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distribution since their appearance in the geological record ~75 million years ago (Mya), through
to the Holocene. In contrast, contemporary mangrove dynamics are driven primarily by anthro-
pogenic threats, including pollution, overextraction, and conversion to aquaculture and agricul-
ture. Deforestation rates have declined in the past decade, but the future of mangroves is uncertain;
new deforestation frontiers are opening, particularly in Southeast Asia and West Africa, despite
international conservation policies and ambitious global targets for rehabilitation. In addition, ge-
ological and climatic processes such as sea-level rise that were important over geological history
will continue to influence global mangrove distribution in the future. Recommendations are given
to reframe mangrove conservation, with a view to improving the state of mangroves in the future.
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1. INTRODUCTION

Intertidal mangrove forests occur along tropical, subtropical, and some temperate coasts, often
overlapping with high and increasing densities of human populations. As such, they provide im-
portant ecosystem services such as fish, timber, fuelwood, coastal protection, pollution control,
and cultural values for hundreds of millions of people (1). Most recently, the role of mangroves in
carbon sequestration has been strongly promoted (2), with mangroves now firmly on the interna-
tional climate mitigation and adaptation agenda.

Being located in a zone of increasing human population densities and conflicting coastal
management priorities means that mangroves are also highly threatened across large parts of
their range. Proximate drivers such as aquaculture, agriculture, and urban development have
caused large-scale mangrove deforestation (3, 4), and mangroves are further degraded by resource
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overextraction and pollution (5). At broader scales, mangroves are impacted by long-term pro-
cesses such as relative sea-level rise (rSLR) and fluctuations in sea level linked to climate oscilla-
tions (6, 7), with important implications for the vulnerability of the coastal populations who rely
on mangrove resources.

Effective management of mangroves needs robust knowledge of their true status. Several stud-
ies have provided a picture of the state of the world’s mangrove forests. One of the earliest reports
was published by the Working Group on Mangrove Ecosystems of the IUCN, titled Globa/ Status
of Mangrove Ecosystems (8). This report summarized the major threats to mangroves and manage-
ment options available for their conservation. The World Mangrove Atlas, published in 1997 (9) and
revised in 2010, was one of the first to estimate their global extent, and was followed by seminal
and highly cited reviews that brought attention to rates of historical mangrove loss (10) and con-
sidered subsequent impacts on ecosystem processes and structure (11). Duke et al. (12) highlighted
concern from the academic community in 2007 that the world would be globally deprived of the
functions provided by mangroves within the next 100 years, given estimated rates of deforestation
at that time.

International organizations have also contributed to discussions around the state of the world’s
mangroves, as reported in the Status and Trends in Mangrove Area Extent Worldwide (13) and The
World’s Mangroves 1980-2005 (14). These documents compiled various national estimates of man-
grove extent and extrapolated deforestation rates, and they have had huge policy impact. In 2014,
the United Nations Environment Programme’s Call to Action also highlighted mangrove loss
and the need for conservation (15). However, more recent attempts to understand the state of the
world’s mangroves have updated current (and in many instances reducing) rates of deforestation
and emphasize the future impacts of climate change (16).

Previous reports on the state of the world’s mangroves have generally focused on contemporary
and near future mangrove dynamics that strongly emphasize deforestation. However, mangrove
forests are dynamic and their extent and condition can change rapidly, as deforestation drivers
change in type and speed, and degradation drivers may dominate. Deforestation also takes place
within a broader temporal context influenced by natural geological processes, which influences
mangrove extent and condition now and in the future. For this reason, a holistic view of mangrove
dynamics is required, examining their past, present, and potential future status, and the relative
contribution of anthropogenic drivers while accounting for geological and climatic drivers. This
review provides an up-to-date overview of the present state of the world’s mangrove forests, fo-
cusing on mangroves as an ecosystem unit, rather than individual floral and faunal components of
the ecosystem. Contemporary anthropogenic impacts are placed in the context of larger-scale and
longer-term geological and climatic processes that have shaped mangroves for millions of years
and will continue to do so in a future where mangroves will experience accelerating rSLR.

2. THE PAST STATE OF THE WORLD’S MANGROVES
2.1. The Appearance of Mangroves in Geological History

Past geological processes and barriers influence contemporary mangrove distribution (17). To
understand the state of mangroves in geological history, it is important to understand how and
where species evolved. A range of mangrove plant families diverged independently from their ter-
restrial ancestors during the late Cretaceous-Paleocene epoch, with the most ancient confirmed
fossils belonging to the mangrove palm Nypa, aged at 75 million years (18). Genomic and fossil
evidence suggest that Nyps diverged from other palms 72.1-83.6 million years ago (Mya) (19),
and the fern Acrostichum diverged during the late Cretaceous ~66.0-88.1 Mya (20). Pelliceria spp.
and the extinct Brevitricolpites also date from the late Cretaceous (21). The common mangrove
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genus Rhizophora originated during a narrow window of 47.8-54.6 Mya (22), coinciding with the
Paleocene—Eocene Thermal Maximum. Mangrove ancestors were presumably submerged by sea-
level rise during that warm period and became adapted to intertidal conditions. Mangrove vege-
tation lineages increased steadily over the Tertiary Period (23). For example, Xylocarpus probably
diverged from its terrestrial relatives ~19.4 Mya (24), and Acanthus diverged ~16.8 Mya (25).

The total area of mangroves across geological history is unknown, although changes in distri-
bution through geological time have been hypothesized (17, 21, 26, 27). Fossil evidence of major
mangrove taxa has been reported to originate around the ancient Tethys Sea, and populations may
have become divided as this sea closed following continental drift. Continental drift later helped
some mangrove taxa extend in range; it has been suggested that Rbhizophora expanded eastward as
the India plate drifted, and Australia detached from Antarctica and moved northward (27). Trans-
port by drifting continental plates may explain why some mangrove genera have similar global
distributions despite large variations in individual dispersal capability (17). Mangrove distribu-
tion probably became more extensive during the warm Eocene epoch (21); for example, Avicennia
pollen was present in Siberia (at latitudes above 72°N) during the early-middle Eocene (28). Man-
grove distribution would have reduced when global temperatures declined during the Oligocene
and Miocene, with their area decreasing as mangroves retreated from cooling climates such as
those found in Europe.

2.2. Global Mangrove Dynamics in the Holocene

Mangrove distribution during the Holocene (~11,700 years ago to present) was controlled by
a combination of climate and rSLR. Similar to today, mangroves were constrained primarily to
tropical and subtropical latitudes by climatic controls. Although the full areal extent of mangroves
during the Holocene is not known, within these latitudes, sea level and its interaction with under-
lying geomorphology had a profound effect on mangrove distribution.

At the peak of the Last Glacial Maximum, sea levels were ~130-120 m lower than present; this
lowstand and the present-day highstand represent approximate end points on global Quaternary
eustatic sea-level cycles (29). The early Holocene was marked by marine transgression in some
regions, with the timing and magnitude of mangrove transgressive phases being globally variable
due to varying rates of sediment supply and accumulation and differing land slopes. Transgression
occurred until eustatic sea level stabilized by the mid-Holocene.

Regional differences in isostatic adjustment had a pronounced effect on mangrove response
to eustatic sea-level rise in areas closer to ice sheets during the Last Glacial Maximum, such as
Florida and the Caribbean (Figure 1). Woodroffe & Davies (30) have classified the varying re-
sponses of mangroves to sea-level change over the Holocene and indicate that these responses are
dependent on the interplay between surface change processes for vertical adjustment (e.g., sedi-
ment and organic matter accumulation; see Section 4.6) and rSLR, the latter in particular varying
spatially (Figure 1). Mangroves were drowned where high rates of rSLR surpassed rates of pos-
itive vertical adjustment, as occurred during the early Holocene. Mangroves that caught up with
rSLR increased their vertical position relative to the tidal frame through lateral movement along
substrates, evident from transgressive mangrove facies during the mid- to late Holocene. Man-
groves that kept up with rSLR accumulated organic and mineral material in situ under moderate
rates of rSLR, such as the accumulation of deep mangrove peats exceeding tide range in Florida
and the Caribbean. Prograded mangroves developed when rSLR rates were low and sediment sup-
ply was high, enabling the formation of new seaward substrates that facilitated lateral mangrove
progradation. Emergent mangroves occurred when substrates were uplifted by tectonic processes,
although such examples are rare.
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Figure 1

Zones indicating global variation in relative sea-level rise over the Holocene [zones adapted from Clark et al. (31)]. Zone I indicates
areas where shorelines have been undergoing significant isostatic adjustment and ongoing shoreline uplift. Zone II indicates areas
where shorelines do not exhibit a late Holocene sea-level highstand and have a protracted period of mid- to late Holocene relative
sea-level rise. Zone IIT indicates areas where most shorelines exhibit a sea-level highstand and a longer period of relative sea-level
stability. The inset global eustatic sea-level curve indicates a global pattern of early Holocene marine transgression and stabilization
in sea volume. Current mangrove distribution is shown in green (32), indicating that most mangrove shorelines occur in zones where
a sea-level highstand was evident in the mid- to late Holocene.

Various examples of the phases identified by Woodrofte & Davies (30) have been found in sites
worldwide. Following the Last Glacial Maximum, sea-level rise accelerated sharply and rSLR was
dominated by eustatic processes rather than surface processes of vertical adjustment. Accordingly,
evidence of early-Holocene mangrove shorelines is now below present sea level. Mangroves along
the present-day Sunda Shelf (Southeast Asia) were drowned here approximately 14,500 years ago.
Located ~200 km from the modern Mekong Delta and at water depths of ~70-100 m, mangrove
material was deposited at a time when sea level rose as much as 16 m in 300 years (33, 34). When
sea levels stabilized 7,000-8,000 years ago, the mouth of the Mekong River was in the Cambodian
lowlands (35) and sediment accumulation became the dominant control on mangrove distribution.
The widespread occurrence of mangrove pollen in sediments in the upper few meters of deltaic
stratigraphic sequences, with transitions from Sonneratia to Rhizophora to Bruguiera to swamp-like
conditions as the delta expanded into the South China Sea, suggests lateral mangrove progradation
once sea level stabilized (36, 37).

In Australia, sea-level rise was too great for mangrove development in many locations
during the early Holocene. As the relationship between land elevation and sea level became
increasingly dominated by surface processes of sediment accumulation, estuaries infilled and
mangrove distribution changed (38-40). Woodroffe et al. (41) described three phases of response
to sea-level change for the Alligator River. A transgressive catch-up phase (~8,000 years ago) was
dominated by landward mangrove transgression as sea-level rise drowned coastal river valleys.
The big swamp phase (~7,000-5,300 years ago) was associated with deceleration in the rate
of eustatic sea-level rise and thus a proportionally greater influence of sediment accumulation
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that facilitated estuarine infill, creating an expansive intertidal zone that enabled mangroves to
keep up with sea level. Finally, the sinuous/cuspate phase (<5,300 years ago) followed, whereby
mangrove-dominated floodplains became grass/sedge-dominated, and mangroves retreated to
estuarine shorelines as the floodplain became increasingly disconnected from tidal inundation,
perhaps similar to mangrove progradation.

Mangrove response to Holocene rSLR in the west Atlantic Ocean region (Florida, Caribbean),
where a protracted period of sea-level rise over the mid- to late Holocene occurred due to iso-
static adjustment, differs somewhat from that of mangroves of the Indo-West Pacific region and
shorelines of the southern Indian Ocean (42—45). In the west Atlantic region, the early Holocene
was marked by rates of rSLR that were too high for broad mangrove development (~7,500 ka).
Evident from interbedded peats and marls in Florida, the transgressive phase where mangroves
were catching up occurred during the mid-Holocene and appears to have been longer in duration
than elsewhere (~7,500-3,500 ka) (44). Ongoing rSLR has meant that transgressive phases domi-
nate the mangrove stratigraphy in the region (45). Despite the dominance of transgressive phases,
further deceleration in rates of rSLR in the late Holocene facilitated mangroves keeping up with
sea level in some regions that were partly driven by biogenic processes of organic matter accumu-
lation where mineral sediment supply was low (43) and mangrove progradation where sediment

supply was high (46).

2.3. (Pre)historical Use of Mangroves

In addition to mangrove dynamics resulting from sea-level changes, the mid- to late Holocene
began to see evidence of low-level human use of mangrove resources. Charcoal from Rbizophora
spp. has been associated with shell middens from ~6,500 years ago (47). Nomadic communities in
the Middle East settled around this time, choosing areas close to mangroves as their subsistence
economies were reliant on wood and shellfish. Communities in this area became sedentary due
to broader regional climate changes; as interior areas in the Middle East became progressively
more arid, communities settled along the coast because mangrove resources were less affected by
climatic fluctuations (48).

Coastal communities throughout history continued to use mangrove resources, and their trade
became widespread over the past few centuries. Trade routes for mangrove timber have been
established between East Africa and the Middle East for centuries. Such resource use may have
led to mangrove degradation in heavily utilized areas, and may have had some impact on areal
extent in selected locations.

A shift from subsistence to industrial use of mangrove resources, with more observable impacts
on areal extent, is linked to colonial management from the eighteenth to the early twentieth cen-
turies. In the Americas, Spanish colonial administrators in the 1750s regulated harvesting because
high demand for mangrove wood for ship building led to overharvesting (49). Mangrove timber
reserves were also established by German colonial administrators in East Africa in the nineteenth
century to compete with the timber trade in Europe (50). Southeast Asia has a long history of man-
grove exploitation and management, with forest reserves established by colonial administrators in
the nineteenth and early twentieth centuries for timber and charcoal production.

By the nineteenth century, mangroves were being cleared for agriculture, such as for coconut
plantations along the Caribbean coast of Colombia for export to the United States (51). Evidence
suggests that mangroves in many parts of the tropics were beginning to experience substantial
deforestation and degradation during this time. In some locations, this may have been somewhat
balanced by increases in mangrove cover in locations where sediment delivery to the coast was
enhanced due to clearing in catchments for agriculture, which facilitated mangrove progradation
as they colonized newly available habitat (such as in New Zealand).

Friess et al.



Table 1 Various mangrove deforestation rates according to different time periods and methods

Average annual

deforestation rate | Time period Method Reference

2.00-8.00% None given None given 150

2.10% Various Literature review of data from 46 countries (representing ~60% of the 10
world’s mangrove area) upscaled globally

1.10-1.90% 1980-2000 Literature review of studies from differing time periods for individual 13
countries, normalized by regression analysis and upscaled globally

1.00% None given None given 83

0.66-1.04% 1980-2005 Literature review of studies from differing time periods for individual 14
countries, normalized by regression analysis and upscaled globally

0.16-0.39% 2000-2012 Robust global-scale remote sensing 32

3. THE PRESENT STATE OF THE WORLD’S MANGROVES
3.1. Mangrove Deforestation in the Twentieth Century

Preindustrial mangrove use likely did not impact the extent and habitat quality of mangrove forests
to a substantial degree, but the influence of humans on mangrove resources increased in the past
few centuries and peaked in the twentieth century. By the 1970s, researchers became aware of the
large-scale impacts of humans on mangrove extent with increasing access to continuous satellite
Earth observation. By the 1980s, large-scale land use change was the predominant cause of man-
grove loss. Deforestation rates were potentially so high that it was suggested as much as 35% of the
world’s mangrove area had been lost in the 1980s and 1990s (10). Deforestation rates often cited in
the literature range from 1 to 8% per year (Table 1), though their accuracy is uncertain due to lack
of consistent and systematic remote sensing methods for global mangrove mapping at that time.

3.1.1. Aquaculture. Onshore aquaculture for fish and shellfish production was the leading cause
of mangrove deforestation during the second half of the twentieth century (Table 2), particularly
since the aquaculture boom in the mid-1970s and early 1980s (52). An analysis of eight coun-
tries across South America and Asia indicated that 52% of all mangroves were deforested since
1970, with 28% converted to commercial aquaculture ponds (53). In the Philippines, ~50% of the
279,000 ha of mangroves deforested between 1951 and 1988 were converted to aquaculture ponds
(54). Aquaculture also degrades neighboring mangroves due to altered hydrology, pollution, and
eutrophication, as discharged effluent is heavily polluted (55).

3.1.2. Agriculture. Mangroves have been deforested to produce agricultural products such as
coconuts and rice, particularly in Africa, Asia, and Latin America. Rice production was responsible
for 48% of all mangrove loss in southern China (>210 km?) between the 1950s and 2010 (62) and
35% of all mangrove loss in Madagascar between 1975 and 2005 (63). The Ayeyarwady Delta in
Myanmar lost 44% (~940 km?) of its mangrove forest between 1989 and 2000, almost entirely
due to rice paddies, in response to national policies to ensure food security (64).

3.1.3. Urban development. Shallow-sloping intertidal areas have often seen land cover con-
version for infrastructure and urban development. Urban development may not be the largest
driver of mangrove loss at regional scales (e.g., 3, 56), but can be the dominant driver in particular
locations, such as the southeast coast of Brazil during the late twentieth century (65), Puerto Rico
in the 1960s (66), and Douala, Cameroon, in the 1970s—2000s (67). Large areas of mangroves and
associated mudflats have also been lost to urban development in China. Singapore’s mangrove
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Table 2 Subnational and national estimates of late twentieth-century mangrove loss due to
aquaculture for various countries across the tropics

Mangroves lost Annualized
Country Region(s) Time period | to aquaculture rates of loss | Reference
Bangladesh | Bay of Bengal 1977-2005 11% 0.4% 56
Bangladesh | Five estuaries 1972-2010 7% 0.2% 53
Brazil Northeast 1973-2005 9.6% 0.3% 57
Pernambuco
Brazil Nine estuaries 1987-2009 13% 0.6% 53
China Six estuaries 1973-2007 40% 1.1% 53
Ecuador National, excluding 1970-2006 30% 0.8% 58
Guayas
Ecuador Random sample 1966-2006 40% 1.0% 53
India Godavari estuary 1992-2004 30%-40% 2.5-33% 59
India Six estuaries 1972-2009 4% 0.1% 53
Indonesia Andaman Sea 1977-2005 63% 23% 56
Indonesia Nine estuaries 1972-2010 48% 1.3% 53
Peru North 1962-2007 17% 0.4% 60
Thailand Andaman Sea 1977-2005 41% 1.5% 56
Thailand Six estuaries 1973-2006 19% 0.6% 53
Vietnam Ca Mau 1968-2003 30% 0.9% 61
Vietnam Nine estuaries 1975-2009 53% 1.6% 53

extent has declined by 91% (75 to 6.44 ha) since the 1950s (68) due to industrial development and
the damming of mangrove-fringed estuaries to create freshwater reservoirs. A further 33% of the
nation’s remaining mangrove forests are expected to be lost between 2011 and 2030, as current
policy favors ongoing seaward expansion of urban land use to support economic and population
growth (68).

3.1.4. Forest products. The overextraction of provisioning ecosystem services such as timber
and fuelwood can lead to large-scale land cover changes. Mangroves are used for fuelwood and
charcoal due to the high calorific value of their wood. Fuelwood and charcoal production has
caused mangrove deforestation in Latin America (49), West and East Africa (63, 69), and parts of
Southeast Asia such as Myanmar (70), although their use for subsistence versus industry differs ge-
ographically. The scale of deforestation can be large; for example, 16% of Madagascar’s mangrove
loss between 1975 and 2005 was due to logging (63).

Across Latin America, mangrove forests have long been exploited for tannins. This became a
large commercial enterprise (particularly in Colombia, Costa Rica, Ecuador, and Panama) in the
late 1940s, reaching its peak by 1970 (49). A rich history of mangrove harvesting for timber and
fuelwood is also found among Pacific islands (71), with harvesting likely being light and historically
sustainable on islands with large proportional mangrove areas.

3.1.5. Other proximate drivers of deforestation. Several other proximate drivers of mangrove
deforestation exist beyond those described above (8, 15). Threats include mangrove conversion
to salt ponds in Africa and South Asia, which are constructed within hypersaline mangrove ar-
eas and create salt deposits through evaporation. Oil and gas production causes mangrove loss
during drilling and infrastructure development. Large oil deposits are found under mangroves in
many countries of West Africa and South America, and in the Mahakam Delta and West Papua in
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Indonesia (8). Mangroves in these locations experience extensive oil spills from ship sources and
piping infrastructure within or close to the mangrove. This has been a particular issue in the Niger
Delta in Nigeria, with an estimated 100,000 tonnes of oil per decade impacting mangroves (72).

3.2. Mangrove Deforestation in the Early Twenty-First Century

Our knowledge of mangrove area dynamics at local to global scales has increased significantly
since 2000 due to advances in remote sensing and data access, which facilitates mapping at in-
creasing spatial resolutions and temporal frequencies. The World Atlas of Mangroves estimated the
global area of mangroves during 2000-2001 to be 152,361 km? (73), based on maps from a range
of sources and supplemented by remote sensing. A similar literature review approach modeled
global mangrove extent at 157,400 km? in 2000 (14). However, substantial biases exist in estimat-
ing national and global mangrove extent by upscaling literature reviews of selected studies with
differing methodologies (74). Thus, the first full remote sensing estimate of global mangrove area
estimated global mangrove extent to be 137,760 km? during 2000-2001 (75), with a later study es-
timating extent at 137,600 km? for the year 2010 (76). Importantly, these remote sensing estimates
are ~15,000-20,000 km? lower than literature and survey-based estimates of the same period. Big
data approaches building on existing global data sets have calculated global mangrove area to be
on the order of 83,495 km? to 173,067 km? for the year 2000 (32), depending on the method and
definition of mangroves used (e.g., thresholds for tree height and canopy cover).

In addition to estimating global area, repeated remote sensing data and big data approaches
have allowed more rigorous estimates of deforestation rates in the early twenty-first century as
compared to previous estimates in the twentieth century (Table 2). Hamilton & Casey (32) esti-
mated annual mangrove forest loss averaging 0.26-0.66% globally between 2000 and 2012. The
spatial distribution of twenty-first century mangrove loss is far from even (Table 3), with rates
in Southeast Asia consistently twice the global rate. Of the countries with substantial mangrove
holdings, Myanmar experienced the highest rates of loss at 0.5-0.7% per year from 2000-2012
(3, 32), more than four times the global mangrove average.

Early twenty-first century global mangrove loss rates are almost an order of magnitude lower
than those reported for the twentieth century (Section 3.1). Declining rates of loss may be at-
tributed to reduced cover (reduced availability of mangrove to convert), although mangroves in

Table 3 Top 10 countries with the highest average annual deforestation rates between the
years 2000 and 2012 (32)?

Country Average annual deforestation rate (%)
Myanmar 0.70
Malaysia 0.41
India 0.27
Indonesia 0.26
United States 0.22
Thailand 0.20
Cuba 0.14
Philippines 0.11
Mexico 0.08
Brazil 0.05
Global average 0.16

2Only countries with >1% of the world’s mangrove cover are included.
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Figure 2

1° x 1° tiles where mangroves (grzy) and hotspots of substantial change (losses and/or gains) in mangrove extent were observed (o7unge)
between 1996 and 2010 (4). Panel # is a global overview; panel 4 (enlargement of inset) highlights areas of substantial change in
Southeast Asia, a key deforestation hotspot. Figure adapted from Thomas et al. (4).

98

many parts of the world are now better protected than they were in the 1970s to 1990s due to
various national and international conservation policy instruments (77-79; see also Section 4.2).
Data quality may also partially explain a reduction in global mangrove loss rate between the twen-
tieth and twenty-first centuries. Pre-2000 estimates of global mangrove loss were not derived by
methodologically consistent remote sensing analyses, so the high rates of twentieth century loss
might be questionable.

Although mangrove loss was not so rapid during the first part of the twenty-first century, man-
groves continue to be lost to human activities. The spatial distribution of mangrove loss between
1996 and 2010 has been shown ata 1 decimal degree spatial scale (Figure 2), with 12-38% of tiles
containing evidence of mangrove loss (4). At least 50% of tiles in Southeast Asia show mangrove
loss, with several other hotspots in South America. Commodity production is still the main driver
of mangrove loss globally, especially in Southeast Asia. Aquaculture still dominates, accounting for
30% of mangrove loss in Southeast Asia between 2000 and 2012. Mangroves were also converted
for other commodities such as rice (22%, mainly in Myanmar) and oil palm (16%) over the same
period (3).
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Although rates of mangrove loss are now lower than during the twentieth century, there is
still considerable progress that can be made to fully protect mangrove resources. A lower global
mangrove deforestation trend masks substantial regional and national losses (16), particularly in
Southeast Asia. A focus on mangrove extent also hides the importance of mangrove degradation
and associated reductions in habitat quality.

3.3. The Scale of Mangrove Degradation

The state of the world’s mangroves is often communicated through metrics of areal extent and de-
forestation, but simplistic area measurements alone are weak indicators of global mangrove condi-
tions, as they do not consider degradation within remaining mangroves. Losses of fauna, ecosystem
functionality, and ecosystem services are less reported, especially over large scales. Degradation
and a reduction in such indicators due to existing (e.g., pollution on urbanized coasts, seawall or
road construction altering the hydrologic regime) and future (e.g., sea-level rise) threats have im-
portant implications for mangrove conservation. However, degradation (and its relationship with
ecosystem service provision) is more challenging to measure than areal extent. Changes in hy-
droperiod as a result of diking or pollution from major urban centers may not inflict immediate
tree mortality, but they cause gradual decline in growth and productivity. This has important ram-
ifications for mangrove faunal and microbial assemblages, and biogeochemical pathways including
carbon sequestration and emissions (80, 81).

Degradation can also be caused by well-meaning but ill-informed conservation initiatives, and
the use of area metrics as the currency for mangrove status can pose significant threats. For ex-
ample, it may encourage the replacement of native mangroves with fast-growing exotic species,
which could lead to the replacement of biodiverse forests with monospecific plantations that lack
both structural and ecological complexity. Such actions may achieve short-term virtual increases in
mangrove area, but may result in long-term latent degradation and decrease in ecosystem service
production (82).

4. THE FUTURE STATE OF THE WORLD’S MANGROVES

In 2007, it was suggested that due to land cover change the world could be deprived of the ecosys-
tem functions provided by mangroves by the end of this century (12). It is therefore encouraging
that the opening decade of this century has seen a marked reduction in global mangrove deforesta-
tion rates, even if rates of degradation are largely unknown. However, will this reduction in man-
grove deforestation rate continue into the future, and where are the future hotspots of mangrove
loss? Mangrove conservation is high on the international policy agenda, and the Global Mangrove
Alliance (a collective of international NGOs) aims to eliminate deforestation and increase global
mangrove area by 20% over current extent by 2030 through conservation and rehabilitation (83).
However, such ambitious targets are set against a backdrop of increasing human pressure along
the coast alongside the longer-term threat of sea-level rise and short-term sea-level fluctuations.

4.1. Future Anticipated Land Use Changes

Land use change is still expected to be the major cause of mangrove loss in the short- and medium-
term future. This will be driven in part by continuing urbanization; coastal populations are
expected to increase by 35-102% between 2000 and 2030, reaching as much as 1.3 billion people
(84). Urban and peri-urban areas are estimated to expand by a further 1.2 million km? by 2030 to
accommodate such population increases (85), and it is expected that a substantial proportion of
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this expansion will occur in the coastal tropics. This will lead to direct habitat loss through land
cover conversion to urban development, and degradation because of increased resource use and
urban pollution (5).

Increasing populations provide future challenges for economic and food security. Aquaculture
production will increase to help close the gap between future global population increases and
demand for protein (86). However, this will have adverse environmental impacts; according to
Edwards (87, p. 2), “there is no panacea for environmentally sustainable aquaculture on the horizon
to meet the increasing demand for aquatic food.” Aquaculture has intensified over recent decades
through the use of pellet feed and hormones to increase production, and such a trend is likely
to continue, with concomitant concerns over local pollution. However, intensification will reach
limits of economic sustainability, requiring further areal expansion over land and sea (88, 89).
Future expansion of aquaculture area into terrestrial crop areas is expected, although conflicts
with other agricultural production (52, 87) mean that remaining natural coastal areas are also at
risk. In Indonesia, aquaculture production is expected to grow by 7% per year between 2012 and
2030, and government targets are set even higher, with an additional 26 million hectares of land
suggested to be made available for aquaculture expansion (90). A proportion of this identified
suitable land will include low-lying mangrove areas.

Clearance to create space for oil palm plantations has recently been identified as a threat to
mangroves (3). While salinized mangrove areas are not ideal for palm oil production, some level of
production can still be achieved in saline soils (91). Oil palm is of particular concern in Southeast
Asia and West Africa now and in the future, with several countries setting ambitious palm oil
production targets to maximize economic and food security. It is unclear whether production
increases can be satisfied by increasing yields in current plantations, so an expansion of oil palm
area is expected in the future. Because large areas of major palm oil-producing countries such as
Malaysia and Indonesia have already been converted to oil palm, such expansion may instead open
new deforestation frontiers, such as Papua, Indonesia (3). Here, the Merauke Integrated Food and
Energy Estate has been proposed, requiring the conversion of 1.2 million hectares of forested area
(including mangroves) to cash crop and biofuel plantations (92). Deforestation frontiers linked
to oil palm may also open up in other countries such as Myanmar. Myanmar currently has one
of the highest national mangrove deforestation rates in the world, although the largest losses
have occurred in Rakhine State and the Ayeyarwady Delta. Net mangrove extent has remained
relatively stable over the past 30 years in the south of the country, although substantial losses
and gains in mangrove area have occurred (93), and mangroves here have become increasingly
degraded (94). Mangrove degradation is anticipated to accelerate and net mangrove area in the
south to decline substantially in the future. The Myanmar government has set targets to become
self-sufficient in palm oil, and this can only occur in the south of the country due to climatic
constraints in other parts of Myanmar. Furthermore, Myanmar is undergoing a period of economic
liberalization, encouraging more agricultural development in the country (64, 95). Identifying
future deforestation frontiers and implementing adequate environmental safeguards are necessary
to limit future mangrove degradation, accompanied by efforts focusing on planning for more
sustainable utilization of mangrove-lined coasts.

4.2. Current and Future Mangrove Conservation Measures

Future land use challenges may be tempered by the increasing international policy focus on man-
groves. Mangroves are implicitly or explicitly included under several international conservation
policy mechanisms, including the Ramsar Convention on Wetlands and the Convention on Bi-
ological Diversity. The latter has been strengthened with the recent introduction of the Aichi
Targets, which aim to improve the global status of biodiversity by 2020. Target 11 is particularly
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applicable to mangroves, requiring countries to designate at least 10% of their coastal and ma-
rine areas as protected areas. Approximately 36% of the world’s mangroves are legally protected
(78), and this should increase further under Aichi Target 11. However, a focus on gross area may
promote the creation of very large marine protected areas (VLMPAs). By virtue of their size,
VLMPAs are generally located in offshore areas, where space is available, tenure arrangements
are less complicated, and the numbers of stakeholders involved are lower. This may discourage
the further protection of mangroves as their coastal location, often fringing and disjunct distri-
butions, and their location along coasts with multiple land uses and stakeholders make it more
complicated to create large protected areas. An increase in mangrove protected area extent also
requires concomitant increases in funding and enforcement (79).

Mangroves are relevant to the achievement of the United Nations Sustainable Development
Goals (SDGs), which set several targets to improve environmental and development parameters by
2030. Mangroves apply in particular to Goal 14, Life Below Water, which encourages the sustain-
able use of coastal and marine resources. Mangroves can also contribute to other SDGs, including
Goal 2, Zero Hunger, through provisioning ecosystem services such as fisheries, and Goal 13,
Climate Action, through carbon sequestration and storage.

The ability of mangroves to sequester and store carbon has brought them to the attention of
international climate change policy makers. Mangroves and other blue carbon ecosystems (96)
have become the focus of various international initiatives, such as the International Blue Carbon
Initiative and the International Partnership for Blue Carbon. Wetland emissions have been incor-
porated into guidelines for national emissions reporting (97) and under the recent Paris Agree-
ment of the United Nations Framework Convention on Climate Change, which sets ambitious
targets for climate change mitigation and adaptation over the coming decades through Nationally
Determined Contributions (NDCs). These climate change policy mechanisms provide growing
incentives for mangrove conservation, as mangrove deforestation may be responsible for CO;
emissions of up to 317 million tonnes year~! (98), including emissions from the top meter of the
soil (99). Mangrove conservation can thus make a substantial contribution to the NDCs of several
mangrove-holding countries, especially those with extensive coastlines (2, 100).

The carbon sequestration and storage potential of mangroves makes them suitable for emerg-
ing payments for ecosystem services (PES) mechanisms. This can include REDD+ (Reducing
Emissions from Deforestation and Degradation), where land owners are paid to protect carbon
through “avoided deforestation.” PES have attracted much attention in terrestrial forest conserva-
tion, and efforts are underway to also incorporate mangroves, since they can store 3—5 times more
carbon per hectare than terrestrial forests (101). The community-led Mikoko Pamoja project in
Gazi Bay, Kenya, is probably the most well-known mangrove PES project to date. This project
conserves and restores 117 ha of mangroves previously used for wood products, with resulting
carbon credits sold on the voluntary carbon market (102).

Despite keen interest and some small-scale pilot studies, progress in mangrove PES remains
at a largely embryonic stage and PES has not yet been implemented at large scales. Mangrove
PES face many challenges (103) such as data uncertainties, a lack of research into PES implemen-
tation, high opportunity costs in the coastal zone, and inadequate legislative frameworks. PES
schemes may also be perceived as “green grabbing” (104), as the purchasing of carbon credits by
business conglomerates can disempower local communities. More work is required to overcome
these important economic, social, and political challenges.

4.3. Can Global Mangrove Area Be Increased Through Rehabilitation?

Planting has been the major strategy for rehabilitation to replace mangroves lost to deforestation.
Efforts to do this have been significant in the past decade and will expand further with recent
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and future global initiatives. Mangrove rehabilitation became a priority for donors and interna-
tional organizations after the 2004 Southeast Asian tsunami, including the establishment of the
Mangroves for the Future program from the International Union for the Conservation of Nature
(IUCN) and United Nations Development Programme in 11 countries across South and South-
east Asia. The IUCN also promotes the Bonn Challenge, where world leaders came together to
commit to restoring 350 million hectares of forest lands (potentially including mangroves) by
2030. Within this international policy context, the Global Mangrove Alliance was recently estab-
lished by the world’s principal conservation organizations to work toward the ambitious targets of
increasing global mangrove area (83).

Success of large-scale mangrove rehabilitation is low (105-107), so substantially increasing
global mangrove area through rehabilitation will be challenging. A large-scale study of man-
grove rehabilitation found that the median survival of planted seedlings was only 51%, with
subsequent survivorship to adult stages ranging from 0 to 100% (108). Plantings in the Philip-
pines have averaged 10-20% success (105), and 40% of plantings in Sri Lanka completely died
107).

Survivorship is often low due to planting in locations where physical parameters such as in-
undation are beyond the physiological thresholds of the planted species. Oversimplified planting
protocols favor the planting of a limited group of species (often Rbizophora spp.). The planting
of propagules often occurs seaward of the existing coastline where access may be unimpeded and
land tenure is less contentious, although these areas are located at elevations less favorable for
long-term mangrove survival (102). Tidal inundation, linked to surface elevation and relative po-
sition in the tidal frame, is a key determinant of mangrove establishment and distribution (106),
and planting at lower elevations reduces the inundation-free period when buoyant propagules can
take root without being dislodged by tidal and wave action (110).

Compared to suboptimal planting on low elevation mudflats, regeneration of the large areas of
abandoned aquaculture ponds in the mid- to upper-intertidal zone through hydrological restora-
tion (109) has achieved greater success at returning large areas of mangroves to locations where
they have been previously deforested. If conducted properly, hydrological rehabilitation in ponds
can have higher success rates than seafront plantings (e.g., 111), and thus can provide greater
ecosystem service provision (112). Importantly, hundreds of thousands of hectares of ponds po-
tentially exist for rehabilitation, so efforts to reach large-scale rehabilitation targets could be more
achievable here.

Although rehabilitation in more landward locations such as abandoned ponds is preferable,
planting still occurs in suboptimal seaward sites due to socioeconomic, political, and legal issues.
Most coastal landscapes in the tropics have complex and unclear land tenure arrangements, so it
is challenging to access abandoned ponds and identify stakeholders who are able to commit their
ponds to rehabilitation. Governance and institutional issues also hamper rehabilitation, with poor
coordination among government agencies at different scales (107, 113). Government agencies
often have conflicting mandates that limit pond rehabilitation, such as mandates for mangrove
rehabilitation versus aquaculture production (79, 114). Government agencies must also gain the
commitment of the local communities who often manage these lands (105, 113).

Notwithstanding the myriad issues of area-based rehabilitation metrics (Section 3.3), achiev-
ing rehabilitation at the scale required to reach targets set by the Bonn Challenge, the Global
Mangrove Alliance, and national governments will be a challenge. Complex tenure arrangements
in coastal landscapes pose one of the biggest challenges and must be resolved through community
consultations before rehabilitation begins. Tools exist to help identify landscapes with greater re-
habilitation potential, such as the Restoration Opportunities Assessment Methodology (ROAM)
approach. ROAM prioritizes potential rehabilitation sites based on a comprehensive suite of
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socioeconomic and biophysical criteria (115). Once sites are identified, local communities are of-
ten best placed to conduct and monitor rehabilitation (116).

4.4. Natural Increases in Mangrove Area

In addition to human-assisted rehabilitation, a proportion of targets to replace deforested man-
groves can be met by natural increases in mangrove area. Mangroves can naturally colonize defor-
ested and degraded areas if environmental conditions are below key biophysical thresholds. More
than 15% of mangroves deforested in Southeast Asia between 2000 and 2012 reverted back to
mangroves during this period (3), in part through natural colonization. Mangroves can also colo-
nize new mudflat areas once key biophysical thresholds are below the tolerance of pioneer plant
species. Prograding mudflats are generally found near large rivers and deltas, and examples of
episodic mangrove colonization include the Sundarbans (on the delta of the Ganges-Brahmaputra)
in South Asia (117), the northeast coast of South America (118), and New Zealand (119).

Mangroves are naturally increasing their area at their latitudinal limits in locations where dis-
persal barriers are not present. Expansion into subtropical and temperate saltmarsh habitats oc-
curs in the United States (Atlantic coast), Peru, Mexico (Pacific coast), China, Australia, and South
Africa. Although increases in mangrove area at their range limit are unlikely to drastically increase
global mangrove area, they can make substantial contributions to mangrove extent in these loca-
tions. Mangrove expansion also has important impacts on fauna, ecological interactions, and soil
and carbon dynamics (120-122).

At large scales, poleward mangrove movement has been attributed to increases in temper-
ature, decreases in low temperature and freeze events, and changes in water availability (123,
124). Mangrove species commonly linked with large-scale poleward expansion are Avicennia ger-
minans (United States), Avicennia schaueriana (Peru), Rbizophora stylosa (Australia), and Bruguiera
gymmnorhiza (South Africa).

At smaller scales, mangrove expansion is influenced by diaspore availability, dispersal barri-
ers, and disturbance. Plant-plant facilitation (e.g., trapping of mangrove propagules by some salt
marsh species) may also encourage mangrove establishment (125). Successful establishment of
A. germinans in Spartina alterniflora habitats in the United States (126) and Avicennia marina in
S. maritima habitats in South Africa (127) is facilitated by similar niche requirements and mor-
phology of coexisting saltmarsh grass species, until mangroves outcompete the saltmarsh through
shading.

4.5. Future Sea-Level Rise Increasing Mangrove Area

The schema of mangrove response to sea-level changes in the Holocene suggested by Woodroffe
& Davies (30; see also Section 2.2) can be used to hypothesize how mangroves may respond to
accelerated sea-level rise in the future. Mangrove settings that catch up, keep up, or prograde with
sea-level rise create accommodation space (128), giving opportunities for mangrove expansion.
Mangroves will be able to remain stable or expand in areas seaward in locations where sediment
supply exceeds local rates of sea-level rise.

Transgression may be possible where the landward margin of mangroves is unimpeded by
artificial or natural barriers, such as in north Australia, east Indonesia, Papua New Guinea, West
Africa, and parts of southwest Florida, where coastal plains are largely not developed or urbanized.
Transgression may be a key mechanism to reduce the proportion of wetlands ultimately threatened
by sea-level rise (129). However, mangroves are backed by seawalls and coastal infrastructure along
many coastlines, so their migration will require large-scale changes in coastal land planning (130).
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4.6. Future Sea-Level Rise Reducing Mangrove Area and Health

Although rSLR may promote some mangrove expansion in the future, it is a serious threat to
mangroves over the next century and beyond in locations where accommodation space is limited.
rSLR will increase average hydroperiods in the intertidal zone, which may push mangroves beyond
their species-specific thresholds of tolerance. The geological record indicates that mangroves can
adjust to sea-level rise (see Section 2.2) and that the response variably depends upon rates of
rSLR and sediment supply (131). However, the geologic record is limited in informing the future,
because landscapes have a different geomorphology now compared to the early Holocene; humans
have influenced sediment dynamics in recent centuries and built barriers that prevent mangrove
transgression. Rivers are a key source of sediment that allows minerogenic mangroves to adjust
to rising sea levels, though a major increase in river dam projects over the next 15 years (132) will
severely curtail sediment inputs into tropical coastal zones.

Although data are limited, an analysis of 27 sites across the Indo-Pacific suggests that the ma-
jority are currently not keeping pace with rates of rSLR (6). Extrapolating this to hypothesize
mangrove distribution in 2100 is limited by constraints shared by a variety of models, but loss
projections for tidal wetlands range from less optimistic losses of 46-59% with moderate sea-
level rise projections (133) to more optimistic outlooks of 0-30% (129). A large mangrove extent
is potentially vulnerable to being submerged; regional and global models suggest that mangroves
in Sri Lanka, Java and Sulawesi (Indonesia), the Gulf of Thailand, the Philippines, the Caribbean,
and the west coast of Mexico are particularly at risk (6, 129). These areas show a reduction in
vertical accommodation space as rates of sea-level rise exceed rates of surface elevation change.

Mangroves are not always passive biological features in the coastal zone; rather, in many set-
tings they are able to influence their fate directly in response to sea-level rise by modifying their
surface elevations and reducing the rate of overall rSLR they experience. Thus, models that rely
only on accretion or incorporate no surface elevation change processes may substantially over-
or underestimate actual mangrove vulnerability to sea-level rise. Mangroves modify their surface
elevations through several minerogenic and biogenic processes (130) (Figure 3), so they may in
some instances be able to maintain their relative position in the tidal frame.

Minerogenic processes contribute to surface elevation change, such as sediment deposition and
subsequent accretion. Mangrove vegetation can actively facilitate sediment deposition by baffling
tidal flows and influencing the retention of recently deposited sediments through rapid fine root
ingrowth into surface layers, netting the majority of sediments delivered by single tidal floods
(135). Mangrove root and seedling density influences vertical accretion (136, 137), and the spatial
complexity of root structures influences sediment particle size (138). However, in settings with
higher sediment availability, rates of sediment accretion have been shown to be less dependent on
vegetation (119).

Several biogenic inputs also contribute to surface elevation change. Mangrove trees deposit leaf
litter and woody debris on the soil surface in volumes (1-28 Mg ha~!) that can contribute to eleva-
tion change if organic matter is buried quickly and export is limited (134). In some settings, roots
play an important role in soil volume expansion (139). This is particularly the case in peat-forming
mangroves in low-sediment settings, but root volume expansion may supplement soil surface el-
evation gain even in high-sediment settings (140). Benthic microbial mats in mangroves can also
add up to 2.7 mm year~! of surface elevation adjustment toward offsetting sea-level rise (43).

Soil surface elevation can also drop with disturbances, which results in local increases in rates
of rSLR. Surface elevation losses can be acute as a result of peat collapse following short-term
disturbances (141) or can manifest over longer time periods, as a result of either land use changes
and anthropogenic impact (e.g., hydrologic modifications or the extraction of groundwater, oil,
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Figure 3

Summary of the major surface elevation change processes that occur in the mangrove system. Green labels denote processes that
increase surface elevation; red labels denote processes that decrease surface elevation; and orange labels denote processes that may both
increase and decrease surface elevation.

and gas) or land movement (e.g., tectonics, isostasy). In highly organic soils, decomposition is an
important component of elevation loss. Rates of decomposition are reduced in conditions with low
soil oxygen, but as a trade-off with greater ecophysiological stress to the trees. As roots die, reduced
root turnover and root channel collapse lead to progressive losses of surface elevation, as evidenced
by elevation losses surrounding experimental cutting of individual mangrove trees (142).

Data availability constrains our knowledge of how mangrove surfaces will respond by the end
of this century. Much of our contemporary understanding of mangrove responses to sea-level rise
stems from the use of radioisotope analysis of soil cores or the establishment of surface elevation
tables (SETS). The latter technique is able to measure and infer many of the surface elevation
processes described above (143), but contemporary SET records are still quite short in duration
(3-15 years), which constrains their insights on timescales relevant to sea-level rise. The spatial
distribution of both soil cores and SET benchmarks is also limited, which is problematic because
surface elevation change processes differ geographically and across geomorphic settings. SET
deployment has focused on the United States, Caribbean, and Australia (143), although networks
are expanding in Southeast Asia and South Africa. Increased geographic distribution of surface
elevation monitoring and increasing record length by combining SETS$ and radioisotope dating
may give us a better picture of contemporary mangrove dynamics in the face of rSLR.

4.7. Changing Climatic Conditions and Oscillations

Climate change is altering the frequency and intensity of climatic cycles (e.g., El Nifio Southern
Oscillation, Pacific Decadal Oscillation), with far-reaching effects on sea level, climate (tempera-
ture, rainfall, intense storms), wind fields, and wave energy. Mangroves are highly sensitive to all
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these factors and are likely to be influenced by altered climate cycles and associated increasing
climatic variability.

Altered patterns of rainfall may have some influence on mangrove diversity, distribution, and
productivity now and in the future (144, 145). Mangroves use rainfall to support their metabolism
either through uptake through roots or directly by the canopy (146, 147). The recent extensive
dieback of mangroves in northern Australia, attributed to an extremely low sea-level event and
extended drought associated with El Nifio (7, 148) as well as earlier reports of dieback due to
storms, drought, and other extreme climatic events (149), underscores the importance of extreme
climatic events on mangroves. Although only 0.2% of global mangrove area has been reported to
have suffered mortality due to such events (149), this could increase in the future. Subtropical and
tropical regions with low to moderate rainfall and high climatic variability are particularly at risk
of changing climatic oscillations.

5. PRIORITIES TO SECURE THE FUTURE OF THE WORLD’S
MANGROVE FORESTS

Mangroves are receiving increased attention in academic and policy-making spheres. Our knowl-
edge of the natural and anthropogenic drivers of mangrove dynamics, and how to best protect
and rehabilitate them, is constantly improving. However, this review has shown that substantial
knowledge and implementation gaps remain. Following the order of the previous sections in this
review, a number of research and conservation priorities are suggested:

m The importance of mangroves must be better quantified: Mangrove deforestation has oc-
curred in part because the true value of mangroves has not been fully understood. Now, con-
servation and rehabilitation are increasingly driven by the acknowledgment that mangroves
provide important ecosystem services to coastal populations. The full range of ecosystem
services provided by mangroves must be accounted for, in order to integrate them with
other socioeconomic values in the coastal zone.

m More robust information is needed on mangrove extent and rates of loss: Many researchers
and policy makers still claim that mangroves are being lost at 1-3% per year, when the
true rate of loss may be almost an order of magnitude lower (16, 32). Older statistics are
based on literature reviews and calculations of low rigor, but repeatable remote sensing
methods are now available to monitor global-scale mangrove dynamics (32, 75, 76). The
continued promotion of global remote sensing data collection and sharing will ensure that
conservation targets are established using robust evidence of mangrove area change (74).

® An increased focus is needed on mangrove degradation: A focus on mangrove deforesta-
tion takes focus away from degradation as a key indicator of mangrove health. Ambitious
targets to reduce mangrove deforestation or increase global mangrove area will mean lit-
tle if the world’s remaining mangroves suffer severe degradation from local and regional
stressors. It is possible to quantify degradation at small scales, although there is an urgent
need to quantify the distribution of mangrove degradation at larger scales through remote
sensing techniques, so rehabilitation activities can be proactively deployed before mortality
ensues.

m Rehabilitation should be based on tangible outcomes, not targets: Several countries and
global organizations have advocated ambitious area targets for mangrove rehabilitation.
Although these efforts are laudable, they can have serious perverse impacts, such as en-
couraging planting in areas such as mudflats that have large open spaces but are suboptimal
for mangrove growth (105). Landward areas such as abandoned ponds are more suitable,
but more complex to achieve at scale. Rehabilitation targets should be reframed to focus
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on success criteria linked to rehabilitation outputs (e.g., percentage survival, vegetation
densities similar to natural forests) instead of inputs (e.g., area planted, number of seedlings
planted). Focusing on rehabilitation effectiveness rather than rehabilitation effort will
ensure that lessons are learned from past failures and rehabilitation practices are improved,
so that limited resources are used in a cost-effective manner.

m Mangrove protection is more efficient than rehabilitation: Rehabilitation is not a quick fix,
and restoring area and ecosystem service provision is challenging and expensive to under-
take at scale. Protecting existing mangroves is more cost-effective and has better ecological
outcomes compared to rehabilitating lost habitat. Deforestation rates have decreased, but
can be reduced further, especially in countries (such as Myanmar) that still experience rapid
mangrove loss.

m More accurate projections of mangrove resilience to sea-level rise are required: There is
now a strong understanding of the processes contributing to surface elevation change (128,
134), butitis still challenging to measure and monitor them appropriately in order to project
the vulnerability of mangroves to future sea-level rise. Several techniques exist to measure
such processes but they need to be used correctly; for example, measurements of sediment
accretion alone should not be compared to sea-level rise projections, as they are not a suit-
able proxy of net surface elevation change. More importantly, a combination of approaches,
such as accretion marker horizons, rod surface elevation tables, and isotope analysis from
soil cores, are required, if the various processes and timescales that control mangrove vul-
nerability to sea-level rise are to be better quantified.

m Research networks and collaboration: The mangrove research field is at an inflection point;
it is rapidly expanding, attracting researchers from different fields, and beginning to have
real management and policy impact at national and international levels. This needs to
continue by building networks of researchers, promoting voices from traditionally under-
researched parts of the tropics, and strengthening links among researchers, local commu-
nities, practitioners, and policy makers so that research has a chance to be translated into
positive actions. Positive outcomes for mangrove conservation and restoration are likely to
be most successful when these activities are representative of all stakeholders involved in
mangrove management and conservation. Mangroves are also geographically diverse across
the tropics, and knowledge must reflect this diversity.

6. CONCLUSIONS

Hundreds of millions of people rely on the ecosystem services provided by mangroves, and re-
search continues to improve our understanding of mangrove processes and how they contribute
to sustainable coastal zones. Such knowledge is timely, because mangroves have experienced se-
vere loss and degradation due to human influences, particularly land use change, overexploitation,
and pollution. Although deforestation rates may no longer be as high as their peak in the 1970s
and 1980s (10), mangroves continue to be lost throughout their range (32).

Importantly, anthropogenic mangrove loss sits within a longer-term envelope of changing ge-
ological and climatic conditions. Throughout geologic history until the past century, geological
conditions related to climate and sea level were the primary drivers of mangrove distribution and
change. Anthropogenic land use change has overwhelmed these geologic signatures over the past
150 years, but in the future geological and climatic processes are likely to increase their influence
on mangroves and the human communities who rely on them, as rates of sea-level rise continue
to accelerate. Thus, in the future mangroves will need to be managed and facilitated to adapt to
both human and geological drivers of change.

www.annualreviews.org o The Worlds Mangrove Forests

107



108

Researchers, managers, and policy makers now have several tools to better understand the
state of the world’s mangroves, and to aid monitoring, conservation, and rehabilitation. However,
understanding the true state of the world’s mangroves, and the multiple human and geological
drivers that affect mangrove dynamics, requires research and management to go further. Over
the next decade, a more interdisciplinary approach to mangrove management and conservation
is required, that encompasses knowledge of geological and climatic processes alongside an un-
derstanding of plant evolution, land use change, agricultural economics, socioecological systems,
local and traditional knowledge, governance, and conservation science.

1. Mangroves are an ecosystem of global importance, providing ecosystem services to hun-
dreds of millions of people.

2. Mangrove distribution has changed dramatically over geological history, following dom-
inant climatic and sea-level trends.

3. Rates of mangrove deforestation have decreased globally, although some countries
(Myanmar, Malaysia) are still experiencing high rates of loss, and this may increase in
the future as countries continue to follow ambitious development plans.

4. The degradation of remaining mangrove areas is a major concern but receives less at-
tention than deforestation.

5. Future mangrove loss may be offset by increasing national and international conserva-
tion initiatives that incorporate mangroves, such as the Sustainable Development Goals,
Blue Carbon, and Payments for Ecosystem Services.

6. Mangrove rehabilitation, if conducted properly, has the potential to recover some pre-
vious mangrove losses.

7. Increasing conservation gains have to be measured against a dynamic and uncertain cli-
mate. rSLR may drown mangroves, and increasing uncertainty in large-scale climatic
oscillations may also impact mangrove forests.

1. The future is potentially bright for mangroves; contemporary rates of mangrove defor-
estation are lower than in the late twentieth century, and there is increased awareness of
the importance of mangroves in academia, management, and policy circles.

2. However, some proximate drivers of mangrove deforestation may increase in the future
as many tropical nations utilize mangrove areas for economic security. In particular, we
expect oil palm to increase in importance as a proximate driver of mangrove deforestation
in Southeast Asia and West Africa.

3. Mangrove rehabilitation efforts will increase in scale, though a reliance on overambitious
area targets in the future may encourage species-poor plantations in place of natural or
assisted rehabilitation of mangrove patches that produce a diverse range of ecosystem
functions.
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4. Eustatic sea-level rise is projected to increase in rate substantially over the next century.
Importantly, the distribution of sea-level rise will be spatially variable across the tropics,
affecting some regions and their mangroves more than others.

5. River damming will increase sharply along many major rivers across the tropics over the
next 15 years. This will substantially reduce fluvial sediment sources to the coast and
limit a key mechanism by which mangroves can adjust to sea-level rise.

6. The future climate in the tropics will become more uncertain and climate oscillations
may become more extreme. This may make mangroves more susceptible to changes in
physical conditions that can sometimes lead to mass diebacks, as seen recently in north-
ern Australia.

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review. Any use of trade, firm, or product
names is for descriptive purposes only and does not imply endorsement by the U.S. government.

ACKNOWLEDGMENTS

This review has benefited from extensive discussions with members of the Mangrove Lab (Na-
tional University of Singapore) and several members of the International Union for Conservation
of Nature’s Mangrove Specialist Group. Nicole Cormier (Macquarie University), Amir Aldrie
(Universiti Kebangsaan Malaysia), Jahson Alemu (National University of Singapore), Dominic
Wodehouse (Bangor University), and Stephanie Romanach (United States Geological Survey)
gave critical comments on an earlier draft of this review. This review is dedicated to the memory
of Roy “Robin” Lewis, who did much to promote ecological mangrove restoration in the United
States and across the tropics.

LITERATURE CITED

1. Barbier EB, Hacker SD, Kennedy C, Koch EW, Sder AC, Silliman BR. 2010. The value of estuarine
and coastal ecosystem services. Ecol. Monogr: 81:169-93

2. Howard J, Sutton-Grier A, Herr D, Kleypas J, Landis E, et al. 2017. Clarifying the role of coastal and
marine systems in climate mitigation. Front. Ecol. Environ. 15:42-50

3. Richards DR, Friess DA. 2016. Rates and drivers of mangrove deforestation in Southeast Asia,
2000-2012. PNAS 113:344-49

4. Thomas N, Lucas R, Bunting P, Hardy A, Rosenqvist A, Simard M. 2017. Distribution and drivers of
global mangrove forest change, 1996-2010. PLOS ONE 12:¢0179302

5. Lee SY, Dunn RJK, Young RA, Connolly RM, Dale PER, et al. 2006. Impact of urbanization on coastal
wetland structure and function. Austral Ecol. 31:149-63

6. Lovelock CE, Cahoon DR, Friess DA, Guntenspergen GR, Krauss KW, et al. 2015. The vulner-
ability of Indo-Pacific mangrove forests to sea-level rise. Nature 526:559-63

7. Duke NC, Kovacs JM, Griffiths AD, Preece L, Hill DJ, et al. 2017. Large-scale dieback of mangroves
in Australia’s Gulf of Carpentaria: a severe ecosystem response, coincidental with an unusually extreme
weather event. Mar. Freshwat. Res. 68:1816-29

8. Saenger P, Hegerl EJ, Davie JD, Work. Group. Mangrove. Ecosyst. [IUCN Comm. Ecology, eds. 1983.
Global status of mangrove ecosystems. Environmentalist 3(Suppl. 3)

9. Spalding M, Blasco F, Field C, eds. 1997. World Mangrove Atlas. Okinawa, JP: Int. Soc. Mangrove Ecosyst.

www.annualreviews.org o The Worlds Mangrove Forests

3. One of the first
descriptions of
regional-scale mangrove
conversion to oil palm.

6. Models the impact of
sea-level rise on
mangroves throughout
the Indo-Pacific.

109



10. Agenda-setting
article highlighting the
potential scale of
historical mangrove
deforestation.

12. A call to action

from the academic
community about global
mangrove loss.

32. Currently the only
published remote
sensing data set of
mangrove deforestation
at the global scale.

I10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Valiela I, Bowen JL, York JK. 2001. Mangrove forests: one of the world’s threatened major trop-
ical environments. BioScience 51:807-15

Alongi DM. 2002. Present state and future of the world’s mangrove forests. Environ. Conserv. 29:331-
49

Duke NC, Meynecke J-O, Dittman S, Ellison AM, Anger K, et al. 2007. A world without man-
groves? Science 317:41-42

Food Agric. Organ. U. N. (FAO). 2003. Status and trends in mangrove area extent worldwide. Work. Pap.
FRA 63, FAO, Rome, Italy.

Food Agric. Organ. U. N. (FAO). 2007. The world’s mangroves 1980-2005. Work. Pap. FRA 153, FAO,
Rome, Italy

Van Bochove J, Sullivan E, Nakamura T, eds. 2014. The importance of mangroves to people: a call to action.
Rep., U. N. Environ. Programme, World Monit. Cent., Cambridge, UK

Feller IC, Friess DA, Krauss KW, Lewis RR. 2017. The state of the world’s mangroves under climate
change. Hydrobiologia 803:1-12

Duke NC. 2017. Mangrove floristics and biogeography revisited: further deductions from biodiversity
hot spots, ancestral discontinuities, and common evolutionary processes. In Mangrove Ecosystems: A Global
Biogeographic Perspective, ed. VH Rivera-Monroy, SY Lee, E Kristensen, RR Twilley, pp. 17-53. Berlin:
Springer

Gee CT. 2001. The mangrove palm Nypz in the geologic past of the new world. Wetl. Ecol. Manag.
9:181-94

He Z, Zhang Z, Guo W, Zhang Y, Zhou R, Shi S. 2015. De novo assembly of coding sequences of
the mangrove palm (Nypa fruticans) using RNA-seq and discovery of whole-genome duplications in the
ancestor of palms. PLOS ONE 10:¢0145385

Zhang Z,He Z, Xu S, Li X, Guo W, et al. 2016. Transcriptome analyses provide insights into the phy-
logeny and adaptive evolution of the mangrove fern genus Acrostichum. Sci. Rep. 6:35634

Plaziat JC, Cavagnetto C, Koeniguer JC, Baltzer F. 2001. History and biogeography of the mangrove
ecosystem, based on a critical reassessment of the paleontological record. Wetl. Ecol. Manag. 9:161-79
Xu S, He Z, Zhang Z, Guo W, Lyu H, et al. 2017. The origin, diversification and adaptation of a major
mangrove clade (Rhizophoraceae) revealed by whole-genome sequencing. Nat. Sci. Rev. 4:721-34
Ricklefs RE, Schwarzbach AE, Renner SS. 2006. Rate of lineage origin explains the diversity anomaly
in the world’s mangrove vegetation. Am. Natl. 168:805-10

Guo Z, Guo W, Wu H, Fang X, Ng WL, et al. 2017. Differing phylogeographic patterns within the
Indo-West Pacific mangrove genus Xylocarpus (Meliaceae). 7. Biogeogr: 45:676-89

Yang Y, Yang S, Li ], Deng Y, Zhang Z, et al. 2015. Transcriptome analysis of the Holly mangrove
Acanthus ilicifolius and its terrestrial relative, Acanthus leucostachyus, provides insights into adaptation to
intertidal zones. BMC Genom. 16:605

Duke NC. 1995. Genetic diversity, distributional barriers and rafting continents? More thoughts on the
evolution of mangroves. Hydrobiologia 295:167-81

Duke NC, Lo E, Sun M. 2002. Global distribution and genetic discontinuities of mangroves—emerging
patterns in the evolution of Rbizophora. Trees 16:65-79

Suan G, Popescu SM, Suc JP, Schnyder J, Fauquette S, et al. 2017. Subtropical climate conditions and
mangrove growth in Arctic Siberia during the early Eocene. Geology 45:539-42

Murray-Wallace CV, Woodroffe CD. 2014. Quaternary Sea-Level Changes: A Global Perspective.
Cambridge, UK: Cambridge Univ. Press

Woodroffe CD, Davies G. 2009. The morphology and development of tropical coastal wetlands. In
Coastal Wetlands: An Integrated Ecosystem Approach, ed. G Perillo, E Wolanski, D Cahoon, M Brinson,
pp. 65-88. Amsterdam: Elsevier

Clark JA, Farrell WE, Peltier WR. 1978. Global changes in postglacial sea level: a numerical calculation.
Quatern. Res. 9:265-87

Hamilton SE, Casey D. 2016. Creation of a high spatio-temporal resolution global database
of continuous mangrove forest cover for the 21st century (CGMFC-21). Glob. Ecol. Biogeogr.
25:729-38

Friess et al.



33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

SI.

52.

53.

54.
55.

56.

Hanebuth T, Stattegger K, Grootes PM. 2000. Rapid flooding of the Sunda Shelf: a late-glacial sea-level
record. Science 288:1033-35

Wang X, Sun X, Wang P, Stattegger K. 2009. Vegetation on the Sunda Shelf, South China Sea, during
the Last Glacial Maximum. Palacogeog. Palaeoclim. Palacoecol. 278:88-97

Tamura T, Saito Y, Sieng S, Ben B, Kong M, et al. 2009. Initiation of the Mekong River delta at 8
ka: evidence from the sedimentary succession in the Cambodian lowland. Quartern. Sci. Rev. 28:327—
44

Li Z, Saito Y, Mao L, Tamura T, Song B, et al. 2012. Mid-Holocene mangrove succession and its re-
sponse to sea-level change in the upper Mekong River delta, Cambodia. Quatern. Res. 78:386-99
Proske U, Hanebuth TJ, Groger J, Diém BP. 2011. Late Holocene sedimentary and environmental
development of the northern Mekong River Delta, Vietham. Quartern. Int. 230:57-66

Hashimoto TR, Saintilan N, Haberle SG. 2006. Mid-Holocene development of mangrove communities
featuring Rhizophoraceae and geomorphic change in the Richmond River Estuary, New South Wales,
Australia. Geogr: Res. 44:63-76

Saintilan N, Hashimoto TR. 1999. Mangrove-saltmarsh dynamics on a bay-head delta in the Hawkes-
bury River estuary, New South Wales, Australia. Hydrobiologia 413:95-102

Woodroffe CD, Mulrennan ME, Chappell J. 1993. Estuarine infill and coastal progradation, Southern
van Diemen Gulf, Northern Australia. Sediment. Geol. 83:257-75

Woodroffe CD, Thom BG, Chappell J. 1985. Development of widespread mangrove swamps in
mid-Holocene times in northern Australia. Nature 317:711-13

Digerfeldt G, Hendry M. 1987. An 8000 year Holocene sea-level record from Jamaica: implications for
interpretation of Caribbean reef and coastal history. Cora/ Reefs 5:165-69

McKee KL. 2011. Biophysical controls on accretion and elevation change in Caribbean mangrove
ecosystems. Lstuar. Coast. Shelf Sci. 91:475-83

Parkinson RW. 1989. Decelerating Holocene sea-level rise and its influence on Southwest Florida coastal
evolution: a transgressive/regressive stratigraphy. 7. Sediment. Res. 59:960-72

Woodrofte C. 1981. Mangrove swamp stratigraphy and Holocene transgression, Grand Cayman Island,
West Indies. Mar: Geol. 41:271-94

Enos P, Perkins RD. 1979. Evolution of Florida Bay from island stratigraphy. Geol. Soc. Am. Bull. 90:59—
83

Zazzo A, Munoz O, Badel E, Béguier I, Genchi F, Marcucci LG. 2016. A revised radiocarbon chronol-
ogy of the aceramic shell midden of Ra’s Al-Hamra 6 (Muscat, Sultanate of Oman): implication for
occupational sequence, marine reservoir age, and human mobility. Radiocarbon 58:383-95

Biagi P, Nisbet R. 2006. The prehistoric fisher-gatherers of the western coast of the Arabian Sea: a case
of seasonal sedentarization? World Archaeol. 38:220-38

Lépez-Angarita J, Roberts CM, Tilley A, Hawkins JP, Cooke RG. 2016. Mangroves and people: lessons
from a history of use and abuse in four Latin American countries. For: Ecol. Manag. 368:151-62

Sunseri T. 2005. Working in mangroves and beyond: scientific forestry and the labour question in early
colonial Tanzania. Environ. Hist. 11:365-94

Gonzilez C, Urrego LE, Martinez JI, Polania J, Yokoyama Y. 2010. Mangrove dynamics in the south-
western Caribbean since the ‘Little Ice Age’: a history of human and natural disturbances. Holocene
20:849-61

Ottinger M, Clauss K, Kuenzer C. 2016. Aquaculture: relevance, distribution, impacts and spatial
assessments—a review. Ocean Coast. Manag. 119:244-66

Hamilton SE. 2013. Assessing the role of commercial aquaculture in displacing mangrove forest. Bu/l.
Mar: Sci. 89:585-601

Primavera JH. 1997. Socioeconomic impacts of shrimp culture. Aguacult. Res. 28:815-27

Costanzo SD, O’Donohue MJ, Dennison WC. 2004. Assessing the influence and distribution of shrimp
pond effluent in a tidal mangrove creek in north-east Australia. Mar: Poll. Bull. 48:514-25

Giri C, Zhu Z, Tieszen LL, Singh A, Gillette S, Kelmelis JA. 2008. Mangrove forest distributions and
dynamics (1975-2005) of the tsunami-affected region of Asia. 7. Biogeogr: 35:519-28

www.annualreviews.org o The Worlds Mangrove Forests

41. A foundational
article describing
mangrove response to
Holocene rSLR.

II1



76. The most
up-to-date map of
global mangrove extent
from 2010.

I12

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.
74.

75.

76.

77.

78.

79.

80.

Guimardes AS, Travassos P, Souza Filho PWME, Gongalves FD, Costa F. 2010. Impact of aquaculture
on mangrove areas in the Northern Pernambuco Coast (Brazil) using remote sensing and geographic
information system. Aquacult. Res. 41:828-38

Hamilton SE, Stankwitz C. 2012. Examining the relationship between international aid and mangrove
deforestation in coastal Ecuador from 1970 to 2006. 7. Land Use Sci. 7:177-202

Satapathy DR, Krupadam RJ, Kumar LP, Wate SR. 2007. The application of satellite data for the quan-
tification of mangrove loss and coastal management in the Godavari Estuary, east coast of India. Environ.
Monit. Assess. 134:453-69

Miahle F, Gunnell Y, Mering C. 2013. The impacts of shrimp farming on land use, employment and
migration in Tumbes, northern Peru. Ocean Coast. Manag. 73:1-12

Binh TN, Vromant N, Hung N, Hens L, Boon EK. 2005. Land cover changes between 1968 and 2003
In Cai Nuoc, Ca Mau Peninsula, Vietnam. Environ. Dev. Sustain. 7:519-36

JiaM, Wang Z,Li L, Song K, Ren C, etal. 2014. Mapping China’s mangroves based on an object-oriented
classification of Landsat imagery. Wetlands 34:277-83

Giri C, Muhlhausen J. 2008. Mangrove forest distributions and dynamics in Madagascar (1975-2005).
Sensors 8:2104-17

Webb EL, Jachowski NRA, Phelps J, Friess DA, Than MM, Ziegler AD. 2014. Deforestation in the
Ayeyarwady Delta and the conservation implications of an internationally-engaged Myanmar. Glob. En-
viron. Chang. 24:321-33

Ferreira AC, Lacerda LD. 2016. Degradation and conservation of Brazilian mangroves, status and per-
spectives. Ocean Coast. Manag. 125:38-46

Martinuzzi S, Gould WA, Lugo AE, Medina E. 2009. Conversion and recovery of Puerto Rican man-
groves: 200 years of changes. For: Ecol. Manag. 257:75-84

Nfotabong-Atheull A, Din N, Dahdouh-Guebas F.2013. Qualitative and quantitative characterization of
mangrove vegetation structure and dynamics in a peri-urban setting of Douala (Cameroon): an approach
using air-borne imagery. Estuaries Coasts 36:1181-92

Lai S, Loke LH, Hilton MJ, Bouma TJ, Todd PA. 2015. The effects of urbanisation on coastal habitats
and the potential for ecological engineering: a Singapore case study. Ocean Coast. Manag. 103:78-85
Carney J, Gillespie TW, Rosomoff R. 2014. Assessing forest change in a priority West African mangrove
ecosystem: 1986-2010. Geoforum 53:126-35

Oo NW. 2002. Present state and problems of mangrove management in Myanmar. Trees 16:218-23
Allen JA, Ewel KC, Jack J. 2001. Patterns of natural and anthropogenic disturbance of the mangroves
on the Pacific Island of Kosrae. Wetl. Ecol. Manag. 9:279-89

Duke NC. 2016. Oil spill impacts on mangroves: recommendations for operational planning and action
based on a global review. Mar: Poll. Bull. 109:700-15

Spalding M, Kainuma M, Collins L. 2010. World Atlas of Mangroves. London: Earthscan

Friess DA, Webb EL. 2014. Variability in mangrove change estimates and implications for the assessment
of ecosystem service provision. Glob. Ecol. Biogeogr: 23:715-25

Giri C, Ochieng E, Tieszen LL, Zhu Z, Singh A, et al. 2011. Status and distribution of mangrove forests
of the world using earth observation satellite data. Glob. Ecol. Biogeogr: 20:154-59

Bunting P, Rosenqvist A, Lucas R, Rebelo L, Hillarides L, et al. 2018. The Global Mangrove
Watch—a new 2010 global baseline of mangrove extent. Remote Sensing 10:1669

Chen L, Wang W, Zhang Y, Lin G. 2009. Recent progresses in mangroves conservation, restoration and
research in China. 7. Plant Ecol. 2:45-54

Spalding M, Burke L, Hutchison J, zu Ermgassen P, Thomas H, et al. 2014. Attaining Aichi Target 11:
How well are marine ecosystem services covered by protected areas? Discuss. Pap., Camb. Conserv. Initiat.,
Cambridge, UK

Friess DA, Thompson BS, Brown B, Amir AA, Cameron C, et al. 2016. Policy challenges and approaches
for the conservation of mangrove forests in Southeast Asia. Conserv. Biol. 30:933-49

Feller IC, Dangremond EM, Devlin D], Lovelock CE, Proffitt CE, Rodriguez W. 2015. Nutrient en-
richment intensifies hurricane impact in scrub mangrove ecosystems in the Indian River Lagoon, Florida,
USA. Ecology 96:2960-72

Friess et al.



81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Luo L, Meng H, Wu RN, Gu JD. 2017. Impact of nitrogen pollution/deposition on extracellular enzyme
activity, microbial abundance and carbon storage in coastal mangrove sediment. Chemosphere 177:275-
83

Peng Y, Zheng M, Zheng Z, Wu G, Chen Y, etal. 2016. Virtual increase or latent loss? A reassessment of
mangrove populations and their conservation in Guangdong, southern China. Mar: Poll. Bull. 109:691-99
Global Mangrove Alliance. 2018. Goals and Objectives. Washington, DC: Global Mangrove Alliance.
http://www.mangrovealliance.org/about/

Neumann B, Vafeidis AT, Zimmermann J, Nicholls RJ. 2015. Future coastal population growth and
exposure to sea-level rise and coastal flooding—a global assessment. PLOS ONE 10:¢0118571

Seto KC, Giineralp B, Hutyra LR. 2012. Global forecasts of urban expansion to 2030 and direct impacts
on biodiversity and carbon pools. PNAS 109:16083-88

Beveridge MCM, Thilsted SH, Phillips MJ, Metian M, Torell M, Hall SJ. 2013. Meeting the food and
nutrition needs of the poor: the role of fish and the opportunities and challenges emerging from the rise
of aquaculture. 7. Fish Biol. 83:1067-84

Edwards P. 2015. Aquaculture environment interactions: past, present and likely future trends.
Aquaculture 447:2-14

Lester SE, Gentry RR, Kappel CV, White C, Gaines SD. 2018. Offshore aquaculture in the United
States: untapped potential in need of smart policy. PNAS 115:7162-65

Tian H, Lindenmayer DB, Wong GT, Mao Z, Huang Y, Xue X. 2018. A methodological framework
for coastal development assessment: a case study of Fujian Province, China. Sci. Total Environ. 615:572—
80

Tran N, Rodriguez U-P, Chan CY, Phillips MJ, Mohan CV, et al. 2017. Indonesian aquaculture futures:
an analysis of fish supply and demand in Indonesia to 2030 and role of aquaculture using the AsiaFish
model. Mar: Pol. 79:25-32

Hashim GM. 2003. Sa/t-affected soils of Malaysia. Rep., Food Agric. Organ., U. N, Rome

Hadiprayitno II. 2017. Who owns the right to food? Interlegality and competing interests in agricultural
modernisation in Papua, Indonesia. Third World Q. 38:97-116

Gaw LYC, Linkie M, Friess DA. 2018. Mangrove forest dynamics in Tanintharyi, Myanmar from 1989—
2014, and the role of future economic and political developments. Singapore 7. Trop. Geog. 39:224-43
Otsuyama K, Shikada M, DasGupta R, Oo TH, Shaw R. 2017. Degeneration of mangroves in a changing
policy environment: case study of Ayeyarwady Delta, Myanmar. In Participatory Mangrove Management
in a Changing Climate, ed. R DasGupta, pp. 173-86. Tokyo: Springer

Veettil BK, Pereira SF, Quang NX. 2018. Rapidly diminishing mangrove forests in Myanmar (Burma):
a review. Hydrobiologia 822:19-35

Lovelock CE, Duarte CM. 2019. Dimensions of Blue Carbon and emerging perspectives. Biol. Lett.
15:20180781

Intergov. Panel Clim. Change (IPCC). 2013. Supplement to the 2006 IPCC Guidelines for National Green-
house Gas Inventories: Wetlands. Geneva, Switz.: IPCC

Hamilton SE, Friess DA. 2018. Global carbon stocks and potential emissions due to mangrove defor-
estation from 2000 to 2012. Nat. Clim. Chang 8:240-44

Atwood TB, Connolly RM, Almahasheer, Carnell PE, Duarte CM, et al. 2017. Global patterns in man-
grove soil carbon stocks and losses. Nat. Clim. Chang. 7:523-28

Taillardat P, Friess DA, Lupascu M. 2018. Mangrove blue carbon strategies for climate change mitigation
are most effective at the national scale. Bio/. Lezrr. 14:20180251

Donato DC, Kauffman JB, Murdiyarso D, Kurnianto S, Stidham M, Kanninen M. 2011. Mangroves
among the most carbon-rich forests in the tropics. Nat. Geosci. 4:293-97

Wylie L, Sutton-Grier AE, Moore A. 2016. Keys to successful blue carbon projects: lessons
learned from global case studies. Mar. Pol. 65:76-84

Thomas S. 2014. Blue carbon: knowledge gaps, critical issues, and novel approaches. Ecol. Econ. 107:22—
38

Cormier-Salem MC, Panfili J. 2016. Mangrove reforestation: greening or grabbing coastal zones and
deltas? Case studies in Senegal. Afi: 7. Aquat. Sci. 41:89-98

www.annualreviews.org o The Worlds Mangrove Forests

102. Summary of
current experiences of
mangrove PES.

113


http://www.mangrovealliance.org/about/

114

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Primavera JH, Esteban JMA. 2008. A review of mangrove rehabilitation in the Philippines: successes,
failures and future prospects. Wetl. Ecol. Manag. 16:173-53

Primavera JH, Rollon RN, Samson MS. 2012. The pressing challenges of mangrove rehabilitation: pond
reversion and coastal protection. In Tieatise on Estuarine and Coastal Science, Vol. 10: Ecobydrology and
Restoration, ed. L Chicharo, M Zalewski, pp. 217-44. Amsterdam: Elsevier

Kodikara KA, Mukherjee N, Jayatissa LP, Dahdouh-Guebas F, Koedam N. 2017. Have mangrove
restoration projects worked? An in-depth study in Sri Lanka. Restor: Ecol. 25:705-16

Bayraktarov E, Saunders MI, Abdullah S, Mills M, Beher ], et al. 2016. The cost and feasibility of marine
coastal restoration. Fcol. Appl. 26:1055-74

Lewis RR. 2005. Ecological engineering for successful managementand restoration of mangrove forests.
Ecol. Eng. 24:403-18

Balke T, Bouma TJ, Horstman EM, Webb EL, Erftemeijer PL, Herman PM. 2011. Windows of oppor-
tunity: thresholds to mangrove seedling establishment on tidal flats. Mar: Ecol. Prog. Ser: 440:1-9
Brown B, Fadillah R, Nurdin Y, Soulsby I, Ahmad R. 2014. Community based ecological mangrove
rehabilitation (CBEMR) in Indonesia. SAPIENS 7(2):53-64

Duncan C, Primavera JH, Pettorelli N, Thompson JR, Loma R], Koldewey HJ. 2016. Rehabilitating
mangrove ecosystem services: a case study on the relative benefits of abandoned pond reversion from
Panay Island, Philippines. Mar: Poll. Bull. 109:772-82

Dale PE, Knight JM, Dwyer PG. 2014. Mangrove rehabilitation: a review focusing on ecological and
institutional issues. Wetl. Ecol. Manag. 22:587-604

Primavera JH. 2000. Development and conservation of Philippine mangroves: institutional issues. Ecol.
Econ. 35:91-106

Int. Union Conserv. Nat. IUCN), World Resour. Inst. (WRI). 2014. A guide to the Restoration Oppor-
tunities Assessment Methodology (ROAM): Assessing forest landscape restoration opportunities at the national or
sub-national level. Gland, Switz.: IUCN, WRI

Nguyen TP, Nguyen VT, Quoi LP, Parnel KE. 2016. Community perspectives on an internationally
funded mangrove restoration project: Kien Giang province, Vietnam. Ocean Coast. Manag. 119:146-
54

Giri C, Pengra B, Zhu Z, Singh A, Tieszen L. 2007. Monitoring mangrove forest dynamics of the Sun-
darbans in Bangladesh and India using multi-temporal satellite data from 1973 to 2000. Estuar. Coast.
Shelf Sci. 73:91-100

Proisy C, Gratiot N, Anthony EJ, Gardel A, Fromard F, Heuret P. 2009. Mud bank colonization by
opportunistic mangroves: a case study from French Guiana using LiDAR data. Contin. Shelf Res. 29:632—-
41

Swales A, Bentley SJ, Lovelock CE. 2015. Mangrove-forest evolution in a sediment-rich estuarine sys-
tem: opportunists or agents of geomorphic change? Earth Surf. Process. Landforms 40:1672-87
Bernardino AF, de Oliveria Gomes LE, Hadlich HL, Andrades R, Correa LB. 2018. Mangrove clearing
impacts on macrofaunal assemblages and benthic food webs in a tropical estuary. Mar: Poll. Bull. 126:228-
35

Chen Y, Li Y, Thompson C, Wang X, Cai T, Chang Y. 2018. Differential sediment trapping abilities of
mangrove and salt marsh vegetation in a subtropical estuary. Geomorphology 318:270-82

Yando ES, Osland MJ, Willis JM, Day RH, Krauss KW, Hester MW. 2016. Salt marsh-mangrove eco-
tones: using structural gradients to investigate the effects of woody plant encroachment on plant-soil
interactions and ecosystem carbon pools. 7. Ecol. 104:1020-31

Saintilan N, Wilson N, Rogers K, Rajkaran A, Krauss KW. 2014. Mangrove expansion and saltmarsh
decline at mangrove poleward limits. Glob. Change Biol. 20:147-57

Cavanaugh KC, Kellner JR, Forde AJ, Gruner DS, Parker JG, et al. 2014. Poleward expansion of man-
groves is a threshold response to decreased frequency of extreme cold events. PNAS 111:7223-27
McKee KL, Rooth JE, Feller IC. 2007. Mangrove recruitment after forest disturbance is facilitated by
herbaceous species in the Caribbean. Ecol. Appl. 17:1678-93

Peterson JM, Bell SS. 2012. Tidal events and salt-marsh structure influence black mangrove (dvicennia
germinans) recruitment across an ecotone. Fcology 93:1648-58

Friess et al.



127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Rajkaran A, Adams J. 2016. Mangroves of South Africa. In Mangroves of the Western Indian Ocean: Status
and Management, ed. JO Bosire, MM Mangora, S Bandeira, A Rajkaran, R Ratsimbazafy, et al., pp. 51-73.
Zanzibar Town, Tanz.: WIOMSA

Woodroffe CD, Rogers K, McKee KL, Lovelock CE, Mendelssohn IA, Saintilan N. 2016. Mangrove
sedimentation and response to relative sea-level rise. Annu. Rev. Mar. Sci. 8:243-66

Scheurch M, Spencer T, Temmerman S, Kirwan ML, Wolft C, et al. 2018. Future response of global
coastal wetlands to sea-level rise. Narure 561:231-34

Mills M, Leon JX, Saunders MI, Bell J, Liu Y, et al. 2015. Reconciling development and conservation
under coastal squeeze from rising sea-level. Conserv. Lett. 9:361-68

Woodroffe CD. 2018. Mangrove response to sea level rise: palacoecological insights from macrotidal
systems in northern Australia. Mar: Freshwat. Res. 69:917-32

Zarfl C, Lumsdon AE, Berlekamp J, Tydecks L, Tockner K. 2015. A global boom in hydropower dam
construction. Aquat. Sci. 77:161-70

Spencer T, Schuerch M, Nicholls RJ, Hinkel J, Lincke D, et al. 2016. Global coastal wetland change
under sea-level rise and related stresses: the DIVA Wetland Change Model. Glob. Planet. Change 139:15—
30

Krauss KW, McKee KL, Lovelock CE, Cahoon DR, Saintilan N, et al. 2014. How mangrove
forests adjust to rising sea level. New Phytol. 202:19-34

Furukawa K, Wolanski E, Mueller H. 1997. Currents and sediment transport in mangrove forests. Estuar.
Coast. Shelf Sci. 44:301-10

Krauss KW, Allen JA, Cahoon DR. 2003. Differential rates of vertical accretion and elevation change
among aerial root types in Micronesian mangrove forests. Estuar. Coast. Shelf Sci. 56:251-59

Huxham M, Kumara MP, Jayatissa LP, Krauss KW, Kairo ], et al. 2010. Intra- and interspecific facili-
tation in mangroves may increase resilience to climate change threats. Phil. Trans. R. Soc. B 365:2127-35
Kamal S, Warnken J, Bakhtiyari M, Lee SY. 2017. Sediment distribution in shallow estuaries at fine
scale: in situ evidence of 3D structural complexity effects by mangrove pneumatophores. Hydrobiologia
803:121-32

McKee KL, Cahoon DR, Feller IC. 2007. Caribbean mangroves adjust to rising sea level through biotic
controls on change in soil elevation. Glob. Ecol. Biogeogr: 16:545-56

Lovelock CE, Adame MF, Bennion V, Hayes M, Reef R, et al. 2015. Sea level and turbidity controls on
mangrove soil surface elevation change. Estuar. Coast. Shelf Sci. 153:1-9

Cahoon DR, Hensel PF, Rybczyk J, McKee KL, Proffitt CE, Perez BC. 2003. Mass tree mortality leads
to mangrove pear collapse at Bat Islands, Honduras after Hurricane Mitch. 7. Ecol. 91:1093-105
Lang’at JKS, Kairo JG, Mencuccini M, Bouillon S, Skov MW, et al. 2014. Rapid losses of surface eleva-
tion following tree girdling and cutting in tropical mangroves. PLOS ONE 9:e107868

Webb EL, Friess DA, Krauss KW, Cahoon DR, Guntenspergen GR, Phelps J. 2013. A global standard
for monitoring coastal wetland vulnerability to accelerated sea-level rise. Nat. Clim. Change 3:458-63
Sanders CJ, Maher DT, Tait DR, Williams D, Holloway C, et al. 2016. Are global mangrove carbon
stocks driven by rainfall? 7. Geophys. Res. Biogeosci. 121:2600-9

Osland MJ, Feher LC, Griffith KT, Cavanaugh KC, Enwright NM, et al. 2017. Climatic controls on
the global distribution, abundance, and species richness of mangrove forests. Ecol. Monogr: 87:341-59
Santini NS, Reef R, Lockington DA, Lovelock CE. 2015. The use of fresh and saline water sources by
the mangrove Avicennia marina. Hydrobiologia 745:59—68

Lovelock CE, Reef R, Ball MC. 2017. Isotopic signatures of stem water reveal differences in water
sources accessed by mangrove tree species. Hydrobiologia 803:133-45

Lovelock CE, Feller IC, Reef R, Hickey S, Ball MC. 2017. Mangrove dieback during fluctuating sea
levels. Sci. Rep. 7:1680

Sippo JZ, Lovelock CE, Santos IR, Sanders CJ, Maher DT. 2018. Mangrove mortality in a changing
climate: an overview. Estuar. Coast. Shelf Sci. 215:241-49

Miththapala S. 2008. Mangroves. Coast. Ecosystem Ser. 2. Colombo, Sri Lanka: Intl. Union Conserv.
Nat. Nat. Resour. http://www.observatorioirsb.org/cmsAdmin/uploads/mangroves_miththapala_
(2008).pdf

www.annualreviews.org o The Worlds Mangrove Forests

134. Comprehensive
summary of mangrove
surface elevation change
processes and response
to sea-level rise.

II5


http://www.observatorioirsb.org/cmsAdmin/uploads/mangroves_miththapala_(2008).pdf



