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1. EXECUTIVE SUMMARY
This synthesis focuses on estimates of biodiversity change as projected for the 21st century by models or
extrapolations based on experiments and observed trends. The term “biodiversity” is used in a broad
sense as it is defined in the Convention on Biological Diversity to mean the abundance and distributions of and interactions between genotypes, species, communities, ecosystems and biomes. This synthesis pays particular attention to the interactions between biodiversity and ecosystem services and to
critical “tipping points” that could lead to large, rapid and potentially irreversible changes. Comparisons between models are used to estimate the range of projections and to identify sources of uncertainty. Experiments and observed trends are used to check the plausibility of these projections. In addition
we have identified possible actions at the local, national and international levels that can be taken to
conserve biodiversity. We have called on a wide range of scientists to participate in this synthesis, with
the objective to provide decision makers with messages that reflect the consensus of the scientific community and that will aid in the development of policy and management strategies that are ambitious,
forward looking and proactive.

KEY CONCLUSIONS
Projections of global change impacts on biodiversity show continuing and, in many cases, accelerating species
extinctions, loss of natural habitat, and changes in the distribution and abundance of species and biomes over
the 21st century.
n Combined changes in land use, exploitation
of forests and marine resources, rising atmospheric CO2 concentrations, climate change
and eutrophication are projected by models
to result in significant changes in the distribution and abundance of species, species groups
and biomes. Many of these biodiversity transformations will involve large and sometimes
highly visible modifications of ecosystems such
as widespread conversion of tropical forest to
pastures and croplands, climate-induced invasion of tundra by boreal forest, reductions in the
abundance of top predators in marine systems,
etc. Some species are projected to increase
in abundance or expand their ranges, but the
abundance or range size of many species will
decline, often leading to substantially increased
risk of extinctions.
n Land use change, modification of river flow,
freshwater pollution, and exploitation of
marine resources are currently the most
important drivers of biodiversity change
and are projected to remain so over the
coming century. Climate change and ocean

acidification will become increasingly important drivers during the 21st century.
n New socio-economic scenarios point to plausible development pathways of low greenhouse
gas emissions and low land conversion that
could lead to much lower biodiversity impacts
than projected in previous studies. These optimistic scenarios require fundamental changes
in development paradigms, but are coherent
with known constraints on economics, resource
use and human development goals.
n The synthesis of a broad range of global land
use scenarios and models of climate change
impacts on terrestrial and ocean systems shows
there is much greater variability in projections of biodiversity loss compared to previous
assessments. In addition, if greenhouse gas
emissions continue along current trajectories,
several Earth System models project that this
will result in far greater climate-induced transformations of terrestrial biomes and marine
biota than projected in earlier global biodiversity assessments.
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n Experiments, observations of current trends
and/or the paleontological record are consistent with some model projections, such as the
poleward migration of boreal forest due to
climate change, but other projections such as
massive extinctions due to mid-century climate
change have weaker support from past and
present trends at least for certain taxa (e.g.,
some plants and insects).
n The projected changes are heterogeneous
spatially and among taxonomic groups, so even
moderate biodiversity losses at the global level
may translate to dramatic biodiversity losses
or changes at the regional level or for a given

functional species group or set of vulnerable
species. The largest impacts are projected to be
habitat and species losses in tropical forests,
biome shifts in boreal and Arctic tundra, and
dramatic changes in species abundance in
many freshwater and marine systems.
n Lags in the underlying socio-economic,
climate and global biogeochemical drivers
make acceleration in biodiversity transformations inevitable over the next several decades
and require that mitigation and adaptation
measures must be taken well before unacceptably large impacts on biodiversity are observed.

Thresholds, amplifying feedbacks and time-lag effects leading to “tipping points” are widespread and make
the impacts of global change on biodiversity hard to predict, difficult to control once they begin, and slow and
expensive to reverse once they have occurred.
n The existence of tipping-points can be anticipated with high confidence; however, specific
thresholds cannot yet be predicted with
adequate precision and advanced warning
to allow them to be approached without high
risk. This argues for a precautionary approach
to human activities that are known drivers of
biodiversity loss.
n Human demands for food, fiber and energy
play a key role in driving many of the tipping
points especially through conversion of natural and semi-natural ecosystems to farming and
the overexploitation of marine resources. While
global biodiversity assessments have emphasized
the significance of these drivers, the potential
importance of thresholds, amplifying feedbacks
and time-lag effects leading to tipping-points
has been underestimated. For example, previous global biodiversity assessments have not fully
accounted for the extremely rapid disappearance
of the Arctic polar ice cap, nor the possible widespread dieback of the Amazon forest.

8

n Tipping points analyses indicate that rising
atmospheric CO2 concentrations and climate
change could lead to major biodiversity transformations at levels near or below the 2°C
global warming defined by the IPCC as “dangerous”. Widespread coral reef degradation, large
shifts in marine plankton community structure
especially in the Arctic ocean, extensive invasion of tundra by boreal forest, destruction of
many coastal ecosystems, etc. are projected
to occur below this low level of warming. Due
to lags in the socio-economic, biological and
physical systems of the Earth these transformations will be essentially irreversible over the
next several centuries.
n Many of the tipping points occur due to
complex feedback mechanisms or interactions between two or more drivers that are
not accounted for in models currently used
to project global change impacts on biodiversity. Because of this, the risk of catastrophic
biodiversity loss as a result from interactions
between two or more drivers, such as widespread Amazon forest dieback from interactions
between deforestation and climate change, has
been substantially underestimated in previous
global biodiversity assessments.
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For many important cases the degradation of ecosystem services goes hand-in-hand with species extinctions,
declining species abundance, or widespread shifts in species and biome distributions. However, conservation of
biodiversity and of some ecosystem services, especially provisioning services, are often at odds.
n Most of the biodiversity tipping points that we
have identified will be accompanied by large
negative regional or global scale impacts on
ecosystem services and human well-being.
For example, the widespread and irreversible degradation and loss of natural coastal
habitats due to pollution, habitat destruction,
changes in sedimentation and sea-level rise will
be accompanied by increased risk of coastal
damage by waves and storm surges and the loss
of productivity of coastal fisheries.
n Biodiversity loss and the erosion of the capacity
of ecosystems to deliver services often respond
in similar ways to shared drivers; however, the
relationship between them is not simple, and
may be different for the various dimensions of
biodiversity. For example, the links between
local species extinctions and reduced capacity
to deliver ecosystem services remain, in many
cases, elusive.
n Experiments, observations and models indicate that changes in ecosystem services are
more tightly coupled to changes in the abundance and distribution of dominant or keystone
species than to species extinctions. This calls for

increased awareness of the importance of shifts
in species distribution and changes in local
abundance as the principal drivers of change in
ecosystem services. Global analyses of biodiversity change may conceal large, disproportionate
local changes for some functional species
groups (e.g., top predators) that have a strong
influence on ecosystem services.
n Improvements in ecosystem services, especially provisioning services such as food, fiber
and energy production, can come at the cost of
habitat loss, reductions in species abundance
and species extinctions. Efforts to maximize a
small range of these provisioning services in the
short term typically result in negative impacts
on biodiversity and important sustaining, regulating and cultural ecosystem services. This calls
for prudence in using ecosystem services as a
blanket argument for conserving species. It also
argues in favor of management that sustains
a broad and balanced range of ecosystem
services, including existence values, as opposed
to focusing on provisioning services.

Strong action at international, national and local levels to mitigate drivers of biodiversity change and to
develop adaptive management strategies could significantly reduce or reverse undesirable and dangerous
biodiversity transformations if urgently, comprehensively and appropriately applied.
n Increasing agricultural efficiency is one of
the most important keys to minimizing the
destruction of natural terrestrial and freshwater habitats and limiting pressure on
marine resources. There is considerable
debate concerning the margin for increasing
agricultural efficiency, but some recent socioeconomic scenarios require no net increase
in land under cultivation at the global scale
over the 21st century. Attaining this goal would
require limited population growth, substantial increases in agricultural productivity
and efficient use of primary production (e.g.,
reduction of post-harvest losses, limited meat
consumption). Negative impacts of agricultural
intensification on biodiversity can be minimized by appropriate agricultural practices.

n International regulation of fishing in non-territorial waters and improved governance at
local to global scales are key to avoiding widespread modifications of marine food chains and
collapse of important fisheries. Some forms of
low-impact aquaculture could play an important role in preserving marine resources, but
without appropriate regulation aquaculture has
and will continue to lead to significant environmental problems.
n Climate mitigation is urgent as illustrated in
many of the tipping points analyses. In particular, the target of limiting 21st century climate
warming to 2°C may reach or exceed the
climate change threshold for several tipping
points, particularly for the Arctic ocean, Arctic
tundra and coral reefs. However, mechanisms
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of climate mitigation should be assessed for
their likely impacts on biodiversity. Potential synergies between climate mitigation and
biodiversity conservation are numerous, for
example the negotiations for the UNFCCC
include a mechanism to encourage the reduction of emissions of greenhouse gases due to
deforestation and degradation (REDD) which
could preserve tropical forest biodiversity and
significantly reduce global greenhouse gas
emissions if appropriately implemented.
n Limited deployment and appropriate management of biofuels can substantially reduce
competition between intensively managed
ecosystems and natural habitats. Current trends
and models suggest that large-scale deployment of biofuels results in net negative impacts
on biodiversity. Previous biodiversity assessments have underestimated the opportunities
for reducing climate change impacts on biodiversity, in part, because they relied heavily on
biofuels for climate mitigation.
n Protected areas on land and sea are one
of the most effective means of biodiversity

conservation if their status is properly
respected. Existing protected areas and new
networks need to account for the highly
dynamic nature of future biodiversity transformations, which will require much stronger
integration of biodiversity conservation in and
outside protected areas, especially for freshwater ecosystems.
n Ecosystem-based approaches can contribute
to climate change mitigation and adaptation
and to sustainable development more broadly.
Spatial planning for ecosystem services at international, national and local levels will be an
important component of ecosystem-based
approaches. However, because not all elements
of biodiversity are critical for ecosystem
services, it is important to also target critical
areas for protecting biodiversity for its own sake
in spatial planning.
n Widespread ecological restoration, e.g. largescale reforestation, has not been included in
biodiversity projections, but could play an
important role in maintaining biodiversity, and
the provision of associated ecosystem services.

In the following sections we provide the details of the scientific underpinning of the conclusions outlined
above (Section 2) and highlight the areas of research where significant progress must be made in order
to improve the confidence in biodiversity scenarios (Section 3).
Our finding that there is greater uncertainty in projections of biodiversity change than has been acknowledged in previous global assessments should not be used as an excuse for inaction. Our message is the
opposite: we find that continuing on our current development pathway leads to very high projected risks
for biodiversity change and disruption of ecosystem services, and that the opportunities for conserving
biodiversity are greater than previously expected.
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2. TECHNICAL SUMMARY OF THE
BIODIVERSITY SCENARIOS SYNTHESIS
This section synthesizes existing scenarios for biodiversity change over the 21st century. It focuses
on the response of biodiversity to five main global
change drivers: habitat degradation and destruction, climate change, nutrient loading, overexploitation of biological resources and biotic exchange1. We
use “biodiversity” in a broad sense as it is defined
in the Convention on Biological Diversity to mean
the abundance and distributions of and interactions
between genotypes, species, communities, ecosystems and biomes, and are very careful in our analyses to identify which of these components are being
addressed. In addition to examining the potential
impacts of global change on biodiversity, we have
also identified key actions that can be taken to slow,
halt or even reverse biodiversity loss.

based on research published in peer-reviewed scientific journals. A wide range of scientists participated in the preparation of this synthesis by contributing text, especially for the tipping points analyses,
by participating in a scoping workshop and by providing ample comments on drafts of this synthesis.
This synthesis of biodiversity scenarios is organized
by major realms: terrestrial, freshwater and marine
systems. Within each realm we present model projections for biodiversity change at the global scale
and for specific ecosystem types or regions, with a
focus on biodiversity tipping points (Box 1). Our
analyses of tipping points cover several regions of
the world (Figure 1) which are a subset of a much
wider list of potential tipping points.

Our work differs from previous scenario assessments TERRESTRIAL SYSTEMS
such as the Millennium Ecosystem Assessment (MA Global biodiversity models project that terrestrial
2005), the Global Environmental Outlook 4 (UNEP species extinctions, loss of natural habitat, and
2007) and the Global Biodiversity Outlook 2 (CBD changes in the distribution and abundance of
2006), because it focuses on synthesizing informa- species, species groups and biomes will continue
tion from a broad range of models and scenarios. throughout this century, with land use change being
Previous assessments have relied on a single model the main threat in the short term, and climate change
framework for generating scenarios of biodiversity becoming progressively much more important over the
change over the 21st century, which has the advan- next several decades.
tage of providing fully integrated and
internally coherent projections of the
Arctic
indirect and direct drivers of biodiTundra
Tundra
versity and their effects on biodiversity. The disadvantage of using a single
Mediterranean
forest
model framework is that it may underFisheries
Sahel-Sahara
estimate uncertainty, since modCoastal
systems
els differ greatly in their underlying
Co
ral
Amazonian
Miombo
assumptions and their projections of
ree
forest
woodlands
fs
biodiversity change. In addition, we
Marine
have attempted to confront projecplankton
tions with observations and experimental data in order to evaluate the
degree of certainty in model projecFIGURE 1 MAP OF THE DISTRIBUTION OF TIPPING POINTS OF GLOBAL IMPORTANCE.
tions. Our synthesis relies primarily
Base map is the NASA Blue Marble Next Generation, a MODIS-derived 500m true color
on global and large regional scale proearth dataset. Source: onearth.jpl.nasa.gov/.
jections, and to the extent possible is
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BOX 1

WHAT IS A TIPPING POINT AND WHY ARE TIPPING POINTS IMPORTANT?

A relatively broad definition of tipping point has been used in the context of the GBO3 biodiversity scenarios synthesis. It includes situations where
changes in ecosystem functioning are significant enough to have important impacts on biodiversity or ecosystem services at regional to global scales, and
that meet any one of the following four criteria:
1. The overall effect of a global 2. There is a threshold beyond which
change driver is amplified by
an abrupt shift between alternate
positive feedback loops;
ecological stable states occurs;

3. The changes induced by the 4. There is a significant time lag between the
driver are long lasting and
dynamics of the drivers and the expression
hard to reverse;
of impacts, causing great difficulties in
ecological management.

Tipping points are a major concern for scientists, managers and policy makers because of their potentially large impacts on biodiversity, ecosystem
services and human well-being and the difficulty in adapting coupled human-environmental systems to rapid and potentially irreversible regime shifts.
While it is almost certain that tipping points will occur in the future, the dynamics in most cases cannot yet be predicted with enough precision and
advance warning to allow for secure and adequate approaches to avoid or mitigate impacts. This reality argues for a precautionary approach to human
activities which are known to drive biodiversity loss.
For the GBO3 a diverse, but not exhaustive, range of biodiversity and ecosystem services tipping points has been selected. The tipping points selected
cover examples from terrestrial, freshwater and marine systems and differ in terms of the main drivers of the underlying mechanisms and of the extent of
their spatial distribution. We have not considered all potentially policy-relevant tipping points, and the selection presented should not be regarded as a
prioritization of tipping points with respect to their relevance for biodiversity and ecosystem services. This selection aims to provide an overview of tipping
points of global importance and to raise the awareness about these phenomena and their consequences. All tipping point descriptions are accompanied by
a diagram summarizing the main drivers and mechanisms involved. Pictures illustrating the current condition and the potential future state are also shown.

IMPACT OF DRIVERS
Drivers:
Habitat change
Climate change
Overexploitation
Invasive species
Pollution

TIPPING POINT MECHANISMS
Impacts:

High

Positive/amplifying
feedback

Irreversibility

Threshold

Time lag

Low

In general, land use change has been the main driver
of terrestrial biodiversity loss during the past century. Land use change, climate change and to a lesser
extent nutrient loading, have been predominantly
selected over other drivers to explore projections
of terrestrial biodiversity change at the global scale.
The effects of species invasions and overexploitation, although suspected to be important are still
underexplored due to a lack of adequate global datasets and models2.

Species extinction
Distant past

Recent past

Future

E/MSY
100000
10000

Plants

1000
100

Mammals,
birds &
amphibians

Birds

Red list

Jetz

Plants &
animals

Plants &
animals
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Mammals

Models of terrestrial biodiversity response to global
change vary considerably in the methods of modeling biodiversity responses to drivers and in measures
of biodiversity change, which greatly complicates the
task of synthesis. Methods for modeling biodiversity
responses are particularly diverse and include nichebased models3, dose-response relationships4, species-area relationships5, empirical estimates of vulnerability based on IUCN criteria6, global vegetation
models7 and various combinations of these and other models. We have focused on four key measures
of biodiversity change – (i) species extinctions8, (ii)
changes in species abundance9, (iii) habitat loss10
and (iv) changes in the distribution of species, functional species groups11 or biomes12.
SPECIES EXTINCTIONS — Projections of 21st century

1
0.1

Background
extinction rate

FIGURE 2

Malcom

Thomas

HISTORICAL EXTINCTION RATES AND SCENARIO
PROJECTIONS FOR THE 21ST CENTURY.

Extinctions per million species years (E/MSY) for distant past, recent
past and future. “Distant past” refers to the background extinction rate
of mammals obtained from the fossil record (MA 2005). “Recent past”
refers to documented extinctions registered in the 20th century, by the
Red List — mammals (upper bound), amphibians (lower bound) and birds
(in between) (Baillie et al. 2004). “Future” refers to projections of species
“committed to extinction” according to different global scenarios: birds
(Jetz et al. 2007, for the period of 2000–2050), vascular plants (van
Vuuren et al. 2006 for the period 1995–2050) and various taxa (Thomas
et al. 2004 for the period 2000–2050 and Malcolm et al. 2006 for the
period 2000–2100). This figure shows that projected extinction rates have
large uncertainties (both intra and inter-study), but are nonetheless higher
than recent extinction rates.

terrestrial species extinctions, also referred to as

12

van Vuuren
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TABLE 1 Characteristics of models of extinction risks for terrestrial species presented in Figure 2.
Thomas et al. (2004)

van Vuuren et al. (2006)

Malcolm et al. (2006)

Jetz et al. (2007)

Global
change
drivers

Climate change

Land use
& climate change

Climate change

Land use & climate change

Socioeconomic
scenario

Various GHG emissions
scenarios

MA 2005 socioeconomic scenarios

Broad range of GHG
emissions scenarios (see
Neilson et al. 1998)

MA 2005 socioeconomic scenarios

Hadley centre climate model

IMAGE climate model
(Bouwman et al. 2006)

Several (Neilson
et al. 1998)

IMAGE climate model

Synthesis of regional
projections of species
ranges using nichebased models

Habitat loss based on land
use change & the IMAGE
global vegetation model
(Bouwman et al. 2006)
response to climate.

Habitat loss based on two
global vegetation models.

Habitat loss based on land
use change & the IMAGE
global vegetation model
response to climate.

Species-area curves
and IUCN status

Species-area curves.

Species-area curves

IUCN status. (Extinction
= 100% habitat loss)

Species
groups
considered

Various plants and animals

Plants

All species in biodiversity
“hotspots”

Birds

Periods for
projections

2050

2050 & 2100

2050 & 2100

2050 & 2100

Climate
models

Habitat or
species
range model

Species
extinction
model

“species loss”, have been the focus of several recent
studies, which is understandable because extinctions constitute an irrevocable loss of unique life
forms. We have summarized these projections in
Figure 2 and Table 113.
The majority of these studies project that a very large
fraction of species will be “committed to extinction” in the 21st century due to land use and climate
change (Figure 2, Table 1). These projected rates are,
with one exception, two orders of magnitude higher than observed extinction rates in the second half
of the 20th century, which are already approximately two orders of magnitude higher than in the Cenozoic fossil record.
Projected species loss varies substantially across
biomes in all studies. For example, the Jetz et al.
study indicates that birds in tropical regions are the
most sensitive, due to large-scale deforestation in
these biomes that are characterized by exceptional species richness and narrow geographical ranges of species (Figure 3). In contrast, van Vuuren et
al. rank warm mixed forests, temperate deciduous
forests and savannahs as being the most sensitive
to global change (Figure 4). Part of this divergence
is due to the focus on percent species loss in van
Vuuren et al. versus numbers of species extinctions
in Jetz et al., highlighting the importance of global

patterns in species richness as a critical determinant of future species extinctions.
Land use change typically remains the dominant
driver of species loss at the global scale throughout
the 21st century in projections that account for both
land use and climate change. In all studies based on
the Millennium Assessment (MA) socio-economic
scenarios, the regions most heavily impacted by land
use change are grasslands, savannas and tropical
forest in Central and Southern Africa (also see tipping points in Box 5 and Box 6), the Atlantic coastal regions of South America which include megadiverse Atlantic forests, and parts of Southeast Asia
(Figure 3). Habitat loss accounts for more than three
quarters of global species loss at 2050 in van Vuuren
et al., although climate change impacts predominate
in high latitude biomes (Figure 3). Surprisingly, the
highest projections of species loss come from models that only account for climate change (Thomas et
al. and Malcolm et al. in Figure 2). Large differences in methods and species groups studied make it
difficult to determine why this occurs14.
Socio-economic scenarios with high population
growth rates and low value placed on public goods
have the highest projected species loss (i.e., the
“Order from Strength” scenario in studies based
on the MA (2005), Table 1), but in general there are
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only modest differences between socio-economic scenarios in many studies of species loss (e.g.,
Figure 4) despite important differences in human
population growth, greenhouse gas emissions, environmental technologies, etc. The absence of large
differences in impacts on species across scenarios
appears to be the result of complex compensatory
effects of development pathways on land use and
climate change impacts15. We delve into potential
explanations for this in the “Species Abundance”
section below.

FIGURE 3

PROJECTED CHANGES IN LAND-COVER AND IMPACT ON
BIRDS FOR 2100.

A) and B) Projected land cover changes due to land use and climate
change for two contrasting socio-economic senarios, with the “Adapting
Mosaic” being environmentally proactive and the “Order from Strength”
being environmentally reactive. C) and D) Pattern of richness of
species with projected range declines >=50%. The map represents
the summed occurrences of qualifying species across a 0.5° grid.
Source: Jetz et al. 2007.

There is growing concern that projections of species
extinctions, especially those based on species-area
relationships, rely on insufficiently tested hypotheses
and are incoherent with recent historical extinctions
and the paleontological record16. It should also be
kept in mind that most models project the proportion of species that are “committed to extinction” at
some future time because their habitat or range size
shrinks, but the lag time between becoming “committed to extinction” and actually going extinct may
range from decades to many millennia17. Interestingly, in our analysis, the model that does not use
species-area curves (Jetz et al. 2007) forecasts only
slightly higher extinction rates compared to those
observed over the last century, while the remaining models project extinction rates that are as much
as two orders of magnitude higher (Figure 2). Arguably, the Jetz et al. model may be too optimistic as
it only projects extinctions when the entire habitat of a species has been modified18. Furthermore,
habitat loss often makes species more vulnerable to
other drivers of extinction such as exploitation, as
is the case for large mammals, or disease, as is currently the case for Central American amphibians19.
In addition, future extinctions could be worse than
projected in the most pessimistic scenarios in Figure
2, because the non-linear dynamics of tipping points
have not been fully accounted for (see below). The
above considerations clearly illustrate that there is
far more uncertainty in projections of species extinctions than previous assessments have suggested, and
therefore it is incumbent on the scientific community, biodiversity managers and policy makers to make
concerted efforts to better understand this uncertainty and to develop plans of action accordingly.
SPECIES ABUNDANCE — Population sizes of species, also

FIGURE 4

PROJECTED CHANGES IN AREA AND VASCULAR PLANT
DIVERSITY FOR EACH BIOME IN 2050.

Values are given for the “Global orchestration” socio-economic scenario
and black bars indicate the range of projections based on the four MA
(2005) socio-economic scenarios. Relative loss of vascular plant diversity
indicates the percentage of species “committed to extinction” per biome.
All values are relative to 1995 values. Source: van Vuuren et al. 2006.
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referred to as “species abundance”, are an important
and sensitive indicator of the intensification or alleviation of pressures on species and their habitats.
Changes in species abundances of well-studied terrestrial and marine vertebrates are the basis of the
Living Planet Index (LPI), one of the most widely
used measures of global biodiversity status. Models
have recently been developed to project changes in
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terrestrial species abundance over the 21st century at
regional and global scales, where change in species
abundance is defined as the loss of species between
a “natural” or relatively undisturbed reference ecosystem and a transformed ecosystem in these studies20. We present the two published global projections of species abundance (GEO4 and GBO2), both
based on the GLOBIO model, and compare them
with recent trends in the LPI for terrestrial species.
Global models project that mean species abundances will decrease during the first half of the century
between 9% and 17% (Figure 5A). Observed trends
in the Living Planet Index (LPI) for terrestrial ecosystems also show strong reductions in abundance
for vertebrate species (Figure 5B), although considerable caution must be exercised when comparing
observed and projected trends because of important
methodological differences21. Despite these differences in methods, observations and model-based
projections indicate that populations of many species, especially those that depend on natural habitats, can be expected to decline rapidly over the next
several decades at the global scale. Projections from
the GEO4 even suggest that species abundances will
decline at increasing rates (Figure 5A).
One of the novel aspects of the analyses of the GBO2
is that specific policy and development pathways
were examined individually to study their impacts
on biodiversity (Figure 6B), making analysis for policy action easier than with complex socio-economic storylines (e.g., MA and GEO4 scenarios). Substantial increases in protected areas are projected to
have the greatest positive impact on biodiversity by
2050 compared to the baseline scenario22. Sustainable meat production also has beneficial effects on
biodiversity through reduced pressure on land use
for pastures and crops. Concerted efforts to alleviate
poverty have a negative effect on species abundances, primarily due to increased demand for food and
energy production in this option23. Surprisingly, the
climate mitigation option results in lower species
abundance than in the baseline scenario, primarily

2030

2050

OBSERVED CHANGES AND SCENARIO
PROJECTIONS TO 2050 IN ABUNDANCE
OF TERRESTRIAL SPECIES.

A) Modelled changes in terrestrial mean species abundance
(MSA) using the GLOBIO model (Alkemade et al. 2009)
for the GEO4 and GBO2 scenarios from 1970 to 2050.
B) The Living Planet Index (LPI) for terrestrial species is
based on observed changes in the population sizes of wellstudied terrestrial vertebrates from 1970 to 2005 (Source:
Jonathan Loh, WWF). These two indicators assess changes in
species abundances, but are calculated differently so they
are not directly comparable. Nevertheless, they suggest that
species abundances have been declining globally, and will
continue to do so in the examined scenarios. The scenario
that has the least biodiversity loss is the one where effective
protected areas are implemented and expanded globally.

because this option relies heavily on large-scale
conversion of natural systems for biofuels. Largescale deployment of biofuels is also a key element
of “environmentally friendly” socio-economic scenarios used by the MA (i.e., “Technogarden”) and
GEO4 (i.e., “Sustainability first”) and explains in
part why these scenarios don’t lead to more favorable outcomes for biodiversity24. A second important explanation is that climate mitigation will have
relatively small impacts on global warming by 2050
because of long time lags in the Earth system25. Climate mitigation is expected to play an extremely important role in limiting biodiversity change
by the end of the century, in the absence of largescale deployment of biofuels (see examples “Shifts
in the distribution of species, species groups and
biomes” below).
Species abundance models avoid some of the pitfalls
of projecting species extinctions, because they are
anchored in observations of environmental impacts
on species. However, they do have some important
limitations. In particular, defining the reference ecosystem can be problematic, especially when few
pristine ecosystems remain or are not a relevant
baseline26. It has been suggested that long-term population monitoring data provides a much stronger basis for a species abundance approach27, but
this is strongly limited by the lack of data for many
regions and species groups (cf. LPI). An additional
caveat is that these models have not been validated at large regional or global scales, so we do not
know if the limited number of local-scale measurements of species response to environmental impacts
used in constructing the models can correctly capture trends at these large scales.
HABITAT LOSS — Conversion of relatively undisturbed

terrestrial ecosystems to agricultural, urban systems
or other highly human dominated systems, also
referred to as “habitat loss”, is currently the main
driver of changes in species abundance globally.
All models that we have analyzed project a substantial loss of natural habitats over the coming century
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ESTIMATED HISTORICAL CHANGES IN ABUNDANCE OF TERRESTRIAL SPECIES AND COMPARISON
OF PROJECTED CHANGES IN 2050 FOR DIFFERENT SUSTAINABILITY POLICIES.

A) Historical and projected changes for a “Business as Usual” scenario in Mean Species Abundance. B) Comparison of scenarios examining the effect of
different policy options on Mean Species Abundance for 2050 as compared to the Baseline projection. Projections were made using the GLOBIO model.
Source: ten Brink et al. 2007.

Projections of forest land in 2050
10 6 km 2
00
70

00
60

50
00

40
00

MA

MA_GO
MA_OFS
MA_AM
MA_TG
GEO4_MF
GEO4_PF
GEO4_ScF
GEO4_SF
GBO2_CC
GBO2_L
GBO2_PR
GBO2_SM
GBO2_SF
GBO2_PA
MiniCAM A
MiniCAM B
MiniCAM C

00
30

00
20

00
10

GBO2
GEO4

MiniCAM

00
2000
2000

FIGURE 7

2005

2010

2015
2015

2020
2020

2025
2025

2030

2035
2035

2040

2045
2045

2050
2050

PROJECTED CHANGES IN THE EXTENT OF FORESTS TO 2050 IN DIFFERENT GLOBAL SCENARIOS.

Data sources: MA scenarios (Sala et al. 2005), GBO2 scenarios (ten Brink et al. 2007), GEO4 scenarios (UNEP 2007) and MiniCAM scenarios (Wise et
al. 2009). For the MA, GBO2 and GEO 4 (all based on IMAGE (Bouwman et al. 2006)), forest includes mature forest, regrowth forest and wood plantations
(for timber or carbon sequestration), but excludes woody biofuel crops. The MiniCAM scenarios uses different categories, and forest includes managed and
unmanaged forest. The MiniCAM scenarios show that there is a much wider range of possible futures for forest, depending on the policies and societal choices,
than had been previously anticipated in other scenario assessments. An increase in forest area can be achieved by increasing crop yields in developing
countries, limiting meat consumption, and avoiding large-scale deployment of biofuels.
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primarily due to conversion for crop or bioenergy
production, or due to climate change (e.g., Figure
3 and Figure 4).
Deforestation is the most important cause of habitat loss at the global scale, so we have used a simple index — the area of natural and semi-natural
forest globally — to provide an overview of modelbased projections of habitat loss. Most models project loss of forests globally, but some best-case scenarios result in an increase in forest area by 2050
(Figure 7). The relative importance of land use and
climate change in driving these losses or gains varies in different scenarios (Figure 3), with climate
change growing in importance over time in all scenarios. The strongest negative impacts of land-use
change are projected to occur in the tropical forests, while boreal forests will be mainly affected by
climate change (Figure 3), although global vegetation modeling studies (see below) and our tipping points analyses suggest that climate change
impacts in temperate and tropical forests could be
much greater than previous biodiversity assessments have suggested.
The range of habitat loss projections across studies
suggests that the differences between future pathways may be much greater than previously anticipated. Within most previous studies, there are relatively small differences in projected forest area change
arising from the various socio-economic scenarios (Figure 7, GEO4, GBO2 and MA studies). This
has been attributed to compensating mechanisms,
two of the most important being related to bioenergy production and agricultural productivity28. As
discussed above, most “environmentally friendly” socio-economic scenarios achieve only minor
reductions in habitat loss in comparison with other development pathways, in part because climate
mitigation relies on large-scale deployment of bioenergy production. In contrast, some recent socioeconomic scenarios suggest that climate mitigation
can be plausibly achieved with modest reliance on
bioenergy (Figure 7, miniCAM B). Second, most
scenarios require large-scale conversion of natural habitats to croplands, either because crop yield
improvements are low or because food consumption
rises rapidly29. Some recent scenarios suggest that
substantially increased crop yields in developing
countries is plausible (though this is hotly debated),
and when combined with limited meat consumption can substantially reduce the conversion of natural habitats to croplands30 (Figure 7 — miniCAM B).
At the opposite extreme, plausible scenarios combining large-scale deployment of biofuels and rapidly rising food consumption lead to a loss of forests that far exceeds the worst scenarios in previous

FIGURE 8

PROJECTED CHANGES IN MAJOR VEGETATION TYPES BY
2100 DUE TO CLIMATE CHANGE.

(a) High CO2 emissions scenario from the IPCC (A1 SRES) and (b) Low
emissions scenario (B2 SRES). Vegetation shifts are shown only if they
exceed 20% in a given grid cell. Projections done with the LPJ global
vegetation model and relative to 2000. Source: Fischlin et al. 2007.

biodiversity assessments (Figure 7 — miniCAM C).
One of the key lessons drawn from this analysis is
that differences in socio-economic development
pathways can have a tremendous impact on habitat loss as well as on biodiversity at other levels, but
that the suite of storylines that have been used for
most global biodiversity assessments are not well
adapted to demonstrating the potential impacts of
policy choices on biodiversity.
SHIFTS IN THE DISTRIBUTION OF SPECIES, SPECIES GROUPS
AND BIOMES — Shifts in the spatial distribution of spe-

cies, vegetation types or biomes have been projected at the regional and global scales by a wide range
of models, especially niche-based models and global vegetation models that focus on climate change
as the main driver. We have not made an exhaustive review of these models and their projections,
but have chosen to focus on representative examples of recent work with global vegetation models.
As shown in Figure 8 and Figure 9, climate driven
shifts in the ranges of species and biomes could be
many 100’s of km poleward over the next century.
These shifts in the distribution of species, vegetation types or biomes are important biodiversity
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PROJECTED CHANGES
IN VEGETATION
COVER OF TREES AND
HERBACEOUS SPECIES
FROM 1860 TO 2099.

Trees (TREE, panels on the left) and
herbaceous species (HER, panels on the
right) from 1860 to 2099 based on two
global vegetation models that simulate
terrestrial vegetation dynamics and
ecosystem function (ORC = Orchidee,
TRI = Triffid). Colors indicate projected
percentage cover changes. These
projections are based on scenarios of
the highest levels of greenhouse gas
emissions considered by the IPCC (SRES
A1FI) and use a common climate model.
Note that areas in blue or red indicate
vegetation shifts that are large enough to
be qualified as changes in biome type109.
For this study, only climate change
impacts on vegetation were simulated.
Source: Sitch et al. 2008.
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changes even when they do not result in substantially increased extinction risk, declining species
abundance or net habitat loss. Northern hemisphere forests provide a salient example of the
importance of species and biome shifts. Boreal forest species are projected to move northward into
arctic tundra as climate warms, and at their southern edge they are projected to die back and give
way to temperate conifer or mixed forest species
(Figure 8, and see Tundra tipping point in Box 2).
These range shifts of boreal species are likely to
cause substantial disruptions in the provisioning
of key ecosystem services including wood harvests
and climate regulation, even though it does not
lead to high levels of habitat loss (Figure 4), species
extinctions (figure 3 C & D) or reductions in species abundance (Figure 6A). A wide range of studies at regional scales with a broad range of model
types all indicate that large scale vegetation shifts
are likely to occur in the 21st century due to climate change31. The paleontological record clearly
demonstrates that past climate change has resulted in large-scale shifts in the distribution of species and vegetation types, and observations indicate that species have been moving poleward and
up in altitude in response to climate warming over
the last several decades32.

on vegetation distributions (Figure 3, Figure 4).
Some other global vegetation models also foresee
modest vegetation shifts even under high climate
warming scenarios (Figure 9, Orchidee model), but
several widely-used models project dramatic vegetation shifts including the collapse of the Amazon
forest, large-scale invasion of tundra by boreal forest and widespread dieback at the southern edge of
boreal and temperate forest ranges (Figure 8A, Figure 9-Triffid model, and see Box 4 and Box 2). The
moderate sensitivity of the IMAGE global vegetation
model to climate change means that climate mitigation brings about only modest reductions in biodiversity change in this model. Other widely used,
well-tested models suggest that strong climate mitigation is absolutely essential in order to avoid largescale displacement of species and biomes over the
21st century (compare Figure 8B, based a low greenhouse gas emissions scenario, with Figure 8A, based
on a high emissions scenario).

The primary uncertainty is not whether species
and biome range shifts will happen in response to
climate change, but rather the rate and extent to
which these shifts will occur. These uncertainties
have been underestimated in previous global biodiversity assessments. The IMAGE model used in
most of these assessments falls in the mid-range of
climate sensitivity of global vegetation models, and
therefore projects modest climate change impacts

The terrestrial tipping points are summarized in
Boxes 2 to 8 and described in greater detail in the
Appendices. This is not an exhaustive list of terrestrial tipping points: for example many arid systems
have tipping points similar to those described for
the Sahel, invasive species lead to tipping points in
many terrestrial systems other than islands, etc.33
We have focused on a representative sample of tipping points mediated by a range of global change

Terrestrial tipping points will hit regions with
developing economies the hardest. Most tipping
points will be difficult to predict because of the
complex interactions between global change factors
that drive them, but will have exceptionally large
impacts on human well-being if they occur.
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TIPPING POINT MECHANISMS
Climate warming has been and will be stronger in the Arctic than in
other parts of the globe with projected increases of 3°C to 8°C for the
Arctic region by the end of the 21st century. Climate warming will cause
the widespread melting of permafrost, leading to emissions of very large
quantities of greenhouse gases from organic tundra soil. Transformations
from tundra to boreal forest are also predicted to decrease albedo (i.e.,
increase the fraction of light absorbed by the land surface) and change
aerosol emissions. These changes in tundra systems are projected to
further aggravate regional and global climate warming. Due to lags in the
earth system, global warming is predicted to persist for several centuries
even if greenhouse gas emissions decline substantially, making this biome
shift inevitable and irreversible over the 21st century.
IMPACTS ON BIODIVERSITY AND ECOSYSTEM SERVICES
Experiments, observations and models clearly show that all plausible
climate scenarios will lead to continued and widespread increases in
dominance of deciduous shrubs in tundra communities and decreases
in abundance of herbaceous, bryophyte and lichen species. Most models
project that boreal forest will heavily invade tundra over large areas by
the end of the century, as has occurred during warm periods in the recent
past (e.g., 6000 years BP). The risk of 21st century extinctions is modest
given the large, contiguous ranges of many tundra species. Permafrost
melting and changes in game availability have already heavily impacted
some indigenous populations and these impacts are likely to become
widespread and severe over the coming decades.
UNDERSTANDING OF MECHANISMS
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CERTAINTY IN PROJECTIONS
High — Models, experiments and observations are qualitatively coherent
concerning the direction of change. Uncertainty is related to rates and
extent of permafrost melting and boreal forest expansion.
KEY ACTIONS
Because of long lags in the earth system we have probably already passed
a tipping point for long-term, widespread permafrost degradation and
invasion of tundra by boreal forest, but aggressive climate mitigation could
slow these processes. Adaptive management to conserve tundra systems
is not feasible outside of very small areas. At local scales, grazing by large
herbivorous could be managed to reduce the rate of tree encroachment.
Relocation of indigenous populations is currently a viable adaptation
strategy for preserving traditional livelihoods, but long-term adaptation will
require cultural adjustments.

* The original text for this tipping point was prepared by Juan Fernandez (Université
Paris-Sud XI, juan.fernandez@u-psud.fr) and Paul Leadley (Université Paris-Sud XI,
paul.leadley@u-psud.fr) and is available in Appendix 1. Further reading: Bigelow et al.
2003, Folley 2005, Wahren et al. 2005, Lucht et al. 2006, McGuire et al. 2009.

High — Processes are generally well understood and modelled, with some
notable exceptions such as climate feedbacks from cloud formation and
migration rates of boreal forest species.

BOX 3
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ARCTIC TUNDRA*

MEDITERRANEAN FOREST*

TIPPING POINT MECHANISMS
Land use scenarios foresee a decrease in cropland due to rural
abandonment, and an increase of naturally regenerated vegetation and
forest plantations in the Mediterranean region. In addition, climate models
project increasing temperatures and decreasing precipitation for the
region, leading to more frequent periods of drought and high fire risk as the
vegetation becomes more flammable. An increase in fire disturbance due
to climate and land use change is projected to lead to the expansion of
early successional communities, such as shrublands. Shrublands, in turn,
promote the recurrence of fire due to their high flammability.
IMPACTS ON BIODIVERSITY AND ECOSYSTEM SERVICES
Shrublands are species poor compared to natural forests and extensively
managed farmland, so this tipping point is projected to lead to a
significant reduction in species diversity. Many areas of the Mediterranean
region are also currently characterised by a high heterogeneity in land use,
leading to high landscape level species diversity, which will be reduced
if fire brings about more uniform vegetation cover. Fire associated with
expansion of early successional communities will also result in higher costs
of fire control and negative impacts on infrastructure and health, as well
as reductions in a broad range of regulating ecosystem services such as
watershed protection and carbon storage.
UNDERSTANDING OF MECHANISMS
High — This tipping point is already occurring in many areas and the
ecological feedback mechanisms in this tipping point are well documented
and modelled.
CERTAINTY IN SCENARIOS
Moderate to low — A large majority of climate models predict hotter and
drier climates and most land use scenarios project substantial land

before & after: Henrique Miguel Pereira
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abandonment for the Mediterranean region. However, changes in forest

management are difficult to foresee and will play a determinant role in
controlling this tipping point.
KEY ACTIONS
It is important to accelerate natural succession towards native broadleaved
forest by adopting appropriate forest management practices. A shift to new
forest management paradigms focusing on multifunctional forests is needed
to provide multiple ecosystem services and to create forests that are more
resistant to fire disturbance than current fire prone plantations. At the same
time, it is important to persist in raising public awareness regarding fire
prevention and the value of forests in providing a broad range of ecosystem
services. At the global scale, climate change mitigation is also important.

* The original text for this tipping point was prepared by Vânia Proença (University
of Lisbon, vaniaproenca@fc.ul.pt) and Henrique M. Pereira (University of Lisbon,
hpereira@fc.ul.pt) and is available in Appendix 2. Further reading: Schroter et al. 2005,
Vallejo et al. 2006, Palahi et al. 2008, Pausas et al. 2008.
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AMAZONIAN FOREST*

TIPPING POINT MECHANISMS
Two interacting tipping points could result in widespread dieback of humid
tropical forest in the Amazon. 1) Forest conversion to agricultural land and
burning alter regional rainfall and increase drought. Forest fragmentation
and drought are projected to increase the susceptibility of forests to fire
and dieback, leading to a vicious cycle in which fire and dieback become
widespread. 2) Some climate models project substantial reductions in
rainfall for the Amazon. Reduced rainfall combined with rising temperatures
result in forest dieback and reduced transfer of water to the atmosphere in
some vegetation models, setting off feedbacks that lead to a drier climate
in which humid tropical forest is permanently replaced by shrub and grass
dominated vegetation. A recent study of the combined impacts of these
two processes suggests that parts of the Amazon may already be close to a
forest dieback tipping point.
IMPACTS ON BIODIVERSITY AND ECOSYSTEM SERVICES
The Amazon forest, especially at its western edge, is one of the most
species rich areas of the world. Widespread dieback of humid tropical
forest would lead to much higher reductions in species abundance
and extinctions of plants and animals than foreseen in previous global
biodiversity assessments. Moreover, widespread fires and forest dieback
could lead to massive degradation of sustaining and regulating ecosystem
services, such as losses of carbon stored in vegetation and soils that would
be large enough to significantly influence atmospheric CO2 concentrations
and global climate.
UNDERSTANDING OF MECHANISMS
Moderate — Many of the biophysical mechanisms are reasonably well
understood, but the response of forests to drought and fire less so. Some
observations and experiments lead credence to predictions of dieback, but
others suggest that humid tropic forest is less sensitive to drought than
some models predict. The response of forests to rising CO2 is a critical
determinant of projected dieback, but is not well understood.

drivers. We discuss below some of the common lessons that can be drawn from the analysis of these
tipping points.
UNCERTAINTIES ARE HIGH FOR MOST TERRESTRIAL TIPPING
POINTS, BUT THE POTENTIAL CONSEQUENCES OF INACTION
ARE GREAT — Of the terrestrial tipping points we exam-

ined, only the Arctic Tundra tipping point is widely
accepted as highly likely to occur and to affect very
large areas. This high confidence is based on the
strong coherence of evidence provided by experiments, observations and models. There is little doubt
that the Coastal sea level rise tipping point will occur
as there is very good evidence that sea level is rising
and will continue to do so. However, the extent of the
areas affected and the degree of impacts on biodiversity and ecosystem services will depend on several
factors with high uncertainty (e.g., sea level rise, sedimentation rates, land use, etc). Projections of future
sea level rise have recently been revised upwards34,
leaving little hope that the extent of the areas heavily impacted will be small. The invasive species tipping point is ongoing and nearly linear trends in naturalized invasives on islands over the last 100–150
years suggest that there is not much hope in stopping invasions in the near future, resulting in large
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CERTAINTY IN PROJECTIONS
Moderate to Low — There is substantial uncertainty in the land use tipping
point mechanism, but several modeling studies suggest there is a significant
risk of dieback when deforestation exceeds 20% – 40% of original forest
area. For the global climate change mechanism, there are large differences
between climate and vegetation models concerning future precipitation
regimes and impacts on forests.
KEY ACTIONS
A precautionary approach would suggest that deforestation should not
exceed 20% of original forest area, fire for clearing should be minimized
and global climate warming should be kept below 2°C in order to
avoid this tipping point. This will require concerted efforts to implement
sustainable agricultural practices, establish large protected areas, reduce
of national and global pressures for increased meat and feed production,
etc. Application of REDD+ initiatives could lead to a win-win situation for
biodiversity and climate if appropriately implemented. As current trends
will likely take cumulative deforestation to 20% of the Brazilian Amazon
at or near 2020, a programme of significant forest restoration would be a
prudent measure to build in a margin of safety.
* The original text for this tipping point was prepared by Carlos Nobre (Instituto
Nacional de Pesquisas Espaciais, nobre@cptec.inpe.br), Paul Leadley (Université
Paris-Sud XI, paul.leadley@u-psud.fr) and Juan Fernandez (Université Paris-Sud XI,
paul.leadley@u-psud.fr) and is available in Appendix 3. Further reading: Betts et al. 2008,
Malhi et al. 2008, Nepstad et al. 2008, Nobre and Borma 2009. World Bank. 2010.

impacts on global species extinctions. The Mediterranean tipping point will almost certainly occur in
the future in the absence of good land use management, because it has already occurred in the past in
some areas with negative impacts on biodiversity
and local ecosystem services. However, the extent
of areas affected by these tipping points in the future
is difficult to forecast because of the importance of
land management decisions in controlling them.
The West Africa tipping point for land degradation
has already been passed on several occasions with
dramatic consequences for human well-being. There
are, however, very large uncertainties concerning
the future of this tipping point because of diametrically opposed climate model projections of rainfall
and because the evolution of governance is exceptionally difficult to foresee for this region. There is
relatively high uncertainty concerning the Amazon
tipping point, but if the widespread dieback of the
Amazonian forest occurred over the course of the
next several decades it would have overwhelming
large negative impacts on biodiversity, regional rainfall and global climate. One of the most uncertain is
the Miombo tipping point, but the high potential for
extremely large impacts on species and habitat loss
in the near future make this region of great concern.
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WEST AFRICA: THE SAHARA, SAHEL
AND GUINEAN REGION*

TIPPING POINT MECHANISMS
Coupled human-environment systems in West Africa, extending from the
southern Sahara, down through the Sahel and into the Guinean Forest, are
vulnerable to three strongly interacting tipping points. 1) “Desertification”
processes in the semi-arid portions of this region are driven by the overuse
of marginally productive lands leading to degradation in vegetation and
soils that is difficult to reverse. 2) Models suggest that regional climate
is highly unstable, and models variously project a switch to either drier
or wetter regimes as a result of global warming. 3) Social and political
instability promotes the unregulated use of natural resources and drives
human migrations to regions already under environmental stress, often
triggering further social and political disruption. Together, these processes
can set off vicious cycles in which drought, overuse of resources and
political instability has led and is projected to lead to widespread land
degradation, destruction of natural habitats and catastrophic impacts
on human well-being. At the other extreme, virtuous cycles set off by
favourable climate, good governance and improved agricultural practices
have led and could continue to lead to a reversal of land degradation,
reduced impacts on natural habitats and improvements in human
well-being.
IMPACTS ON BIODIVERSITY AND ECOSYSTEM SERVICES
Many studies have documented the reduction in species richness due to land
degradation in the semi-arid areas of this region, as well as the tremendous
difficulty of restoring lands once they have been degraded due to soil
compaction, erosion and salinization. In addition, land use scenarios for
this area foresee very large rates of land use conversion in the next several
decades, in particular the destruction of highly diverse Guinean forests that
are characterized by high endemism (e.g., 38% of amphibians and 21%
of mammals are endemic). Ecosystems in this region are a major source
of environmental capital for local populations as most local economies are
based on direct exploitation of ecosystems. Therefore, ecosystem degradation
will have direct negative impacts on human well being.

MOST OF THE TERRESTRIAL TIPPING-POINTS RESULT FROM
COMPLEX MECHANISMS AND INTERACTIONS THAT ARE NOT
ACCOUNTED FOR IN MODELS — Sala et al. (2005) iden-

tified interactions between a broad range of global change drivers as one of the most important
unknowns in modeling future biodiversity changes. However, models treat only a small range of
global change drivers and rely on methods that, at
best, only partially account for interactions between
drivers. Of the tipping points that we have identified, only the Tundra tipping point is reasonably
well accounted for in models, because it depends
almost entirely on interactions between global climate change, broad vegetation shifts and physical
and greenhouse gas feedbacks to global climate,
which are processes incorporated in many models (Figure 8 and Figure 9). One of the Amazon tipping point mechanims, is rarely accounted for in
global models (but see Figure 9, Triffid), because
most models do not account for dynamic feedbacks
between vegetation and regional climate. Fire and
its interactions with land management are key drivers of several of the tipping points (see the Amazon,
Mediterranean, Miombo, and West Africa tipping
points). For example, several global and regional
models include fire35, but accounting for its interaction with land management remains a difficult
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UNDERSTANDING OF MECHANISMS
Moderate to low — Land degradation and habitat destruction in this region
are occurring and the mechanisms are well documented. The regional
climate tipping point mechanism and social processes are complex and
difficult to model
CERTAINTY IN PROJECTIONS
Low — The complexity of the interactions between drivers, diametrically opposed
climate projections and high political instability make the future of this region
very uncertain, even though a large number of people could be affected.
KEY ACTIONS
Strategies for improving governance often fail due to political instability
and conflict, but are urgently needed to limit unregulated use of natural
resources including inside protected areas. International regulations should
control the international demand for local resources, thus diminishing the
unregulated exporting of raw products and supporting non-destructive
use of biodiversity. REDD+ initiatives could help protect Guinean forests if
appropriately implemented.
* The original text for this tipping point was prepared by Cheikh Mbow (Université Cheikh Anta
Diop, cmbow@ucad.sn), Mark Stafford Smith (CSIRO, mark.staffordsmith@csiro.au) and Paul
Leadley (Université Paris-Sud XI, paul.leadley@u-psud.fr) and is available in Appendix 4.
Further reading: Ludeke et al. 2004, African Environmental Outlook 2 2006, Cooke and Vizy
2006, Reynolds et al. 2007, Mbow et al. 2008.

task. Invasive species are rarely accounted for in
biodiversity scenarios even though they have large
impacts on biodiversity in many terrestrial ecosystems36 and are one of the main drivers of biodiversity
loss on islands. Governance, or lack thereof, plays a
critical role in all of the tipping points. Sensible regulation of construction in coastal areas would limit some of the impact of sea level rise on biodiversity; regional land use planning could help strike a
balance between the need for provisioning services on one hand and biodiversity conservation on
the other hand, etc. This type of local and regional governance is exceptionally difficult to include
in global models, but is often the key to avoiding
many of the tipping points. These and multiple other examples in our tipping points analyses show that
we are far from having a predictive understanding of most tipping points. This does not mean that
we are unable to foresee these tipping points with
some confidence: it does, however, mean that we
often cannot provide decision makers with quantitative thresholds beyond which the system is likely to switch to an undesirable state.
AVOIDING TIPPING POINT CATASTROPHES REQUIRES CONCERTED ACTION AT LOCAL TO GLOBAL SCALES — Strong local

intervention is necessary to avoid passing thresholds

TECHNICAL SUMMARY OF THE BIODIVERSITY SCENARIOS SYNTHESIS
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MIOMBO WOODLANDS*

TIPPING POINT MECHANISMS
The belt of moist savannas, the ‘miombo woodlands’, stretching south
of the Congo rainforests from Angola to Tanzania, is one of the largest
remaining near-intact ecosystems in the world. Socio-economic and
ecological tipping points will be key determinants of the future of these
savannas. 1) If population growth exceeds economic growth over the next
few decades, it is projected that the region will be trapped in a vicious
cycle of agricultural extensification and poverty resulting in widespread
destruction of miombo woodlands. A virtuous cycle of sustainable
intensification of agriculture and poverty alleviation could minimize
destruction, and is foreseeable if strong economic growth and good
governance occur soon. 2) Miombo ecosystems are also characterized by
high instability in tree cover, where climate change, rising CO2 , and altered
fire regimes and herbivory could shift these savannas, which are grasslands
with sparse woody cover, to dense forest.
IMPACTS ON BIODIVERSITY AND ECOSYSTEM SERVICES
The miombo biome is vast (over 3 million km2), harbours about 8500
plant species and is characterised by a high level of endemism. All MA
and GEO4 socio-economic scenarios foresee massive miombo woodland
conversion to agriculture in the next few decades, making it the area of the
world that is projected to be most heavily impacted by land use change.
Land use change is projected to cause very high rates of extinctions
of vertebrates and plants and reduce the abundance of a wide range
of species characteristic of woodlands by more than 20% by 2050. In
addition, climate change and rising CO2 are generally projected to increase
tree cover and decrease the abundance of grasses in areas not converted
to agriculture. These changes in land cover will have large negative impacts
on ecosystem services such as carbon storage, and water supply which is
expected to become more variable and of lower quality.
UNDERSTANDING OF MECHANISMS
Moderate to Low — The “poverty trap” at the root of the socio-economic
tipping point is well described, but its causes and impacts on land use are
complex. The mechanisms that maintain the delicate tree-grass balance of

for most tipping points. The very large range of local
actions needed makes them difficult to summarize.
However, using well known sustainable land management practices and sound land use planning
would go a long way in alleviating local pressures
in most tipping points. For example, moderate, but
sustainable intensification of agriculture and good
spatial planning of agricultural and conservation
areas in Miombo woodlands could improve human
wellbeing and preserve biodiversity. Putting these
simple ideas into action is socially and economically complex because they rely on improved education, good governance, poverty reduction, etc and
constructive changes in global pressures on national and local economics and policy37.
Local action must be combined with global action
to avoid passing thresholds for most tipping points.
Global climate change is of particular importance
since it is a key driver in many of the tipping points;
however, clearly defined thresholds can only be
identified for a few examples. The tundra system has
probably already passed its climate tipping point,
but models strongly suggest that climate mitigation could play a major role in reducing the rate and
extent of biome shifts at high latitudes. The Amazon
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savannas are reasonably well understood, but modelling the key drivers, fire
and large herbivores, remains difficult.
CERTAINTY IN PROJECTIONS
Low — The land use tipping point is highly dependant on the relative rates of
population vs. economic growth that cannot be projected with confidence
far into the future. Many global vegetation models project an increase in tree
cover for this region, but the degree and extent of change vary greatly.
KEY ACTIONS
Moderate and sustainable intensification of agriculture coupled with
good land-use planning that includes large protected areas should allow
biodiversity and ecosystem services to be preserved, while also making
great strides in alleviating poverty. Application of REDD+ initiatives
in miombo woodland could be win-win for biodiversity and climate if
appropriately implemented. Education, large improvements in agriculture
and good governance are keys to avoiding this tipping point, with projections
suggesting that the window of opportunity for altering the trajectory of land
conversion this region is rapidly closing.
* The original text for this tipping point was prepared by Robert J Scholes (Council for
Scientific and Industrial Research, bscholes@csir.co.za)and Reinette Biggs (Stockholm
Resilience Centre, oonsie.biggs@stockholmresilience.su.se) and is available in Appendix 5.
Further reading: Frost et al. 1996, Desanker et al. 1997, Scholes and Biggs 2004, Biggs
et al. 2008.

has a global warming tipping point may be as low as
2°C, so climate change could push the Amazonian
forest beyond its threshold despite strong national
and local efforts to limit deforestation. In other systems, climate change plays an important role, but
has complex interactions with other drivers making it difficult to identify thresholds. Clearly, the
most reasonable course of action is to limit climate
change through strong international policy. Other
coordinated international efforts must be enhanced
to limit the exchange of potentially invasive species,
improve agricultural practices especially in developing countries, support the conservation and sustainable use of forests, etc.

Scenarios suggest that provisioning of food and
fiber will often continue to increase at the expense
of many other ecosystem services and biodiversity.
Beyond certain thresholds, however, global change
is projected to cause dramatic degradation of
biodiversity and all types of ecosystem services.
The idea that biodiversity is related to human wellbeing through ecosystem services is an extremely
powerful framework for demonstrating to the public and policy makers that biodiversity matters38. A
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INVASIVE SPECIES ON ISLANDS*

TIPPING POINT MECHANISMS
The introduction of a small number of individuals of key invasive species
(e.g., cats, rats, snakes, goats, a wide variety of plant species, etc.), followed
by the expansion of their populations (referred to as “naturalization”)
has and will continue to cause severe degradation of biodiversity and
ecosystem services on islands. Island systems are particularly vulnerable to
invasive species because the biota of these insular communities evolves in
isolation and often lack defences against external pathogens, competitors,
and predators. In addition, invasive species can trigger a cascading set
of extinctions and ecosystem instabilities, making islands even more
vulnerable to succeeding invasions. To make matters worse, most invasive
species are costly and difficult to eradicate once they have become
established and their eradication can often have unexpected negative
effects on biodiversity and ecosystem services.
IMPACTS ON BIODIVERSITY AND ECOSYSTEM SERVICES
Species dispersion and establishment in new habitats is a natural process,
but the current rates of human-caused geographic translocation of plants
and animals have reached unprecedented levels. In the short term, the
co-existence of invasives and native species increases species richness on
most islands. However, invasive predators often eliminate local fauna — with
a particularly heavy toll on birds. Because islands are the global hotspot
for endemic species local eliminations often constitute global extinctions.
Of the roughly 90 documented vertebrate extinctions that can be attributed
to invasive species worldwide, more than 70 occurred on islands. Plants
are much less susceptible to extinction, but all recorded global extinctions
due to invasives have been on islands. There are few projections of
invasions on islands, but the lack of control of biotic exchange and the
high number of latent populations of invaders is projected to lead to a
continuation of the current linear increase in the number of naturalized
invasive plant species on islands. There is also concern that many island
plant and animal endemics are “condemned to extinction” due to longterm effects of invasives on their populations. A wide variety of studies have
illustrated large negative impacts of many invasive species on ecosystem
services such as plant productivity, nutrient cycling, water supply, etc.

new study on “The Economics of Ecosystems and
Biodiversity” (TEEB) is beginning to provide concrete illustrations of the link between biodiversity,
ecosystem services and economics and we refer the
reader to TEEB documents for excellent case studies of the value of biodiversity and related ecosystem services39. Below we provide an overview of the
key issues related to projections of biodiversity and
ecosystem services.
NOT ALL ECOSYSTEM SERVICES RESPOND IN THE SAME
WAY TO CHANGES IN BIODIVERSITY. — Nearly all scenar-

ios suggest that provisioning services such as food
and fiber production cannot be met for large and
growing human populations without converting
natural habitats to croplands or managed forests40.
Historically this has often come at the cost of reductions in species abundance, increased risk of species extinctions and degradation in other ecosystem services, particularly regulating services such
as nutrient retention, clean water supply, soil erosion control and ecosystem carbon storage41. A new
quantitative analysis of projections from IMAGE and
GLOBIO models suggests that this tradeoff is likely
to continue at the global scale, using as an example the relationship between species abundance,

before & after: Kate Kiefer,
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UNDERSTANDING OF MECHANISMS
Moderate — Many of the worst animal invaders are relatively well known, but
the pathways of introduction are not fully understood, especially for plants.
Eradication efforts too often lead to unpleasant surprises due to a lack of
understanding of community dynamics.
CERTAINTY IN PROJECTIONS
Moderate — Current trends and projected increases in globalization leave
little reason to believe that invasions on islands can be controlled in the
near future.
KEY ACTIONS
Management options consist of two main approaches, the prevention of
species invasion, which requires a strong effort in the identification and
regulation of potential invasion pathways, and the control or eradication
of invasive species, which is not always effective due to the difficulty of
effectively removing established invasive species.

* The original text for this tipping point was prepared by Michael Jennings (University
of Idaho, jennings@ uidaho.edu). A long description of this tipping point prepared by
Stas Burgiel (Global Invasive Species Programme, s.burgiel@gisp.org) is available in
Appendix 6. Further reading: Mooney et al. 2005, Nentwig 2007, Sax and Gaines
2008.

agricultural productivity and a key regulating service, ecosystem carbon storage (Figure 10). For the
“business as usual” development pathway, agricultural productivity is projected to go up as the abundance of species characteristic of natural systems
and carbon storage go down. Regulating services
that are dependent on the configuration or spatial
pattern of the landscape, for example pest control
or pollination, show more complex relationships.
For these services a mixture of natural vegetation
and agricultural land seems to be optimal42. Cultural services may also have a complex relationship
with biodiversity, as some of these services43, such
as recreation are related to human access, which
can in turn have a negative effect on biodiversity44.
PUSHING TERRESTRIAL SYSTEMS PAST THRESHOLDS COULD
RESULT IN LARGE NEGATIVE IMPACTS ON BIODIVERSITY
AND A WIDE RANGE OF ECOSYSTEM SERVICES. — Our ter-

restrial tipping points analyses suggest the tradeoffs between provisioning services, biodiversity
and other ecosystem services are viable only up to
certain thresholds. There is a high risk of dramatic
biodiversity loss and accompanying degradation
of a broad range of ecosystem services if terrestrial systems are pushed beyond these thresholds.
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RELATIONSHIP BETWEEN PROJECTED CHANGES IN SPECIES ABUNDANCES AND ECOSYSTEM SERVICES
FROM 2000 TO 2050.

A) Projected changes in ecosystem carbon storage (a regulating service)110 versus projected changes in Mean Species
Abundance (MSA) (r = -0.84). B) Projected changes in agricultural productivity (estimated using net primary productivity)
versus projected changes in MSA (r = 0.63). MSA was calculated using the GLOBIO model (Alkemade et al. 2009) and
ecosystem services using the IMAGE model (Bouwman et al. 2006). Each point corresponds to a world region in the IMAGE
model. All projections are based on the scenario for the OECD Environmental Outlook (OECD 2008).

Combinations of deforestation, fire and global climate change in the Amazon could lead to forest
dieback, massive species extinctions, increased
global warming, and regional reductions in rainfall that could compromise the sustainability of
regional agriculture (Box 4). Rapid sea level rise
accompanied by habitat conversion could lead to
a substantial increase in the degradation of coastal
ecosystems and biodiversity, making coasts more
vulnerable to erosion and reducing the productivity of coastal marine systems (Box 8). Interactions
between climate, land-use and social dynamics
have and could continue to cause loss of biodiversity and shortages of food, fiber and water in the
Sahel region of Western Africa (Box 5). This same
mix of drivers may promote wildfires leading to ecosystem change and degradation in the Mediterranean Basin (Box 3) and African Miombo Woodands
(Box 6). In all cases, feedbacks and long time lags

could make these transitions essentially irreversible over decades to centuries. All of these scenarios indicate that excessive pressure on ecosystems
to increase provisioning services may actually shift
the system into a state where the provisioning services themselves are compromised.
PROVISIONING, SUPPORTING AND REGULATING SERVICES
MUST NOT BE OVERSOLD AS THE SOLE MOTIVATION FOR CONSERVING BIODIVERSITY. — We have identified, especial-

ly in our tipping points analyses, a number of winwin situations in which the protection of biodiversity
goes hand-in-hand with the protection of key provisioning and regulating services. However, in cases
where important thresholds are not passed, there
are many scenarios in which biodiversity conservation does not result in such win-win solutions45. We
use a study of the links between global conservation strategies and ecosystem services to illustrate
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MODELED IMPACT OF THREE GLOBAL BIODIVERSITY CONSERVATION SCHEMES ON ECOSYSTEM SERVICES.

The “Hotspots” conservation scheme focuses on global biodiversity hotspots, the “G200” scheme focuses on conserving
representative ecoregions of the world and the “HBWA” scheme focuses on high-biodiversity wilderness areas. (A) Carbon
sequestration. (B) Carbon storage. (C) Grassland production of livestock. (D) Water provision. Horizontal lines represent the
global mean for each service. Values for ecosystem services are per unit area within protected areas. Source: Naidoo et al.
2008. Copyright (2008) National Academy of Sciences, U.S.A.

24

GBO3 • BIODIVERSITY SCENARIOS AND TIPPING POINTS OF GLOBAL IMPORTANCE

COASTAL TERRESTRIAL SYSTEMS
AND SEA-LEVEL RISE*

TIPPING POINT MECHANISM
Based on monitoring, experiments and modelling, sea level rise may be
the greatest future threat to tidal wetlands and beaches. A tipping-point
occurs when the surface elevation of a coastal ecosystem does not keep
pace with the rise in sea-level; i.e., the balance between sea-level rise and
sedimentation rates results in flooding. When this tipping-point occurs,
the coastal ecosystem can be rapidly reduced in area to a point where it
is reduced to a narrow fringe or is lost. Additional non-climate stressors
on coastal ecosystems, such as reduction of sediments reaching coastal
zones due to dams, changes in river beds, etc., and pollution increase the
vulnerability of coastal ecosystems to sea-level rise. Earth system models
project sea level rise of 20–60 cm or more by the end of the century, and
that sea level rise will continue for many centuries after all CO2 emissions
have ceased.
IMPACTS ON BIODIVERSITY AND ECOSYSTEM SERVICES
Rising seas will likely have the greatest impacts on coastal wetlands
experiencing net reductions in sediment elevation, and where there is
limited area for landward migration due to the physiographic setting or
obstacles from urban development. The impacts on biodiversity will be
large due to the loss of nesting, nursery and forage habitat for numerous
species groups, including fish, shellfish, seabirds, waterbirds, sea turtles,
crocodiles, manatees and dugongs. For example, the majority of mangrove
sites studied have not been keeping pace with current rates of relative
sea-level rise. As a result, sea level rise is projected to contribute to 10 to
20% of total estimated losses of mangroves on Pacific Islands by the end
this century. Reduced coastal ecosystem area and condition will increase
coastal hazards to human settlements, reduce coastal water quality,
release large quantities of stored carbon, etc.
UNDERSTANDING OF MECHANISMS
High to medium — The mechanisms of sea-rise due to thermal expansion
of seawater and glacial melt are understood well enough to predict the
direction and to a lesser extent the rate of sea-level rise, including a very
small probability of catastrophic (several meter) sea-level rise by the end
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of the century. Some mechanisms driving sedimentation rates are well
understood, others less so.
CERTAINTY IN PROJECTIONS
High — Sea level rise is already occurring and causing damage in low-lying
regions, and all trends and models point to increasing impacts over the
coming century. Uncertainties concern the rate and extent to which damage
to coastal ecosystems will occur.
KEY ACTIONS
Resistance and resilience of coastal ecosystems to rising seas can be
improved through coastal planning to facilitate landward migration, ‘no
regrets’ reduction of addition stressors, including catchment management
to minimize disturbance to sedimentation processes, rehabilitation of
degraded areas and increases in protected areas that include functionally
linked coastal ecosystems. At the global level, aggressive climate change
mitigation measures are essential. Establishing coastal ecosystem
monitoring will enable a better understanding of coastal ecosystem
responses to sea level rise and global climate change.

* The original text for this tipping point was prepared by Eric Gilman (Global Biodiversity
Information Facility Secretariat, egilman@gbif.org) and Joanna C. Ellison (University of
Tasmania, joanna.ellison@utas.edu.au) and is available in Appendix 7. Further reading:
Morris et al. 2002, Cahoon et al. 2006, Gilman et al. 2008.

this point (Figure 11). Global conservation priority
schemes that focus low-human density wilderness
areas are predicted to result in improved benefits
to the global community through increased carbon storage and sequestration (Figure 11-HBWA).
At the other extreme, focusing conservation efforts
on densely populated biodiversity hotspots does a
much poorer job of serving the global community
in terms of carbon storage and sequestration, but
a much better job of ensuring water provision and
grassland production of livestock that benefit local
communities (Figure 11–Hotspots). Conservation
strategies must be motivated by examining a broad
range of ecosystem services including cultural services related to aesthetic, spiritual, etc. values of
biodiversity. Sustainable conservation will depend
on ensuring an appropriate and socially acceptable
balance between a full set of services.
THE ABUNDANCE AND DISTRIBUTION OF KEYSTONE SPECIES,
FUNCTIONAL SPECIES GROUPS AND BIOMES PROVIDES
THE CLEAREST LINK BETWEEN TERRESTRIAL BIODIVERSITY
AND REGULATING AND PROVISIONING SERVICES. — Links

between the reduction of species richness within communities and ecosystem services have
been demonstrated, but only at small spatial and

temporal scales for a limited range of ecosystems
and ecosystem services. Yet, we are currently unable
to scale up these relationships to regional or global levels or use them in projections46, and therefore
we do not have enough information to address general relationships between species loss and ecosystem services.
“Keystone species” are species or groups of species
that play particular roles in controlling ecosystem
services. Some of the most important keystone species groups are predators such as large carnivores;
mutualists such as pollinators; and species that play
the role of “engineers” in ecosystems by modifying
their structure and functioning such as dominant
plant species. Human activities have disproportionately large impacts on some of these groups, especially large terrestrial predators and mutualists. For
example, a decline in the diversity and abundance
of pollinators has been detected in several regions
in the world, for example the decline of honeybees
in North America and bumbles in Europe. Pollinators play a key role in maintaining species diversity and functioning in natural ecosystems, but are
also responsible for the pollination of many crops.
At global scales expected reductions in total global
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food production derived from pollination decline
range from 3 to 8% and with a loss of between 190
and 310 billion dollars per year47.
A wide variety of analyses with process-based ecosystem models (e.g., GVMs) show that major changes in the abundance or distribution of plant functional types due to land use or climate change will
significantly alter river flow, regional rainfall, fire
regimes, ecosystem carbon storage, global climate,
etc48. The effects of major transformations of terrestrial vegetation types are overwhelmingly larger than the reductions in species richness per se.
We have relied heavily on global vegetation modeling studies in our tipping points analyses to make
the link between biodiversity and regulating services (see especially the Amazon and Tundra tipping
points). Similarly, much of the economic valuation
of the impact of global change on terrestrial ecosystem services has focused on major ecosystem transformations characterized by changes in key plant or
animal species, functional species groups or vegetation types as opposed to changes in species richness or species extinctions49.

Scenarios where a proactive, sustainable attitude
towards the environment is used have greater success
in halting biodiversity loss and negative changes in
ecosystem services.
LAND MUST BE USED MORE EFFICIENTLY TO FEED, HOUSE,
CLOTHE AND PROVIDE ENERGY FOR THE WORLD’S POPULATION. — Current trends and model projections

all agree that land use is and will remain the most
important driver of changes in biodiversity and
ecosystem services. Improving agricultural yields
using sustainable best-practices, reducing post-harvest losses, modifying diets to include fewer animal
products, and widely applying sustainable forestry
practices are essential to decrease habitat loss and
preserve biodiversity. In addition, promoting lower
human population growth reduces the pressure on
land. The strongest pressures on land are projected
to be in the tropics, so particular attention must be
paid to alleviating local, national and international
pressures on land use in these regions.
MITIGATION OF CLIMATE CHANGE IS URGENT. — If green-

house gas emissions are maintained at current levels, virtually all models project extremely large negative impacts on biodiversity and ecosystem services.
Extensive shifts in the ranges of species and biomes
and tipping points are likely to occur near or even
before the 2°C global warming target suggested by
the IPCC. However, considerably more attention
must be given to the side effects of climate change
mitigation strategies on biodiversity and ecosystem
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services other than climate regulation50. In particular, avoiding extensive cultivation of bio-energy
crops is essential for minimizing habitat destruction and species loss. Plausible development pathways suggest that the opportunities for climate mitigation without large-scale deployment of biofuels
are much greater than previously anticipated. This
is partially due to the fact that massive deployment
of biofuels may be counterproductive for reducing
GHG emissions goals because of direct and indirect impacts on habitat that cause terrestrial carbon emissions51.
PAYMENTS FOR ECOSYSTEM SERVICES MAY HELP TO PROTECT BIODIVERSITY IF APPROPRIATELY APPLIED. — Initia-

tives such as REDD (reduced deforestation and
degradation), which aims to keep carbon out the
atmosphere by protecting intact tropical forests
through avoided deforestation, are good examples
of how payments for ecosystem services could help
conserve biodiversity52. However, such schemes
must be applied with considerable caution since
protecting ecosystem services and conserving biodiversity are not the same thing, and can sometimes
be conflicting, particularly when only a narrow set
of ecosystem services is considered.
PROTECTED AREAS, COMBINED WITH EFFECTIVE PROTECTION
MEASURES WILL BE A KEY COMPONENT OF BIODIVERSITY
CONSERVATION. — Observations and models strongly

agree that protected areas, if properly managed, are
one of the most effective ways to protect terrestrial biodiversity. Species and biome shifts due to climate change will raise serious challenges for protected areas, and requires broad regional visions of
where efforts should be placed and how networks
of protected areas will function. In addition to reinforcing the global network of protected areas, the
management of biodiversity in human dominated
landscape needs greater attention, in part because
of the vital role that these systems will play as corridors between protected areas and as harbors of
biodiversity, especially as species and communities migrate due to climate change53, 54.
THERE ARE OPPORTUNITIES FOR ‘REWILDING’ LANDSCAPES
IN SOME REGIONS. — For example, farmland aban-

donment will free about 20 million ha by 2050 in
Europe under scenarios that do not include largescale deployment of biofuel production55. Pilot projects suggest that some of this area could be used to
recreate self-sustaining ecosystems with little need
for further human intervention. Ecological restoration including managing fire regimes, supporting
succession pathways and reintroducing large herbivores and carnivores, will be important in creating these self-sustaining ecosystems.

GBO3 • BIODIVERSITY SCENARIOS AND TIPPING POINTS OF GLOBAL IMPORTANCE

SNOW AND GLACIER MELT*

TIPPING POINT MECHANISM
Climate change is altering freshwater ecosystems that depend on
snowpack and glacial meltwater, and these effects are projected to
accelerate over the coming century. Globally, the majority of glaciers are
shrinking and annual snowpacks persist for less time due to climate
change. Observations and models suggest that global warming impacts on
glacier and snow-fed streams and rivers will pass through two contrasting
phases. In a first phase, stream and river flow will generally increase due
to intensified melting. In a second phase, a threshold is crossed when
snowfields melt so early and glaciers have shrunken to the point that latesummer stream flow is severely reduced. Streams and rivers fed by glaciers
and snowpacks near their altitudinal limits are projected to experience
large reductions in late-summer stream flow in the next few decades.
IMPACTS ON BIODIVERSITY AND ECOSYSTEM SERVICES
In the phase of increased stream-flow, the overall diversity and abundance
of species may increase. However, changes in water temperature and
stream-flow are projected to have negative impacts on narrow range
endemics, such as cold water adapted fish. The second phase of reduced
late-summer stream flow is projected to have much broader negative
impacts on freshwater species, particularly in headwaters because species
will be unable to shift their ranges to suitable habitats. Changes in stream
and river-flow are likely to have a large range of highly negative impacts on
ecosystem services when late-summer flows become undependable.
UNDERSTANDING OF MECHANISMS
High to moderate — Climate change impacts on glacier melt are relatively
well understood, although feedbacks that accelerate glacial sliding are not
fully understood. Projections of species responses are based on empirical
models that account for only a few of the mechanisms driving species
diversity and distributions.

FRESHWATER SYSTEMS
Scenarios and projection of recent trends suggest that
a combination of climate change, water withdrawal,
pollution, invasive species, and dam construction will
further deteriorate the current state of freshwater
biodiversity. The particular vulnerability of freshwater
species to global changes reflects the fact that both
fish and freshwater are resources that have been
heavily managed.
Scenarios for freshwater biodiversity are limited
compared to terrestrial and marine biodiversity.
Global scenarios tend to address water resources for
people, but rarely include models of freshwater biodiversity56. Those that do, model a limited number
of drivers and lack or treat only qualitatively major
drivers such as dam construction, eutrophication
and invasive species57.
Habitat loss and/or fragmentation are among the
greatest threats to biodiversity worldwide, and this
certainly holds true for riverine fish. It is almost certain that disturbances to freshwater ecosystems,
such as dams, reservoirs and diversions for irrigation and industry, will endanger or extinguish
many freshwater fish species in the future, by creating physical barriers to normal movements and
migration of the biota and by decreasing habitat
availability58.

before: Alan Vernon, Flickr.com
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CERTAINTY IN PROJECTIONS
High to Moderate — It is difficult to predict the fate of some glaciers,
especially where increased snowfall could counterbalance melting. There is
high certainty that changes in snow and glacier melt will impact freshwater
diversity, but species-specific responses are uncertain.
KEY ACTIONS
Addressing climate change and reducing green house gases is paramount,
but for freshwater ecosystems minimizing additional non-climate stressors,
such as dams, pollution, water extraction and habitat loss, is just as
important as it reduces the vulnerability of aquatic ecosystems and species.
Assisted migration should be considered when species are at risk of global
extinction.

* The original text for this tipping point was prepared by James C. Robertson (The Nature
Conservancy, jrobertson@tnc.org) and Carmen Revenga (The Nature Conservancy,
crevenga@tnc.org). Further reading: Poff et al. 2002, Lemke et al. 2007.

Currently it is difficult to make precise predictions
about how climate change will affect fish biodiversity, however climate niche modelling suggests
that locally the number of warm-water species may
increase in temperate areas even as some cryophil
(i.e. cold-water) species may regionally vanish59.
Narrow endemic riverine fishes can be particularly threatened by climate change60.The biggest
problems occur in basins which have an East-West
configuration, while in basins with a North-South
configuration, there will be more opportunities
for migration and adaptation, as long as the rivers are not blocked by dams. Models also project
that in shallow lakes in northern latitudes there will
be summer fish kills of cold-water species due to
both increased water temperatures and decreased
dissolved oxygen61. Other negative impacts of climate change on freshwater ecosystems are changes in snow melt timing and flow volumes (Box 9).
Global climate scenarios have been applied to known
relationships between fish diversity and river discharge62. Results predict decreased freshwater biodiversity in about 15% of the world’s rivers in 2100 (Figures 12 and 13) from a combination of reduced run-off
(caused by climate change) and increased water
withdrawals for human use. However, these predictions should be considered with great caution, as the
approach does not provide true extinction rates but
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FIGURE 12

PROJECTED CHANGES IN ANNUAL WATER AVAILABILITY FOR 2100.

Percentage changes in annual water availability for each river basin, projected for the Global Orchestration Scenario using the
Water GAP model. A negative change (red to yellow) means that a region is drying, while a positive change (green) means that a
region is becoming wetter. Numbers indicate the location of river basins used in Figure 13. Source: Sala et al. 2005. © Center
for Environmental Systems Research. University of Kassel. October 2003-Water GAP 2.1D.

FIGURE 13

PROJECTED FISH SPECIES EXTINCTIONS IN 2100 FROM DECREASES OF RIVER DISCHARGE DUE TO CLIMATE
CHANGE AND WATER WITHDRAWAL.

Mean percentage species extinctions plus 95% confidence intervals for three MA scenarios. Projections based on a species
discharge relationship111. Proportion of species losses associated with changes in river discharge from climate change (grey);
proportion of species losses associated with changes in river discharge from water withdrawals by humans (black). The location
of each river is given in Figure 12. Source: Sala et al. 2005. From Ecosystems and Human Well-Being: Scenarios, by the
Millennium Ecosystem Assessment. Copyright © 2005 Millennium Ecosystem Assessment. Reproduced by permission of Island
Press, Washington, D.C.
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LAKE EUTROPHICATION*

TIPPING POINT MECHANISM
Freshwater eutrophication refers to the build-up of nutrients in freshwater
ecosystems such as lakes, reservoirs and rivers, leading to excessive plant
growth or algal blooms. Decay of dead algae in eutrophic lakes leads to
depletion of oxygen levels in the water that in severe cases kills rooted
plants, invertebrates, fish, etc. The main driver of freshwater eutrophication
is phosphorus pollution from agricultural fertilizers, sewage effluent and
detergents. Beyond a certain threshold of phosphorous accumulation,
recycling mechanisms are activated which can keep the system locked in a
eutrophic state even when phosphorus inputs are substantially decreased.
IMPACTS ON BIODIVERSITY AND ECOSYSTEM SERVICES
At moderate levels of eutrophication, native, often highly desirable fish
that require high dissolved O2 levels are replaced by less desirable species
and invasives. Eutrophication often leads to blooms of toxic cyanobacteria,
making water unfit for drinking or recreation. Phosphorus inputs in
freshwater systems are declining and are projected to continue to decline
in most socio-economic scenarios for industrialized countries; in contrast,
projected large increases in untreated sewage and fertilizer use will lead to
increased eutrophication of lakes over the next several decades for much
of Latin America, Asia and Africa.
UNDERSTANDING OF MECHANISMS
Moderate — The mechanisms leading to eutrophication of freshwater
ecosystems are very well understood. However, the degree of reversibility
from eutrophic to oligotrophic conditions varies greatly and is not fully
understood.

before: iStockphoto.com
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CERTAINTY IN PROJECTIONS
Moderate — New management options for eutrophication, e.g.,
manipulations of food webs to control algal blooms, use of natural water
filters, and growing awareness of the negative impacts of eutrophication,
raises that possibility that developing countries will use these tools to
minimize eutrophication and its impacts on lakes.
KEY ACTIONS
The main management option, both for prevention and restoration, is
to reduce phosphorous inputs from sewage, detergents and intensive
agriculture. Other options are the reforestation of watersheds to reduce
erosion and nutrient runoff from the soils, the restoration of wetlands
and the development of technology and economic incentives to close the
nutrient cycle at the local level, especially on farms.
* The original text for this tipping point was prepared by Reinette Biggs (Stockholm University,
oonsie.biggs@stockholmresilience.su.se) and Juan Carlos Rocha Gordo (Stockholm
University, aguilajk@gmail.com). Further reading: Scheffer et al. 1993, Carpenter 2003,
Smith and Schindler 2009.

instead a percentage of species “committed to extinction” with an unspecified time lag. These predictions
also do not include other current stresses on freshwater fish, such as pollution or river fragmentation.
Based on the established relationship between the
number of non-native fish species and human activity we expect that river basins of developing countries will host an increasing number of non-native
fish species as a direct result of economic development63. Furthermore impoundments and climate
change may facilitate the expansion of invasive species and diseases associated with lake ecosystems64.

Pressure on freshwater ecosystem services and
wetland degradation will increase leading to the
deterioration of regulating services such as regulation
of water quality and flood protection.
The combination of population growth, increasing water use and climate change will lead to an
increase in human population living in river basins
facing severe water stress (Figure 14). This will not
only increase the risks of chronic water shortages
in these regions but will also cause major negative
impacts on freshwater ecosystems65.
Eutrophication of freshwater systems will increase in
the developing world, as fertilizer use and untreated
sewage effluents continue to increase (Figure 15)66.
This may be further exacerbated in some regions

by decreasing precipitation and increasing water
stress67. The transition to eutrophic conditions is in
some instances difficult to reverse and can lead to
loss of fish species, loss of recreational value, and
in certain cases health risks for humans and livestock (Box 10).
Loss of wetlands due to over-extraction of groundwater, drainage for human uses (reclamation),
reduced runoff68, and increasing sea level rise
(Box 8), will reduce biodiversity and negatively
impact the regulation services of wetlands such as
water purification and flood mitigation.
There is uncertainty on the prospects for fish production from inland waters, both wild harvested
fish and aquaculture, due to the projected degradation of freshwater ecosystems69. This is important because approximately 10% of wild harvested
fish are caught from inland waters, and these frequently make up large fractions of dietary protein
for people, particularly the rural poor70.

The management of freshwater ecosystems can be
improved and there are opportunities for restoring
degraded freshwater habitats to functioning
ecosystems delivering a wide range of services to
human populations.
Scenarios suggest that there is a large potential to
minimize impacts on water quality through sewage
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Note: WaterGAP modeling results.

PROJECTED POPULATION LIVING IN RIVER BASINS FACING SEVERE WATER STRESS FROM 2000 TO 2050.

Severe water stress is defined as a situation were withdrawals exceed 40% of renewable sources. It is assumed that the higher the water stress the more
likely that chronic or acute water shortages will occur. Projections for GEO4 scenarios calculated using the WaterGAP model. Source: UNEP 2007.

FIGURE 15

ESTIMATED CHANGES IN TOTAL RIVER NITROGEN LOAD DURING 1970 –1995 AND 1995–2030.

Total river nitrogen loads are estimated for each individual river basin from point (sewage effluents, including wastewater from households and industrial
activities) and non-point sources (agriculture and atmospheric deposition). Note that from 1995 to 2030 the nutrient load is projected to decrease in Europe
and Former Soviet Union, and increase in Northern Africa and Southern Asia. Source: Bouwman et al. 2005

treatment, wetland protection and restoration, and
control of agricultural run-off, particularly in the
developing world.71 Further potential exists for
improvement of water use efficiency, particularly in agriculture and industry72. These actions will
minimize the trade-offs between increasing freshwater provisioning services and protecting freshwater regulating services.
There is an opportunity to develop an integrated
ecosystem approach in the management of freshwater systems, favouring restoration of freshwater
ecosystems in order to improve ecosystem services; such approach includes reopening fish habitat, reconnecting floodplains, managing dams to
mimic natural flow patterns and restoring riparian
forests and wetlands.73 Spatial planning of ecosystem services and biodiversity in each basin is a key
component of an integrated ecosystem approach to
the management of freshwater systems. Many services produced upstream (run-off regulation, timber production, carbon sequestration, etc.) benefit communities downstream, so it is important to
develop spatial planning that assures the flows of
these ecosystem services74. Payments for ecosystem services could also be implemented to reward
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the communities, which assure the delivery of ecosystem services75. Finally, spatial planning is best
developed when it considers the linkages between
terrestrial, freshwater and marine systems through
fluxes of energy, nutrients and services.
Freshwater biodiversity is not adequately represented in existing protected area systems. Therefore there is an opportunity to establish a network
of protected areas designed to convey protection
to essential processes in rivers and wetlands76. Particularly important is the protection of still unfragmented rivers from further development.
Climate change increases the frequency of extreme
events such as floods and droughts. Thus the importance of using wetlands and floodplains for flood
mitigation and water cycle regulation will increase77.
Another consequence of climate change is that it
may render hydroelectric power less reliable in some
regions.78 Nonetheless, the need to develop renewable energy increases the demand for hydroelectric
power. It will be important to design, operate and
better place dams that allow for more natural flow
patterns and for fish to reach spawning grounds, as
well as perform robustly under climatic uncertainties.

GBO3 • BIODIVERSITY SCENARIOS AND TIPPING POINTS OF GLOBAL IMPORTANCE

MARINE SYSTEMS

reality, there is probably no room to increase catches and manage fisheries sustainably at the same
time. Therefore the increasing trends in catches from
2000 onwards should not be interpreted as a possible management strategy.

Scenarios show that human population growth,
income growth and increasing preferences for fish will
likely cause increases in fishing effort leading to the
continuation of marine biodiversity loss. Immediate
action to tackle overfishing is needed to reduce
marine biodiversity loss.
Most scenarios project an increase in demand for
fish, as the world population grows and increasing
average income allows for increasing the proportion of fish in the diet, particularly in the developing world. In response to the increasing demand,
scenarios forecast an increase in fishing effort and
an increase in aquaculture production.79

One result of “fishing down the food web” is the
disappearance of top marine predators, which can
cause major ecosystem changes (Box 11). Furthermore, over-exploitation can cause significant extinction risk for marine species82. For example, overfishing contributes to the listing of 20 species of
groupers and 11 ocean pelagic shark and ray species as threatened with extinction (critically endangered, endangered or vulnerable)83.

Most scenarios using the EcoOcean model (a massbalance model developed at the University of British Columbia) forecast an increase in fish landings
at the cost of declining marine biodiversity (Figure
16).80 The marine trophic index measures the mean
trophic level of fish landings and is an indicator of
marine biodiversity. For many marine regions, scenarios project the continuation of the decline in
the marine trophic index and the disappearance
of large-bodied fish, demersal and pelagic. This
process is known as “fishing down the food web”.
Increased fish landings are achieved by harvesting
species not currently exploited commercially such
as species from secondary ground fish groups and
invertebrates.81 The projected increase in fish landings may also be a result of incorrect estimates of
fishing effort and population dynamics of pelagic
fishes and should be interpreted with caution. In

One projection based on a regression model from
catch trends over the last 50 years for a wide range of
fisheries suggests that there is a high risk of regional collapses in the first half of this century84. Another study has suggested that harvesting levels on reef
island fisheries will increase to triple of the maximum sustainable yields by 2050, increasing the risk
of collapse of those fisheries85. Such regional collapses will have dramatic consequences for human
well-being, including unemployment and economic losses in the regions affected. For instance, after
the Newfoundland fisheries collapsed, an estimated 18000 fishermen lost jobs and 30000 jobs in the
fish processing industry became under threat.86 If
current trends in fishing and climate change continue, some models project that fish populations will
redistribute away from tropical countries87, precisely where food security is a critical issue.
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PROJECTIONS OF MARINE BIODIVERSITY IN THE PACIFIC OCEAN TO 2050.

Projections from scenarios for marine biodiversity in the Pacific Ocean developed for the Global Environmental Outlook 4 (top) and the International
Assessment for Agricultural Science, Technology and Development (bottom), using the EcoOcean model. Total fish landings (left); Marine Trophic Index (right).
Source: Alder et al. 2007.
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TIPPING POINT MECHANISM
Two well-documented tipping points occur in marine fisheries driven
primarily by overfishing and pollution. 1) The collapse of the populations
of many economically important marine fish has resulted from overfishing,
and often feedbacks prevent populations from recovering despite strong
restrictions on fishing. Current trends (see Christensen (2007)) and
scenarios suggest that fishing effort will increase over most areas of the
ocean, leading to more widespread collapse of fisheries. 2) Profound
modifications of the structure of marine food webs are occurring due to
overexploitation of large fish, eutrophication due to high nitrogen inputs
and habitat degradation, especially in coastal areas. In a growing number
of cases, combinations of these factors have resulted in the conversion of
species rich, productive ecosystems to those dominated by resilient species
such as jellyfish and micro-organisms. These radical transformations
of food webs are often characterized by important thresholds, e.g.,
development of anoxic “dead zones”, and are often very difficult to reverse.
Ocean warming and acidification may aggravate these effects.
IMPACTS ON BIODIVERSITY AND ECOSYSTEM SERVICES
Unsustainable fishing has pushed many populations of large fish to critically
low levels, e.g. nearly 50% of shark and ray species are considered to
be vulnerable or threatened with extinction. Coastal “dead zones” have
approximately doubled every decade since the 1960s, and are now reported
in more than 400 systems affecting a total area of around 250000 km2.
Impacts on biodiversity include habitat loss, the death of immobile, oxygendependent species, and disruption of dispersal paths of mobile species.
Projections for most world regions foresee substantially increased fishing
pressure and nitrogen inputs to estuaries and oceans, raising the specter of
even more extensive degradation. In addition to biodiversity impacts, these
tipping points reduce the catch of nutritionally and commercially important
fisheries for a large proportion of the world population.
UNDERSTANDING OF PROCESSES
Moderate — There is considerable disagreement on the level of fishing that
can be maintained without significantly increasing the risk of population
collapses or modifications of marine food webs. Critical loads of nitrogen
are difficult to determine due to interactions with climate and ocean

FIGURE 17

TEMPERATURE, ATMOSPHERIC CO2 AND
CARBONATE-ION CONCENTRATIONS FOR THE PAST
420,000 YEARS AND POSSIBLE FUTURE SCENARIOS
FOR CORAL REEFS.

The thresholds for major changes to coral communities are indicated for
thermal stress (+2°C) and carbonate-ion concentrations ([carbonate]
= 200 μmol kg−1, [CO2]atm = 480 ppm). These thresholds are based on the
relatively narrow range of conditions in which coral reefs have occurred over
the last 420 000 years (blue dots). Source: Hoegh-Guldberg et al. 2007.
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MARINE FISHERIES*
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currents. The feedbacks that prevent recovery of fish populations, or that
maintain jellyfish populations are not fully understood.
CERTAINTY IN PROJECTIONS
Moderate — Current trends and scenarios indicate that pressures on marine
fisheries will continue over the next several decades. The incapacity of
models to predict the collapse and non-recovery of North Atlantic cod
populations is a clear illustration of the limits of projections and the dangers
of approaching ecological thresholds.
KEY ACTIONS
Development of international treaties regulating fishing in international waters
is urgently needed, as is strong climate change mitigation. At the national
scale, illegal and unregulated fishing must be stopped, marine resources
must be appropriately managed and subsidies promoting overfishing
eliminated. Large marine protected areas, if appropriately enforced appear
to be an effective mechanism for maintaining biodiversity and ecosystem
services. Coastal dead zones need to be reduced by improving agricultural
practices with less fertilizer use. The restoration of upstream and coastal
wetlands will also help to reduce nutrient loading in coastal areas.
* The original text for this tipping point was prepared by U. Rashid Sumaila (University of
British Columbia, r.sumaila@fisheries.ubc.ca), William W.L. Cheung (University of East Anglia,
william.cheung@uea.ac.uk) and Sylvie Guénette (University of British Columbia, guenette@
agrocampus-ouest.fr) and is available in Appendix 9. D. Cooper contributed with text on the
dead zones. Further reading: Cheung et al. 2002, Pauly et al. 2002, Worm et al. 2006, Alder
et al. 2007, Richardson et al. 2009.

Tackling overfishing requires a combination of several strategies88: improving the management of
fishing activities including stopping illegal, unreported and unregulated fishing; the creation of
effective marine reserves or no-take areas89; cutting catches; gear restrictions and modification;
establishing access rights for fishers90; ecosystem
restoration91; and a resource-efficient / low-impact
aquaculture. Scenarios suggest that if fisheries
management focuses on rebuilding ecosystems
instead of maximizing economic returns and if
benthic trawling and other destructive fishing
practices are reduced, stocks can recover and the
decline of marine biodiversity could be stopped92.
Aquaculture can partially help meet the increasing sea-food demand but it has its own environmental and productivity limitations, such as the
use of fishmeal for farming piscivore species, the
increased risks of disease propagation to wild species, and local pollution93.

Climate change will increase ocean acidification and
sea surface temperature, which is likely to cause
major coral reef losses and change the distribution
and relative abundances of marine organisms.

GBO3 • BIODIVERSITY SCENARIOS AND TIPPING POINTS OF GLOBAL IMPORTANCE

TROPICAL CORAL REEFS*

TIPPING POINT MECHANISMS
Scientists are increasingly concerned that tropical coral reefs may cross
two important thresholds over the next several decades. 1) Higher than
normal sea surface temperatures can cause bleaching and death of corals.
Bleaching and degradation of coral communities becomes severe when
temperatures rise more than ca. 2°C above current temperatures. 2) Ocean
acidification caused by rising atmospheric CO2 concentrations reduces
the capacity of hard corals to form carbonate-based skeletons. Ocean
chemistry models project that sea water will be too acid for coral reef
growth in many regions when 450 ppm CO2 in the atmosphere is reached,
and far too acid for nearly all coral reefs when 550 ppm is reached.
IMPACTS
Bleaching and reduced calcification may affect corals in several ways:
it may lead to a reduction in coral reef building, it may affect the quality
of coral skeletons, and it may reduce their fitness. In degraded coralline
communities, corals often lose their dominance to algae. Degradation
of hard corals leads to broader reductions in biodiversity, since an
exceptionally diverse and productive community of fish and invertebrates
depend on corals for shelter and feeding. Negative impacts on ecosystem
services include declines in locally important fisheries, reduction of
protection of coasts from storm surges and loss of tourism revenues.
UNDERSTANDING OF MECHANISMS
High to moderate — There is general agreement about the negative impacts
of ocean warming and acidification on hard corals based on experiments,
observations and models. However, the capacity of coral communities
to adapt to rising temperatures and ocean acidification is not well
understood, and, although communities are expected to change, there
might be a potential for adaptation and therefore resistance to warming
and recolonization of damaged habitats.

before: Matt Kieffer, Flickr.com
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CERTAINTY IN PROJECTIONS
High — Several episodes of high sea surface temperatures over the last two
decades have already severely damaged coral reefs in many regions. Even
best case climate mitigation scenarios will result in widespread damage to
tropical coral reefs, according to available models.
KEY ACTIONS
Reducing the influence of local stressors, especially destructive fishing,
coastal pollution or the overexploitation of herbivores, such as sea
urchins and herbivorous fish, reduces the vulnerability of corals to ocean
acidification and climate warming. As such, marine protected areas appear
to be an important tool for reducing vulnerability. The coral reef tipping point
is a strong argument in favor of strict climate mitigation goals (<450 ppm
atmospheric CO2 and <2°C warming).

* The original text for this tipping point was prepared by Joana Figueiredo (University of
Lisbon, jcfigueiredo@fc.ul.pt ) and is available in Appendix 10. Further reading: Bellwood et
al. 2004, Hughes et al. 2005, Hoegh-Guldberg et al. 2007, Donner 2009.

Sea surface warming and the acidification of oceans
will drive the corals outside the conditions they have
experienced for the last half million years (Figure 17)
and can lead to widespread degradation of coral
reefs. Coral bleaching is the breakdown of the endosymbiosis between corals and zooxanthellae94 and
occurs when there is one month of sea surface temperatures 1°C above historical average95. These conditions are predicted to become very common by
mid century in most reef regions leading to annual or biannual bleaching events (Figure 18). Ocean
acidification reduces the availability of carbonate
for calcification, slowing coral growth. The degradation of corals is a tipping point and will cause major
ecosystem changes (Box 12)96. Ocean acidification
can also have negative impacts on other calcifying
organisms in the oceans97, and there could be major
changes in the distribution and abundance of phytoplankton (Box 13).
Marine species may respond to ocean warming by
shifting their latitudinal and depth ranges98. Such
species responses may lead to local extinctions and
invasions, affecting patterns of species diversity,
particularly in the tropics, polar regions and semienclosed seas (Figure 19). These shifts can cause
major rearrangements of the food webs. A good
example of these dynamics is the Arctic which may
be largely ice free in the summer within one or two
decades. This will cause a decline of ice-associated
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FIGURE 18

PROJECTIONS OF CORAL REEF BLEACHING FREQUENCY
FOR THE CARIBBEAN AND THE INDO-PACIFIC
IN 2050-2059.

Probability that annual degree heating month >1 in 2050-2059 for
each 36 km grid cell in the Indo-Pacific (Top) and Caribbean (Bottom)
containing coral reefs, under SRES A2 for two climate models HadCM3
and PCM. Source: Donner et al. (2005).
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species, with some species likely to become extinct
and to be replaced by subarctic species (Box 14).
Changes in the abundance of plankton species can
propagate to higher levels of the marine food web,
and even to terrestrial ecosystems, given that many
birds and mammals link the dynamics of the two
systems99. The rapid loss of sea ice leaves even less
time for corrective action in the form of addressing global climate change or for adaptation by biota and humans to the new conditions in the Arctic.
Based on limited monitoring, experiments and
modeling of climate change outcomes, relative sealevel rise may be the greatest future threat to tidal
wetlands and beaches (Box 8). Reduced coastal ecosystem area and health will increase coastal hazards
to human settlements, reduce coastal water quality, release large quantities of stored carbon, and
eliminate nesting, nursery and forage habitat for
numerous species groups, including fish, shellfish,
seabirds, waterbirds, sea turtles, crocodiles, manatees and dugongs. Rising seas are likely to have the
greatest impact on coastal wetlands experiencing
net relative lowering in sediment elevation, and
where there is limited area for landward migration
due to the physiographic setting or obstacles from
development.
Climate change needs to be limited in order to protect marine biodiversity, and while any significant
increases in global mean temperature may have
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negative impacts on marine biodiversity, values
above 2°C are likely to have dramatic consequences100. Adaptation measures should also be taken to
increase the resilience of marine and coastal ecosystems to climate change. In the case of coral reefs,
there is a need to address overfishing, better planning of coastal development, and decrease pollution sources101. Better land planning is also essential to allow for space for the landward migration of
coastal habitats in response to sea level rise, which
should be complemented with the restoration of
coastal habitats and better catchment management
to minimize disturbances to sedimentation processes. Finally, there is a need for an international agreement for the development of stringent regulation of
human activity in Arctic waters to avoid additional stressors on species and ecosystems (Box 14).

Scenarios suggest that there is a wide range of
futures for coastal water pollution, depending on
the evolution of agricultural land, fertilizer use,
and sewage treatment. Some scenarios project an
increase in global trade with increasing risks of
expansion of invasive species.
In coastal waters, increasing nutrient loads and pollution, in association with climate change will stimulate eutrophication and increase the number and
extent of dead zones (Box 11). Dead zones are areas
without oxygen where no fish can survive. They have
negative impacts on aquaculture, fisheries, and recreation102. In scenarios where there is less expansion of agricultural land, less fertilizer use, more
sewage treatment, better management of freshwater ecosystems (in particular the restoration of wetlands), the current trend for an increase in dead
zones is halted.103
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FIGURE 19

PROJECTED CHANGES IN MARINE BIODIVERSITY DUE
TO CLIMATE CHANGE.

Biodiversity impact in 2050 under the IPCC SRES A1B scenario expressed
in terms of: number of new species moving from other regions (top) and
local extinction intensity (bottom). The projections are based on bioclimate
envelope models for 1,066 species of fish and invertebrates. Source:
redrawn from Cheung et al. 2009.
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Several scenarios predict increasing globalization104,
including an increase in marine transportation of
goods in transoceanic trips. Ships use ballast water
to maintain balance, and marine organisms such as
plankton and small invertebrates are contained in
ballast water. When the ballast water is taken from
one region and discharged in another region, biotic exchange occurs and there is the potential for
the establishment of invasive species.105 Measures
to control this problem require international collaboration. These are already on-going and include
the IMO convention and strategies aiming at: minimizing the uptake of organisms during ballasting,
minimizing the build-up of sediments in ballast
tanks (which may harbor organisms) and treating
ballast water to kill organisms. A similar problem
which needs further attention is hull-fouling, i.e.
the transport of organisms which attach themselves
to the hull of a ship.
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TIPPING POINT MECHANISM
Global warming and rising atmospheric CO2 concentrations will alter
the biodiversity and functioning of oceans through two phytoplankton
tipping points. 1) Climate models predict sea surface warming of 2-6°C
over the next century. This is projected to enhance ocean stratification at
low latitudes reducing nutrient supply from deeper layers, and decrease
the mixing layer depth at high latitudes increasing light availability.
Both of these will have large effects on phytoplankton productivity
and diversity. 2) Rising atmospheric CO2 concentrations have already
reduced ocean pH (“ocean acidification”). Continued ocean acidification
is projected to alter the productivity and abundance of phytoplankton
that form carbonate-based skeletons. These two processes are
projected to lead to feedbacks to global warming due the importance of
phytoplankton in driving oceanic carbon sequestration. These shifts are
not projected to be abrupt, but the impacts will be planetary in scale
and are irreversible over the course of the coming century due to long
time lags in the earth system.
IMPACTS ON BIODIVERSITY AND ECOSYSTEM SERVICES
Phytoplankton distributions are already shifting poleward in response to
ocean warming and these shifts are projected to accelerate throughout
this century. Some functional groups may be favored by ocean
acidification, such as diatoms that form silicate-based skeletons, while
others may be reduced, especially those that form carbonate-base
skeletons like coccolithophores, although there is high uncertainty in this
response. Marine phytoplankton play a central role in biogeochemical
cycles and in climate regulation, for example by sequestering carbon
in dead phytoplankton that sink to the bottom of the ocean. Changes
in phytoplankton productivity may cause bottom-up impacts on
marine trophic webs affecting marine biodiversity and fisheries. Ocean
biogeochemical models predict a global decrease in marine primary
productivity of up to 20% in the next century relative to pre-industrial
times. Additional anthropogenic impacts on marine phytoplankton will arise
from overfishing, pollution and invasive species, especially near highly
populated coastal regions.

BOX 14

before: Marie-Josèphe Chretiennot
— Dinet, CNRS Photothèque
after : Leanne Armand,
CNRS Photothèque, KEOPS

MARINE PHYTOPLANKTON*
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UNDERSTANDING OF MECHANISMS
Low — Among key unknowns are the physiological response of carbonatebased phytoplankton to ocean acidification, the role of competition and
trophic interactions in controlling phytoplankton community dynamics, and
the mechanisms of interactions between global change drivers.
CERTAINTY IN PROJECTIONS
Low — Models, observations and experiments are in qualitative agreement
that ocean warming and acidification are very likely to have large impacts
on phytoplankton and carbon sequestration by oceans; however, the speed,
direction and distribution of these impacts are highly uncertain.
KEY ACTIONS
Long-term, global monitoring programs are needed to better understand
the effects of environmental change on ocean phytoplankton and the
propagation of impacts in food-webs up to fisheries. Despite high
uncertainties, strong climate change mitigation measures must be
considered given that negative impacts on ocean biodiversity, productivity or
carbon sequestration would have planetary scale implications. Adaptation
measures are not currently considered feasible.
* The original text for this tipping point was prepared by Laurent Bopp (Institute Pierre Simon
Laplace, Laurent.Bopp@cea.fr) and Corinne Le Quéré (University of East Anglia/British
Antarctic Survey). Further reading: Bopp et al. 2001, Hays et al. 2005, Rost et al. 2008,
Alvain et al. 2008, Riebesell et al. 2009.

ARCTIC OCEAN*

TIPPING POINT MECHANISM
Arctic summer sea ice extent is decreasing rapidly, indeed more quickly
than recent models projected, reaching a record low in September 2007.
Sea ice is thinning and most multi-year ice has been lost, setting the stage
for further rapid reduction in extent and raising the possibility of an ice-free
Arctic summer within a few decades. Because open water reflects much
less solar radiation than sea ice, the loss of sea ice accelerates regional
and global warming.
IMPACTS ON BIODIVERSITY AND ECOSYSTEM SERVICES
The arctic marine environment is rapidly becoming a subarctic environment,
with consequent threats to arctic species but opportunities for subarctic
ones. Ice-dependent species are rapidly losing habitat, creating key
mismatches in timing of seasonal events such as food availability and
reproduction, or in spatial relationships such as feeding and resting areas
for marine mammals. Where sea ice is a platform and a provider of iceassociated species, ecosystem services will decline. Where sea ice is a
barrier to human activity, development may increase, including perhaps
provisioning services such as fisheries, but may also lead to increased
conflict among users and potential users.
UNDERSTANDING OF MECHANISMS
High — While models failed to correctly predict recent rates of ice cover
loss, the drivers and feedback mechanisms are broadly well understood.
Biodiversity responses can be projected with some certainty based on
current trends and knowledge of environmental constraints on arctic and
subartic organisms.

before & after: Patrick Kelley,
U.S. Coast Guard, Flickr.com

BOX 13
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CERTAINTY IN PROJECTIONS
High — This tipping point is already occurring and all models agree that ice
cover will continue decline substantially over the coming century. Major
uncertainties are rates of ice cover change and the speed and direction of
change in biotic communities.
KEY ACTIONS
Aggressive mitigation of climate change is urgent. Clear international
regulatory regimes must be defined to control the future impacts of
additional stressors, such as fisheries and pollution.

* The original text for this tipping point was prepared by Henry P. Huntington
(hph@alaska.net) and is available in Appendix 8. Further reading: Holland et al. 2006,
Winton 2006, Greene et al. 2008, Moore and Huntington 2008.
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3. THE WAY FORWARD FOR BIODIVERSITY
MODELS AND SCENARIOS
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uncertainties in the future trajectories of
indirect and direct drivers of biodiversity and ecosystem services exclude the possibility of making
multi-decadal predictions. There has, however, been
tremendous progress in modeling biodiversity and
its relationship with ecosystem services over the last
decade, and the scientific community is now poised
to use models as tools to: comprehend the mechanisms that have led to current patterns of biodiversity, understand the processes that underlie the
response of biodiversity to global change, synthesize
a wide range of disparate sources of information,
provide insight into the effectiveness of mitigation
and adaptation strategies, etc. In particular, quantitative models, when used wisely, are exceptionally good at addressing “what if” questions that decision makers frequently are confronted with. These
questions can be explored by examining the impact
of a variety of socio-economic scenarios on biodiversity. For example, models have recently played
a crucial role in demonstrating that plans for largescale deployment of biofuels are unsound, both for
the environment and biodiversity.
MODELS SHOULD INCLUDE INTERACTIONS AND FEEDBACKS THAT LINK BIODIVERSITY, ECOSYSTEM FUNCTIONING, ECOSYSTEM SERVICES AND SOCIO-ECONOMIC PROCESSES. — Although our understanding of direct and

indirect links between biodiversity and ecosystem
services is limited, models of the better-understood
aspects of ecosystem services could be incorporated in scenario studies, e.g. carbon sequestration,
hydrological cycles, regulation of nutrients, pollination, production of food and fiber, etc. However, models that do a good job at simulating these
ecosystem services often have poor representations of biodiversity and vice versa. Links between
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biodive
biodiversity
and ecosystem services to human wellbeing can be modeled, for instance using economic valuation or links to human health and the TEEB
initiative has made great strides in moving towards
model-based valuation of ecosystem services. One
of the challenges is the frequent spatial disconnect
between where services are produced and where
people benefit from those services (e.g., people
downstream benefit from forest services upstream).
Thus, there is the need to develop models that can
map the spatial and temporal flows of ecosystem
services. A daunting task will be to include a broader range of ecosystem services, especially cultural
services that are very different from other ecosystem services and will require new conceptual frameworks to be developed.
MODELS NEED TO INCORPORATE MULTIPLE DRIVERS AFFECTING BIODIVERSITY AND ECOSYSTEM SERVICES AND INTEGRATE INTERACTIONS BETWEEN REALMS. — Important

drivers that are currently missing or only partially treated in current models include: invasive species and overexploitation in terrestrial systems;
dam construction, pollution and invasive species
in freshwater systems; and habitat degradation and
pollution in coastal and marine systems. Challenges to incorporate these drivers in the models used
in biodiversity scenarios include the lack of general and scalable relationships between those drivers and biodiversity change. More basic research
into these relationships is needed, using standard
indicators of biodiversity change, such as the ones
adopted by the CBD for the 2010 targets. Models
for terrestrial, freshwater and marine biomes need
to be integrated so that interactions and feedbacks
among these systems can be accounted for106.
IDEALLY MODELS OF BIODIVERSITY AND ECOSYSTEM SERVICES SHOULD INCORPORATE DYNAMICS AND BE PROCESSBASED INSTEAD OF THE CURRENTLY AVAILABLE STATIC,
PATTERN-MATCHING MODELS. — Process-based mod-

els could incorporate evolutionary, ecological and

GBO3 • BIODIVERSITY SCENARIOS AND TIPPING POINTS OF GLOBAL IMPORTANCE

physical processes and, thereby, provide quantitative simulations of the dynamics of the multiple
dimensions of biodiversity (genes, species and ecosystems). By incorporating feedbacks, interactions
and key processes, such as food webs or dispersal,
models could help to uncover and describe important “tipping points”. This will require the development of a new generation of models that cover a
much broader range of processes than existing models. Such models might also provide better estimates
of the dynamics of biodiversity change such as the
time to extinctions, the speed at which novel ecosystems are likely to be created (for example due to
climate change), etc.
MODELS OF BIODIVERSITY AND ECOSYSTEM SERVICES
MUST BE EVALUATED USING A STANDARD SET OF INDICATORS TO ASSESS THE VALIDITY AND LIMITATIONS OF THE
PROJECTIONS. — Models can be evaluated in sever-

al ways, good examples of which are model evaluations undertaken by the global climate modeling
community. Model inter-comparisons, the systematic comparison of outputs generated by different
models, and sensitivity analyses are powerful means
for estimating uncertainty in model projections, but
are too rarely undertaken by the biodiversity modeling community. Further, model inter-comparisons
can help to identify and correct errors, as has been
demonstrated by IPCC climate model intercomparisons107. Testing the ability of models to simulate
past and present conditions against observed conditions of past and current biodiversity and ecosystem services is an essential part of model evaluation.
Models of biodiversity change have too rarely been
benchmarked using observational or experimental datasets. Improving this situation will require
models to output standardized variables that can
be compared against agreed datasets on biodiversity and ecosystem services, such as the biodiversity
indicators adopted by the CBD. The development of
a Global Biodiversity Observation Network by the
Group on Earth Observations (GEO-BON)108 opens
an opportunity to harmonize biodiversity data to use
in developing and testing scenario models.

(i.e. 2030), such as the red list index, and indicators
with faster dynamics receiving shorter-term targets
(2015) such as forest area extent. Given the heterogeneity of biodiversity loss patterns across the world
(Figure 3), regional or national biodiversity targets
could be defined in the context of plausible scenarios. For instance, in areas where there are strong
trends for biodiversity decline the targets could be
more permissive, while in areas where pressures are
reduced the targets could be more stringent, and in
some cases, targets may even involve improving biodiversity condition relative to the baseline, through
ecological restoration.
IPBES, AN IPCC-LIKE MECHANISM FOR BIODIVERSITY AND
ECOSYSTEM SERVICES, COULD PROVIDE THE STIMULUS FOR
THE MAJOR EFFORT NEEDED TO EVALUATE AND IMPROVE
MODELS. — The work outlined above to evaluate and

improve models will require an unprecedented
effort on the part of the socio-economic, climate,
ecosystem and biodiversity modeling communities
to work together. The IPCC has clearly demonstrated that an independent, but government recognized
international assessment body is a powerful mechanism for mobilizing the scientific community. The
time is ripe for a similar assessment mechanism for
biodiversity and ecosystem services, because huge
strides have recently been made in modeling and
in creating global and regional databases. As such,
dramatic improvements in scope, quality and political relevance of biodiversity and ecosystem service
projections for the 21st century are within reach in
the next few years. IPBES, an intergovernmental science-policy platform on biodiversity and ecosystem
services, could be the key to unlocking this potential.

SCENARIOS CAN INFORM THE DEFINITION OF POST-2010
TARGETS, BOTH GLOBALLY AND REGIONALLY. — The discus-

iStockphoto.com

sion on post-2010 targets has started recently (e.g.
UNEP-WCMC 2009). It is possible to compare recent
trends in some CBD indicators with the output of
models (Figure 7 and Figure 16). As such, models
could help to set targets that are informed by current trends and to assess the feasibility of reaching
targets by comparing various socio-economic scenarios. Different target timelines could be defined
for different indicators, with indicators that have a
slower time dynamics receiving longer-term targets
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ENDNOTES
1

MA — Millennium Ecosystem Assessment 2005.

2

Sala et al. 2005.

3

Niche-based models (NBM) — NBMs are based
on statistical relationships between spatial
distributions of plant or animal species and key
environmental factors controlling their distribution such as temperature, precipitation, etc. The
resulting model of the environmental “niche” of a
species can be used to simulate future distributions
when combined with projections of changes
in environmental drivers. This is a powerful
approach for projecting climate change impacts
at the species level because it can be used for any
species for which there are maps of their distribution and corresponding environmental factors.
Limitations of NBMs generally include the lack of
species migration, inter-specific interactions, key
environmental factors controlling distributions
(e.g., rising CO2 concentrations for plants) and
adaptive mechanisms. NBMs are often referred
to as “bioclimatic” or “climate envelope” models
when only climate variables are used to predict
species range. See Thuiller et al. (2008) for a critical
overview of niche-based modelling.

4

5

38

Dose-response relationships — Observational
data and experiments can be used to generate
empirical relationships between the intensity of
a global change driver (i.e., the dose) and species
loss, changes in species abundance, etc. (i.e., the
response). The development of dose-response
relationships requires significant efforts to
synthesize observational and experimental
studies. The advantage of these models is that
they are solidly anchored in measured responses
of biodiversity to global change drivers. One key
drawback of this approach is that it is difficult to
account for interactions between global change
drivers that are likely to occur in the future. See MA
(2005) and Alkemade et al. (2009) for discussions of
the development and limitations of this approach.
Species-area relationships — The relationship
between geographical or habitat area and species
richness is one of the best-studied correlations
in ecology. In nearly all systems, the number of
observed species increases asymptotically with
increasing geographical or habitat area. Based on
this relationship, the loss of habitat area has been
interpreted to imply a loss of species. This use of
the species-area relationship to predict species
extinctions is, however, poorly tested at large
spatial scales and the lag time between the loss of
habitat and the resulting loss of species is unknown

in most cases. The Sala et al. (2005) and van Vuuren
et al. (2006) provide a comprehensive overview of
the use of species-area curves to project species
loss at the global scale.
6

Empirical models using IUCN status — The IUCN
has developed criteria for assessing species
extinction risk for their Red List of the conservation
status of plant and animal species. One of the
key components of these criteria is the change
in geographical distribution of a species. Hence,
models that simulate changes in species range size,
e.g., niche models, can be combined with IUCN
classifications to determine the fraction of species
that are at high risk of future extinction (Thomas et
al. 2004, Thuiller et al. 2005). The IUCN status was
not, however, designed for this use, so projections
of species extinctions based on this method have a
high degree of uncertainty (Akcakaya et al. 2006).

7

Global vegetation models (GVM or DGVM)
— GVMs use mathematical descriptions of plant
photosynthesis, respiration, etc., coupled with
descriptions of the functioning of soils to simulate
vegetation dynamics and biogeochemical cycling
(e.g., carbon storage and fluxes, water use by
plants, runoff, etc.). These models are widely used
to investigate the impacts of global change on
regional and global biogeochemical cycling. The
use of biomes or a very small number of plant functional types (often 10 or less for the entire planet)
and the absence of animals currently prohibits
their use for directly modelling distributions of
species or species richness. GVMs have, however,
been used in combination with species-area or
dose-response relationships to estimate species
loss at regional and global scales. The IMAGE
model described in Alcamo et al. (2005b) contains
a GVM that simulates biome distributions. Most
recent GVMs simulate the distribution of plant
functional types (e.g., Sitch et al. 2008).

8

Species extinctions are also frequently referred to
as “species loss” in biodiversity assessments. In this
synthesis we use both terms interchangeably to
refer to the global extinction of species (as opposed
to local extinctions).

9

Species abundance is used to refer to the population size of a species. We also use the term Mean
Species Abundance, which has a slightly different
meaning and refers to the difference in mean
species population sizes between relatively pristine
ecosystems and systems where these pristine
ecosystems have been transformed by human
activities.
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10 Habitat loss is a relatively broad term that we use
to describe a major transformation of relatively
pristine ecosystems by human activities and is
usually equated with a major transformation
of vegetation type, land cover or land use; e.g.,
the transformation of relatively intact forest to
cropland constitutes habitat loss as defined in most
previous biodiversity assessments. Technically this
is an incorrect use of the word “habitat” because
the loss of habitat for one group of species is always
habitat gain for another group.
11 Functionally similar groups of species are often
referred to as “functional groups”. This refers to
groups of species that either respond to environmental signals or perturbations in a similar way, or
have similar effects on ecosystem functioning; e.g.,
“temperate deciduous trees” is a commonly used
plant functional group used in global vegetation
models.
12 Biome is often equated with the dominant type
of vegetation for terrestrial ecosystems; e.g.,
the “savanna” biome can be found on several
continents, but is typically defined as grassland
with sparse tree cover. We use the terms “vegetation type” and “biome” interchangeably. Biome
definitions nearly always differ between studies: we
have attempted to use the biome definitions given
in the MA (2005) when possible.
13 The global scale projections of terrestrial species
extinctions that are presented have focused on
the impacts of climate and/or land use change.
All of these projections rely on a complex,
multi-step process that includes 1) scenarios of
global socio-economic development that include
greenhouse gas (GHG) emissions, land use change
(i.e., “habitat” change), etc., 2) climate models
that translate GHG emissions into projections of
climate change, 3) models of shifts in the range
of species or vegetation types (i.e., “habitats”) in
response to climate change and 4) models that
scale from changes in habitat or species range
sizes to global species extinctions. We have not
included the Sala et al. (2005) projections in Figure
2 because they are very similar in methodology
and results to van Vuuren et al. (2006), nor the
global biodiversity projections of Sala et al. (2000),
because they estimated impact of global change
drivers on biodiversity using a qualitative index
of “biodiversity change” that cannot be compared
with other studies.
14 See discussion in van Vuuren et al. (2006).
15 Sala et al. 2005.
16 Species-area relationships assume that loss of
habitat area leads to greatly increased risk of
long-term extinction; however, loss of habitat area
and contractions in species range size have often
not been good predictors of species extinctions in
the paleontological and recent historical record
(Ibanez et al. 2006, Botkin et al. 2007, Willis and
Bhagwat 2009). For example, large contractions
in range size or habitat modifications of many
species during Quarternary glaciations appear
to have resulted in few plant species extinctions
(Botkin et al. 2007, Willis and Bhagwat 2009) and
may only partially explain mass extinctions of

large vertebrates (Koch and Barnosky 2006): many
species appear to have escaped extinction by taking
refuge in small areas of favorable environments,
or in environments that differ substantially from
where they currently occur (Botkin et al. 2007,
Willis et al. 2007, Willis and Bhagwat 2009). More
recently, large scale deforestation in the Eastern
US — 50% of forest area had been cleared by the
mid-19th century — should have led to very high
extinction rates based on habitat area considerations, but observed plant extinctions were much
lower and indigenous bird extinctions considerably
higher than would have been predicted based on
species-area relationships (Ibanez et al. 2006).
Observations show that some species groups are
capable of long-term survival as small populations
or can successfully adapt to non-native habitats
(Prugh et al. 2008, Willis and Bhagwat 2009) which
may explain why projections of species extinctions
based on habitat loss are not coherent with large
observed differences in vulnerability to extinction
across species groups (Stork et al. 2009).
17 Sala et al. 2005.
18 It is tempting to explain low species extinction
probabilities in Jetz et al. (2007) compared to
other global projections, because extinctions
are projected only when species lose their entire
current habitat. However when similar criteria
to Thomas et al. (2004) are used (e.g., assuming a
15-75% probability of extinction for bird species
with >50% habitat loss based on IUCN criteria),
projected species loss due to climate change
alone in Jetz et al. (2007) are still significantly
lower than those in Thomas et al. (2004). Another
difference between the two works is that Jetz et al.
(2007) used a model of biome shifts as the basis of
calculating future range size, while Thomas et al.
used climate-based niche models. Also note that
even the projections in Jetz et al. (2007) may be
overly pessimistic because they assume that birds
are stationary and cannot move in response to land
use or climate change.
19 Pounds et al. 2006.
20 We have summarized the responses of two studies
that have examined the future impacts of global
change on species abundance, the UNEP (2007)
and ten Brink et al. (2007). In both studies, changes
in Mean Species Abundance (MSA) were simulated
using the GLOBIO model (Alkemade et al. 2009),
which is an IMAGE based model (Bouwman et
al. 2006) that simulates the impact of multiple
pressures on biodiversity using empirical data from
published studies to establish a relation between
the magnitude of pressures and the magnitude
of the impacts, i.e., “dose-response” models
(Rothman et al. 2007). The baseline scenario was
a “business as usual” scenario, meaning one that
was not influenced by any specific policy scenario
besides the ones presently implemented. It is
driven by moderate socio-economic development.
The baseline scenario predicts a decline in MSA
from 70% in 2000 to 63% in 2050 (100% corresponds to the total natural capital in 1700 AD). See
Biggs et al. (2008) for use of this type of approach at
regional scales.
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21 There are two important methodological differences between the Mean Species Abundance used
in Figure 5A and the LPI used in Figure 5B. First,
LPI is based on long-term population trends for
a small range of species, while MSA uses comparisons of a broad range of species populations
between disturbed and undisturbed reference
habitats. Second, the Living Planet Index uses the
geometric means of trends in species abundance
across realms to calculate average terrestrial trends
(WWF 2008), in contrast to the GLOBIO model that
uses arithmetic means to calculate Mean Species
Abundance at all scales (MSA, Alkemade et al.
2009). Both approaches can easily be justified.
22 The success of this option depends heavily on
the ability to appropriately enforce the status of
protected areas and to integrate the management
of protected areas and non-protected areas (Brooks
et al. 2009).
23 The relationship between poverty alleviation
and biodiversity conservation is hotly debated.
Improvements in human welfare have historically
been accompanied by the conversion of natural
systems to human dominated systems with lower
diversity (MA 2005). There are some development
pathways that allow for substantial increases in
human welfare, yet do a far better job of preserving
biodiversity than is currently the case in many
regions (Chan et al. 2007).
24 Kok et al. (2008) provide a very insightful synthesis
of previous global change assessments.
25 van Vuuren et al. 2006, IPCC 2007.
26 Nielsen et al. 2007, Froyd and Willis 2008.
27 Nielsen et al. 2007.
28 Kok et al. 2008.
29 van Vuuren et al. 2006, Kok et al. 2008
30 Stehfest et al. (2009) provide a detailed analysis
of the effects of diets based on “healthy” levels
of meat consumption and clearly illustrate the
large impacts of high levels of meat consumption
on global land use. See also Kok et al. (2008) and
Alkemade et al. (2009).
31 IPCC (2007) provides an excellent summary of
these model projections.
32 See exhaustive review by Perry et al. (2005). See
also Fischlin et al. (2007).
33 See Reynolds et al. (2007) for a thorough review
of desertification and land degradation processes
in arid and semi-arid regions. See Pejchar and
Mooney (2009) for a review of species invasions
and their impacts on a broad range of ecosystems.
34 Overpeck and Weiss 2009.
35 Bond et al. (2005) provide a global analysis of
fire impacts on terrestrial ecosystems using the
Sheffield DGVM.
36 But see Thuiller et al. (2005).
37 Walker et al. 2009.
38 The MA (2005) provides a comprehensive discussion of the relationships between biodiversity,
ecosystem services and human well-being.

40

39 TEEB 2009 — The Economics of Ecosystems and
Biodiversity for National and International Policy
Makers – Summary: Responding to the Value of
Nature 2009. See also the TEEB web site at www.
teebweb.org.
40 Wise et al. (2009) have published the only global
scenarios in which land dedicated to crops and
intensively managed forest declines over the
coming century. See discussion of Figure 2.7 for
more detail.
41 MA 2005, Carpenter et al. 2009.
42 Chan et al. 2006, Nelson et al. 2009.
43 Balmford et al. 2009.
44 But see Lindemann-Mathies et al. (2010) who
showed that aesthetic appreciation is positively
related to biodiversity in Switzerland.
45 Naidoo et al. 2008.
46 There is good experimental and theoretical
evidence that species loss can degrade some
ecosystem functions; however, these effects are
most pronounced at low levels of species richness
and reductions in species richness are often
considerably less important than changes in key
species or species groups that dominate ecosystem
functioning (Loreau et al. 2001, Gaston 2010). In
addition, most studies of the relationship between
biodiversity and ecosystem function in terrestrial
ecosystems have focused on species loss in
grasslands (Balvanera et al. 2006), although some
studies have focused on other ecosystems such as
forests (Oelmann et al. 2010). Most studies show
that a reduction in species richness has negative
effects on some key measures of ecosystem
services (Balvanera et al. 2006), but since many
of these studies are based on random species loss
and carried out at very small spatial scales they
are extremely difficult to extrapolate to projected
changes in biodiversity at larger spatial scales
(Hillebrand and Matthiessen 2009).
47 Kremen et al. 2007, Aizen et al. 2008, Aizen et al.
2009, Gallai et al. 2009. Based on text prepared by P.
Balvanera.
48 For examples of the use of GVMs to model ecosystem functions and services see: river flow (Ishidaira
et al. 2008), regional rainfall (Betts et al. 2008), fire
regimes (Bond et al. 2005, Bar Massada et al. 2009),
ecosystem carbon storage (Schaphoff et al. 2006,
Sitch et al. 2008), global climate (Gullison et al.
2007, Davin and de Noblet-Ducoudre 2010).
49 TEEB 2009. See www.teebweb.org.
50 Paterson et al. 2008.
51 See reviews by Gullison et al. (2007) and Howarth
and Bringezu (2008).
52 Grainger et al. 2009.
53 Heller and Zavaleta 2009.
54 See Ranganathan et al. (2008) for good examples of
the importance of improving biodiversity management in human dominated landscapes.
55 Calculations based on the MA scenarios output
from IMAGE, using the total food crop area, grass &
fodder area, and biofuel crop area in 2050 relative
to 2000.

GBO3 • BIODIVERSITY SCENARIOS AND TIPPING POINTS OF GLOBAL IMPORTANCE

56 For instance the scenarios in GEO4 (UNEP 2007)
and GEO3 (UNEP 2002) analyse prospects for
population facing severe water stress and for the
volume of untreated domestic and municipal
wastewater but only analyse terrestrial biodiversity.
Similarly, the scenarios of Crossroads of Planet
Earth’s Life (ten Brink et al. 2006) only look at
terrestrial biodiversity.
57 The importance of these drivers has been reviewed
in Finlayson and D’Cruz (2005).
58 Nilsson et al. (2005) do a global overview of
dam-based impacts on large river systems. They
found that more than half of large river systems are
affected by dams. The push for reducing emissions
by using hydropower is driving the construction
of thousands of new dams, some of them in river
systems not yet fragmented by dams.
59 Reviews of the impacts of climate change on
freshwater biodiversity can be found in Poff et al.
(2002), Fischlin et al. (2007), Heino et al. (2009).
60 Climate change is expected to force species
distributions towards higher latitudes, leading
to potential extinctions of species whose future
habitable climate space becomes too small or too
isolated from their current geographical ranges.
Because of the insular nature of rivers for freshwater fishes (Oberdorff et al. 1999), endemic species
may be at a higher risk of extinction as they cannot
adapt to new climatic conditions and cannot shift
their geographic ranges. Since endemic taxa are
not replaceable from elsewhere, and are usually
part of global conservation priorities, their extinction will have a global scope and will translate
in net biodiversity loss at the global level. The
protection of river basins holding endemic species
may not be sufficient to avoid extinction. Therefore
a possible mitigation option would consist on the
translocation of these species to alternative river
basins. However, species translocations also pose
serious risks to conservation, since they may cause
unexpected and undesirable shifts on ecosystem
functioning (Richardson et al. 2009). Based on text
prepared by T. Oberdorff.
61 Fang et al. (2004a,b,c) looked at 2xC02 scenarios for
water temperature and dissolved oxygen in North
American lakes and found that the number of lakes
with suitable cool-water fish habitat will decrease
by 30% and most shallow water lakes will experience summerkill of cold-water fish due to elevated
water temperatures. Jankowski et al. (2006) do an
analysis of the impacts of 2003 European heat wave
on hipolimnetic oxygen and its implications for the
effects of climate change.
62 Sala et al. (2005) developed global scenarios using
a species-discharge curve, which predicts fish
species diversity as a function of mean annual
discharge. This regression model was built with
data from 237 rivers across the world. Using the
WaterGAP model they estimated current and
future discharge for the Millennium Ecosystem
Assessment scenarios, considering separately the
effects of water withdrawal and climate change.
The scenarios predict major changes in water
availability in river basins across the world, with
an increase in availability in Northern Europe and

North America, and a reduction in availability
in the Mediterranean, Australia, Southern Africa
and India (Figure 12). Therefore, Sala et al. predict
major declines in freshwater biodiversity in the
rivers of the latter regions, up to 65% in one case
(Figure 13). These will not be compensated in the
short term by increased water availability in other
parts of the world, as extinction occurs in ecological time while speciation occurs in evolutionary
time. In these scenarios the main cause of change
in water availability and ultimately the cause of fish
extinctions is climate change, with a minor role
played by water withdrawal (Figure 13). Therefore
the scenario where freshwater biodiversity is least
affected is the scenario where climate change is
minimized (Technogarden). The same authors
performed a similar modelling exercise for two
IPCC SRES scenarios and found that 15% of the
rivers would lose more than 20% of fish species
(Xenopoulos et al. 2005). There are significant
uncertainties and limitations associated with the
scenarios of Sala et al. (2005) and Xenopoulos et al.
(2005). There is still limited empirical evidence for
extinctions associated with decrease in river discharge. The species-discharge model is based on a
snapshot of the distribution of fish diversity across
many river basins, and the slope of the relationship
could differ if an analysis of the consequences of
river discharge for fish diversity was performed
over time within a river basin. Finally there are
important limitations associated with the estimates
and projections of the WaterGAP model.
63 Leprieur et al. (2008) studied the spatial variation
in non-native species richness globally. They
found that indicators of propagule pressure and
habitat disturbance (i.e. gross domestic product,
human population density and the percentage
of urban area) accounted for most of the global
variation in non-native fish species richness. Based
on these results, they predicted that river basins
of developing countries will host an increasing
number of non-native fish species as a direct result
of economic development.
64 Dam construction facilitates biological invasions
of the impounded water bodies and of nearby
natural lakes (Johnson et al. 2008). Climate change
may facilitate the invasion by exotic species of
systems previously limited by minimum winter
temperatures (Schmitz et al. 2003).
65 Most scenarios in the MA (Alcamo et al. 2005)
and GEO 4 (UNEP 2007) predict increasing water
withdrawals, as consequence of population growth,
agricultural demand, and industry demand.
Globally, increased precipitation is expected
to increase water availability but not as fast as
withdrawals. Furthermore in some arid regions
precipitation will decrease. Overall population
under severe water stress will increase (Figure 14).
66 Bouwman et al. (2005) projected river nutrient
loads up to 2030 based on projections for food
production and wastewater effluents.
67 Sala et al. (2005) developed qualitative scenarios
for eutrophication and acidification on freshwater
ecosystems and discussed implications for biodiversity. They used return flows from WaterGAP
(i.e. flows returned by human water uses) as proxy
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for eutrophication. For acidification they used an
index of aerial SOx deposition from IMAGE. They
found that almost all areas with large increases in
return flows are also areas with decrease discharge
(caused by changes in precipitation and water use).
Some of these areas (e.g. Middle East) also experience increasing acid deposition. The scenario
where pro-active environmental measures are
taken at the global scale (Technogarden) was the
scenario with the brightest outlook for biodiversity.
68 Alcamo et al. (2005a) discuss the impacts on
wetlands and their services caused by land
reclamation and by changes in river runoff induced
by climate change and water withdrawals.
69 Gopal (2005) describes how intensive aquaculture
has been developed in some places in Asia to
compensate for declininig fish catches from dry
and polluted rivers. However, aquaculture also
degrades water quality and reduces biodiversity,
and in some cases eutrophication has occurred
to such extent that the aquaculture farms become
unviable. Lake and Bond (2007) developed
narrative scenarios for the future of freshwater
ecosystems in Australia. In one of their scenarios,
where economic growth receives priority, agriculture expands increasing water usage, leading to
increases in salinity, restriction of fish migration
through dam construction for irrigation, and
increase in nutrient loads and other pollutants.
As a consequence there are significant losses of
biodiversity.
70 Approximately 10% of wild harvested fish are
caught from inland waters (Wood et al. 2005) and
inland aquaculture production further increases
the significance of freshwater ecosystems as a
major source of protein for a large part of the
world´s population (Finlayson and D’Cruz 2005).
71 See Alcamo et al. (2005).
72 Minimizing water use is shown to be a key issue
in both the MA scenarios (Alcamo et al. 2005) and
GEO 4 scenarios (UNEP 2007).
73 See Palmer et al. (2008).
74 Heal et al. (2001) proposed the concept of
Ecosystem Service Districts to develop a spatial
planning system based on ecosystem services.
75 Payments for ecosystem services of freshwater
ecosystems are discussed in Bohlen et al. (2009)
and Leclerc (2005).
76 Abell et al. (2008) discuss the lack of broadscale
planning efforts for freshwater systems and
propose an ecoregion approach for the development of conservation strategies.
77 The role of wetlands on flood mitigation is reviewed
by de Guenni et al. (2005). The role of wetlands on
water purification is reviewed by Finlayson and
D’Cruz (2005).
78 See Fischlin et al. (2007).
79 Alder et al. (2007) develop fishing policy scenarios
for the four scenarios of the Global Environmental
Outlook 4 up to 2050, all of them forecasting an
increase in fishing effort due to an increasing
human population and fish consumption. Alder
et al. (2007) also explored four scenarios of the
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International Assessment of Agricultural Science
Technology and Development (IAASTD), with
fishing effort increasing in two of them. The
scenarios explored in the MA up to 2020 exhibit
similar dynamics (Alcamo et al. 2005) and project
a substantial increase of aquaculture production.
FAO (2009) analysed the prospects for aquaculture
to 2015, suggesting that, given the overall stagnation of fisheries landings over the last two decades,
the increase in demand for fish will lead to growth
in aquaculture production.
80 The EcoOcean model projects changes in biomass
for 43 functional groupings, including 25 groups
of fish, 3 groups of marine mammals, 1 group of
marine birds, 11 groups of invertebrates, 2 groups
of primary producers and 1 detritus group. The
sub-models (one for each FAO area, the poles
excepted) are adjusted to fit biomass and catch,
using the fishing effort of five fleets as drivers for
the period 1950 to 2000. Scenarios are developed
by defining a set of weights for the following
criteria associated with fisheries: value, jobs,
ecosystem structure and subsidies. These criteria
are then used to calculate optimal fishing efforts
over the time period for each scenario. Results are
reported using indicators such as total landings per
functional group, the marine trophic index (which
measures the distribution of landings relative to
their position in the food web, Pauly et al. (2003)),
and the depletion index (representing the relative
level of species depletion by fishing, Cheung and
Sumaila (2008)).
81 Alder et al. 2007.
82 The level of this risk is not consensual and has been
discussed by Hutchings and Reynolds (2004).
83 See Baillie et al. (2004). See also Cheung et al.
(2007) who found that species with higher intrinsic
vulnerability (slow growth and late maturity) are
more impacted by overfishing. Dulvy et al. (2004)
review available methods to assess extinction risk
in marine fishes.
84 Worm et al. (2006) analysed data on fish and
invertebrate catches from 1950 to 2003 from 64
large marine ecosystems reaching from estuaries
and coastal areas to the seward boundaries of
continental shelves. They plotted the number of
collapsed fish and invertebrate taxa over time,
this is, taxa where catches dropped below 10% of
the recorded maximum. They found that about
1/3 of currently fished species had collapsed by
2003. Projecting the collapses trend (using a power
equation) into the future they forecasted a global
collapse of marine fisheries by 2050. The use of
this kind of extrapolation and other aspects of
the paper have been criticized by some scientists
(Holker et al. 2007).
85 Newton et al. (2007) studied the prospects for
island coral reef fisheries up to 2050. Based on
an estimate of maximum sustainable yields, they
estimated the current ecological footprint of coral
reef fisheries was 164%, which means that we
would need 64% more reef area than exists in the
world. They found that human population size
on the islands was a significant predictor of the
ecological footprint on the islands reef fisheries.
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Using this relationship, and UN projections for
population growth up to 2050, they predict that by
that time, we would need almost three times the
existing reef area.
86 Ruitenbeek 1996.
87 Cheung et al. 2009.
88 See Beddington et al. (2007) and Worm et al.
(2009) and for an overview of strategies to improve
fisheries management.
89 Marine reserves and no-take zones have been
shown to increase species diversity of target and
non-target species within their boundaries (Worm
et al. 2006) and depending on design, location and
size, can increase adjacent fish catches (Roberts et
al. 2001), and increase tourism revenue, a cultural
service (Worm et al. 2006).
90 One way in which this can be done is by tradable
catch shares or individual transferable quotas,
TURFs etc (Beddington et al. 2007, Costello et al.
2008), whereby each fishermen or community
is guaranteed a proportion of the total allowable
catch. See also the discussion of property rights in
Berkes et al. (2006).
91 Roughgarden and Smith (1996) have argued that in
order to avoid collapses, stocks should be managed
so that the target stock is above the producing
maximum sustainable yield and harvested at less
than the maximum sustainable yield.

will favour instead the dominance of small species
of zooplankton from Atlantic waters, which support
plankton-eating fish species and in turn fish-eating
birds (e.g. guillemots). Fish-eating guillemots
nest on rocky cliffs at the coast, and therefore the
transport of nutrients to inland will decrease, with
negative impacts on primary productivity of tundra
plant communities affecting tundra-dependent
mammals and birds
100 Hoegh-Guldberg et al. (2007) describe two
thresholds above which corals have not been
found over the last half a million years: a thermal
threshold of 2°C and a carbonate ion concentration
of 200 μmol kg-1 (Figure 17).
101 Hughes et al. (2003) suggested that addressing
overfishing may also improve the resilience of coral
reefs to climate changes and other human pressures. Other measures to improve the conditions
and resilience of coral reefs include controlling
pollution sources and coastal development Perry et
al. 2005, Dulvy et al. 2008. The coral reef crisis also
opens economic opportunities. Given the rates of
degradation of many coral reefs across the world,
we believe that the islands that will best manage
their reefs will be able to reap the economic
benefits associated with nature tourism in the
short-term (in one of the MA scenario storylines
this is explored, Cork et al. 2005).
102 Diaz and Rosenberg 2008.

92 Alder et al. 2007.

103 See Cork et al. (2005).

93 Pauly and Alder 2005.

104 Cork et al. 2005, UNEP 2007.

94 Dinoflagelates produce 95% of the energy available
to the corals (Hoegh-Guldberg et al. 2007).

105 Barry et al. 2008.

95 Donner et al. 2005.

107 Randall et al. 2007.

96 Some researchers have expressed doubts about
the gloomier scenarios of the impacts of climate
change on coral reefs (Hughes et al. 2003, Maynard
et al. 2008). They argue that there is evidence for
coral capacity to adapt at least partially to increases
in sea surface temperature and acidification, and
that it is likely we will see great changes in coral
reef communities but these will not be necessarily
catastrophic.

108 http://www.earthobservations.org/geobon_a.
shtml

97 This includes calcifying phytoplankton species
(Riebesell et al. 2000), pteropods living in highlatitude oceans (Orr et al. 2005), cold-water reefs,
and other calcifying marine organisms (Raven et
al. 2005, Fischlin et al. 2007). But some species
may benefit from the interaction between ocean
acidification and warming, such as seastars
(Gooding et al. 2009).
98 Perry et al. 2005, Dulvy et al. 2008, Whitehead et al.
2008, Cheung et al. 2009.
99 Stempniewicz et al. (2007) developed a scenario of
how changes in marine biodiversity in the Arctic
can affect the biogeochemical cycle of nutrients in
the tundra. Seabirds transport organic matter from
the nutrient-rich sea to the nutrient-poor land, by
feeding on marine life and depositing guano in
seabird colonies. Arctic waters are usually dominated by large zooplankton species, which support
plankton-eating seabirds (e.g. little auk), which
nest a few kilometres inshore. Climate warming

106 IEEP et al. 2009.

109 A biome shift from tundra to boreal forest in North
America is projected by both models as evidenced
by the increase in % tree cover (blue) and decline
in % herbaceous cover (red). The TRIFFID model
predicts the replacement of tropical forests by
herbaceous vegetation, especially in the Amazon,
which is in stark contrast to the moderate increases
in tree cover projected by the Orchidee model.
TRIFFID also predicts boreal forest replacement of
tundra in Asia, while the Orchidee model projects
much more modest changes. It is important to note
that neither of these models includes migration
limitations on plants, so they may overestimate the
extent to which boreal forest colonizes tundra in
the 21st century. Sitch et al. (2008) also explored
the response of two additional global vegetation
models, LPJ and Hyland not presented here.
110 An explanation of the calculation of carbon storage
in IMAGE is given in van Minnen et al. (2009). For a
description of IMAGE see Bouwman et al. (2006).
111 Xenopoulos and Lodge 2006, Xenopoulos et al.
2005.
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LIST OF ACRONYMS
CBD

Convention on Biological Diversity

DGVM

Dynamic global vegetation model

GBO2

Global Biodiversity Outlook 2

GBO3

Global Biodiversity Outlook 3

GEO-BON Global Biodiversity Observation Network by the Group on Earth Observations
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GEO4

Global Environment Outlook 4

GHG

Greenhouse gases

GVM

Global vegetation model

IAASTD

International Assessment for Agricultural Science, Technology and Development

IPBES

Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services

IPCC

Intergovernmental Panel on Climate Change

IUCN

The International Union for Conservation of Nature

LPI

Living Planet Index

MA

Millennium Ecosystem Assessment

MSA

Mean Species Abundance

MTI

Mean Trophic Index

NBM

Niche-based models

OECD

Organisation for Economic Co-operation and Development

REDD

Reduced Emissions from Deforestation and Degradation

REDD+

Reduced Emissions from Deforestation and Degradation including through forest conservation,
sustainable management of forests and enhancement of forest carbon stocks in developing countries

TEEB

The Economics of Ecosystems and Biodiversity

TURF

Territorial use rights in fisheries

UNEP

United Nations Environment Programme

UNFCCC

United Nations Framework Convention on Climate Change
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Appendix 1. ARCTIC TUNDRA
Juan F. Fernandez-Manjarrés (Université Paris-Sud 11, juan.fernandez@u-psud.fr)
Paul Leadley (Université Paris-Sud 11, paul.leadley@u-psud.fr)

SUMMARY
n Climate warming has been and will be stronger in the Arctic than other parts of the globe with >+4°C
warming over the 20th century in some areas of North America and projected increases of 2.8°C to
7.8°C for the arctic region by the end of the 21st century. Due to lags in the earth system, this warming
is predicted to persist for several centuries even if greenhouse gas emissions decline substantially.
n Experiments, observations and models show that all plausible climate scenarios will lead to continued
and widespread increases in dominance of deciduous shrubs in tundra communities and decreases
in abundance of herbaceous, bryophyte and lichen species. Most models project that boreal forest will
heavily invade tundra over large areas by the end of the century, as has occurred during warm periods
in the recent past (e.g., 6000 years BP). The risk of 21st century extinctions is moderate given the large,
contiguous ranges of many tundra species.
n Inevitable climate warming are projected to increase the rate of widespread melting of permafrost and
lead to emissions of very large quantities of greenhouse gases from organic tundra soils. Transformations from tundra to boreal forest are predicted to decrease albedo and change aerosol emissions. These
changes in tundra systems substantially increase climate warming in many models.
n Permafrost melting and changes in game availability have already heavily impacted some indigenous
populations and these impacts are likely to become widespread and severe over the coming decades.
n Because of long lags in the earth system, we have probably already passed a tipping point for long-term,
widespread permafrost degradation and invasion of tundra by boreal forest, but aggressive climate mitigation would substantially slow these processes. Adaptive management to conserve tundra systems is
not feasible outside of very small areas. Relocation of indigenous populations is currently a viable adaptation strategy for preserving traditional livelihoods, but long-term adaptation will require substantial
cultural adjustments.

DESCRIPTION
Status
Tundras are the northernmost treeless vegetation that grows between the boreal forest and barren or glaciated arctic land areas. The presence of permafrost is considered the main limitation for tree establishment.
Tundra vegetation can be subdivided in several categories, ranging from communities dominated by tall
shrubs to very short stature communities dominated by cushion forb, lichen and moss tundra (Bigelow
et al. 2003). Present day tundra is generally bounded at the North at 7.5°C to 5.0°C July isotherms and at
the South by the boreal forest at the 10°C to 12°C July isotherms (MacDonald et al. 2000). Low and high
shrub tundras, being it the southernmost and the closest to boreal forest is the vegetation type susceptible
to invasion by boreal forest trees. About one quarter of the tundra vegetation is composed of shrublands
while the rest is composed of 18% peaty graminoid tundras, 13% mountain complexes, 12% barrens, 11%
mineral graminoid tundras, 11% prostrate-shrub tundras, and 7% wetlands (Walker et al. 2005, Figure 1).
Tipping point mechanisms
We have classified the Tundra as a global biodiversity tipping point for three reasons (see also Foley 2005):
First, inertia in socio-economic systems, biogeochemical cycles and the physical climate-ocean system
mean that substantial further increases in temperature in the Arctic are inevitable (IPCC 2007). The average projected increase in temperature for arctic land areas between the 1980-1999 and 2080-2099 period
is ca. 4.4°C (ca. 1°C warmer than sub-arctic regions of North America and Eurasia), but perhaps more
importantly the minimum projected increase for terrestrial arctic systems is ca. 2.8°C for the lowest emissions scenarios used by the IPCC. In addition, climate models suggest that these increased temperatures
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FIGURE 1
Tundra floristic regions as defined by Walker et al. (2005). Reproduced with permission, from Walker et al. (2005).

can be reversed only following many centuries of very low greenhouse gas emissions (IPCC 2007). Second, very high greenhouse gas emissions originating from the thawing of deep organic tundra soils that
are currently permanently frozen will lead to a significant exacerbation of climate warming, as may
increased albedo due to boreal forest invasion of tundra (i.e., the uniform snow blanket of tundra is highly reflective compared to boreal forests and, therefore, limits heating of the earth by the sun, see detailed
description in “Ecosystem Services” section). Third, warming is likely to lead to very large changes in the
distribution and abundance of species, including a high likelihood of the replacement of tundra by boreal forest over large areas of the Arctic. A recent analysis of global tipping points by Lenton et al. (2008) did
not retain the tundra as an Earth System tipping point, because the changes described above are likely to
be “gradual” rather than abrupt. We feel that the essentially irreversible nature of these changes over the
next centuries, the potentially strong positive feedback to climate warming and the likely high impacts
on global biodiversity and ecosystem functioning clearly qualify this as one of the most critical areas of
change for the Earth System.

IMPACTS ON BIODIVERSITY
Biome level shifts
Global-level vegetation models (DGVMs) strongly suggest that boreal forests will permanently replace
tundra ecosystems if current trends of greenhouse gas emissions persist. For example, Bigelow al. (2003)
using vegetation models and emissions scenarios from the 1992 IPCC (IS92a scenario) found that increases in CO2 concentrations of 1% annually – i.e., “business as usual” emissions – produce increments in
the net production of tundra areas because of the colonization of boreal forest trees. Similarly, Sitch et
al. (2008) found that three out of four vegetation models strongly suggest that boreal forest would colonize most present tundra areas under an increased and intensive use of fossil fuel (SRES scenario A1F1)
as did Lucht et al. (2006) and Schaphoff et al. (2006). Indeed, recent simulations on an average scenario
of 2°C increase suggest that tundra areas would be reduced by the end of the century by 44% while boreal
forest would increase 55% from current areas, with tree lines increases up to 400 km, only limited by tree
dispersal capabilities (Kaplan and New 2006). Finally, models suggest that boreal forest progression by
increased CO2 and increased temperatures are more significant than changes due to Earth orbital variations as during the mid-Holocene (Kaplan et al. 2003). New areas of tundra, however, could be formed
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in present areas that are occupied by very sparse vegetation such as the northernmost polar deserts. For
example, in northern Canada, new tundra is predicted to be formed on the Arctic fringe that at present
is only sparsely or not vegetated (Lucht et al. 2006).
Species and species-group level responses
Experimental and observational data suggest that community structure will change in tundra ecosystems
in favor of shrubs and that they will be colonized by boreal forest trees. A recent meta-analysis of 11 experimental sites from the ITEX initiative (international tundra experiment) that uses standardized protocols,
show that warming increased height and cover of deciduous shrubs and graminoids, decreased cover of
mosses and lichens, and decreased species diversity and evenness. These results suggest that warming
will cause a decline in biodiversity across a wide variety of tundra, at least in the short term (Wahren et
al. 2005) confirming trends observed in previous independent studies. Observations in Alaska over the
past 50 years are concordant with experimental data as warming-related increases in dwarf birch, willow,
and white spruce (Picea glauca) cover and abundance are observable (Sturm et al. 2001, Tape et al. 2006).
Results from species distribution models using climate projections from 30 coupled atmosphere–ocean
general circulation models predict that species will move substantial distances to the North. The longterm projection is for average gains in species richness of 30% or more in the Tundra ecoregion under the
lower greenhouse gas emissions scenario (SRES B1) and 57% gains or more under the mid-to-high emissions scenario (Lawler et al. 2009). Differences in these projections and reduced species diversity found
in experimental studies are related to the time lag required for dispersal and colonization to provide for
specie turnover. Assuming no dispersal constraints, Southern areas of tundra are likely to experience
over 90% species turnover, so that faunal distributions in the future may bear little resemblance to those
of today. Arctic mammals, although largely spared from human intervention, may have high risks related to the adaptation to new environmental conditions (Cardillo et al. 2006).
It should be noted that most projections of changes in species and biome distributions may be influenced
by the substantial projected increase in precipitation in arctic systems with strong agreement across climate models for this trend (on average about +20% by the end of the century).

ECOSYSTEM SERVICES
Tundra systems provide a wide variety of ecosystem services to relatively small populations of indigenous
and non-indigenous peoples at local scales, and provide extremely important regulating services to all of
humanity through their influence on climate.
Supporting and regulating services (sensu MA 2005)
The invasion of tundra by boreal forests can have a profound impact on global temperatures since low
surface albedo from boreal forests during the winter season warms climate compared to tundra. For
example, the changes in insulation due to changes in the earth’s orbit alone do not appear sufficient to
explain the warming during the mid-Holocene (ca. 6000 years bp) and can potentially be explained by
albedo changes related to boreal forest invasion of tundra (Foley et al. 1994). Consequently, boreal forests
have the greatest biogeophysical effect of all biomes on annual mean global temperature (Snyder et al.
2004). Hence, tundras will unlikely recuperate as decreased albedo of the forested areas will contribute to
increase global temperatures that in turn favour the establishment of trees at high latitudes producing a
constant feedback permanently detrimental to tundra ecosystems i.e., a tipping point would be reached
(Chapin et al. 2005, Foley 2005).
The loss of permafrost in the tundra ecosystem will probably release more Carbon into the atmosphere
than the amount stored by new colonizing boreal forest (Schuur et al. 2008). If one considers only carbon
in vegetation, aboveground tundra vegetation contains roughly 0.4 kg C per m2 (Shaver et al. 1992), whereas boreal forest can average approximately 5 kg C per m2 (Gower et al. 2001) suggesting a gain of about
4.5 kg C per m2 as treeline advances into tundra. However, a typical tundra permafrost soil can contain
up to 10 times that amount i.e., approximately 44 kg C per m2 in the top meter (Michaelson et al. 1996),
compared with approximately 9 kg C per m2 in the top meter of non permafrost boreal forest soil (Jobbagy and Jackson 2000) resulting in a potential loss of up to approximately 35 kg C per m2. Moreover, this
potential loss can become greater (on the order of 100 kg C per m2) if soil to the depth of 3 m is considered
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(Schuur et al. 2008). Combined losses of CO2 and methane to the atmosphere from conversion of tundra
to boreal forest are, therefore, one of the principal earth system feedbacks that could exacerbate climate
warming (Schuur et al. 2008).
Provisioning and cultural services (sensu MA 2005)
Economic activities of people who live in the arctic tundra include hunting, fishing, nomadic herding,
and mining. In particular, nomadic herding could be key in the maintenance of open areas by impeding
the expansion of trees and shrubs under warmed tundra areas as results tend to suggest for caribou and
muskoxen (Post and Pedersen 2008). However, whether global warming would increase or reduce reindeer, caribou or muskoxen populations remains unclear (Forchhammer et al. 2002, Post 2005).
Arctic peoples are already adapting to 20th century climate change. “Inuit hunters are now navigating new travel routes in order to try to avoid areas of decreasing ice stability that is making them
less safe. In the future, increased rainfall may trigger additional hazards such as avalanches and rock
falls.” In addition, “Inuit hunters are also changing their hunting times to coincide with shifts in the
migration times and migration routes of caribou, geese as well as new species moving northwards”
(http://www.grida.no/polar/news/2395.aspx). The extent to which adaptation is possible remains unknown.

UNCERTAINTIES
n Most models of boreal forest invasion of tundra lack migration and soil type limitations on tree colonization and may, therefore, overestimate rates at which boreal forest replaces tundra.
n Tree invasion of tundra areas have been documented for the past century but colonizing dynamics may vary greatly from site to site. For example, although the continued advance of white spruce
(Picea alba) forests is the most likely scenario of future change in Alaska, variability in the rate of
forest response to warming may be limited by seed dispersal and early establishment and recent
changes in the growth responses of individual trees to temperature (Chapin et al. 2005, Caccianiga and Payette 2006 , Payette et al. 2008). Likewise, colonization by black spruce (Picea mariana)
into shrub dominated tundra areas although noticeable during the 20th century have been limited
by drought on wind exposed sites and difficult to correlate with short-term climate trends (Gamache
and Payette 2005).
n Paleo-ecological data suggest that tundra has been displaced by boreal forest during recent warmer
periods like the mid-Holocene but that this displacement was not homogenous around the circumpolar region. For instance, paleoecological reconstructions based on pollen taxa show that the
reconstructed treeline was farther north than present in Fennoscandia (western Europe) and central
Siberia (Bigelow et al. 2003). However, the Beringia region shows little or no displacement compared
to present, and the treeline was south of its present position in Labrador and Keewatin (Bigelow et al.
2003). These results are consistent with the other studies that infer biomes (Prentice and Dominique
2000), and with reconstructions based on subfossil tree remains (MacDonald et al. 2000). Hence,
contrary to other interpretations (Foley et al. 1994), the tree line did not move synchronously northwards during the mid-Holocene. Why the boreal forest tree line was further South under the warmer
climate of the mid-Holocene remains controversial, but local glaciers and differences between west
and eastern polar ice dynamics (western ice sheets tend to be thicker) may partially explain this
paradoxical result (Vavrus and Harrison 2003).

LOCAL TO GLOBAL ACTION AND OPPORTUNITIES
Global actions
n Mitigation of climate change is the primary avenue for taking action to conserve tundra systems or
at least to slow the rate at which large scale changes in biodiversity and ecosystem services occur.
“Dangerous” changes in tundra systems appear to already be underway and to occur at levels well
below those fixed by the IPCC for “dangerous” climate change (i.e., keeping radiative forcing below
levels that would lead to more than ca. 2°C global warming by the end of the century). This occurs
because arctic systems are much more sensitive to increases in radiative forcing than other terrestrial
systems and appear to have a relatively linear response to warming. The only reasonable recommendation from the point of view of tundra systems is that greenhouse gas emissions be reduced as
rapidly as possible to very low levels.
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n Little adaptation appears possible in these regions, because of the very large spatial scale at which
these changes will occur and the very low impact of human land management on tundra systems.
However, as noted above, grazing in some regions and fire could potentially slow the colonization of
tundra by trees.
Regional and local action
As stated elsewhere, the tundra tipping point, also known as the greening of the arctic, makes part of a
large biome-level transformation that includes the tundra, the permafrost and the neighbouring polar ice
cap, as well as terrestrial ice reduction (Greenland). As all these tipping points are externally driven by the
increase of global atmospheric temperatures, only global reduction in greenhouse gases can counteract
the major driver for this area (see Appendix 8. Arctic Ocean). Hence, global actions that are valid for the
polar ice cap or permafrost are also valid for the tundra because of the tight interactions and feedbacks
of these three components of the arctic system.
At the regional scale, Arctic countries have begun an important series of inter-government actions. In
particular, since 1996, the Ottawa declaration formally established the Arctic Council as a high level intergovernmental forum to provide a means “for promoting cooperation, coordination and interaction among
the Arctic States, with the involvement of the Arctic Indigenous communities and other Arctic inhabitants
on common Arctic issues, in particular issues of sustainable development and environmental protection
in the Arctic”. Member States of the Arctic Council are Canada, Denmark (including Greenland and the
Faroe Islands), Finland, Iceland, Norway, Russian Federation, Sweden, and the United States of America.
Also, indigenous people have been granted the category of “Permanent Participants” regardless of their
distribution. There are six Working Groups of the Arctic Council that perform assessments and monitoring of climate, flora, fauna, contaminants and emergencies.
Since 2007, the council launched the Vulnerability and Adaptation to Climate Change in the Arctic (VACCA) project designed to “provide useful knowledge and information-sharing at different governance
levels and for different sectors so that this learning can be incorporated into policies and decision-making”
tightly related to the SDWG and other working groups. The last report of this project (VACCA 2008) highlighted that that interest and capacity are increasing for, and are being used to deal with, climate change
vulnerability and adaptation in the Arctic but that the number of community-based projects remains a
minority. Lack of coordination and information exchange regarding initiatives on reducing vulnerability
and implementing adaptation to climate change around the Arctic remains, however, the greater weakness of these multinational actions.
Important opportunities have been identified with the VACCA report showing that basing research on
community needs and efficient scientific communication of results could be used to build capacity for
vulnerability reduction and adaptation to climate change (e.g. W040 Polar Affairs). Overall, the largest
constraints that have been identified for the application of policies is the short time available to cope with
ecosystem change, the lack of sufficient economic resources to apply policies, and the fact that many projects are trying to do “too much too quickly”.
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SUMMARY
n Changes in land use, in the fire regime and in climate are interacting and driving ecosystem dynamics in
the Mediterranean Basin towards the dominance of early successional communities, and also slowing
natural forests regeneration in abandoned farmland.
n Current projections of climate change predict increasing temperatures and decreasing precipitation in
the Mediterranean region, which will lead to more frequent periods of drought. In addition, land use
scenarios project a decrease in cropland, due to rural abandonment, and an increase of naturally regenerated vegetation and forest plantations. These changes, in climatic conditions and in land cover, will
most probably conduce to an increase in fire risk and fire occurrence.
n An increase of fire disturbance will drive the expansion of early successional and species-poor communities, such as shrublands, which are more adapted to frequent fires and drought conditions. In addition,
shrublands promote the recurrence of fire due to their flammability, thus contributing for a further expansion and difficult to reverse transition to early successional communities, with generalized biodiversity
loss.
n The expansion of early successional communities will also result in serious drawbacks for human wellbeing. Consequences for ecosystem services include carbon losses, from vegetation and soil, which may
worsen climate change at the global scale, and the failure of a wide range of ecosystem services, which
may affect human-well being and result in large economic losses from local to national scales.
n Adopting forest management practices that support native broadleaved forest regeneration and promote
its expansion is fundamental to progress to a new forest paradigm focused in multifunctional forests
managed to deliver multiple ecosystem services and more resistant to fire than fire prone plantations.
At the same time, it is important to persist in raising public awareness regarding fire prevention and the
holistic value of forests, in particular the delivery of non-marketed services.

DESCRIPTION
Status and trends
The Mediterranean Basin constitutes one of the world’s biodiversity hotspots, it supports 25000 native
plant species, 10% of the world’s flowering plants, and about 13000 endemic species (Myers et al. 2000,
Cuttelod et al. 2008). The species diversity found in this region results from (Blondel and Aronson 1999):
the geographic location, in the transition of three continents (Europe, Asia and Africa), a complex geography and topography, with mountain ranges, islands and islets, and the geographical and climatic events
that punctuated history (e.g., glaciations). In parallel with plants richness, the Mediterranean Basin is also
important for its fauna uniqueness: two thirds of amphibian species, nearly half of reptile species and a
quarter of mammal species are endemic (Cuttelod et al. 2008). However, and despite the high plant endemism found in the Mediterranean Basin, nearly 70% of the original habitat has been human-modified
and only about 5% of the vegetation is in a pristine condition (MA 2005, Palahi et al. 2008).
Tipping point mechanisms
Man and fire have been part of the history of the Mediterranean Basin for millennia. The recurrent use of
fire to clear forests and produce pastures (Blondel and Aronson 1999) favoured species with features that
increased resistance to fire, such as an insulating bark, or species that that were able to promptly regenerate
after fire (Naveh 1975). Therefore, fire has structured plant communities to become more resilient to fire disturbance. Today, changes in the fire regime, namely the increase in the annual number of fires, which has
quadrupled since 1960, and the increase in the frequency of large fires (> 500 ha), are again driving ecosystem
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Ecosystem change in
the northern rim of the
Mediterranean Basin:
interactions between drivers
and simplified successional
pathways (adapted from
Pereira et al. 2006 and Vallejo
et al. 2006). Shrublands and
natural forests represent the
alternative steady states in
Mediterranean landscapes (i.e.
points of equilibrium where
communities present a high
resilience to perturbation).

change in the Mediterranean Basin (Pausas et al. 2004, Bassi et al. 2008). Under these conditions, composition of ecosystems may shift towards early successional and more simplified communities, causing the loss
of biodiversity and the breakdown of important ecosystem services.
In the northern (European) rim of the Mediterranean Basin changes in fire regime are due to three main
drivers: land use changes, climate change and public behaviour (Lloret et al. 2002, Pausas et al. 2008)
(Figure 1)1.
Land use changes are following two trends: rural abandonment and the expansion of fire prone plantations. Both trends are being driven by the economic growth of the last decades. Rural abandonment was
triggered by a reduction of agricultural revenues that was caused by an increase of public and private
investment in the industry and in the services sector (Pereira et al 2006, Palahi et al. 2008). In the same
way, wood production to provide raw materials to pulp and timber industries became more profitable
than agriculture, leading to the forestation of agricultural fields (Pereira et al 2006). Today, Spain, Italy,
France and Portugal are among the countries in the world with the highest annual net gain of forest area,
with a mean net gain between 2000 and 2005 of 120 000 ha yr-1 (FAO 2006a). Most new forests present
a high density of trees and are composed of fire-prone species, mainly pines (Pinus spp.) but also other
species such as the eucalyptus (Eucalyptus spp.) (Sedjo 1999, Pausas et al. 2008). Moreover forest plantations, including forests planted before the mid 20th century, often lack an adequate management (e.g.
fuel load control) and structure (i.e., dense monocultures with equally spaced even-aged trees) (Rudel
et al. 2005, Pausas et al. 2008).
In abandoned fields secondary succession often results in the reestablishment of native forest2. However, the accumulation of biomass in unmanaged land increases fire risk. Fires will halt succession and
drive communities to early successional stages. Similarly, the large fuel load in continuous and dense
fire-prone plantations also increases fire risk and potentiates severe fires (Pausas et al. 2008). Extreme
climatic events, such as heat waves and droughts, also contribute to increase fire risk (Lavorel et al.
2007). Additionally, the combustion of organic matter during fires causes the release of CO2, which
contributes to climate change. A tipping-point occurs when frequent or severe fires cause irreversible
damages, such as the loss of keystone species or soil degradation (Pausas et al. 2008), and these damages prevent communities to progress to later successional stages. Recurrent and severe fires may also
cause the degradation of natural forests causing their permanent replacement by earlier successional communities3. The third driver affecting fire disturbance is public behaviour. While land use change
and climate change are causing an increase in fire risk and affecting fire behaviour, fire ignition is mostly man induced (both arson and unintentional fires), being the cause of about 95% of fires (Bassi et al.
1 This tipping point is focused on the Northern rim of the Mediterranean basin. In southern and eastern regions of the Mediterranean
Basin, the main threats for forest conservation are overexploitation and deforestation (Palahi et al 2008). In these regions, forests play a
primary role in the provision of fuel and forest goods to rural populations. The rapid population growth in the last decades and the high
population density in rural areas are the indirect drivers leading to pressures over forest ecosystems.
2 Forest natural regeneration is a long time process that depends on the existence of adequate soil conditions and on the existence of
sources of dispersal of forest species, such as forests remnants.
3 Mediterranean forests comprise two main forest types: oak forests and pine woodlands. Oak trees are resistant to fire and associated
plant communities are very resilient (Pausas et al. 2008). Pine woodlands, on the other hand, are vulnerable to wildfires. Pine trees are
less resistant to fire and contrary to oaks do not resprout, being therefore vulnerable to frequent or severe fires that could prevent the
production of seeds or affect their viability (Pausas et al. 2008).
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FIGURE 2
Stress status of European river basins in 2000 and projections to 2030 under a baseline scenario of water use (i.e., assuming
that current environmental policies continue), using the WaterGAP model. Water stress is the ratio of withdrawal to water
availability. Source: EEA 2007, Center for Environmental System Research (University of Kassel, Germany), 2003-2004.

2008, EC 2007). Fire has been used in the Mediterranean Basin for millennia, for example to renew pastures and clear fields (Blondel and Aronson 1999). These practices are still maintained today, but now
fires get easily out of control due to fuel accumulation and also due to people’s inability to manage fire.
There are less people in rural areas and the ones remaining are usually elderly people (FAO 2006b).
Also, many fires are caused by negligence (e.g., barbecues in campsites) and others are criminal, for
example as a way of retaliation against restrictions to human activities in protected areas (FAO 2006b).
Besides its effect on fire risk, climate change also has a negative direct effect on forests condition, in particular on the physiology of trees (Pereira et al. 2002, Palahi et al. 2008). Field data and analysis have
shown that under warmer and dry conditions trees present an increase in respiration rates but not in the
photosynthetic response, i.e., water stress is acting as a limiting factor to primary production (Palahi et
al. 2008). If these conditions are maintained for three or four consecutive years, the reserves of carbohydrates may become depleted, which will weaken the trees and increase their vulnerability to pests and
diseases, and may eventually cause their death (Palahi et al. 2008, Pereira et al. 2002). On the other hand,
forest may contribute to limit climate change because it sequesters carbon and regulates local climate.
Climate models predict a temperature increase between 2.1°C and 4.4°C by 2080 in Europe (Schroeter
et al 2005). In the Mediterranean countries, the raise of temperature could be more accentuated with
increases between 2.5°C and 3.5°C by 2050 (Palahi et al. 2008) and values over 6°C after 2080 (IPCC 2007).
In addition, precipitation is expected to decrease in up to 30%-45% in the Mediterranean Basin (IPCC
2007). Water availability will be further aggravated by increasing water demand. Therefore, in the next
decades the major water basins in the Mediterranean will likely be affected by increased water stress
levels (Schroeter et al. 2005, EEA 2005, 2007) (Figure 2).
Under this conjunction of factors the Mediterranean region will likely be the most affected by climate
change in Europe (Schroeter et al. 2005). Fire risk and the length of fire season will increase and large
and severe fires will be more frequent (Zaehle et al. 2007). This will cause ecosystem dynamics to run
towards the dominance of early successional communities, namely shrublands, which are more adapted to frequent fires and to water stress conditions (Moreira et al. 2001, Lloret et al. 2002, Mouillot et al.
2003, Baeza et al. 2007). Large-scale transitions to shrubland will cause landscape homogenization, biodiversity loss and breakdown of the services provided by forests, such as air purification, water retention
or regulation of the local climate. Moreover, shrublands, especially when occurring in continuous formations, are highly flammable and contribute for fire occurrence and, consequently, for the perpetuation of
warm and dry conditions (Mouillot et al. 2003, Alcamo et al. 2007).
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IMPACTS ON BIODIVERSITY
Land use changes scenarios for Europe agree in predicting a reduction of cropland area and an increase
in forest cover in the next century, with the Mediterranean region experiencing the greater changes
(Schroeter et al. 2005, Rounsevell et al. 2005). Rural abandonment is expected to have a negative effect
on species that depend on agricultural ecosystems, such as farmland birds (Moreira and Russo 2007).
On the other hand, forest regeneration is expected to have a positive effect on forest species, such as the
wolf (Canis lupus), and on several ecosystem services, in particular regulating and supporting services
(sensu MA 2005) (Rudell et al. 2005, Vallejo et al. 2006, Benayas et al. 2008, Chazdon 2008). Because forest regeneration is a long term process it will not be fully experienced before 2050 (ten Brink et al. 2007).
Forest expansion through plantation can also be positive for ecosystem services and biodiversity, in particular if forests are planted in degraded land (Chazdon 2008). However, the usual composition and setting
of plantations (monotonous stands of fire-prone species) does not potentiates biodiversity and increases fire risk (Rudel et al. 2005, Vallejo et al. 2006, Pausas et al. 2008).
The increase of burnt area in the Mediterranean is consensual in land use scenarios, independently of
the base socio-economic storyline (Schroter et al. 2005). Fires may cause the decline of several native
species, such as cork oak (Quercus suber), holm oak (Quercus ilex), allepo pine (Pinus halepensis) and
maritime pine (Pinus pinaster) and conduce to the expansion of shrublands (Pereira et al. 2002, Schroter et al. 2005, Peñuelas et al. 2008).
Estimations of species loss for different taxa agree in considering the Mediterranean Basin as the region
most vulnerable to climate change in Europe. Thuiller et al. (2005) predicted that under a severe climate
scenario (A1 - SRES) up to 62% of plant diversity in the Mediterranean mountains could be lost by 2080.
Bakkenes et al. (2006) worked with a least severe climate scenario and estimated that up to 25% of plant
species could disappear from Southern Europe by 2100. Regarding fauna, estimates of species loss also
predict a greater loss of herptile species (Araújo et al. 2006) and mammals (Levinsky et al. 2007) in the
Mediterranean region in comparison with the rest of Europe. Amphibians will likely be affected by water
stress, and mammals, despite being more mobile will probably have difficulty to move northwards due
to the barrier effect of East-West oriented mountain ranges (e.g., Pyrenees).

ECOSYSTEM SERVICES
The Mediterranean Basin is home to 455 million people, and is a touristic destination par excellence,
being visited by a large number of tourists every year (e.g., 211 million tourists in 2006) (Cuttelod et
al. 2008, EC 2008). Mediterranean forests provide several benefits to society, which have effects on
people’s health (e.g., air purification), economy (e.g., timber) and social relationships (e.g., clean
water). The current trend of increased fire disturbance and ecosystem shift towards early-successional communities could result in serious drawbacks

for human well-being in the Mediterranean Basin.



  

Economically, as the number and extent of fires
increase, governments will have to ascribe more
money to fire prevention and combat, for example, more than €475 million were spent in Portugal
between 2000 and 2004 (DGRF 2007). Moreover,
burning will cause damages to infrastructures and
affect people’s health, including injuries, respiratory problems or even death, accruing large costs for
economic and public health.
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Additionally to the costs of fire prevention and fire
combat and the costs of direct damages caused
by fire, there are also the costs associated with the
breakdown of forest ecosystem services. Merlo and
Croitoru (2005) estimated the economic value of
services provided by the Mediterranean forests
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FIGURE 3
Economic value of forest ecosystem services in the northern rim of the
Mediterranean Basin. Ecosystem services are classified sensu MA (2005)
in provisioning, cultural and regulating services. Based on data from
Croitoru (2008).
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(Figure 3). In average, for the northern rim of the basin, provisioning services (sensu MA 2005) accounted for 52% of the total economic value (TEV). The remaining value is accounted for non-provisioning
services such as cultural services, regulating services, option values (i.e., values with a potential utility
in the future, such as medicines) and existence values (biodiversity conservation). The economic value
ascribed to each type of service varies across countries, for example timber production may reach annual
values of US$206 ha-1 in Slovenia be as low as US$37 ha-1 in Spain, in Portugal non-wood forest products reach US$183 ha-1 per year due to cork production, and in Italy watershed protection accounts for
more the 50% of the TEV (US$ 133 ha-1) (Croitoru 2008). Moreover, non-provisioning services are certainly underestimated. Contrary to services with a direct use value, such as timber production or revenues
from recreational activities, services with an indirect use value, such as soil formation and nutrient cycling
(supporting services) or soil protection from erosion and climate regulation (regulation services), are nonmarketed values which makes difficult (if possible) to assess of their economic value.
At the global level, Mediterranean forests may assume a relevant role in climate regulation through carbon sequestration. Presently, European forests act as a carbon sink (Schroter et al. 2005), i.e. primary
production exceeds carbon losses. Forests in Mediterranean countries sequester annually between 0.011.08 t C ha-1 according to countries’ use of forest resources, i.e., more carbon is sequestered in countries
were forests are preserved (Merlo and Croitoru 2005). Carbon may be stored in the form of forest biomass or retained in the soil. While afforestation and land abandonment have a positive effect on carbon
sequestration, climate change and fire will likely counteract this effect and conduce to carbon releases by the end of the 21st century (Schroter et al.2005, Zaehle et al. 2007). Warmer temperatures and
reduced precipitation will lead to an increase in heterotrophic respiration (carbon uptake from soil)
but not in photosynthesis (biomass production) and consequently in litterfall (carbon input into soil),
and fire will cause the loss of carbon stored in soil and in forest biomass. (Schroter et al. 2005, Zaehle et
al. 2007, Chazdon 2008).

UNCERTAINTIES
n Projections of species loss tend to have high levels of uncertainty, because it is difficult to predict
factors such as species ability to disperse and successfully colonize new areas, effects of climate
change on species physiologic responses and biotic interactions in changed communities (Thuiller
et al. 2005, Thuiller et al. 2008). In the case of the Mediterranean Basin, estimates of species loss may
be particularly uncertain due to the geographical location of the Basin, in the transition of different
climatic regions, and its topography, with high mountains (shifts in altitude). Both are factors that
potentiate species transitions and biotic interactions with unpredictable results.
n Scenarios of land use change have a large level of uncertainty, because land use changes are mainly
dependent on the social, political and economic developments at the European and global levels
(Rounsevell et al. 2005, Schroeter et al. 2005).
n Scenarios of changes in fire regime have moderate to large uncertainty because fire ignition depends
on human behavior.
n The occurrence of extreme events, such as wildfires and droughts, and their consequences for forest
condition and for the land-atmosphere carbon flux constitute a source of uncertainty in scenarios of
land cover change and climate change due to the unpredictable nature of disturbance events (Zahele
et al. 2007).
n Scenarios of climate change and of ecosystem functioning (e.g., cabon sequestration) show a large
variability depending on the socio-economic storylines and models used (Schroeter et al. 2005,
Zaehle et al. 2007, Pereira et al. 2009).

LOCAL TO GLOBAL ACTION AND OPPORTUNITIES
Land use changes in the Mediterranean Basin may be regarded as a threat to biodiversity and ecosystems condition or, as an opportunity to restore natural forest, with a high biodiversity value, and forest
services. However, forest regeneration in abandoned land is a slow process that not only will take several
decades (Benayas et al. 2008) but will also involve the development of flammable biomass, which in conjunction with climate change will increase fire risk and may jeopardize secondary succession. Moreover,
natural regeneration will be limited by the presence of dispersion sources and/or dispersal agents (e.g.,
seeds dispersed by jays) and most of all, by the existence of adequate soil conditions (Chazdon 2008).
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For the above reasons a passive attitude regarding forest regeneration will not be the right option, action
is needed. Actions at the local and regional levels include:
n Increase legal protection over areas of natural forest that may act as sources of forest species, and
reservoirs of biodiversity, and may also preserve ecosystem function.
n Work with shepherds and local communities towards a more careful use of fire in the management of
pastures and scrubland.
n Invest in the transition towards a multifunctional forestry and sustainable forest management. The
relevance of this option is already recognized at the inter-governmental level (MCPFE 2007) but the
prevailing paradigm of forest management is still centred in wood production (Palahi et al. 2008).
n Promote the expansion of broadleaved species. Multifunctional and sustainable forests of broadleaved species are more stable in face of fire disturbance and therefore more reliable when it comes
to the provision of ecosystem services, therefore presenting a twofold economic advantage: less
economic losses (e.g. fire combat, human injuries) and more steady gains.
n Raise public awareness about the economic value of non-marketed ecosystem services and their
contribution for human-well being. Multifunctional forests will only gain true relevance in forestry
when society not only acknowledges the value of non-marketed services but is also willing to subsidize efforts that promote the provision of those services (Patterson and Coelho 2009).
n Opt for intermediate solutions between natural regeneration and reforestation with native species.
This will contribute for a faster development of natural forest in abandoned land, while still considering the restoration of biodiversity and ecosystem services (Benayas et al. 2008). Management options
that join efforts with natural succession may be the best and less expensive way to make the transition towards multifunctional forests (Vallejo et al. 2006, Benayas et al. 2008, Chazdon 2008).
n Increase countries adaptive capacity (i.e., the potential to implement planned adaptation measures)
in order to reduce countries vulnerability to fire disturbance (Metzger and Schroeter 2006, Alcamo et
al. 2007).
n Reduce populations vulnerability to fire disturbance, namely through land planning and the establishment of land buffers in the urban-wildland interface for fire protection. Buffer zones could be
converted in agricultural areas or in open space parks (Keeley 2002).
At the global level, it is crucial to pursue international efforts to limit climate change. Analysis of supply
of ecosystem services under different socio-economic scenarios sugest the importance of keeping climate change to a minimum, preferably with C02 concentrations below 550 ppm. (Schroeter et al. 2005,
Pereira et al. 2009).
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SUMMARY
n There is a growing scientific consensus based on models, observations and experiments that complex
interactions between deforestation, fire, regional climate change and global climate change could lead to
widespread Amazonian forest dieback over the coming decades, in particular in the Southeastern areas
of the Amazon basin.
n If current trends in land use and climate change continue, some models project that deforestation and
dieback will leave less than 50% of original Amazonian forest by 2030 and less than 10% of original
forest by 2080.
n Widespread dieback of humid tropical forest would lead to reductions in species abundance and extinctions of plants and animals at levels unprecedented in human history due to the exceptionally high
diversity of these systems combined with very small ranges of many species.
n Deforestation, fires and widespread dieback would lead to losses of stored Carbon in vegetation and
soils that are large enough to significantly influence atmospheric CO2 concentrations and global climate.
Regional effects include significant reductions in rainfall over large areas of Latin America and beyond.
Mass extinctions and reductions in species abundance will have large cultural impacts and eliminate
many of the tremendous provisioning values provided by primary forests.
n There is need for further long-term monitoring at the ecosystem level in Amazonia as the effects of alternate severe droughts and extreme flooding, coupled with CO2 fertilization, may provide some resilience
to the system.
n Keeping deforestation below 20% of original forest area and investing in forest restoration, substantially reducing the use of fire, and limiting climate warming to well below 2°C is predicted to significantly
reduce the risk of widespread dieback.

DESCRIPTION
Status and Trends
The Amazon forest is the largest and most species-rich continuous broad-leaved tropical rain forest in the
world. It is estimated to harbour more than 30000 species of vascular plants with 5000 to 10000 species
of trees alone (Henderson et al. 1991, Myers et al. 2000). The Amazon forest covers almost 40% of South
America and includes most of the Amazon River basin beginning east of the Andes and extending to the
Atlantic coast. The watershed comprises more than 7000 square-km and the longest dimension of the basin
is more than 6800 km long (Hubbell et al. 2008). Different rainforest within this large basin occur in nine
countries: Brazil, Peru, Colombia, Venezuela, Ecuador, Bolivia, Guyana, Suriname and French Guyana,
but Brazil alone contains 60% of the estimated Amazon forest area. Climatically, it is characterized by a
total absence of frosts and abundant rains all year round with relatively short dry periods no longer than
four months. Rainfall varies between 2000 mm and > 4000 mm per year. Far from being a homogenous
vegetation type, the Amazon forest includes different forest types ranging from flooded forests to areas
of sandy soils subject to water stress and includes ecotones towards surrounding seasonal dry forests or
savanna vegetation, like in South Eastern Amazonia. Soils are extremely poor and most of the available
nutrients exist in the uppermost layers of organic matter.
Amazonian forests have exceptionally high species diversity and have been estimated to harbour roughly a quarter of the earth’s terrestrial species (Dirzo and Raven 2003). For example, it has been estimated
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FIGURE 1
Interactions between global climate, regional climate, fire and deforestation that lead to loss and degradation of Amazonian
primary tropical forest. Adapted from Nepstad et al. (2008) and the Crossroads of Life (CoL 2007). The vegetation that
will result from repeated drought and fire over many decades remains somewhat speculative (“Savanna” box). For clarity,
several key land use types, especially forest plantations and mixed land use systems have been omitted, as have several key
transitions, including the transition back to secondary forest following land abandonment. Image credits from left to right:
CNRS Photothèque / C. Delhaye, CNRS Photothèque / H. Thery , P. Leadley, CNRS Photothèque / F.-M. Le Tourneau, CNRS
Photothèque / H. Thery

that there are more than 10000 tree species in the Amazonian forests of Brazil with local species richness
that frequently exceed 200 tree species per hectare in primary humid tropical forest (Hubbell et al. 2008).
Human activities have already impacted biodiversity in Amazonian forests especially through large-scale
deforestation over the last several decades that have reduced its extent by about 13-16%.
Tipping point mechanisms
There is increasing evidence that humid tropical forest in the Amazon could suffer from widespread and
severe dieback due to interactions between global climate change, deforestation and fire over the next
few decades (Figure 1) (Betts et al. 2008, Huntingford et al. 2008, Malhi et al. 2008a, Nepstad et al. 2008,
Nobre 2008). Deforestation and conversion to pastures or crops combined with widespread burning of
forests have been shown to reduce regional rainfall and increase drought (Figure 1, arrow 1). A key tippingpoint appears to occur at 30-50% deforestation, beyond which these regional climate impacts will become
strong. Changes in forest structure caused by drought, fire and fragmentation substantially increase the
susceptibility of tropical forests to fire, thus creating a positive feedback loop that leads to widespread
forest degradation and dieback (Figure 1, arrow 2). On longer time scales, substantial warming and drying of the Amazon due to global climate change are projected by a majority of climate models amplifying
drought caused by the regional effects of deforestation and burning (Figure 1, arrow 3). Massive ecosystem carbon losses from deforestation, fire and dieback will turn the Amazonian forest from a large net
sink of Carbon to a large net source, amplifying global warming and regional drought (Figure 1, arrow 4).
New simulations of the combined effects of land use change, fire and climate change undertaken under
various climate and deforestation assumptions for the 21st Century indicated the tipping point may occur
at around 20% deforestation (World Bank, 2010). Separate studies indicate that the Amazonian ecosystems can be committed to long-term change well before any response is observable, finding that the risk
of significant loss of forest cover rises rapidly for a global mean temperature rise above 2 degrees (Jones
et al 2009). In summary, a tipping-point occurs because the combined effects of deforestation, fire and
global climate change permanently switch the Amazon to a drier climate regime that does not support
humid tropical forest. This view of Amazonian forest dynamics is gaining support based on a wide range
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of experiments, observations and modeling studies (Barlow and Peres 2008, Huntingford et al.
2008, Malhi et al. 2008a, Phillips et al. 2009). Rainfall suppression experiments (Fisher et al. 2007,
Nepstad et al. 2007, Brando et al. 2008, Meir et al.
2008) suggest that Western Amazon forests whose
natural dry seasons are short are more prone to
tree mortality because of droughts compared to
eastern Amazon forest.
If this tipping-point scenario is correct, recent
model projections suggest that more than half
FIGURE 2
of Amazonian forest may be cleared or sufferNear-term (2003) projections of Amazonian forest loss due to
ing from serious degradation in the next few
deforestation (yellow) and forest degradation due to logging
decades (Nepstad et al. 2008) and reduced to
and climate change (brown is for logging impacts only, pink is
small fragments by the end of the century (Betts
for climate impacts using “normal” climate over the previous
decade which has been warm and punctuated by drought, red
et al. 2008). This tipping-point scenario is viewed
is for climate assuming a 10% reduction in precipitation due
with broadly varying degrees of caution by sciento global climate change and land cover changes on regional
tists because of large uncertainties in projections
climate). Reproduced from Nepstad et al. (2008). Copyright
of climate change, land-use change and sensi© 2008 The Royal Society.
tivity of tropical forest to drought (Malhi et al.
2008a). Even in the absence of widespread forest dieback, the interactive effects of global climate change, deforestation and fire are viewed as major
threat to biodiversity and ecosystem services in the Amazon over the coming century by the vast majority of the scientific community.

IMPACTS ON BIODIVERSITY
Amazonian forests have exceptionally high species diversity and have been estimated to harbour roughly a quarter of the earth’s terrestrial species (Dirzo and Raven 2003). For example, it has been estimated
that there are more than 10000 tree species in the Amazonian forests of Brazil with local species richness
that frequently exceed 200 tree species per hectare in primary humid tropical forest (Hubbell et al. 2008).
Human activities have already impacted biodiversity in Amazonian forests especially through large-scale
deforestation over the last several decades that have reduced its extent by about 13-16%.




           

      

FIGURE 3
Long-term (2080) projections of the impacts of global climate change on A) broadleaf forest cover and B) precipitation in
2080 compared to 2000. Large red arrows point to Amazon region. Projections were made using the HadCM3LC coupled
climate-vegetation model and the IPCC IS92a greenhouse gas emissions scenario. Figures reproduced from Betts et al.
(2004). British Crown Copyright, reproduced with permission of the Met Office.
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Future loss and shifts in biomes and habitats
No current models account for the full set of global climate, regional climate, deforestation and fire interactions that could lead to an Amazonian forest tipping point, but a few models account for several of the
key interactions. Nepstad et al. (2008) have estimated the near term impacts of this tipping-point using a
number of simple assumptions about future climate and land use and predict a 55% loss or degradation of
Amazonian forest by 2030 (Figure 2). Longer-term, widespread Amazonian forest dieback due to climate
change is projected by some global vegetation models for scenarios of moderate to high greenhouse gas
emissions (White et al. 1999, Cox et al. 2004, Oyama and Nobre 2004). In these model projections, nearly all Amazonian forest is replaced by savanna or desert by the end of the 21st century with the exception
of small areas of Western Amazonia and the Andes (Figure 3A). There appears to be very limited opportunity for large-scale shifts of this biome to adjoining areas (Figure 3A).
Future species loss, reductions in abundance and shifts in ranges
The risk of massive species extinctions and reductions in species abundance in Amazonian forest has
been underestimated in previous model-based projections of species loss, since a scenarios of widespread Amazonian forest dieback have not yet been studied. In particular, estimates of diversity impacts
of global change across a broad range of species in the Millennium Assessment (MA 2005), GLOBIO3
model assessments (Crossroads of Life 2007, Alkemade et al. 2009) the Global Environmental Outlook
4 (GEO4), or for species groups like birds (Jetz et al. 2007) have not included this tipping point. If widespread forest dieback does occur, the vegetation that will replace humid tropical forest in the near term
is projected to be degraded seasonally dry forest and grasses that have substantially lower abundance
of a wide range of plant and animals species than primary forest (Barlow et al. 2003, Barlow et al. 2006,
Barlow and Peres 2008). Widespread dieback would also greatly increase the number of projected species extinctions above previous estimates, particularly since the risk of extinctions increases greatly as
habitat area declines. Hubbell et al. (2008) have recently estimated the impacts of land use change on
tree diversity that include scenarios of severe forest loss (75% of Brazilian forest is heavily or moderately impacted by deforestation, Laurance et al. 2002). Under these scenarios, 33% of the roughly 10000 tree
species are predicted to go extinct over the next several decades. Hubbell et al. (2008), however, predict
that roughly 3000 tree species are sufficiently abundant and widespread that the risk of extinction is low.
Deforestation in the Western arc of Amazonian forest is particularly critical because diversity of plants
and animals with very restricted ranges is exceptionally high and because land conversion and infrastructure could substantially reduce the capacity of species to migrate to climate “refugia” in the Andes
(Killeen and Solorzano 2008).

ECOSYSTEM SERVICES
Amazonian forests provide a broad range of ecosystem services at local to global scales that will be seriously degraded as a result of widespread deforestation and dieback.
Supporting and regulating services
Supporting and regulating services (sensu MA 2005) can be directly and quantitatively coupled to the
changes in ecosystem functioning due to the loss or degradation of Amazonian primary forest ecosystems. The most important of these services at global and regional scales are Carbon sequestration and
control of regional climate. Amazonian forests contain a substantial fraction of terrestrial carbon (ca. 120
Pg C) and currently appear to be a large sink for Carbon (ca. 0.6 Pg C year-1), except in years of extreme
drought when they become a large net Carbon source (Phillips et al. 2009). Model estimates that include
deforestation and forest dieback show that Amazonian forest can become a large, near-term global
source of Carbon, for example emitting 15-26 Pg C over the 20 years in the scenario of (Figure 2) (Nepstad et al. 2008) which equals roughly 2 years of current global carbon emissions due to human activities.
Global climate change may lead to the loss of between roughly half and three quarters of vegetation and
soil carbon in the Amazon by the end of the century (Huntingford et al. 2008) (Figure 3C), substantially
contributing to global warming. At regional scales, large-scale forest loss and burning have been demonstrated to reduce rainfall, primarily through the modification of water transfer by plants to the atmosphere
and changes in aerosol production (Betts et al. 2008, Malhi et al. 2008a). Models that couple climate and
vegetation dynamics suggest that the removal of 30% to 40% of Amazonian forest could lead to a tippingpoint in which the regional climate becomes permanently drier (Figures 1 and 3B). Secondary forests
and forest plantations could serve some of the ecosystem function roles of primary forests, but the soil
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degradation, repeated fires, dieback due to drought and the long time lags to recover lost Carbon stocks
following deforestation make these options best reserved for restoration of areas in which primary forest
has already been lost (Chazdon 2008).
Provisioning and cultural services
Provisioning and cultural services (sensu MA 2005) will be substantially altered by widespread dieback,
but many are more difficult to quantify, especially cultural ecosystem services. We focus here on provisioning services. The timber sector in Brazil accounts for ca. 3.5% of GDP, but the capacity of this sector
to adapt to widespread dieback is difficult to forecast. Loss of “option” value due to species extinctions
includes the loss of novel genes and species for new drug development especially. Species of Amazonian primary forest have received considerable attention for treatments of cancer and infectious diseases
because of their exceptionally high diversity of organic compounds (Suffredini et al. 2007a, Suffredini et al.
2007b, Younes et al. 2007). Widespread forest dieback would have a large economic impact on indigenous
people and subsistence farmers since the economic value of biodiversity in primary and old secondary
forests for extractive use of wood, food, medicines, etc. are non-negligible (Coomes and Ban 2004, Gavin
2004, Borner and Wunder 2008) and communities may rely on the use of several hundred species (Gavin
2004). There is potentially substantial room for adaptation, because extractive use of plants and animals
from Amazonian forests varies greatly in its contribution to livelihoods of indigenous people and subsistence farmers even at local scales (Coomes and Ban 2004) and is typically combined with other land uses,
especially cultivation (Gavin 2004, Salisbury and Schmink 2007, Borner and Wunder 2008).

UNCERTAINTIES
n Many climate models underestimate current rainfall in the Amazon, so they may also exaggerate
future drought (Malhi et al. 2008a). In addition, a minority of climate models do not project reductions in rainfall and there is considerable debate about the ability of climate models to correctly
simulate rainfall in the Amazonian basin (Huntingford et al. 2008, Malhi et al. 2008a).
n Global vegetation models used in predicting Amazonian forest response to climate have only been
infrequently tested against observations and, therefore, may over – or underestimate the sensitivity of these forests to warming and drought. Paleontological data from dry periods several thousand
years ago suggest that the tropical forest may be more resilient than models predict (Bush et al. 2007,
Mayle and Power 2008, but see Cowling et al. 2001) as do some experiments and satellite observations (Malhi et al. 2008a).
n Most models of Amazonian forest response to climate change assume that rising atmospheric CO2
concentrations will partially alleviate drought stress. This effect of CO2 on tropical trees has not been
demonstrated experimentally and if it does not occur forests may be much more senstive to climate
change than most models predict.
n Land cover and land use scenarios have very high levels of uncertainty and, therefore, must always
be interpreted as providing storylines of possible futures.
n Estimates of percent species loss and species extinctions in the Amazon are and will remain controversial, in part due to the problems inherent in species-area methods often used for these estimates
and the high level of undescribed biodiversity and weak predictive understanding of extinctions
(Ibanez et al. 2008). Estimates of species extinctions will also need to explicitly account for the
heterogeneous nature of diversity within the Amazon, especially the very high number of species that
are restricted to the Western edge of the Amazon.
n Current climate change may entail alternate events of extreme droughts and extreme flooding that
may give resilience to many tree species if excess of water accumulated in flooding events may
compensate longer dry seasons (Nobre and Borma, 2009). For example, the severe drought of 2005
was followed by floods only six months later. Similarly, the first five months of 2009 have shown
above normal precipitation producing record flood levels. Hence, multiyear monitoring is urgently
needed at the ecosystem level to asses the impact of increased climate variability on the long term
survival of present vegetation types.
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LOCAL TO GLOBAL ACTION AND OPPORTUNITIES
Global Action
n Pressure to convert forests to pastures must be reduced. Recent evidence suggests that deforestation should be kept below 20%. Cumulatative deforestation is already over 17%, and current trends
will likely take cumulative deforestation to 20% of the Brazilian Amazon at or near 2020. Therefore
it is urgent to halt deforestation, and a program of significant forest restoration would be a prudent
measure to build in a margin of safety. Controlling the demand for meat production from Amazonian pastures or from feed grown in Brazil must also be dealt with internationally since a large
fraction of deforestation is related to cattle grazing and much of the meat is exported. If international
demands for biofuels indirectly drive deforestation in the Amazon (Fargione et al. 2008), then this
pressure must also be reduced.
n International action must minimize climate change in order to reduce the probability of drying and
warming of Amazonia. Clear thresholds are difficult to define, but climate warming should be kept
well below 4°C (Nobre 2008), and recent evidence suggests that this should be below 2°C. Implementation of the “Reducing Emissions from Deforestation and Degradation” (REDD) mechanism in
the UNFCCC, if done wisely, has the potential for mitigating climate change and substantially reducing deforestation, the two main direct drivers of biodiversity loss.
n Even though most of the Amazon is contained in Brazil and most of the deforestation occurs within
that country, no large multinational initiatives exist among the other eight countries that harbour the
periphery of the Amazon basin forests. Considering that climate change may ‘push’ species towards
the Andean zone, a clear opportunity exists of maintaining the Eastern Andean lowland forest as a
refuge for the Amazon basin as a whole.
Regional and local action
n National programs should aim to keep deforestation well below thresholds that have significant
effects on regional climate (ca. 20-40% deforestation).
n Projects to reduce burning of forests and other ecosystems can minimize land use impacts on
regional climate.
n Protection of large areas of intact forest can preserve both ecosystem function and biodiversity.
Biodiversity will be particularly sensitive to protection of areas the Western edge of the Amazon.
n Rethinking road construction projects is a high priority, since roads have been and are projected to
remain a key element in opening up primary forest to degradation and deforestation (Soares et al.
2006).
n National biofuel programs should avoid placing direct and indirect pressure on forests.
Tremendous efforts have been made in Brazil to develop a scientifically and socially sound program of
protected areas and to develop real-time capacity to detect deforestation using remote sensing. These
efforts and changes in commodity prices have reduced deforestation over the last decade, but large hurdles remain. Details of these actions and barriers and opportunities for implementing them are discussed
in more depth in Lahsen and Nobre (2007), Betts et al. (2008), Boyd (2008), Killeen and Solozano (2008),
Malhi et al. (2008b) and Nepstad et al. (2008).
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Appendix 4. WEST AFRICA: THE SAHARA,
SAHEL AND GUINEAN REGION
Cheikh Mbow (Ecole Supérieure Polytechnique ESP, Université Cheikh Anta Diop de Dakar-Sénégal, Dakar,
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Mark Stafford Smith (CSIRO Sustainable Ecosystems, Canberra, Australia, mark.StaffordSmith@csiro.au)
Paul Leadley (Université Paris-Sud 11, paul.leadley@u-psud.fr)

SUMMARY
n Coupled human-environment interactions in West Africa, extending from the southern Sahara down
through the Sahel and into the Guinean Forest, are highly vulnerable to climate, land use and land
management changes that can cause ecosystems to shift to alternate states with high impacts on biodiversity, ecosystem services and human well-being. Poverty, lack of governance, conflict and resulting
human migrations leave this region with little margin for adaptive responses.
n Tipping-points in West Africa are complex due to the multiplicity of drivers and their interactions. We
focused on four interacting tipping-points that influence this region:
Climate regime shifts: Future climate regime shifts are highly uncertain, especially for precipitation for
which projections range from a persistent increase, to increased variability, to long-term reductions in
rainfall.
Overuse of marginal resources: Marginal resources coupled with overuse result in a downward spiral
of productivity, poverty and biodiversity impoverishment. Accompanying land degradation makes it difficult to restore biodiversity and ecosystem services even when socio-economic and climatic conditions
improve.
Globalisation and overexploitation: Agricultural development and market globalization drive exploitation in areas of more abundant natural resources, with forest clearing having the most serious impact.
Improvements in access and increasing local wealth in these areas of the region drive improved access
and further increases in exploitation.
Instability and limited resources: Ineffectual governance caused by instability and conflict permits
unregulated use of natural resources including those in protected areas. This also drives refugee movements to other regions, increasing stress on natural resources in those areas and triggering further social
and political disruption.
n Combinations of drought, overuse of natural capital and political instability have led to widespread biodiversity loss, land degradation and famine in the recent past, clearly illustrating the region’s high potential
vulnerability to future global changes. Current trends in biodiversity responses indicate a strong decline
in bird and mammal populations and range shifts due to land use and climate change. At the other
extreme, the Sahara/Sahel has been much “greener” during wetter climate regimes over the last several
thousand years and the Sahel is currently “greening”.
n Global biodiversity projections suggest that this region will be one of the most highly impacted regions of
the world in terms of destruction of natural habitat, decreasing species abundance and species extinctions.
Models of habitats and birds suggest that land use will be the dominant driver of biodiversity change in the
21st century. Climate change is often projected to be a positive factor for biodiversity due to regime shifts to a
wetter climate and rising CO2 concentrations, but these projections have typically overlooked the importance of
climate variability and uncertainty in their analyses.
n Ecosystems in this region are a major source of environmental capital for ecosystem goods and services
used by local populations, but globalization and marketing of these resources is projected to continue to
lead to a degradation of services provided by natural and semi-natural ecosystems.
n Local, national and international efforts to reduce impacts on biodiversity and improve human well-being
have often been hindered by rapid population growth, lack of consistent governance and conflict. Resolving
these human development issues is the key to protecting biodiversity in this region.

76

GBO3 • BIODIVERSITY SCENARIOS AND TIPPING POINTS OF GLOBAL IMPORTANCE

FIGURE 1
Vegetation cover of West Africa. Source: Global Land Cover 2000 database. European Commission, Joint Research Centre,
2003, http://www-gem.jrc.it/glc2000.

DESCRIPTION
Status and Trends
West Africa is characterized by a north-south bands of vegetation types ranging from the Sahara desert,
southward trough the Sahel and savanna and into the to moist forests of the Guinean forests of West Africa
and on to the Congo basin of Central Africa (Fig.1). North-south trends in rainfall are the primary driver
of these natural and semi-natural vegetation types. West Africa ecosystems have very high levels of local
species endemism, mostly concentrated in the forests. A comprehensive survey by Conservation International indicates that 20% of endemic plants, 38% of amphibians, 24% of reptiles and 21% of endemic
mammals worldwide are found in West Africa. (http://www.biodiversityhotspots.org/xp/hotspots/west_
africa/Pages/biodiversity.aspx).
n Sahara – The present-day Sahara occupies an area of slightly over 8 million km2 between latitudes
16 and 32 degrees N, circumscribed within the isohyetss of 100 ± 50 mm mean annual rainfall (grey
areas in Fig. 1). The Sahara is dominated by rocky and sandy deserts with sparse vegetation. Most
large mammals present in the desert until the second half of the 19th century are now extinct or are
on the verge of local extinction in the Sahara. The situation is far less dramatic for the flora, which still
includes ca. 3000 species of vascular plants (Le Houerou 1997).
n Sahel – The Sahel region lies between the isohyets of ca. 150 and 700mm of mean annual rainfall (tan
and northern edges of pink areas in Fig 1). It is characterized by strong seasonality in rainfall, with a
rainy season extending from July until September. The vegetation is a mix of herbaceous species and
short stature woody species, many of the Acacia family. Large herds of grazing ungulates have been
reduced to much smaller populations over the last century. Land degradation in the West African
Sahel has become a central aspect of environment dynamics in that sub region. This process came to
the world’s attention during the drought catastrophes of the 1970s and 80s, and is associated with the
image of rolling sand dunes and vegetation shifts devastating otherwise productive land. This vision
of a moving front of land degradation is not accurate, with recent investigations providing very different perceptions of the direction, magnitude and impact of environmental change (Reynolds et al.
2007; Mortimore 2009).
n West African Savanna – Savannas are plant communities dominated by continuous stratum of
grass, with trees of variable density (Kellman 1997, yellow and brown areas in Fig 1, much of which
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has been converted to croplands along a northern band indicated by pink areas in Fig 1). Savanna
ecosystems are one of the most productive zones of West Africa, supporting several intertwined activities such as agriculture, grazing and an extensive use of wildlife and forest resources for subsistence
livelihoods. This ecosystem is usually burnt during the dry season as a management tool (Ayoub et al.
1998, Mbow et al. 2000, Nielsen et al. 2003). Bush fires are seen as unavoidable, but acknowledged as
having both positive and negative impacts on biodiversity, for example by maintaining the tree-grass
balance by inhibiting regeneration of trees, but also possibly degrading soil quality or aggravating soil
erosion (Ahlgren et al. 1960, Afolayan,1978, Brookman-Amissah et al., 1980, Sabiiti et al. 1988).
n Guinean forests – The Guinean forests consist of a range of distinct vegetation zones varying from
moist forests along the coast, freshwater swamp forests, and semi-deciduous forests inland with
prolonged dry seasons. The Guinean Forests of West Africa include two main subregions, the first are
forests ranging from southern Guinea into eastern Sierra Leone and through Liberia, Côte d’Ivoire
and Ghana into western Togo and the second, separated from the first by the Dahomey Gap, is forest
that extends along the coast from western Nigeria to south-western Cameroon (green areas in Fig 1).
Guinean forests include mangrove ecosystems that have been highly degraded with several ecological (destruction of fish nurseries, soil erosion, salinization of soils and freshwater supplies, etc.)
and human impacts (loss of natural resources, increased vulnerability of local populations, etc.)
(Conchedda et al. 2009).
Tipping point mechanisms
West Africa is confronted with a wide variety of tipping points that are related to complex interactions in
coupled human-environment (H-E) systems. We have divided the drivers and responses in this region
into four tipping points outlined below. These tipping-points are highly inter-related and, therefore, the
system is even more complex than our analysis suggests. In addition to a climate tipping point, we focus
on three sets of regional H-E feedbacks that can lead to runaway degradation of the H-E system. Most of
these tipping points focus on changes related to dryland biodiversity and ecosystem services which are
(i) long-term and hard to reverse, and (ii) have significance at a scale that has global ramifications. We
conceptualize drylands as coupled human-environment (H-E) systems in which changes in either subsystem can trigger tipping points and push the system beyond thresholds (Liu et al. 2007, Reynolds et
al. 2007, Stafford Smith et al. 2009). Drylands are renowned for this behavior at all scales, and have been
the source of significant original thinking about states and transitions (Westoby et al. 1989, Friedel 1991,
Reynolds et al. 2007, Stafford Smith et al. 2009), and disequilibrium theory (Ellis 1994, Vetter 2005).
n Climate regime shifts – Lenton et al. (2008) identified the Sahara/Sahel region as one of the most
important Earth System tipping points in which global warming may drive climate regime shifts that
fundamentally alter ecosystem productivity, biogeochemical cycles and human well-being. Despite
large variability in model projections of climate regimes in this region, Lenton et al. gave the most
weight to models projecting increased
in rainfall in this region with subse


 
quent increases in plant productivity.
They concluded that “such greening of
the Sahara/Sahel is a rare example of
a beneficial potential tipping element”
due to climate change. Our interpretation of climate scenarios is substantially
less optimistic.
The climate regime that controls rainfall in
West Africa is complex and potentially bistable (Cook & Vizy 2006, Nicholson 2009).
Because of this complexity, there is little
agreement among the broad range of climate models that were used for the IPCC
(2007) projections concerning precipitation
changes as illustrated in Figure 2. The mean
IPCC projection shows an increase in rainfall over most of this region, but this masks
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FIGURE 2
A) Mean of 21 model General Circulation Models for precipitation change in
Africa due to 21st century climate change showing projected reductions in
Northern and Southern African and increases in parts of Western and Central
Africa. B) The CCSM3 climate model projection of substantial increases in rainfall
over the entire Sahara / Sahel / Guinean forest transect. C) The GDFL climate
model projection of substantial decreases in rainfall over this same region.
(Source IPCC 2007)
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very high variability across models (Fig 2). A review of three climate models considered to be among the
most reliable for this region because of their ability to reproduce currently weather patterns came to a
similar conclusion. One model projects a climate regime shift to persistent increased rainfall, a second
projects a climate regime shift to a less stable state where moderate decreases in rainfall are associated
with an increase in periods of drought, and a third projects a regime shift to a persistently drier climate
(Cook & Vizy 2006). Despite major advances in understanding the factors controlling the climate of West
Africa there is a strong feeling in the climate community that future climate patterns for this region are
highly uncertain (Cook & Vizy 2006, IPCC 2007, Giannini et al. 2008, Nicolson 2009). In addition, future
projections of vegetation shift must take into account interactions with land use. Because of these uncertainties we suggest that adaptive management strategies must take into account a wide range of potential
future climates.
n Overuse of marginal resources – The ‘Sahel’ syndrome, which occurs in various forms in other dryland
systems, is characterized by situations in which marginal resources coupled with overuse result in a
downward spiral of productivity, poverty and biodiversity impoverishment (Ludeke et al. 2004). This
downward spiral is driven by feedbacks in between and within the human and environment subsystems, which in West Africa occur at a spatial scale that is large enough to affect regional climate and
population movements, both with global ramifications.
Underlying this syndrome are population growth and poverty. At current growth rates, populations in
West Africa are expected to double by 2025. Population growth, particularly in rural areas, has and will
continue to increase the extent and intensity of land use. Poverty combined with population growth has
often led to situations where urgent short-term needs over-ride long-term considerations. For example,
traditional slash-and-burn agriculture was associated with rotation techniques for forest, which allowed
a swift recovery of soil and vegetation (Tschakert et al. 2004, Wood et al. 2004, Vagen et al. 2005). Higher
population density, combined with the promotion of commercial crops (Burgess 1991) has led to shorter,
or nonexistent, fallow durations and widespread soil degradation. This situation is further aggravated by
the influx of farmers from arid and less productive lands, because better rainfall and soils exert a strong
attraction (Mbow et al. 2008, Mertz et al. 2008).
The overuse of fire is an additional hindrance to good management of biodiversity and ecosystem services. In West Africa, annual burning early in the dry season has several goals, such as preventing later
fires that can damage natural resources, forest resource extraction (e.g., hunting, honey), and the maintenance of rangelands (Mbow et al. 2000). The process of gradually burning off the driest vegetation creates
a seasonal mosaic of habitat patches that increases the potential of the landscape for a variety of dry season land uses, including hunting, gathering of savanna products, and grazing (Laris 2002). Grazing can
rapidly turn into overgrazing with excessive use of fire. This creates irreversible changes locally which,
accumulated over large areas, can change land cover at a regional scale.
n Globalization and overexploitation – This syndrome is driven principally by agricultural development and globalization of markets for natural resources; it parallels the ‘Overexploitation’ global
syndrome of Ludeke et al. (2004). Its feedbacks are mostly through the social system, where access
and increasing (but low) local wealth leads to increased clearing of natural systems, and is triggered
or exacerbated by overseas and domestic urban market demands.
Global markets and the commercialization of production in West Africa are driving many biodiversity
impacts. First, forest clearing for commercial crops is now cutting into the remaining islands of dryland
forests and woodlands, including in protected areas. A more recent trend in the Sudan and Guinean
regions is deforestation in biodiversity hotspots of dense forest ecosystems for subsequent activities such
as animal breeding or intensive agriculture (Reenberg et al. 2003, Ba et al. 2004). A second direct impact
of globalization on biodiversity is wood extraction. West Africa has become Europe’s source of wood,
increasing commercial extraction through large-scale logging. Illegal logging due to lack of control (see the
“Instability” tipping point below) plays an important role in deforestation processes for several countries.
Irregular forest extraction is known in almost all West African countries and usually exceeds the annual
allowed sustainable harvest level (Sambou et al. 2004). A third globalization pressure with individually
local but widespread effects comes from mining. Large and small scale mining for various minerals such
as iron, diamonds, gold, and bauxite, particularly in mountains and along rivers, is a major threat to many
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important biodiversity areas. Miners additionally stress forest resources through hunting of wild animals,
particularly antelope and primates. With improved international regulations and reduced stocks of the
targets species, these types of activity have been substantially reduced.
Land use dynamics in West Africa, as elsewhere, are very much linked with the development of infrastructure such as roads and railways. The steady improvement in these networks has made access to forests
easier and raised incentives for business development based on forest resources. This process induces
a positive feedback, because better road networks increases development, which in turn creates wealth
that allows further development of the network.
n Instability and limited resources – This syndrome is mediated principally by ineffectual governance
caused by instability and conflict, which permits unregulated use of natural resources (including biodiversity reserves), but also drives refugee movements to other regions where resources
are further stressed, thus often triggering further social and political disruption. The net effect of
these feedbacks is that persistent degradation gradually spreads and intensifies over large regions
with potential global significance in social and natural domains. This parallels, to some extent, the
‘scorched earth’ syndrome of Ludeke et al. (2004).
Political instability and conflicts, complicated by weak and inefficient governance, exacerbate the threats
to intact forests in West Africa. For example, more than a million refugees from civil wars and persecution in Liberia and Sierra Leone have fled to forests in neighboring countries, increasing the pressures
on the forests for food, fuel wood, building materials, and water. This number has increased significantly in recent years with the outbreak of conflicts in Côte d’Ivoire and Liberia, and there are some add-on
effects through Chad from Darfur in Sudan.
n Interactions between tipping points – All of the H-E syndromes strongly interact with climate as was
clearly demonstrated when West Africa experienced severe drought during the 1970s and 1980s.
There is increasing evidence that regional changes in land cover associated with land degradation
can feed back to the regional climate, particularly in semi-arid regions where formation of rain-bearing clouds is highly sensitive to land surface hydrological fluxes (Giannini et al. 2008). Given that
such drought periods place further pressure on local people to over-exploit the land, this is likely
to be powerful regional feedback effect, until conditions become so extreme that migration occurs.
Recent “greening” of the Sahel may be partially attributable to increased rainfall over the last two
decades, but detailed analyses of this trend suggest that land management practices have also played
an important role (Herrmann et al. 2005, Olssen et al. 2005).

IMPACTS ON BIODIVERSITY
n Future loss and shifts in biomes and habitats – A relatively broad range of global models have been
used to project changes in biomes or habitats in West Africa. However, these models account, at best,
for only one or two of the tipping point mechanisms outlined above. None of these models has been
run for a wide range of climate scenarios. Because of these shortcomings and the high uncertainty
in both climate projections and socio-economic scenarios for this region, we feel that the future of
biodiversity in this region is considerably more uncertain than one of these analyses taken alone
would suggest. The majority of global vegetation models project an increase in primary productivity in natural and semi-natural ecosystems in this region due to climate change because of increased
rainfall and/or rising CO2 concentrations (e.g., MA 2005, Sitch et al. 2008). This is accompanied by a
greening of the southern Sahara in some cases and an increase in woody vegetation in the Sahel in
most cases.
Land use scenarios for this region indicate very large to extremely large rates of land use conversion in
this region, with particularly heavy impacts on Guinean forests (and forests of the Congo basin) driven
by population increase, globalization and increased access (Millennium Assessment MA 2005, African
Environmental Outlook-2 AEO2 2006, Global Environmental Outlook GEO4 2007, Alkemade 2009). These
analyses agree that, of all regions of the globe, the sub-Saharan region will experience among the highest projected rates of natural and semi-natural habitat destruction over the next several decades. Land
use scenarios suggest that the worst prospects for West Africa involve development pathways that focus
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FIGURE 3
Combined impacts of projected habitat conversion and climate change on bird species for 2100 using the MA (2005) “Order
from Strength” socio-economic scenario (from Jetz et al. 2008). Colors indicate the number of bird species undergoing large
declines (> 50%) in habitat area.

either on market-driven globalization, or on continued regional patterns of rapid population growth,
increasing social inequity, weak governance and continued conflict. Globalization scenarios foresee
extensive land degradation, with more than 40% of currently cultivated land modeled as degraded by
2025 (AEO2 2006), and massive deforestation across Guinean forests by mid- to late-century (MA 2005,
GEO4 2007, although not in AEO2 2006). Scenarios of high population growth and increasing inequity
also lead to very high rates of land degradation and deforestation. At the opposite extreme, a scenario
of “great transitions” that includes declining population growth rates, aggressive poverty reduction and
greatly improved governance suggests that less than 10% of cropped land might be degraded by 2025 and
that forest area could actually increase due to improved land management (AEO2 2006). These strong
contrasts in scenarios highlight the overwhelming importance of development pathways in determining
the fate of biodiversity in this region.
n Future species loss, reductions in abundance and shifts in ranges - Birds are by far the most intensely
studied species group concerning recent trends and future projections for West Africa. Studies of
recent trends of both resident and migratory bird populations show disquieting declines in many
populations, with the most sensitive species being migratory birds and those primarily restricted to
forest areas (e.g., Cresswell et al. 2004, Sanderson et al. 2006, Moller et al. 2008). Most studies attribute these population declines to a variety of human impacts including land use change, hunting,
etc. These studies generally conclude that climate change has played a minor role in driving 20th
century declines, but a recent study suggest that some migratory birds may lack the capacity to adapt
to future climate change (Moller et al. 2008).
In an analysis of climate change impacts on turnover of bird species in protected areas, Hole et al. (2009)
concluded that the Western African region was much less exposed to bird species turnover than Southern
Africa. An analysis of a broad range of migratory birds using niche based models suggests that sub-Saharan Africa may actually increase in bird species richness due to northward shifts in the range of many
Central and Southern African species (Barbet-Massin et al. 2009). In contrast to climate change, land
use change is projected to have a large, negative impact on bird populations. An analysis of climate and
land use change scenarios, Jetz et al. (2008) found that that projected land use change will contribute the
most to the future decline in bird populations globally, with West Africa being the among areas of greatest concern for the future. In the most negative land use scenario, extremely large declines are predicted
for the birds in the Guinean forests (Fig. 3). However, these studies did not include climate models with
strong reductions or increases in rainfall (see “Climate regime tipping point” discussion), and may therefore underestimate the role of climate change in driving biodiversity change.
Declines in mammal populations are also of great concern especially due to habitat conversion, bushmeat hunting and poaching (Brashares et al. 2004). Trends over the last several decades indicate that
mammal declines are well correlated with population growth and the size of protected areas (Brashares
et al. 2001). However, we know of no model-based scenarios that have examined possible future trends
in mammal populations that include hunting and poaching.
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ECOSYSTEM SERVICES
Increasing human appropriation of natural resources is often accompanied by declining species richness,
species abundance and destruction of natural habitats, but historically this loss of biodiversity has been
accompanied by an increase in provisioning services such as food and fiber production in many region
(MA 2005). It has been repeatedly suggested, however, that this relationship will not hold if ecosystems
are pushed beyond certain thresholds (MA 2005). Land degradation in drylands of West Africa is among
the most powerful examples of how overuse of natural resources can lead to rapid and difficult-to-reverse
losses of biodiversity and degradation of a broad range of ecosystem services, including provisioning services. Added to this will be additional challenges posed by climate change since most projections suggest
that farm revenues and the ability to feed a growing population will decrease for most climate scenarios
(Butt et al. 2005; Sivakumar et al. 2005; Kurukulasuriya et al. 2006).
Local populations are aware that biological diversity is a crucial factor in generating the ecosystem services
on which they depend. Some indigenous groups manipulate the local landscape to augment its heterogeneity, and some have been found to be motivated to restore biodiversity in degraded landscapes. It is vital,
however, that the value of the knowledge-practice-belief complex of indigenous peoples relating to conservation of biodiversity is fully recognized if ecosystems and biodiversity are to be managed sustainably.
Conserving this knowledge could be accomplished by promoting the community-based resource-management systems at local scale (Gadgil et al. 1993, AEO2 2006). Conservation of genetic resources is also a
high priority for this region since it is the source of a number of economically important species and wild
relatives of cultivated species. For example, the oil palm (Elaeis guineensis) is widely planted throughout the tropics for oil production; other species are valuable timber species including Diospyros gracilis
(African ebony), Entandophragma and Khaya, Milicia excelsa and are widely exploited. Many species
are used as medicines, foods, energy, religion, etc., with high gender sensitivity (Kristensen et al. 2003).

UNCERTAINTIES
n Land use change dominates projections of biodiversity loss in this region and therefore projections
of biodiversity largely depend on regional socio-economic scenarios. Tremendous variability in
regional socio-economic scenarios means that this is an area of the world where the future of biodiversity is most uncertain. This uncertainty should not, however, be interpreted as meaning that
differences in development scenarios are unimportant for biodiversity: “business-as-usual” development pathways result in very large losses of biodiversity in the vast majority of published studies.
n Climate change impacts on biodiversity are difficult to predict due to large remaining uncertainties in climate change projections. However, this region appears to have gone through rapid climate
and vegetations shifts over the last several tens of thousands of years. Past greening of the Sahara
occurred in the mid-Holocene and may have happened rapidly in the earlier Bolling-Allerod warming. Collapse of vegetation in the Sahara ca. 5,000 years ago occurred more rapidly than orbital
forcing suggesting that the system can flip between bistable states that are maintained by vegetation–
climate feedback (Lenton et al. 2008).
n Species and species distributions are poorly documented for this region hampering scenarios development and validation.
n There is a lack of understanding of key thresholds for social and ecological systems. Many of these
thresholds are only recognised and understood after they have been passed.

LOCAL TO GLOBAL ACTIONS AND OPPORTUNITIES
Gobal action
n Linking human development goals and biodiversity conservation – A wide range of international
conventions and programs, e.g., the UN Convention to Combat Desertification (UNCCD) and the
UN Millennium Development Goals (MDG), as well as NGOs have recognized that treating environmental issues, including the protection of biodiversity, is intimately related to achieving human
development goals in West Africa. There many possibilities for strong synergies between these
targets, as illustrated by the “Policy reform” and “Great Transitions” scenarios in the African Environmental Outlook 2. However, the multidimensional nature of the problem requires substantial
improvements in governance, eliminating conflicts, correcting perverse elements of local and global
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market forces, reducing population growth rates, etc., and this complexity has so far stymied many
global and African efforts to make significant progress in reaching human development targets or to
adequately protect biodiversity (AEO2 2006, Mbow et al. 2008).
n Linking climate change and biodiversity agendas – Recent agreements on Reducing Emissions from
Deforestation and Forest Degradation (REDD+) at the COP-15 of the UNFCCC in Copenhagen potentially provide a mechanism for protecting both biodiversity and carbon stocks in tropical forests.
If appropriately funded and managed, this mechanism could substantially reduce rates of deforestation especially in highly biodiverse biomes like the Guinean forests. It has also been suggested
that agriculture in sub-Saharan Africa could contribute to climate mitigation by storing C through
improved agricultural practices. A recent modeling study covering a wide range of development
pathways in Senegal suggests that the opportunities for C sequestration in agro-ecosystems are relatively modest and that the main climate related benefits of agricultural development will be on
limiting deforestation (Ballensen et al. 2010).
The National Adaptation Programme of Action (NAPA) was established by the UNFCCC to address the needs
for adaptation to adverse impacts of climate change at the national level in Least Developed Countries.
The NAPA provides international funds managed by the Global Environment Facility (GEF) to undertake
urgent actions for climate change adaptation in developing countries. This could be an important means
for increasing environmental protection in West Africa, but given the possibilities for both conflicts and
synergies between climate change adaptation and biodiversity protection, great care must be taken when
implementing NAPA adaptation strategies. In addition, these adaptation strategies must remain flexible
and be revised over time, as climate impacts and vulnerabilities change.
Regional and local action
n Linking human development goals and biodiversity conservation – The “New Partnership for Africa’s
Development” (NEPAD) and its “Environmental Action Plan” (NEPAD-EAP) and the West African
plan for combating desertification have developed regional development strategies that explicitly
acknowledge the strong, but complex links between improving human well-being and environmental protection. In particular, agricultural development pathways will be one of the most important
determinants of human well-being and biodiversity in West Africa. Sustainable intensification of
agriculture combining local knowledge and science-based best practice opens up opportunities for
improving rural livelihoods, reducing malnourishment and protecting biodiversity at the regional
scale by reducing pressures that contribute to overgrazing, conversion of forests to croplands and
bushmeat hunting (Brashares et al. 2004, AEO2 2006, Reynolds et al. 2007, Bellansen et al. 2010). At
the same time, moderate levels of grazing are an essential component of maintaining grassland and
savanna vegetation, and grazing is likely to remain an important basis of rural livelihoods. Given the
diverse demands on ecosystems and large environmental gradients in this region, good spatial planning, i.e., doing the right thing in the right places at local, national and regional levels will be a vital
component of managing the synergies and tradeoffs between biodiversity protection and agricultural
development.
n Combatting desertification – In addition to agricultural development, several national and regional
initiatives have focused on tree planting in semi-arid zones as a means of restoring degraded lands.
Some of these have been very successful at pushing back “desertification” at local scales (e.g., the
bioreclamation initiative of ICRISAT), but difficulties in tree establishment and long-term care
of replanted areas make success rates highly variable (Anonymous 2008). One of the most ambitious initiatives is the “Great Green Wall” project in which a ca. 7000 km long by 15 km wide band
stretching from Dakar to Djibouti is to be planted with trees with the objectives of restoring dryland
ecosystems, developing infrastructure and improving local living conditions (Anonymous 2008).
n Protected areas – For decades, conservation efforts in West Africa have focused on a network of forest
reserves throughout the region. Although these reserves were mostly designed to protect watersheds
and timber supplies rather than biodiversity, they are vital for conserving the remaining forest fragments and other ecosystems in West Africa. Nonetheless, many critical forested habitats have not yet
been included within the national systems of protected areas. Most protected areas in this region lie
in the most populated zones of Africa where land degradation is strongest. This raises the issue of the
effectiveness of protected areas in these regions as a means of conserving habitats and species. Since
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the late 1960s, all countries in the region have made efforts to establish more effectively managed and
controlled protected areas. Most of protected forest is currently being encroached by farmlands. One
of the greatest conservation challenges in West Africa is finding alternative ways to accommodate
human needs, in order to decrease the pressure from rural communities living adjacent to protected
areas. Development of economic alternatives such as ecotourism, handicrafts and agro forestry have
shown promise. An important way to enhance the effectiveness of protected areas in West Africa will
be through the establishment of conservation corridors comprising biodiversity-friendly land uses
to link protected areas together. The region has several transboundary national parks and rivers that
reguire improved regional coordination and action for sustainable management.
At a time where much of the discussion about major issues in nature conservation is necessarily being
undertaken at a global level, it is important to keep in mind the needs of the smaller organizations that
do much of the grass roots work in the protection of biodiversity (Garrod & Willis 1994). International
donors and private citizens have invested billions of dollars to protect biodiversity in developing nations.
Investments often aim to encourage economic activities that indirectly protect ecosystems and species.
An alternative form of investment is to pay directly for conservation outcomes, as is commonly done in
high-income nations. Direct approaches may, in many cases, be more effective and efficient than indirect ones, and thus merit greater attention in developing nations (Ferraro et al. 2002, 2003).
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Appendix 5. MIOMBO WOODLANDS
Robert J Scholes (Council for Scientific and Industrial Research, bscholes@csir.co.za)
Reinette Biggs (Stockholm Resilience Centre, oonsie.biggs@stockholmresilience.su.se)

SUMMARY
n The belt of moist savannas, the ‘miombo woodlands’, stretching south of the Congo rainforests from
Angola to Tanzania, represents one of the largest remaining near-intact ecosystems in the world. It is
important as a carbon store and biodiversity habitat, but also represents a largely untapped resource for
agriculture and biofuel production.
n Large-scale conversion of the miombo to agricultural land is likely over the next three decades. Habitat
conversion will have large impacts on biodiversity and associated ecosystem services that will be difficult
to reverse. Transformation of the miombo in this way will tend to accelerate climate change.
n Climate change may lead to the crossing of additional tipping points in the miombo. Savannas are intrinsically unstable ecosystems, sensitive to elevated carbon dioxide, changing rainfall, rising temperatures
and changing fire regimes. Tipping points exist on several of these axes, although they usually trigger
negative (i.e., climate-stabilizing), rather than positive feedbacks.
n Moderate intensification of agriculture in the Miombo zone, within a planned spatial framework, is the
best option for preserving as much as possible of the climate and habitat benefits while satisfying
demands for food and fuel. Application of REDD (reduced deforestation and degradation) initiatives in
the savanna and forest landscape of south central Africa is an important climate-protection strategy.

DESCRIPTION
Between about 3° S and 26° S and virtually from the Atlantic to Indian coast, the continent of Africa is covered by a mosaic of tall, deciduous woodlands and seasonal wetlands, collectively known as the miombo
ecosystem (Figure 1). The dominant trees are from a restricted group of the Caesalpinaceae, but the associated flora and fauna is rich and diverse (WWF-US 2003). Historically, the human population has been
sparse due to the low soil fertility and presence
of diseases such as malaria and trypanosomiasis (which mainly affects cattle). Post-colonial
conflicts in Angola, Mozambique and the Democratic Republic of Congo, and slow economic
development in Tanzania, Zambia and Malawi
have allowed this ecosystem to persist, largely intact, into the current era. However, the
cessation or reduction of wars in the region,
improving infrastructure and the growing needs
for food and fuel in the region make substantial
transformation in the coming decades highly probable (Bruinsma 2003, MA 2005, Biggs
et al. 2008). The trend is already observable in
Malawi, northern Mozambique and Zimbabwe
(where it is exacerbated by economic collapse,
which has forced the population to draw heavily on natural capital).
While in the other great tropical regions of the
world – South-east Asia and South America –
the current focus is on the loss of rainforests,
this is an emerging issue in the Congo basin

FIGURE 1
Distribution of the Miombo Woodlands in Africa (adapted from Desanker
et al 1997)
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of Africa. However, what tends to
be forgotten is that in those other regions, clearing of the savanna
woodlands was much more extensive, and began earlier, than
incursions into rainforest. This is
because people preferentially settle
in savannas: access is easier, the climate is healthier, and the soils, while
generally infertile, are usually less
infertile than those in the rainforest
region, and less prone to flooding.
The agronomic constraints imposed
by the savanna soils are well-understood, and can be easily ameliorated
with additions of lime and fertilizer, particularly phosphates. Thus
amended, they are highly productive, given the relatively high rainfall
and abundant sunlight, and could
easily feed the present and future
population of the region.

FIGURE 2
Projected changes in BII (Biodiversity Intactness Index) by 2100 according to three of the

four MA scenarios (Biggs et al. 2008). Substantial declines in biodiversity are projected
At present, the growing population
in the moister northern and eastern parts of the region. Differences between scenarios
is impoverished and food-insecure.
are most marked in Angola and Zambia, ranging from modest transformation under the
The widespread pattern is for small
Adapting Mosaic scenario (proactive ecosystem management) to substantial transformation
patches of woodland, especially
under the Global Orchestration scenario (reactive ecosystem management). In these
near roads, to be cut and the wood
countries there are still extensive tracts of arable land which have not yet been developed.
converted to charcoal to supply the
energy needs of nearby towns. The
cleared area is planted to low-yielding varieties of maize, millet and cassava. Fertilizer is in short supply and unaffordable. After a few years a new patch is cleared due to declining yields. After several cycles
of decreasing length, the woodland fails to regenerate, becoming a low-statured, impoverished bushland called chipya. The wild birds and mammals are hunted for bushmeat. There are several species of
tree with high-value timber, which are usually exploited very early in the process (Desanker et al. 1997).

The miombo ecosystem is vast – over 3 million km2 – and if only a small fraction was converted to modern agriculture and forestry (with demonstrated yields ten times higher than achieved by subsistence
techniques), the food and fuel needs of the countries involved could be satisfied, while leaving intact woodlands and wetlands to supply ecosystem services such as climate regulation and to support biodiversity.
Whether this happens, or whether the miombo ecosystem is transformed in an unplanned, unregulated
and inefficient way depends on the rate of increase in the demands placed on it for food and timber, and
the resources available for landscape planning and agricultural improvement (Biggs et al. 2008). Under
a scenario of continued population growth at or above the rate of economic growth, the pattern is likely
to be one of ongoing extensification of agriculture, with attendant loss of woodlands and wetlands (Figure 2). If capital, expertise and political will can be mobilised to moderately intensify agriculture, using
appropriate inputs of fertilizer, mechanization and irrigation, then a productive, multi-purpose landscape could result. This socio-economic-political branch-point will be irrevocably passed in the next two
decades (MA 2005, Biggs et al. 2008).
An additional set of tipping points is found on the ecological side of this coupled human-ecological system. Savannas are mixtures of trees and grasses, and the proportions of the mixture are subject to abrupt
change, typically in the direction of greater tree dominance. The key factors controlling the mix are the
fire regime (less fires lead to more trees; this is in turn controlled by rainfall and its seasonality, and by
temperature and humidity) and the concentration of carbon dioxide in the atmosphere (higher CO2 promotes tree growth more than grass growth) (Desanker et al. 1997).
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IMPACTS ON BIODIVERSITY
The miombo woodlands have often been overlooked
as a reservoir of species-level diversity because the
ecosystem is so extensive and apparently homogeneous. However, they contain at least 8500 plant
species, of which over half are endemic (White 1983).
They are an important large-scale habitat for African
savanna elephant (Loxodonta africana) and a range
of specialist antelope and birds (WWF-US 2003). But
it is at the ecosystem scale that the global biodiversity
contribution of the miombo woodlands is unique.
Very few terrestrial ecosystems worldwide are in as
untransformed a state, over such extensive areas. The
landscape consists of an ancient, high-lying surface.
The gentle undulations lead to a recurring pattern of
tall woodlands on the ridges and season wetlands
(dambos) in the valleys. The dambos are sites of local
endemism, particularly in the Orchidaceae, but also
important habitats for migratory waterfowl (White
1983, WWF-US 2003).

FIGURE 3
Projected biodiversity losses by 2100 in a scenario of reactive
ecosystem management (the Global Orchestration scenario) (Biggs et
al. 2008). Similar trends are apparent in the other scenarios, but the
overall losses are lower. Biodiversity impacts are greatest for mammals
and least for birds. The loss in plant abundance is strongly related to
the total area converted to cultivation.

Projected land use changes over the next century will likely have strong impacts on biodiversity leading
to steep reductions in species abundance (Figure 3).

ECOSYSTEM SERVICES
The miombo provides a range of ecosystem services. Those of particular importance include:
Climate regulation
Rising CO2 and projected increased rainfall in south-central Africa would suggest increased woodiness
in intact savannas, with uptake of carbon dioxide and decreased emissions of fire-produced greenhouse
gases: in other words, a strengthening of the regulating climate service (Bond et al 2003). However, if the
savannas are cleared for agriculture, not only is the regulation service decreased, but a large efflux of CO2
(and potentially CH4 and N2O) to the atmosphere would occur from the transformed lands: up to around
1 Pg CO2 year-1 for three decades (based on an area of 2 million km2, and mean carbon density of 30 t ha-1).
The climate regulating service (or disservice) provided by the annual wildfires which characterize the
miombo woodlands is extremely complex. With respect to CO2 the wildfires are approximately neutral,
but they are net source of CH4, N2O, light-absorbing aerosols and tropospheric ozone precursors (Scholes
et al 1996). The net effect is thought to be slight warming. On the other hand, the fires have been ongoing
for millions of years, are essential for the preservation of biodiversity in the region (Frost 1996). Furthermore, if the fires are suppressed, other pathways of decomposition (such as herbivory or consumption
by termites) produce even more methane (Scholes and Mennell 2009).
Water provision
The miombo ecosystem is the source of three of Africa’s largest rivers: the Congo, the Zambezi and the
Okavango. Together they provide freshwater to thirteen countries and over 140 million people. This water
is not projected to dry up under climate change or land conversion (although unanticipated land-atmosphere feedback effects cannot be excluded), but is expected to become more variable, and of lower
quality (IPCC 2007).
Biofuel
The miombo woodlands are already a source of biomass-based energy for 100 million people, but the
traditional method of harvesting and inefficient charcoal production is locally unsustainable, and will
become regionally unsustainable as the demand increases (Scholes and Biggs 2004). The soils and climate are very similar to those being used for sugar, soybean and Eucalyptus production elsewhere. The
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miombo woodlands are therefore an attractive target for commercial biofuel production for export, since
they are not currently under food production. Given the carbon emissions associated with clearing, the carbon payback period could be very long for such enterprises (Fargione et al. 2008, Searchinger et al. 2008).
Food production
The people of south-central Africa, largely living in the miombo region, have an insufficient but stable
supply of carbohydrates, and a completely inadequate and declining supply of protein (Scholes and Biggs
2004). They supplement their nutrition with wild foods gathered from the miombo ecosystem. The climate
and soils (suitably managed) are suitable for greatly increased productivity and nutritional diversity, as
has been demonstrated by the shift from hunger to food security in Malawi since fertilizers were subsidized (Mwale 2009). The risk is that this potential becomes diverted to export food and fuel crops, leaving
the population as under-nourished as before.
Ecotourism
The ecotourism potential of the miombo woodlands is hardly realized. There are several large protected areas, at least on paper, but perceptions of insecurity and health hazards, poor tourist infrastructure
and an absence of large herds of wildlife have prevented ecotourism from becoming as large a contributor to the local economy as it could. On the other hand, some established ecotourism focal areas – for
example, the Okavango Swamps in Botswana and the coral reef coastlines of East Africa – are critically
dependent on the continued supply of sediment-and nutrient-free water out of the miombo woodlands.

UNCERTAINTIES
The key uncertainties regarding changes in the miombo woodland relate to the future trajectory of economic growth and political stability in the region (SAIIA 2003, Scholes and Biggs 2004). If economic growth
significantly exceeds population growth (i.e., if the economy grows at sustained rates of about 5% per year)
then cash surpluses will be available for investment in agricultural inputs and infrastructure. Paradoxically, this is likely to lead to less conversion of miombo woodlands, because it encourages agricultural
intensification rather than extensification, and migration up the ‘energy ladder’, away from charcoal as
the main domestic fuel source. The currently relatively untransformed state of the miombo region is to a
large extent due to the major conflicts that have retarded development in Mozambique, Angola, and the
Democratic Republic of the Congo (DRC), with spill-over effects in adjacent countries. The civil wars in
the first two countries are now resolved. The future of the DRC remains unpredictable.

LOCAL TO GLOBAL ACTION AND OPPORTUNITIES
Global action
The miombo woodlands represent a prime opportunity for application of the Reduced Deforestation and
Degradation (REDD) initiatives under the United Nations Framework Convention on Climate Change
(UNFCCC). This is a scheme to effect a benefit transfer payment in recognition of the climate services
that the intact woodlands provide (along with ancillary benefits, such as biodiversity habitat and water
provision).
Agricultural and forestry developments (including biofuel plantations) in south-central Africa that are
driven by developed-world demand for food, fibre and fuel should be subject to stringent sustainability certification.
Regional action
Now is the time, for nations located in the miombo ecosystem, to implement regional-scale land use
planning. The tools and datasets are available to optimize the location of protected areas, water catchments, human settlements and agricultural and forestry production areas, avoiding the problems that
have accompanied haphazard development elsewhere.
Land-use planning needs to be accompanied by the extension services required to upgrade agricultural
and forest production without polluting water sources, degrading soils or poisoning adjacent biodiversity. Infrastructure is needed to move agricultural inputs and outputs to market, and regulations (along
with the capacity and will to enforce them) to prevent inappropriate developments.
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Appendix 6. INVASIVE SPECIES ON ISLANDS
Stas Burgiel (Global Invasive Species Programme, s.burgiel@gisp.org)
“Islands are the bell-weathers of international environmental policy. The world will see their success or failure first.”
—James A. Michel, President Seychelles

SUMMARY
n Islands and their respective terrestrial and aquatic ecosystems are highly diverse and host approximately
20% of all known species.
n Given their small size and fragile ecosystems, islands and their unique biodiversity have been disproportionately impacted by invasive species with consequent environmental, economic and social effects.
n Invasive species can have practically irreversible consequences by changing abiotic and biotic factors
within ecosystems and plant/animal communities.
n Multiple invasive species in a system can increase the complexity of management efforts and may facilitate trophic cascades that fundamentally alter ecosystem structure and functioning.
n Uncertainty around rates of introduction, establishment, inter-species interactions and a range of climate
scenarios present difficulties in forecasting the full complexity of invasive species potential impacts on
island ecosystems.
n The tipping point for invasive species’ impacts on islands is likely at the stage shifting from their establishment to spread, whereas the critical point for managing impacts is preventing the introduction in the
first instance (i.e., pre-border or at border quarantine) or eradicating them soon after their introduction.
n Given their isolation and size, islands can provide an ideal environment for the development and application of biosecurity measures and management techniques. The majority of successful invasive species
eradications have been on islands.
n Efforts to prevent introductions and manage the spread of invasive species are inherently exercises in
uncertainty, which can benefit from improved modeling, use of risk assessment and better data.
n Support for biosecurity policies and invasive species management in islands is likely a sound investment
for protecting unique and abundant biodiversity and key ecosystem services.

DESCRIPTION
Status and trends
Globally, there are over 180,000 islands including island and archipelagic countries, as well as countries
with islands, that cover about 5% of the earth’s surface. Despite this small footprint, due to their isolation,
topography and corresponding microclimates, island systems have given rise to a wealth of biodiversity
and endemism comprising ~20% of all species and almost half of endangered species. Numerous island
groups have been identified as global biodiversity hotspots, including: the Caribbean Islands; islands
along the Baja Peninsula; the San Felix, San Ambrosio and Juan Fernandez Islands off Chile; the Galapagos; the Mediterranean; Madagascar and the Indian Ocean Islands; and all across Melanesia, Micronesia
and Polynesia (Myers 1990, Myers 2003, Myers et al. 2000).
Islands play a key role for marine ecosystems by providing mangrove, coral reef and other coastal habitats
for spawning and fisheries habitat, as well as nesting sites for seabirds, sea turtles and other pelagic species. Such ecosystems are also vulnerable to aquatic invasive species particularly from pathways like ballast
water, hull fouling and fish introductions. Almost one tenth of the world’s population lives on islands, thereby
requiring a range of resources and services to provide food, fiber and other necessities. While highly diverse,
island ecosystems are also particularly vulnerable given their small size and their susceptibility to overharvesting of resources, natural disasters and other major drivers like climate change and invasive species.
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Invasive species impose a range of severe impacts on island ecosystems, economies and human health,
and biological invasions are one of the most important drivers of change to island biotic and abiotic
processes (Loope and Mueller-Dombois 1989). Ecologically, introductions of mammals like goats, cats,
mongooses, rabbits and rodents have long been threats to native bird, reptile and plant species. Exotic
plants, whether trees, shrubs, vines or grasses, are key invaders in habitats already disturbed by human
activities or the grazing and rooting of cattle, goats and wild pigs. The list of biological invaders on islands
also extends to snails, reptiles, fish, ants, wasps and other pathogens. Such introductions have resulted in
a high proportion of species extinctions globally as well as a corresponding reduction in species abundance. Invasive species have also dramatically altered habitats and ecosystem services, which can also
provide suitable conditions for additional biological invasions.
Aside from environmental damage, invasive species have direct and indirect economic impacts, not all
of which can be measured in monetary terms. Invasive pests can affect agricultural yields for both subsistence and export markets, and animal diseases such as swine fever have had serious repercussions as
export markets close their borders to potentially infected products. The destruction of native terrestrial and marine flora and fauna can also adversely impact tourism, which is a major industry for islands.
Finally, invasive species can threaten human health. The rooting of wild pigs can create depressions of
standing water, which serve as breeding grounds for mosquitoes and facilitate the spread of malaria and
other diseases. Rats and other rodents are also renowned vectors carrying a range of viral diseases, which
can be spread to humans or native biota (Burgiel et al. 2004).
Tipping point mechanisms
A key question with regard to island biodiversity and invasive species is how to define the criteria or measure the tipping point. In retrospect one can look at a particular case and recognize where impacts have
progressed to the point where there is little hope of restoring the “native” ecosystem. Even in cases of
eradication and/or effective control, local biotic and abiotic factors can be changed to such a degree that
reversion to a previous state is virtually impossible. As David Norton (2009) states:
reversing biotic thresholds that have been crossed as a result of invasive species is very difficult.
This occurs because of legacies resulting from invasions (such as species extinctions); because
even when controlled to low levels, invasive species still exert substantial pressure on native
biodiversity; and because most invasive species cannot be eliminated with current technology
and resources. In these situations, the future ecosystem condition even with restorative
management will be different from that which would have occurred at the site had biological
invasions not occurred.
Within the process of invasion biology, this would suggest that the initial point of introduction through
to the establishment of a viable population is the key action leading to potentially severe and irreversible
impacts in the longer term. Yet there is significant uncertainty as not every exotic species can establish
or will have adverse impacts. Early detection and rapid response actions (including eradication and
control) are certainly options in theory, but in reality are the exception and not the rule. Prevention of
introductions in the first place is the preferred option, which is widely accepted by practitioners and even
embedded in international agreements addressing the issue (Convention on Biological Diversity 2002).
The tipping point for actual biological impact is thereby after an invasive species establishes and spreads,
whereas the critical tipping point for where action can be most effective is just prior to or after an introduction. That said, some of the facets that make islands so vulnerable, particularly their size and relative
isolation, also makes them candidates for more successful invasive species eradication and environmental restoration.

IMPACTS ON BIODIVERSITY
While islands hold a disproportionate share of the world’s biodiversity relative to their landmass, they
have also suffered disproportionately as extinction rates are significantly higher on islands with 95% of
the world’s bird extinctions, 90% of reptile extinctions, 69% of mammal extinctions and 68% of plant
extinctions. Most (55-67%) of these extinctions have either been directly caused or facilitated by invasive
species (IUCN 2009, Island Conservation n.d., Donlan and Wilcox 2008). Additionally, while discussion
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continues as to whether islands are more susceptible invasions, the relative impact and extend of invasions may be more pressing given their limited size (Reaser et al. 2008).
Scenarios of invasive species have largely focused on improving modeling of the potential spread of
invasive species using a range of biological, climatic and geographic data. Currently, niche modeling of
invasive species is generally performed on a species by species basis under a particular set of bio-climatic
parameters. Such models have been used to predict the potential range or spread of an invasive species
under present conditions and increasingly under future climate change scenarios. Modeling has largely
been done for continental geographies and related species, such as cheatgrass (bromus tectorum), rubber vine (Cryptostegia grandiflora), sudden oak death (Phytophthera ramorum), and silver and bighead
carp (Cyprinidae) (Bradley 2009, Chen et al. 2003, Kritikos et al. 2003, Meentemeyer et al., Sutherst et al.
2007). For islands, particularly in the Pacific, this type of modeling has been done for major weeds and
invasive plants, such as M. calvescens, as well as for avian malaria and Oriental fruit fly (Ahumada et al.
2009, Atkinson and LaPointe 2009, Daehler 2006, Fujikawa 2009, Kritikos et al. 2007). Little attention has
been devoted to addressing multiple species interactions under a range of future scenarios. Given the
complexity of modeling such phenomena combined with the inherent uncertainties around the introduction, establishment and spread of invasive species, development of compelling scenarios for island
ecosystems is quite difficult at present.
Rough approximations of future pressures from the introduction of invasive species can be made using
trade statistics and pathways as general surrogates to measure rates of biological invasion. Studies have
shown that numbers of introduced invasive species are loosely correlated to trade flows, and therefore
increases in trade are likely to increase the number of potential introductions. While such trends can be
complicated by the level and sophistication of both monitoring efforts and quarantine systems, the broad
connections between trade and invasive are assumed to be that:
n more introductions lead to a greater probability that an invasive species will become established;
n an increasing variety of goods and means of transport increases both the potential array of species
that may be moved and their pathways for transfer;
n more frequent delivery of goods from and to a wider range of countries and habitats increases the
rate and variety of potential introductions; and
n faster modes of transport may improve an organism’s chance of survival while in transit (Ruiz and
Carlton 2003, Burgiel et al. 2006, Jenkins 1996).
Analysis of trade data on island countries in the Caribbean, Indian Ocean and the Pacific show overall
increases in both imports and exports over the period from 1950 to 2009. Aggregate data for Caribbean
countries show a doubling in the value of commercial and agricultural imports from 1990 to 2009. For
Pacific islands in the ACP category (developing countries from Africa, Caribbean, Pacific), there is roughly a tenfold increase across the region, although data is incomplete for all countries. Increases for islands
countries in the Indian Ocean are even higher although more varied from country to country (World
Trade Organization 2010).
Despite the global economic downturn of 2009, this data suggests increasing pressure on islands to intercept and address invasive species being introduced through trade. Awareness and management efforts are
also improving both at the national and regional levels, particularly in the Caribbean, Indian Ocean and
the Pacific. These activities include both the identification and management of existing invasive species,
as well as increased attention to priority pathways contributing to new introductions. Capacity to effectively shut down these pathways is currently limited in most island regions thereby raising the question
as to whether new biosecurity efforts will be able to offset the assumed rate of new introductions from
increased trade and transport.
There are numerous examples of how invasive species can alter ecosystem structures and trigger trophic
cascades. Introduced sheep on Santa Cruz Island of the coast of California and rabbits on Macquarie
Island, a World Heritage Site south of Australia and New Zealand, stripped grasslands and remaining vegetative cover reducing significant portions of the island to bare ground resulting in erosion and negative
impacts on native herbaceous and scrubland plant communities and avian diversity (Klinger et al. 2002,
Bergstrom et al. 2009, Dowding et al.2009). Research in the Aleutian Islands of Alaska has also shown how
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predation of introduced rats on seabirds that forage in intertidal areas has shifted those marine communities from algal to invertebrate-dominated systems (Kurle, et al. 2008).
Trophic impacts are also important in considering eradication or control efforts in systems dominated by multiple invasive species. Removal or suppression of one invasive species can have unintended
impacts on others by virtue of predation pressures (cats and rodents), vegetation (goats and sheep) and
other ecological functions (Zavaleta et al. 2001). From 1998-2000, eradication efforts were undertaken
on Sarigan Island in the Pacific’s Northern Mariana Islands to remove introduced pigs and goats, which
had severely reduced the native tropical forests, shifting it towards grassland habitat thereby endangering a number of native species (e.g., Micronesian megapode – Megapodius laperouse, Mariana fruit bat
– Pteropus mariannus, and coconut crab – Birgus latro). While this eradication proved beneficial for tree
seedlings and overall plant richness, there was also a rapid expansion of the invasive vine, Operculina
ventricosa, through the native forest and surrounding grasslands (Kessler 2002).
Despite significant impacts on biodiversity and ecosystems, in many cases ongoing invasive species control and eradication efforts were able to reach a point where natural restoration could take hold. Such
efforts are generally costly in terms of time, resources and scientific effort to document impacts, and furthermore are generally the exception rather than common practice. Estimates by Island Conservation
place the total number of eradication attempts on islands at 949, which is likely far lower than the number of invaded islands throughout the world (Keitt 2010). This further reinforces the prevailing wisdom
that prevention of invasive species introductions in the first instance is far more preferable and cost effective than subsequent efforts for eradication, control and restoration.

ECOSYSTEM SERVICES
Invasive species can have a range of compounding impacts across ecosystem services, thereby impacting
their ability to provide their supporting, regulating, provisioning and cultural functions. The discussion
below uses a few representative examples to illustrate these impacts.
In Tahiti and other parts of Polynesia, the introduction and establishment of Miconia calvescens have
played a dramatic role in transforming native habitats. Native to parts of Central and South America, M.
calvescens is a tree with large leaves that can grow up to 15 meters. Originally, introduced as an ornamental plant into Tahiti in 1937 and in the 1960s to Hawaii, M. calvescens thrives in wet tropical forests. By
1996, the plant had spread to 65% of Tahiti with monospecific stands on approximately 25% of the island
(Meyer 1996). Such stands generally block sunlight from penetrating the canopy creating conditions that
native species cannot tolerate. In Tahiti, experts calculate that 40-50 of the islands 107 endemic species
could be at risk (Meyer and Florence 1996). The plant grows in shade and sun conditions and its superficial
root structure can destabilize soils, particularly with substantial rainfall, thereby giving rise to landslides
and erosion on steep slopes. M. calvescens has had significant impacts on the supporting and regulating
services that the native ecosystems had provided, first and foremost by exacerbating erosion and thereby
hampering the role of native forests in water filtration. Additionally, loss of plant diversity and the creation of closed canopies will also likely alter nutrient cycling and the formation of soils.
In the Caribbean, red palm mite (Raoiella indica) is a pest of fruit-producing palm trees and other ornamental plants, which was first identified in Martinique in 2004. The mite has since spread, mostly likely on
infested plant products, seeds or by major storms/hurricanes, to: Dominica and St. Lucia (2005); Dominican Republic, Guadeloupe, Puerto Rico, St. Martin and Trinidad and Tobago (2006); and Granada, Haiti,
Jamaica and southern Florida (2007). In addition to impacts on coconut palms, the mite has also been feeding on over 20 other species of palm, banana, ginger and heliconia (Welbourn 2009). Economic impacts
have been significant with reports of damage on up to 50% of coconut crops in Trinidad, and has also
raised a number of trade restrictions on products from countries where the pest is now present (Red Palm
Mite Explosion 2007). This invasive pest has the potential to spread throughout the Americas (across the
southern US, California, Hawaii as well as to Central and South America). Red palm mite thereby can play
a significant role in impacting the provisioning services of the Caribbean agricultural systems, while also
wreaking havoc on ornamental and other plants that are important for the regions identity particularly in
the tourism industry.
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Looking at intersections with other global drivers, invasive species and climate change are likely to have
compounded impacts of ecosystems and their services. Climate change impacts, including warming temperatures and changes in CO2 concentrations, may increase opportunities for invasive species because
of their adaptability to disturbance and to a broader range of biogeographic conditions. The impacts of
those invasive species may be more severe as they increase both in numbers and extent, and as they compete for diminishing resources such as freshwater. Warmer air and water temperatures may also facilitate
species movement along previously inaccessible pathways.
As with invasive species, islands are likely to experience a full range of adverse effects from climate change,
including sea level rise, extreme weather events and consequent impacts on their fragile ecosystems. Climate change and invasive species could combine to impact:
n Fisheries: sea level rise may favor salt-tolerant invasive plant species in brackish water systems and
estuaries, which are an important habitat and spawning ground for fish and other species. Warming waters could also contribute to range expansion of marine invasive species, such as the lionfish
(Pterois volitans) from the Caribbean north into the Atlantic as well as the mitten crab (Eriocheir
sinensis) in Ireland and along both U.S. coasts, that significantly impact aquatic communities and
reef fisheries.
n Erosion control and storm surge abatement: natural dune, mangrove and other coastal ecosystems
play a key role in buffering the effects of storm surges and other extreme weather events. The establishment of invasive plant species, such as beach vitex (Vitex rotundifolia), has exacerbated erosion
on island off the southeastern coast of the U.S. thereby increasing the vulnerability of inland ecosystems and coastal communities. Introduced nutria (Myocaster coypus) on the barrier islands of the
U.S. state of Mississippi have also had major impacts on wetland and dune ecosystems, by destroying
plant communities and creating stretches of open water.
n Food security: healthy ecosystems play a critical role in providing pollination services and seasonal
climate variability, particularly temperature and precipitation, and mitigate against the spread of
pests and disease. Longer and warmer growing seasons could support multiple life cycles of agricultural pests impacting crops and favor early emergence of weeds and other pests.
n Freshwater availability: temperature rise could spur the incursion and spread of species with detrimental impacts on local water tables and species composition, which could be further exacerbated
by climate induced declines in precipitation.
n Biodiversity impacts: range expansion of invasive species is one of the most highly referenced consequences of climate change with corresponding effects on biodiversity. For example, the spread of
White Syndrome across coral reefs and the Chytrid fungus besetting amphibian populations are two
major threats to global biodiversity that have been linked to climatic warming. Retreating glaciers are
also providing newfound habitat for invasive plants, such as the spread of winter grass on deglaciated
slopes of Australia’s Heard Island. (BDAC, GISP 2009, Hellman et al. 2008, World Bank 2008).

UNCERTAINTIES
The establishment and effective management of invasive species is wrought with uncertainties. From the
biological point of view, there are still major gaps in knowledge about which species will be introduced
and with what propagule pressure (particularly regarding unintentional introductions), the chance that
such individuals will survive and establish viable populations and the chance that those populations will
then expand and cause harm. This single species perspective is further complicated by the complex relations that develop with the introduction of multiple alien species. In certain cases they can exacerbate
each other (e.g., invasive mammals may disturb vegetation or spread seeds thereby facilitating the introduction of invasive plants), and in others they may have some counteracting behaviors (e.g., feral goats
that keep invasive plants in check through grazing, or feral cats that prey on introduced rodents) (Veitch
and Clout 2002, CBB and IUCN ISSG 2010).
There are similarly uncertainties with the regulation and management of invasive species. While tools and
knowledge for complete eradications are improving there are still open questions about the effectiveness
of techniques and the ability to establish that the last individual of a particular species has been removed.
Most regulators also recognize that there is no practicable system that could establish zero-risk (100%
prevention) from the introduction of alien species as this would likely entail complete curtailment of the
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movement of people, vehicles and goods into a particular country or region. Practitioners are thereby
encouraged to identify the level of risk that they are willing to tolerate based on environmental, economic
and other social factors and then to establish the necessary mechanisms to reach that level of protection.
This is inherently a process of managing uncertainties (Burgiel et al. 2006).

LOCAL TO GLOBAL ACTION AND OPPORTUNITIES
Global Action
n Support efforts related to invasive species and islands within the Convention on Biological Diversity
and other U.N. processes such as the Commission on Sustainable Development and the Programme
of Action for the Sustainable Development of Small Island Developing States.
n Develop synergies and leverage support across efforts to fund regional invasive species activities
on islands (e.g., the Global Environment Facility, European Community support for work in overseas territories, the Critical Ecosystem Partnership Fund, and other multilateral and bilateral funding
programs).
n Promote opportunities for capacity building across relevant international agreements and institutions (e.g., sectors covering biodiversity, animal and plant health, trade and transport).
n Facilitate the development of an integrated knowledge management system to improve access to
existing tools, best practices and case studies regarding islands and invasive species and to link to or
build national and regional datasets on extant invasive species.
n Identify and create linkages across initiatives and processes involving island states and those involving continental countries with islands, including overseas territories.
Regional and Local Action
n Facilitate development of national invasive species strategies and actions plans along with steps for
their implementation and integration into national biodiversity and development plans.
n Develop national biosecurity systems oriented toward prevention of future introductions and the
prioritization of eradication and control for existing invasive species
n Identify capacity needs and knowledge gaps on the regulation and management of invasive species
(e.g., risk assessments, niche modeling, multi-species interactions) to inform broader discussions
about resource mobilization.
n Improve niche modeling methodologies, particularly for multiple invasive species interactions.
n Use islands as an opportunity to develop and improve invasive species policy and management practices, particularly in relation to other drivers of global change (climate change).
n Support participation in and cooperation with regional invasive species initiatives and relevant
intergovernmental processes, particularly in the area of developing early detection/rapid response
capacity through regional biosecurity networks.
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Appendix 7. COASTAL TERRESTRIAL
SYSTEMS AND SEA-LEVEL RISE
Eric Gilman (Global Biodiversity Information Facility Secretariat, egilman@gbif.org)
Joanna C. Ellison (University of Tasmania, joanna.ellison@utas.edu.au)

SUMMARY
n Based on limited monitoring, experiments and modelling of climate change outcomes, relative sealevel rise may be the greatest future threat to tidal wetlands and beaches. Reduced coastal ecosystem
area and condition will increase coastal hazards to human settlements, reduce coastal water quality,
release large quantities of stored carbon, and eliminate nesting, nursery and forage habitat for numerous species groups, including fish, shellfish, seabirds, waterbirds, sea turtles, crocodiles, manatees and
dugongs.
n Rising seas will likely have the greatest impact on coastal wetlands experiencing net relative lowering
in sediment elevation, and where there is limited area for landward migration due to the physiographic
setting or obstacles from development. The majority of mangrove sites studied have not been keeping
pace with current rates of relative sea-level rise, this exceeding the observed mean change in mangrove
sediment surface elevation of +1 mm a–1. As a result, 0.2% annual reductions in Pacific Islands region
mangroves are predicted over this century, contributing about 10 to 20% of total estimated losses.
n Longer-term monitoring of coastal ecosystem changes from a larger number of regions is needed for
evaluation of ecosystem resistance. There is a need for reliable predictive sediment elevation models and
models of coastal ecosystem erosion. There is also a need for improved understanding of the synergistic
effects of multiple climate change and other anthropogenic and natural stressors on coastal ecosystems.
n Adaptation options, to offset anticipated coastal ecosystem losses and improve resistance and resilience to rising seas, include: coastal planning to facilitate landward migration; ‘no regrets’ reduction of
stressors, including catchment management to minimize disturbance to sedimentation processes; rehabilitation of degraded areas; and increases in protected areas that include functionally linked coastal
ecosystems. Establishing coastal ecosystem monitoring through regional networks using standardized
techniques enables the separation of site-based influences from global changes, improving the understanding of coastal ecosystem responses to sea level and global climate change, and alternatives to
mitigate adverse effects.

DESCRIPTION
Until now, relative sea-level rise has likely been a smaller threat to coastal ecosystems than non-climate
related anthropogenic stressors (Duke et al. 2007). However, relative sea-level rise may cause a substantial proportion of predicted future losses of sedimentary tidal wetlands (mangroves, salt marshes, seagrass
meadows, mudflats) and beaches.
A tipping-point occurs when a coastal ecosystem does not keep pace with the rise in sea-level relative to
a site’s surface elevation (inadequate resistance), and due to the physiographic setting, suitable hydrology and sediment composition, competition with species from other ecosystem types, and availability
of waterborne seedlings, the coastal ecosystem is gradually reduced in area to a point where it reverts
to a narrow fringe or is extirpated (low resilience). A number of interacting factors determine a coastal
habitat’s resistance and resilience to relative sea-level rise, including the geomorphic and physiographic
setting, surface and subsurface controls on sediment surface elevation, and other stressors (Woodroffe
2002, Cahoon et al. 2006). Resistance is a coastal ecosystem’s ability to keep pace with a change in relative sea-level without alteration to its functions, processes and structure (Odum 1989, Bennett et al. 2005).
Resilience refers to an ecosystem’s capacity to absorb and reorganize with change in relative sea-level
to maintain its functions, processes and structure (Carpenter et al. 2001, Nystrom and Folke 2001). For
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coastal sites experiencing sea-level rise relative to
the elevation of the surface, the depth, frequency and duration of flooding (hydroperiod) will
increase, and the ecosystem may transgress landward, where unobstructed. Coastal species were
able to persist through the Quaternary through
substantial disruptions from sea-level fluctuations
(Woodroffe 1987, 1992), but their organisation
into ecosystems has been shown to be less resilient (Ellison and Stoddart 1991, Bird 2008). Over
the coming decades, coastal ecosystems will be
influenced increasingly by sea-level, as well as by
direct anthropogenic impacts.

FIGURE 1
Seaward margin of a mangrove retreating landward in response to relative
sea-level rise (Photo: E. Gilman, American Samoa).

Coastal wetlands do not keep pace with changing sea-level when the rate of change in elevation
of the sediment surface is exceeded by the rate
of change in relative sea-level (Figures 1 and 2)
(Cahoon et al. 2006, Cahoon and Hensel 2006, Gilman et al. 2008). Coastal wetland resistance and
resilience to relative sea-level rise over human
time scales are also a result of species composition, as rates of change in sediment elevation is
affected in part by the mangrove species composiFIGURE 2
tion (Krauss et al. 2003, Rogers et al. 2005, McKee
Seaward edge of a mangrove area retreating landward in response to
et al. 2007). Speed in colonizing new habitat also
relative sea-level rise (Photo: J. Ellison, Bermuda).
varies by species (Lovelock and Ellison 2007). The
physiographic setting is a third significant factor
affecting mangrove responses to sea-level rise, including the slope of terrain landward, and presence of
obstacles to landward migration (Gilman et al. 2007a). The cumulative effect of all stressors is a fourth factor influencing coastal wetland resistance and resilience to sea-level rise. For instance, stressors such as
pollutants can reduce mangrove productivity, reducing belowground root production, causing a reduction in the rate of change in elevation of the sediment surface, compromising the system’s resistance and
resilience to relative sea-level rise.
Monitoring of mangroves primarily from the western Pacific and Wider Caribbean regions have found
that the majority are not keeping pace with current rates of regional relative sea-level rise (Cahoon et al.
2006, Cahoon and Hensel 2006, Gilman et al. 2007b, McKee et al. 2007). Based on this limited, ad hoc
monitoring network, the mean net mangrove sediment elevation change was +1 mm a-1, suggesting, as a
first-order estimate, that a relative sea-level rise rate > 1 mm a-1 constitutes a tipping point for mangroves
(Cahoon and Hensel 2006). Relative sea-level rise could be a substantial cause of future reductions in
Pacific regional mangrove area, contributing about 10 to 20% of total estimated losses (Gilman et al. 2006).
While relative sea-level rise is small over years and decades, it can result in substantial shoreline erosion in beach ecosystems, of 50-100 times larger than the sea-level rise rate (Figure 3) (Bruun 1962, 1988,
Komar 1998).1 When there are obstacles to landward migration, such as seawalls, coastal ecosystems can
be lost and converted to open water habitat (Figure 4). Beach erosion, including from relative sea-level
rise, is one threat to sea turtle nesting habitat and seabird colonies, primarily at colonies that are limited
by nesting habitat availability (e.g., Congden et al. 2007, Hitipeuw et al. 2007, Tapilatu and Tiwari 2007).
With compromised resistance and resilience, some coastal ecosystems revert to a narrow fringe or are
locally extirpated (Ellison and Stoddart 1991, Ellison 1993, 2000, 2001, 2006, Woodroffe 1995, Gilman
1 Bruun (1962, 1988) provides a simplistic model of change to beach profile with sea-level rise. The Bruun model can result in large
error when applied to coastal systems other than beaches, when used for site-specific estimates of beach erosion even when model
assumptions are met, and when used over short time periods (e.g., Pilkey and Cooper 2004). However, the general concept described by
the Bruun model, where with increased sea-level, the equilibrium beach profile and shallow offshore migrates upward and landward, is
well accepted (SCOR Working Group 1991).
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FIGURE 3
The Bruun model net change in beach profile due to a rise in sea-level
(S), resulting in offshore deposition and erosion of the upper beach, and
landward recession (R) (adapted from Komar 1998). R can be 50-100
times the size of S.

et al. 2008). This occurs where: the slope of land
upslope from the wetland is steeper than that of
the land the wetland currently occupies; there are
obstacles (e.g., seawalls and other erosion control
structures) to landward migration of the wetland
landward boundary (Figure 3); and stressors
reduce the wetland’s ability to keep pace with
relative sea-level rise (reduced resistance) and
stressors reduce the wetland’s ability to colonize
land at higher elevations (reduced resilience).

Increased CO2 concentrations, concomitant ocean
acidification and reduced calcification rates of
corals, and temperature changes are believed to
be much larger threats to coral reefs compared
to relative sea-level rise (Birkeland 1997, Brown
1997, Kleypas et al. 1999, 2006). If sea-level rises at a rate that is slower than the reef’s ability to
produce carbonate, the reef will prograde seaward as well as aggrade vertically. If the relative
sea-level rise rate is roughly equal to the reef’s rate
of carbonate production, then the reef will grow
vertically and not grow seaward or landward. If
sea-level outpaces the accreting reef, the reef will
FIGURE 4
either backstep to higher ground or drown. Reefs
Natural mangrove landward migration in response to relative sea-level rise
may also survive at deeper depths as they grow
is obstructed by a seawall (adapted from Gilman et al. 2006).
upward at a lower rate than the rise of sea-level,
and catch up if and when the sea-level rise rate
slows (Brown 1997). Most coral reef communities are expected to be able to keep pace with projected
rates of sea-level rise (Birkeland 1997, Brown 1997). Reef accretion rates range from 1-10 mm a-1, with a
rate of 10 mm a-1 accepted as the maximum vertical accretion rate that a reef can sustain (Brown 1997).
Reef systems may be able to build upward at faster rates, as high as 20 mm a-1, when growing in water
depths of less than 20 m where there is abundant sunlight for photosynthesis (Brown 1997). However,
some reef flat communities that undergo accelerated coral growth to keep pace with rising relative sealevel would become susceptible to subaerial exposure and substantial mortality if sea-level rise occurs in
episodic pulses with periods of sea-level remaining steady (Brown 1997). Also, deeper reefs may not be
able to keep pace with projected sea-level rise scenarios. Anthropogenic stresses on reef communities,
including increased sedimentation, nutrient loading, rising temperatures, and indirect stresses resulting from the degradation of adjacent coastal communities, are expected to reduce coral reefs’ resistance
and resilience to accelerated rates of relative sea-level rise (Birkeland 1997).
Adjacent coastal ecosystems are functionally linked (Mumby et al. 2004) and degradation of one may
reduce health of a neighbouring ecosystem. For instance, mangroves of low islands and atolls receive a
proportion of sediment supply from productive coral reefs (Hubbard and Miller 1990, Glynn 1996), and
may suffer lower sedimentation rates and increased susceptibility to relative sea-level rise if coral reefs
are disturbed. Terrigenous sediments and nutrients carried by freshwater runoff are filtered by mangrove
wetlands, then seagrass beds to benefit coral reefs. The existence and health of coral reefs are dependent
on the buffering capacity of these shoreward ecosystems, which support the oligotrophic conditions
needed by coral reefs to limit overgrowth by algae (Ellison 2006, Victor et al. 2004). Coral reefs, in turn,
buffer the soft sediment landward ecosystems from wave energy (Ellison 2006). Mangroves supply nutrients to adjacent shore fish and seagrass communities, sustaining these habitats’ production and general
health (Alongi et al. 1992, Dittmar et al. 2006). As fish grow and become less vulnerable to predators, they
move from the protective mangrove environment to mudflats, seagrass beds and coral reefs where foraging efficiency increases due to changes in their diet (Laegdsgaard and Johnson 2001, Mumby et al. 2004).
Mangroves also provide a natural sunscreen for coral reefs, reducing exposure to harmful solar radiation
and risk of bleaching (Anderson et al. 2001, Obriant 2003).
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Global sea-level rise is already taking place (12-22 cm of sea-level rise occurred during the 20th century), one outcome from changes in the atmosphere’s composition and alterations to land surfaces, and
several climate models, as well as available sea-level data, project an accelerated rate of global sea-level
rise over coming decades (Bindoff et al. 2007, Solomon et al. 2007). The observed rate of global sea level rise from 1961-2003, is c. 1.8 ± 0.5 mm a-1, whereas from 1993-2003 is c. 3.1 ± 0.7 mm a-1, indicating a
possible acceleration in the rate of rise. Projections for global sea-level rise from 1980-1999 to 2090-2099
are of 0.18 – 0.59 m (Solomon et al. 2007). Recent findings on global acceleration in sea level rise indicate that the upper projections of the Intergovernmental Panel on Climate Change 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, changes in terrestrial water storage, and the transfer
of ice from glaciers, ice sheets and ice caps to water in the oceans (Church et al. 2001, Bindoff et al. 2007,
Solomon et al. 2007). 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 expansion, and for shorter time scales over years and shorter, meteorological and oceanographic factors, such as changes in density (from changes in temperature and salinity), winds from a constant
direction, ocean circulation, and oceanographic processes such as El Nino phases and changes in offshore currents (Church et al. 2001, Solomon et al. 2007). To determine projections in relative sea-level
over coming decades, which is of interest due to its potential impact on coastal ecosystems, as well as
coastal development and human populations, there is a need to understand how sea-level is changing
relative to the site-specific elevation of the sediment surface of coastal ecosystems.

IMPACTS ON BIODIVERSITY AND ECOSYSTEM SERVICES
Coastal ecosystems of mangroves, seagrasses and salt marshes support specialized groups of highly adapted species that are obligate to their habitats. The primary production of these halophytic plants supports
a high diversity of invertebrates, fish and birds in the nearshore environments. Many migratory species depend on tidal wetlands for part of their seasonal migrations: an estimated two million migratory
shorebirds of the East Asian-Australasian Flyway, which annually migrate from the Arctic Circle through
Southeast Asia to Australia and New Zealand and back, stop to forage at numerous wetlands along this
flyway, including the wetlands of Oceania (Environment Australia 2000). Other waterbirds (e.g., wading
birds and waterfowl), some of which are widely dispersing, and others, which are more stationary, have
population dynamics that make them dependent on coastal wetlands (e.g., Haig et al. 1998). Between
1970-2000, marine wetland-dependent species included in the Living Plant Index declined in abundance
by about 30% (MA 2005b). The status of globally threatened coastal seabirds deteriorated faster since 1988
than the status of birds dependent on other (freshwater and terrestrial) ecosystems (MA 2005b). All six
species of marine turtles, which require coastal habitats for foraging and/or breeding, are listed as threatened in the IUCN Red List (MA 2005b).
Coastal ecosystems are valued for their provision of numerous ecosystem services (e.g., Lewis 1992, Ewel et
al. 1998, Bjork et al. 2008). Considering both marketed and nonmarketed economic factors, the total economic value of relatively undisturbed wetlands exceeds that of converted wetlands (MA 2005b). Reduced
area and health of coastal ecosystems will increase the threat to human safety and shoreline development from coastal hazards such as erosion, flooding, storm waves and surges and tsunami. Losses will
also reduce coastal water quality, eliminate fish and crustacean nursery habitat, adversely affect adjacent
coastal habitats, and eliminate a major resource for human communities that rely on coastal ecosystems
for numerous services (Ewel et al. 1998, Mumby et al. 2004, Bjork et al. 2008). For instance, mangroves are
nursery habitat for many wildlife species, including commercially important species of fish and crustaceans, and thus contribute to sustaining local abundance of fish and shellfish populations (e.g., Ley et al.
2002). Coastal wetlands are a carbon sink; their destruction releases large quantities of stored carbon and
exacerbates global warming and other climate change trends. For example, carbon fixation by seagrasses constitutes an estimated 1% of total carbon fixed in marine ecosystems, while seagrasses store 12% of
ocean carbon in deep organic mats (Duarte and Cebrian 1996). Conversely, rehabilitating coastal wetlands
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increases carbon sequestration (Kauppi et al.
2001, Bjork et al. 2008).
Biodiversity of coastal ecosystems globally
have been moderately impacted by climate
change over the past 50-100 years, and there
will be a very rapid increase in impacts from
climate change (MA 2005a). Under the Millennium Ecosystem Assessment’s four scenarios
of plausible future ecosystems, after 2050, sealevel rise and other climate change impacts will
have an increasing effect on the provision of
FIGURE 5
ecosystem services, including by coastal ecoModel of the interconnected processes and factors believed to be primary
controls on changes in the elevation of the mangrove sediment surface
systems (MA 2005b). Mangrove wetlands, one
(Lovelock and Ellison 2007: adapted from Cahoon et al. 1999 by Diane Kleine).
coastal ecosystem known to be vulnerable to
relative sea-level rise, are found in the intertidal zone of tropical and subtropical coastal rivers, estuaries and bays. In general, mangroves are most
extensive on macro-tidal coastlines or on low gradient coasts, in areas with a large supply of fine-grained
sediment, particularly in large embayments or deltas with strong tidal currents but low wave energy, and
are most productive in areas with high rainfall or relatively large freshwater supply from runoff or river
discharge (Woodroffe 1992, 2002). The cumulative effects of natural and anthropogenic pressures make
mangrove wetlands one of the most threatened natural communities worldwide. Roughly 50% of the global area has been lost since 1900 due primarily to human activities such as conversion for aquaculture and
filling (Valiela et al. 2001). To date, relative sea-level rise has likely been a smaller threat to mangroves
than non climate-related anthropogenic stressors, such as filling and conversion for agriculture (Valiela
et al. 2001, Alongi 2002), which have likely accounted for most of the global average annual rate of mangrove loss, estimated to be 1% to 2%, exceeding the rate of loss of tropical rainforests (0.8%) (Valiela et al.
2001, FAO 2003, Wells et al. 2006, Duke et al. 2007). While the validity of these figures, based on data from
the Food and Agriculture Organization of the United Nations (FAO 2003) are questionable, losses during
the last quarter century range between 35% and 86% (FAO 2003, Duke et al. 2007). There are roughly 17
million ha of mangroves remaining worldwide (Valiela et al. 2001, FAO 2003).

UNCERTAINTIES
There is a need to develop models for reliable predictions of coastal wetland sediment elevation trends
and elevation responses to sea-level rise projections. Reliable predictive sediment elevation models have
yet to be developed for coastal ecosystems, and therefore we currently reply upon site-specific monitoring to assess vulnerability and responses to projected changes in sea-level. Existing predictive models of
coastal ecosystem erosion produce inaccurate results for small-scale, site-specific estimates (Bruun 1988,
List et al. 1997, Komar 1998, Pilkey and Cooper 2004). Predictive elevation models have been developed
to estimate salt marsh elevation responses to projected sea-level rise (Allen 1990a, 1992, French 1991,
1993, Morris et al. 2002, Rybczyk and Cahoon 2002). The salt-marsh models developed by Allen (1990a,
1992) and French (1991, 1993) employed an exponentially decreasing rate of inorganic sediment accretion as the elevation of the sediment surface increases, presumably due to decreased tidal inundation
frequency and duration. The saltmarsh models assume that the rate of organic accumulation resulting
from plant production within the marsh is near-constant and not effected by a change in elevation of the
sediment surface, and generally ignore possible effects of change in sediment surface elevation on subsurface processes, which has subsequently been shown to be a poor assumption (Cahoon et al. 1999,
Cahoon and Hensel 2006).
The understanding of surface and subsurface processes in affecting mangrove sediment surface elevation, and feedback mechanisms resulting from changes in relative sea-level, is poor (Cahoon et al. 2006)
(Figure 5). Relatively short-term observations, over periods of a few years, document positive correlations
between relative sea-level rise and mangrove sediment accretion (Cahoon and Hensel 2006), showing
mangroves keeping pace with 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, Woodroffe 2002, Cahoon and Hensel 2006). It is unclear how
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strong the feedback mechanism is, and is likely site-specific depending on the geomorphic setting and
local 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, will improve the understanding of this and other feedback mechanisms.
The understanding of the synergistic effects of multiple climate change and other anthropogenic and
natural stressors on coastal ecosystems is also poor. For example, a coastal wetland 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 coastal wetland could result in an accelerated rate of rise in sea-level relative to the
coastal wetland 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.

LOCAL TO GLOBAL ACTIONS AND OPPORTUNITIES
Global, regional and site-specific adaptation activities can be taken in an attempt to increase the resistance and resilience of ecosystems to climate change stressors, including sea-level rise (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 coastal ecosystems, are summarized in Table 1.
International efforts need to successfully address the underlying anthropogenic causes of climate changeinduced sea-level rise. However, because the effects from climate change are projected to continue for
hundreds of years even if greenhouse gas concentrations were immediately stabilized at present concentration levels, we must consider adaption options.
Assessment of coastal ecosystem vulnerability to climate change would allow appropriate adaptation measures, with adequate lead-time to minimize social disruption and cost, and minimize losses of coastal
ecosystem services. The selection of adaptation strategies is 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 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 functioning; achieve sustainable development; and fulfil institutional, policy, and legal needs (Gilman 2002).
Given the underdeveloped state of predictive models for coastal ecosystems, systematic and site-specific
monitoring is necessary to assess vulnerability and identify responses to change in sea-level. Establishing
coastal ecosystem 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 coastal ecosystem 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 of mangrove trees, or trends in reduced recruitment levels
of mangrove seedlings, might be linked to observations of changes in regional climate, such as reduced
precipitation. Monitoring networks, 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. Capacity-building to develop and manage coastal ecosystem monitoring programs has
been identified as a priority in some regions (Cahoon et al. 2006, Gilman et al. 2006).
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TABLE 1 Adaptation options to augment coastal ecosystem resistance and resilience to climate change (adapted from Gilman et al. 2008).
ADAPTATION
OPTION

DESCRIPTION

“No regrets”
reduction
of stresses

Eliminate non-climate stresses on coastal ecosystems (e.g., filling, conversion for aquaculture) in order to augment overall
ecosystem health, in part, to reduce vulnerability to and increase resilience to stresses from climate change. These “no regrets”
mitigation actions are justified and beneficial even in the absence of adverse effects on coastal ecosystems from climate
change (MA 2005b, Adger et al. 2007, Julius and West 2007).

Manage
catchment
activities

To attempt to augment coastal ecosystem resistance to sea-level rise, activities within the catchment can be managed to
minimize long-term reductions in sediment surface elevation, or enhance sediment elevation.

Managed
retreat

Site planning for some sections of shoreline, such as areas that are not highly developed, may facilitate long-term retreat with
relative sea level rise (Gilman 2002). Coastal development could remain in use until the eroding coastline becomes a safety
hazard or begins to prevent landward migration of coastal ecosystems. Zoning rules for building setbacks and permissible types
of new development can reserve zones behind coastal ecosystems for future coastal habitat.

Fortification

For some sections of highly developed coastline, site planning may justify use of shoreline erosion control measures (e.g.,
groins, seawalls, dune fencing). The structure will prevent natural landward migration and the coastal ecosystem fronting the
structure and immediately downstream will eventually be converted to deepwater habitat (e.g., Fletcher et al. 1997).

Protected
areas

Protected areas can be established and managed to implement coastal ecosystem representation, replication and refugia.
Ensuring representation of all coastal ecosystem community types when establishing a network of protected areas and
replication of identical communities to spread risk can increase chances for ecosystems surviving climate change and other
stresses (Roberts et al. 2003, Salm et al. 2006, Wells 2006, Julius and West 2007). Protected area selection can include
coastal ecosystem 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). A system of networks of protected areas can be
designed to protect connectivity between coastal ecosystems (Roberts et al. 2003).

Rehabilitation

Enhancement (removing stresses that caused their decline) can augment resistance and resilience to climate change, while
restoration (ecological restoration, restoring areas where coastal ecosystem habitat previously existed) (Lewis et al. 2006) can
offset anticipated losses from climate change.

Monitoring

Establishing coastal ecosystem baselines and monitoring gradual changes through regional networks using standardized
techniques will enable the separation of site-based influences from global changes.

Outreach and
education

Outreach and education can augment community support for adaptation actions and a coastal ecosystem conservation ethic.
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Appendix 8. ARCTIC OCEAN
Henry P. Huntington (hph@alaska.net)

SUMMARY
n Arctic summer sea ice extent is decreasing rapidly, indeed more quickly than recent models projected,
reaching a record low in September 2007, nearly matched in September 2008, and raising the possibility of an ice-free Arctic summer within a few decades.
n Sea ice is thinning and most multi-year ice has been lost, setting the stage for further rapid reduction in
extent.
n Ice-dependent species are thus rapidly losing habitat, creating key mis-matches in timing of seasonal
events such as food availability and reproduction or in spatial relationships such as feeding and resting
areas for marine mammals.
n The arctic marine environment is rapidly becoming a subarctic environment, with consequent threats to
arctic species but opportunities for subarctic ones.
n Feedbacks to global climate from sea ice loss will lead to still more warming.
n Where sea ice is a platform and a provider of ice-associated species, ecosystem services will decline.
Where sea ice is a barrier to human activity, development may increase, including perhaps provisioning
services such as fisheries, but may also lead to increased conflict among users and potential users.
n Conservation action should be taken in advance of major human activities to avoid further stressing the
Arctic marine environment.

DESCRIPTION
Status and trends
The Arctic System can be characterized by the presence of three forms of year-round ice: sea ice, permafrost, and glaciers (Overpeck et al. 2005). All of these are deteriorating (e.g. Serreze et al. 2000,
Romanovsky et al. 2002., Mote 2007), sea ice most rapidly (Stroeve et al. 2007). Although the minimum
(September) extent of Arctic sea ice has been declining for some time, 2007 brought a much sharper decrease, with only 4.3 million km2 of ice remaining, or 23% lower than the previous record low in
2005. In 2008, despite very extensive sea ice cover in spring, sea ice retreated rapidly in summer, nearly equaling the 2007 record for minimum extent (Richter-Menge et al. 2008) (Figure 1). In the summer
of 2008, both the Northwest Passage through the Canadian Arctic Archipelago and the Northern Sea
Route across the top of Eurasia were fully navigable for the first time in recorded history. Although
atmospheric and oceanic circulation patterns appear to have played a role, the decreasing thickness
of the Arctic ice pack left it susceptible to rapid retreat, as predicted by Holland et al. (2006). With little multi-year ice remaining in the Arctic (Nghiem et al. 2006), further rapid retreat appears to be ever
more likely. Importantly, many climate models that incorporate sea ice had projected such a rapid
decline (but see Holland et al. 2006, Winton 2006), suggesting that Arctic sea ice is more susceptible
to climate change that previously known and that a summer ice-free Arctic may occur far sooner than
previously thought.
While some areas of ice may persist for many decades, the Arctic may be largely ice free in the summer
within few decades, in contrast to recent predictions of perennial ice diminishing but not disappearing
before the end of the 21st century (e.g. Walsh 2008). Complete year-round disappearance of the ice cap
is indeed predicted by NOAA’s Geophysical Fluid Dynamic Laboratory’s GFDL CM2.1 coupled model
runs (Winton 2006) using the average A1B scenario of 1% year-1 CO2 increase (Winton 2006) (Figure 2).
Even more conservative measures provided by 10 global circulation models based also on the A1B scenario predict significant reductions in the extent of the ice-cap, and notably those important for the polar
bear habitat (Durner et al. 2009). The rapid loss of sea ice leaves even less time for corrective action in the
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September 2007

March 2008

September 2008

FIGURE 1
Recent sea ice extent in the Arctic, showing the record minimum in September 2007 (left), normal or higher sea ice extent
in March 2008 (middle), and the near-record minimum in September 2008, in which both the Northern Sea Route and
the Northwest Passage were ice-free. The magenta line indicates the average ice extent for the period 1979-2000 for the
respective month of each map. Adapted from Richter-Menge et al. 2008 (figures from the National Snow and Ice Data Center
Sea Ice Index: nsidc.org/data/ seaice_index.)

form of addressing global climate change or for adaptation by biota and humans to the new conditions
they will soon experience in the Arctic marine environment. The changes to the physical system will have
ecological repercussions for a long time as species and ecosystems adapt and adjust. What the new Arctic system will look like remains to be seen.
Tipping point mechanisms
The Arctic experiences high interannual variability in many biophysical respects (ACIA 2005). To some
extent, this characteristic implies a high degree of flexibility and adaptability to changing conditions. On
the other hand, many Arctic species require certain conditions in order to flourish. Warmer air and water
may also allow subarctic species to move northwards, competing with Arctic species already stressed by
changes in habitat and food webs. The return of “normal” sea ice conditions would in theory allow restoration of Arctic ecosystems, but the rapid retreat of sea ice threatens a long-term directional change in
the physical environment. The loss of multi-year sea ice and consequent thinning of the ice pack means,
among other things, that several years are required
to restore that feature to the Arctic seascape. It also
means higher susceptibility to the rapid retreats of sea
ice seen in 2007 and 2008 (Maslanik et al. 2007). In the
winter of 2007-08, sea ice thickness was 0.26–0.49 cm
below the mean of the previous six years, a reduction
of 10-20% in ice thickness (Giles et al. 2008). Further loss of sea ice may make it even more difficult
to restore the thickness and extent of ice cover from
as recently as the late 20th century. Furthermore, the
changes in food webs in the Arctic Ocean and marginal seas may take even longer to change back, if
indeed they have not found a new, relatively stable
state. Without much prospect for the restoration of
sea ice, it appears likely that the Arctic is approaching, if it has not already reached, a major ecological
FIGURE 2
tipping point.
Summertime Arctic-wide sea ice extent simulated by the Geophysical

IMPACTS ON BIODIVERSITY
The most visible impact to biodiversity from the loss
of sea ice is that of ice-dependent species. The Arctic appears to have had at least some summer sea ice
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Fluid Dynamics Laboratory GFDL CM2.1 model for the historical period
1860 to 2000 and projected for the 21st century following the SRES
A1B emissions scenario. Sea ice extent values are normalized (scaled)
so that the average for years 1981 to 2000 is equal to 100%. Totally
ice-free summer conditions would equal 0% (http://www.gfdl.noaa.
gov/the-shrinking-arctic-ice-cap-ar4#maps2d).
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for at least 800000 years (Overpeck et al. 2005), time enough for the adaptation of many ice-associated
species (Harington 2008). Laidre et al. (2008) evaluated the vulnerability of Arctic marine mammals to
climate change, especially the loss of sea ice habitat and associated changes in the food web. They found
that narwhal (Monodon monoceros) is the most vulnerable species, followed by polar bear (Ursus maritimus). Other Arctic marine mammals are likely to be affected, with a general shift in favor of subarctic
species (Moore and Huntington 2008). Unfortunately, there are many protected areas on land in the Arctic, but there are few if any marine protected areas (UNEP/GRID-Arendal 2007).
Changes in the Arctic food web are already apparent. The distribution of species is changing along with
trophic interactions, due in large part to climate forcing, though other factors are also involved (Mueter
and Litzow 2008). Not only are subarctic species moving northwards, but changes in ocean circulation are
causing some Arctic species to move south, and appear responsible for the first exchanges of zooplankton between the North Pacific and North Atlantic regions in perhaps 800000 years (Greene et al. 2008).
Changes in distributions may also affect disease vectors in both directions, posing an additional threat
to species already stressed by habitat loss and other impacts (Burek et al. 2008). Bluhm and Gradinger
(2008) identify three plausible results of large-scale biotic change: (a) increased pelagic productivity in
the central Arctic basin as more open water allows more sunlight to reach the water column, (b) reduced
biomass in coastal and shelf areas due to changes in salinity and turbidity, and (c) increased pelagic grazing leading to reduced vertical flux to benthos. These changes would have far-reaching impacts on Arctic
marine ecosystems but where these changes lead is not yet clear.
A major driver is likely to be the change in seasonal patterns of ice cover and productivity. If ice melt occurs
earlier in the year in the Southern Bering Sea, the ice-edge bloom will be modest due to lack of sunlight
but the later summer bloom will be larger, with the net result that the trophic pathway will favour pelagic species rather than the benthic fauna favoured in colder years (Hunt et al. 2002). On the other hand,
in the northern Bering Sea, the spring bloom is large enough to overwhelm the grazing capacity of zooplankton, resulting in a rich benthic ecosystem. For benthic-feeding species such as walrus (Odobenus
rosmarus) and the endangered spectacled eider (Somateria fischeri), the retreat of the summer ice edge
causes the animals to swim farther and expend more energy to move between feeding and resting areas
and having reduced benthic resources (Grebmeier et al. 2006, Laidre et al. 2008). In the Barents Sea, a
complicated relationship among cod (Gadus morhua), capelin (Mallotus villosus), and euphausiids creates large oscillations in fish stocks, but recent warming tends to push capelin farther north but may favor
cod (Stiansen and Filin 2007). If the relative distribution of these fishes changes, new trophic interactions
may dominate the system.

ECOSYSTEM SERVICES
The Arctic marine ecosystem in its present form provides a variety of services to humans. On a global
scale, the presence of sea ice helps regulate global climate and plays a role in ocean circulation, providing a regulating service. Sea ice reflects incoming sunlight, which in the absence of sea ice is absorbed
by the ocean. This effectively replaces one of the brightest most reflective services on the planet with one
of the darkest most absorbent ones, leading to further warming both locally and globally (Perovich et al.
2008). Because sea ice is floating, the melting of sea ice will have no effect on sea level (the melting of glaciers and ice caps on land is a different story). The loss of sea ice leads to increased exchange of carbon
between air and seawater in the Arctic, since the sea ice no longer functions as a physical barrier. Warming water would hold less carbon dioxide, whereas greater productivity may increase carbon uptake in
the water column. The net result is hard to predict (AMAP 2009).
Locally, Arctic marine mammals, seabirds, and fishes provide food and cultural materials for Arctic peoples, a provisioning service and a cultural service (Huntington et al. 1998, AHDR 2004, Hovelsrud et al.
2008). Iconic Arctic species such as the polar bear draw tourists northwards (Forgione and Martin. 2008)
and also hold considerable existence value for many people who will never visit the Arctic but enjoy
knowing that Arctic species exist.
The changes underway in the Arctic marine environment are likely to change ecosystem services in several
ways. Provisioning services will shift, altering traditional patterns of marine resource use. The net change
is difficult to assess. For example, a northward shift of Pacific salmon could provide a major new source
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of food for coastal and riparian settlements, but at the
same time some marine mammal hunting opportunities
may decrease or be lost. Likewise, an increase in pelagic
productivity in the Arctic’s marginal seas and improved
access to the Arctic Ocean itself could mean a substantial net benefit in the long run for commercial fisheries,
depending on which fish species flourish under the new
conditions and how management regimes and policies
respond (Vilhjálmsson and Hoel. 2005). Based on experiences elsewhere, the advent of commercial fisheries
in waters that have not yet been subject to large-scale
fisheries would likely have considerable impacts on biodiversity in Arctic waters (National Research Council
2003, Plagányi and Butterworth 2005).

Observed sea-ice
September 2002

Projected
sea-ice
2070-2090

Projected winter surface
temperature increase
around 2090 (°C)
+ 7 - 12
+6
+5
+4
+0-3

Navigational routes

Overall, Arctic ecosystem service degradation is likely
to occur due to increased industrial development and
FIGURE 3
commercial shipping, both of which could be facilitated
Potential shipping routes in the Arctic and projected ice extent
(Source: ACIA 2004). Note that recent sea ice retreat has
by reduced sea ice cover. Offshore oil and gas develbeen far more rapid than predicted here. (Map: Hugo Ahlenius,
opment poses the risk of marine oil spills in addition
UNEP/GRID-Arendal; http://maps.grida.no/go/graphic/
to chronic habitat degradation through noise, bottom
projected-changes-in-the-arctic-climate-2090-with-shipping-routes)
disturbance, and pollution (AMAP 2009). Marine shipping poses many of the same threats, dispersed along
the full length of major shipping routes through Arctic waters (PAME in press) (Figure 3). Shipping poses
an additional threat of introduced species. Increased human activity in general creates a risk of synergistic and cumulative effects, leading to more rapid impacts and potentially to reaching critical thresholds
sooner, leaving less time for effective conservation action (PAME in press).

UNCERTAINTIES
The preceding discussion of the Arctic marine environment draws largely on observational data, leaving
little doubt that major changes are underway. Future trajectories, on the other hand, are far from certain.
The rapid loss of sea ice suggests that general circulation models and sea ice models are at best conservative in their projections of future sea ice decline, indicating that factors as yet not incorporated in the
models may play a substantial role in determining what happens next. While reduced sea ice thickness
and the loss of multi-year ice imply greater vulnerability and thus continued and potentially accelerated
loss of sea ice, it is also possible that other conditions such as cloud cover feedbacks or further changes
in ocean circulation may slow or even reverse the decline. Similarly, the response of Arctic species and
food webs is highly uncertain. Atlantic cod may flourish in warmer water in the North Atlantic, or lower
trophic pathways may shift towards coccolithophores or jellyfish, undermining many of the species used
and valued by humans. Nevertheless, as explained below, the greatest uncertainty remains the degree to
which global and local actions can be implemented in a timely manner preventing the permanent deterioration of the arctic ecosystem.

LOCAL TO GLOBAL ACTION AND OPPORTUNITIES
Global action
Globally, the largest driver of Arctic change at present is climate change. Addressing it will take global
action. As noted earlier, the speed of current change in the Arctic makes it clear that there may be relatively
little time left if we are to retain a sizeable sea ice environment. Many scientists believe that a tipping point
in sea ice loss would result in an unstoppable reaction of the system. The possibility of refugia remaining
in some regions offers the prospect of additional time to act, but the preservation of a small remnant Arctic marine ecosystem is not equivalent to maintaining the large, functional ecosystems that exist today.
Among other things, a small area with small populations would be highly susceptible to catastrophic loss,
such as disease or anomalous shifts in ocean or atmospheric circulation.
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Other global conservation challenges in the region include sound management of commercial shipping
and fisheries in international waters. Ideally, appropriate international or multi-lateral regulatory regimes
would be developed in advance of large-scale commercial activity so that sensible restrictions could be
imposed before poor practices and low environmental standards become the norm. Existing institutions
such as the International Maritime Organization should be engaged where possible, with new institutions created where necessary.
Regional and local action
Circumpolar, regional, bilateral, and national actions should include stringent regulation of human activity
in Arctic waters to avoid additional stressors on species and ecosystems already experiencing the effects
of climate change. Existing treaties and agreements address polar bears, some fisheries, other migratory
species, and research and conservation. These can be supplemented by additional cooperation to protect
shared animal populations and ecosystems and to use the urgency of the Arctic situation to promote the
global actions noted above. For example, the 2001 Stockholm Convention on Persistent Organic Pollutants took global action against that class of chemicals, in part driven by findings of high concentrations
in Arctic animals and peoples (Downie and Fenge 2003). In many regions of the Arctic Ocean, oil and gas
activities are already underway (AMAP 2009). While environmental regulations are generally strong in Arctic countries, the risk of an oil spill or other disaster will be present so long as petroleum activities occur,
and the cumulative impacts of widespread industrial activity will only grow as such activity increases in
amount and geographic spread. Taking coordinated action can help preserve the ecosystems that exist
today, retaining more options for the future. Regional and national actions are an important part of an
effective Arctic marine conservation strategy, but in the long run they will be ineffective in the absence
of global action on climate change (Ragen et al. 2008), which is likely to turn Arctic ecosystems into
subarctic ecosystems, leaving no home for true Arctic species.
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SUMMARY
n There is a growing scientific consensus based on models and observations that human impacts including fishing, climate change, pollution, eutrophication and species introductions, could lead to severe
changes in the structure of marine trophic webs, causing the loss of marine biodiversity and the depletion of ocean fishery resources.
n The combined action of all stressors will increasingly drive marine ecosystem functions towards a tipping
point characterized by changes in the composition of marine communities, namely by the collapse of
populations of large predators and a shift towards more resilient communities dominated by organisms
lower in the food-chain such as jellyfishes.
n Currently, the most vulnerable marine species are already under serious threat from overfishing, habitat
destruction and other direct human impacts. In addition, negative impacts of climate change, including ocean warming and acidification, over sensitive species and ecosystems such as coral reef and other
calcifying organisms constitute an additional threat to marine life.
n Some models predict that distribution shift of marine species under climate change would result in high
biodiversity impacts in the tropics, polar regions and semi-enclosed seas. Moreover, models project that
under current trends in fishing and climate change, potential fisheries catch will redistribute away from
tropical countries, that is, parts of the world where food security is a critical issue.
n Allowing global ocean fisheries to reach a tipping-point will not only affect marine biodiversity but it will
also undermine life on the planet because of the immense importance of the global ocean to biogeochemical cycles.
n The implication of reaching the tipping-point for the major marine ecosystem services, particularly fish
production, will be severely affected. Total fish catch in the global ocean may be reduced to up to a tenth
of its peak amount by 2048, this will result in significant negative economic and social effects, especially, on some of the world’s most vulnerable human communities. Experience from previous cases of
stock collapses illustrates the scale of the problem, e.g., collapse of the Canadian northern cod stocks.
n Global to local scale actions are urgently needed to prevent fisheries from reaching a tipping-point. At
the global scale, institutional and governance structures need to be developed to stop overfishing and
limit the emission of greenhouse gases. At the national scale, governments need to pursue efforts to
stop illegal, unreported and unregulated fishing, manage marine resources appropriately and remove
subsidies that that promote overfishing and excessive capacity. The private sector should pledge to be
environmentally sustainable and socially responsible. The public at large should demand that politicians
and corporate leaders put in place institutions, structures and policies, both market and non-market, to
tackle the problems facing global ocean fisheries.

DESCRIPTION
Fisheries resources in the global ocean are already under severe pressure of over-exploitation. Global capture production increased rapidly since 1950 and peaked at around 90 tonnes in the 2000s (FAO 2009)
(Figure 1). However, if fisheries production reported from the highly productive and variable Peruvian
anchovy catch are excluded from the statistics, global fisheries catch has been gradually declining since the
late 1980s (Pauly et al. 2002). Currently, of all the marine fish stocks reported in the catch statistics, 19% are
overexploited, 8% are depleted, 52% are fully exploited, 20% are moderately exploited, and only 1% demonstrated signs of recovery from overexploitation. The main drivers of overfishing include excess demand
for seafood from growing world population rising incomes and consumption per capita, over-capacity
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fuelled by adverse subsidies, open access
to fisheries resources, short-term economic profits and inadequate governance.
Excessive fishing has serious impacts on
the resources, on the habitat and accompanying fauna, and on the long-term
functioning and productivity of the oceans
(e.g., Pauly et al. 2002, Worm et al. 2006).
Overfishing has depleted many large-bodFIGURE 1
ied predatory fishes. Fish catch becomes
Time-series of global reported catch from 1950 to 2004. Data are from the Sea
increasingly dominated by species lower
Around Us Project (www.seaaroundus.org). Data are mainly based on the fisheries
statistics from the Food and Agriculture Organization of the United Nations (FAO) with
in the food-chain, a phenomenon known
modification with more reliable data when appropriate.
as ‘fishing down marine foodweb’ (Pauly
et al. 1998). It also threatens the long-term
survival of marine species, particularly those that are vulnerable to fishing (Hutchings and Reynolds
2004). For example, some species that have particularly vulnerability life history or ecology such as certain species of groupers, sharks and rays have been listed under the IUCN Red List of Endangered Species
(www.redlist.org) because of over-exploitation, with the international trading of a few fish and invertebrates
listed by CITES (the Convention on International Trade in Endangered Species). Besides, over-exploitation results in substantial economic loss to the fishing industries and communities (World Bank and FAO
2008). The long-term sustainability (ecological, economic and social) of many fish stocks in the world is
in jeopardy (Pauly et al. 2002, Worm et al. 2006).
Given the current projections of increasing human populations and consumption per capita, it is likely
that there will be sustained or increasing demand for food from the ocean. Traditional fisheries resources
have generally reached maximum capacity. Exploring global fisheries scenarios using ecosystem models suggest that further increase in fisheries production from the current level may only be achieved by
expanding fishing to species that are not preferred by the current markets (e.g., small fish or even jellyfish). This will also involve trade-offs with diversity where increasing landings would result in the decline
of mean trophic level of most marine ecosystems (Alder et al. 2007).
The combined effects of overfishing and other human stressors increases the susceptibility of the ecosystem to reach a threshold tipping point where the structure of marine trophic web suffers a sudden drastic
change, shifting towards more simplified communities, resulting in biodiversity loss, productivity and
disruption of ecosystem functions. The major stressors include climate change, habitat destruction, pollution and introductions of invasive alien species. Observations and model projections show that long
term changes in ocean conditions are happening, e.g., ocean warming, acidification, expansion of oxygen minimum zones, retreat of sea ice. Also, increased nutrient inputs from human sources have lead
to a large number of hypoxic/anoxic “dead zones” where most animals could not survive. The number
of such “dead zones” may increase in the future. Increased shipping and expansion of aquaculture further increased the risk of introduction of invasive species. Particularly, depleted ecosystems may become
more susceptible to impacts from these human stressors. There are examples of some heavily impacted
ecosystems that have already reached such tipping points. The resulted ecological and socio-economic consequences are large.

IMPACTS ON BIODIVERSITY
The global ocean makes up 99% of the living space on the planet (Mitchell 2009), and covers about 70%
of the total surface area of the planet. These numbers coupled with the fact that life on oceans constitutes the foundation of many trophic webs topped by terrestrial organisms, and that oceans play a key
role on the regulation of biogeochemical cycles, ascribe a crucial role to oceans regarding the maintenance of life on Earth.
Combinations of myriad human-induced stressors are causing altered marine biodiversity, including
reduced species diversity, reduced abundance, changes in latitudinal and depth distribution, altered
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age and sex structures, altered temporal and spatial spawning patterns, reduced viability of offspring,
and reduced genetic diversity.
Genetic level impacts
Fishing tends to select fishes of particular economic importance (e.g., large and older individuals of a
species) and can cause mortalities that are often higher than natural predation, and therefore could
exert a strong selection force on the exploited fish populations and communities. Two main impacts of
overfishing on the genetic diversity that could be expected are the following: (1) changes on the species’
phenotypes (i.e., traits, reaction norms, or how individuals respond to changes, and behavior), and (2)
reduction or changes in species’ genetic variability and heterozygosity. Fisheries-induced changes in
life-history are observed in exploited marine populations, e.g., reductions in size at maturity (e.g., rock
lobster and Pacific salmon) and reductions in age at maturity (e.g., cod, haddock, flatfish, and Atlantic
salmon), and delayed spawning (e.g., herring) – due to the high mortality of larger individuals selected by fishing. Particularly, many of these cases demonstrated that fisheries-induced changes in fishes’
life history strategies are not easily reversible, as demonstrated by case studies. For example, the heavily
fished New Zealand snapper showed a five times reduction in its effective population and the reduction
of its heterozygosity (Hauser et al. 2002). Moreover, large decreases in the spawning aggregation of the
orange roughy in New Zealand resulted in significant reduction in genetic diversity (Smith et al. 1991).
Such reduction in genetic diversity from over-exploitation may have reached a tipping point over which
recovery of genetic diversity is not possible.
Species level impacts
Severe overexploitation can lead to large reduction of the marine animal populations to the extent that
they become threatened, endangered, or even locally extinct. Large predatory fishes are particularly vulnerable to overexploitation due to their high economic value, and due to their life history traits. These
species tend to be characterized by a large body size, high longevity, high age at maturity and low growth
rates (Cheung at al. 2007). All these features contribute to slow recovery rates from overfishing. When
subjected to large population declines over a certain threshold, some populations may not be able to
recover, and some species may even become threatened with extinction. For example, overfishing has
contributed to the listing of 20 species of groupers (e.g. Epinephelus lanceolatus, Mycteroperca rosacea)
as threatened with extinction (critically endangered, endangered or vulnerable) under the IUCN Red List
of Endangered Species (Polidoro et al. 2008). Similarly, among the 21 ocean pelagic shark and ray species assessed under the IUCN-World Conservation Union Red List criteria, 11 species (e.g., Carcharhinus
longimanus, Alopias superciliosus) are classified as globally threatened with higher risk of extinction as a
result of unsustainable fishing (Dulvy et al. 2008a).

(a) All fish taxa

(b) All taxa except small pelagic fishes

FIGURE 2
Intrinsic vulnerability – a measure of the inherent capacity to response to fishing pressure – of fish in each year’s global catch has decreased consistently
and significantly since the 1950s because the vulnerable species are depleted early while the ocean becomes increasingly dominated by more resilient
species, mainly small fishes and invertebrates that can sustain high fishing pressure. (Cheung et al. 2007): (a) All fish taxa and (b) all fish taxa except
small pelagic fishes. When data of small pelagic fish are removed from analysis, the decrease in stocks ability to respond to fishing pressure (see text)
becomes more apparent (Source: redrawn from Cheung et al. 2007).
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Ecosystem level impacts
Overexploitation and depletion of marine species may pull ecosystems to tipping points. Depleted marine
populations may not be able to recover from overexploitation even if fishing stops (Mace et al. 2005), and
changes in the structure of marine communities may last for long. Fishing leads to long-term changes in
community structure. Since 1950, abundance of large fishes in the global ocean declined and the ocean
becomes increasingly dominated by small-bodied, fast-growing species that could sustain human disturbance (Figure 2). Such changes in community structure are irreversible in some cases. For example,
the Canadian cod stocks (Gadus morhua) collapsed in the late 1980s because of overexploitation. Despite
the closure of the fisheries from 1992 until now, there is little sign of population recovery. It is suggested
that the depletion of cod and other top predatory species have led to a shift to an ecosystem structure that
does not favour cod. The system is now dominated by small pelagics and benthic macroinvertebrates –
e.g., the northern snow crab (Chionoecetes opilio) and northern shrimp (Pandalus borealis).
Combined effects from different human stressors
The risk of surpassing ecosystem tipping points can be substantially increased by the combined impacts
from other human stressors. For instance, the depletion of large pelagic predators combined with the
loading in nutrients from intensive agriculture and the introduction of a jellyfish invasive species has provoked, through a trophic cascade, a drastic change in the structure of Black Sea communities involving
the dominance of jellyfish and severe collapse of fisheries (Daskalov 2002). A recent work by Richardson
et al. (2009) discusses the emergent threat of jellyfish outbreaks for marine biodiversity. Several human
induced drivers, such as overfishing of predatory fish (which are both predators and competitors of jellyfish), eutrophication and climate change can trigger jellyfish booms. Once jellyfish have the conditions to
become dominant, a feedback mechanism that perpetuates their dominance is thought to occur, intensifying the decline of other species. Briefly, in the presence of depleted fish stocks, jellyfish abundance
increases, due to low predation and competition. Then, the competitive pressure of jellyfish becomes very
strong as jellyfish will compete for food and also predate fish eggs and larvae. Under this scenario, there
is an uncontrolled growth of jellyfish and their continuous expansion to neighbouring areas.
Climate change causes long-term changes in ocean conditions, which will have numerous impacts on
marine ecosystems (e.g. Easterling et al. 2007, Cheung et al. 2009a). Observations and theory indicate that
exploited marine species may respond to ocean warming by shifting their latitudinal and depth ranges
(Perry et al. 2005, Dulvy et al. 2008b, Cheung et al. 2009a). Such species responses may lead to local extinction and invasions (Figure 3). Also, the timing and location of biological phenomenon such as plankton
blooms have changed following changes in environmental conditions (Edwards and Richardson 2004).
Moreover, even more worrying is that climate change is modifying the chemistry of the ocean, which can
result in devastating consequences, e.g., ocean acidification is caused by the increased uptake of carbon
dioxide into the ocean. Ocean acidification may have large impacts on marine organisms through negatively affecting the calcification of calcium carbonate skeletons and other body structure, as well as other
physiological processes.
Specifically, some marine ecosystems are more vulnerability to climate change impacts. For example,
coral reef is identified as a very vulnerable ecosystem to climate change through intensified coral bleaching (the loss of symbiotic algae in coral, leading to what is described in the literature as coral bleaching)
from ocean warming, reduced light penetration (for photosynthesis) because of rising sea level, and ocean
acidification. Such adverse climate change effects reduce the resilience of the ecosystem to other human
impacts. This may lead to a rapid shift in ecosystem structure, affecting overall productivity and community structure, and thus the available fisheries resources.

ECOSYSTEM SERVICES
Global oceans provide a broad range of ecosystem services at local to global scales that will be seriously degraded as a result of widespread overfishing and global change. A comprehensive valuation of the
global ocean and the habitats it contains has to include direct use values, indirect use values, option values, existence values and bequest values (Berman and Sumaila 2006).
Direct use values may be generated through the consumptive or non-consumptive use of ocean resources such as food fish and whale watching. Indirect use values are related with services that are used as
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FIGURE 3
Predicted distribution of biodiversity impact due to warming-induced range
shifts in marine metazoans by 2050 under the IPCC SRES A1B scenario.
Biodiversity impact is expressed in terms of (a) invasion intensity and
(b) local extinction intensity, for 1,066 species of fish and invertebrates.
Redrawn from Cheung et al. 2009a.

intermediate inputs to the production of goods
and services to humans, such as water cycling,
waste assimilation and other services leading to
clean air and water. Option values are related with
the potential services and goods that oceans may
provide in the future, even if they are not still identified. This includes many ocean species that have
yet to be identified, and also well-known species
that can possess characteristics which will have
future use or non-use values. For instance, a few
decades ago, black cod of the northern Pacific has
low economic value because no one would eat it.
This situation has changed and now this species
evolved into a big export commodity for British
Columbia and some USA states (Sumaila et al.
2007a). Finally, existence value is the value conferred by humans on the ecosystem regardless of
its use value, this value may arise from aesthetic, ethical, moral or religious considerations, and
bequest value is the value ascribed to a resource
considering its relevance for the well-being of
future generations (Sumaila and Walters 2005).

Marine fisheries generate economic revenues, support livelihoods and provide food for human and cultured animals, and are a major ecosystem service provided by the ocean. Financially, the gross revenue
generated directly by global capture fisheries was estimated to be about $US 85 billion in 2004 value
(Sumaila et al. 2007b, The World Bank and FAO 2008). Marine fish and shellfish remain as an important
source of animal protein. Fish contributes to 15.3% of world’s total animal protein intake in 2005 (FAO
2009). In coastal Low-Income Food-Deficient Countries (LIFDCs), fish contributes at least 20% of animal
protein intake (FAO 2009, Swartz and Pauly 2008). Global per capita fish consumption has been increasing
steadily in the past four decades (FAO 2009). Fishing is the major, and in many cases, the only available
livelihood for many coastal communities.
Global fisheries economics may work like a ratchet that drives marine ecosystems to their tipping points.
Currently, global fisheries are economically over-fished. It is estimated that the total net profit of the global fisheries is negative and in the order of $US 5 billion in 2004 value (The World Bank and FAO 2008).
The negative net profit is mainly caused by the loss of fisheries productivity resulted from over-exploitation of many fisheries resources in the world. However, the fishing sectors receive substantial subsidies
from government that amounts to as much as US$ 34 billion globally (Sumaila and Pauly 2006). These
subsidies promote and maintain excessive fishing capacity, leading to further over-exploitation of fisheries resources. Given the socio-economic importance of marine fisheries, the implications of the tipping
point for human-wellings are big. This can be illustrated by previous cases of fisheries collapses such as
the Canadian cod fisheries.
The alteration of ocean conditions, due to climate change, will further increase the vulnerability of countries
to the impacts from ecosystems be driven over tipping points. Recent studies suggest that climate change
may lead to large-scale redistribution of potential catch with tropical countries suffering substantial losses
and high-latitude countries enjoying significant gains (Cheung et al. 2009b). Climate change may further
exacerbate the stress on the already over-exploited stocks (e.g., reef-associated species, Hoegh-Guldberg
et al. 2007). The combination of overfishing, climate change and other human stresses may drive marine
ecosystems toward the tipping point for functional collapse. This may have serious socio-economic consequences for fisheries-dependent communities, particularly the tropical developing countries that are
vulnerable to climate change impacts (Allison et al. 2009, Cheung et al. 2010).
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UNCERTAINTIES
Despite the uncertainties associated with future projection of changes in marine ecosystems and fisheries, it is very likely that excessive overfishing, particularly in combination with other human stressors,
will drive marine ecosystems to tipping points. Assessing the impacts of overfishing on marine biodiversity can be challenging because of the lack of time-series data for the assessment of the conservation
status of many marine species, and the difficulty of effectively sampling a sufficient portion of the ocean
for the assessment of the status of many marine species. Currently, only a small fraction of marine species have been assessed in terms of their extinction risks using the IUCN Red List of Endangered Species
Criteria, although there are various efforts to increase the Red List assessment of major marine species.
Moreover, the extent of overfishing impacts on marine biodiversity and habitats through trophic interactions, ecosystem functions, and evolutionary changes of marine species, are only beginning to be
explored and understood.
Because of the complex interactions between ecosystem components and human activities, projections
from models that predict future changes in ecosystem structure, biodiversity and ecosystem goods and
services are uncertain. Particularly, such projections often require the integration outputs from coupled
ocean-atmosphere climate models, biogeochemical – lower trophic level-upper trophic level ecosystem
models. Development and exploration of such models have only been started recently and the effects of
the propagation of uncertainties amongst these models are yet to be properly assessed. Moreover, there
are uncertainties over the scenarios of future global changes (e.g., demography, climate, markets). However, there are several examples that signal the risk incurred by weakening the ecosystem structures that
develop gradually over long periods, before the tipping point is reached.

LOCAL TO GLOBAL ACTION AND OPPORTUNITIES
The future state of marine biodiversity and fisheries depends on the concerted action of several sectors of
society from global to local levels (Sumaila et al. 2008, Gilman and Lundin 2009). The international community and leaders need to undertake actions to deal with global threats, such as climate change impacts,
and demand global binding solutions. National governments need to stop illegal, unreported and unregulated fishing and remove subsidies that contribute to harm the environment and undermine our common
future (Sumaila et al. 2008). Companies in the private sector should compromise to act according to environmentally and social responsible lines of action. Finally, public at large should demand that politicians
and corporate leaders put in place institutions, structures and policies, both market and non-market, to
tackle the problems facing global ocean fisheries. More specifically, opportunities for action include:
Global actions
n Co-ordinate international efforts to reduce greenhouse gas emissions, and to increase the adaptive
capacity of developing countries to face climate change impacts on fisheries;
n Stop illegal, unreported and unregulated fishing and ban the use of bottom destroying fishing gear;
n Augment progress in the integration of fishery-depended datasets and research survey datasets
so that they are made interpretable and can be pooled for large-scale analyses. This is important,
because human threats to biodiversity, including from commercial fisheries, occur across large
spatial and temporal scales. Therefore, biodiversity and ecosystem monitoring, forecasting and risk
assessments, such as improved understanding of tipping point thresholds, require data to be organized in a global, integrated infrastructure, such as provided by the Global Biodiversity Information
Facility and Ocean Biogeographic Information System.
Local and regional actions
n Implement comprehensive and integrated ecosystem-based approaches to manage human activities
(e.g. aquaculture, fisheries, coastal development) in coasts and oceans, and to manage disaster risk
reduction and climate change adaptation;
n Reduce fishing capacity and rebuild over-exploited ecosystems; this could be achieved partly by
eliminating subsidies to the fishing industry that promote overfishing and excessive capacity;
n Adopt environmentally-friendly and fuel efficient fishing and aquaculture practices and integrate
‘climate-proof’ aquaculture with other sectors;
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n Strengthen our knowledge of aquatic ecosystem dynamics and biogeochemical cycles, particularly at
local and regional levels;
n Strengthen the adaptive capacity of local populations to climate change impacts by conducting local
climate change assessments of vulnerability and risk and through an investment in raising people’s
awareness, namely in schools and among stakeholders.
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Appendix 10. TROPICAL CORAL REEFS
Joana Figueiredo (University of Lisbon, jcfigueiredo@fc.ul.pt)

SUMMARY
n Coral reef ecosystems are global biodiversity hotspots that depend on the massive calcium carbonate structures mainly deposited by scleractinian (i.e., “hard”) corals. Scleractinian coral distribution is
primarily limited by sea-surface temperature, light, depth, ocean pH, sea water salinity, nutrients and
sediment loads. These ecosystems are currently threatened by localized stresses such as overfishing
and destructive fishing practices, pollution, terrestrial nutrient and sediment run-off, but are increasing
impacted by direct and indirect impacts of rising CO2 concentrations and climate change.
n Coral reefs provide a broad range of ecosystems services with high socio-economic value: tourism, fisheries (food and employment), nutrient cycling, climate regulation, protection of the shoreline and other
ecosystems (e.g. mangroves), and constitute the habitat for a wide range of species.
n Rising atmospheric CO2 concentrations have already led to a slight acidification of ocean surface waters
and are projected to lead to levels of acidification that will severely impede calcium carbonate accretion. Global warming associated with greenhouse gas emissions has resulted in increased sea-surface
temperatures, leading to frequent coral bleaching. Acidification and the increased frequency of local
and global disturbances are projected to seriously degrade coral reefs world-wide.
n If current trends continue coral reef ecosystems may undergo regime shifts from coral to sponge or algae
dominated habitats. The tipping point for this phase shift is estimated to be a sea-surface temperature
increase of 2°C and/or atmospheric CO2 concentrations above 480 ppm (estimated to occur by 2050).
n Shifts in dominance from corals to sponges or algae would have dramatic consequences for coral reef
communities. The reduction of habitat complexity through erosion would reduce the niches for numerous
species that rely on corals for shelter, food, substrate, settlement and nursery.
n In order to avoid this phase shift, urgent local and global action is necessary. Reducing local stresses,
such as the reduction of terrestrial inputs of sediment, nutrients and pollutants, is paramount to promote
a higher resistance to disturbance and ensure ecosystem resilience. Fisheries require the sustainable
management of marine species and should aim to conserve key functional groups such as herbivores that control algae growth. Marine protected areas networks should be designed and implemented
to provide refuges and serve as larval sources to replenish harvested areas outside reserves. Globally, urgent and ambitious action to reduce CO2 emissions is necessary to limit sea surface temperature
increase and water acidification.

DESCRIPTION
Status and Trends
Coral reef ecosystems are found throughout the world’s tropical seas and are some of the most productive
marine ecosystems. Coral reefs are largely constructed of calcium carbonate deposited over centuries by
the activity of scleractinian (i.e., “hard”) corals. The largest number of scleractinian coral species occurs
in the Indo-Pacific region with around 80 genera and 700 species and constitutes a global biodiversity
hotspot. Although scleractinian corals constitute the basic reef structure, reefs are inhabited by a myriad
of species that depend on it for substrate, shelter, feeding, reproduction and settlement. The taxonomic
groups inhabiting the reefs vary from calcareous algae to gorgonians, soft corals, mollusks, echinoderms,
polychaete worms, sponges, and fishes.
Scleractinian coral development is constrained by several physical factors, with temperature the most
limiting. Scleractinian corals only develop in locations where the mean annual sea temperature is above
18°C, optimally between 23-25°C, with some corals temporarily tolerating 36-40°C. This thermal tolerance means that hard corals do not develop on tropical coasts where upwelling (cooler water that
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FIGURE 1
Temperature, [CO2]atm, and carbonate-ion concentrations reconstructed for
the past 420,000 years. Carbonate concentrations were calculated from CO2
atm and temperature deviations from today’s conditions with the Vostok Ice
Core data set, assuming constant salinity (34 parts per thousand), mean
sea temperature (25°C), and total alkalinity (2300 mmol kg−1). Temperature,
atmospheric CO2 concentrations and sea-water carbonate-ion concentrations
were reconstructed for the past 420,000 years using data from the Vostok Ice
Core data set (see Hoegh-Guldberg et al. 2007 for methods). The thresholds
for major changes to coral communities are indicated for thermal stress
(+2°C) and atmospheric CO2 concentrations 480 ppm). Points and red
arrows indicate projected pathways of temperature and CO2 concentrations
(A = state in ca. 2005, B = projected state in mid-century and C = projected
for end of the 21st century in “business as usual scenarios”. Source: HoeghGuldberg et al. 2007.

surfaces from greater depths) occurs, such as
the west coast of South America. Scleractinian
corals have a symbiotic relationship with zooxanthellae, endosymbiotic algae that, through
photosynthesis provide energy to the coral
(almost 90% of coral energy requirements) in
the form of glucose, glycerol and amino acids;
in return, the coral provides the zooxanthellae
with protection, shelter, nutrients (especially
nitrogen and phosphorus) and a constant supply
of CO2 required for the photosynthesis. Corals
may briefly survive without the algae (for example, during bleaching events when the algae are
expelled and the coral appear white after the
loss of the pigmented zooxanthellae) but their
health will be greatly reduced, particularly for
energy-costly processes like lesion repair, growth
and reproduction (Fine and Loya 2002). For the
zooxanthellae to perform photosynthesis, corals
usually inhabit depths above 25 m (maximum
50-70 m depth). A high sediment load, besides
clogging the coral feeding structures and smothering them, also increases turbidity and reduces
access to light (Anthony and Connolly 2004).
This is the main reason why corals are absent in
areas where rivers of tropical regions discharge
to the oceans, such as the Amazon River. Corals occur in waters with salinity 32-35 ppt and
do not support air exposure.

The unsustainable fishing practices on coral reefs can reduce fish populations to unviable levels, and
ultimately disturbs all trophic levels. Robbins et al. (2006) found the overharvesting of top predators (i.e.
sharks) can impact the entire community since their ecosystem function was diminished. Similarly, on
coral reefs, the removal of herbivores is known to upset the competitive balance between coral and algae.
In the 80’s, a loss of herbivores due to overfishing combined with an acute disease outbreak resulted in
considerable coral mortality which resulted in a phase shift from coral-dominated Caribbean reefs to
algal-dominated communities (Hughes 1994).
The marine ornamental aquarium trade continues to rely on wild caught organisms (e.g. corals, fish, crustaceans and clams, etc.), particularly from Southeast Asia. Furthermore, many collected organisms die
during transportation before arriving at their final destination (mainly U.S.A., Europe and Japan). The
removal of reproductive individuals combined with destructive collecting techniques (e.g. cyanide) and
damage/death of non-target species damages wild populations and jeopardizes its sustainability (FAO 2009).
Land use activities, namely agriculture, sewage treatment, increased runoff, and coastal zone modification
(house and harbour construction in coastal areas, dredging, etc.) contribute with the addition of contaminants, nutrients and sediments to the water (Buddemeier et al. 2004). Toxic or bioactive contaminants
(including heavy metals, pesticides/herbicides and fuel) are discharged in the ocean and absorbed in
the sediments. The increased nutrient load promotes phytoplankton blooms (which reduces water clarity and light availability) and algal growth that compete with corals. As previously mentioned, increased
sediment flux reduces light access (and the ability of zooxanthellae to photosynthesize) and can interfere
with coral feeding ability. Coral reef ecosystems can undergo a phase shift from predominantly coral cover to fleshy algae cover, each state having its own inherent resilience and resistance. Nevertheless, there
are other possible phase shifts (Bellwood et al. 2004) (Figure 2).
Coral reef ecosystems are declining in productivity and experiencing a dramatic phase shift in dominant
species due to intensified human disturbance such as over-harvesting, pollution, increased nutrient and
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sediment loads and the direct and indirect impacts of climate change, particularly sea-surface temperature increase and ocean acidification (Hughes et al. 2005, Anthony et al. 2007).
Tipping point mechanisms
One of the greatest future threats to the coral reef ecosystems is climate change. Over the 20th century,
atmospheric CO2 concentrations increased from ca. 280 ppm to 367 ppm (IPCC 2007) (Figure 1). Present
levels exceed 380 ppm, which is more than 80 ppm above the maximum values of the past 740000 years,
if not 20 million years (Hoegh-Gulberg et al. 2007).
Based on IPCC (2007) emissions scenarios, atmospheric CO2 levels may increase to ca. 460-620 ppm by
2050 and 480-1100 ppm by 2100. The world’s oceans are absorbing 25-33% of the CO2 released by anthropogenic actions, and consequently becoming increasingly acid. When CO2 dissolves in the water, it forms
carbonic acid.
H2O + CO2 ↔ H2CO3
Carbonic acid is unstable and will easily release one or two hydrogen ions to form bicarbonate or carbonate, respectively.
H2CO3 ↔ H+ + HCO3– (bicarbonate)
HCO3 – ↔ H+ + CO32– (carbonate)
Increased absorption of CO2 in the oceans alters the relative proportions of the several forms of carbon:
dissolved CO2, carbonic acid, HCO3– (bicarbonate) and CO32 – (carbonate). Increasing the dissolved CO2
promotes bicarbonate ion formation and decreases carbonate ion formation. This is problematic since
calcifying organisms such as scleractinian corals, calcareous algae and many others, combine Ca2+ with
CO32 – to accrete their skeletons (CaCO3). A reduction of available CO32– ions may slow the calcification
rate of calcifying organisms, promote the formation of less dense skeletons that are more susceptible to
physical fragmentation during severe weather events and/or accelerate erosion. In the last century, the
ocean pH has already dropped 0.1 and seawater carbonate concentrations have been depleted by ~30
μmol kg–1 seawater (IPCC 2007). Recent studies project pH to decline another 0.4 units by the end of the
century, with ocean carbonate saturation levels potentially dropping below those required to sustain coral reef accretion by 2050 (Kleypas and Langdon 2006).
In the 20th century, sea surface temperature has increased 0.4-0.8°C, and it is expected to increase an additional 1-3°C (IPCC 2007) in this century, which may severely affect corals symbiotic relationship with the
zooxanthellae. Studies have observed the expulsion of zooxanthellae by the coral host when temporarily
subjected to higher temperatures, inducing the coral to bleach. As previously mentioned, zooxanthellae are essential to provide energy for the coral to perform more energetically costly processes such as
growth, reproduction and lesion repair.
Projected global temperature increases of 1.4-5.8°C by the end of the 21st century are expected to lead to
sea level rise of 0.1 to 0.9 m (Buddemeier et al. 2004). Despite the the fact that rate of sea level rise might
exceed coral growth rates, most corals are believed to be able to adapt to rising sea level, with the exception
of some corals in the lower depth limit. However, the predicted rise of sea level might also cause increased
shoreline erosion and in some cases the submersion of islands could increase sediment load in the water.
Some researchers also predict an increase in the frequency and intensity of catastrophic weather events,
such as hurricanes/typhoons (Webster et al. 2005), and major alterations to ocean circulation (Harley et
al. 2006) due to rising sea surface temperatures. The later phenomenon could alter larval supply and jeopardize population connectivity, gene flow, genetic diversity, risk of extinction and biodiversity.
The macro algae-dominance state can again alternate with a sea urchin barren state. In the later state, if
echinoid predators are overfished, the system can degrade completely and become lifeless (Bellwood et al.
2004). The stressors expected to have a greater influence in pushing the system towards a phase shift from
coral to algal dominance are those that are gradual and chronic, namely increased sea surface temperatures
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FIGURE 2
A graphic model depicting transitions between ecosystem
states. ‘Healthy’ resilient coral dominated reefs become
progressively more vulnerable owing to fishing pressure,
pollution, disease and coral bleaching. The dotted lines
illustrate the loss of resilience that becomes evident when
reefs fail to recover from disturbance and slide into less
desirable states. Reprinted by permission from Macmillian
Publishers Ltd: [Science] (Bellwood, D.R., T.P. Hughes, C.
Folke, and M. Nyström. 2004. Confronting the coral reef
crisis. Nature 429:827-833), copyright (2004).

and ocean acidification. Nevertheless, the frequency and
intensity of temporary and localized acute stressors (e.g.
severe weather, disease) combined with manageable anthropogenic local impacts (e.g., overfishing, pollution, terrestrial
runoff) can exacerbate the process and contribute to the loss
of resistance and resilience. For instance, increased nutrient
input is believed to promote the outbreak of coral predators
like crown-of-thorns sea stars (Acanthaster planci) (Brodie et
al., 2005). If these outbreaks occur more frequently on chronically disturbed reefs, the ability of corals to recover would
be seriously compromised.

The tipping point of the coral-algal phase shift appears to
occur when sea temperatures exceed the upper thermal tolerance of the coral (~2-3°C above species optimal level), which
results in the expulsion of the zooxanthellae, i.e., coral bleaching. Thermal tolerance is species-specific, therefore species
will not be affected equally. The optimal temperature for most
coral species is 23-25°C (annual average), but some species can tolerate 36-40°C. However, with the expected rise in sea surface temperatures, coral cover and species-richness will likely decrease and undergo a
dramatic change from coral to algal dominance (Buddemeier et al. 2004, Hoegh-Guldberg et al. 2007).
If atmospheric CO2 levels exceed 480 ppm and carbonate ion levels drop below 200 μmol.kg-1, the ability for reef organisms to accrete calcium will be compromised. Simulations have predicted that doubling
the pre-industrial CO2 level to 560 ppm would result in a calcification reduction of 11-37% in corals and
16-44% in calcareous algae (Langdon et al. 2000, Marubini et al. 2003) by 2050. The loss of coral cover
and the ability to accrete calcium would hasten erosion and permit algae to outcompete coral recruits
for suitable settlement substrate.

IMPACTS ON BIODIVERSITY
Since coral reefs are biodiversity hotspots and centres of endemism (Hughes et al. 2002), the regime shift
from coral to algae dominance could potentially result in numerous extinctions (Roberts et al. 2002) and
substantial changes in the abundance and distribution of species and communities at local to global scales.
Climate change is predicted to impact adult corals’ survival, growth and reproductive output. Increased
sea-surface temperatures and high solar irradiance have been reported to cause coral bleaching (release
of the symbiotic zooxanthellae), which may lead to death (Anthony et al. 2007) as coral will have less
energy available for growth, reproduction, lesion repair, disease resistance and recovery (Fine and Loya
2002). Water acidification is expected to compromise coral growth and/or weaken its calcified structure
(Kleypas et al. 1999, Hoegh-Guldberg et al. 2007, Madin et al. 2008). All these threats will increase the
risk of extinction of several coral species. Furthermore, as sea surface temperature increases, bleaching
events are predicted to become more frequent and severe. Coral bleaching frequently causes immediate
loss of live coral and may lead to long-term reduction in topographic complexity due to erosion. However, according to Hughes et al. (2003), reefs will change rather than disappear entirely, with certain species
already exhibiting greater tolerance to climate change and coral bleaching than others. We expect a loss
of less thermally tolerant coral species (the majority), and a replacement by algae species. This change in
dominance and subsequent reduction in habitat topography/complexity will be dramatic for the entire
coral reef community (e.g. sponges, crustaceans, molluscs and fishes) as available shelter, settlement substrate, nursery, and/or feeding grounds are projected to gradually disappear due to reduction in calcium
accretion that offsets erosion (Almany 2004, Pratchett et al. 2008).
Climate change might also impact coral reef fishes’ individual performance, trophic linkages, recruitment
dynamics and population connectivity (Munday et al. 2008). Ocean acidification has been reported to
impair olfactory discrimination and homing ability of settlement stage marine fish (Munday et al. 2009a).
Furthermore, according to Nilsson et al. (2009), elevated sea surface temperatures may cause a decline
in fish aerobic capacity (resting and maximum rates of oxygen consumption); however, the degree of
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thermal tolerance is species-specific. Certain species are likely to persist at higher temperatures, while
thermally sensitive species may decline at low latitudes and/or move to higher, cooler latitudes. This differential impact and possible alteration to species relative abundance might have serious consequences
for the coral reef community and disturb the trophic chain (Munday et al. 2008).
The expected increased frequency and intensity of catastrophic weather events (such as hurricanes/
typhoons) (Webster et al. 2005) and weaker carbonate materials associated with more acidic oceans will
increase the vulnerability of coral reefs to mechanical damage. Short term, the reduction of coral size
is expected to reduce fecundity. On a longer temporal scale, we expect dramatic shifts in assemblage
structure following hydrodynamic disturbances, including switches in species’ dominance on coral reefs
(Madin et al. 2008). The increased frequency and intensity of severe weather events might rule future reefs
to have lower colony abundances and be dominated by small and morphologically simple, yet mechanically robust species, which will in turn support lower levels of whole-reef biodiversity than do present-day
reefs (Madin et al. 2008).
Coral reef ecosystems typically develop as patches of shallow habitat that can be separated by long distances. Corals and other sedentary reef organisms’ long distance dispersal is achieved through larval
dispersal. The predicted alterations to large-scale ocean circulation (Harley et al. 2006) are likely to alter
the dynamics of larval supply. Increased sea-surface temperatures and reduced pH are expected to affect
larval development, settlement, and cause physiological stress (Bassim and Sammarco 2003). These factors could potentially increase larval mortality, reduce competency time, and consequently, reduce
dispersal distances, reef connectivity, gene flow, and biodiversity (Jones et al. 2009, Munday et al. 2009b).
Since corals act as barriers altering wave energy and circulation near-shore, other types of tropical and
sub-tropical ecosystems, like mangroves (highly protected nurseries), are predicted to experience some
negative impacts as well.

ECOSYSTEM SERVICES
Coral reefs provide an extensive and valuable list of services to humans. Cesar et al. (2003) estimated the
global net economic benefit from coral reefs to be US$30 billion year-1. Its aesthetic is the prime reason
for attracting millions of tourists annually. The revenue generated from tourism/diving is an important
income for many coastal countries, states and islands (e.g., Caribbean islands, Southeast Asia, Australia,
Hawaii and the Maldives). In addition, coral reefs support the seafood, recreation and aquarium trade
industries. The highly productive coral reefs from Asia provide almost one quarter of the annual total
catch and food for nearly one billion people. Reefs also supply building materials, fibres, and pharmaceuticals (Balmford et al. 2002).
The geologic and biologic structure of coral reefs creates a complex habitat that provides food, shelter, and
nursery habitat for hundreds of marine species. The high biodiversity is not limited to marine animals;
many terrestrial plant and animal species (e.g. birds, humans, etc.) have colonized the coastal environments and islands formed by coral reef communities (Buddemeier et al. 2004).
Corals reefs also provide less visible services such as nutrient cycling, climate regulation and protection
for the shoreline and other ecosystems (e.g. mangroves). Reefs reduce wave energy during storm events,
preventing beach erosion and protecting human settlements from waves, floods and beach erosion (Buddemeier et al. 2004, Hoegh-Guldberg et al. 2007).

UNCERTAINTIES
The projected increase in carbon dioxide production and temperature over the next 50 years exceeds the
conditions under which coral reefs have flourished over the past half-million years (Hughes et al. 2003).
Climate and localized non-climate stresses interact, often synergistically, to affect the health and sustainability of coral reef ecosystems (Buddemeier et al. 2004). Scientists have invested a great deal of resources
predicting the impact of several disturbances, but the projections are usually based on studies examining
one or a few disturbances at a time. Therefore, it is still difficult to predict the outcome of their possible
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interactions. For instance, one of the expected scenarios for increased sea-surface temperature is the
alteration of ocean currents. This phenomenon alone could produce changes in coral larval supply and
potentially alter the connectivity between populations of sedentary species by disrupting the gene flow,
genetic diversity, speciation rate, and susceptibility to extinction (Jones et al. 2009). Additionally, rising
sea-surface temperatures may negatively impact the reproduction of adult corals and/or the larval viability, survival and competence time (i.e., the period during which larvae are competent to settle and form
new colonies is expected to decrease as their metabolic rate accelerates with increasing temperatures).
However, the effects of increased sea-surface temperature acting simultaneously on ocean currents and
coral reproductive characters remain unclear.
However, some interactions (e.g. increased temperature and calcification rates) might not be negative.
Small increases in temperatures, which keep corals below their upper thermal limit, accelerate growth
through increased metabolism and the increased photosynthetic rates of zooxanthellae. Under this condition, calcification is increased and corals do not respond as significantly to the decrease in carbonate
ion concentration (Carricart-Ganivet 2004). Also, Anthony et al. (2007) conducted laboratory experiments that suggest high sediment concentrations reduced the mortality of certain coral species under
high temperature and/or high light (irradiance) potentially by alleviating light pressure and by providing an alternative food source for bleached corals.
One of the greatest uncertainties involves the ability of corals to adapt to rising temperatures and acidification. Relatively modest degrees of adaptation would substantially reduce damage to coral reefs, especially
in scenarios with strong climate mitigation (Donner 2009, Weiss 2010). For coral reef fishes, small temperature increases might favour larval development but could be counteracted by negative effects on adult
reproduction. Several fish species have a large geographical distribution where they are exposed to various temperatures. When this characteristic is allied to a short life cycle, there might be some potential
for adaptation to climate change (Munday et al. 2008).

LOCAL TO GLOBAL ACTIONS AND OPPORTUNITIES
In order to sustain the ecosystem’s resistance and, in case of significant change in the ecosystem, allow
a faster recovery, local and global action must be taken. International integration of management strategies that support reef resilience need to be vigorously implemented, and complemented by strong policy
decisions to reduce the rate of global warming (Hughes et al. 2003).
Globally, the reduction of CO2 emissions is necessary to minimize increasing sea-surface temperatures
and water acidification. The levels of atmospheric CO2 need to be kept below 480 ppm to avoid an almost
irreversible phase shift (Hoegh-Guldberg et al. 2007).
As an international consensus of how to reduce CO2 emissions remains unclear, Bellwood et al. (2004)
advocates that we should accept that climate change will eventually occur, and concentrate our efforts
in studying how can we help corals reef ecosystems to counter these disturbances.
If we minimize local human impacts (such as terrestrial run-off, coastal pollution and over exploitation
of key functional groups), the stresses associated with climate change are likely to be less severe (Hughes
et al. 2003, Buddemeier et al. 2004). Fisheries must be managed to keep populations at sustainable levels
and particularly protect the populations of key functional groups such as herbivores (fish and invertebrate grazers such as parrotfish and sea urchin species, respectively; Mumby 2006) that control the algae
growth and enable corals to recover from disturbances (Bellwood et al. 2004). The reduction of fishing
effort cannot be done without considering the local socio-economic impacts. Fishermen must be provided
education/training for new trades (e.g. eco-tourism related activities) and more sustainable fishing practices while considering traditional and/or cultural values. The collection of wild caught organisms for the
marine aquarium trade must be reduced and replaced by aquacultured individuals. Aquaculture facilities
should be placed in regions that supply the aquarium trade and employ former ornamentals collectors.
Marine reserves appear to be an effective means of reducing local stresses on coral reefs and allowing
for rapid recovery from bleaching events (Mumby & Harborne 2010). In addition, the implementation
of marine protected areas (MPAs) can provide refuges for living organisms and serve as larval sources

130

GBO3 • BIODIVERSITY SCENARIOS AND TIPPING POINTS OF GLOBAL IMPORTANCE

for replenishment of harvested areas outside the reserve (Botsford et al. 2009). MPAs should be located
where the stresses associated with climate change are likely to be less severe (West and Salm 2003). A successful implementation and management of MPAs will require international conservation efforts across
larger spatial and temporal scales that match the biogeographic scales of species distributions and lifehistories (Hughes et al. 2003).
In order to generate and maintain the biodiversity of coral reef ecosystems we must assure reef connectivity (Hughes et al. 2005). Coral population connectivity patterns are likely to change due to alterations
to oceanic currents, reduced reproductive output, lower larval survival and shorter competence time.
Therefore, to retain their efficacy, the design (size and spacing) and management of marine reserves may
have to be adjusted to contribute to an effective minimization of climate change and anthropogenic pressures (Almany et al. 2009, Bostsford et al. 2009, Munday et al. 2009b).
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