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

rove sediment surface elevations are not keeping pace with sea-level rise, although

eded. Rising sea-level will have the greatest impact on mangroves experiencing net

a for landward migration. The Pacific Islands mangroves have been demonstrated to

tainty over other climate change outcomes and mangrove responses. More research

ked ecosystems through representation, replication and refugia, are additional
Reviewpredicted climate change and consider adaptation

rise may be the greatest threat to mangroves. Most mang

longer term studies from a larger number of regions are ne

lowering in sediment elevation, where there is limited are

be at high risk of substantial reductions. There is less cer

is needed on assessmenth lly lin

adaptation options.
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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., this issue). 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., this issue; Walters et al., this

issue). 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., this

issue). 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., this

issue). 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
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sion, and for shorter time scales over years and shorter,

meteorological and oceanographic factors (Church et al.,

2001

http://dx.doi.org/10.1016/j.aquabot.2007.12.009
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seawalls, roads), some mangroves will gradually be reduced
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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

http://dx.doi.org/10.1016/j.aquabot.2007.12.009


metabolic 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
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

http://dx.doi.org/10.1016/j.aquabot.2007.12.009


2.7. Ocean circulation patterns

Key oceanic water masses are changing, however, the
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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

(
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