespread that is it no longer
sufficient to focus just on traditional approaches to ecosystem
conservation (e.g., protected areas, threat reduction). In addition
to preventing further declines, it will be necessary to restore
ecosystems in locations where they have been lost. However,
funding for restoration is often inadequate, raising challenging
questions about how to best allocate scarce resources.

Traditionally, ecosystem restoration was primarily motivated
by protecting biodiversity and restoring the natural character
of systems degraded by human development (Hughes et al.,
2018). However, in parallel with the growing appreciation for the
importance of the ecosystem services provided by natural and
properly functioning ecosystems, there is increasing policy focus
on restoration efforts that protect or enhance ecosystem services
(Bullock et al., 2011). For example, the Convention of Biological
Diversity (CBD)’s Aichi Target 14 calls for the restoration and
protection of ecosystems that provide essential services by 2020
(CBD, 2010). More recent initiatives, such as the United Nations
Sustainable Development Goals (UNGA, 2015) and the zero
draft of the CBD post-2020 global biodiversity framework (CBD,
2020), highlight that ecosystem services are a key motivation
for ecosystem protection and restoration. Consistent with this
policy attention, increasingly many restoration projects focus on
ecosystem service objectives (e.g., Allan et al., 2013; Kittinger
et al., 2016; Hagger et al., 2017). As pointed out by Bullock
et al. (2011), this shift in focus from biodiversity conservation
to ecosystem services creates both opportunities and challenges
for restoration. A focus on ecosystem services provides an
important motivation for funding and executing restoration
projects (De Groot et al., 2013; Matzek, 2018). Furthermore,
markets for services and specifically payment for ecosystem
services schemes could provide an important funding stream to
support restoration activities (e.g., Bonn et al., 2014; Hejnowicz
et al., 2015; Matzek et al., 2015). However, there could also
be tension between these two management goals; although
biodiversity and ecosystem services are often positively correlated
(Benayas et al., 2009; Nelson et al., 2009), that is not always
the case and the relationship between the two can be complex
(Tallis et al., 2008).

Given that a key driver of many restoration projects going
forward will be recovering the ecosystem services provided by
the restored habitat, the impact of many restoration projects is
likely to be measured based on the services that are provided.
Restoration techniques for marine and coastal ecosystems are

generally very expensive (Bayraktarov et al., 2016), particularly
compared to terrestrial ecosystem restoration costs, highlighting
the importance of selecting locations that will provide the largest
return on investment. Poor siting decisions can contribute to
failed restoration projects (Fonseca, 2011; Bayraktarov et al.,
2016), and indeed many marine and coastal systems have low
success rates that contribute to their high average costs (e.g.,
van Katwijk et al., 2016). Furthermore, return on investment
can be assessed as the value that people place on the resulting
ecosystem services, suggesting that restoration in areas where
people rely on the benefits provided by those systems may be
more worthwhile investments.

While restoration projects involve decisions about where
to target restoration, it is not clear how often such decisions
are based on analyses that explicitly consider alternative sites,
or whether such decisions are occurring at appropriate spatial
scales and accounting for ecosystem service outcomes. This is
surprising given the increasingly wide array of spatial planning
tools that are being applied in other fields of conservation
and management (such as marine protected area design and
marine spatial planning). While the scientific literature on marine
ecosystem restoration is rich with studies comparing alternative
restoration techniques within a single site, there has been less
attention paid to the potentially equally important impacts of
decisions about where to conduct restoration in the first place.
When site selection is considered, there is often a focus on
environmental conditions beneficial for the restored habitat (e.g.,
Pollack et al., 2012; Valle et al., 2015; Hotaling-Hagan et al., 2017),
key threats that need to be avoided or mitigated for restoration to
succeed (e.g., Hotaling-Hagan et al., 2017), and/or the historical
distribution of the species or habitat as an indicator of whether
restoration is likely to be effective (e.g., Braje et al., 2016). For
example, Pollack et al. (2012) developed a restoration suitability
index model for oysters based on abiotic conditions such as
salinity, temperature, turbidity, dissolved oxygen, and depth, and
a reef quality index that accounted for the abundance of live
oysters, dead shells and spat. These types of approaches are useful,
but they overlook the likely spatial variation in ecosystem service
outcomes once the habitat is restored.

In this paper we seek to catalyze the wider adoption of
quantitative spatial analyses from the closely related fields of
marine spatial planning, conservation planning, and spatial
ecology into the science and practice of marine ecosystem
restoration. Our first step is to present a structured review of
the peer-reviewed scientific literature from 2015 through 2019
for three key marine ecosystems, seagrass beds, salt marshes, and
mangrove forests. With this comprehensive survey of a limited
set of years and ecosystems, we were able to document how site
selection is being incorporated into recent restoration research
for these representative ecosystems. Examining this literature, we
investigate whether and how site selection and spatial planning
principles are being applied at different spatial scales. We then
provide a conceptual overview of the rationale for applying
spatial planning principles to marine ecosystem restoration,
highlighting important issues that may not be adequately
considered in the current literature. We then discuss specific
analytical approaches from other literatures, summarizing how

Frontiers in Marine Science | www.frontiersin.org 2 May 2020 | Volume 7 | Article 328

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-00328 May 18, 2020 Time: 14:3 # 3

Lester et al. Spatial Planning for Marine Restoration

each is used in related conservation and management fields
and illustrating how they could improve outcomes in marine
ecosystem restoration. Strategic spatial planning for marine
ecosystem restoration, using the approaches and tools discussed
in this paper, can help support more successful, cost-effective
restoration that maximizes desired ecosystem service outcomes.

LITERATURE REVIEW

Methods
We reviewed studies published in the scientific literature between
January 2015 and November 2019. Publications were selected
based on a topic search in the Web of Knowledge’s Web of
Science Core Collection database using specific search terms
and keywords for restoration, site selection or spatial planning,
and the ecosystem type (Table 1). We focused our search on
three ecosystems: seagrass beds, salt marshes, and mangrove
forests, evaluating 146, 220, and 206 papers, respectively (see
Supplementary Reference Lists). These ecosystems were selected
to be illustrative and representative, recognizing that important
restoration research and practice is happening in other coastal
and marine ecosystems (e.g., oyster reefs, coral reefs). This
literature review was more narrowly focused in terms of
ecosystem type and publication dates than the rest of the paper.

We reviewed all papers returned by our searches to identify
those that examined site selection for restoration and/or applied
spatial planning principles to ecosystem restoration. We defined
spatial planning for restoration as making strategic decisions
using available data and/or models about site selection, spatial
extent (i.e., size of area to be restored), or spatial configuration
(i.e., landscape attributes including patch shape, connectivity,
fragmentation). Only studies that examined site selection for
restoration or applied spatial planning principles to restoration
in the focal systems were analyzed further (Table 1, “Spatial
planning papers” and Supplementary Table S1). We did not
further analyze articles that did not meet these spatial planning
criteria, including those that focused on a different ecosystem or
were not about restoration site selection or spatial planning for
restoration (e.g., ecology focused papers examining the impact
of restoration on species abundance or ecosystem function).
In some cases, a paper did not meet our spatial planning

criteria because it was not directly about site selection or spatial
planning for restoration, but the results of the paper could have
implications for spatial planning for restoration, and we noted
this (Table 1, “Additional papers with implications for spatial
planning”), although it was a more subjective assessment and we
did not further analyze these papers.

For those papers that met our spatial planning criteria (n = 7
for seagrass, 3 for salt marsh, and 3 for mangroves; Table 1), we
recorded:

(1) Scale of the study, categorized based on the length of the
coastline under consideration:
(a) “local” if the study spanned less than 10 km
(b) “regional” if the study was between 10 and 100 km
(c) “larger regional” if the study was between 100 and

1000 km
(d) “large ecosystem” for studies spanning a region longer

than 1000 km

(2) Motivation(s) for site selection (not mutually exclusive):
(a) improve restoration success (e.g., identify locations

with appropriate environmental conditions or where
survival or growth is likely to be higher; identify
historical distributions of the target ecosystem;
identify areas without stressors that would hinder
restoration success)

(b) enhance ecosystem services that could be provided by
the restored ecosystem

(c) minimize the financial costs of restoration
(d) minimize conflict with human uses

(3) Analytical technique or approach(es) used for spatial
planning (not mutually exclusive):
(a) experimental techniques (e.g., restoration experiments

in different locations to inform site selection)
(b) habitat suitability models (HSM) for the habitat

targeted for restoration, including statistical models
relating vegetation occurrence to environmental
factors, and index-based models that rank the relative
habitat suitability of different locations

(c) mapping and spatial analysis (including mapping of
ecological or social survey data and remotely sensed

TABLE 1 | Search strings used for each ecosystem type, number of papers published between January 2015 and November 2019 that were returned by each search
and thus reviewed, number of papers that met our spatial planning criteria, and number of papers that did not meet our spatial planning criteria but could have
implications for spatial planning.

Ecosystem Search terms for all
ecosystems

Ecosystem-specific
search terms

# of
papers (n)

Spatial planning
papers (n)

Additional papers with implications
for spatial planning (n)

Seagrass restor* AND (spatial*
OR siting OR “site
selection” OR
seascape*)

AND (seagrass* OR
eelgrass OR surfgrass)

146 7 16

Salt marsh AND (saltmarsh* OR “tidal
marsh*” OR spartina OR
salicornia OR phragmites)

220 3 24

Mangrove AND (mangrove*) 206 3 13

See Supplementary Material Section 1.2 (Supplementary Reference List) for a complete list of all papers reviewed, including those that met the spatial planning
criteria and those that could have implications for spatial planning.
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data, with mapping conducted by hand or using
software like ArcGIS)

(d) spatial prioritization algorithms (e.g., Marxan,
Zonation)

(e) social surveys (e.g., participatory mapping;
stakeholder preferences)

(f) other modeling techniques (e.g., ocean circulation
models)

(4) Parameter(s) for site selection used in the analysis (not
mutually exclusive):
(a) environmental and biological factors (e.g., light

attenuation, water quality, temperature, growth rate)
(b) current or historical presence of the habitat
(c) proximity to the habitat
(d) stressors (e.g., water quality or shoreline alterations)
(e) ecosystem services expected to be enhanced

from habitat restoration (e.g., coastal protection,
biodiversity enhancement, etc.)

(f) human use (e.g., boating)

We also evaluated whether the study was aiming to inform
a real restoration decision or focused on more hypothetical or
theoretical aspects of site selection or spatial planning.

Results and Discussion
Our review of scientific literature published between 2015 and
2019 on seagrass, salt marsh, and mangrove restoration suggests
that site selection and spatial planning are rarely a research focus.
Despite ∼150–220 papers per ecosystem type being returned
by the focused searches we conducted, <5% of papers either
examined site selection for restoration or applied spatial planning
principles to ecosystem restoration (Table 1 and Supplementary
Table S1). A somewhat larger number of papers, while not
specifically focused on site selection or spatial planning, had
potential implications for spatial planning for restoration based
on their analysis and findings (Table 1). As examples, some
papers conducted experiments to determine the optimal level of
a limiting environmental factor(s) (e.g., Sloey et al., 2016; Xu
et al., 2016), developed a species distribution model (Adams et al.,
2016), or established spatial patterns of population structure and
connectivity (Jahnke et al., 2018; Triest et al., 2018), results that
could be used to inform site selection. Thus, information that

can improve restoration site selection is actively being produced,
but most restoration research is not directly evaluating spatial
variability in likely restoration outcomes. An additional class
of papers mentions the importance of site selection or spatial
planning, but do not perform any type of analysis or suggest
an approach to make spatial restoration decisions (e.g., Kodikara
et al., 2017; Macreadie et al., 2017; Wegscheidl et al., 2017); these
papers did not meet any of our criteria, but highlight that there is
a need for analytical approaches that can be used to inform spatial
planning for restoration.

For the small number of studies that met our spatial planning
criteria, motivations for site selection or spatial planning varied
across ecosystem type (Table 2). The most common motivation
was improving restoration success, an objective of all seagrass
and saltmarsh papers, while minimizing conflict with human uses
and enhancing ecosystem services were relatively uncommon
motivations (Table 2). Minimizing restoration costs was a
motivation in about a third of the papers overall, but was not
a motivation in any of the seagrass papers, despite the fact that
seagrass restoration has a higher per area cost than the other two
systems (Bayraktarov et al., 2016). The few papers on salt marsh
and mangrove restoration included a variety of motivations,
but seemed to have more emphasis on minimizing restoration
costs. Enhancing ecosystem services was only mentioned as a
motivation for two papers (both about mangrove restoration),
a surprising result given that the ecosystem service benefits of
all three habitats are a focal point of many management and
conservation efforts (Needles et al., 2015; Cullen-Unsworth and
Unsworth, 2018; Romañach et al., 2018). In general, social,
political and cultural motivations for restoration were often not
highlighted explicitly, although these drivers are required for
restoration to occur. Over two-thirds of the papers were aiming
to inform real restoration decisions, as opposed to studies focused
on more hypothetical or theoretical cases.

The vast majority (85%) of the studies that met our spatial
planning criteria were focused specifically on site selection, as
opposed to other aspects of spatial planning, like spatial scale
or spatial configuration of restoration areas (Table 3). The two
studies that were not focused on site selection (one seagrass study
and one salt marsh study) examined spatial scale, specifically
determining the minimum spatial scale or patch size required
for successful restoration (Adams et al., 2018; Gittman et al.,
2018). No studies examined spatial configuration of restored

TABLE 2 | Number (and percent) of papers meeting our spatial planning criteria that specified the aims and reasons/motivations for site selection or spatial planning
for restoration.

System Aims to inform real
decisions, n (%)1

Motivation for site selection or spatial planning, n (%)

Improve restoration
success

Enhance ecosystem
services

Minimize
restoration costs

Minimize conflict
with human use

Seagrass 5 (71%) 7 (100%) 0 0 1 (14%)

Salt marsh 2 (67%) 3 (100%) 0 2 (67%) 0

Mangrove 2 (67%) 1 (33%) 2 (67%) 2 (67%) 1 (33%)

Overall % 69% 85% 15% 31% 15%

Studies could be motivated by more than one reason, and all studies had at least one of the motivations listed here. 1Those papers not aiming to inform real decisions
were hypothetical or theoretical studies.
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TABLE 3 | Number (and percent) of papers meeting our spatial planning criteria that were focused specifically on site selection (those that did not focused on spatial
scale), and methodological approaches used in each study.

System Focused on site
selection, n (%)1

Methodological approach or technique, n (%)

Experi-
mental

Habitat suitability
models

Mapping/spatial
analysis

Spatial
prioritization

Social
surveys

Other
models

Seagrass 6 (86%) 4 (57%) 5 (71%) 4 (57%) 0 1 (14%) 1 (14%)

Salt marsh 2 (67%) 2 (67%) 1 (33%) 0 0 0 1 (33%)

Mangrove 3 (100%) 0 1 (33%) 3 (100%) 1 (33%) 1 (33%) 0

Overall % 85% 46% 54% 54% 8% 15% 8%

Studies could employ more than one methodological approach, and all studies employed at least one of those listed here. 1Those papers not focused on site selection
examined spatial scale (n = 1 each for seagrass and salt marsh systems).

sites or patterns of connectivity, although one study did account
for proximity to existing habitat patches (Pirrotta et al., 2015).
Furthermore, some of the studies that did not meet our criteria
could have implications for approaching restoration at a seascape
scale that considers habitat or population connectivity (Howe and
Simenstad, 2015; Gillis et al., 2017; Taylor et al., 2017; Jahnke
et al., 2018; Olson et al., 2019). Our findings are consistent
with those of Gilby et al. (2018) who found, looking across
terrestrial and aquatic systems, that landscape context was rarely
(<15% of cases) used as a criterion for site selection for habitat
restoration aimed at benefitting animal populations. They argue
that more consideration of landscape attributes like habitat
configuration and population connectivity could help enhance
animal populations dependent on the restored habitat because
of the importance of colonization dynamics (Gilby et al., 2018).
This logic would apply to the valuable nursery habitat function
that seagrass, mangrove, and salt marsh systems provide for many
marine species, and yet none of the studies that met our spatial
planning criteria looked at these types of factors.

The most common methodological approaches employed
were habitat suitability models (HSMs) and mapping/spatial
analysis (Table 3). Slightly less than half of the studies included
an experimental study. Use of spatial prioritization algorithms,
such as the conservation planning tools Marxan and Zonation,
was rare (<10% of studies) despite the fact that such tools
could be directly applicable to site selection analyses. Social
surveys or participatory research was also relatively rare, perhaps
because the motivations for site selection were often not
explicitly focused on the human dimensions of ecosystem
restoration (e.g., they were focused on improving restoration
success rather than minimizing conflicts with human uses).
The parameters most commonly used in site selection and

spatial planning (Table 4) largely follow from the methodological
approaches and motivations for site selection. Environmental
factors predominate (85% of studies), which is consistent with the
use of HSMs, experimental approaches, and mapping and spatial
analysis. Expected ecosystem services were only used as a site
selection parameter in a single study, and stressors and human
uses were only used in less than a handful of studies, aligning
with the fact that enhancing ecosystem services and reducing
conflict with human use were not common motivating factors
among these studies.

Across the three systems studied in the spatial planning
papers, a majority (67%) examined a “regional” spatial scale (10–
100 km along a coastline), with a couple operating at smaller
(<10 km) or much larger (>1000 km) spatial scales (Figure 1).
The presence of such large scale studies was somewhat surprising
given that many actual restoration projects for these habitats
are occurring at much smaller scales (Bayraktarov et al., 2016),
and given that no study was focused on scales between 100 and
1000 km. On the other hand, site selection and spatial planning
become more important and relevant when making decisions
over larger scales, and so it makes sense that spatial planning
research has a larger scale focus. Finally, the results of our
literature search may not reflect the size distribution of actual
restoration projects, many of which are not discussed in the peer
reviewed scientific literature.

WHY SPATIAL PLANNING FOR MARINE
ECOSYSTEM RESTORATION?

Spatial planning for restoration – broadly defined here as making
strategic decisions using available data and/or models about site

TABLE 4 | Number (and percent) of papers using different types of parameters for site selection.

System Environmental
factors

Current/historical
habitat presence

Proximity to
habitat

Stressors Ecosystem
services

Human use

Seagrass 7 (100%) 4 (57%) 1 (14%) 1 (14%) 0 1 (14%)

Salt marsh 3 (100%) 0 0 0 0 0

Mangrove 1 (33%) 2 (67%) 0 1 (33%) 1 (33%) 2 (67%)

Overall % 85% 46% 8% 15% 8% 23%

Studies could use multiple types of parameters, and all studies employed at least one of those listed here.
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FIGURE 1 | Spatial scale of spatial planning restoration studies (n = 12 because scale was not applicable in one modeling study).

selection, spatial extent (i.e., size of area to be restored), or spatial
configuration (i.e., landscape attributes including patch shape,
connectivity, fragmentation) – has the potential to improve
return on investment for marine ecosystem restoration projects
(Figure 2). Marine environments are spatially heterogeneous at a
range of spatial scales and levels of biological organization; spatial
variation in environmental conditions underlies spatial variation
at the ecosystem, community, population and individual levels.
This creates spatial variability in ecosystem function and
processes, and therefore in the ecosystem services that are
provided by natural ecosystems (Koch et al., 2009; Townsend
et al., 2018). The human communities that depend on marine
resources and ecosystem services are also not distributed
uniformly along the coast, and anthropogenic impacts can be
highly variable across space. Admittedly, in some cases it might
be more expedient or practical to implement a restoration project
at a site without taking a step back to consider spatial planning
or site selection. But in many others, accounting for this tapestry
of spatial variation within restoration decision-making could pay
important dividends.

Expected restoration success, whether defined as the target
habitat persisting following the restoration intervention for some
minimum time, or as germination success, or as survival rate of a
foundation species, will vary across the seascape. This is because
environmental conditions that influence survival, growth, and
reproduction of the target species vary across space. Furthermore,
restoration success can be influenced by positive and negative
species interactions (e.g., Gómez-Aparicio, 2009; Silliman et al.,
2015) and these interacting species are likely patchily distributed.
Connectivity with existing areas of the target habitat can also
be important for successful establishment of the restored habitat
(van Katwijk et al., 2016), either by ensuring supply of recruits
undergoing long-distance dispersal or through migration of

adults of mobile species. Such connectivity might be inferred
from simple proximity or estimated from more sophisticated
genetic or oceanographic analyses. Finally, spatial variation in the
stressors that lead to losses necessitating restoration can impact
success (Allan et al., 2013), as avoiding these stressors minimizes
the chance of restoration failure.

There will also be spatial variation in the value of ecosystem
services, or the benefits of economic, social or cultural value
to people, that are provided by the ecosystem if successfully
restored. This variation may not simply mirror the spatial
pattern of restoration success. That is because while the supply
of a potential service is dictated by ecological functions and
biophysical aspects of the ecosystem, the use of that supply
by people is what defines it as an actual ecosystem service,
and peoples’ preferences for different services further define
their value (Tallis et al., 2011). Thus, the supply of potential
ecosystem services will vary across the seascape as a function of
the factors discussed in the previous paragraph – environmental
conditions impacting the growth or productivity of foundation
species, species interactions, ecosystem structure and function,
and connectivity between and among habitats – in addition to
other biophysical aspects of the system (e.g., wave energy for
coastal protection services; fish populations for fishery services).
But then the use or utility of those potential services will depend
on the spatial distribution of human communities along the coast
or spatial patterns of human activity (e.g., fishing, recreation),
and assessments of service value will further depend on human
values which can vary along the coast depending on factors
such as social preferences and norms, socioeconomic status, and
social vulnerability to environmental threats (Tallis et al., 2011;
Townsend et al., 2018).

For example, restoration of mangroves, coral reefs, and oyster
reefs can be motivated by the coastal protection service provided
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FIGURE 2 | Conceptual figure of sources of spatial variation that influence restoration success, ecosystem service supply and value, and restoration costs.
Accounting for these sources of spatial variation in restoration planning and site selection has the potential to improve return on investment, which we use here
broadly to refer to the ecological and ecosystem service benefits (i.e., return) and the financial and social costs (i.e., investment) of restoration.

by these biogenic habitats dampening wave energy before it
reaches the coast (Barbier et al., 2011; La Peyre et al., 2015). The
supply of that potential service will vary along the coastline as
a function of local oceanographic conditions, wave energy, and
characteristics of the ecosystem (e.g., mangrove tree height and
density, live coral cover) (Koch et al., 2009). Its value as a service
will vary based on where people are living along the coast, and its
spatial pattern of value will be further modulated by community
preferences and socioeconomic factors, including accessibility
to inland shelters during major storm events, ability to rebuild
properties following storm and inundation damage, preferences
or resources for building artificial protective structures (e.g.,
seawalls), among others. Service value will not be the same

for all people and can be measured for different dimensions
of value. For example, the value of coastal protection could be
assessed based on property value along the coast or based on the
number of people impacted by storm surge, which could yield
very different assessments of value (Arkema et al., 2013; Pascal
et al., 2016). Collectively, these diverse dimensions of ecosystem
services, which couple the social and ecological components of
the system, can create rich spatial patterns that could inform
restoration priorities across space.

Lastly, there may also be spatial variation in the costs
associated with implementing a restoration project. This can
include the actual financial costs of the project, but also the social
and financial opportunity costs of pre-empting other uses of that
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space (e.g., restoring a mangrove forest rather than using that
area for shrimp farming). Financial costs could depend on the
level of ecosystem degradation in different areas, the proximity
to existing areas of the ecosystem that could allow for natural
recruitment, proximity to ports and other infrastructure, and
the existence of stressors that need to be mitigated prior to
restoration. For example, Allan et al. (2013) mapped stressors
relative to ecosystem services for the Great Lakes and suggested
that return on investment should be high where ecosystem
services are high and stressors are low or absent because stressor
mitigation will not be required. Given the high average cost of
restoring even a single hectare of a marine ecosystem, it is crucial
that we consider spatial variation in likely restoration success,
benefits from ecosystem services, and restoration costs when
setting restoration priorities.

The concepts reviewed in this section apply to all coastal and
marine ecosystems and to a range of spatial scales. Restoration
decision-making includes two scales: the spatial extent of the
actual project (i.e., how large of an area will be restored) and
the scale of site selection (i.e., how large of an area is under
consideration when deciding where to do the project). Weighing
the costs and benefits of different scales of restoration projects is
useful (Iftekhar et al., 2017), but here we are particularly focused
on the benefits from spatial planning and site selection decisions.
Although the scale of decision making is often determined by
jurisdictional constraints, considering larger areas is likely to
include more variation in levels of expected restoration success,
predicted ecosystem service benefits, and estimated restoration
costs, enhancing the likelihood of identifying sites that provide
the best benefit to cost ratio. We thus argue that it is useful to
conduct a spatial planning analysis at the largest scale practical
within existing constraints.

APPROACHES AND TOOLS TO
SUPPORT SPATIAL PLANNING FOR
MARINE ECOSYSTEM RESTORATION

Spatial planning for marine ecosystem restoration can be
advanced by formal quantitative approaches. Fortunately, this
does not require the creation of new methodological approaches
and analytical tools, but can build on extensive work on spatial
planning tools being done in related fields of marine conservation
and management. Restoration can adopt existing methods from
these fields with rather modest modifications, and can take
lessons from how those tools have been applied to similar
problems. Here we review several classes of approaches and
tools that are particularly applicable to spatial planning for
restoration. We borrow heavily from the conservation planning
and marine spatial planning literatures, especially the former,
with its established history of using spatial analysis to improve
the efficiency and biodiversity outcomes of conservation projects.
Some tools may fit in more than one of the categories outlined
below, and the approaches we describe are not necessarily
mutually exclusive. There are examples of all of these approaches
being applied to ecosystem restoration as described below,
although sometimes just for terrestrial systems, and these

examples are often too few and far between. We hope to catalyze
more widespread research and adoption of these tools for marine
ecosystem restoration.

Mapping and Spatial Analysis
Geographic information systems (GIS) offer powerful and
versatile tools for storing, mapping, and analyzing spatial data. As
a result, GIS is already used for a variety of purposes associated
with spatial planning and site selection for activities like wind
farms, aquaculture, and marine protected areas (Gimpel et al.,
2015; Brown et al., 2016; St-Pierre and Gagnon, 2020). In these
contexts, assembling a GIS database of relevant environmental,
biological, and socio-economic data layers is often a critical first
step in defining the spatial domain and identifying important
information gaps for a study region (Stamoulis and Delevaux,
2015). When key datasets are missing, spatial analyses and
models can be used to fill the gaps using analysis platforms like
ArcGIS or R (Caldow et al., 2015; Stamoulis and Delevaux, 2015),
thereby enabling pixel by pixel comparisons of features across a
broad spatial scale. For example, geostatistical approaches (like
kriging) are commonly used to interpolate spatial patterns of
environmental conditions and potential threats at unsampled
locations over various spatial and temporal scales (Gimpel
et al., 2015). Classification techniques applied to remote sensing
imagery are also widely used to produce habitat maps (e.g.,
coral reefs, seafloor habitats, and kelp; Roelfsema et al., 2018; St-
Pierre and Gagnon, 2020) because direct observation is usually
impractical. Furthermore, many HSMs (described below) can
be implemented and visualized in a GIS environment, such as
those available through the Marine Geospatial Toolbox and the
SDM Toolbox1,2. Ecosystem service models (described below) are
also frequently implemented and visualized in a GIS platform
to map the spatial distribution of potential service outcomes
(Guerry et al., 2012). Lastly, participatory mapping in GIS is
increasingly used to gain insights into stakeholders’ patterns
of use and preferences for different planning options (Brown
et al., 2016). All of these types of datasets can be combined,
visualized and analyzed in a GIS program. For example, using
an overlay analysis, the relative suitability of different locations
for restoration can be assessed based on criteria such as
environmental and physical conditions (e.g., Hogg et al., 2018),
expected species distributions (e.g., Theuerkauf et al., 2019),
ecosystem services, fixed constraints (e.g., regulatory boundaries)
and stakeholder input.

Many of these GIS mapping and analysis techniques are
readily applicable to spatial planning and site selection for marine
ecosystem restoration, as demonstrated by studies analyzed in
our literature review (Supplementary Table S1). For instance,
GIS classification techniques applied to historic and current
habitat imagery can be used to identify potential restoration
sites, such as areas that previously supported seagrass habitats
(Pirrotta et al., 2015) or currently support degraded mangrove
habitats (Adame et al., 2015). Further, geostatistical interpolation
can be used to create spatial layers for environmental and

1https://mgel.env.duke.edu/mget/
2http://www.sdmtoolbox.org/

Frontiers in Marine Science | www.frontiersin.org 8 May 2020 | Volume 7 | Article 328

https://mgel.env.duke.edu/mget/
http://www.sdmtoolbox.org/
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-00328 May 18, 2020 Time: 14:3 # 9

Lester et al. Spatial Planning for Marine Restoration

anthropogenic factors that could become barriers to successful
restoration of target species (e.g., light availability and boating
disturbance in the case of seagrass beds; Hotaling-Hagan et al.,
2017). Habitat maps and interpolated layers can then be used as
inputs to HSMs for identifying the best locations for successful
restoration of target species (e.g., Pirrotta et al., 2015; Puckett
et al., 2018) or can be overlaid with maps of expected ecosystem
services (e.g., Adame et al., 2015) or participatory maps indicating
preferred restoration sites (e.g., Rakotomahazo et al., 2019) to
assess potential restoration options. The reliability of spatial data
layers visualized in GIS will depend on the nature and quality of
input datasets and on the degree of gap filling or interpolation
required, and it is important to account for potential sources of
uncertainty and error, as with any modeling and data synthesis
exercise (Caldow et al., 2015).

Habitat Suitability Models
Habitat suitability models, sometimes referred to as
environmental niche models and including some types of
species distribution models, aim to predict the suitability of
a location for a species, based on environmental variables
that limit its distribution, by using observed relationships
between species occurrences and environmental conditions
(Rushton et al., 2004; Elith and Leathwick, 2009; Franklin,
2013; Thuiller and Münkemüller, 2017). These models range
in sophistication from correlative (e.g., generalized additive
models) and machine learning approaches (e.g., MaxEnt; Linhoss
et al., 2016), down to simple index models that ask whether
locations meet a set of minimum criteria for the species to
thrive. In each case, the models generate maps of suitability
based on current or predicted environmental conditions. Thus,
besides explaining and inferring current distributions, they
can be used to predict how suitable habitat for a species could
change under different environmental scenarios, such as with
predicted climate change (Heikkinen et al., 2006) or threat
reduction. Indeed, HSMs have been used to inform marine
ecosystem restoration projects, including for seagrass meadows
(e.g., Adams et al., 2016), salt marshes (Heuner et al., 2016),
mangrove forests (Petrosian et al., 2016), and oyster reefs
(Barnes et al., 2007; Theuerkauf et al., 2016; Chowdhury et al.,
2019). The reliability of these models, however, depends on
the availability and quality of data on species’ distributions and
environmental parameters. Furthermore, in heavily degraded
systems, current distributions may not accurately reflect where
a species could survive if threats were mitigated as part of the
restoration project.

The benefit of using HSMs to inform restoration site selection
is that they can preemptively identify locations where restoration
is likely to be more (or less) successful before costly projects are
implemented. For example, for seagrass meadows, HSMs have
been used to select locations where restoring is predicted to be
successful (Adams et al., 2016; Hotaling-Hagan et al., 2017; Zhou
et al., 2017; Thom et al., 2018). Some studies also validate these
predictions by performing in situ transplants that resulted in
successful seagrass restoration, suggesting that HSMs are useful
decision tools for restoration projects (Pirrotta et al., 2015; Valle
et al., 2015). Although simple HSMs can be useful, HSMs can also

be combined with physical models (e.g., oceanographic modeling
projections) and data on species behavior (e.g., animal movement
such as dispersal) to provide more dynamic predictions. With
these modifications HSMs have been used to identify candidate
locations for restoration in oyster and mussel reefs (Barnes et al.,
2007; Pollack et al., 2012; Elsäßer et al., 2013). Furthermore,
HSMs can also be used to identify locations for restoration that
will enhance the provision of ecosystem services. For example,
Theuerkauf et al. (2019) combined a habitat suitability index for
oysters with abiotic data (e.g., dissolved oxygen, chlorophyll a,
water flow) to identify restoration areas that would maximize
the water filtration service provided by oyster reefs, while
Zellmer et al. (2019) used stacked-species distribution models
to identify sites for artificial reefs that would enhance reef fish
distributions and richness and the services they support (e.g.,
fisheries, recreation).

Ecosystem Service Models
Ecosystem service models are increasingly used to describe
potential benefits from nature to inform conservation and
spatial planning (Nelson et al., 2009; White et al., 2012;
Lester et al., 2013; Arkema et al., 2015). These models capture
the linkages between ecosystems and people, and assess how
service supply and value could be impacted by proposed
management actions, human activities, and environmental
degradation. Ecosystem service models can range from simplified
approaches based on expert opinion or on the assumption that
values documented for that ecosystem in one location apply to
other locations (e.g., benefit transfer methods; Brander et al.,
2012); to complex spatial models that require more data but
can account for multiple sources of spatial variation in both
service supply and value to people (e.g., production function
models; Chan and Ruckelshaus, 2010; Guerry et al., 2012;
Townsend et al., 2018).

The development of ecosystem service models for marine
systems has lagged behind models for terrestrial and freshwater
systems (Townsend et al., 2018), and thus applications to
marine ecosystem restoration are somewhat rare. This is
understandable given data limitations for marine systems,
the complexity of processes controlling the supply and
value of ecosystem services, and the uncertainty associated
with predicting potential restoration outcomes. Where poor
theoretical understanding or data limitations exist, it may be
necessary to rely on more simplified approaches (e.g., benefit
transfer), knowing there could be greater spatial variation
in service outcomes than is captured by these techniques. In
this case, relying on generalized ecosystem service models,
global databases, and web interfaces for acquiring model
parameters and inputs can be useful (like those offered
by the InVEST suite of models; Guerry et al., 2012; Sharp
et al., 2016). GIS mapping and spatial analysis (described
above) can also generate local datasets that can be used in
generalized modeling frameworks (e.g., La Peyre et al., 2015;
Gilby et al., 2020).

Despite challenges with modeling marine ecosystem
services, the growing number of cases where ecosystem
service models have been used in spatial planning for
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conservation illustrate how they could guide marine ecosystem
restoration. For example, Arkema et al. (2013) developed
a model to quantify coastal protection services associated
with different nearshore habitats in the U.S. to evaluate the
potential impact of habitat conservation on various measures
of social vulnerability to climate change. Arkema et al. (2015)
developed models to quantify ecosystems services associated
with coral reefs, mangroves, and seagrasses in Belize and
used the outputs along with stakeholder preferences to
inform a spatial planning process. Both of these analytical
approaches could be expanded to inform restoration site
selection and planning. Adame et al. (2015) and Theuerkauf
et al. (2019) are good examples of this type of approach,
showing how ecosystem service models can inform site
selection and spatial planning for restoration of oyster reefs and
mangroves, respectively.

Spatial Prioritization Analysis
Spatial prioritization is the process of identifying and selecting
the best locations to take action. This is perhaps the most
well-developed aspect of the field of conservation planning
(Groves and Game, 2016), where it is used to select locations
for conservation action, most commonly protection (Ban et al.,
2013). Spatial prioritization can be done at a range of complexity
levels, from applying simple heuristic rules where sites are
ranked according to some objective (e.g., species richness
or presence of rare species) to using more sophisticated
optimization algorithms or approximations (Moilanen et al.,
2009). These algorithms, although themselves varying in
complexity, essentially aim to identify a site or collection of
sites that achieve a set specified objectives (e.g., protecting some
percentage of biodiversity, maximizing habitat representation,
or minimizing the total amount of area protected) (Camm
et al., 1996). There are a variety of software tools available
for this purpose, with the most prominent being Marxan (Ball
et al., 2011) and Zonation (Lehtomaki and Moilanen, 2013).
A common use of these tools in conservation planning is to
identify a site or collection of sites that meet specified targets
for various conservation objectives while minimizing “costs.”
Costs can be actual financial costs or social costs such as
prohibiting human activities in areas, and costs are commonly
operationalized as the smallest total amount of area, with
the implicit assumption that less area protected will be less
objectionable to society (Ban and Klein, 2009). Site selection
can also demand certain configuration requirements, such as
the minimum size of areas, clustering, or site connectivity
(Beger et al., 2010). In cases where prioritization tools select
sites to meet multiple criteria (e.g., representation of different
habitat types while minimizing costs or area protected),
they also fall into the tradeoff analysis category described
below as they are selecting a site or collection of sites to
minimize tradeoffs.

Many of the same fundamental concepts and tools used
to prioritize sites for protection can be used to identify and
select locations for restoration. In fact, in many cases, spatial
prioritization analyses that select areas that are a high priority
for conservation do not specify what type of conservation

action should take place in those areas (Groves and Game,
2016), and restoration may be critical when ecosystems have
been degraded to the point where protection alone will not
lead to recovery. There are a few key considerations when
applying prioritization analysis to identifying sites for protection
versus restoration. For one, in the case of restoration, sites
are prioritized based on where the target conservation feature
no longer exists or has been severely degraded, typically
because of anthropogenic threats, as opposed to prioritizing
sites that are often the least impacted locations (Yoshioka et al.,
2014). This increases the importance of either historical data,
for example to identify potential restoration sites based on
differences between current and past distributions (Yoshioka
et al., 2014), or predictive models such as species distribution
models and HSMs (described above) that can be used to
identify sites where restoration is likely to be successful.
Costs may also need to be conceptualized differently, as
minimizing the area to be restored may not be an objective.
Costs can be assessed as the actual financial cost of the
restoration project, the feasibility of the project, the cost of
removing threats that might hinder restoration success, and
the compatibility of other land or sea uses with the target
habitat (Yoshioka et al., 2014). Lastly, because restoration
projects are increasingly motivated by a desire to protect or
enhance ecosystem services, ecosystem service outcomes will
often need to be included among the objectives that are
being maximized within the optimization algorithm. Again,
this requires predictive models because restoration will provide
services in new locations, but, as described above, there are
spatial ecosystem service models that can be parameterized using
hypothetical habitat distributions, such as the array of InVEST
models (Sharp et al., 2016).

While it is less common to apply prioritization analyses
explicitly to selecting priority restoration sites, particularly at
larger spatial scales (Tobon et al., 2017), useful examples do
exist (e.g., Crossman and Bryan, 2006; Adame et al., 2015;
Vogler et al., 2015; Singh et al., 2019). Tobon et al. (2017)
used a heuristic multi-criteria analysis to rank the priority of
terrestrial sites for ecosystem restoration throughout Mexico
based on the biological importance of sites, the restoration
feasibility, and different weightings of the two objectives.
Yoshioka et al. (2014) used Marxan to conduct what is
known as a complementarity analysis, which assigns high
priority to sites with more unrepresented features (in this
case, sites that have lost endangered bird species) balanced
by costs (in this case, restoration infeasibility measured as
the levels of urbanization and farming), for Japan to identify
priority restoration sites to benefit birds. There are also a
growing number of examples that focus on ecosystem services
as key outcomes. For example, Singh et al. (2019) used
an optimization algorithm to prioritize locations for wetland
restoration at a regional scale using an ecosystem service model
of phosphorous retention and restoration costs. Adame et al.
(2015), the only study in our literature review analysis that
used spatial prioritization, selected priority areas for mangrove
restoration in the Mexican Caribbean using Marxan. In this
analysis, the authors examined scenarios where they fixed
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the percentage of area restored, and prioritized sites based
on the expected provisioning of three ecosystem services
(carbon storage, water depuration, coastal protection) and
minimizing costs (assuming costs increase as a function of
ecosystem degradation and inaccessibility). This study nicely
demonstrates how spatial prioritization tools from conservation
planning can be readily adapted to spatial planning for marine
ecosystem restoration.

Tradeoff Analysis
Tradeoff analysis is an analytical tool for evaluating alternatives
that could be quite useful in spatial planning and site selection
for marine ecosystem restoration, although it has not been
widely used in this context. The approach borrows from
economic theory and multi-objective decision analysis, and
provides an explicit and systematic assessment of tradeoffs,
for example, among competing management objectives. In
the context of spatial planning, where different planning
options will have different outcomes for various management
objectives, the goal is to identify which planning options best
balance those objectives (i.e., maximize a joint objective) (Lester
et al., 2013). Therefore, the outcome for each management
objective from each possible spatial plan must be quantified,
whether through empirical data, quantitative models, or
conceptual models. For example, if the goal of a restoration
project is to improve water quality and storm protection,
and five candidate sites are under consideration, predictive
spatial models of water quality and storm damage can be
used to determine the outcome for these two objectives
under each of the five restoration scenarios. Often the
most intuitive way to assess the possible tradeoffs is to
visualize them on a multidimensional graph, where the axes
represent the objectives and each point corresponds to the
outcomes from each spatial plan or restoration scenario. In
some cases, there may be obvious win-win options where
all objectives are high, and in other cases there will be
clear tradeoffs, providing a starting point for a more explicit
discussion about how those tradeoffs should be balanced
(Lester et al., 2013).

The most useful application of tradeoff analysis assesses all
(or many) of the theoretically possible restoration options. In
the simple two objective case, the outer bound of all points
(those further up and to the right on the graph) is the
“efficiency frontier” comprised of “Pareto optimal options,” to
use the economics terminology, whereby one objective cannot
be further increased without a loss to the other objective.
All options on the frontier represent options that differently
prioritize objectives across which there are unavoidable tradeoffs.
Which option on the frontier is “best” depends on the relative
preference for the objectives among society or decision-makers
(Lester et al., 2013). The points interior to the frontier are
poor options, assuming all of the important management
objectives have been included in the tradeoff analysis, because
at least one objective could be improved with no cost to
the others. The analysis is easiest to visualize with only two
objectives, but the logic applies to any number of dimensions.
An analytically defined objective function can explicitly evaluate

the response of different management objectives to different
possible spatial plans, considering different weighting factors
for each objective (as not all objectives may be equally
important), and specify spatial plans that are on the frontier
(e.g., Lester et al., 2018).

This approach has been applied to marine spatial planning
and particularly the challenge of siting new ocean uses (White
et al., 2012; Lester et al., 2018), and for evaluating tradeoffs
in the context of implementing marine protected areas (Brown
et al., 2001; Rassweiler et al., 2014), including using prioritization
analyses as described above (e.g., Klein et al., 2013). There are also
numerous examples of how this approach can be useful in land
use planning for evaluating tradeoffs and identifying scenarios
that would increase the provisioning of multiple ecosystem
services (Polasky et al., 2008; Nelson et al., 2009; Goldstein
et al., 2012), which is analogous to the goal of restoring marine
habitats to improve ecosystem service outcomes. While there
are some examples of tradeoff analysis being applied in the
context of restoration (Zheng and Hobbs, 2013; Vogler et al.,
2015; Martin et al., 2016; Singh et al., 2019), or for comparing
the effects of different types of management actions including
restoration (Needles et al., 2015), research that evaluates different
site selection options for marine ecosystem restoration using
this approach is rare or nonexistent. We argue this approach
could be an important tool in spatial planning for restoration,
particularly in making site selection decisions that account for
spatial variation in restoration costs, likely restoration success,
and ecosystem service outcomes. The major challenge with
implementing such an approach is access to fine resolution spatial
data and spatially explicit models that predict restoration success
and ecosystem service delivery if the ecosystem is restored at
different locations across the seascape. Nevertheless, when these
data and models are available, tradeoff analysis could be used to
improve restoration return on investment.

CONCLUSION AND WAYS FORWARD

Because of the high cost and importance of restoration for
marine ecosystems, and the limited resources often available
for such efforts, pursuing restoration projects that are effective
and efficient is essential. Here we have provided a case for
how restoration outcomes, particularly for ecosystem services,
could be improved by applying spatial planning principles.
Despite this strong rationale, our review of recently published
(2015–2019) peer-reviewed papers on restoration for three high
profile ecosystems (seagrass beds, salt marshes, and mangrove
forests) reveals that site selection and spatial planning are
rarely incorporated into restoration research. Those studies that
do examine site selection or spatial planning for restoration
focus most commonly on environmental conditions required
for the restored habitat, and rarely include an explicit analysis
of ecosystem service outcomes. However, because we focused
on peer reviewed literature and did not include gray literature
in our search, our results may not capture the current state
of restoration practice and we acknowledge that there could
be important differences between activities occurring as part of

Frontiers in Marine Science | www.frontiersin.org 11 May 2020 | Volume 7 | Article 328

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-07-00328 May 18, 2020 Time: 14:3 # 12

Lester et al. Spatial Planning for Marine Restoration

actual restoration efforts and scholarly research about restoration.
Nevertheless, we expect that if spatial planning principles
were commonly incorporated into restoration practice, these
themes would appear more commonly in the scientific literature.
Furthermore, their rarity in the literature highlights a missing
avenue for their dissemination and adoption. Therefore, to try to
facilitate a new wave of research and practice that fills this gap, we
provide a conceptual overview of why and how to apply spatial
planning principles to marine ecosystem restoration (Figure 2).

Accounting for spatial variation in expected restoration
success, the supply and value of ecosystem services, and the cost
of restoration projects has the potential to improve return on
investment for restoration. While abundant spatial data exist in
many cases, the challenge of connecting these data with decision-
making may seem daunting or not worth the effort. We aim
to dispel this concern by providing an overview of existing
analytical tools available to support restoration site selection and
spatial planning. These tools, which include GIS and spatial
analysis, habitat suitability models (HSMs), ecosystem service
models, spatial prioritization algorithms, and tradeoff analyses,
have been applied extensively within conservation planning, and
more recently, marine spatial planning. There are also examples
of all of these approaches being applied to ecosystem restoration,
although the scientific literature suggests that applications to
coastal and marine ecosystems may still be rare.

The tools described in this paper can be applied for restoration
planning at any spatial scale and resolution, and are limited
mainly by the availability and quality of spatial data. Although
these tools can be employed individually, multiple tools can also
be integrated within a single restoration spatial planning analysis.
For example, the output of a HSM that makes spatial predictions
for restoration success – and thus can identify candidate areas
for restoration – could be used within multiple ecosystem
service models that predict outcomes if a habitat was restored
in those areas. These ecosystem service predictions could then
be visualized in a tradeoff analysis that plots different possible
siting options for restoration. Alternatively, the ecosystem service
predictions can serve as inputs to a prioritization algorithm that
suggests the best sites for restoration.

We expect that as spatial planning approaches and principles
are applied more frequently to marine ecosystem restoration,
there will be improvements made to these tools that allow them
to be more readily applied to future restoration projects. Further,
as the field matures, more sophisticated planning approaches that
account for climatic and other major directional changes will be
imperative. As ecosystems move into states for which there is no
historical analog, it will be useful to combine climate projections
of environmental conditions (e.g., sea level rise, temperature,
pH, etc.) and expected changes to human communities (e.g.,
population density, food insecurity, coastal vulnerability) with
predictive models of habitat suitability and ecosystem services
to facilitate planning for climate-robust restoration projects.
Fortunately, climate model outputs are increasingly available at
appropriate spatial resolutions to be integrated into these types
of analyses (e.g., Assis et al., 2018). Looking forward, there could
also be benefits of including cross-ecosystem connections into
spatial planning analyses given that connectivity among adjacent

ecosystems, including nutrient exchange, trophic connections,
and impacts on physical conditions, can affect restoration success
(Gillis et al., 2017). Many marine species use multiple habitat
types, either during different life stages or for feeding and shelter
over daily time scales, and therefore restoration should account
for these linkages. This will require conducting analyses and
making coordinated restoration decisions at landscape scales.

Although application of spatial planning tools has substantial
potential to improve the probability of restoration success and
resulting outcomes for ecosystem services, there are costs to the
planning as well. These include the direct costs of doing the
planning (salaries for analysts, costs of acquiring or collecting
data, etc.), but also the implicit costs associated with a delay in
the start of restoration. If a site selection process adds 6 months
to the planning stage, this can be viewed as a loss of the ecosystem
services that would otherwise have been provided by an earlier
start to restoration activities. Analyses of whether formal site
selection should be undertaken are vanishingly rare. While the
costs of planning can be estimated, the benefits cannot be known
until the analysis is undertaken. As a general rule, benefits are
likely to be larger when candidate sites are spread across the
landscape with relatively high variation either in environmental
or social factors, a circumstance which could result from a large
potential planning area, or from high local variation within a
smaller area. However, even when variation is modest, the high
cost of marine restoration projects means that even a small
percentage improvement in outcomes is likely to dwarf the direct
financial costs of planning, and if the restored habitat has a long
expected lifetime, any delay in implementation should be easily
outweighed by the improved long-term outcomes.

Marine ecosystem restoration will only become more
important as we attempt to halt the degradation of nature
and recover the ecosystem services society relies on. As the
human population grows and climate change impacts increase,
ecosystem restoration projects will increasingly require large
scale and costly interventions. By investing some resources
and time in strategic spatial planning, restoration can better
recover ecosystem function and benefit human communities.
Spatial planning can also provide a useful platform for improved
outreach and education about restoration aimed at the general
public, policy makers and funders, as spatial planning analyses
can make important tradeoffs more explicit and can illustrate the
benefits of more investment in restoration.
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