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Abstract
Mangrove ecosystems are threatened by climate change. We review the state of knowledge of mangrove vulnerability and responses to

predicted climate change and consider adaptation options. Based on available evidence, of all the climate change outcomes, relative sea-level

rise may be the greatest threat to mangroves. Most mangrove sediment surface elevations are not keeping pace with sea-level rise, although

longer term studies from a larger number of regions are needed. Rising sea-level will have the greatest impact on mangroves experiencing net

lowering in sediment elevation, where there is limited area for landward migration. The Pacific Islands mangroves have been demonstrated to

be at high risk of substantial reductions. There is less certainty over other climate change outcomes and mangrove responses. More research

is needed on assessment methods and standard indicators of change in response to effects from climate change, while regional monitoring

networks are needed to observe these responses to enable educated adaptation. Adaptation measures can offset anticipated mangrove losses

and improve resistance and resilience to climate change. Coastal planning can adapt to facilitate mangrove migration with sea-level rise.

Management of activities within the catchment that affect long-term trends in the mangrove sediment elevation, better management of other

stressors on mangroves, rehabilitation of degraded mangrove areas, and increases in systems of strategically designed protected area

networks that include mangroves and functionally linked ecosystems through representation, replication and refugia, are additional

adaptation options.

# 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Climate change components that affect mangroves include

changes in sea-level, high water events, storminess, precipita-

tion, temperature, atmospheric CO2 concentration, ocean

circulation patterns, health of functionally linked neighboring

ecosystems, as well as human responses to climate change. Of

all the outcomes from changes in the atmosphere’s composition

and alterations to land surfaces, relative sea-level rise may be

the greatest threat (Field, 1995; Lovelock and Ellison, 2007).

Although, to date, it has likely been a smaller threat than

anthropogenic activities such as conversion for aquaculture and

filling (IUCN, 1989; Primavera, 1997; Valiela et al., 2001;

Alongi, 2002; Duke et al., 2007), relative sea-level rise is a

substantial cause of recent and predicted future reductions in

the area and health of mangroves and other tidal wetlands

(IUCN, 1989; Ellison and Stoddart, 1991; Nichols et al., 1999;

Ellison, 2000; Cahoon and Hensel, 2006; McLeod and Salm,

2006; Gilman et al., 2006, 2007a,b).

Mangroves perform valued regional and site-specific

functions (e.g., Lewis, 1992; Ewel et al., 1998; Walters

et al., 2008). Reduced mangrove area and health will increase

the threat to human safety and shoreline development from

coastal hazards such as erosion, flooding, storm waves and

surges, and tsunami, as most recently observed following the

2004 Indian Ocean tsunami (Danielsen et al., 2005; Kathiresan

and Rajendran, 2005; Dahdouh-Guebas et al., 2005a,b, 2006).

Mangrove loss will also reduce coastal water quality, reduce

biodiversity, eliminate fish and crustacean nursery habitat,

adversely affect adjacent coastal habitats, and eliminate a major

resource for human communities that rely on mangroves for

numerous products and services (Ewel et al., 1998; Mumby

et al., 2004; Nagelkerken et al., 2008; Walters et al., 2008).

Mangrove destruction can also release large quantities of stored

carbon and exacerbate global warming and other climate

change trends (Ramsar Secretariat, 2001; Kristensen et al.,

2008). The annual economic values of mangroves, estimated by

the cost of the products and services they provide, have been

estimated to be USD 200,000–900,000 ha�1 (Wells et al.,

2006). The value of Malaysian mangroves just for storm

protection and flood control has been estimated at USD

300,000 km�1 of coastline, which is based on the cost of

replacing the mangroves with rock walls (Ramsar Secretariat,

2001). The mangroves of Moreton Bay, Australia, were valued

in 1988 at USD 4850 ha�1 based only on the catch of

marketable fish (Ramsar Secretariat, 2001). Mangroves can

also be provided with an economic value based on the cost to

replace the products and services that they provide, or the cost

to restore or enhance mangroves that have been eliminated or

degraded. The range of reported costs for mangrove restoration

is USD 225–216,000 ha�1, not including the cost of the land

(Lewis, 2005). In Thailand, restoring mangroves is costing
USD 946 ha�1 while the cost for protecting existing mangroves

is only USD 189 ha�1 (Ramsar Secretariat, 2001).

Accurate predictions of changes to coastal ecosystem area

and health, including in response to projected relative sea-level

rise and other climate change outcomes, enable site planning

with sufficient lead time to minimize and offset anticipated

losses (Titus, 1991; Mullane and Suzuki, 1997; Hansen and

Biringer, 2003; Gilman et al., 2006, 2007a; Berger et al., 2008).

We review the state of understanding of the effects of projected

climate change on mangrove ecosystems, including the state of

knowledge for assessing mangrove resistance and resilience to

relative sea-level rise. Resistance is used here to refer to a

mangrove’s ability to keep pace with rising sea-level without

alteration to its functions, processes and structure (Odum, 1989;

Bennett et al., 2005). Resilience refers to the capacity of a

mangrove to naturally migrate landward in response to rising

sea-level, such that the mangrove ecosystem absorbs and

reorganizes from the effects of the stress to maintain its

functions, processes and structure (Carpenter et al., 2001;

Nystrom and Folke, 2001). We then identify adaptation options

to avoid and minimize adverse outcomes from predicted

mangrove responses to projected climate change.

2. Climate change threats

2.1. Sea-level rise

Global sea-level rise is one of the more certain outcomes of

global warming, it is already likely taking place (12–22 cm

occurred during the 20th century), and several climate models

project an accelerated rate of rise over coming decades

(Cazenave and Nerem, 2004; Church et al., 2001, 2004a;

Holgate and Woodworth, 2004; Thomas et al., 2004; Church

and White, 2006; Solomon et al., 2007). The range of

projections for global sea-level rise from 1980 to 1999 to the

end of the 21st century (2090–2099) is 0.18–0.59 m (Solomon

et al., 2007). Recent findings on global acceleration in sea-level

rise indicate that upper projections are likely to occur (Church

and White, 2006).

‘Relative sea-level change’, the change in sea-level relative

to the local land as measured at a tide gauge, is a combination of

the change in eustatic (globally averaged) sea-level and

regional and local factors. The former is the change in sea-

level relative to a fixed Earth coordinate system, which, over

human time scales, is due primarily to thermal expansion of

seawater and the transfer of ice from glaciers, ice sheets and ice

caps to water in the oceans (Church et al., 2001). The latter is

the result of vertical motion of the land from tectonic

movement, the glacio- or hydro-isostatic response of the

Earth’s crust to changes in the weight of overlying ice or water,

coastal subsidence such as due to extraction of subsurface

groundwater or oil, geographical variation in thermal expan-
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sion, and for shorter time scales over years and shorter,

meteorological and oceanographic factors (Church et al.,

2001). The rate of change of relative sea-level as measured at a

tide gauge may differ substantially from the relative sea-level

rate of change occurring in coastal wetlands due to changing

elevation of the wetland sediment surface. Additional

variability might be caused by differences in local tectonic

processes, coastal subsidence, sediment budgets, and meteor-

ological and oceanographic factors between the section of

coastline where the coastal wetland is situated and a tide gauge,

especially when the tide gauge is distant from the wetland.

2.1.1. Mangrove vulnerability to sea-level rise

Mangrove systems do not keep pace with changing sea-level

when the rate of change in elevation of the mangrove sediment

surface is exceeded by the rate of change in relative sea-level.

There are several interconnected surface and subsurface
Table 1

Processes known to control the elevation of mangrove sediment surfaces

Process Influence on mangrove sediment surface e

Sediment accretion and erosion Sediment accretion and erosion are determ

sediment, sediment composition, and met

Woodroffe, 1990, 2002). Fine sediment pa

waters during tidal inundation, form large

high tide as the friction caused by the hig

on the soil surface can also trap mineral s

currents during ebb tides are too low to re

accumulation (Furukawa and Wolanski, 1

elevation through soil erosion and deposit

and their root type (Furukawa and Wolan

Biotic contributions Biotic contributions to soil elevation vary

soils), where surface processes include th

formation of living benthic microbial, alg

accumulation of leaf litter is controlled by

decomposition and tidal flushing (Middlet

Belowground primary production When belowground root growth exceeds r

in soil volume and contributes to a rise in

a substantial control on mangrove soil ele

McKee et al., 2007). In particular, mangro

continental sources of sediment, have auto

belowground primary productivity and org

(Cahoon et al., 2006; McKee et al., 2007)

Autocompaction Autocompaction, the lowering of the sedi

(decomposition) and compression of orga

mineral architecture, silica solution, clay

Cahoon et al., 1999; Allen, 2000; Woodro

decrease asymptotically with the age of th

caused by storms or other acute sources o

are susceptible to substantial lowering in

compression (e.g., Cahoon et al., 2003).

Fluctuations in water table

levels and pore water storage

Hydrology directly affects wetland elevati

2006). The more water that is incorporate

or ‘shrink–swell’, the more the sediment

wetland sediment surface (Cahoon et al.,

of the sediment surface varies with soil ty

precipitation levels resulting from climate

Short-term cyclical influences include var

demonstrated the short-term effects of gro

et al., 2005). Research is lacking to demo
processes that influence the elevation of mangroves’ sediment

surface (Table 1). Mangroves of low relief islands in carbonate

settings that lack rivers were thought to be the most sensitive to

sea-level rise, owing to their sediment-deficit environments

(Thom, 1984; Ellison and Stoddart, 1991; Woodroffe, 1987,

1995, 2002). However, recent studies have shown that

subsurface controls on mangrove sediment elevation can offset

high or low sedimentation rates (Cahoon et al., 2006; Cahoon

and Hensel, 2006), such that sedimentation rates alone provide

a poor indicator of vulnerability to rising sea-level.

The surface elevation table-marker horizon (SET-MH)

method (Boumans and Day, 1993; Cahoon and Lynch, 1997;

Cahoon et al., 2002; Krauss et al., 2003; Rogers et al., 2005a,b;

Cahoon and Hensel, 2006; McKee et al., 2007) and stakes

inserted through the organic peat layer to reach consolidated

substrate (Gilman et al., 2007b) have been used to measure

trends in wetland sediment elevation and determine how sea-
levation

ined by a mangrove’s geomorphic setting, which affects the sources of

hod of delivery (Furukawa and Wolanski, 1996; Furukawa et al., 1997;

rticles are carried in suspension into mangrove systems from coastal

flocs (cohesive clay and fine silt), which settle in the forest during slack

h mangrove vegetation density slows tidal currents. Wrack or plant litter

ediment, and contribute to vertical accretion (Cahoon et al., 2006). Water

-entrain the sediment. Thus, the mangrove structure causes sediment

996). Storms and extreme high water events can alter the mangrove sediment

ion (Cahoon et al., 2003, 2006). Sedimentation varies by mangrove species

ski, 1996; Krauss et al., 2003).

from low (allochthonous mineral soils) to very high (autochthonous peat

e accumulation of decaying organic matter such as leaf litter, and the

al or root mats (Woodroffe, 1992, 2002; Cahoon et al., 2006). The

aboveground production, consumption by detrivores, microbial

on and McKee, 2001; Cahoon et al., 2006).

oot decomposition, soil organic matter accumulates, causing a net increase

sediment elevation. Root growth, or the lack thereof, has been shown to be

vation at some sites (Cahoon et al., 2003, 2006; Cahoon and Hensel, 2006;

ves in carbonate settings, such as on low oceanic islands remote from

chthonous soil, composed primarily of mangrove roots, where

anic matter accumulation are primary controls on sediment elevation

.

ment surface and reduction in sediment volume, is caused by the oxidation

nic material, and inorganic processes, including rearrangement of the

dehydration and other diagenetic processes (Pizzuto and Schwendt, 1997;

ffe, 2002; Cahoon and Hensel, 2006). Autocompaction is understood to

e mangrove (Woodroffe, 2002). Mangroves suffering mass tree mortality,

f stress, at sites with substrate composed primarily of peat or organic mud,

elevation of their sediment surface through peat collapse and soil

on through processes of compression and dilation storage (Cahoon et al.,

d into the sediment below the water table, referred to as ‘dilation storage’

dilates, increasing sediment volume, increasing the elevation of the

2006). The amount of dilation storage and degree of change in elevation

pe. Changes in groundwater inputs, such as from long-term changes in

change, would result in a long-term change in mangrove elevation.

iability in precipitation and tidal range. Research conducted to date has

undwater recharge on mangrove elevation (Rogers et al., 2005a; Whelan

nstrate effects of long-term trends in changes in groundwater inputs.
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level relative to the wetland sediment surface is changing.

There have been observations of disparate trends in sediment

elevation within an individual mangrove (Krauss et al., 2003;

Rogers et al., 2005b; McKee et al., 2007). This highlights the

importance of designing sampling methods to observe trends in

change in surface elevation to adequately characterize a

mangrove site. Furthermore, there can be large and significant

differences between trends in mangrove sediment accretion and

sediment elevation (Krauss et al., 2003; Rogers et al., 2005a;

Whelan et al., 2005; Cahoon et al., 2006): Subsurface

processes, in some cases in the deepest soil horizon, have

been found to be primary controlling factors of elevation

change (Whelan et al., 2005; Cahoon and Hensel, 2006).

Therefore, sediment elevation monitoring needs to account for

subsurface processes through the entire soil profile.

The understanding of how surface and subsurface processes

control mangrove sediment surface elevation, and feedback

mechanisms resulting from changes in relative sea-level, is

poor. There are likely several feedback mechanisms, where

processes that control the mangrove sediment elevation interact

with changes in sea-level. Relatively short-term observations,

over periods of a few years, documented positive correlations

between relative sea-level rise and mangrove sediment

accretion (Cahoon and Hensel, 2006), which contributes to

mangroves keeping pace with regional relative sea-level rise.

The rate of inorganic sediment accretion may decrease

exponentially as the sediment elevation increases due to

decreased tidal inundation frequency and duration (Allen,

1990, 1992; French, 1991, 1993; Saad et al., 1999; Woodroffe,

2002; Cahoon and Hensel, 2006). It is unclear how strong the

feedback mechanism is, which is likely site-specific depending

on the geomorphic setting and resulting sedimentation

processes. Observations over decades and longer and from

numerous sites from a range of settings experiencing rise,

lowering and stability in relative sea-level, may improve the

understanding of this and other feedback mechanisms. If

sediment accretion does increase with increased hydroperiod

(duration, frequency and depth of inundation), because

increased sedimentation can increase mangrove plant growth

through direct effects on elevation as well as increased nutrient

delivery, this might further increase sediment accretion through

organic matter deposition as well as enhanced sediment

retention with the reduced rate of flow of floodwaters that

would occur with higher tree productivity and root accumula-

tion (Cahoon et al., 1999; McKee et al., 2007). This would be a

negative feedback loop, as the increased sedimentation, and

concomitant rise in elevation of the mangrove sediment surface,

resulting from increased hydroperiod, would decrease the

hydroperiod. Furthermore, increased hydroperiod may increase

the mangrove substrate pore water storage (Cahoon et al.,

1999), contributing to a rise in elevation of the sediment

surface, reducing the hydroperiod.

The understanding of mangroves as opportunistic colonizers

with distribution controlled through ecological responses to

environmental factors (Tomlinson, 1986; Naidoo, 1985, 1990;

Duke, 1992; Wakushima et al., 1994a,b; Duke et al., 1998;

Cannicci et al., 2008) highlights the importance of the
geomorphic setting in determining where mangrove ecosys-

tems establish, their structure and functional processes

(Woodroffe, 2002). An understanding of a mangrove’s

geomorphic setting, including sedimentation processes (sedi-

ment supply and type), hydrology, and energy regime, is

likewise important in understanding resistance and responses to

changes in sea-level, as these affect both surface and subsurface

controls on elevation of the mangrove sediment surface.

However, there has been no significant correlation observed

between trends in mangrove sediment elevation and relative

sea-level, tidal range, or soil bulk density, nor have correlations

been observed between geomorphic class and trends in

mangrove sediment elevation (Cahoon and Hensel, 2006).

Until predictive sediment elevation models are developed for

mangrove ecosystems, site-specific monitoring is necessary to

assess vulnerability and responses to projected changes in sea-

level.

2.1.2. Mangrove responses to changes in relative sea-level

When changing sea-level is the predominant factor

controlling mangrove position, there are three general

mangrove responses to sea-level trends:
� S
table site-specific relative sea-level: when sea-level is not

changing relative to the mangrove surface, mangrove position

is generally stable;
� S
ite-specific relative sea-level falling: when sea-level is

falling relative to the mangrove surface, mangrove margins

migrate seaward and possibly laterally if these areas adjacent

to the mangrove develop conditions suitable for mangrove

establishment; and
� S
ite-specific relative sea-level rising: if sea-level is rising

relative to the elevation of the mangrove sediment surface,

the mangrove’s seaward and landward margins retreat

landward as the mangrove species maintain their preferred

hydroperiod. The mangrove may also expand laterally into

areas of higher elevation. Environmental conditions for

recruitment and establishment of mangroves in new areas that

become available with relative sea-level rise include suitable

hydrology and sediment composition, competition with non-

mangrove plant species and availability of waterborne

seedlings (Krauss et al., 2008). The seaward mangrove

margin migrates landward from mangrove tree dieback due to

stresses caused by a rising sea-level such as erosion resulting

in weakened root structures and falling of trees, increased

salinity, and too high a duration, frequency, and depth of

inundation (Naidoo, 1983; Ellison, 1993, 2000, 2006; Lewis,

2005). Mangroves migrate landward via seedling recruitment

and vegetative reproduction as new habitat becomes available

landward through erosion, inundation, and concomitant

change in salinity (Semeniuk, 1994). Depending on the

ability of individual mangrove species to colonize newly

available habitat at a rate that keeps pace with the rate of

relative sea-level rise (Field, 1995; Duke et al., 1998;

Lovelock and Ellison, 2007; Di Nitto et al., in press), slope of

adjacent land and presence of obstacles to landward

migration of the landward mangrove boundary (e.g.,
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seawalls, roads), some mangroves will gradually be reduced

in area, may revert to a narrow fringe, survival of individual

trees or experience local extirpation.

Numerous factors other than change in relative sea-level can

affect mangrove margin position, as well as structure and

health. To predict mangrove responses to relative sea-level rise,

it is necessary to determine if the change in sea-level is the

predominant control over mangrove position and health, or if

other stressors are predominant controls. Observation of a

significant positive correlation between a change in relative

sea-level and change in position of mangrove margins has been

used to support the inference that change in site-specific relative

sea-level is the predominant influence in determining the

mangrove margin positions (Saintilan and Wilton, 2001;

Wilton, 2002; Gilman et al., 2007a).

When sea-level rising relative to the elevation of the

mangrove sediment surface is the predominant factor control-

ling mangrove position, mangrove responses over decades will

generally follow trends shown by paleoenvironmental recon-

structions of mangroves to past sea-level fluctuations (Woo-

droffe et al., 1985; Ellison and Stoddart, 1991; Woodroffe,

1995; Shaw and Ceman, 1999; Ellison, 1993, 2000; Berdin

et al., 2003; Dahdouh-Guebas and Koedam, 2008; Ellison,

2008). Mangrove resistance and resilience to relative sea-level

rise over human time scales are a result of four main factors: (i)

the rate of change in sea-level relative to the mangrove

sediment surface determines mangrove vulnerability (Cahoon

and Hensel, 2006; Cahoon et al., 2006; Gilman et al., 2007b).

(ii) Mangrove species composition affects mangrove responses:

because different mangrove vegetation zones have different

rates of change in sediment elevation (Krauss et al., 2003;

Rogers et al., 2005b; McKee et al., 2007), some zones are more

resistant and resilient to rising sea-level. Also, because

mangrove species have differences in time required to colonize

new habitat that becomes available with relative sea-level rise,

the species that colonize more quickly may outcompete slower

colonizers and become more dominant (Lovelock and Ellison,

2007). (iii) The physiographic setting, including the slope of

land upslope from the mangrove relative to that of the land the

mangrove currently occupies, and presence of obstacles to

landward migration, affects mangrove resistance (Gilman et al.,

2007a). Finally, (iv) cumulative effects of all stressors influence

mangrove resistance and resilience. Mangroves are not

expected to respond in accordance with Bruun rule (a predictive

model of beach erosion) assumptions because mangroves have

different sediment budget processes than beaches, and because

predictive models of coastal erosion produce inaccurate results

for small-scale, site-specific estimates (Bruun, 1988; List et al.,

1997; Komar, 1998; Pilkey and Cooper, 2004).

2.2. Extreme high water events

The frequency of extreme high water events of a given

height relative to fixed benchmarks is projected to increase over

coming decades as a result of the same atmospheric and oceanic

factors that are causing global sea-level to rise, and possibly
also as a result of other influences on extremes such as

variations in regional climate, like phases of the El Nino

Southern Oscillation and North Atlantic Oscillation, through

change in storminess and resulting storm surges (Woodworth

and Blackman, 2004; Church et al., 2001, 2004b). For example,

an analysis of 99th percentiles of hourly sea-level at 141

globally distributed stations for recent decades showed that

there has been an increase in extreme high sea-level worldwide

since 1975 (Woodworth and Blackman, 2004). In many cases,

the secular changes in extremes were found to be similar to

those in mean sea-level.

Increased frequency and levels of extreme high water events

could affect the position and health of coastal ecosystems and

pose a hazard to coastal development and human safety.

Increased levels and frequency of extreme high water events

may affect the position and health of mangroves in some of the

same ways that storms have been observed to effect mangroves,

including through altered sediment elevation and sulfide soil

toxicity, however, the state of knowledge of ecosystem effects

from changes in extreme waters is poor.

2.3. Storms

During the 21st century the Intergovernmental Panel on

Climate Change projects that there is likely to be an increase in

tropical cyclone peak wind intensities and increase in tropical

cyclone mean and peak precipitation intensities in some areas

as a result of global climate change (Houghton et al., 2001;

Solomon et al., 2007). Storm surge heights are also predicted to

increase if the frequency of strong winds and low pressures

increase. This may occur if storms become more frequent or

severe as a result of climate change (Church et al., 2001;

Houghton et al., 2001; Solomon et al., 2007).

The increased intensity and frequency of storms has the

potential to increase damage to mangroves through defoliation

and tree mortality. In addition to causing tree mortality, stress,

and sulfide soil toxicity, storms can alter mangrove sediment

elevation through soil erosion, soil deposition, peat collapse,

and soil compression (Smith et al., 1994; Woodroffe and Grime,

1999; Baldwin et al., 2001; Sherman et al., 2001; Woodroffe,

2002; Cahoon et al., 2003, 2006; Cahoon and Hensel, 2006;

Piou et al., 2006). Areas suffering mass tree mortality with little

survival of saplings and trees might experience permanent

ecosystem conversion, as recovery through seedling recruit-

ment might not occur due to the change in sediment elevation

and concomitant change in hydrology (Cahoon et al., 2003).

Other natural hazards, such as tsunami, which will not be

affected by climate change, can also cause severe damage to

mangroves and other coastal ecosystems (e.g., the 26 December

2004 Indian Ocean tsunami [Danielsen et al., 2005; Kathiresan

and Rajendran, 2005; Dahdouh-Guebas et al., 2005a,b, 2006]).

2.4. Precipitation

Globally, rainfall is predicted to increase by about 25% by

2050 in response to climate change. However, the regional

distribution of rainfall will be uneven (Houghton et al., 2001).
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Increased precipitation is very likely in high-latitudes, and

decreased precipitation is likely in most subtropical regions,

especially at the poleward margins of the subtropics (Solomon

et al., 2007). In the most recent assessment, the Intergovern-

mental Panel on Climate Change reported significant increases

in precipitation in eastern parts of North and South America,

northern Europe and northern and central Asia, with drying in

the Sahel, the Mediterranean, southern Africa and parts of

southern Asia (Solomon et al., 2007). Long-term trends had not

been observed for other regions.

Changes in precipitation patterns are expected to affect

mangrove growth and spatial distribution (Field, 1995; Ellison,

2000). Based primarily on links observed between mangrove

habitat condition and rainfall trends (Field, 1995; Duke et al.,

1998), decreased rainfall and increased evaporation will

increase salinity, decreasing net primary productivity, growth

and seedling survival, altering competition between mangrove

species, decreasing the diversity of mangrove zones, causing a

notable reduction in mangrove area due to the conversion of

upper tidal zones to hypersaline flats. Areas with decreased

precipitation will have a smaller water input to groundwater

and less freshwater surface water input to mangroves,

increasing salinity. As soil salinity increases, mangrove trees

will have increased tissue salt levels and concomitant decreased

water availability, which reduces productivity (Field, 1995).

Increased salinity will increase the availability of sulfate in

seawater, which would increase anaerobic decomposition of

peat, increasing the mangrove’s vulnerability to any rise in

relative sea-level (Snedaker, 1993, 1995). Reduced precipita-

tion can result in mangrove encroachment into salt marsh and

freshwater wetlands (Saintilan and Wilton, 2001; Rogers et al.,

2005a).

Increased rainfall will result in increased growth rates and

biodiversity, increased diversity of mangrove zones, and an

increase in mangrove area, with the colonization of previously

unvegetated areas of the landward fringe within the tidal

wetland zone (Field, 1995; Duke et al., 1998). For instance,

mangroves tend to be taller and more diverse on high rainfall

shorelines relative to low rainfall shorelines, as observed in

most global locations, including Australia (Duke et al., 1998).

Areas with higher rainfall have higher mangrove diversity and

productivity probably due to higher supply of fluvial sediment

and nutrients, as well as reduced exposure to sulfate and

reduced salinity (McKee, 1993; Field, 1995; Ellison, 2000).

Mangroves will likely increase peat production with increased

freshwater inputs and concomitant reduced salinity due to

decreased sulfate exposure (Snedaker, 1993, 1995).

These predicted responses are based on assessments from

only a few areas and are currently untested in longitudinal

studies at any single location. Further research is needed to

confirm these hypotheses and to assess the broader significance

of rainfall variability on mangroves.

2.5. Temperature

Between 1906 and 2005, the global average surface

temperature has increased by 0.74 8C (�0.18 8C) (Solomon
et al., 2007). The linear warming trend of the last fifty years

(0.13 8C per decade) is nearly twice that for the last 100 years.

This rise in globally averaged temperatures since the mid-20th

century is considered to be very likely due to the observed

increase in anthropogenic greenhouse gas atmospheric con-

centrations (Solomon et al., 2007). The range in projections for

the rise in global averaged surface temperatures from 1980 to

1999 to the end of the 21st century (2090–2099) is 1.1–6.4 8C
(Solomon et al., 2007).

Increased surface temperature is expected to affect

mangroves by (Field, 1995; Ellison, 2000):
(i) c
hanging species composition;
(ii) c
hanging phenological patterns (e.g., timing of flowering

and fruiting);
(iii) in
creasing mangrove productivity where temperature does

not exceed an upper threshold; and
(iv) e
xpanding mangrove ranges to higher latitudes where

range is limited by temperature, but is not limited by other

factors, including a supply of propagules and suitable

physiographic conditions.
Mangroves reach a latitudinal limit at the 16 8C isotherm for

air temperature of the coldest month, and the margins of

incidence of ground frost, where water temperatures do not

exceed 24 8C (Ellison, 2000). The optimum mangrove leaf

temperature for photosynthesis is believed to be between 28 and

32 8C, while photosynthesis ceases when leaf temperatures

reach 38–40 8C (Clough et al., 1982; Andrews et al., 1984).

The frequency, duration and intensity of extreme cold events

have been hypothesized to explain the current latitudinal limits

of mangrove distribution (Woodroffe and Grindrod, 1991;

Snedaker, 1995). However, the incidence of extreme cold

events is not likely to be a factor limiting mangrove expansion

to higher latitudes in response to increased surface temperature.

The Intergovernmental Panel on Climate Change projects

reduced extreme cold events (Solomon et al., 2007), in

correlation with projected changes in average surface

temperatures. For instance, Vavrus et al. (2006) predicted a

50–100% decline in the frequency of extreme cold air events in

Northern Hemisphere winter in most areas, while Meehl et al.

(2004) projected decreases in frost days in the extratropics,

where the pattern of decreases will be determined by changes in

atmospheric circulation.

2.6. Atmospheric CO2 concentration

The atmospheric concentration of CO2 has increased 35%

from a pre-industrial value, from 280 parts per million by

volume (ppmv) in 1880 to 379 ppmv in 2005 (Solomon et al.,

2007). In recent decades, CO2 emissions have continued to

increase: CO2 emissions increased from an average of

6.4 � 0.4 GtC a�1 in the 1990s to 7.2 � 0.3 GtC a�1 in the

period 2000–2005.

A direct effect of elevated atmospheric CO2 levels may be

increased productivity of some mangrove species (Field, 1995;

Ball et al., 1997; Komiyama et al., 2008). Mangrove metabolic
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responses to increased atmospheric CO2 levels are likely to be

increased growth rates (Farnsworth et al., 1996) and more

efficient regulation of water loss (UNEP, 1994). For some

mangrove species, the response to elevated CO2 may be

sufficient to induce substantial change of vegetation along

natural salinity and aridity gradients. Ball et al. (1997) showed

that doubled CO2 had little effect on mangrove growth rates in

hypersaline areas, and this may combine with reduced rainfall

to create some stress. The greatest effect may be under low

salinity conditions. Elevated CO2 conditions may enhance the

growth of mangroves when carbon gain is limited by

evaporative demand at the leaves but not when it is limited
Table 2

Adaptation options to augment mangrove resistance and resilience to climate chan

Adaptation option Description

‘‘No regrets’’ reduction of stresses Eliminate non-climate stresses

order to augment overall ecosys

resilience to stresses from clim

beneficial even in the absence o

(Adger et al., 2007; Julius and

Manage activities in catchment that

affect mangrove sediment elevation

In order to attempt to augment

surface, activities within the ma

mangrove sediment elevation, o

impervious surfaces within the

extraction can reduce alteration

be an important control on man

mangrove soil organic matter a

systems, nutrient and pollutant

to maintaining relatively natura

and nutrient added, nutrient enr

and organic material inputs, cha

McKee et al., 2002, 2007). Enh

beneficial use of dredge spoils,

need to avoid excessive or sudd

Managed retreat Site planning for some sections

developed, may facilitate long-t

Mullane and Suzuki, 1997; Gilm

mechanisms before the effects o

sufficient lead time to enable ec

management measures. Coastal

a safety hazard or begins to pre

can be abandoned or moved inl

eventual abandonment more acc

types of new development can

habitat. Managers can determin

migration of the mangrove land

migration based on a desired li

construction of minor coastal d

required to be expendable with

setback. Rules could prohibit co

inland migration of mangroves.

and retain their natural function

Fortification While mangroves provide natur

structures (Mimura and Nunn, 1

coastline adjacent to mangroves

(e.g., groins, seawalls, revetmen

(e.g., surge breakers, dune fenc

ecosystem services will gradual

landward migration and the ma

in the direction of longshore se

to deepwater habitat (Tait and G

Mimura and Nunn, 1998).
by salinity at the roots. There is no evidence that elevated CO2

will increase the range of salinities in which mangrove species

can grow. The conclusion is that whatever growth enhancement

may occur at salinities near the limits of tolerance of a species,

it is unlikely to have a significant effect on ecological patterns

(Ball et al., 1997). However, not all species may respond

similarly, and other environmental factors, including tempera-

ture, salinity, nutrient levels and the hydrologic regime, may

influence how a mangrove wetland responds to increased

atmospheric CO2 levels (Field, 1995). The effect of enhanced

CO2 on mangroves is poorly understood and there is a paucity

of research in this area.
ge

on mangroves (e.g., filling, conversion for aquaculture, pollution) in

tem health, in part, to reduce mangrove vulnerability to and increase

ate change. These ‘‘no regrets’’ mitigation actions are justified and

f adverse effects on mangroves from climate change

West, 2007).

mangrove resistance to sea-level rise relative to the mangrove sediment

ngrove catchment can be managed to minimize long-term reductions in

r enhance sediment elevation. For instance, limiting development of

mangrove catchment and managing rates and locations of groundwater

to natural groundwater recharge to the mangrove systems, which might

grove elevation. Also, avoiding and limiting human activities that reduce

ccumulation, such as the diversion of sediment inputs to mangrove

inputs into mangroves, and mangrove timber harvesting can contribute

l controls on trends in sediment elevation. Depending on the tree species

ichment can affect mangrove productivity, changing root production

nging the rate of change in sediment elevation (Feller et al., 2003;

ancement of mangrove sediment accretion rates, such as through the

could augment mangrove sediment elevation (Lewis, 1990), but would

en sediment deposition (Ellison, 1998).

of shoreline containing mangroves, such as areas that are not highly

erm retreat with relative sea-level rise (Dixon and Sherman, 1990;

an, 2002). ‘‘Managed retreat’’ involves implementing land-use planning

f rising sea-level become apparent, which can be planned carefully with

onomically viable, socially acceptable and environmentally sound

development could remain in use until the eroding coastline becomes

vent landward migration of mangroves, at which time the development

and. Adoption of legal tools, such as rolling easements, can help make

eptable (Titus, 1991). Zoning rules for building setbacks and permissible

be used to reserve zones behind current mangroves for future mangrove

e adequate setbacks by assessing site-specific rates for landward

ward margin. Construction codes can plan for mangrove landward

fetime for coastal development (Mullane and Suzuki, 1997). Any new

evelopment structures, such as sidewalks and boardwalks, could be

a lifetime based on the assessed sites’ erosion rate and selected

nstruction of coastal engineering structures, which obstruct natural

This managed coastal retreat will allow mangroves to migrate

al processes.

al coastal protection that is expensive to replace with artificial

998; Walters et al., 2008), for some sections of highly developed

, site planning may justify use of hard engineering technology

ts, bulkheads) and other shoreline erosion control measures

ing, detached breakwaters) to halt erosion. As a result, mangrove

ly be reduced: The structure will prevent the mangroves’ natural

ngrove fronting the structure, as well as immediately downstream

diment transport from the structure, will eventually be converted

riggs, 1990; Fletcher et al., 1997; Mullane and Suzuki, 1997;



Table 2 (Continued )

Adaptation option Description

Representation, replication and refugia

through a system of protected area networks

Protected areas can be established and managed to implement mangrove representation, replication and

refugia. Ensuring representation of all mangrove community types when establishing a network of

protected areas and replication of identical communities to spread risk can increase chances for mangrove

ecosystems surviving climate change and other stresses (Julius and West, 2007). Ensuring that a portfolio

of each different community type is represented is a strategy for optimizing climate change resilience as

this representation increases the change that at least one of these communities with disparate physical and

biological parameters will survive climate change stressors and provide a source for re-colonizing.

Replication, through the protection of multiple areas of each mangrove community type, by protecting

multiple examples of each vegetation zone and geomorphic setting can help avoid the loss of a single

community type (Roberts et al., 2003; Salm et al., 2006; Wells, 2006). Protected area selection can

include mangrove areas that act as climate change refugia, communities that are likely to be more resistant

to climate change stresses (Palumbi et al., 1997; Bellwood and Hughes, 2001; Salm et al., 2006). For

instance, mature mangrove communities will be more resistant and resilient to stresses, including

those from climate change, than recently established forests. Protecting refugia areas that resist and/or

recover quickly from disturbance in general, or that are predicted to be able to keep pace with projected

relative sea-level rise can serve as a source of recruits to re-colonize areas that are lost or damaged.

Protected area site selection should account for predicted ecosystem responses to climate change

(Barber et al., 2004). For instance, planners need to account for the likely movements of habitat boundaries

and species ranges over time under different sea-level and climate change scenarios, as well as consider

an areas’ resistance and resilience to projected sea-level and climate changes and contributions to

adaptation strategies. Site-specific analysis of resistance and resilience to climate change when selecting

areas to include in new protected areas should include, for example, how discrete coastal habitats might

be blocked from natural landward migration, and how severe are threats not related to climate change

in affecting the site’s health.

A system of networks of protected areas can be designed to protect connectivity between coastal

ecosystems, including mangroves (Crowder et al., 2000; Stewart et al., 2003; Roberts et al., 2001, 2003).

Protecting a series of mature, healthy mangrove sites along a coastline could increase the likelihood of

there being a source of waterborne seedlings to re-colonize sites that are degraded. Protected area designs

should include all coastal ecosystems to maintain functional links (Mumby et al., 2004).

Mangrove rehabilitation Mangrove enhancement (removing stresses that caused their decline) can augment resistance and resilience

to climate change, while mangrove restoration (ecological restoration, restoring areas where mangrove

habitat previously existed) (Kusler and Kentula, 1990; Lewis, 2005; Lewis et al., 2006; Bosire et al.,

2008) can offset anticipated losses from climate change.

Regional monitoring network Given uncertainties about future climate change and responses of mangroves and other coastal

ecosystems, there is a need to monitor and study changes systematically. Establishing mangrove baselines

and monitoring gradual changes through regional networks using standardized techniques will enable

the separation of site-based influences from global changes to provide a better understanding of

mangrove responses to sea-level and global climate change, and alternatives for mitigating adverse

effects (CARICOMP, 1998; Ellison, 2000). For instance, coordinated observations of regional phenomena

such as a mass mortality event of mangrove trees, or trend in reduced recruitment levels of mangrove

seedlings, might be linked to observations of changes in regional climate such as reduced precipitation.

The monitoring system, while designed to distinguish climate change effects on mangroves, would also

therefore show local effects, providing coastal managers with information to abate these sources of

degradation (a ‘‘no-regrets’’ adaptation approach).

Outreach and education Outreach and education activities can augment community support for adaptation actions. The value of

wetlands conservation is often underestimated, especially in less developed countries with high population

growth and substantial development pressure, where short-term economic gains that result from activities

that adversely affect wetlands are often preferred over the less-tangible long-term benefits that accrue

from sustainably using wetlands. Education and outreach programs are an investment to bring about

changes in behavior and attitudes by having a better informed community of the value of mangroves and

other ecosystems. This increase in public knowledge of the importance of mangroves provides the local

community with information to make informed decisions about the use of their mangrove resources, and

results in grassroots support and increased political will for measures to conserve and sustainably

manage mangroves.
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2.7. Ocean circulation patterns

Key oceanic water masses are changing, however, the

Intergovernmental Panel on Climate Change reports that at

present, there is no clear evidence for ocean circulation change

(Bindoff et al., 2007). However, there have been observations of
long-term trends in changes in global and basin-scale ocean

heat content and salinity, which are linked to changes in ocean

circulation (Gregory et al., 2005; Bindoff et al., 2007).

Changes to ocean surface circulation patterns may affect

mangrove propagule dispersal and the genetic structure of

mangrove populations, with concomitant effects on mangrove
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community structure (Duke et al., 1998; Benzie, 1999;

Lovelock and Ellison, 2007). Increasing gene flow between

currently separated populations and increasing mangrove

species diversity could increase mangrove resistance and

resilience.

2.8. Adjacent ecosystem responses

Coral reefs, seagrass beds, estuaries, beaches, and coastal

upland ecosystems may experience reduced area and health

from climate change outcomes, including increased tempera-

ture, timing of seasonal temperature changes, and ocean

acidification (Harvell et al., 2002; Kleypas et al., 2006; Mydlarz

et al., 2006). Mangroves are functionally linked to neighboring

coastal ecosystems, including seagrass beds, coral reefs, and

upland habitat, although the functional links are not fully

understood (Mumby et al., 2004). Degradation of adjacent

coastal ecosystems from climate change and other sources of

stress may reduce mangrove health. For instance, mangroves of

low islands and atolls, which receive a proportion of sediment

supply from productive coral reefs, may suffer lower

sedimentation rates and increased susceptibility to relative

sea-level rise if coral reefs become less productive due to

relative sea-level rise or other climate change outcomes.

2.9. Human responses

Anthropogenic responses to climate change have the

potential to exacerbate the adverse effects of climate change

on mangrove ecosystems. For instance, we can expect an

increase in the construction of seawalls and other coastal

erosion control structures adjacent to mangrove landward

margins as the threat to development from rising sea-levels and

concomitant coastal erosion becomes increasingly apparent.

Seawalls and other erosion control structures cause erosion and

scouring of the mangrove immediately fronting and down-

current from the structure (Table 2) (Tait and Griggs, 1990;

Fletcher et al., 1997; Mullane and Suzuki, 1997). Or, for

example, areas experiencing reduced precipitation and rising

temperature may have increased groundwater extraction to

meet the demand for drinking water and irrigation. Increased

groundwater extraction will increase sea-level rise rates relative

to mangrove surfaces (Krauss et al., 2003), increasing

mangrove vulnerability. Increased rainfall could lead to

increased construction of stormwater drainage canals to reduce

flooding of coastal upland areas, diverting surface water from

mangroves and other coastal systems, reducing mangrove

productivity.

3. Adaptation options

To reduce the risk of adverse outcomes from predicted

mangrove responses to projected climate change, adaptation

activities can be taken in an attempt to increase the resistance

and resilience of ecosystems to climate change stressors

(Scheffer et al., 2001; Turner et al., 2003; Tompkins and Adger,

2004; Julius and West, 2007). Alternative options for adaptation
for climate-sensitive ecosystems, including mangroves, are

summarized in Table 2.

Mangrove ecosystems were able to persist through the

quaternary despite substantial disruptions from large sea-level

fluctuations, demonstrating that mangroves are highly resilient

to change over historic time scales (Woodroffe, 1987, 1992).

However, over coming decades, mangrove vulnerability and

responses to climate change will be highly influenced by

anthropogenic disturbances, including direct sources of

degradation such as clearing and filling, and human responses

to climate change that adversely affect mangroves. Measures

can be taken to avoid and minimize these anthropogenic

sources of stress (Table 2), which reduce mangrove resistance

and resilience to climate change.

Management authorities are encouraged to assess coastal

ecosystem vulnerability to climate change and institute

appropriate adaptation measures to provide adequate lead time

to avoid and minimize social disruption and cost, minimize

losses of coastal ecosystem services, and maximize available

options. The selection of adaptation strategies is likely to be

made as part a broader coastal site-planning process, where

mitigation actions are typically undertaken to address both

climate and non-climate threats (Gilman, 2002; Adger et al.,

2007). This analysis requires balancing multiple and often

conflicting objectives of allowing managers and stakeholders to

sustain the provision of ecological, economic, and cultural

values; address priority threats to natural ecosystem function-

ing; maintain ecological processes and biodiversity; achieve

sustainable development; and fulfill institutional, policy, and

legal needs (Gilman, 2002).

4. Conclusions

To date, relative sea-level rise has likely been a smaller

threat to mangroves than non-climate related anthropogenic

stressors, which have likely accounted for most of the global

average annual rate of mangrove loss, estimated to be 1–2%,

with losses during the last quarter century ranging between 35

and 86% (Valiela et al., 2001; FAO, 2003; Duke et al., 2007).

However, relative sea-level rise may constitute a substantial

proportion of predicted future losses: Studies of mangrove

vulnerability to change in relative sea-level, primarily from the

western Pacific and Wider Caribbean regions, have documented

that the majority of mangrove sites have not been keeping pace

with current rates of relative sea-level rise (Cahoon et al., 2006;

Cahoon and Hensel, 2006; Gilman et al., 2007b; McKee et al.,

2007). Longer term studies are needed to determine if these are

long-term trends or cyclical short-term patterns, and whether

this is a global or regional phenomenon. Extrapolating from

results in American Samoa on mangrove resilience to relative

sea-level rise, a 0.2% average annual reduction in mangrove

area for the Pacific Islands region is predicted over the next

century based on relative sea-level trends and physiographic

settings (Gilman et al., 2006). Based on this limited

information, relative sea-level rise could be a substantial cause

of future reductions in regional mangrove area, contributing

about 10–20% of total estimated losses.
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Mangrove forests occupy an inter-tidal habitat, and are

extensively developed on accretionary shorelines, where

sediment supply, in combination with subsurface processes

that affect sediment elevation, determines their ability to keep

up with sea-level rise. Rising sea-level will have the greatest

impact on mangroves experiencing net lowering in sediment

elevation, that are in a physiographic setting that provides

limited area for landward migration due to obstacles or steep

gradients.

Direct climate change impacts on mangrove ecosystems are

likely to be less significant than the effects of associated sea-

level rise. Rise in temperature and the direct effects of increased

CO2 levels are likely to increase mangrove productivity, change

the timing of flowering and fruiting, and expand the ranges of

mangrove species into higher latitudes. Changes in precipita-

tion and subsequent changes in aridity may affect the

distribution of mangroves. However, outcomes of global

climate change besides sea-level rise are less certain, and the

responses of mangrove ecosystems to changes in these

parameters are not well understood. The understanding of

the synergistic effects of multiple climate change and other

anthropogenic and natural stressors on mangroves is also poor.

For example, a mangrove that is experiencing an elevation

deficit to rising sea-level may be located in an area experiencing

decreased precipitation, where groundwater extraction for

drinking water is predicted to increase. The combined effect of

just these three stresses on the mangrove could result in an

accelerated rate of rise in sea-level relative to the mangrove

sediment surface, and at the same time decreased productivity,

resulting in highly compromised resistance and resilience to

stresses from climate change and other sources. Models have

not been developed to predict the effects of multiple stresses

such as described in this hypothetical example. There is an

urgent need to test the hypotheses that have been advanced on

the likely effects of global climate change on mangroves as

there are many uncertainties and the effects are likely to be felt

over a very long time scale.

Reduced mangrove area and health and landward mangrove

migration will increase the threat to human safety and shoreline

development from coastal hazards such as erosion, flooding,

and storm waves and surges. Predicted mangrove losses will

also reduce coastal water quality, reduce biodiversity, eliminate

fish nursery habitat, adversely affect adjacent coastal habitats

(Mumby et al., 2004), and eliminate a major resource for

human communities that traditionally rely on mangroves for

numerous products and services (Ewel et al., 1998; Walters

et al., 2008). There is a need to better plan our responses to

climate change impacts on mangroves, especially in its

identification through regional monitoring networks, and

coastal planning that facilitates mangrove migration with

sea-level rise and incorporates understanding of the conse-

quence of shoreline changes. The resistance and resilience of

mangroves to sea-level rise and other climate change impacts

can be improved by better ‘‘no regrets’’ management of other

stressors on mangrove area and health, strategic planning of

protected areas including mangroves and functionally linked

ecosystems, rehabilitation of degraded mangroves, and out-
reach and education directed at communities residing adjacent

to mangroves.
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