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Rehabilitated and restored mangrove ecosystems have important ecological, economic,
and social values for coastal communities. Although a sine qua non of successful
mangrove rehabilitation or restoration projects is accurate attention to local hydrology
and basic biology of mangrove trees and their associated fauna, their long-term success
depends on far more axes, each with their own challenges. Rehabilitation projects: are
planned, designed, executed, and managed by people with diverse backgrounds and
different scientific and socio-political agendas; need to be responsive to these multiple
stakeholders and agents who hold different values; are often influenced by laws and
treaties spanning local to international scales; and must be able to adapt and evolve both
geomorphologically and socioeconomically over decades-to-centuries in the context of
a rapidly changing climate. We view these challenges as opportunities for innovative
approaches to rehabilitation and restoration that engage new and larger constituencies.
Restored mangrove ecosystems can be deliberately designed and engineered to provide
valuable ecosystem services, be adaptable to climatic changes, and to develop platforms
for educating nonspecialists about both the successes and failures of restored mangrove
ecosystems. When mangrove rehabilitation or restoration projects are developed as
experiments, they can be used as case-studies and more general models to inform
policy- and decision-makers and guide future restoration efforts. Achieving this vision will
require new investment and dedication to research and adaptive management practices.
These ideas are illustrated with examples from mangrove restoration and rehabilitation
projects in the Indo-West Pacific and Caribbean regions, the two hotspots of mangrove
biodiversity and its ongoing loss and degradation.

Keywords: Belize, designed ecosystems, ecological mangrove restoration (EMR), ecosystem services, landscape
architecture, Singapore, socio-ecological systems (SES)

1. INTRODUCTION

We are living in the era of ecosystem rehabilitation and restoration (Wilson, 1992). Restoration
ecology has progressed rapidly from its initial, unrealistic “ecocentric” goal of eliminating
or compensating for human influences on ecosystems (Jordan and Lubick, 2011) to its
current “meliorative” framework of creating and maintaining sustainable socio-ecological systems
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(e.g., Ostrom, 2009; Kibler et al., 2018; Krievins et al., 2018).
Methods and approaches for rehabilitating and restoring
coastal and marine ecosystems have progressed especially
rapidly. It is now realistic to envision that, with concerted
effort and careful attention to climatic change, many coastal
and marine ecosystems could be “substantially to completely”
rebuilt by the middle of this century (Duarte et al., 2020).
In this review, we discuss approaches to rehabilitation
and restoration of mangroves that integrate ecocentric and
meliorative approaches. We use two contrasting case studies to
show how mangrove rehabilitation and restoration can be seen
as an adaptive management tool for mangroves considered as
socio-ecological systems.

Throughout this review, we use the contemporary definition
of “ecological restoration” as any activity with the goal of
achieving substantial ecosystem recovery relative to an appropriate
reference model, regardless of the time required to achieve
recovery (Gann et al, 2019, emphasis in original). In this
context, “restoration” is distinguished from “rehabilitation” in
that the former aspires to substantial recovery of the native
biota and ecosystem functions (Gann et al, 2019, emphasis
in original), whereas the latter strives not to recover an
entire ecosystem formed only of native species but only
to reinstate a level of ecosystem functioning sufficient to
provide ongoing, defined ecosystem services. In this sense, a
rehabilitated ecosystem may include nonnative components (see
also Miller and Bestelmeyer, 2016; Zimmer, 2018). Although
Elliott et al. (2007) suggested that “restoration” be used to
describe any activity (including restoration, rehabilitation, and
reclamation) aimed at promoting any type of ecosystem recovery
in coastal and estuarine environments (including mangroves),
we follow Field (1998), Abelson et al. (2016), and Gann
et al. (2019) in distinguishing rehabilitation from restoration
in mangrove ecosystems. Rehabilitation and restoration also
are at one end of the spectrum of management interventions
that support recovery of ecosystems from damaged, degraded,
or destroyed states (Ounanian et al., 2018). Stages preceding
rehabilitation and restoration include protection, remediation,
and recreation (Abelson et al., 2016; Ounanian et al., 2018).

2. BACKGROUND
2.1. What Are Mangroves?

Mangroves are a taxonomically diverse group of £70 tree, shrub,
and fern species (in at least 25 genera and 19 families) that
grow in anoxic and saline peaty soils on sheltered, tropical
coasts. Mangroves share a suite of genetic, morphological,
physiological, and functional traits that provide one of the most
convincing cases for convergent evolution among diverse taxa in
response to similar environmental constraints (Polidoro et al.,
2010; Tomlinson, 2016; Xu et al, 2017). Mangroves can be
found throughout the tropics, with representatives of the major
mangrove genera Rhizophora and Avicennia present in both
the Indo-West Pacific IWP) and the Atlantic, Caribbean, and
Eastern Pacific (ACEP) realms (Ellison et al., 1999; Tomlinson,
2016). Mangrove species diversity is much lower in the ACEP,
where it reaches a maximum of 8-9 species at any given site,
than in the IWP, where 30 or more species from the regional pool

of at least 46 can co-occur (Ellison et al., 1999). At least 16% of
mangrove species worldwide are currently considered to be of
conservation concern (Polidoro et al., 2010).

Where they grow, mangroves can form dense, often
monospecific stands whose species composition is determined
in large part by tidal elevation (Ellison and Farnsworth, 2001).
Mangroves are thought to be one of the few good examples of
foundation tree species in the tropics (Ellison et al., 2005; Ellison,
2019). They create habitats for many terrestrial, intertidal,
and marine species, stabilize shorelines, and modulate nutrient
cycling and energy flow through the forests they define (Ellison
and Farnsworth, 2001). Mangrove forests have some of the
highest reported net primary productivity of any ecosystem
on the planet, and their loss or deliberate removal leads to
rapid build-up of acid sulfides in the soil, increased shoreline
erosion and sedimentation onto offshore coral reefs, and collapse
of intertidal food webs and inshore fisheries (Ellison and
Farnsworth, 2001).

A recent fine-scale analysis of global mangrove forest cover
yielded an estimate of & 84,000km?” spread across 105 countries
(including special administrative areas and French overseas
provinces: Hamilton and Casey, 2016). In the latter decades of
the twentieth century, FAO (2007) and Spalding et al. (2010)
estimated mangrove deforestation rates approaching 1% - yr—!,
but during the first dozen years of the twenty-first century, only
~ 2% of global mangroves were lost, corresponding to a much
lower rate of & 0.16% - yr~! (Hamilton and Casey, 2016). Thus,
there is a strong imperative to rehabilitate or restore mangroves
to offset continued losses of mangroves around the world, and
the number of mangrove restoration and rehabilitation projects
worldwide has nearly tripled in the last 20 years (Duarte et al,,
2020). The majority of these projects have been in Southeast Asia
and Brazil (Duarte et al., 2020).

2.2. Ecosystem Services and Human Uses

of Mangroves

Mangroves provide a wide range of benefits—a.k.a. ecosystem
services (sensu Millenium Ecosystem Assessment, 2005)—to
human populations (e.g., Ellison, 2008; Barbier et al., 2011).
Coastal communities have long relied on the provisioning
services of mangroves, such as the extraction of construction
materials and fuel wood (Dahdouh-Guebas et al., 2000; Chow,
2018), and the capture of food sources such as shellfish
and finfish (Ellison, 2008; Carrasquilla-Henao et al.,, 2019).
Coastal communities also derive cultural ecosystem services
from mangroves, including tangible services such as recreation
and intangible services such as aesthetic appeal and spiritual
values (e.g., James et al, 2013; Thiagarajah et al, 2015;
Spalding and Parrett, 2019). Mangroves also provide a range of
regulating services, including coastal protection (Horchard et al.,
2019; Ranjan, 2019), pollutant assimilation (Tam and Wong,
1995), and macroclimate regulation and mitigation of global
climatic change through carbon (C) storage and sequestration
(Adame et al, 2018). Some regulating services (e.g., coastal
protection) accrue directly to co-located coastal communities,
whereas others (e.g., regulation of macroclimate) benefit the
global commonwealth.
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2.3. A Brief History of Mangrove

Rehabilitation and Restoration

Rehabilitation and restoration of mangroves has been practiced
for decades (salient reviews are provided by Lewis, 1982,
2005, 2009; Field, 1998; Ellison, 2000; Lewis et al, 2019).
The rationales for rehabilitating or restoring mangroves reflect
specific ecosystem services, including creation or maintenance
of forest stands for “sustainable” high yields, coastal protection,
landscaping, conservation of biodiversity, or because laws require
it (e.g., local regulations mandating “No Net Loss” of wetlands
following development projects). Broad classes of rehabilitation
and restoration methods include: (1) incorporation of mangroves
into engineered hard coastal defense structures (Cheong S.-M.
et al,, 2013; Lai et al., 2015; Mayer-Pinto et al., 2017; Morris
et al, 2018, 2019); (2) monoculture plantations (e.g., Chan,
1996; Field, 1998; Ellison and Farnsworth, 2001; Matsui et al.,
2012; Chow, 2018); and (3) “ecological mangrove restoration”
(EMR) approaches, in which the intertidal zone is manipulated
(e.g., regraded, dredged, filled) so that biophysical conditions
(particularly inundation) are within tolerable limits for mangrove
establishment, growth, and reproduction (e.g., Lewis, 2005; Lee
et al., 2019; Lewis et al.,, 2019; Suman, 2019). Zimmer (2018)
has proposed an additional method, (4) “mangrove ecosystem
design,” which foregrounds people and their needs, and then uses
those needs to define the set of ecosystem services to be included
in the project. Subsequent rehabilitation or restoration activities
are then focused on meeting those needs and services, given
biophysical constraints. Mangrove ecosystem design is described
in more detail in section 2.6.

For example, in terms of regulating ecosystem services, growth
rates and biomass accumulation tend to be greater in young
plantations than in older ones, but recruitment of saplings
may increase with plantation age or be completely absent
(Bosire et al., 2008). Rehabilitated mangroves sequester more
C than the land-use cover-types they replace (Sasmito et al,
2019). Successful rehabilitation has led to rapid accumulation
of biomass C stocks, and over longer time scales can increase
soil carbon stocks by 83 (Matsui et al., 2012) to 96 Mg C/ha
(Cameron et al., 2019a). Rehabilitated mangroves on previously
abandoned and exposed aquaculture ponds emit substantially
less CO; from their soils than do the abandoned, exposed ponds
themselves (Cameron et al., 2019a). In parallel, rates of peat
accumulation in constructed mangrove forests can exceed that
of natural stands (Osland et al., 2020). Carbon is a traded
commodity, and the selling of C credits provides financial
incentives for mangrove rehabilitation through Payments for
Ecosystem Services (PES). PES has been promoted for its
potential to offset greenhouse gas emissions while providing
livelihood opportunities to local communities (Locatelli et al.,
2014). The high rates of C accumulation and positive impact on
baseline soil C fluxes in mangrove ecosystems means that they
provide more cost-effective PES than most terrestrial ecosystems
(Cameron et al., 2019b).

Rehabilitated mangroves also provide provisioning
ecosystem services that local communities benefit from and
appreciate. These include construction materials and fuel wood,

non-timber products such as natural dyes, and nursery grounds
for molluscs collected for food (Ronnback et al., 2007; Ellison,
2008). Following mangrove rehabilitation, fish catches by
artisanal fishers often increase and positive influences on
offshore commercial fish catches also have been observed
(Das, 2017).

2.4. The Socioecology of Mangrove

Rehabilitation and Restoration

Mangrove rehabilitation and restoration projects almost
always are conceived and executed as “one-oft” projects
with surprisingly little attention paid to transference of
valuable information about previous successes, failures, or
technical knowledge that could guide successful projects (Field,
1998; Ellison, 2000; Lewis, 2005, 2009; Lewis et al., 2019).
Unsurprisingly, the failure rate of mangrove restoration and
rehabilitation projects remains unacceptably high (Brown, 2017;
Kodikara et al., 2017; Lee et al., 2019).

Technically, rehabilitation or restoration of mangroves can be
surprisingly easy: [ T]he single most important factor in designing a
successful mangrove restoration project is determining the normal
hydrology (depth, duration and frequency, and of tidal flooding)
of existing natural mangrove plant communities ([i.e.,] a reference
site) in the area in which you wish to do restoration (Lewis, 2005,
p- 409). Actual planting of mangrove propagules is often used but
rarely needed (Field, 1998), except perhaps when the goal is a
monoculture or forest plantation, or when stem-density targets
need to be achieved more quickly than natural regeneration
would allow (Field, 1998; Ellison, 2000; Lewis, 2005).

However, rehabilitation and restoration projects do not
succeed on technical grounds alone (Gann et al., 2019; Lovelock
and Brown, 2019), and, as noted above, most mangrove
restoration or rehabilitation projects have failed. Follow-up
monitoring has been sporadic and, at best, short-term. Most
failures result from the lack of community involvement,
appropriate governance structures, and alignment of objectives
and goals of external agents (including scientists) and local
stakeholders (Field, 1998; Mazon et al., 2019). Cormier-Salem
(1999) argued that interacting dynamics of natural and social
systems was a sine qua non of effective long-term management
of mangroves, but that social scientists had not been included
in mangrove restoration projects. Similarly, Walters (1997, 2000)
found that socio-economic factors including peoples’ traditional
knowledge about trees and tree planting; patterns of land
use and ownership; perceived economic costs and benefits;
and community social organization interacted were far more
important than ecological factors in determining success of
mangrove reforestation in the Philippines. Unfortunately, the
advice and insights of these authors have been notably absent
from subsequent major reviews of mangrove rehabilitation or
restoration (Lewis, 2005, 2009; Bosire et al., 2008; Lewis et al.,
2019); Dale et al. (2014) is a useful counter-example.

The last few years has seen a resurgence in interest in
bringing ideas and theories about socioecological systems to
bear on restoration and rehabilitation of mangroves (e.g., Biswas
et al., 2009; Brown, 2017; Ranjan, 2019). Ounanian et al. (2018)
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identified four “restoration discourses” applicable to marine
(including mangrove) ecosystem restoration that are based on
the degree of human intervention (the how of restoration) and
the motivation for action (the why of restoration) (Figure 1).
The goal of mangrove rehabilitation (rarely restoration) projects
prior to the early 1980s—afforestation for silviculture (Ellison,
2000)—reflected the idea that mangroves should support people
(lower left quadrant of Figure 1). Lewis (1982) and Field (1998)
moved the discourse up the ecocentric axis of Figure 1, “Putting
Nature first” and bringing biological diversity, habitat creation,
and food sources for near-shore and pelagic food webs into
the discussion. EMR approaches moved the needle toward
the upper-right, “Bringing Nature back” quadrant of Figure 1,
but most ecocentric approaches continue to place people
outside of “nature” and squarely within the classic ecocentric
framing of ecological restoration (Jordan and Lubick, 2011). In
contrast, Community Based Ecological Mangrove Rehabilitation
(CBEMR) has adapted EMR to include local communities and
bring people back into nature (Brown et al.,, 2014; Mantrove
Action Project, 2019).

For example, rehabilitation and restoration activities are
linking ecological integrity (“Bringing Nature Back”) with actions
to mitigate negative effects of climatic change (“Helping Nature
Support Humans”) while building local capacity in island ocean

states (Wilson and Forsyth, 2018). At the same time, methods
to better monitor and assess social and ecological status of
coastal habitats are being developed (Caardenas et al., 2017;
Wongbusarakum et al., 2019). In any project, participants and
stakeholders are unequal and weak or asymmetric relationships
among them—differences in capacity, power, or ideologies—
can lead to gaps in policies, project design, and implementation
(Vaughn, 2017; Thompson, 2018). These asymmetries can be
overcome through long-term commitments to funding and
monitoring, stronger collaborations between the funders and
individuals carrying out the restoration projects, and resolution
of conflicts between bottom-up (local) environmental initiatives
and top-down (governmental) legislation (Sa’at and Lin, 2018;
Thompson, 2018). Clarification of ownership and title to
mangrove-covered areas can limit deforestation, encourage
environmental stewardship, and maintain rehabilitated or
restored areas (Lovelock and Brown, 2019; Suman, 2019).

2.5. The Potential of and for Adaptive
Management of Rehabilitated and

Restored Mangroves

Adaptive management, a structured, iterative process of
“learning-by-doing” and decision-making in the face either of
continuous change (environmental, social, cultural, or political)

PUTTING
NATURE FIRST

Low intervention
Pkl

I Ecocentric / intrinsic value

EcoLOGICAL MANGROVE
RESTORATION (EMR)
(POsT-19805)

BRINGING
NATURE BACK

High intervention
B .

«

Y

HELPING NATURE
SUPPORT PEOPLE

MANGROVE
AFFORESTATION AND
SILVICULTURE
(PRE-19805)
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RESTORATION (CBEMR)

(2010s-...)
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A

FIGURE 1 | Four discourses for marine ecosystem restoration, after Ounanian et al. (2018), with placement of major types of mangrove rehabilitation and restoration
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or uncertainty (Holling, 1978), can and should be the standard
approach for any ecological restoration project, irrespective of how
well-resourced that project may be (Gann et al., 2019, p. S16).
Not only does adaptive management require regular monitoring
of key indicators to determine if the objectives and goals of a
rehabilitation or restoration project are being met, it also requires
clear triggers or decision-points for appropriate intervention and
action if the objectives or goals are not being met (Gann et al.,
2019). For mangrove rehabilitation and restoration projects,
long-term monitoring is uncommon (e.g., Mazon et al., 2019),
and adaptive management is rarely applied. However, Eriksson
et al. (2016) showed clearly that adaptive management of an
“ecosystem approach” improved outcomes associated with
managing mangroves for small-scale fisheries in Indonesia
(Lombok), the Philippines, Solomon Islands, and Tanzania. They
used the Participatory Diagnosis and Adaptive Management
framework (Andrew et al, 2007) with participants who
represented the interests of natural ecosystems, the livelihood
of people (economic drivers), institutions and governance, and
external drivers including macroeconomic instability, climatic
change, and environmental uncertainty. Their goal was to
determine stakeholder priorities and identify key interventions
to support the transition from purely exploitative to more
sustainable fisheries. One key conclusion of Eriksson et al. (2016)
was that strengthening governance was as important as mangrove
rehabilitation, economic improvement, and other technical and
data-driven aspects of management. This conclusion is not
restricted to fisheries management (Eriksson et al., 2016), but
applies more broadly to any mangrove protection, conservation,
rehabilitation, or restoration project (Lovelock and Brown, 2019;
Suman, 2019).

2.6. Experimentation Plus Deliberate
Design as an Integrating Framework for

Mangrove Rehabilitation and Restoration
Observational monitoring of key indicators is necessary to
evaluate success of goals and objectives of rehabilitation
or restoration projects and to guide adaptive management
and decision-making. Formal experiments, either within an
observational before-after-control-impact (BACI) framework
(e.g., Stewart-Oaten et al., 1986) or using manipulations with
appropriate controls and adequate sample sizes, could improve
causal interpretation of observed patterns and identify key
processes (Gann et al., 2019). Restoration and rehabilitation
projects provide ideal opportunities and sites for “real-world”-
scale experiments to determine whether, for example, particular
engineering solutions, planting patterns, or facilitative (positive)
interactions among species could improve restoration success
(Halpern et al, 2007; Gedan and Silliman, 2009), but these
have yet to be integrated into any mangrove restoration or
rehabilitation project (Renzi et al., 2019).

At the same time, intentional design of ecosystems with
functional characteristics to provide particular services has been
proposed as an alternative to rehabilitation or restoration projects
with high costs or low likelihoods of success; to take advantage
of nonnative species with equivalent functionality; or to be

effective in rapidly changing environmental conditions (Hobbs
et al., 2006; Morse et al., 2014; Miller and Bestelmeyer, 2016).
Such designed ecosystems foreground people, societies, and
the ecosystem services that support them, and use engineering
principles and technical knowledge to assemble a group of
taxa into appropriate environments (Zimmer, 2018). More
deliberately designed or engineered mangrove systems have been
tried in Bangladesh and Singapore (Cheong S.-M. et al., 2013).
A more complete designed mangrove landscape that provides
stormwater management, flood protection, and recreational
opportunities, was constructed in the Fengxinglong Ecological
Park at the junction of the Sanya and Linchun Rivers in China’s
southern Hainan Province (Nengshi et al., 2018).

Ecological, socioeconomic, and governance issues come
together in discourses that define rehabilitation and restoration
of ecosystems. Adaptive management, including monitoring
and triggers for intervention and modification of management
require participation of individuals with technical expertise and
those who can make culturally-informed decisions. Including
manipulative experiments with appropriate attention to sample
size and scope of inference could permit more rapid conclusions
about how a system is actually working, and provide additional
guidance for adaptive management. All of these threads
come together in designed ecosystems that foreground needed
ecosystem services, specify them as project goals or deliverables,
and assemble groups of species that can provide said services
in a given environmental context that is treated as a long-term
experiment in rehabilitation and restoration.

In the next section, we use case studies of mangrove
rehabilitation and restoration projects in Singapore and Belize to
illustrate these principles (Figure 2). We chose case studies from
these two countries because Singapore and Belize are in different
mangrove realms and have different sociopolitical and economic
histories and contexts, but they also face similar challenges in
rehabilitating, restoring, and managing mangroves. Belize is 30-
fold larger than Singapore and has more a 1,000-fold greater
mangrove cover but only 1/300th of Singapore’s GDP (The World
Bank, 2018). Conservation and preservation of large areas of
extant mangroves is still possible in Belize, but not in Singapore.
People and the governments in both countries recognize the
value of the ecosystem services that mangroves provide. At the
same time, coastal zones in both countries are being engineered,
and their mangrove rehabilitation projects are mostly small-scale
and driven primarily by ecocentric goals.

3. CASE STUDY 1: SINGAPORE

Singapore (1.290270 °N, 103.851959 °E) is a 721-km? city-
state in Southeast Asia. Its equatorial climate and biophysical
environment is well-suited to supporting minerogenic mangrove
systems. Singapore is located close to the epicenter of mangrove
species diversity and diversification (Ellison et al., 1999); 35
of the &~ 46 mangrove species found in the Southeast
Asian region of the IWP mangrove realm, including the
critically endangered Bruguiera hainesii, have been recorded
from Singapore (Yang et al., 2011).
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studies; the extent of mangroves in each country is illustrated in Figures 3, 6.

FIGURE 2 | World map showing locations of Singapore (in magenta inset) and Belize (in blue inset). Additional details about each country are given in each of the case

Since it became an independent state in 1965, Singapore
has lost > 90% of its mangrove forest extent as land has
been reclaimed for industrial development and aquaculture,
freshwater reservoirs have been constructed in previously
mangrove-fringed estuaries, and the shoreline has eroded and
been increasingly polluted (Lai et al., 2015; Friess, 2017).
Mangrove coverage in Singapore was estimated at only 0.81 km?
in 2018 (Figure 3; Gaw et al., 2019).

3.1. Socioeconomic and Sociopolitical

Context

Although Singapore’s historical economic and sociopolitical
drivers provided large incentives to destroy mangrove forests,
the present-day sociopolitical context has opened up possibilities
for mangrove rehabilitation or restoration. Some mangrove areas
now are protected as Nature Parks or Nature Reserves, and
protected area coverage continues to increase in the country
(Tay, 2018). In 2019, the Singapore Government announced
that preparing for and dealing with the impacts of climatic
change are key government priorities; measures to protect the
country and adapt to sea-level rise are estimated to cost at least
US $74 billion over the next century (Prime Minister’s Office,
2019); US $5 billion is allocated in next year’s budget. The
government has highlighted nature-based solutions, especially
mangrove rehabilitation, as key adaptive responses to sea-level
rise (Tan and Fogarty, 2019).

3.2. Mangrove Rehabilitation and

Restoration Activities in Singapore

3.2.1. Bringing Nature Back: Recreating Biophysical
Conditions

Because much of Singapore’s highly urbanized coastline is
on reclaimed land in the intertidal zone, large spaces
within appropriate biophysical bounds for successful mangrove
establishment and growth do not exist. Thus, the first step for
mangrove rehabilitation projects in Singapore has been to “Bring
Nature Back” (upper right quadrant of Figure 1) by recreating the
necessary biophysical conditions to support mangroves and their
associated biota.

3.2.2. Types of Mangrove Rehabilitation Efforts in
Singapore
Previous and current rehabilitation efforts in Singapore can be
classified into three broad tiers that correspond to the three
standard methods of mangrove rehabilitation and restoration:
ecological engineering, plantations, and EMR approaches
(Figure 4; Friess, 2017). All of these efforts have been
opportunistic, and have occurred in response to individual
development projects or specific management concerns. Most
fall into the “Bringing Nature Back” or “Building with Nature”
paradigms of Figure 1.

An example of the first (smallest) tier is on Pulau Tekong,
an island off Singapore’s northeast coast, where mangrove
saplings have been planted within new and existing hard
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FIGURE 3 | Distribution of mangrove forests (black) in Singapore in 2014 with locations of major rehabilitation projects. Redrawn from Friess (2017).
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coastal defense structures. This mangrove area was experiencing
substantial shoreline erosion from storms, ship wakes, and
changing hydrodynamic conditions resulting from nearby land
reclamation (Cheong K. H. et al., 2013; Cheong S.-M. et al., 2013).
Because the intertidal zone was eroding, simple planting would
have been insufficient to rehabilitate a mangrove forest. Instead,
an artificial rock wall was built, sediment was introduced into
the system in biodegradable bags, and multi-species plantings
were done inside 8,000 plastic planting tubes placed between the
rocks (Yang et al., 2011; Cheong S.-M. et al., 2013).

The second-tier rehabilitation approach of planting
monocultures has been done on Pulau Semakau. At this site, 13.6
ha of mangrove forest were cleared during the construction of a
landfill. After construction, a rehabilitation project was initiated
to ensure no net loss of habitat. Reclaimed land was overlain
with a layer of mangrove mud at an elevation of 1.8-2.2 m above
chart datum low water, and as many as 400,000 propagules of
Rhizophora apiculata and R. mucronata were successively planted
across the site at a density of 1,900 propagules per hectare. This
density was required to account for the ~ 94% mortality rate
of the planted propagules (Tatani et al., 2001; Yang et al., 2011;
Friess, 2017). Such high mortality is uncommon in long-term,
multiple-rotation mangrove forestry plantations (Chan, 1996)
but common in monoculture rehabilitation projects more
broadly (Kodikara et al., 2017).

Two rehabilitation sites in Singapore have implemented
principles of EMR (Tier 3). The first, at Pasir Ris, was designed
to allow mangrove seedlings to naturally colonize a 1-ha area
that had been reclaimed previously; the goal here was to make

connections with other mangrove patches along this coastline
(Figure 5; Lee et al., 1996). The reclaimed land was regraded
to a lower elevation that allowed flooding up to 50 times per
month. Once tidal exchange had been re-established, the site
was rapidly colonized by Avicennia alba and Sonneratia alba,
two key mangrove pioneer species that can survive in the lower
intertidal zone. After 20 years, a high diversity of mangrove
species, molluscs, crustacea, and snakes had established at Pasir
Ris (Lee et al,, 1996; Karns et al., 2002). Fish diversity, but
not abundance, has been higher at Pasir Ris than in adjacent
constructed shorelines (Jaafar et al., 2004; Benzeev et al., 2017).
Pasir Ris also provides valuable cultural ecosystem services,
including spiritual/religious (“sense of peace”), inspirational
(“connecting with nature”), and recreation/tourism (“recreation”
and “enjoying time with family”) (Thiagarajah et al., 2015).

The second, and most recent EMR project is ongoing
within 8.8 ha of abandoned aquaculture ponds on Pulau
Ubin. This project differs from other mangrove rehabilitation
projects previously undertaken in Singapore in that it has
been a community-based initiative, organized by local NGOs,
community groups, and academics, and strongly supported
by government agencies responsible for nature conservation
(Friess, 2017; RUM, 2017). The first phase of this project
has required extensive mapping of biophysical conditions
across the site and neighboring natural mangroves, particularly
tidal flows and elevations relative to tidal conditions, to
ensure that subsequent construction works modify physical
site conditions to approximate as closely as possible those
within surrounding “baseline” mangroves. The second phase
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FIGURE 4 | Conceptual mangrove rehabilitation trajectories and key decision points (white numbers in blue circles) where each trajectory can be changed to improve
project outcomes. The decision points are: (1) Improve success with better selection of species; (2) Shift from gardening to greater inclusion of mangrove ecosystem
services; (3) Improve biophysical conditions (unlikely without extensively engineered works or ongoing maintenance); (4) Plant at correct intertidal elevation; (5) Plant
multiple species; (6) Improve pre-rehabilitation planning of all biophysical parameters with an eye toward future ecological mangrove restoration (EMR); (7) Identify new
areas for rehabilitation (to improve beyond no net loss); (8) Extensive site and community assessments prior to initiating rehabilitation; (9) Ensure participation of local
communities and stakeholders; (10) Scale up size of pilot projects and full projects. The projects at Pulau Tekong, Pulau Semakau, Pasir Ris, and Pulau Ubin are all
discussed in text (section 3.2.2).
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FIGURE 5 | Restored mangroves at Pasir Ris. (A) Channels are maintained to allow for tidal exchange; (B) A boardwalk was constructed through the mangrove to
facilitate access while minimizing impacts to the forest; (C) Fringing mangrove provides habitat for juvenile fish and birds; (D) Interpretive and exhortative signs for
education, engagement, and outreach are widespread along the boardwalk. White numbers in blue circles correspond to restoration and rehabilitation decision points
illustrated in Figure 4. Photographs by Aaron M. Ellison.
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will begin the reconstruction of appropriate hydrological
conditions and sediment infilling to support natural or
augmented regeneration.

Data as yet are unavailable to assess the long-term success
of Singapore’s two EMR projects because reference stands have
not been systematically monitored; natural regeneration at Pasir
Ris cannot be compared to the observed self-thinning of planted
stands; and the ongoing mangrove restoration at Pulau Ubin is
still in its early stages. However, EMR projects in other countries
generally have been more successful in terms of seedling survival
than planted monocultures (Djamaluddin, 2007). There is,
however, some evidence that EMR has been ecologically more
successful in Singapore than lower-tier rehabilitation approaches.
The multi-species, natural regeneration at Pasir Ris has led
to faster tree growth and biomass accumulation than at other
mangrove rehabilitation sites in Singapore (Lee et al., 1996; Friess,
2017).

3.3. Lessons to Inform Adaptive

Management

Mangrove rehabilitation in Singapore has yielded key lessons in
how to enhance ecological diversity and ecosystem services in an
urbanized coastal setting. The Pulau Tekong hybrid engineering
project illustrated how to incorporate mangrove vegetation into
traditional coastal defense structures and has built competency
in large-scale coastal ecological engineering (Friess, 2017). This
project also highlighted the importance of planting multiple
species and matching species traits to prevailing environmental
conditions (Lewis, 1982; Field, 1998). To achieve target tree
densities in the monoculture plantation on Pulau Semakau,
successive replantings of up to 400,000 Rhizophora propagules
were required because of high seedling mortality rates resulting
from suboptimal biophysical conditions at the site for the planted
species. The ongoing rehabilitation project on Pulau Ubin also
has highlighted the importance of increasing project scope to
include community engagement and involvement, which secured
community support and buy-in for the restoration works (see
also Damastuti and de Groot, 2017; Sa’at and Lin, 2018; Powell
et al,, 2019; Ranjan, 2019).

Rehabilitation projects at all sites have shown the importance
of recreating the correct biophysical conditions to allow
mangrove seedlings to grow, including creating artificial
structures to protect seedlings from hydrodynamic energy or
using EMR to create site elevations suitable for mangrove
establishment (see also Lewis, 1982, 2005; Ellison, 2000). All
projects also have highlighted the challenges needed to scale
them up to larger areas. Thus far, mangrove rehabilitation sites
in Singapore have ranged from < 1 to just under 14 ha in
size. These small sizes reflect a legacy of executing rehabilitation
projects along urban shorelines with severe space constraints and
for which there are conflicting coastal management priorities.
However, larger rehabilitation sites may be able to support
higher levels of biodiversity and provide a greater number of
ecosystem services.

Analysis of mangrove rehabilitation projects in Singapore
has identified ten key decision points within an adaptive

management framework that provide opportunities to improve
restoration trajectories in this coastal setting (Figure 4). These
decision points can be categorized broadly as: diversifying target
species for rehabilitation (decision points 1 and 5); stronger
incorporation of key biophysical thresholds that determine
mangrove survivorship (decision points 4, 6, and 8); and
increasing the scope and scale of rehabilitation (decision points
2, 7,9, and 10). In some instances it may be possible to jump
between rehabilitation tiers at these decision points. For example,
planted monocultures could incorporate aspects of EMR such
as identification and mapping of biophysical constraints on
mangrove establishment that may be used to encourage natural
recruitment of mangrove propagules. This could be done at
existing sites (decision point 6) or along an entire coastline to
identify suitable areas for future rehabilitation (decision point 7).
In other situations, it may not be possible to jump to a higher
rehabilitation tier. For example, hybrid engineering approaches
are used in eroding areas where mangrove planting or natural
recruitment would never be successful because of biophysical
constraints.

Although the small number of restoration sites in Singapore
has limited the opportunities to take advantage of these lessons
or use the proposed adaptive management framework (Figure 4),
possibilities abound for the future. More than 63% of Singapore’s
319 km coastline is armored (Lai et al., 2015) and new coastal
rehabilitation projects could take advantage of lessons learned
in hybrid engineering at Pulau Tekong. Ecological enhancement
of sea walls for corals and associated fauna has been a strong,
focused area of basic (Loke and Todd, 2016) and applied research
(Loke et al., 2019; Morris et al., 2019). Mangrove rehabilitation
on sea walls would benefit from a similar research focus. An
additional 75 ha of previously abandoned aquaculture ponds in
Singapore potentially are available for restoration to their original
mangrove cover (Friess, 2017). If these areas were restored
successfully, the mangrove extent in Singapore would increase
by up to 10%, with appreciable, positive gains in provisioning of
ecosystem services by Singapore’s mangroves.

4. CASE STUDY 2: BELIZE

Belize (17.49952 °N, —88.19756 °W) is small country (land
area = 22,963 km?) on the eastern side of Central America,
bordered by Guatemala to the west, Honduras to the south,
Mexico to the north, and the Caribbean Sea to the east. The varied
topography and geology of Belize include two physiographic
regions: the Maya Mountains in the south and west and the
northern lowlands in the north and east. The latter form
broad coastal plains with sandy soils underlain by limestone
bedrock. Vegetation types of the northern lowlands include
semi-deciduous forests and savannas, and extensive wetlands,
swamps, and coastal lagoons, mangroves, and seagrass meadows
(Figure 6; Hartshorn et al., 1984; Ellison, 2004; Cherrington et al.,
2010a). Offshore, the 300-km Belize barrier reef is the largest
continuous section of the 900-km Mesoamerican reef system
(Riitzler and Macintyre, 1982) and a designated UNESCO World
Heritage site (UNESCO, 1996). Belize still has substantial intact
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FIGURE 6 | Map of Belize, showing areas of mangrove cover in teal. The offshore mangrove forests include dozens of mangrove-covered cays along the Belizean
barrier reef complex, and on two of the three atolls further east. Occasional mangrove seedlings have been seen at Glover’s Reef, but they have failed to survive.
Location of mangroves based on map in Meerman and Sabido (2001).

mangrove habitat covering &~ 747 km? along its 386 km of  realm—Rhizophora mangle, Avicennia germinans, Laguncularia
marshy coastline and many of its &~ 300 coral cayes (islands). The  racemosa, and Conocarpus erectus—grow in Belize (Murray et al.,
four most common mangrove species in the ACEP mangrove  2003; Neal et al., 2008).
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4.1. Socioeconomic and Sociopolitical

Context

Mangroves are legally protected under Belize’s Forests Act
(Government of Belize, 2003) and remain mostly intact in
Belize. At least 60% of the population of Belize depends directly
or indirectly on ecosystem services from coastal and marine
habitats (Belize Tourism Industry Association, 2010), but foreign
ownership and recent trends in land-use change, development,
wastewater management, and tourism (especially a rapid increase
in arriving cruise ships) all put pressures on mangroves and
other coastal habitats. Approximately 70% of Belize’s coastline
is privately owned, mostly by foreign entities, and mangrove
cover has declined by & 2% since 1980 (Brooksmith Consulting,
2011). Burgeoning aquaculture operations for rearing prawns
and tilapia along the coast are constructed in mangrove estuaries.
Following deforestation for their construction, increased nutrient
loading from their operations into adjacent wetlands and
waterways drives additional mangrove loss (Government of
Belize, 2002).

The Belizean barrier reef complex, with its cayes, mangroves,
seagrasses, and coral reefs, is an important component of Belize’s
tourism economy. Mangroves alone contribute ~ US $174-
249 million each year to the country’s economy (Cooper et al.,
2009). Ongoing climatic change negatively impacting coastal
ecosystems across the Caribbean will lead to an estimated
reduction in tourism revenue by 2,100 of > 25% of total
GDP across all countries in the Caribbean Basin (Bueno et al.,
2008) and ~ US $28 million in Belize alone (Richardson, 2009).
Ironically, the expanded tourism and fisheries that drive the
economy of Belize also threaten the ecosystems that support
these activities. Trends in expansion of tourism and fisheries
coupled with climatic change raise serious concerns for future
conservation and management of mangroves in Belize (Ellison
and Farnsworth, 1996; Farnsworth and Ellison, 1997; Clarke et al.,
2012).

Recent legislation has continued to reform and amend
mangrove clearance laws in Belize, and includes higher fines
and stronger regulations (Government of Belize, 2018). However,
developers routinely work around these restrictions. Mangrove
clearance often occurs without proper permits and enforcement
of mangrove regulations is rare. Although recent losses of
mangroves in Belize overall have averaged 0.9% - yr~! (Hamilton
and Casey, 2016), in urban and urbanizing areas (e.g., in and
around the capital, Belize City), mangrove cover has declined by
as much as > 3% - yr ! as stands have been cleared for housing,
industry, farming, and septic and wastewater systems (Furley and
Ratter, 1992). In these areas, conservation or management of
mangroves is rare, and occurs mostly on small scales. Mangroves
also are used in urban areas to extend septic systems and treat
wastewater; the main sewage treatment system in Belize City
is a constructed lagoon. More rural areas also are developing
rapidly and along similar trajectories. For example, the 30-km
Placencia Peninsula in southeast Belize has extensive mangroves
along the western “lagoon” side and white-sand beaches with
housing and substantial resort development on the eastern
side facing the Caribbean Sea. While much of the lagoon’s

intertidal zone remains mangrove-covered, the mangrove stands
are being degraded by coastal development for real estate and
tourism, aquaculture and agriculture, sedimentation from upland
deforestation and mangrove removal, and diverse impacts of
dredging and armoring the coast with bulkheads and other hard
infrastructure (Ellison and Farnsworth, 1996; Murray et al., 2003;
Coastal Zone Management Authority & Institute, 2014; Dale
etal., 2014).

4.2. Mangrove Rehabilitation and

Restoration Activities in Belize

4.2.1. Putting Nature First: Preserving Extant
Mangroves Comes First

Because extensive and intact stands of mangroves still remain
throughout Belize, their preservation, protection, and sustainable
management or explicit inclusion in development projects will be
the most effective and efficient means of maintaining mangrove
ecosystem functions in Belize. To foster mangrove preservation,
the Mangrove Challenge contest was established in 2010-2011
(Brooksmith Consulting, 2011). The Mangrove Challenge not
only helped to identify individuals involved in effective mangrove
conservation and restoration across Belize, but also fostered
creation of networks among them by awarding small cash
prizes (US $250-500). Awards were made to: conservation
organizations that were maintaining mangrove reserves; building
projects that were maintaining substantial mangroves in place;
formal landscaping and design proposals for resorts or homes
that incorporated mangrove hedges and aesthetic trimming;
educational opportunities created by boardwalks through
mangrove forests city parks with mangroves; and docks built
along mangroves rather than removing mangrove shorelines. The
Mangrove Challenge also highlighted locations where substantial
contiguous habitat patches existed or had been protected. A
positive outcome of the Mangrove Challenge has been the
expanded recognition of mangroves and various spin-off projects
from the original competition (Brooksmith Consulting, 2011).

4.2.2. Mangrove Protection in Belize Involves
Governmental and Non-governmental Organizations
Addressing issues contributing to mangrove degradation and loss
in Belize are being addressed through both bottom-up (grass-
roots) and top-down (governmental) approaches. For example,
the Government of Belize recently has enacted new laws to
support of mangrove conservation (Government of Belize, 2018).
Instituting effective zoning policies guiding development and
enforcing regulations need to be communicated better and more
effectively, especially to foreign property-owners (Flomenhoft
et al., 2007). The Belize Coastal Zone Management Authority
& Institute (CZMAI) has recognized that protection and
preservation of existing extant stands of mangroves will continue
to be a high priority. CZMAI is working to increase awareness
and oversight of existing mangroves to maintain their spatial
and functional integrity, and seeking to develop institutional
stability for organizations that create and monitor mangrove
reserves. For example, an action item in the Belize Integrated
Coastal Zone Management Plan of 2016 is to establish a national
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water quality monitoring program and a long-term national
strategy for monitoring the health of reef, seagrass, mangroves,
and other coastline habitats (Cherrington et al., 2010b; Coastal
Zone Management Authority & Institute, 2016). They proposed
to develop an annual State of the Coast Report and to develop a
centralized data repository that will include baseline ecological
data and information on coastal uses. Most stakeholders now
recognize that legal support from real-estate lawyers to address
issues around mangrove removal, encroachment, and ownership
disputes, and methods for enforcing the current regulations
around mangrove conservation is essential. Crafting a system of
incentives to back this legal support, funded, and implemented
by the Government of Belize is one way forward.

In parallel, the Belize Association of Private Protected Areas
(BAPPA) and the Belizean Mangrove Conservation Network
encourage land owners to work toward conservation and
restoration of mangroves and other natural areas. Another local
NGO, Friends of Placencia Lagoon, has documented impacts
of nearby shrimp-farm effluent disposal on the local water
quality. In general, active participation in mangrove management
and conservation by individuals and experts who use coastal
resources on a day-to-day basis will increase understanding
and awareness of the ecosystem services provided by Belize’s
mangroves and coastal waters.

4.3. Lessons to Inform Adaptive

Management

At ~ 6 m above sea level, Belize City and its population are
extremely vulnerable to coastal effects of ongoing climatic
change: rising seas, increases in flooding frequency and duration,
sediment deposition, and erosion. Because the pace and scope
of climatic change continues to vary, adaptive management
solutions can address immediate concerns while creating
flexibility to respond to longer-term dynamics (Holling,
1978). A key aspect of adaptive management is the revision
of management actions in response to new observations
or environmental conditions. But adaptive management
responses can be accelerated if additional information is
available from designed experiments focused on outcomes of
management interventions.

4.3.1. Observations Driving Adaptive Management in

Belize

Crucial ecosystem services that mangroves provide for Belize
include water filtration and treatment and coastal defense
(Barbier et al,, 2011; Horchard et al, 2019) and mangrove
rehabilitation and restoration projects in and around Belize
City may mitigate some effects of climatic change (Figure 7).
Working with CZMAI and co-author Alex Felson, Coryelle
Pondy (unpublished data) gathered and geospatially analyzed
data on drainage and flood risk associated with storm events,
current regulations and practices, predicted sea-level rise, water
quality and wastewater infrastructure, and current projects and
future plans for Belize City. She studied existing infrastructure
and critical needs of Belize City (Figure 7), focusing on adaptions
to sea-level rise and stormwater discharge into and from
wastewater and septic systems, drainage networks, and roadways.

Opportunities for both preservation and rehabilitation of
mangroves could take advantage of these valuable ecosystem
services. For example, the 1,620 ha Bolton Bank parcel on the
western side of Belize City is currently on the market for US
$12M (Figure 7B). Mangrove preservation coupled with “smart”
development in this area could provide significant civic benefits
with extensive flood water storage capacity and habitat value.

The many canals in Belize City provide critical drainage
but they overflow during heavy rains and floods, sending
contaminated water into the city. Dredging and clearing trash
from the canals is essential to optimize their flood management
function. A recent International Development Bank project will
dredge and install a pump and sluice gates to the canal outlets to
manage flow and siltation (Interview with Belize Water Services
2017-06-16; see also Grau et al., 2013).

The Belize Water Services (BWS) runs the lagoon sewage
processing facility, which is located adjacent to a low-income
neighborhood on the south side of Belize City (Figures 7C,D).
The sewage system drains &~ 18% of the city and treats the ~
5.5 million L of sewage per day generated by ~ 65% of the
city’s population (Silva, 2013); the rest of the city’s inhabitants
and those in neighboring communities either have private
septic systems or discharge wastewater directly into adjacent
mangroves. A facultative lagoon system (Figure 7C) operating
as cells in series treats the sewage; each cell provides 10 days
of hydraulic retention time. The sewer ponds are divided into
three zones with the outfall being discharged through two pipes
and into an excavated drain that connects to the Caribbean Sea.
The collection systems are interconnected with Zone 1 flowing
into Zone 2 and Zone 2 into Zone 3. On occasions, one of
these zones fails and the wastewater is directly discharged into a
canal, the river, or the sea through a series of outfalls designed
as a fail-safe mechanism to deal with overflows, malfunctions,
or power outages (Silva, 2013). Otherwise, treated effluent
flows through canals cut through a mangrove wetland and is
discharged into the Caribbean Sea (Belize Water Services, 2013).
BWS engineers have raised concerns about salt intrusion while
sea-level rise is pressuring them to raise the elevation of the
berms around the lagoons (Interview with Belize Water Services
2017-06-16). There are additional conflicts between nearby low-
income populations and the BWS, which wants to expand the
lagoon system.

4.3.2. Designing Experiments With Management in
Mind

With mangrove restoration and conservation as goals, we
identified an additional critical parcel of mangroves that has
undergone substantial land-use changes (Figures 7A, 8). This
parcel now presents opportunities for mangrove rehabilitation
that could provide ecosystem services including natural habitat,
storm surge and wave attenuation, drainage, and erosion control
(i.e., EMR with decision points 8-10 in Figure 4). Because the
parcel is located on land owned by St. John’s Junior College, it
also provides additional opportunities for education, outreach,
and community engagement. In addition to buildings, the site
includes mangroves and land connecting freshwater runoft to the
sea; other than the BWS sewage lagoon and Bolton Bank, the “St.
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(D) the overall sewered and mangrove areas of Belize City.

FIGURE 7 | Belize City (large aerial photograph) is located just south of the mouth of the Belize River on a delta surrounded by mangrove forests and the Caribbean
Sea. The four insets illustrate key sites discussed in the case study of mangroves impacted by past development and proposed for rehabilitation These sites include
(A) Saint John’s Junior College (see also Figures 8, 9); (B) the Bolton Bank land for sale; (C) the sewage lagoon system managed by the Belize Water Services; and

John’s” parcel is the most valuable extant mangrove within Belize
City to target for conservation and rehabilitation.

Based on a preliminary assessment of St. John’s campus,
and through discussions with CZMAI and a review of Belize’s
Integrated Coastal Zone Management Plan (Coastal Zone
Management Authority & Institute, 2016), we have developed a
concept-design proposal to combine nature-based infrastructure
development with mangrove ecosystem management for Belize
City. The project also proposes experimental research and
monitoring (Figure 9) in an educational setting to work with
students and faculty interested in learning about ecosystem
functions and services of natural, rehabilitated, and restored
mangroves, and best management practices to sustain them.

As with any EMR-based project, the St. John’s project
will start with gathering baseline biophysical data. Given its
location in a human-dominated landscape, these biophysical
data will be linked climate-change scenarios and ongoing
development plans. To effectively develop these strategies, we
defined a set of experimental zones (Figure 9) in which we will
use observations and manipulative experiments to understand

relationships between reconstructed tidal hydrology, connections
within the existing mangrove systems, natural regeneration, and
deliberate plantings (Felson and Pickett, 2005).

Proposed experiments take advantage of several
environmental gradients at the site. Experiments 01 and 02
(Figure9) would include plots sited on fill above highest
high water adjacent to the airstrip, and within an existing
mangrove stand, coastal uplands, and inland of the latter.
These experiments would evaluate plant physiological responses
and seedling or sapling growth and population dynamics as
a function of inundation rate and frequency, water quality,
and hydrological changes imposed by airstrip construction.
Plots within Experiment 03 (Figure 9) would be used to study
responses of seedlings and saplings to disturbance along a
gradient from existing, intact mangroves to parts of the campus
that are mown and fertilized.

Plots within Experiment 04 (Figure9) would be used as
test plots to develop nursery stock of appropriate species for
restoration and rehabilitation efforts onsite and elsewhere in
Belize. The primary driver variables here would be species
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intact mangroves.

FIGURE 8 | Land-use changes at St John's Junior College illustrate (left) preserved mangroves and existing structures built from when the campus was located there
in 1952 until 2006 and new changes resulting from the 2012 to 2016 extension of the Belize City Municipal Airstrip (center, right). The series of panels illustrates
conditions before (2006), during (2014), and after airstrip construction was completed (2019). This US $8.5M extension required clearing of ~ 8.5 ha of

identity and, to a lesser extent, water quality and soil nutrients
that differ with distance from the existing mangrove stand
onsite. Finally, Experiment 05 would be sited within the existing
tidal wetland. This area would be used to explore diversity of
mangrove-associated flora and fauna across a tidal range and
associated impacts of the adjacent airstrip.

We also propose to construct a boardwalk in this mangrove
stand to provide access to the restoration project and create
opportunities for education and outreach (cf. Figure5).
Embedding the rehabilitated and restored stands on campus
also will establish a stronger research-based identity for the
campus landscape designed as an experiment while securing
the remaining natural mangrove stands and improving the
public understanding of the benefits of mangrove restoration
(Felson et al, 2013a; Felson, 2016). The ultimate goal of
this project is to change public awareness of the coastal
management areas of Belize City and shift perceptions so
that everyone recognizes the responsibility of inhabitants and
institutions to share management and governance of Belize City’s
environmental assets.

5. DISCUSSION

Mangroves are socio-ecological systems whose functions provide
a wide range of ecosystem services (e.g., Barbier et al., 2011,
and section 2.2). Although mangroves, like other wetlands,
have been undervalued, cut over, and converted to other
uses for millenia, their anthropocentric and ecocentric values
increasingly are appreciated. Technical needs for successful
mangrove rehabilitation and restoration have been understood
for at least fifty years (Lewis, 1982; Ellison, 2000, and section
2.3), but knowledge transference between mangrove restoration
projects remains the exception (Lewis, 2009). At the same time,
long-term success of any rehabilitation or restoration project

must use bring together ecology, sociology, economics, and
governance through community involvement to define, measure,
monitor, and update project objectives and goals (e.g., Ounanian
etal., 2018; Gann et al,, 2019, section 2.4 and Figure 4). The case
studies of mangrove rehabilitation and restoration in Singapore
and Belize that we presented above illustrate these ideas and
provide directions for future work.

In countries such as Belize that still have extensive, intact
mangrove forests, large-scale experiments (e.g., Figure 9) can be
designed and implemented to yield general results. Benchmarks
for, and adaptive management of, rehabilitation and restoration
projects can be guided by experimental results and observations
of co-located “reference” stands. Management authorities in
urban areas can partner with NGOs focused on conservation
and preservation in rural areas to build ecological functions
(e.g., biodiversity, habitat structure) and ecosystem services
into rehabilitation and restoration efforts in city-based projects.
Urban rehabilitation efforts, such as those proposed for the St.
John’s College campus will be visible to large audiences and can
create new constituencies interested in cooperative governance
of the broader environment. In contrast, in countries such as
Singapore where little intact mangroves remain, rehabilitation
and restoration projects will be opportunistic and constrained
by local conditions and constituencies. Although large-scale
ecological experiments are unlikely in these localities, social
dynamics and key decision points (e.g., Figure4) will define
project objectives and goals while informing or accelerating
adaptive management.

As climatic change continues to accelerate, key biophysical
characteristics ~ determining mangrove survival, growth,
and reproduction—notably local sea-level, salinity, and
temperature—will change in tandem. Thus, biophysical optima
for specific mangroves in particular locations will change,
altering patterns of local species diversity (Record et al., 2013).
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FIGURE 9 | Saint John’s Junior College is hydrologically interconnected with channels and low-lying wet areas and includes multiple existing (degraded) habitats. Our
proposed mangrove rehabilitation and restoration plan for the campus will establish five designed experiments (identified on the figure and described in detail in
section 4.3.2) to develop research and encourage education-based restoration to improve the campus identity and inform smart land-use decisions and

conservation practices.

Intentionally designed and engineered ecosystems that include  climatic changes while providing a broad suite of desirable
novel combinations of species (Hobbs et al., 2006; Miller and  ecosystem services (Cheong S.-M. et al.,, 2013; Zimmer, 2018).
Bestelmeyer, 2016) may be more resilient to ongoing and future ~ Such designed mangroves should be guided by proven EMR and
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CBEMR approaches in Singapore (Figures 4, 5) and elsewhere
(Brown et al., 2014; Lewis et al., 2019), deliberate experimental
infrastructure in educational settings being developed in
Belize (Figure9), and integration of participatory adaptive
management frameworks used throughout the world (Felson
et al., 2013b; Eriksson et al., 2016; Brown, 2017).
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