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This article reviews the level of current scientific understanding regarding the impact of

future change in the large-scale climate-earth system on ecosystem services. Impacts from

sea level rise, ocean acidification, increases in ocean temperature, potential collapse of the

thermohaline circulation; failure of the South Asia monsoon; the melting of sea ice, the

Greenland Ice Sheet and the West Antarctic Ice Sheet; changes in water availability; and

Amazonia forest dieback, are considered. The review highlights that while a number of

uncertainties remain in understanding, there is evidence to suggest that climate change

may have already affected some ecosystem services. Furthermore, there is considerable

evidence to show that future climate change could have impacts on biodiversity, as well as

secondary impacts on issues important to human society, including; habitability; land

productivity and food security; water security; and potential economic impacts.
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1. Introduction

Humans’ relationships with the environment can be described

by the ecosystem services and benefits to society that the

environment provides. The Millennium Ecosystem Assessment

divided ecosystem services into four categories: provisioning

(e.g. food, crops, water, energy), regulating (e.g. carbon

sequestration, coastal wave defence), cultural (e.g. recreational

experiences, scientific discovery, spiritual and cultural inspira-

tion), and supporting (e.g. nutrient cycling, water cycling,

provisioning of habitat) (MEA, 2005). Climate change has the

potential to cause abrupt negative changes in ecosystems and

associated ecosystem services. Moreover, any such changes

have the ability to trigger large-scale crises, human migration

and rapid-onset shocks with serious economic and social

repercussions. Addressing these issues should be among the

main priorities for the international environmental science and

policy community (Galaz et al., 2008).
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The environmental characteristics at a location affect both

a population’s exposure to hazard and the availability of

ecosystem services (Black et al., 2011) and ecosystem services

determine the habitability and attractiveness of places and

landscapes. To this end, changes in ecosystem services could

result in resettlement and the movement of people. Indeed,

work has demonstrated that there is a strong spatial

coincidence between ‘‘hotspots’’ of continued rapid popula-

tion growth and climate change ‘‘hotspots’’ in countries in

Africa, South and Southeast Asia, Central America, the Pacific,

and some small islands (Hugo, 2011).

Black et al. (2011) describe a conceptual framework for the

‘drivers of migration’, suggesting that there are five main

drivers of migration – environmental, political, social, eco-

nomic and demographic. While actual or perceived spatial and

temporal differences in these five dimensions influence

population movement, this article is primarily concerned

with environmental drivers – in particular – ecosystem

services. This is not an attempt to support either a minimalist
.
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or maximalist approach to describing the drivers of migration

(Suhrke, 1994), but rather to discuss the latest research on the

likelihood and potential impact of future change in large-scale

climate-earth system components on ecosystem services,

within the larger context of global environmental migration.

Indeed, the range and complexity of the interactions between

the five drivers of migration outlined by Black et al. (2011) means

that it is rarely possible to distinguish individuals for whom

environmental factors are the sole driver (Foresight, 2011).

Gemenne (2011) notes that estimates and projections of

migration due to environmental drivers are not satisfactory,

with many appearing to have been put forward in order to

generate media attention rather than to provide empirically

grounded estimates and predictions. This article does not aim

to estimate future migration based upon environmental

projections. Instead, it reviews how ecosystem services might

be affected by changes in the large-scale climate-earth system

and to this end, indicate what some of the environmental

changes that could drive future migration, might be.

Evidence, both observed and simulated by models is

reviewed. The likelihood and impact on ecosystem services

of changes in the following components of the large-scale

climate-earth system are considered:

� Sea Level Rise (SLR).

� Ocean Acidification (OA).

� Increases in ocean temperature.

� Potential collapse of the Thermohaline Circulation (THC).

� Failure of the South Asia monsoon.

� The melting of sea ice, the Greenland Ice Sheet (GIS) and the

West Antarctic Ice Sheet (WAIS).

� Changes in water availability.

� Amazonia forest dieback.

This review focuses on large-scale climate-earth system

components only, because it was undertaken as part of the UK

Foresight Migration and Global Environmental Change project

(Foresight, 2011). To consider the ecosystem changes that

could drive large-scale migration, it was considered appropri-

ate to review only large-scale climate-earth system processes,

to maintain a focus. It is acknowledged, therefore, that this

does not present an exhaustive review of all components of

the climate-earth system.

There are a number of reasons why these components of

the large-scale climate-earth system were selected. Firstly,

these components were selected because recent research has

demonstrated that they may be vulnerable to large, abrupt, or

effectively irreversible change (Gosling et al., 2011; Lenton,

2011; McNeall et al., 2011; Schellnhuber, 2009). Secondly, all

these components were considered in recent assessments of

the impact of future change in the large-scale climate-earth

system on human society, thus highlighting that they are

components of high significance to human society (Good et al.,

2011; Hayashi et al., 2010). Thirdly, each component presents a

clear potential to impact on ecosystem services and human

migration (e.g. SLR could result in land loss, ocean acidification

could impact on aquaculture), thus justifying a detailed review

of the literature. Fourthly, some of the components have been

associated with an increased understanding of their associat-

ed physical processes – and so in published articles too – in
recent years, e.g. ocean acidification and Amazonia dieback

(Good et al., 2011; Gosling et al., 2011). Finally, these

components were considered to be of concern, with regards

to the potential to effect ecosystem services and migration, in

discussions with decision- and policy-makers involved with

the Foresight Migration and Global Environmental Change

project (Foresight, 2011).

The impacts of possible change in each component, on the

four divisions of ecosystem services set out by the Millennium

Ecosystem Assessment, are considered throughout.

While previous studies have assessed the potential

magnitude of the impact of climate change on ecosystem

services, the assessment of impact likelihood has been up

until recently, less common. Where possible, studies have

been included that give estimates of either the likelihood of

the large-scale event occurring, or the ecological impact,

through use of probabilistic projections or expert judgement of

the Intergovernmental Panel on Climate Change (IPCC). Where

appropriate, the year of impact and scenario – e.g. SRES

(Nakićenović et al., 2000) – is cited. This review is unique

because previous studies either focus on particular parts of an

ecosystem, or a limited area such as Europe (Feehan et al.,

2009; Levermann et al., 2012), or to general climate change

rather than specific climatic events.

2. Inclusion criteria for articles included in
this review

In total, 205 articles from the international scientific literature,

books, conference proceedings or reports are cited in this

article. The literature searches were conducted with the

Thomson Reuters Web of Science online academic search

engine. Its databases cover over 10,000 journals from 256

categories and includes over 110,000 proceedings from the

most significant conferences worldwide (WoS, 2012). Key-

word searches were conducted for each component of the

large-scale climate-earth system considered, using various

combinations of the words included in Table 1.

Searches were limited to publications with a publication

date in the range 2007–2011, to ensure that the latest post-AR4

(of the IPCC) scientific knowledge was assessed, although

prominent and noteworthy pre-2007 studies were included

where background information was appropriate. To this end,

this review is an update to work published since the AR4, but

the review does not aim to determine whether there is a change

in risk relative to the conclusions of the AR4 – the reader should

refer to Good et al. (2011) and Gosling et al. (2011) if they are

interested in that issue.

Results presented by the Web of Science searches were

supplemented by using the ‘‘Related Records1’’ feature, which

enhances the power of cited reference searching by searching

across disciplines for all the articles that have cited references in

common. Searches with the same keywords presented in Table

1 were also undertaken with Google Scholar (http://scholar.

google.co.uk/) because unpublished government and institu-

tional reports may not show on the results from Web of Science.

When an article was returned by Web of Science or Google

Scholar, the abstract of that article was read to ascertain

whether the article included specific details of how a change in

http://scholar.google.co.uk/
http://scholar.google.co.uk/


Table 1 – Words used for searches in Web of Science and Google Scholar. For each large-scale climate-earth system
component, searches were also conducted for ‘‘climate change’’, ‘‘global warming’’, ‘‘impact’’, ‘‘biodiversity’’,
‘‘ecosystem’’, and ‘‘services’’. Also displayed is the number of citations included in each section of this review (some
citations may appear in more than one section).

Component of the large-scale
climate-earth system

Key-words Citations

Sea level rise Coast; coastal; flooding; sea level rise; SLR 26

Ocean acidification Ocean acidification; pH; coral reef 30

Increases in ocean temperature Ocean temperature; bleaching; coral; sea surface temperature; SST;

ocean warming

22

Potential collapse of the

thermohaline circulation

Thermohaline circulation; THC; Atlantic Meridional Overturning

Circulation; AMOC; collapse; shutdown; weakening

13

Failure of the South Asia monsoon Monsoon; failure; Asia; rainfall 16

Melting of sea ice, the Greenland ice

sheet and the west Antarctic ice sheet

Sea ice; melting; Greenland; Antarctic; ice sheet 36

Changes in water availability Water scarcity; runoff; drought; flood; water availability 25

Amazonia dieback Amazonia; Amazon; forest; dieback; tree; drought 25
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that large-scale climate-earth system component might affect

ecosystem services. If the article did not, then it was excluded

from the review. For example, there are numerous articles that

document modelling studies of how SLR might be affected by

climate change, but only SLR studies that investigated how SLR

may affect ecosystem services (as defined by the The Millenni-

um Ecosystem Assessment) were included in the review.

3. Sea level rise

The IPCC concluded that ‘‘SLR and human development are

together contributing to losses of coastal wetlands and

mangroves and increasing damage from coastal flooding in

many areas’’ (IPCC, 2007b; p. 9) and that ‘‘coastal wetlands

including salt marshes and mangroves are projected to be

negatively affected by SLR especially where they are con-

strained on their landward side, or starved of sediment’’ (IPCC,

2007b; p. 12).

This could have serious implications for the well-being of

societies dependent on coastal ecosystems services. For

instance, regulatory and supporting ecosystem services such

as accumulation and transformation of nutrients, the attenu-

ation of waves and storms, binding of sediments, and

supporting of rich ecological communities are provided by

tropical and subtropical mangrove forests and temperate salt
Modelling studies are needed to quantity a b

the 21st century, which accounts for the effe
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Further research is needed to understand th
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Fig. 1 – Opportunities for further research, evident from
marshes. There is uncertainty regarding the magnitude of SLR

under climate change–the IPCC showed that across six

scenarios (B1, B2, A1B, A1T, A2 and A1Fi), the range of the

rate of SLR during 2090–2099 was 1.5–9.7 mm/year (Meehl

et al., 2007; p. 820). Moreover, the IPCC concluded that

understanding of the effects of Greenland and Antarctic ice

sheets loss was ‘‘too limited to assess their likelihood or

provide a best estimate or an upper bound for sea level rise’’ in

the 21st century (IPCC, 2007a; p. 14) and this is an opportunity

for further research (see Fig. 1). Excluding these effects, the

IPCC projected a SLR of 0.26–0.59 m at 2090–2099 relative to

1980–1999 for their highest-emissions scenario (A1Fi) (IPCC,

2007a; p. 13) and setting an upper limit is still controversial

(Lowe and Gregory, 2010).

Observational studies suggest that by stimulating biogenic

contributions to marsh elevation, increases in CO2, may aid

some coastal wetlands in counterbalancing SLR by resulting in

marsh accretion estimates often between 1 and 15 mm per

year, which is greater than the lower range of projected SLR

rate (Langley et al., 2009; Loomis and Craft, 2010; McKee, 2011).

However, in high marsh (marsh that is located above the mean

high water level and is inundated only infrequently, during

periods of extreme high tide and storm surge), many plants are

less productive when inundated and accrete more slowly, a

feedback that can quickly transform high marsh into open

water (Gedan et al., 2009).
est estimate or an upper bound for SLR in

crs of Greenland and Antarctic ice sheets

e imapct of ocean acidification on fish.

w the South Asia monsoon will respond to

f failure on ecosystem services.
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ccured, the melting would be reversible.

 to quantify the effect that climate change
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 the knowledge gaps highlighted by this review.
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Global modelling studies suggest less optimistic impacts

with climate change. It has been estimated that due to SLR, the

total coastal wetland area of the Coral Triangle (Indonesian,

Malaysia, the Philippines, East Timor, Papua New Guinea, and

the Solomon Islands) could decrease by between 26% (B1

scenario) and 30% (A2) by 2100 relative to 2010 (McLeod et al.,

2010a). Nicholls (2004) found that between 5% and 20% of

current coastal wetlands could be lost due to SLR by the 2080s

(A1Fi scenario) but potential wetland losses due to SLR only

were relatively small when compared to the potential losses

from direct and indirect human destruction of wetlands. This

is confirmed by observations of the high stress that society can

place on coastal ecosystems (Day et al., 2008; Richards et al.,

2008; Valiela et al., 2001; Watkinson et al., 2007). Moreover, this

implies that human society’s attitude towards environmental

conservation can be highly important in terms of maintaining

the sustainability of ecosystem services in the future under

climate change.

The Chongming Dongtan Nature reserve in the Yangtze

Estuary could lose 11% and 39% of its terrestrial area in the case

of a prescribed 0.22 m and 0.88 m SLR respectively by 2100 (Tian

et al., 2010) – the reserve is a vital breeding area for migratory

shorebirds. Elsewhere the area of tidal freshwater marshes in

Georgia, U.S. have been estimated to increase by 2% under the

IPCC mean SLR scenario (52 cm SLR relative to 1999 under A1B),

but decline by 39% under the maximum scenario (82 cm SLR),

while salt marshes could decline in area by 20% and 45%,

respectively (Craft et al., 2009) – this is an area where

biodiversity and ecosystem services associated with productiv-

ity and waste treatment are high. Akumu et al. (2010) simulated

that a prescribed 1 m SLR could decrease coastal wetlands such

as inland fresh marshes from about 225.67 km2 in February 2009

to about 168.04 km2 by the end of the century in north-eastern

NSW, Australia. In a larger-scale modelling experiment,

Dasgupta et al. (2009) found that 1.86% of coastal wetlands

across 84 developing countries could be lost under a prescribed

1 m global SLR, as well as highlighting the vulnerability of low-

elevation coastal zones and small island states.

Ocean biodiversity could be affected too. Anticipated SLR

this century is potentially greater than normal rates of coral

reef growth (�6 mm/yr) and as SLR increases it could have a

material impact in synergy with other stressors, especially

ocean acidification and storms, driving shallow reef commu-

nities towards an erosional state (Veron et al., 2009). A

prescribed SLR of 0.5 m could eliminate up to 32% of sea-turtle

nesting beaches in the Caribbean (Fish et al., 2005) and studies

show SLR could have negative impacts on turtle nesting

beaches in Greece (Mazaris et al., 2009), the northern Great

Barrier Reef (Fuentes et al., 2010) and French Guiana (Caut

et al., 2010). Modelling studies suggest SLR could negatively

impact crab population numbers in the UK (Fujii and Raffaelli,

2008), whilst observations show migratory birds could be

affected due to stopover habitat losses from SLR (Galbraith

et al., 2002).

It should be noted that many of the impacts on ecosystem

services from SLR described here could be realised sooner

under a scenario of rapid melting of the GIS or the WAIS. For

instance, Bamber et al. (2009) showed that assuming a lower

limit for a collapse of the WAIS to be 400 years, collapse of the

WAIS could lead to a 3.3 m SLR.
4. Melting of sea ice, the Greenland Ice Sheet
and the West Antarctic Ice Sheet

Recent increased GIS melting, probably associated with

warming, has been observed (Joughin et al., 2008; van de

Wal et al., 2008) and shown to be migrating northward (Khan

et al., 2010). Present-day losses from both the GIS and WAIS are

approximately equivalent to 1.5 mm/year of SLR (van den

Broeke et al., 2009; Velicogna, 2009). However, there may be a

natural cycle of increase and decrease in the rates of ice sheet

loss (Kerr, 2009), so short-term trends should not necessarily

be extrapolated into the future. Satellite data since 1978 shows

that annual average Arctic sea ice extent has shrunk by 2.7%

per decade, with larger decreases in summer of 7.4% per

decade (IPCC, 2007a; p. 7).

Recent reviews suggest that there is higher uncertainty

associated with the likelihood of loss of the WAIS than there is

with melting of the GIS with climate change (Kriegler et al.,

2009; Notz, 2009). Notz (2009) argues that ‘‘tipping points’’ (e.g.

Eisenman and Wettlaufer, 2009) are more likely to exist for the

GIS and WAIS loss than for Arctic sea ice loss, and the issue of

whether GIS loss may be reversible is hotly debated (Charbit

et al., 2008; Lunt et al., 2004; Ridley et al., 2010). This presents

an important avenue for further research (Fig. 1).

Losses of Arctic sea-ice extent, GIS and WAIS could have

impacts on ecosystem services (Post et al., 2009). For instance,

recent Arctic warming is faster than that of the Pleistocene–

Holocene transition (Overpeck et al., 1996), which coincided

with widespread vegetation shifts of boreal coniferous forest

that developed as a result of a nearly ice-free Greenland (de

Vernal and Hillaire-Marcel, 2008) and faunal extinctions

across the Arctic (Guthrie, 2006).

Observations of trophic mismatch due to declines in sea ice

extent have been observed in mammals (Ferguson et al., 2005;

Simmonds and Isaac, 2007) and penguins (Jenouvrier et al.,

2009a), as sea ice changes impose spatial separations between

energy requirements and food availability (Moline et al., 2008).

Changes in plant-growing season associated with warming

over Greenland has dramatically reduced caribou populations

(Post and Forchhammer, 2008). This has potential to affect

cultural and provisioning ecosystem services; e.g. by affecting

caribou harvest by local communities, which threatens their

cultural integrity and subsistence traditions (Callaghan and

Johansson, 2009).

Observations of reduced sea ice extent and annual duration

of sea ice is lowering populations of polar bears (Derocher,

2005; Fischbach et al., 2007; Regehr et al., 2007), seals (Ferguson

et al., 2005), walrus (Grebmeier et al., 2006), breeding birds

(Gilchrist and Mallory, 2005), and lemmings (Callaghan et al.,

2005). Simulations suggest that polar bear spring and summer

optimal habitat declines of 36% and 42% could be realised in

2045–2054, and 55% and 68% in 2090–2099, relative to 1985–

1995 under an A1B scenario (Durner et al., 2009). Antarctic

emperor penguin population size could decline from around

6000 breeding pairs in present to �2300 in 2030 and to �400 in

2100, based on projections of Antarctic sea ice extent under an

A1B scenario (Jenouvrier et al., 2009b). If global-mean warming

reaches 2 8C, emperor penguin populations north of 708S could

disappear (Ainley et al., 2010).
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Estimates of SLR due to collapse of the WAIS include 3.3 m

(Bamber et al., 2009), 5 m (Lythe et al., 2001), and 6 m (Nicholls

et al., 2008); the range due to application of different models.

While the associated SLR could take over 400 years to happen

(Bamber et al., 2009), such SLR could have profound effects on

the world’s coasts (Olsthoorn et al., 2008), but it remains

uncertain to what extent society would be able to respond

(Nicholls et al., 2008). Nicholls et al. (2008) found that 8% of the

global population could be threatened by the associated

effects of a 5 m SLR, which has potential implications for

coastal migration.

5. Ocean acidification

Absorption of CO2 by the ocean has decreased ocean surface pH

by 0.1 since pre-industrial times (IPCC, 2007a; p. 14). pH is

projected to decrease by another 0.3–0.4 units under the IS92a

scenario by 2100 (Meehl et al., 2007; p. 793). More recent modelling

studies confirm these projections (Bernie et al., 2010) and the

well-accepted conclusion that future changes in OA caused by

emissions of CO2 into the atmosphere are largely independent

(although not completely) of the amounts of global-mean

temperature  rise, has been confirmed (Cao et al., 2007).

Coral reefs are the most widely recognised ecosystem

threatened by OA (Kleypas and Yates, 2009). They support a

variety of subsistence (Burke and Maidens, 2004), recreational

(Burke et al., 2008), and commercial fisheries worldwide

(Bryant et al., 1998) and calcifying organisms provide pearls,

shells, and coral pieces for jewelry (Cooley et al., 2009). Global

fisheries associated with coral reefs are valued at US$5.7

billion annually (Conservation International, 2008). Coral reefs

provide a recreational ecosystem service, largely through

tourism. Coral reef tourism equates for around 15% of GDP in

Tobago (Burke et al., 2008) and is valued at around US$150–196

million for Belize (Cooper et al., 2008).

Coral reefs physically buffer coastal zones from storm

waves, tsunamis and to some extent, SLR. This regulating

ecosystem service could be compromised by OA. Without this

service, losses could be greater, and coastal development

could be more expensive (e.g., requiring seawalls) (Cooley

et al., 2009). The global economic value of shoreline protection

by coral reefs is estimated at US$9 billion per year (Cesar et al.,

2003). Mangroves provide additional coastal protection in

many reef systems but whether they will be affected by OA is

unknown. Shoreline protection currently provided by man-

groves is estimated at US$120–180 for Belize (Cooper et al.,

2008) and US$28–50 for St Lucia (Burke et al., 2008).

Calcification of corals has declined by around 15% since

1990 in the Great Barrier Reef (De’ath et al., 2009) and Thailand

(Tanzil et al., 2009). It has been suggested that atmospheric

CO2 increases will mean that corals could become increasingly

rare beyond 2050 under SRES scenarios (Hoegh-Guldberg et al.,

2007), as the world’s oceans become undersaturated with

respect to aragonite (Feely et al., 2009). Moreover, there is

increasing evidence that among marine organisms that use

aragonite to make their shells or skeletons (e.g. corals, snails

and crabs), there will be ‘‘winners’’ and ‘‘losers’’ with

increased OA (Hendriks et al., 2010; Kleypas and Yates,

2009; Riebesell et al., 2000; Ries et al., 2009).
There is evidence that OA negatively affects commercially

valuable calcifying organisms such as mussels (Gazeau et al.,

2007; Kurihara et al., 2009) and oysters (Kurihara et al., 2007).

Developing nations in the Pacific rely on such organisms for

about 7–20% of their catches and many of the small island

states that comprise this region have limited agricultural

alternatives (Cooley et al., 2009) for the provision of income

and protein (Burke and Maidens, 2004). In contrast, industrial

nations generally import or harvest such organisms as a

luxury rather than an important source of protein (Cooley

et al., 2009). Nevertheless, if a 10–25% decrease in US mollusc

harvests from 2007 levels were to occur, $75–187 million in

direct revenue could be lost each year henceforth (molluscs

accounted for $748 million (19%) of 2007 US domestic ex-vessel

revenues) (Cooley and Doney, 2009).

Non-calcifying organisms, mainly fish, may also be affect-

ed by OA, although this is a new and emerging theme. There

are still several knowledge gaps (Cobb, 2010) and this

represent one of the knowledge gaps highlighted by this

review, which is worthy of further research (see Fig. 1). Recent

evidence suggests OA can impair fish hearing and balance

(Checkley et al., 2009), sense of smell (Munday et al., 2009), and

sensing of predators (Munday et al., 2010), which may have

serious consequences for fish populations. Moreover, OA has

been projected to trigger marine oxygen holes (Hofmann and

Schellnhuber, 2009), which cause ‘dead zones’ (Diaz and

Rosenberg, 2008).

6. Changes in ocean temperature

The IPCC found that mean global sea surface temperature

(SST) has increased by 0.13 8C per decade since 1979

(Trenberth et al., 2007; p. 237), and that it is ‘‘virtually certain

to rise significantly’’ (Nicholls et al., 2007; p. 323) with climate

change. The IPCC projections indicate that SST rise (8C) by the

end of the 21st century, relative to 1980–1999, could be 1.5 (B1

scenario), 2.2 (A1B) or 2.6 (A2) (Nicholls et al., 2007; p. 323).

One of the most prominent impacts of rising ocean

temperatures is coral bleaching. Sharp declines in the

abundance and extent of coral reefs associated with increased

bleaching have been shown to be driven in large part by

elevated SSTs (Lough, 2008), which could have major implica-

tions for the future viability of coral reef systems and the

ecosystem services they provide, e.g. see the previous section.

Major bleaching events in 1998 and 2002 affected entire reef

systems (Berkelmans et al., 2004) and global climate modelling

suggests that thermal thresholds could be exceeded more

frequently (McLeod et al., 2010b), with the consequence that

bleaching could recur more often than reefs can sustain,

perhaps almost annually on some reefs as early as 2030 under

an A2 or B2 scenario (Donner, 2009; Donner et al., 2005; Hoegh-

Guldberg, 2005). Veron et al. (2009) showed that wide-scale

temperature-induced mass coral bleaching causing mortality

started when atmospheric CO2 levels exceeded around

320 ppm, with sporadic but highly destructive mass bleaching

occurring in most reefs world-wide at around 340 ppm – at the

present level of around 387 ppm, allowing a lag-time of 10

years for sea temperatures to respond, most reefs world-wide

are committed to an irreversible decline. However, it should be
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noted that future coral bleaching is likely to be highly

heterogeneous and could produce more localised, rather than

global, impacts of climate change (Selig et al., 2010). SLR and

increasing storm intensity could exacerbate these impacts

(Veron et al., 2009).

An ability of corals to respond to rising SSTs by adapting or

acclimatising to changing conditions has been suggested

(Baker et al., 2008; Berkelmans, 2009) but recovery after

bleaching is not a full recovery and leads to a changed

ecosystem (McClanahan, 2000) and/or reduced diversity

(Lambo and Ormond, 2006). Furthermore, observed bleaching

is seen as compelling prima facie evidence that corals are

unable to adapt or acclimatise quickly enough to compensate

for climate changes (Jones, 2008).

Changing species distributions and regime shifts are

possible due to rising ocean temperatures. Reduced ice from

ocean warming reduces Atlantic krill recruitment (Loeb et al.,

1997), which in turn could have adverse effects for higher

predators that depend upon krill for food (Reid and Croxall,

2001). Cheung et al. (2009) showed that by 2050, rising SSTs

could cause high local fish extinction intensity along the

southern Mediterranean coast, as well as expansion of new

fish species into areas not previously occupied by them

(invasion) around coastal South Africa and southeastern

Australia due to limited availability of suitable habitats. Also

climate change may lead to large-scale redistribution of global

fish catch potential, with an average of 30–70% increase in

high-latitude regions and a drop of up to 40% in the tropics, in

2050 under an A1B scenario (Cheung et al., 2010). Adverse

complex responses to SSTs have been observed in the nesting

phonologies of sea turtle species (Weishampel et al., 2010), the

foraging habitats of Pacific walrus populations (Grebmeier

et al., 2006), and abundance declines of cold-adapted marine

mammals like the narwhal, beluga and polar bear, mediated

via changes in prey distribution and abundance (Simmonds

and Isaac, 2007).

7. Potential collapse of the thermohaline
circulation

The Atlantic Ocean has a Meridional Overturning Circulation

(AMOC), which transports large amounts of heat northwards

in the Atlantic from the Equator. A key component of this is

called the thermohaline circulation (THC), which is the

meridional transport of heat and salt. The IPCC stated that

it is ‘‘very likely’’ that the AMOC will slow down during the

course of the 21st century – a multi-model ensemble showed

an average weakening of 25% with a broad range from virtually

no change to a reduction of over 50% averaged over 2080–2099,

under A1B (Meehl et al., 2007; p. 772). In terms of future AMOC

shutdown (as opposed to weakening), two expert elicitation

studies illustrated large uncertainty and subjectivity. For a 4–

8 8C warming from years 2000 to 2200, the probability of

complete shutdown was assessed to be at least 10% by Kriegler

et al. (2009) and comparable results were found by the exercise

reported by Zickfeld et al. (2007) (based on experts assessing

broadly the same literature as in Kriegler et al., 2009).

The impact of THC collapse on ecosystem services may not

be confined to just the North Atlantic (Higgins and Vellinga,
2004) due to large-scale teleconnections and changes in

precipitation patterns (Vellinga and Wood, 2008). Simulations

by Link and Tol (2011) suggest that in economic terms, some

countries could initially benefit from THC collapse – e.g. an

improvement in water resources (assumed to change linearly

with global warming, based upon equations presented by

Downing et al., 1996) for Iraq in year 2100, equivalent to around

2.5% of GDP – and that at the global-scale, the impact on

ecosystems (measured by species loss) could be relatively

small compared with the impact on water resources.

Moreover, it has been suggested that terrestrial ecosystem

productivity could be affected much more by the fertilisation

from increasing CO2 concentration than by a THC shutdown

and that although regional socioeconomic impacts of THC

collapse might be large, damages would probably be small in

relation to the respective GDPs of the countries affected

(Kuhlbrodt et al., 2009).

Arnell (2006) noted that THC collapse could increase water

resources stresses in Europe and south and east Asia, which

could affect the reliability of existing water resource manage-

ment systems. Köhler et al. (2005) showed that THC collapse

could lead to a reduction of extent in boreal and temperate

forests and a decrease in carbon storage in high northern

latitudes, as well as enhanced storage in mid-latitudes due to

enhanced growing conditions.

THC collapse could have implications for fisheries and crop

yields (Keller et al., 2000). Regional shifts in currents due to

THC collapse could lower cod survival chances, which could

lead to cod fisheries becoming unprofitable by the end of the

21st century (Kuhlbrodt et al., 2009; Link and Tol, 2011). A

simulation experiment by Schmittner (2005) showed that a

slowdown in the AMOC from16 Sv at experiment year 0 to less

than 3 Sv at year 500 could lead to a collapse of North Atlantic

plankton stocks to less than half of their initial biomass by

year 500. This could have catastrophic effects on fisheries and

human food supply in affected regions. This agrees with

observational evidence from the Pacific and Atlantic that

nutrient supply to the upper productive layer of the ocean is

declining, in part because of a reduction in the strength of the

AMOC (Curry and Mauritzen, 2005; McPhaden and Zhang,

2002). Also, paleological evidence suggests that North Atlantic

plankton biomass has declined in the past by 50% during

periods of a reduced AMOC (Schmittner, 2005). Simulations by

Kuhlbrodt et al. (2009) showed that terrestrial ecosystem

productivity was affected much more by the CO2 fertilisation

effect than by a THC shutdown, and that the level of warming

in the 22nd to 24th century favoured crop production in

northern Europe considerably, no matter whether the THC

shut down or not.

8. Failure of the South Asia monsoon

The South Asia monsoon is a major provisioning and

regulating ecosystem service, with over 22% of the world’s

population depending on it (Ashfaq et al., 2009) – it contributes

75% of the total annual rainfall in major parts of the region

(Dhar and Nandargi, 2003). Understanding of how it may

respond to climate change is uncertain (Wahl and Morrill,

2010), which is an opportunity for further research (see Fig. 1).
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Global climate models show different responses of the

monsoon circulation to climate change – e.g. some models

exhibit a robust ENSO-monsoon contemporaneous telecon-

nection with climate change, such as the inverse relationship

between ENSO and rainfall variations over India, while other

models do not (Annamalai et al., 2007). Generally, global

climate models fail to accurately simulate the South Asia

monsoon (Kripalani et al., 2007). However, some studies do

suggest monsoon failures could become more common with

climate change (Ashfaq et al., 2009) and that South Asia may

experience more frequent and longer droughts in the future

(Abram et al., 2007; Overpeck and Cole, 2007). Little research

has assessed the impact of potential future monsoon failure

on ecosystem services – research is needed here (see Fig. 1).

Agriculture accounts for 18% of India’s GDP, it employs 60%

of the population, and 60% of the cropped area is rain-fed (Mall

et al., 2007). The 2002–2003 monsoon failure demonstrated the

sensitivity of ecosystem services in India to future events; a

19% decline in summer monsoon rainfall in 2002 resulted in a

18–20% decline in food grains production relative to the

preceding year (Mall et al., 2007; Sikka, 2003). Prolonged dry

periods associated with monsoon variability promoted ter-

restrialisation of wetlands in the Keoladeo National Park,

India, with some wetland biodiversity loss (Chauhan and

Gopal, 2001).

Historical evidence shows that droughts linked with four

historical major monsoon failures (mid 17th century; mid 18th

century; 1790–1796; and 1876–1878) were associated with

reductions in crops harvests and severe famines (Davis, 2001;

Lal and Islam, 2010), and societal unrest (Grove, 2007; Lieber-

man, 2003; Shen et al., 2007). Repeats of such monsoon failures

in the future could be associated with different magnitude

impacts because the population’s sensitivity to monsoon

failure may now be higher than ever due to the current

harvesting of water beyond renewable limits, which makes it

more difficult to meet water deficiencies, and increasing

commercialisation of agriculture and water-intensive cultiva-

tion are subjecting farmers to higher income risks from

adverse climate (Chand and Raju, 2009).

9. Amazonia forest dieback

Global climate modelling experiments indicate that climate

change under a ‘‘business as usual scenario’’ could cause a

major loss of the Amazon rainforest from the middle of this

century onwards (Huntingford et al., 2008). In turn, this could

induce a positive feedback on global climate, whereby

additional CO2 is released back into the atmosphere. It has

been suggested that the main driver of such ‘dieback’ could,

qualitatively, be related to projections of persistent ‘El Niño-

like’ oceanic conditions that trigger large rainfall declines over

Amazonia (Cox et al., 2004).

Recent observations of Amazonia response to a severe

drought in 2005 demonstrated a high vulnerability to drying as

well as potential for large carbon losses to exert positive

feedback on climate change (Phillips et al., 2009). Whilst initial

resistance to drought has been observed, this resistance also

appears to break down following an imposed drought of 3

years or longer (Da Costa et al., 2010).
Amazonia is home to 25% of the world’s terrestrial species

(Dirzo and Raven, 2003) and comprises a total biomass that is

equivalent to over 10 times the current annual global CO2

emissions to the atmosphere (Saatchi et al., 2007). The region

performs around 15% of global terrestrial photosynthesis

(Field et al., 1998) and it is increasing the amount of carbon

stored annually (sequestration) as a result of climate change

(Phillips et al., 2009) rather than being carbon neutral

(Luyssaert et al., 2008). Therefore dieback of Amazonian

forests would compromise an important regulating ecosystem

service and could have severe secondary impacts on biodiver-

sity as well as impact regional and global climate as a result of

CO2 release (Marengo, 2006; Phillips et al., 2002).

Modelling studies suggest high uncertainty in response

under climate change scenarios due to uncertainties associ-

ated with climate projections and forest response. Probabilis-

tic simulations by Malhi et al. (2009) indicated a 53%

probability of transition to a rainfall regime more suitable

for seasonal forest and a 26% probability of approaching a

rainfall regime more appropriate for savannah, by 2070–2099

under an A2 scenario. Other probabilistic estimates are

presented by Salazar et al. (2007) – they calculated a 75%

probability that Amazonia forest area could decrease by 3% for

the period 2020–2029 and by 18% for 2090–2099 (A2 scenario).

Sitch et al. (2008) applied patterns of climate change projec-

tions to different vegetation model formulations and found

that loss of some Amazon forest is robust to different

vegetation model formulations, but they found significant

uncertainty in the magnitude of forest loss. Similarly,

Huntingford et al. (2008) showed that the potential for

human-induced climate change to trigger the loss of Amazon

rainforest appears robust within the context of uncertainties

associated with climate model parameters and forest models.

Importantly, model simulations to 2100 can substantially

underestimate long-term committed forest loss (in simula-

tions where forest loss occurs) because the global terrestrial

biosphere can continue to change for decades after climate

stabilisation (Jones et al., 2009).

Other modelling studies show that Amazonia dieback is

highly dependent on assumptions about the CO2 fertilisation

effect – which itself is highly uncertain – to the point where

inclusion/exclusion of the effect yields decreases/increases in

Amazonia forest loss under climate change scenarios (Lapola

et al., 2009; Rammig et al., 2010). Importantly, there is evidence

to suggest that the CO2 fertilisation effect may not persist for

more than a few years (Leakey et al., 2009) and that the benefit

may be significantly reduced by concurrent fertilisation of

vines, which can shorten the lifespan of trees (Phillips et al.,

2002).

CO2 doubling modelling experiments show that further

anthropogenic deforestation of the Amazon basin for conver-

sion to pasture and cropland coupled with climate change, has

the potential to increase the basin-average temperature by up

to around 3.5 8C (Costa and Foley, 2000). Possible increases in

human migration push factors from urban areas in Brazil

(Carr, 2009) pose a contributing risk factor towards further

destruction of Amazonia with climate change. The imple-

mentation of Protected Areas (PAs) is important for main-

taining the ecosystem services currently presented by the

region (Soares-Filho et al., 2010). Moreover, climate change
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may increase vulnerability to fire, which suggests that regional

management may be critical in determining the Amazon

forest fate (Golding and Betts, 2008; Malhi et al., 2009). Owing to

the long-term decrease in carbon storage that results, fires

could act as a positive feedback on climate change (Gough

et al., 2008).

10. Changes in water availability

The IPCC concluded that all IPCC regions ‘‘show an overall net

negative impact of climate change on water resources and

freshwater ecosystems (high confidence)’’ under climate

change and that ‘‘areas in which runoff is projected to decline

are likely to face a reduction in the value of the services

provided by water resources (very high confidence)’’ (Kund-

zewicz et al., 2007; p. 175).

Observations show that forest ecosystems are highly

vulnerable to increases in drought with climate change (Allen

et al., 2010). European temperate woodlands are considered to

be particularly vulnerable to drought, e.g. France (Verbeeck

et al., 2008), Germany (Gartner et al., 2008) and the Netherlands

(van der Werf et al., 2007). Other observational studies show

that North American forests could be vulnerable to increased

tree mortality due to the increased survival of bark beetles

during drought episodes (Bentz et al., 2010) and changes in

floods and droughts are already having impacts on desert

ecosystems, e.g., population reductions (Thibault and Brown,

2008), displacement (Kelly and Goulden, 2008) and local

extinction of certain desert species (Foden et al., 2007).

Southern Mediterranean ecosystems are particularly vul-

nerable to water stress and desertification processes with

climate change (de Dios et al., 2009; Gao and Giorgi, 2008), as a

consequence of large projected decreases in precipitation and

glacier meltwater, and consequent drought stress (Giorgi and

Lionello, 2008). Mountain conifer species, butterflies, amphi-

bians and temperate trees are particularly at risk in this area

(Benito Garzon et al., 2008; Wilson et al., 2007). Mediterranean

beach tourism in the Mediterranean – an important cultural

ecosystem service and source of income in the region – may

also be affected (Moreno and Amelung, 2009).

Freshwater availability is a major provisioning ecosystem

service. A recent study (Vorosmarty et al., 2010) showed that

globally, whilst water security increases with affluence, so do

threats to biodiversity – the actions taken to reduce water

scarcity (e.g. dam construction and flow diversions) typically

results in habitat loss and reductions in fish diversity and

water quality. This is particularly relevant, given that recent

simulations suggest that drought frequency could increase

globally under climate change (Hirabayashi et al., 2008;

Sheffield and Wood, 2008). Moreover, drought can – in

conjunction with socio-economic factors – affect the vulnera-

bility of key food crops to drought (Simelton et al., 2012).

In 2000, approximately 1.6 billion people were considered

to be living in watersheds classed as water stressed (having

access to less than 1000 m3/person/year water); equivalent to

27% of the world’s population (Arnell et al., 2011). Simulations

by Rockstrom et al. (2009) showed that in 2050 (A2 scenario)

around 59% of the world’s population could be exposed to

irrigation water shortage. A number of modelling studies show
that the number of people affected by increased water stress

due to climate change could be in the range (based upon SRES

scenarios and multiple forcing climate models) of around 0.4–

1.7 billion, 0.7–2.8 billion, and 0.9–4.5 billion, in the 2020s,

2050s, and 2080s, respectively (Arnell et al., 2011; Gosling et al.,

2010; Hayashi et al., 2010).

11. Synthesis

A detailed global-scale modelling study, with consistent

baseline and future scenarios would be needed to assess

quantitatively whether ecosystem services in any particular

regions of the globe are more vulnerable than others to large-

scale changes in the climate-earth system. To this end, such a

conclusion is not possible from a literature review and this

was not an aim of this review. However, it is possible to make a

qualitative statement on which regions regularly appear as

vulnerable, based upon the frequency of mention in this

review. The regions include the Mediterranean (Benito Garzon

et al., 2008; Cheung et al., 2009; Day et al., 2008; de Dios et al.,

2009; Gao and Giorgi, 2008; Giorgi and Lionello, 2008;

Kundzewicz et al., 2008; Mazaris et al., 2009; Moreno and

Amelung, 2009; Wilson et al., 2007), low-elevation coastal

zones and small island states (Burke et al., 2008; Cooley et al.,

2009; Cooper et al., 2008; Dasgupta et al., 2009; Day et al., 2008;

McLeod et al., 2010a) and dryland margins (Alo and Wang,

2008; Foden et al., 2007; Gosling et al., 2010; Kelly and Goulden,

2008; Thibault and Brown, 2008).

It is also possible to make a mixture of qualitative and

quantitative statements on the impacts of changes in the

large-scale climate-earth system on ecosystem services that

are of particular importance to human society (see Table 2).

The statements can be divided according whether to they arise

from observational studies or modelling projection studies.

Moreover, the statements can be grouped into four broad

sectors, which were chosen based upon a value judgment of

what aspects of human society are most directly linked with

the impacts and which are drivers of migration (Black et al.,

2011; Foresight, 2011); habitability, land productivity and food

security, water security, and potential economic impacts. A

further distinction can be made, based upon whether the

impacts are local scale impacts or, regional or global in nature

(Table 2). With some changes in the large-scale climate-earth

system, effects may be an agglomeration of numerous local

scale impacts (e.g. the impact of OA on marine organisms),

while for others, effects may be much larger-scale (e.g. the

impacts of SLR on coastal habitability or the CO2 positive

feedback effects of Amazonia dieback). This highlights the

complexity of the impacts reviewed here and it means that the

environmental management response needs to be multi-

sectoral and to operate at a multitude of spatial and temporal

scales.

Fig. 2 summarises the projected impacts reviewed here,

chronologically. Text entries are placed so that the centre of

the text indicates the approximate onset of a given impact,

which is also where the colour starts increasing from pale to

deep in accordance with the magnitude of impact, though it

should be noted that many of the impacts of climate change

will be non-linear (Schneider, 2004). Adaptation to climate



Table 2 – Impacts of changes in the large-scale climate-earth system on ecosystem services that are of particular
importance to human society. Modelling projection studies are displayed in italics, observational studies in standard font.
Impacts that are regional or global in nature are underlined, while local impacts are not.

Habitability Land productivity and food security Water security Potential for economic
impacts from loss of
ecosystem services

OA negatively affects mussels and

oysters, which are relied upon by many

developing nations in the Pacific and

there are limited agricultural alternatives

(Cooley et al., 2009) for the provision of

protein (Burke and Maidens, 2004).

Cook et al. (2010) describe four

historical major monsoon failures

associated with severe droughts.

Climate change and increases in ocean

temperature may lead to large-scale

redistribution of global fish catch potential,

with an average of 30–70% increase in high-

latitude regions and a drop of up to 40% in

the tropics, in 2050 (Cheung et al., 2010).

Chand and Raju (2009) argue that

Monsoon Asia’s population’s

sensitivity to monsoon failure may

now be higher than ever due to the

current harvesting of water beyond

renewable limits, which makes it more

difficult to meet water deficiencies.

SLR could reduce habitability

due to loss of coral reefs,

sandy shores and landward

progression of estuaries

(Brierley and Kingsford,

2009).

Cook et al. (2010) describe four historical

major monsoon failures. Historical

evidence shows that the droughts linked

with each failure were associated with

reductions in crops harvests and severe

famines.

Recent observations of Amazonia

response to a severe drought in 2005

demonstrated a high vulnerability to

future drying as well as potential for

large carbon losses to exert positive

feedback on climate change (Phillips

et al., 2009).

Up to 15% of GDP for some

small islands (e.g. Tobago)

is from tourism

associated with coral

reefs but they are at risk

from OA and rising SSTs

(Burke et al., 2008).

Cook et al. (2010) describe

four historical major

monsoon failures.

Historical evidence

shows that the droughts

linked with each failure

were associated with

societal unrest.

India is highly vulnerable to monsoon

failures; a 19% decline in summer

monsoon rainfall in 2002 resulted in a

18–20% decline in food grains production

from the preceding year (Mall et al., 2007;

Sikka, 2003).

The southern Mediterranean and its

ecosystems have been identified as

particularly vulnerable to water stress and

desertification processes under climate

change conditions (de Dios et al., 2009; Gao

and Giorgi, 2008), as a consequence of large

projected decreases in precipitation and

glacier meltwater, and consequent drought

stress (Giorgi and Lionello, 2008).

Global fisheries

associated with coral

reefs are valued at US$5.7

billion annually

(Conservation

International, 2008) but

they are at increasing risk

from OA.

Collapse of the WAIS could

lead to a 3.3 m SLR (Bamber

et al., 2009), which could

have profound effects on the

world’s coasts (Lonsdale

et al., 2008; Olsthoorn et al.,

2008; Poumadère et al.,

2008), but it remains

uncertain to what extent

society would be able to

respond (Nicholls et al.,

2008).

Changes in plant-growing season

associated with warming, has

dramatically reduced caribou populations

in Greenland (Post and Forchhammer,

2008;Postetal.,2009),whichinturnhasthe

potential to affect caribou harvest by local

communities, which threatens their

subsistence traditions (Callaghan and

Johansson, 2009).

The number of people affected by increased

water scarcity due to climate change is

simulated to be around 0.4–1.7 billion, 0.7–

2.8 billion, and 0.9–4.5 billion, in the 2020s,

2050s, and 2080s, respectively, globally

(Arnell, 2004; Arnell et al., 2011; Gosling

et al., 2010; Hayashi et al., 2010).

Increasing

commercialisation of

agriculture and water-

intensive cultivation in

Monsoon Asia are

subjecting farmers to

higher income risks from

future monsoon failures

(Chand and Raju, 2009).

The total coastal wetland area of the Coral

Triangle is estimated to decrease by 26–30% in

2100 relative to 2010 (McLeod et al., 2010a).

The Mediterranean, southern Africa and

mid-western USA are areas at high risk to

reduced water availability (Gosling et al.,

2010).

Shifts in currents associated

with THC weakening could

cause fishery industries to

become unprofitable

(Kuhlbrodt et al., 2009; Link

and Tol, 2009).

Modelling studies suggest SLR could

negatively impact crab population numbers

in the UK (Fujii and Raffaelli, 2008).

THC collapse could affect global water

resources (Link and Tol, 2011). Specifically,

collapse could increase (relative to gradual

climate change) water resources stresses in

Europe and south and east Asia, and could

cause changes to the timing of river flows

through the year, which in turn could affect

reliability of existing water resource

management systems (Arnell, 2006).

The global economic

value of shoreline

protection by coral reefs is

estimated at US$9 billion

per year (Cesar et al.,

2003) but these are at risk

from ocean acidification

and rising sea surface

temperatures (SSTs).

OA negatively affects commercially

valuable calcifying organisms such as

mussels (Gazeau et al., 2007;

Kurihara et al.,

2009) and oysters (Kurihara et al., 2007).
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2020 2030 2040 2050 2060 2070 2080 2090 2100

1-34% reduction in  global wetland 
area  (dependent upon  emissions 

and human impact)

1-52% reduction in  global wetland 
area (dependent upon  emissions 

 and human impact)

3-70% reduction in  global wetland 
area (dependent upon emissions 

and human impact)

26-30% reduction in 
total coastal wetland area 

of the Coral Triangle 
(dependent on emissions) 

Corals could become increasingly 
rare beyond 2050

Coral bleaching may  occur  annually 
or biannually on some reefs

>80% of the world’s coral 
reefs could experience 

harmfully frequent 
bleaching events

30-70% increase 
in fish catch potential 

in high latitude 
regions and a drop 

of up to 40% in the tropics

75% probability that 
Amazonia forest 

area decreases by 3%

75% probability that 
Amazonia forest 

area decreases by 9%

75% probability that 
Amazonia forest 

area decreases by 18%

26% probability of approaching 
a rainfall regime more 
appropriate to savanna

Antarctic emperor 
penguin population size 

declines from ~6,000 breeding 
pairs (present) to ~2,300

Antarctic emperor 
penguin population

 size declines 
from ~6,000 

breeding pairs 
(present) 
to ~1,500

Polar bear 
optimal 

habitat declines 
of  36% (spring) 

and 42% (summer) 

Polar bear optimal habitat 
declines of 55% (spring) 

and 68% (summer) 

Antarctic emperor penguin 
population size declines from  

~6,000 breeding pairs (present) 
to ~400

0.4-1.7 billion people affected 
by increased water scarcity

0.7-2.8 billion people affected 
by increased water scarcity

0.9-4.5 billion people affected 
by increased water scarcity

SLR

Ocean
acidification

Rising ocean
temperatures
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dieback
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sea ice

Water
availability
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1. Simulated range across four SRES scenarios (A1Fi, A2, B2 and B1) (Nicholls, 2004).
2. Simulated under the SRES B1 and A2 scenarios respectively (McLeod et al., 2010a). 
3. This assumes atmospheric CO2 concentrations follow the SRES A1B, A2 or A1Fi scenarios (Hoegh-Guldberg et al., 2007). 
4. Simulated under the SRES A2 and B2 scenarios (Donner et al., 2005).  
5. Simulated under the SRES A1B scenario (Cheung et al., 2010).
6. Simulated under the SRES A2 scenario (Salazar et al., 2007).
7. Simulated under the SRES A2 scenario (Malhi et al., 2009).
8. Simulated under the SRES A1B scenario (Jenouvrier et al., 2009b).
9. Simulated under the SRES A1B scenario (Durner et al., 2009).
10. Simulated range across two SRES scenarios (A2 and B2) (Arnell, 2004).

Fig. 2 – A chronology of the impact of future change in the large-scale climate-earth system on ecosystem services, where

studies have attempted to quantify the magnitude of a given impact under a changed climate for a given time in the future.

Entries are placed so that the centre of the text indicates the approximate onset of a given impact. Adaptation to climate

change is not included in these estimations.
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change is not included in the estimations. Fig. 2 can be

compared with Figure SPM.2 of the IPCC (2007b; p. 16) and the

updated ‘‘reasons for concern burning embers’’ diagram

presented by Smith et al. (2009; p. 4134). This review is

unique, however, because it focuses on ecosystem services

only. A limitation of all three figures is that the simulations

used to inform them, are based upon the application of

different climate models and scenarios. To some extent, this is

accounted for in the diagrams, by providing information on

the scenarios, but it should, nevertheless, be noted that an

inherent degree of uncertainty is associated with the figures,

and that impact sectors may not necessarily be directly

comparable (having come from different studies). Neverthe-

less, the figures present a useful summary for policy-makers.

Fig. 2 is in large agreement with Figure SPM.2 of the IPCC

(2007b; p. 16) and the diagram presented by Smith et al. (2009;

p. 4134), which indicates that compared with results reported

in the IPCC Third Assessment Report in 2001, smaller

increases in global mean temperature rise are now estimated
to lead to significant or substantial consequences. Important-

ly, impacts may start to occur from as early as 2020 (see Fig. 2).

12. Conclusion

This review has highlighted that there is considerable

evidence to show that future climate change could have

impacts on biodiversity, as well as secondary impacts on

issues important to human society, including; habitability;

land productivity and food security; water security; and

potential economic impacts. While the studies reviewed here

do not estimate whether these impacts will affect migration,

they do – in conjunction with other drivers of migration (Black

et al., 2011) – have the potential to. However, it is important to

note that the changes in ecosystem services presented here

(e.g. see Table 2), may not play a direct role in migration, and

recent research shows – in the Mediterranean region as a case

study – that environmental factors play a limited and largely
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indirect role in migration – with only extreme forms of

environmental stress (e.g. declining rainfall) having an impact

on internal migration but unlikely to result in massive

international migration (de Haas, 2011). This is supported

elsewhere; for example – Kniveton et al. (2011) used agent-

based model simulations for Burkina Faso to show that in

terms of climate change, a change to a drier environment

produces the largest total and international migration fluxes

when combined with changes to inclusive and connected

social and political governance. Moreover, after an exploration

of the effects of environmental change on UK internal

migration, Fielding (2011) concludes: ‘‘when it comes to

internal migration, social-system-and-social-system-change,

trumps environmental-drivers-and-environmental-change

every time.’’

It is for these reasons that this review has not attempted to

estimate how changes in ecosystem services associated with

changes in the large-scale climate-earth system may affect the

numbers of migrants in the future, specifically. Indeed,

migration is complex, multi-casual and non-linear and an

environmentally deterministic approach that does not ac-

count for the importance of human agency in migration

outcomes is not appropriate (Foresight, 2011). For instance,

while collapse of the WAIS could lead to a 3.3 m SLR (Bamber

et al., 2009), a straightforward calculation that estimates the

resident population ‘at risk’ from this SLR and then assumes

that a certain proportion of this population is likely to move in

the future, is not suitable. Nevertheless, the secondary

impacts displayed in Table 2 could operate in combination

with social, political and demographic factors, to act as an

indirect driver of future migration.

This review found a proportionally larger amount of

evidence to suggest that ecosystem services are vulnerable

to changes in the large-scale climate-earth system, in three

regions, above others. These include the Mediterranean, low-

elevation coastal zones and small island states, and dryland

margins. Significantly, the latter two have recently been

highlighted as regions where understanding the links between

migration and environmental change are particularly impor-

tant (Foresight, 2011). Impacts on ecosystem services could act

as indirect drivers of migration in these regions, so efforts

need to focus on the adaptive capacity and resilience of

populations in these regions to be able to cope with projected

changes in ecosystem services.

This review shows that there is evidence to suggest that

climate change may have already affected some elements of

ecosystem services (e.g. trophic mismatch due to declines in

sea ice extent; calcification of corals; effects of floods and

droughts on desert ecosystems) and that some are vulnera-

ble to climate change (e.g. drying of Amazonia; grain yields

associated with the South Asia monsoon). However, a robust

conclusion on whether climate change has already caused

any past ecosystem changes, definitively, is not possible at

this moment in time. This is because there are no detection

and attribution studies that have focussed on ecosystem

services, specifically. Up until now, such studies have

focussed attributing more general atmospheric changes to

climate change (Christidis et al., 2011; Stott et al., 2011),

rather than ecosystem services. So, while some of the

evidence for recent changes in ecosystem impacts presented
in this review are inline with what could be expected from

climate change, they may not be directly attributed to it. To

this end, this represents a worthy avenue for further

research (see Fig. 1).

A number of key uncertainties remain in understanding

the impact of large-scale climate-earth changes on ecosystem

services and there are a number of other knowledge gaps,

which call for further research (Fig. 1). Such uncertainties

mean it is not possible to state with high confidence the

likelihood of the impact of some large-scale changes in the

climate system on ecosystem services.

For the possible future changes in the large-scale climate-

earth system considered, there could be impacts on

provisioning, regulating, cultural and supporting ecosystem

services. These impacts may not always be adverse in some

regions, however. Careful monitoring of the world’s ecosys-

tems and the services they provide will facilitate the

observation of ‘‘early warnings’’ of the impacts of both; (1)

sudden or abrupt changes in the large-scale climate-earth

system that may be decades or even centuries ahead such as

the collapse of the AMOC and WAIS; and (2) near term gradual

changes such as increasing ocean temperatures and ocean

acidification. With the aid of such early warnings, it will be

possible to implement adaptation measures and plan for the

future, to lessen the magnitude of the impact on societies

that rely upon ecosystem services that may be affected.

Moreover, efforts could be made to explore ways to reverse

some of the observed declines in ecosystem services (e.g.

coral bleaching), in a move to promote sustainability of

future ecosystem services.
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