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Coastal ecosystems, such as mangroves, are considered to be the most productive ecosystems in the
world, providing a range of beneficial ecosystem services (Costanza et al 2008). These ecosystem
services comprise of storm buffering, fish nurseries, protection from shore erosion, carbon sink
capacity and increased biodiversity. Due to anthropogenic effects and activities such as land
reclamation, sea level rise (due to climate change), pollution and drainage, these coastal ecosystems
have been degrading in a fast pace for the last several decades. It has been estimated that 35% of
mangroves worldwide have been damaged and are disappearing, which translates into a loss of
beneficial ecosystems services they could provide (Barbier et al 2011). Coastal wetland rehabilitation
projects have gained significant attention since the 1960s and it has become an important research
field in ecology (Zhao et al 2016). For mangroves in particular, large mangrove rehabilitation projects
started in the 1960s in Bangladesh for shore protection and funding increased after the 2004 tsunami
event in Asia. Mangrove rehabilitation projects normally consist of large plantings of mangroves and
their propagules however, success rates are low or even undocumented (Wibisono & Suryadiputra
2006). Recently, the aim has shifted towards ecological mangrove rehabilitation (EMR). This
rehabilitation concept aims to restore hydrodynamic and physiological conditions of the rehabilitation
site for mangroves to re-establish on its own without the need for planting (Trump et al 2015; Zhao et
al2016).

The aim of this essay is to create an overview of the status of ecological mangrove rehabilitation (EMR)
and compare it with other rehabilitation techniques. Low success rates of planting projects are in part
due to poor understanding of, and inadequate, physiological conditions of the rehabilitation sites. The
main findings indicate that EMR offers more potential to rehabilitate mangrove forest to a nearly
natural setting and thereby increasing ecosystem services both in quantity and quality. Knowledge
gaps remain however, concerning lack of documentation of past EMR projects and other rehabilitation
projects and the development of key indicators for monitoring projects. Recommendations are to
establish at least three monitoring indicators covering compliance, functional and landscape success
of EMR and other rehabilitation projects, increase involvement in consortia and global information
platforms to increase knowledge about other rehabilitation projects, exchange information and identify
priority areas for rehabilitation of mangroves, provide additional EMR education to local stakeholders
at ongoing rehabilitation projects to inform about EMR and to increase the potential use of EMR in
future projects. Also, data scarce regions in terms of rehabilitation of mangroves are interesting to
research for potential rehabilitation projects and the use of EMR in the future. Furthermore, additional
funding mechanisms such as Blue Carbon and REDD+ may bridge any financial gaps in rehabilitation
projects.
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Wetlands International

Wetlands International is a hon-profit organisation, focussing on the sustainable management and
rehabilitation of wetlands globally. Wetlands International has many international as well as national
donors, ranging from (inter)governmental organisations to trusts and foundations as well as private
corporations. The network of Wetlands International consists of partners, donors, specialist groups
and associate experts. The topic of ecological mangrove rehabilitation fits this organisation well,
since Wetlands International has been involved in mangrove rehabilitation projects across the
tropics.

Framework

= This essay is part of the Master of Science Marine Biology, University of Groningen

= Guidance and execution of this essay will be in collaboration with Wetlands International, Ede,
The Netherlands.

= The timeframe for this essay is 4 weeks, starting 5th of September 2016 until 3rd of October
2016.

Table 1. Supervisors

Name Organisation Role
M.K. de Boer University of Groningen University supervisor
P. van Eijk Wetlands International On-site supervisor

Project definition

1.1 Problem/challenge
Research and map the trends and developments regarding the rehabilitation concept of
Ecological Mangrove Rehabilitation (EMR).

1.2 Motivation
= Mangrove rehabilitation projects are shifting from planting of mangroves towards
creating optimal pre-conditions in which mangroves can re-establish naturally.
= Wetlands International is working on a report “To Plant or Not to Plant”, regarding
ecological mangrove rehabilitation and a subsequent dialogue with stakeholders on
appropriate mangrove planting techniques.

1.3 Goal
Creating an overview of experience on mangrove rehabilitation practice accompanied with
success and failure rates for both rehabilitation concepts.

1.4 Anticipated result
Comprehensive literature review regarding capturing the current state of knowledge and
experience regarding mangrove rehabilitation practice, assessing Ecological Mangrove
Rehabilitation practice against traditional approaches and identifying developments and
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trends. Creating a database in which available articles are categorized by topic in mangrove
rehabilitation.

1.5 Demarcation

= Taking into account different types of mangroves and different types of alternative
rehabilitation techniques

= Suitable conditions for rehabilitation in terms of local community engagement and
management will be a small part if this essay.

= Feasibility regarding cost-benefit of projects

= Choosing a certain region will be beneficial for time management reasons, only if enough
publications are available. Otherwise, the focus will be global.

1.6 Effects
Creating a knowledge basis on which Wetlands International can elaborate.

1.7 Conditions

= Limited amount of time; 4 weeks
= Access to enough literature of high quality regarding the topic

Work Breakdown Structure

1.8 Priorities
The main focus will be on determining trends and developments in ecological mangrove
rehabilitation. Determining success and failure in previous projects regarding planting of
mangroves as well as ecological rehabilitation. A smaller part of the essay will focus on
hydrodynamics for creating optimal conditions in a rehabilitation site.

1.9 Subprojects

Subproject Topic Time (days)
1 Introduction of mangrove rehabilitation concepts; 3
planting and EMR
2 Scientific basis of hydrodynamic conditions 3
3 Success and failure of previous projects; planting 4
and EMR
4 Trends, activities and development in EMR 4
5 Overview of stakeholders and actors in EMR field 3
Total 17 days
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Figure 1. Loop model; squares represent sub questions. Circles represent desired outcomes of the sub questions (squares).
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1. Introducing concepts of mangrove rehabilitation

The need to restore mangroves

Coastal ecosystems are highly dynamic and diverse systems, balancing between land and sea. These
ecosystems are under high pressures from both directions; land reclamation and land-use on one
hand, on the other hand from rising sea levels and increased frequency of storms induced by climate
change (Spalding et al. 2014). Mangroves in particular are one of the most degraded coastal
ecosystems in the world. Around 30 -50 % of mangroves worldwide have declined dueto anthropogenic
effects (Duncan et al. 2016) and 16% of all mangrove species are threatened with extinction (Polidoro
et al. 2010). Even though, mangrove ecosystems are of high value, estimated around US$ 13,000 per
hectare per year (Ronnback et al. 1999) and the livelihood of nearby communities depend on their
survival. Mangroves provide valuable ecosystems services; the loss of mangrove ecosystems would
mean the loss of these ecosystem services. Some examples of ecosystem services of mangroves are
coastal protection, erosion prevention, habitatand nursery use, provision of raw materials and carbon
storage (Table 2). The loss of ecosystem services together with increasing storm frequency and tsunami
threats, triggered the response for global rehabilitation and conservation of mangroves (Barbier 2016;
Zhao et al. 2016). The rehabilitation of mangrove forests gained significant attention after severe storm
events terrorizing the coast of Bangladesh in 1960s and again after the tsunami in 2004 which
targeted the Asian coasts (Marois and Mitsch 2015; Balke et al. 2016). Mainly for the coastal
protection service, mangroves were planted throughout the worlds’ coasts where storm events could
potentially cause tremendous damage. Furthermore, in 1983 the United Nations Development
Programme (UNDP) and United Nations Educational, Scientific and Cultural Organization (UNESCO)
launched a project focused at the Asian and Pacific regions to increase the awareness of the social
and economic value of mangrove ecosystems, which resulted in an increase in rehabilitation projects.

Table 2.Different types of ecosystem services and their specifications

Ecosystem
service

Provisioning Water Raw materials Medicinal
materials

Regulating [WAlg Water Carbon storage Coastal Erosion Sediment
quality  quality protection prevention trapping?

Habitat Nursery Habitat
services function provision

Cultural Cultural Spiritual Informative function

services function (Research/education)

Ecological rehabilitation encompasses rehabilitation, reclamation and rehabilitation activities.
Rehabilitation is defined as replacement of the original ecosystems and their functions. However,
rehabilitation implies restoring an ecosystem back to its pristine state (Zhao et al. 2016), which is
almost impossible. Therefore, this essay will use the term rehabilitation instead of rehabilitation.

Planting vs. Ecological Mangrove Rehabilitation
The rehabilitation of mangroves is done by planting seedling or propagules directly into the sediment.
In the Philippines for example, 440 million seedlings have been planted during the last 20 years

10
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(Primavera & Esteban 2008). Most of which experienced a 10 - 20 % survival rate or stagnated growth
(Samson & Rollon 2008). In other parts of Southeast Asia as well as in China, Africa and in Atlantic-
East Pacific (AEP) active planting of mangroves have resulted in failure or low success rates (Primavera
& Esteban 2008; Lewis 2005). Planting of mangroves usually involves planting seedlings or sowing
propagules from one or multiple species of mangrove in a given area. When the seedlings or propagules
are planted, the rehabilitation activities are completed and the area can be monitoring to assess
survival rates. Planting activities are usually done with help from local communities or NGOs and
volunteers. Propagules are sometimes grown in a nursery prior to planting activities, this enables the
seedling to grow their roots until they have matured enough to withstand inundation. Once the roots
have developed enough, they are able to quickly attach to the soil when planted onto the project site.
In other cases, propagules can be sown straight on to the project site and left to take root (Primavera
& Esteban 2008; Lewis 2005).

As discussed, many planting projects resulted in some very high mortality rates of the seedlings and
increased project costs when a second attempt was made and again failed. Although, not all planting
projects resulted in failure (Aheto et al. 2016), the need for a more effective and cheaper alternative
grew. Since 2005 a new method for rehabilitation of mangroves has been acknowledged and gained
much attention (Lewis, 2005). This new method, called Ecological Mangrove Rehabilitation (EMR) has
been adopted by a few rehabilitation managers (Lewis 2005). The main focus of rehabilitation projects
has been restoring the structure of mangrove forests by means of planting mangroves, rather than
restoring the (ecological) function and multiple services that mangroves provide (Lee et al. 2014). The
EMR approach focusses on the latter; restoring the function of a mangrove forest rather than just the
structure. Ecological Mangrove Rehabilitation (EMR) is a method comprising of the abiotic and biotic
processes such as ecology, hydrology and geomorphology for the rehabilitation of a degraded or
destroyed mangrove site. EMR has two main principles; 1) to ensure that biotic and abiotic conditions
are suitable for mangrove rehabilitation, 2) the socio-economic conditions need to be appropriate or
addressed to prevent further degradation or unsustainable use of mangrove forests by local
communities or regional governments.

Brown (2006) provided an overview of advantages and disadvantages of planting and the EMR
approach shown in Table 3.

Table 3. Overview of advantages and disadvantages of EMR (Adopted from Brown 2006).

Advantage Ecological Mangrove Rehabilitation Disadvantage

Lower costs for machinery, labour and mangrove Establishment of species might not be according

establishment to the historical setting

Less soil disturbance Wave action, if not properly regulated, creates
poor establishment

More firmly attached seedlings Predation of propagules by macro benthos

Seedling source known Low propagule supple in absence of mother tress

Mangrove species are spatially distributed in a Less control over spatial distribution and density

natural way according to tidal zones of mangroves

Every rehabilitation method and project, planting or EMR, should follow a set framework in order to be
successful. Below 6 guidelines for increasing the success of rehabilitation projects are provided
(Lewis& Brown et al 2014; Chen et al. 2012, Borde et al. 2004).

1. Understand the ecology of species and their environment for a given site
2. Understand the hydrological conditions needed for mangrove establishment

11
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Involve local communities and additionally develop sustainable livelihood alternatives
Site-selection is crucial for success

Rehabilitation program adapted to site, overall landscape and community

6. Planting of propagulesis a last resort-option, only if natural recruitment is absent

ok w

Furthermore, Chen et al. (2012) provided more in-depth criteria for the 5th guideline of “Rehabilitation
program adapted to site, overall landscape and community” on which project development and
management should expand.

1. Gather baseline information on abiotic and biotic factors

2. Determine degradation cause

3. Set clear goals and performance criteria (both for rehabilitation managers as for the local
community involved)

Set up a rehabilitation scheme

Determine the ecological effects of the rehabilitation

Incorporate a monitoring program

Projects should work via adaptive management principles

Spread results of the project to stakeholders and scientific community

N O

For a more detailed overview of success and failure rates for various mangrove rehabilitation methods;
see Chapter 3.

USRS

Figure 2. Diverse, resilient mangrove forest (upper) and uniform, less resilient
mangrove forest (lower)

Incentives for rehabilitation: paradigm shifts

In early rehabilitation projects the incentive for rehabilitating mangrove forests were mostly
economically driven (Krishnapillay et al. 2010). Mangrove forest were used for timber production which
thinned out parts of the mangrove forest, which were then replanted as part of a management plan
(Primavera & Esteban 2008). Others have used mangrove forests as hybrid fishery ponds for shrimp.
Provisioning services such as timber or fisheries can easily be converted to economic value, which is
driving the focus of management towards one of these services instead of the full range of ecosystem
services. The perspective of mangrove forests and their value shifted from single-use resource towards
a multiple-use service which functions best if conserved or restored (Lewis 2005). In Southeast Asia,
sustainable silvo- fishery is practised, which combines plantations of mangroves with aquaculture
ponds. The goal is to rehabilitate mangroves to ensure their ecological functions combined with

12
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harvesting of shrimp in aquaculture ponds between plantations of mangroves (van Oudenhoven et al.
2014). Other initiatives have emerged that focus on the atmospheric CO2 sequestration ability of
mangroves and to market as carbon credits (Blue Carbon and Payments for Ecosystems Services),
revenues are used for funding rehabilitation practices (Ahmed & Glaser 2016).

13
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2. Scientific background: Biotic and abiotic thresholds

Mangrove and mangal

Mangroves are tree and shrub species which are salt-tolerant and reside at tidal areas such as coastal
shorelines and (brackish) riversides in tropical regions (Brown et al. 2014), they are adapted to periods
of submersion and nearly all of the mangrove species grow between Mean Sea Level (MSL) to above
Mean High Water (MHW) (Corenbilt et al. 2015, Lewis & Brown 2014). Characteristics of a mangrove
are; 1) Prop roots, 2) Salt excreting and exclusion, 3) Aerenchym tissue ,4) Pneumatophores, 5)
Withstanding hydrodynamic conditions (Corenbilt et al. 2015)

A forest of mangroves can also be called a “mangal”’, sometimes to avoid confusing of the term
“mangroves” which can both refer to mangrove as a species or as a forest (Kathiresan & Bingham
2001). In this essay we will use the term mangrove forests instead of mangal. Typically, mangrove
forests’ distribution is limited to sheltered or low-energy coastal areas (Balke et al. 2015). High
mangrove biomass areas are typically tropical areas with year-round high rainfall, whereas low
mangrove biomass areas are colder and more arid; see Figure 4 (Hutchinson et al. 2013).
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Figure 3. Aboveground biomass in Mega gram per hectare of mangroves globally. Adopted from Hutchinson et al. 2013.

Only two genera of mangrove species are cosmopolitan; Rhizophora spp. and Avicennia spp. (Duke et
al. 2002; Webber et al. 2016) In total, 70 species of “true” mangroves species are known (Polidoro et
al 2010; Webber et al. 2016). True mangrove species are classified as provided by Lugo & Snedaker
(1974) as “restricted to tropical intertidal habitats, whereas “mangrove-associated” species are not
exclusive to these habitats only and are not immersed by high tides”.

Mangrove species colonize by using floating seeds called propagules which are brought to potentially
suitable habitats by water currents and tidal waves. Colonization by using currents is called hydrochory
(Balke et al. 2015). They can also reproduce by vivipary, by which the seedlings already formed roots
when still attached to the parent tree. Once the seedlings de-attach from the parent tree and reach the
sediment below, their roots immediately reach into the sediment and firmly attach themselves
(Corenbilt et al. 2015). Especially, the mangrove species of the genus Sonneratia and Avicennia are

14
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highly colonial and easily re-establish after disturbances (Corenbilt et al. 2015). Figure 4 shows a
natural setting of a Southeast Asian mangrove forest with mangrove species zonation.

Natural establishment of mangroves requires available substrate and suitable elevation regarding the
tidal inundation (Brown et al. 2014). Balke et al. (2015) added other conditions for successful
establishment within a “window of opportunity”; 1) dispersal events of propagules must coincide with
adequate tidal forces to carry propagules to and on possible suitable sites, 2) followed by a sufficient
period of time in which propagules can establish onto the new site before tidal forces disrupt the
process. This window of opportunity lasts around a few hours to a few days (Balke et al 2014).

Figure 4. Mangrove species zonation of natural Southeast Asian mangrove forests. The elevation is lower, tidal inundation duration
is longer and wave energy is higher on the mudflat side of the mangrove forest. The opposite conditions are present on the
rainforest side of the mangrove forest. (Adopted from Lewis & Brown 2014).

Besides the difference between species spatial distribution within a mangrove forest, global
distribution of species of mangrove differs as well. Based on a study by the Food and Agricultural
Organization (FAO 2008) on mangrove species distribution, Table 4 was compiled. The species
distribution is lower in the AEP region, mainly comprising of 12 mangrove species, whereas the IWP
region contains more than 50 species (FAO 2008).

15
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Table 4. Mangrove species global distribution. Adopted from (FAQO, 2008).

55 (2-8)
19 15 55 (2-10)
55 25 17.7 (1-41)

North and Central 11 34 52 (2-10)
America

Types and classification of mangrove forests

Hydrological and geomorphological conditions alter the setting of a mangrove forest. A distinction
between mangrove forests can be made according to three hydrogeomorphic zones described by
Woodroffe (1992) and adopted from Ewel et al. 1998; fringe mangrove forests, riverine mangrove
forests and basin mangrove forests. Fringe mangrove forests occupy the intertidal zone adjacent to
the sea and are more affected by intense tides than any other hydrogeomorphic zone. Salinity in fringe
mangroves can be high (Ewel etal. 1992; Balke & Friess. 2016). Riverine mangroves occupy riverbanks
in brackish environments, where salinity is moderate, they are still affected by tides combined with
river flooding (Ewel et al. 1992). Basin mangrove forests occupy the area behind riverine and fringe
mangroves and are less affected by tides or river floods. Salinity can be very high to very low in basin
mangrove forests, depending on groundwater or rainfall and elevation of the basin mangroves in regard
to evaporation and accumulation of salt (Ewel et al 1992). Riverine mangrove forests are thought to
be the most productive (Lugo & Snedaker 1975; Ewel et al. 1992; Balke & Friess 2016), since high
water input from both rivers and tides provide nutrients and reduces build-up of hydrogen sulphide
(H2S) and thus less acidification of the soil (Carlson et al. 1983).

Balke & Friess (2016) recently published a study focussing on another type of classification of
mangroves based on soil organic matter (SOM) content, suspended sediment concentration (SSC) and
tidal range. This classification made by Balke & Friess (2016) aims to increase information for
rehabilitation managers to choose the appropriate technique since it reflects mangroves worldwide.
Their study discriminates between organogenic mangrove forests and minerogenic mangrove forests.
Organogenic mangroves are usually typified as peat-forming mangrove (McKee et al. 2007; Lee et al
2014; Corenbilt et al 2015), since their source is mainly organic content versus minerogenic
mangroves in which sediment (silt/clay) is their main source. Three classifications can be made
between organogenic and minerogenic mangroves, based on the soil organic matter (SOM) content
and tidal range where tidal range is defined as the difference between water level from low tide and
high tide. The three classifications are; 1) organogenic has a SOM content of more than 35% and a low
tidal range, 2) minerogenic with a SOM content of less than 35 % and a low tidal range, 3) minerogenic
with a SOM content of less than 35% with a high tidal range (Balke & Friess 2016). The three different
classifications made by Balke & Friess 2016, mainly differs from Ewel et al. (1998) classification which
also incorporated vegetation type and specie of mangrove. Furthermore, as shown in Figure 6, the
organogenic mangroves are mainly spread along the Atlantic-East Pacific (AEP) coasts, whereas
minerogenic low and high tidal range mangrove occur both in the AEP region as well as in the Indo-
West Pacific (IWP). Note that in Figure 6, mangrove forests on the coasts of West Africa, Arabia, parts
of Indonesia and the Philippines are not represented.

16



Wetlands International University of Groningen
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Figure 5. Mangrove classification distribution worldwide. Adaopted from Balke & Friess 2016.

The three different distinctions of Balke & Friess (2016) can be linked with the three hydrogeomorphic
classifications of Ewel et al. (1998) and Woodroffe (1992) (Table 5).

Table 5. Different mangrove classification by different authors (Woodroffe 1992, Ewel et al. 1998, Balke & Friess 2016)

Author Mangrove types
Balke & Friess (2016) | Organogenic low tidal | Minerogenic low tidal Minerogenic high tidal
Woodroffe (1992) Basin, Fringe, Riverine | Basin/Riverine, Fringe | Riverine, Fringe

Besides the difference in distribution of organogenic mangroves in the AEP versus the IWP region, other
differences arise between these biogeographical areas, in terms of fauna. Diversity of a keystone
faunal species such as Brachyuran crabs is lower in AEP region compared to the IWP region (Lee 2008;
Lee et al 2014). And threats to mangrove forests differ in terms of land-use; in the IWP regions
mangroves are mainly threatened by conversion into aquaculture ponds whereas in the AEP region
mangroves are faced with coastal squeeze and pollution (Spalding et al. 2010). Furthermore,
mangroves from the IWP region and Africa have the potential for acidification of soils. When the high
sulphuric content in soils oxidizes it produces sulphuric acid (H2S) (Ewel et al. 1998).

Ecosystems services of different mangrove types

Ewel et al. 1998, studied the different types of mangrove forests; fringe, basin and riverine, in regard
to different ecosystem services (Figure 6). Riverine mangroves score high in terms of sediment
trapping, food and habitat for (marine) fauna and have a high aesthetical value. Riverine mangrove
forests have a high connectivity with other habitats which makes them suitable nurseries for fish
species and shrimp (Ewel et al. 1998). Basin mangroves have a high carbon sink capacity as well as
improving water quality (by denitrification) and yield many valuable plant products such as medicinal
plants. Basin mangroves may consist of monospecific forests which are inundated less frequently,
creating conditions to easily harvest timber or extraction of tannin and honey for example (Ewel et al.
1998). Fringe mangroves have a high coastal protection capability, because mangrove species infringe
mangroves have many prop roots and pneumatophores, which reduce wave action by creating physical
barriers.
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Figure 6. Different types of mangrove forests in comparison with multiple ecosystem services. 3= most important, 2=average,
1=least important. Adopted from Ewel et al. 1992.

Hydrology

Flooding and inundation

Distribution of mangrove species is also determined by hydrological factors such as inundation
frequency and inundation duration (van Loon et al 2016). These abiotic factors are intertwined with
sediment characteristics of the location, hence also affect the site elevation (Wolanski 1992; van Loon
et al 2016). The frequency of inundation of a site determines if mangrove species can survive and
thrive; a high frequency of inundation and this area becomes “too wet” for mangroves, a low frequency
and it becomes too dry and competition between species increases (Table 6) (Watson 1928: van Loon
et al. 2016). Lewis (2005) argues that mangroves need to be inundated approximately 30% or less of
the time in order to survive. Different species are spread among the flooding frequency range. Pioneer
species such as Avicennia sp. and Sonneratia sp. can be found in sites where flooding frequency is too
high for others mangrove species to survive (Table 6). Tidal coasts can be classified according to spring
tidal ranges. Micro tidal coasts experience less than 2-meter spring tidal range, mesotidal between 2
and 4 meters and macro tidal more than 4 meters (Balke & Friess 2016).

The original classification table constructed by Watson (1928) was aimed at locations with regular
frequency of flooding and corresponding elevation, van Loon et al. (2016) argues that locations with
irregular flooding frequency or with combinations of flooding regimes and differences in elevation,
affect the spatial distribution of mangrove species in a forests and therefore decreasing the accuracy
of the classification made by Watson (1928). Therefore, hydrological conditions are better represented
using inundation duration rather than flooding frequency, hence eliminating irregularity (Table 6) (van
Loon et al 2016).
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Table 6. Hydrological classification for mangrove species (adopted from Watson 1928 and van Loon et al 2016).

Class Elevation (cm Inundation duration “True “ mangrove species Other species
+ Mean Sea (min per day) (mangrove
associates)

- <0 >800 None
0-50 400 - 800 Sonneratia sp., Avicennia
50-100 250-400 Avicennia sp, Rhizophora
“ sp., Bruguiera sp.
100- 150 150 - 250 Rhizophora sp., Ceriops sp.,
- Bruguiera sp.
- 150 - 210 10 - 150 Bruguiera sp., Lumnitzera Acrosticum sp.
sp.,
>210 <10 Ceriops sp., Phoenix
- paludosa Roxb

Salinity and groundwater

High salinity levels can decrease primary production of mangroves and increase species competition
and therefore may alter the species composition of a mangrove forest (Ellison 2000). Freshwater input
(ground water and rainfall) availability influences salinity. When salinity increases due to evaporation
of seawater, hypersaline conditions can arise which can be too stressful for mangrove species to
survive (Osland et al 2014). Freshwater input can stabilize salinity levels and also contributes to
nutrient flow in the mangrove forests. Disturbances to fresh water input to mangrove forests (due to
human interventions for example) can greatly alter hydrological conditions and have detrimental
effects on mangrove forests (Balke & Friess 2016).

Sediment and supply

Sediment supply ensures long-term survivability for mangrove forests (Krauss et al 2014). Mangrove
species are self-sustaining by increasing sediment deposited on the location. Sediment accretion rates
differ in regard to root structure of different mangrove species (Krauss et al. 2003). Avicennia
germinans for example, alters the sediment and shape the landscape leading to increased success
and growth of other species (Corenbilt et al.2015).Accretion of sediment particles by mangroves,
enables them to increase elevation and therefore keep up with rising sea levels (Balke & Friess 2016).
Total Suspended Matter (TSM) concentration in the water column is another factor linked with
accretion rates in mangroves; TSM is deposited onto the intertidal areas by waves and held in place by
the root structures of mangroves. The sediment supply is tightly linked with wave energy and inundation
frequency, hence TSM is highest near coasts and close to river banks (Balke & Friess 2016). Low
energy-waves supply sediment to the location whereas high-energy waves deplete sediment and the
availability of sediment can alter mangrove forests from an accreting state to an eroding state
(Winterwerp et al. 2013; Balke & Friess 2016). Uehara et al. (2010) described a 74.3 % reduction in
sediment supply, resulting in erosion of coastal areas near the Chao Phraya river in Bangkok, Thailand,
indicating that sediment supply is a key process for survival of mangrove forests. However, sediment
supply is difficult to manage for single (small) sites since the source of sediment supple can be
dependent on events further upstream or outside of the mangrove areas (Friess et al. 2015).
Furthermore, if deficits in sediment supply arise, the effects can be noticeable only after a long time
period, this delay decreasing the chance of mitigating the detrimental effects on mangrove forests in
time (Winterwerp et al. 2005).
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Failure in mangrove rehabilitation

Mangrove rehabilitation projects involving planting of mangrove species have not been very successful
in the long-term, or do not have any documentation on project status and monitoring. The planting
projects often have a high fail rate, in some cases a 70 - 100% fail rate was reported (in Indonesia
(Brown & Yuniati 2007). The overall reason for failure in regard to planting projects is caused by treating
the project site and natural processes that influence mangrove rehabilitation in an over-simplified
manner, overlooking abiotic and biotic factors such as sediment supply, hydrology and species
characteristics (See Chapter 2)(Lewis &,Brown 2014, Lewis 2009).

The failure of a planting project can also arise from unclear objectives or goals regarding the
rehabilitation project. When the intention of a rehabilitation project is mainly for maximizing the use of
one ecosystem service, it creates an overall unsustainable and less resilient mangrove forest, in which
other ecosystem services are diminished or lacking. The goal to maximize one ecosystem service is
expressed in the planting of just one mangrove species, which is economically valuable for example
Rhizophora sp. This particular species is used for timber production and by creating monospecific
stands of Rhizophora sp. maximal timber production is realised. However, by creating monospecific
stands, the overall mangrove forest will be less resilient. In the case of Rhizophora sp., for example,
this species is not suitable for all sites nor can it survive in every spatial niche of a mangrove forests
(Table 6, Chapter 2), hence harsh conditions decrease its survivability. Unlike some pioneer species
such as Avicennia sp. or Sonneratia sp., although they are generally far less economically viable (Lewis
& Brown 2014). Other examples of failed planting projects include not incorporating abiotic factors
such as wave action and tidal ranges which can prohibit the growth of planted mangroves or even
cause high mortality rates due to drowning, desiccation from salt accretion, or washout by high energy
waves (Lewis & Brown 2014; Balke & Friess 2016).

Failed Case studies

The study by Brown (2014) focussed on assessing different mangrove planting projects in Indonesia
by different NGO's and governmental organizations. Several planting projects were set up in Indonesia
with the goal to increase coastal protection by mangroves. Nine planting projects suffered a mortality
rate of more than 95% within two or three years after the start of the project. The projects were all
located on the island of Simeulue, Indonesia; this island was close to the earthquake’s epicentre
followed by the tsunami of 2004. Seven projects were supported by the Australian Red Cross and the
two others by the District Forestry Department. Other projects in Sulawesi, Indonesia already have
attempted to replant mangroves for the 4th time and still resulted in a 100% failure (Brown & Massa
2014). Most projects were a collaboration between governmental organizations and local communities
(Melati 2012). The reasons for failure in these particular projects were neglecting the abiotic factors
involving re-establishment of mangroves, insufficient public involvement and consultation according to
Brown & Massa (2014).

An assessment of more than 350 mangrove planting projects in China, made by Lui et al. (2016)
highlighted shortcomings of the projects and reasons for failure. In China, both central and local
governmental organizations play a particular role in the facilitation of mangrove planting projects
(roughly 98% of all coastal rehabilitation projects). Investments have increased for protection and
rehabilitation of coastal ecosystems in China since the 2000s, resulting from new environmental
protection policies. Furthermore, these new policies demand compensation for the commercial use of
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the sea (and coastal areas); the funds generated by the policies are then used for rehabilitation
projects (Liu et al. 2016). The main rehabilitation technique used for rehabilitating mangroves in China
is planting, unsurprisingly Lui et al (2016) also showed that out of the 364 projects reviewed, only 20
projects (5 %) focussed on restoring the abiotic conditions next to the planting of mangroves. Chen et
al. (2009) estimated that the survival rate of mangrove planting projects was around 57% in China.
The reason for this fairly low success rate is due to the fact that mangrove planting projects were
carried out in sites not suited for mangroves (high, salinity, low temperatures, wave exposure) (Chen
et al. 2009; Liu et al. 2016). Furthermore, mainly monospecific stands of mangroves were planted,
sometimes using an exotic species of mangrove, namely Sonneratia apetala (Ren et al. 2009; Liu et
al.2016). In China, 24 species of true mangroves occur naturally (Li & Lee 1997), the reason why an
exotic mangrove species was used for planting in rehabilitation projects is unknown.

Brazil holds the largest mangrove cover in this region, with 7% of the world’s mangroves. Brazil also
has adopted a law (“Areas of Permanent Protection”) which protects mangroves and prohibits
commercial use (Ferreira & Lacerda 2016). As of today, it seems that planting mangroves is still the
main rehabilitation technique used in the Neotropic region (Ferreira & Lacerda 2016). The species of
Rhizophora mangle is widely used in many planting projects in this region, although literature is scarce
regarding monitoring and success of projects, one study exists claiming survival rates of less than 20%
in about 40% of projects (Rovai 2012; Ferreira & Lacerda 2016). The reason for these low success
rates are unknown.

For EMR, fewer scientific publications exists and generally EMR-projects succeed in naturally
establishing mangroves in the project site (Lewis 2009, Lewis & Brown 2014). Failing EMR-projects
were mainly caused by the absence of natural establishment of mangroves (even if hydrological and
geomorphological conditions are suitable) (Lewis 2009, Primavera & Esteban 2008). This can be
caused by absence of mother trees nearby to deliver propagules (Lewis 2009, Primavera & Esteban
2008) or potentially soft structures (brushwood groynes e.g. that are used could) prohibitthe propagule
landing on the project site, since soft structures can physically obstruct the propagules. In EMR and in
planting projects, the involvement of communities plays an important role for ensuring long-term
success of projects. Local communities benefit from rehabilitated mangroves and need to become
“ambassadors” as such, they protect, sustain and perhaps monitor the rehabilitated mangroves and
document and spread success stories to other communities. Furthermore, to ensure long-term local
engagement tenure rights of mangrove forests can be provided to local communities. It has been
shown that gaining these rights, local communities have been more involved in preserving the
rehabilitated mangrove forests and have rights to exclude misusers (Gibson et al 2005; Brown et al
2014).

Protective casings to ensure propagule survival is another rehabilitation technique used in some
projects. The Riley encased methodology (REM) uses PVC tubes to protect seedlings from high wave
energy to ensure growth (Riley & Kent 1999). A rehabilitation project on the coast of Florida using the
REM method in 2008, resulted in a 10 % survival of the Rhizophora mangle mangrove species in all
57 sites (Johnson & Herren 2008). One of the reasons for low survival was due to the fact that the
roots of the mangroves became entangled and constricted within the PVC tubes, restricting growth of
the mangroves. The REM method usually failed when used in elevations where mangroves establish
naturally (Johnson& Herren 2008) and thus yields higher success rates when used on sites with lower
elevation conditions (Johnson & Herren 2008). Another project in Brazil used the REM method for the
rehabilitation of mangroves in 2004 - 2006 (Lewis & Brown 2014). After 10 years, the project resulted
in failure, with merely 2% survival rate of mangroves. Main reasons for these high mortality rates were
high energy waves, exposed the roots of the mangroves from underneath the PVC tubes, and were
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eventually carried away by the tidal flows. Another reason for failure was caused by an infestation of
barnacles and rotting of the seedlings due to extensive inundation periods which resulted in unsuitably
wet conditions for mangroves to survive (Lewis & Brown 2014).

Set for success

One of the main factors determining success of rehabilitation projects comes down to ecological and
socio-economic knowledge about a project site (and surrounding communities) where the rehabilitation
will take place. Ecological knowledge in terms of, abiotic factors and biotic factors as provided by the
EMR principles (see Chapter 1) and socio-economic knowledge about subsistence activities involving
mangroves and opinion of rehabilitation of mangroves. Successful projects monitor and adapt their
techniques if necessary, have clear criteria for monitoring success and rely on natural regeneration of
mangrove forests rather than planting alone. Management of projects should have clear goals and a
plan of action which should maximize their efforts in achieving their goal. Also, these goals and plans
should be understandable for everyone involved to avoid miscommunication about the set-up and
desired outcome of the project. A few examples of successful projects are given below in the field of
EMR and planting of mangroves.

Successful Case studies

One of the most known examples of a successful EMR project is from Lewis (1990). In 1989, an EMR
project started to restore 500 ha of mangroves in the West Lake area, Florida. This projects used an
undisturbed nearby mangrove forest as a reference site to measure the success of the EMR project
(Lewis 2005). After 7 years the project was successfully concluded, and three species of true mangrove
had established naturally. The implementation of this EMR project focussed on restoring hydrologic
conditions by creating tidal creeks and increasing the slope of the project site to provide a suitable
location for mangroves. After approximately 28 months, mangroves established naturally and
recruitment continued. The success of the project site was measured comparing fish populations of
the restored site with the reference (natural) mangrove site, and proven to be similar after 3 to 5 years
between sites (Lewis et al. 2009). Turner & Lewis (1997) described an EMR project which took place
in Puerto Rico in 1991. The area had suffered a loss of 100 ha of mangrove forest due to changes in
hydrological conditions caused by the construction of a roadway in 1985. After the roadway was
removed, and hydrological conditions were restored, the area became vegetated again in 1991. No
documentation on success rates and indicators used were available for this study.

Planting projects are known for low success rates, however planting projects not always end up with
high mortality rates if managed and implemented correctly. Primavera & Esteban (2008) described
several planting projects in the Philippines which were carried out during the 1950 until the early
2000s. One particular planting project located in Kalibo, north-western part of the island of Panay,
lasted from 1990 until 1996 and achieved a survival rate of 97% after 3 years into the project. The
success can be attributed to outstanding project management, monitoring and securing of tenure
rights for local communities, which now have sustainable livelihoods since the restored mangroves
provide food and employment by maintenance activities of the established mangrove park (Primavera
& Esteban 2008). Other plantation projects in the Philippines claimed similar survival rates of
mangroves, however depending on the different sub locations within these projects, variability is high.
For example, Roldan (2004) assessed one of the former planting projects carried out by the Forestry
Sector Program of the Philippines in 1993 until 2003 and concluded that the survival rate varied
between 0.5 % and 90 %. This high variation in survival rates of planted mangroves in different sub
location was attributed to the species of mangrove that was planted there. Rhizophora sp. was planted
in several sub locations, some of these sub locations experienced high wave exposure and resulted in
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high mortality rates of Rhizophora sp. which is not equipped for these harsh conditions. On the other
hand, the high survival rates observed in this project were from sub locations replanted with Sonneratia
sp. which is better adapted to harsh conditions than Rhizophora sp. and is considered a pioneer
mangrove species (Primavera & Esteban 2008).

In the AEP region Ferreira et al. (2015) compared two sites of former mangrove forests near the
Jaguaribe River in Brazil. One mangrove forests recovered naturally with Rhizophora mangle and
Laguncularia racemosa whereas the other was planted with Rhizophora mangle, both naturally
occurring mangrove species in these regions. The area had been cleared 3 years prior to the start of
the planting experiment and data was compared 5 years after the planting of R. mangle took place.
The aim of the study was to compare faunal indicators, tree density, biomass and diameter at breast
height (DBH) between the naturally recovered area and the planted area. The planted area showed
higher tree density in mature mangrove trees after 5 years than the naturally recovered mangrove site,
although young mangrove tree density was higher in the naturally recovered area in comparison with
the planted one. Furthermore, mean tree height and tree biomass was higher in the planted area
(Ferreira et al. 2015). Faunal indicators for recovery were also taken into account. Different species of
Brachyuran crabs were counted (Geniopsis cruentata and Ucides cordatus), G. cruentata was higher
in the planted area than in the naturally recovered area. U. cordatus showed similar abundances in
both areas. Although, density of Brachyuran crabs was generally higher in pristine mangrove forests
than in either planted of naturally recovered areas (Ferreira et al. 2015).

In the Indian River Lagoon, Florida the REM method together with regular planting techniques (without
encasing) was tested and compared in a mangrove rehabilitation site in 1997 (Kent 1999). The species
used in both techniques was Rhizophora mangle. After eight months, a survival rate of 87 % was
observed in PVC encased mangroves, in contrast to a 0% survival rate for regular planted mangroves
at the same site. The REM method in this particular study, was more effective in protected the
mangroves from moderate to high energy environments in comparison with the regular planting
technique (Kent 1999).

Monitoring of projects

Timescale

The timescale at which and when monitoring takes place is an important consideration, some projects
monitor for 6 months, others for two or three years. To establish a firm and trustworthy monitoring
system for a rehabilitation projects, the goal of the projects must be clear and the abiotic and biotic
factors involved should be understood. For example, if the goal is to create a 200-meter-wide mangrove
forest to protect local communities from flooding, then mangrove species diversity is an important
factor as well as age of the mangrove forest (young or matured forest). Some studies have claimed
that a mangrove forest reached maturity after 16 to 20 years (Bosire et al. 2008). Hence, monitoring
that particular mangrove rehabilitation project for 6 months will not suffice. Proposed examples of
monitoring consist of intensive short-term monitoring (every 6 months in 2 to 3 years) to determine if
the projects are stable and successful, extensive long-term monitoring (once every year of 2 years e.g.).

Indicators for monitoring success

Main drivers for low success rates in mangrove rehabilitation projects are due to oversimplification of
abiotic and biotic drivers involved in survivability of mangroves. However, failed projects are less well
documented or do not point out potential factors causing their failure. The monitoring of projects is
therefore and important step to increase knowledge and improve rehabilitation methods used today.
Monitoring, if done right, should give objective results. In some cases, monitoring certain indicators of
a mangrove forest will not provide accurate findings that are informative about the state of the
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mangrove forest. Survivability for example, is not always the most effective indicator (if used solely).
Since, survivability of mangroves can be 80% or 90 %, although in reality the mangrove trees maintain
a dwarf-like state which is not beneficial for ecosystem functions nor services. Rather, survivability,
tree height and diameter at breast height in this case provide much more insight in the wellbeing of
the mangrove ecosystem. The development of mangrove trees is an important factor in rehabilitation
projects, since ecosystems functions and fauna depend on vegetation structure (Ferreira et al 2015).

Three types of classification of success can be described (Zhao et al. 2016);

e compliance success
e functional success
e landscape success

The first one involves compliance to agreements made, for example the agreed amount of area that
has been used for the project, tenure right and compliance to laws involving mangrove forests. The
second one, functional success, informs if ecological functions of a rehabilitation project have been
met, such as habitat use for fauna, ecosystems services such as improving water quality and so forth.
Landscape success involves restoring the ecological integrity of a mangrove forest, this means that
anthropogenic stressors are removed, native species are abundant and the ecosystem is self-
sustaining, hence the restored mangrove forest resembles more or less a pristine mangrove forest.
The latter two classifications of success are more difficult to measure than compliance success
because functional success and landscape success are expressed in hon-monetary values.

Shackelford et al. (2013) proposed four categories based on the nine attributed provided by the Society
of Ecological Rehabilitation (Society of Ecological Rehabilitation, SER, 27-09-2016); ecosystem
function, species composition, ecosystem stability and landscape integration. Ideally, all four metrics
should be measured or monitored to provide a clear image of the state of the rehabilitation project and
possible success. However, most studies that have monitored a mangrove rehabilitation project
focused on vegetation and soil characteristics (Salmo et al. 2013; Zhao et al. 2016), which both can
be assigned to the ecosystem function and ecosystem stability categories thus overlooking species
composition and landscape integration. Unfortunately, as Zhao et al (2016) also described; the
consensus in the scientific community is low on which ecological indicator to use to measure success.

Lee et al. (2014) composed an overview of ecosystem services with corresponding biogeographical,
physical geographic and anthropogenic factors influencing these ecosystems services. Based on these
different factors influencing ecosystem services, indicators to measure success or health of mangrove
forests can be deduced (Table 7). For example, if the goal of a rehabilitation project is to increase
coastal protection provided by a mangrove forest; species richness and - diversity as well as the
possibility to migrate landwards are potential indicators for long-term success.
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Table 7. overview of ecosystem services and biogeographic, physical geographic and socio-economic factors, Adopted from Lee
et al2014).

Factors Socio-economic

Biogeographic

Physical geographic

Ecosystem service

Species richness
influences C-storage

Local tidal regime
(micro, meso or
macro), local climate
regime (rainfall)

Local tidal regime
influences access to
habitats

Value of mangroves
for coastal protection
is higher in areas with
frequent flooding
Sediment supply
depends on tidal
regime and location

Management regime,
anthropogenic
activities (conversion
or degradation)
Removal, degradation
of mangroves reduces
nursery function
Coastal squeeze and
degradation reduces
coastal protection
function

Barriers decrease
sediment supply and
mangrove degradation
reduces erosion
prevention

Connectivity of
habitats important

Different species with
different aboveground
structure increases
coastal protection
Different root
structures promote
sediment trapping
Van Oudehoven et al. (2014) concludes that several ecological indicators are also important to monitor;
tree age, related height, diameter at breast height, root length, species richness and structural

complexity, since they affect the effectiveness of ecosystem services provided by mangroves. The
ecological characteristics differ between different management regimes of protected, conserved and

planted mangrove forests (Table 8).

Table 8. Ecological characeristics under different management regimes. Adopted from van Oudehoven et al. 2014.

Characteristics per
management regime

Protection

Conservation

Plantation

Species richness >4 3-4 <3
Diameter breast height 17 -22cm 10 - 16 cm <1lcm
(DBH)

Height >30m >30m <20m
Age 20-30years 12 -19 years 7-10years
Root length >1.5m >1.5m <1lm
Number of seedlings Low Medium High

Sediment type

mixed sand and clay

mixed sand and clay

mixed sand and
clay
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Some examples of specific indicators for monitoring success of a rehabilitation project are keystone
faunal species found in native mangroves nearby. These species can be compared over the years with
the rehabilitated site to monitor success. One of the frequently used species that are monitored are
Sesarmid and Grapsidae crabs and corresponding abundance of crab holes in the rehabilitated site
(Walton et al. 2007; Kristensen et al. 2008; Bosire et al. 2008). The study performed by Walton et al.
(2007) found equal densities of crab abundances in a natural mangrove site compared to a
rehabilitated mangrove site of 16 years old in the Philippines, suggesting that rehabilitation was
successful.

Bosire et al (2008) also argued that when the goal of rehabilitation is sustainable exploitation of the
site, monitored success may only become apparent after 10 to 20 years to determine if the site is able
to support sustainable exploitation. Other indicators such as fauna, vegetation and environmental
factors can be monitored soon after completing rehabilitation activities. Furthermore, gastropods are
another indicator species for mangrove forest health (and success of the project). Zvonareva et al.
(2015) studied gastropod species abundance in a nine-year old planted mangrove forest in Vietnam,
consisting of monospecific stand of small Rhizophora apiculate. The abundance of an opportunistic
gastropod species (which is also found in other non-mangrove habitats) in planted mangroves was
higher, whereas the natural mangrove forest reference site had high abundances of more
predominately mangrove-associated species of gastropods. The monitoring of indicator fauna led to
the conclusion that vegetation complexity and diversity is an important driver of mangrove-associated
faunal abundance, thus the planted mangrove site did not represent a natural mangrove forest yet
after nine years.

Using the community to monitor projects

Mangrove rehabilitation projects, and especially the planting of mangroves involves high costs
(depending on location, country and permits or rights). Monitoring a project for several years after
completion of the rehabilitation activities might be too expensive. One of the options for monitoring is
the use of volunteers and local communities. EMR practitioners already have established several
workshops and training programmes on location, providing the necessary tools for successful
implementation and perhaps monitoring. Volunteers and local support might provide lower costs for
monitoring if basic monitoring is heeded (Borde et al. 2004) for example taking pictures according to
grids every set timespan, might reveal a lot more information than just counting abundances.
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Trends and developments

Community involvement

One trend which is gaining more attention is the involvement of local communities and the
development of sustainable livelihoods together with a mangrove rehabilitation project. It has been
acknowledged that community involvement can determine the success of a mangrove rehabilitation
project since communities can maintain the rehabilitated mangrove stand if they are convinced of the
benefits, otherwise mangroves can be cut down for timber or aquaculture land-use. Other important
factors to be taken into account, is that planting projects in the past which have failed, might have
damaged the trustworthiness of any mangrove rehabilitation projects in the future, sharing monitoring
results and successful projects with local communities can restore their trust. Again, underpinning the
importance of documenting and monitoring projects on the long-term.

More recognition is given to ecological mangrove rehabilitation techniques, although planting still
remains a widely-adopted practice throughout many developing countries (Liu et al. 2016). Even
though EMR yields high survival rates and more resilience mangrove forests and planting mangroves
is unnecessary when natural recruitment can take place, local communities and NGOs still resort to
planting of mangroves. Reasons provided by Laulikithont (2014) are impatience, feeling of
involvement or ownership (Rénnback et al. 2007), creating stands of economically valuable species,
as a “hands-on “experience for local communities and encouragement to participate in rehabilitation
projects.

Low-cost educational programs can greatly diminish misuse and high failure rates of mangrove
rehabilitation techniques and projects. Planting projects in which mudflats were converted to mangrove
forests, yield low success rates and hence decreasing the consensus of mangrove rehabilitation
projects (Lewis 2009). Other planting projects such as in China where exotic species have been planted
in 95% of the projects (Liu et al. 2016 could have possibly been avoided by educating local
stakeholders and communities.

Remote sensing and imaging

New techniques for monitoring the status of mangrove forests worldwide can provide needed insights
on which areas deserve rehabilitation priority. Remote-sensing and geographic information systems
(GIS) can track changes in mangrove forests and determine sites suitable for rehabilitation. The study
by Kauffman-Axelrod & Steinberg (2010) determined 530 potential sites for rehabilitation using these
techniques. Total suspended matter concentration was extracted using remote sensing techniques
and used a proxy for elevation to determine which sites would be more resilient to erosion for example
(Spencer et al. 2016). Recently, The Nature Conservancy created an interactive map and platform
involving global Coastal Resilience projects. This map relies on GIS data and combines several sources
of information to provide a detailed overview of mangroves (and other coastal ecosystems) worldwide.
(Coastal Resilience; 23/09/2016)

Facilitation and succession

Other developments in the scientific field focus on secondary succession and facilitation of degraded
or destroyed mangroves forests. Some studies have focussed on nurse species that can have
beneficial effects on the recruitment of mangrove species. Others have focussed on the positive
feedback in which mangrove trees increase recruitment of other mangroves by providing sheltered and
suitable habitat. These findings do not coincide with the present way of planting of mangroves. At
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present, mangroves are planted in a grid-like system to reduce competition and maximize survival rate
of propagules or seedlings, this method is adopted from the traditional way of planting forests (Gedan
& Silliman 2009; Silliman et al. 2015). Rather, if facilitation is taken into account, small aggregates of
mangrove propagules or seedlings of different ages can be planted to increase survival by facilitation
or nurse species could be planted first to create better conditions for secondary succession (McKee et
al. 2007; Vogt et al. 2014). However, experimentation is needed to confirm this effect and if it will turn
out as a more effective way of planting mangroves. As discussed, planting is not always the best option
for rehabilitation of mangroves. However, if EMR techniques fail to succeed in natural establishment
of mangroves (because there is no propagule “wash-in”), planting might be the only option left.
Therefore, research into new ways of planting mangroves can be rewarding to maximize rehabilitation
success and reduce project costs.

Policy changes

Some countries such as Brazil have adopted new laws which protect mangrove forests from any
unsustainable use, although laws are in place, many mangrove forests still suffer from illegal timber
production because minimal enforcement (Ferreira & Lacerda. 2016). Although, adopting laws to
protect mangroves is a positive development, low enforcement reverses this effect. Main causes for
low enforcement need to be addresses or additional funding or community involvement (by providing
them more rights to mangrove forests) can mitigate this problem perhaps.

Universal methodology for monitoring

Other developments inthe field of monitoring have been focussed on creating a solid base for accurate
indicators and proxies to assess the rehabilitation projects. Methodologies for assessing rehabilitation
differ significantly, hence comparison of results becomes difficult. Adopting a global baseline
methodology, applicable for all rehabilitation projects could give more insight in reasons for failure or
success and learning curves can be established.

New funding methods

Lack of funding to ensure long term monitoring of projects might need the involvement of the private
sector. Other ways of securing funds for monitoring are potentially the use of REDD+ or Blue Carbon
concepts (Ahmed & Glaser 2016). These concepts have potential if provided with a clear methodology
to ensure ecosystem functioning and services and not focussing on one single ecosystem service (e.g.
carbon storage). Currently, pilot studies are performed involving Blue Carbon in Kenya and Madagascar
(Friess 2016).

Knowledge gaps

Lewis & Brown (2014) concluded from several case studies involving planting and EMR rehabilitation
projects that a number of knowledge gaps remain which are also applicable in this essay; development
of low-cost methods for determining sedimentation rate and elevation measurements, which faunal
indicators to use and to convince governments and NGOs to not resort to planting as a primary
rehabilitation method. Knowledge gaps currently also revolve around lack of documentation of
different mangrove species and their status (threatened e.g.), also accurate loss rates are missing in
some regions. Africa seems to be a rather under-documented area regarding mangrove forests status.
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Regarding ecosystem and landscape scale knowledge gaps; hydrodynamic conditions and vegetation
are well-understood at a local scale, the effects and dynamics at a landscape-scale have not been
extensively researched (Friess et al 2012). Furthermore, thresholds on propagule attachment and
dislodgement remain scarce (Friess et al. 2012). Less attention is given to the different mangrove
types according to their organic source input; organogenic and minerogenic and different rehabilitation
techniques may have different effects depending on these type of mangrove forests. The planting of
mangroves might strengthen organogenic mangrove forests types, since organic matter input can
increase with the planting method.

Sea Level Rise & Coastal protection

Mangroves have the potential to keep up with rising sea levels if landward migration and sediment
supply is sufficient (Balke & Friess 2016). Sedimentation rate information can be used to predict if
mangrove forests can cope with sea level rise. Some studies which focussed on sediment build-up of
organogenic mangroves found accretion rates of 10 mm per year (Ellison 2009), while other records
show rapid sea level rise possibly submerged mangrove soils in past millennia (Mclvor et al. 2013;
Spalding et al. 2014). If mangrove forests can cope with rising sea levels depends heavily on the
location and accompanying hydrological and geomorphological factors (Spalding et al. 2014; Balke &
Friess 2016). The study by Marchio et al. (2016) in Florida reported that only two out of seven
mangrove sites would be able to cope with rising sea levels, based on the current sea level rise
prediction of 2.6 - 3.2 mm per year (Watson et al. 2015), judging from the sedimentation rates.
Furthermore, these sedimentation rates also differ between types of mangrove forests, where fringe
mangrove seems to have the highest sedimentation rate (Marchio et al. 2016). The potential for
mangroves to cope with sea level rise also affects their role in natural coastal defence services.
Growing evidence supports the role of mangroves as effective coastal protection from flooding, storm
surges and reducing wave energy (Spalding et al. 2014b). The width of a mangrove forests plays a
crucial role in determining the effectiveness of the coastal defence service; wave height is reduced 13
-66 % per 100 m of mangrove forest width for example (Spalding et al. 2014b). Verhagen & Loi (2012)
reported a 200 m wide mangrove belt to reduce wave height from 2 m to 0.5 m. Coastal squeeze
should be taken into account when mangrove forests are used as coastal protection since coastal
squeeze decreases the width of mangroves forests. Furthermore, coastal squeeze also determines the
long term success of mangrove rehabilitation projects and needs to be taken into account when
choosing rehabilitation project sites (Webber et al 2016).

The prediction on how mangrove forests will cope with climate change regarding increased
greenhouse-gas emissions are unclear. Some studies predict that higher CO2 levels will benefit
mangrove growth (Reef et al. 2016).

Linking ecosystems

Mangroves and salt marshes have gained much attention in terms of rehabilitation attempts, hence
other important coastal ecosystems might be overlooked. There has been evidence of multiple
ecosystems empowering one another and increasing ecosystem services. When mangroves are
accompanied by seagrass beds and coral reefs, the positive interaction between these ecosystems
strengthens their resilience and improves ecosystems services (Guannel et al. 2016). Therefore,
focussing on only one ecosystem to rehabilitate might be not efficient nor maximizing a natural setting
of the coastal environment.

Network of mangrove rehabilitation projects

The importance of mangroves and their ecological functions and ecosystem services, motivated many
non-governmental organizations (NGOs), governmental organizations and local communities to
conserve, rehabilitate mangrove forests and provide education. Not only NGOs or governmental
organization such as forest departments, but also community-based organization play a role in
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successful rehabilitation and conservation of mangroves worldwide. In some regions one particular
stakeholder is the main driver of rehabilitating mangrove forests, such as in China, where the
government directed 98% of all rehabilitation projects (Liu et al. 2016).

NGOs, CBOs, Governments and Universities

Next to organizations specifically focused on mangrove rehabilitation and providing projects around
the world such as the Mangrove Action Project (MAP), other global organizations such as Conservation
International (Cl), IUCN, The Nature Conservancy and WWF are also involved in mangrove
rehabilitation, conservation or educational projects. NGOs are particularly important for promoting and
education locally and globally. Governments can provide legal and financial support to projects and
can assist with implementation. Universities and other research institutes are vital for improvement of
monitoring methods, site-selection criteria and analysing results from rehabilitation projects. Local
communities or Community Based-Organizations (CBOs) ensure compliance torules of sustainable use
of mangroves and are able to monitor and keep track of changes within mangroves forests.

A quick scan of current projects led by NGOs, universities and other (governmental) organizations is
visualized in Figure 7 and Table 9 (Appendix 1). Many projects involve planting of mangroves as a
means for rehabilitation, however community-based approaches and EMR are increasing in numbers.
Figure 7 shows 12 organizations which have ongoing planting projects. The Coastal Resilience projects
(CR) based on the map by The Nature Conservancy (The Nature Conservancy, 28-09-2016), others
involve planting projects such as the ones from Brevard Zoo (Brevard zoo, 28-09-2016), Honko (Honko,
28-09-2016), International Tropical Timber Organization (ITTO, 28-09-2016), WeForest (Weforest, 28-
09-2016), Khaled bin Living Ocean Foundation (Khaled bin Living Oceans Foundation, 28-09-2016)
and the Zoological Society of London (ZSL, 28-09-2016) . Some adapted the REM rehabilitation
approach such as MarineLab (MarineLab, 28-09-2016). More detailed information is shown in Table
9, Appendix 1.
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Figure 7. Overview of current projects. CR= Coastal Resilience projects, Cl= Conservation International, ITTO = International Tropical Timber Organization, JCU =
James Cook University, LOF=Khaled bin Living Oceans Foundation, MAP= Mangrove Action Project, ZSL= Zoological Society of Lond on.
CR=http://maps.coastalresilience.org/global/, CI tp://www.turingfoundation.org/kw_mangrove.html, Honko http://www.honko.org/, ITTO
http://www.itto.int/portfolio07/,JCU https://research.jcu.edu.au/tropwater/research-programs/australian-mangrove-and-saltmarsh-network/rehabilitation-and-
restoration-projects, LOF https://www.livingoceansfoundation.org/publication/bam-new-project-restore-mangroves-bahamas/, MAP
http://mangroveactionproject.org/, Marinelab http://www.mrdf.org/ResearchPartnerships.html, V.J.F. Huang http://www.chinapost.com.tw/taiwan/intl-
community/2016/07/18/472596/Artist-Vincent.htm, Weforest http://www.weforest.org/,
WWFhttp://www.worldwildlife.org/biomes/mangroves;http://www.turingfoundation.org/kw_mangrove.html, ZSL
https://www.zsl.org/conservation/regions/asia/rehabilitating-mangroves-in-the-philippines

The map downloaded from the Coastal Resilience program shows more detailed information about the
different goal of current coastal resilience projects (Figure 8); erosion control, Flood defence and wave
attenuation projects. Represented in green, mangrove distribution is shown. Comparison between
Figure 7 and Figure 8 shows that many rehabilitation projects concentrate more on some regions than
others. The Southeast Asian and Pacific coasts.
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Figure 8. Mangrove cover and coastal resilience projects involving mangrove rehabilitation. Mangrove cover is represented in
green. Yellow dots represent erosion control projects, blue dots represent flood defense projects and orange dots represent w ave
attenuation projects. Downloaded and adopted from http://maps.coastalresilience.org/qglobal/.
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Conclusion

The aim of this essay was to investigate the status of ecological mangrove rehabilitation and compare
EMR with other techniques. In conclusion, EMR has great potential to rehabilitate mangrove forests
back to a more natural setting in comparison with planting techniques and the REM approach. The
ecological and socio-economic importance of mangrove forests has been acknowledged in the past
decades and rehabilitation projects of mangrove forests have seen an increase since the 1950s.
Rehabilitation of mangrove forests depends on many abiotic and biotic factors influencing the
survivability of mangroves, including tidal regime, species richness and diversity and sediment supply.
These abiotic and biotic factors differ between types of mangrove forests; fringe, riverine and basin
mangrove forests as well different organic matter sources which define a organogenic or minerogenic
mangrove forest. Mangrove forests drive important ecosystems services such as coastal protection,
carbon storage, nursery function and cultural services. Natural mangrove forests provide more efficient
and multiple ecosystem services in comparison with replanted mangrove forests. Many rehabilitation
projects used replanting of mangrove forests focusing on rebuilding the structural characteristics
rather than the functional characteristics of mangroves. Ecological Mangrove Rehabilitation (EMR)
provided better results than replanting projects in most cases and yield higher resilience mangrove
forests with multiple ecosystem services and restores ecological functioning. The main reason for high
failure rates in planting projects was caused by neglecting abiotic factors such as sediment supply and
creating monospecific stand of mangroves in which one or two mangrove species were planted in
unsuitable conditions. The six principles for a successful rehabilitation project according to the EMR
method are 1) the ecology of species and their environment, 2) hydrological conditions needed for
mangrove establishment, 3) involvement of local communities, 4) Site-selection, 5) rehabilitation
program set up, 6) planting of propagules as a last resort. Furthermore, lack of documentation and
results of past rehabilitation projects further obstructs the learning curve and knowledge regarding
rehabilitation methods. Monitoring of rehabilitation projects is therefore a crucial part or any projects,
however which indicators to use for monitoring depend on the goal of rehabilitation (restoring coastal
protection, carbon storage or nursery function for example) and there is no clear consensus in the
scientific community which indicators are best. Planting mangroves still remains a widely used method
in many rehabilitation projects, mainly because of impatience or to create a sense of (self-)contribution
to rehabilitation efforts. Many new techniques such as remote-sensing and GIS can shed light on
implications involving site-selection and rehabilitation priority. Although, knowledge gaps remain in
terms of sea level rise effects, monitoring indicators and strengthening of ecosystem services and
resilience from adjacent coastal ecosystems. Conservation and protection of mangrove habitats should
be priority, since rehabilitation by EMR yields close to natural mangrove stands, it is more expensive
and time-consuming.

Recommendations

The main recommendation is the choose key indicators for monitoring rehabilitation projects. Some
studies supported the idea of multiple level indicators. These indicators would cover compliance,
functional and landscape success, therefore atleast three different indicators would be recommended
for each rehabilitation project.

Involvement with other consortia practising mangrove rehabilitation is vital for establishing
collaborations and increase knowledge on best-practises and high priority areas. Global information
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platforms which use GIS and remote-sensing data to visualize vulnerable mangrove forests are worth
investigating, expanding these maps to global coasts increases the chance of identifying which
locations benefit the most out of rehabilitation projects. Platforms are also suitable for exchanging
results of rehabilitation projects and evaluating on success and fail factors. Collaborations with
universities could provide insights in currently existing knowledge gaps.

Planting still seems to be the “go-to” method in rehabilitation projects, educational programs
accompanied with successes from past EMR projects perhaps can shift views on which rehabilitation
methods is best. Even in ongoing projects were planting of mangroves is the primary method, additional
education about EMR to local stakeholders may increase the use of EMR in future projects.

Many projects have focused on regions such as Southeast Asia and parts of Latin America. Other
regions tend to be overlooked, such as African coasts and other Latin American countries. Establishing
networks in countries that have much to gain in terms of mangrove rehabilitation, increases knowledge
of undocumented areas and the status of mangrove forests.

It may also be worth investing time and effort in additional funding mechanisms such as Blue Carbon.
These additional funds may relieve some of the financial burden caused by long-term monitoring
activities.
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Appendix 1

Table 9. Quick scan overview of organizations involved in mangrove rehabilitation projects (References below Table).

Type of organization Project Type of projects Number of Partners Shown
location ongoing on
projects Map
(Figure
7)
Brevard Zoo/ | NGO/Governmental USA, Florida | Reforestation; 1 ongoing Dep. Y
Floraida Adopt-a-Mangrove, reforestation Environmental
Efepartment Educational project Protection

Environmental

protection 1

CIFOR?2 NGO Global Reports on wetlands | - N
distribution, carbon
stocks. Global map
wetlands - SWAMP

Conservation | NGO Global Planting project 1 ongoing Y
International Philippines

(cns

DENR Governmental Philippines Planting and N
(Department community based -

of approach

Environmental

and Natural

Resources) 4
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Wetlands International

GLOMIS 5

Honko 6
ISME
(International
Society of
Mangrove
Ecosystems) 7
ITTO
(International
Tropic Timber
Organization)
8

IUCN?®

James Cook
University 10
Khaled bin
Living Ocean
Foundation 11

Mangrove
Action Project
(MAP) 12
Mangrove
Solutions 13

Mangrove
Watch 14

Mangrove.org
15

MarinelLab 16

The Nature
Conservancy
(CR) 17
Turing
Foundation 18

VincentJ.F.
Huang
(Taiwan)1®

NGO/Website

Based within ISME

NGO

NGO, non-profit

Intergovernmental

NGO
University

NGO

NGO

NGO (hybrid)

NGO

NGO

NGO (hybrid)

NGO

Charity

Individual

Global

Madagascar
Asia and
Pacific

Latin
America,
South
Pacific

Global
Oceania
Caribbean

(Jamaica &
Bahamas)

USA, Asia

USA,

Caribbean

Global

USA,
Caribbean,
Central
Americas
USA, Florida

Global

Global

South
Pacific
islands

Database on
mangrove species
distribution,
information portal
Planting

Planting projects

Reforestation
projects mangroves

Mangroves for the
Future initiative
Data collection/
monitoring

Planting mangroves
awareness
educational
program (JAMIN &
BAM)

EMR, Education

Planting mangroves
in Reef Balls

Monitoring/data
collection

REM mangrove
reforestation
method

REM method,
education

Coastal Resilience
program

Funds nature
conservation
projects

Aesthetical planting
of mangroves for
climate mitigation
and erosion
prevention

University of Groningen

ongoing
3 ongoing

4 ongoing

3 ongoing, 5
planned

2 programs
ongoing

At least 2
educational

6 projects in
2007

Currently only

projects in
Australia
Unknown

1 educational
project

3 projects on
mangrove
rehabilitation
1 finished, 1
planned

GLOMIS

Mangrove
Watch

450 NGO’s
300 scientists
Governments
Spin-off from
Reef Baal
Foundation

MarineLab

Mangrove.org

IUCN,Wetlands
International,
WWEF

Taipei 101,
National
Taiwan Normal
University
Institute of
Environmental
Education,
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Tuvalu
Government
WeForest 20 NGO, Belgium Africa Reforestation and 2 ongoing on Y
community based mangrove
projects rehabilitation
WWEF 21 NGO Global Community 1 ongoing in
education and Papua,
rehabilitation Indonesia
ZSL22 Charity/ NGO Philippines Planting and 1 ongoing Y
CBEMR

1=Brevard zoohttps: //brevardzoo org/conservanon programs/mangrove-restoration/. 2=CIFOR http://blog.cifor.org/search-en/mangrove, 3= Cl

http//wwwturlngfoundatlon org/kw_mangrove.html ,4=DENR http://www.denr.gov.ph/, 5= GLOMIS http//www;zlomls com/ , 6=Honko http://www.honko.org/,
7=ISME ://www.mangrove.or.jp/index.html, 8 =ITTO http://www.itto.int/portfolio07/, 9=IUCN https://www.iucn.org/content/mangrove-forests-worldwide-
decline;http://www.turingfoundation.org/kw mangrove.html, 10=JCU https://research.jcu.edu.au/tropwater/research-programs/australian-mangrove-and-saltmarsh-
network/rehabilitation-and-restoration-projects, 11=Khaled bin https://www.livingoceansfoundation.org/publication/bam-new-project-restore-mangroves-bahamas/,
12=MAP http://mangroveactionproject.org/, 13 =Mangrove solutions http://www.mangrovesolutions.com/, 14=Mangrove watch http://www.mangrovewatch.org.au/;
15=Mangrove org http://mangrove.org/, 16=Marinelab http://www.mrdf.org/ResearchPartnerships.html, 17= TNC

http://www.nature.org/ourinitiatives /habitats/oceanscoasts/howwework/restoration-works-mangroves.xml;h ttp ://maps.coastalresilience.org/global/, 18=Turing
foundation http://www.turingfoundation.org/kw_mangrove.html, 19=JW Huang http://www.chinapost.com.tw/taiwan/intl-community/2016/07/18/472596/Artist-
Vincent.htm, 20=Weforest http://www.weforest.org/, 21=WWFhttp://www.worldwildlife.org/biomes/mangroves;http://www.turingfoundation.org/kw_mangrove.html,

22=7SL https://www.zsl.org/conservation/r egions/asia/rehabilitating-mangroves-in-the-philippines
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