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Executive Summary

The planet’s biota and ecosystem processes wer e strongly affected by past climate changes at rates of climate
change lower than those projected during the 21% century under high war ming scenarios (e.g., RCP8.5) (high
confidence). M ost ecosystems are vulnerableto climate change even at rates of climate change projected
under low- to medium-range warming scenarios (e.g., RCP2.6 to RCP6.0). The paleoecological record shows
that global climate changes comparable in magnitudes to those projected for the 21% century under all scenarios
resulted in large-scal e biome shifts and changes in community composition; and that for rates projected under RCP6
and 8.5, was associated with species extinctions in some groups (high confidence). [4.2.3]
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Climate changeis projected to be a powerful stressor on terrestrial and freshwater ecosystemsin the second
half of the 21% century, especially under high-warming scenarios such as RCP6.0 and RCP8.5 (high
confidence). Direct human impacts such as land-use and land use change, pollution and water resource
development will continue to dominate the threatsto most freshwater (high confidence) and terrestrial
(medium confidence) ecosystems globally over the next three decades. Changing climate exacer bates other
impacts on biodiversity (high confidence). Ecosystem changes resulting from climate change may not be fully
apparent for several decades, due to long response timesin ecologica systems (medium confidence). Model-

based projections imply that under low to moderate warming scenarios (e.g., RCP2.6 to RCP6.0), direct land cover
change will continue to dominate over (and conceal) climate-induced change as a driver of ecosystem change at the
global scale; for higher climate change scenarios, some model projections imply climate-driven ecosystem changes
sufficiently extensive to equal or exceed direct human impacts at the global scale (medium confidence). In high
altitude and high latitude freshwater and terrestrial ecosystems, climate changes exceeding those projected under
RCP2.6 will lead to major changes in species distributions and ecosystem function, especially in the second half of
the 21% century (high confidence). [4.2.4, 4.3.2.5, 4.3.3, 4.3.3.1, 4.3.3.3, 4.4.1.1]

When terrestrial ecosystems ar e substantially altered (in terms of plant cover, biomass, phenology or plant
group dominance), either through the effects of climate change or through other mechanisms such as
conversion to agriculture or human settlement, thelocal, regional and global climates are also affected (high
confidence). The feedbacks between terrestrial ecosystems and climate include, among other mechanisms, changes
in surface albedo, evapotranspiration and greenhouse gas emissions and uptake. The physical effects on the climate
can be opposite in direction to the greenhouse gas effects, and can materially alter the net outcome of the ecosystem
change on the global climate (high confidence). The regions where the climate is affected may extend beyond the
location of the ecosystem that has changed. [4.2.4.1, 4.3.3.4]

Rising water temperatures, due to global warming, will lead to shiftsin freshwater speciesdistributions and
worsen water quality problems, especially in those systems experiencing high anthropogenic loading of
nutrients (high confidence). Climate change-induced changes in precipitation will substantially alter ecologically
important attributes of flow regimesin many rivers and wetlands and exacerbate impacts from human water use in
developed river basins (medium confidence). [4.3.3.3, Box CC-RF]

Many plant and animal species have moved their ranges, altered their abundance and shifted their seasonal
activitiesin response to observed climate change over recent decades (high confidence). They are doing so
now in many regions and will continueto do so in responseto projected future climate change (high
confidence). The broad patterns of species and biome shifts towards the poles and higher in altitude in response to a
warming climate are well established for periods thousands of yearsin the past (very high confidence). These
general patterns of range shifts have also been observed over the last few decades in some well-studied species
groups such as insects and birds and can be attributed to observed climatic changes (high confidence). I nteractions
between changing temperature, precipitation and land use can sometimes result in range shifts that are downhill or
away from the poles. Certainty regarding past species movements in response to changing climate, coupled with
projections from a variety of models and studies, provide high confidence that such species movements will be the
norm with continued warming. Under all RCP climate change scenarios for the second half of the 21% century, with
high confidence: @) community composition will change as a result of decreases in the abundances of some species
and increases in others; b) the seasonal activity of many species will change differentially disrupting life cycles and
interactions between species. Composition and seasonal change will both alter ecosystem function. [4.2.1, 4.2.3,
432,4321,4325,433,44.11]

M any species will be unable to move fast enough during the 21% century to track suitable climates under mid-
and high-rangerates of climate change (i.e., RCP 4.5, RCP 6.0 and RCP 8.5 scenarios) (medium confidence).
The climate velocity (the rate of movement of the climate across the landscape) will exceed the maximum velocity
at which many groups of organisms, in many situations, can disperse or migrate, except after mid-century in the
RCP 2.6 scenario. Populations of species that cannot keep up with their climate niche will find themselvesin
unfavourable climates, unable to reach areas of potentially suitable climate. Species occupying extensive flat
landscapes are particularly vulnerable because they must disperse over longer distances to keep pace with shifting
climates than species in mountainous regions. Species with low dispersal capacity will also be especially vulnerable:

Subject to Final Copyedit 3 28 October 2013



FINAL DRAFT IPCC WGII AR5 Chapter 4

Do Not Cite, Quote, or Distribute Prior to Public Release on 31 March 2014

examples include many plants (especially trees), many amphibians and some small mammals. For example, the
maximum observed and modelled dispersal and establishment rates for mid- and late-successional tree species are
insufficient to track climate change except in mountainous areas, even at moderate projected rates of climate change.
Barriersto dispersal, such as habitat fragmentation, prior occupation of habitat by competing species and human-
made impediments such dams on rivers and urbanized areas on land, reduce the ability of species to migrate to more
suitable climates (high confidence). Intentional and accidental anthropogenic transport can speed dispersal. [4.3.2.5,
4.3.3.3]

L arge magnitudes of climate change will reduce the populations, vigour and viability of species with spatially-
restricted populations, such asthose confined to small and isolated habitats, mountaintops or mountain
streams, even if the species hasthe biological capacity to move fast enough to track suitable climates (high
confidence). The adverse effects on restricted populations are modest for low magnitudes of climate change (e.g.,
RCP 2.6) but very severe for the highest magnitudes of projected climate change (e.g., RCP 8.5). [4.3.2.5, 4.3.3.4,
4.3.4.1]

The capacity of many speciesto respond to climate change will be constrained by non-climate factors (high
confidence), including but not limited to the simultaneous presence of inhospitable land-uses, habitat fragmentation
and loss, competition with alien species, exposure to new pests and pathogens, nitrogen loading and tropospheric
ozone. [4.2.4.6, 4.3.3.5, Figure 4-1]

The establishment, growth, spread and survival of populations of invasive alien species hasincreased (high
confidence), but the ability to attribute alien speciesinvasion to climate changeislow in most cases. Some
invasive alien species have traits that favour their survival and reproduction under changing climates. Future
movement of speciesinto areas where they were not present historically will continue to be mainly driven by
increased dispersal opportunities associated with human activities and by increased disturbances from natural and
anthropogenic events, in some cases facilitated and promoted by climate change. [4.2.4.6, Figure 4-4]

A largefraction of terrestrial and freshwater speciesface increased extinction risk under projected climate
change during and beyond the 21st century, especially as climate change inter acts with other pressures, such
as habitat modification, over-exploitation, pollution and invasive species (high confidence). The extinction risk
isincreased under all RCP scenarios, and the risk increases with both the magnitude and rate of climate change.
While there is medium confidence that recent warming contributed to the extinction of many species of Central
American amphibians, there is generally very low confidence that observed species extinctions can be attributed to
recent climate change. Models project that the risk of species extinctions will increase in the future due to climate
change, but there is low agreement concerning the fraction of species at increased risk, the regional and taxonomic
focus for such extinctions and the timeframe over which extinctions could occur. Modelling studies and syntheses
since the AR4 report broadly confirm that alarge proportion of species are projected to be at increased risk of
extinction at all but the lowest levels of climate warming (RCP2.6). Some aspects leading to uncertainty in the
quantitative projections of extinction risks were not taken into account in previous models; as more realistic details
are included, it has been shown that the extinction risks may be either under- or overestimated when based on
simpler models. [4.3.2.5]

Terrestrial and freshwater ecosystems have sequester ed about a quarter of the carbon dioxide emitted to the
atmosphere by human activitiesin the past three decades (high confidence). The net fluxes out of the
atmosphere and into plant biomass and soils show large year-to-year variability; as aresult thereis low confidencein
the ability to determine whether the net rate at which carbon has been taken up by terrestrial ecosystems at the
global scale has changed between the decades 1991-2000 and 2001-2010. There is high confidence that the factors
causing the current increase in land carbon include the positive effects of rising CO, on plant productivity, a
warming climate, nitrogen deposition and recovery from past disturbances, but low confidence regarding the relative
contribution by each of these and other factors. [4.2.4.1, 4.2.4.2, 4.2.4.4,4.3.2.2, 4.3.2.3, WGl AR5 Sections 6.3.1
and 6.3.2.6]

The natural carbon sink provided by terrestrial ecosystemsis partially offset at the decadal timescale by
carbon released through the conversion of natural ecosystems (principally forests) to farm and grazing land
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and through ecosystem degradation (high confidence). Carbon stored in theterrestrial biosphereis
vulnerableto loss back to the atmosphere asaresult of the direct and indirect effects of climate change,
deforestation and degradation (high confidence). The net transfer of carbon dioxide from the atmosphereto
theland is projected to weaken during the 21% century (medium confidence). The direct effects of climate
change on stored terrestrial carbon include high temperatures, drought and windstorms, indirect effects include
increased risk of fires, pest and disease outbreaks. Experiments and modelling studies provide medium confidence
that increases in CO, up to about 600 ppm will continue to enhance photosynthesis and plant water-use efficiency,
but at a diminishing rate; and high confidence that low availability of nutrients, particularly nitrogen, will limit the
response of many natural ecosystemsto rising CO,. There is medium confidence that other factors associated with
global change, including high temperatures, rising 0zone concentrations and in some places drought, decrease plant
productivity by amounts comparable in magnitude to the enhancement by rising CO,. There are few field-scale
experiments on ecosystems at the highest CO, concentrations projected by RCP 8.5 for late in the century, and none
of these include the effects of other potential confounding factors. [4.2.4,4.2.4.1, 4.2.4.2,4.2.4.3,4.2.4.4, 4.3.2.2,
4.3.3.1, Box 4-3, Box CC-VW, WGI AR5 6.4.3.3]

Increasesin the frequency or intensity of ecosystem distur bances such as droughts, wind-stor ms, fires and
pest outbreaks have been detected in many parts of the world and in some cases are attributed to climate
change (medium confidence). Changesin the ecosystem disturbance regime beyond the range of natural
variability will alter the structure, composition and functioning of ecosystems (high confidence). Ecological
theory and experimentation predicts that ecological change resulting from altered disturbance regimes will be
manifested as relatively abrupt and spatially-patchy transitions in ecosystem structure, composition and function,
rather than gradual and spatially-uniform shiftsin location or abundance of species (medium confidence). [4.2.4.6,
4.3.3, 4.3.2.5, Box 4-3, Box 4-4, Figure 4-10]

Increased tree death has been observed in many places worldwide, and in someregions has been attributed to
climate change (high confidence). In some placesit is sufficiently intense and widespread asto result in forest
dieback (low confidence). Forest dieback is amajor environmental risk with potentially large impacts on climate,
biodiversity, wood production, water quality, amenity and economic activity. In detailed regional studiesin western
and boreal North America, the tree mortality observed over the past few decades has been attributed to the effects of
high temperatures and drought, or to changes in the distribution and abundance of insect pests and pathogens related,
in part, to warming (high confidence). Tree mortality and associated forest dieback will become apparent in many
regions sooner than previously anticipated (medium confidence). Earlier projections of increased tree growth and
enhanced forest C sequestration due to increased growing season duration, rising CO, concentration and
atmospheric N deposition, must be balanced by observations and projections of increasing tree mortality and forest
loss due to fires and pest attacks. The consequences for the provision of timber and other wood products are
projected to be highly variable between regions and products, depending on the balance of the positive versus
negative effects of global change. [4.3.2, 4.3.3.1, 4.3.3.4, 4.3.3.5, 4.3.4, 4.3.4.2, Box 4-2, Box 4-3]

Thereisahigh risk that the large magnitudes and high rates of climate change associated with low-mitigation
climate scenarios (RCP4.5 and higher) will result within thiscentury in abrupt and irreversibleregional-scale
changein the composition, structure and function of terrestrial and freshwater ecosystems, especially in the
Amazon and Arctic, leading to substantial additional climate change (medium confidence). There are plausible
mechanisms, supported by experimental evidence, observations, and model results, for the existence of ecosystem
tipping points in both boreal-tundra Arctic systems and the rainforests of the Amazon basin. Continued climate
change will transform the species composition, land cover, drainage and permafrost extent of the boreal-tundra
system, leading to decreased albedo and the release of greenhouse gases (medium confidence). Adaptation measures
will be unable to prevent substantial change in the boreal-arctic system (high confidence). Climate change alone is
not projected to lead to abrupt widespread loss of forest cover in the Amazon during this century a (medium
confidence), but a projected increase in severe drought episodes, together with land-use change and forest fire,
would cause much of the Amazon forest to transform to less dense, drought- and fire-adapted ecosystems, and in
doing so, put alarge stock of biodiversity at elevated risk, while decreasing net carbon uptake from the atmosphere
(medium confidence). Large reductions in deforestation, as well as wider application of effective wildfire
management, lower the risk of abrupt change in the Amazon, as well as the impacts of that change (medium
confidence). [4.2.4.1, 4.3.3.1.1, 4.3.3.1.3, 4.3.3.4, Figure 4-8, Box 4-3, Box 4-4]
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M anagement actions can reduce, but not eliminate, therisk of impactstoterrestrial and freshwater
ecosystems due to climate change, as well asincrease the inherent capacity of ecosystems and their speciesto
adapt to a changing climate (high confidence). The capacity for natural adaptation by ecosystems and their
constituent organisms is substantial, but for many ecosystems and species it will be insufficient to cope with
projected rates and magnitudes of climate change in the 21% century without substantial loss of species and
ecosystem services, under medium-range warming (e.g., RCP6.0) or high—-range warming scenarios (e.g., RCP8.5)
(medium confidence). The capacity for ecosystems to adapt to climate change can be increased by reducing the other
stresses operating on them; reducing the rate and magnitude of climate change; reducing habitat fragmentation and
increasing connectivity; maintaining alarge pool of genetic diversity and functional evolutionary processes; assisted
tranglocation of slow moving organisms or those whose migration isimpeded, along with the species on which they
depend; and manipulation of disturbance regimes to keep them within the ranges necessary for species persistence
and sustained ecosystem functioning. [4.4, 4.4.1, 4.4.2]

Adaptation responses to climate change in the urban and agricultural sectors can have unintended negative
outcomesfor terrestrial and freshwater ecosystems (medium confidence). For example, adaptation responses to
counter increased variability of water supply, such as building more and larger impoundments and increased water
extraction, will in many cases worsen the direct effects of climate change in freshwater ecosystems. [4.3.3.3, 4.3.4.6]

Widespread transformation of terrestrial ecosystemsin order to mitigate climate change, such as carbon
sequestration through planting fast-growing tree speciesinto ecosystems wher e they did not previously occur,
or the conversion of previously uncultivated or non-degraded land to bioener gy plantations, will lead to
negative impacts on ecosystems and biodiver sity (high confidence). For example, the land use scenario
accompanying the mitigation scenario RCP2.6 features a large expansion of biofuel production, displacing natural
forest cover. [4.2.4.1, 4.4.4]

4.1. Past Assessments

The topics assessed in this chapter were last assessed by the IPCC in 2007, principally in the Working Group |1
report Chapters 3 (Freshwater resources and their management; Kundzewicz et al., 2007) and 4 (Ecosystems, their
properties, goods and services; Fischlin et al., 2007), but also Chapter 1 (Assessment of observed changes and
responses in natural and managed systems, Sections 1.3.4 and 1.3.5; Rosenzweig et al., 2007). The WGII SPM said
“Observational evidence from all continents and most oceans shows that many natural systems are being affected by
regional climate changes, particularly temperature increases’, though they noted that documentation of observed
changes in tropical regions and the Southern Hemisphere was sparse (Rosenzweig et al., 2007). Fischlin et al.
(2007) found that 20-30% of the plant and animal species that had been assessed to that time were considered to be
at increased risk of extinction if the global average temperature increase exceeds 2-3°C above the pre-industrial

level with medium confidence, and that substantial changes in structure and functioning of terrestrial, marine and
other aquatic ecosystems are very likely under that degree of warming and associated atmospheric CO,
concentration. No timescale was associated with these findings. The carbon stocksin terrestrial ecosystems were
considered to be at high risk from climate change and land use change. The report warned that the capacity of
ecosystems to adapt naturally to the combined effect of climate change and other stressorsislikely to be exceeded if
greenhouse emission continued at or above the then-current rate.

4.2, A Dynamic and Inclusive View of Ecosystems

There are three aspects of the contemporary scientific view of ecosystems that are important to know for policy
purposes. Firstly, ecosystems usually have imprecise and variable boundaries. They span a wide range of spatial
scales, nested within one another, from the whole biosphere, down through its major ecosystem types (biomes) to
local and possibly short-lived associations of organisms. Secondly, the human influence on ecosystemsis globally
pervasive. Humans are regarded as an integral, rather than separate, part of social-ecological systems (Gunderson
and Holling, 2001; Berkes et al., 2003). Ecosystems are connected across boundaries through the movement of
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energy, materials and organisms, and subsidies between terrestrial and freshwater systems are known to be
particularly important (Polis et al., 1997; Loreau et al., 2003). As a consequence, human activitiesin terrestrial
systems can significantly impact freshwater ecosystems and their biota (Allan, 2004). The dynamics of social-
ecological systems are governed not only by biophysical processes such as energy flows, materia cycles,
competition and predation, but also by social processes such as economics, politics, culture and individual
preferences (Walker and Salt, 2006). Thirdly, ecologists do not view ecosystems as necessarily inherently static and
at equilibrium in the absence of a human disturbance (Hastings, 2004). Ecosystems vary over time and space in the
relative magnitude of their components and fluxes, even under a constant environment, due to internal dynamics
(Scheffer, 2009). Furthermore, attempts to restrict thisintrinsic variation - or that resulting from externally-
generated disturbances - are frequently futile, and may damage the capacity of the ecosystem to adapt to a changing
environment (Folke et al., 2004). This contrasts with the popular view that ecosystems exhibit a ‘ balance of Nature’
and benefit from being completely protected from disturbance.

4.2.1. Ecosystems, Adaptation, Thresholds, and Tipping Points

The term “adaptation” has different meanings in climate policy, ecology and evolutionary biology. In climate policy
(see glossary) it implies human actions intended to reduce negative outcomes. In ecology, ecosystems are said to be
adaptive because their composition or function can change in response to a changing environment, without
necessarily involving deliberate human actions (see Section 4.4.1). In evolutionary biology, adaptation means a
change in the genetic properties of a population of individuals as aresult of natural selection (Section 4.4.1.2); a
possibility seen since the Fourth Assessment Report as increasingly relevant to climate change.

The notion of thresholds has become a prominent ecological and political concern (Lenton et al., 2008; Knapp et al .,
2008z; Leadley et al., 2010). To avoid policy confusion, three types of threshold need to be distinguished. The first
reflects a human preference that the ecosystem stays within certain bounds, such as above a certain forest cover.
These can be, by definition, negotiated. The second type reflects fundamental biological or physical properties, for
instance the temperature at which frozen soils thaw (see Box 4-4) or the physiological tolerance limits of species.
The third type is caused by system dynamics: the point at which the net effect of al the positive and negative
feedback |oops regulating the system is sufficiently large and positive that a small transgression becomes
sufficiently amplified to lead to a change in ecosystem state called a regime shift (Lenton et al., 2008). The new
state exhibits different dynamics, mean composition, sensitivity to environmental drivers and flows of ecosystem
servicesrelative to the prior state. Thistype of threshold is called a“tipping point” (defined in the glossary as alevel
of change in system properties beyond which a system reorganizes, often abruptly, and persistsin its new state even
if the drivers of the change are abated ) and is important in the context of climate change because its onset may be
abrupt, hard to predict precisely and effectively irreversible (Scheffer et al., 2009; Leadley et al., 2010; Barnosky et
al., 2012; Brook et al., 2013; Hughes et al., 2013). Many examples of tipping points have now been identified
(Scheffer, 2009). Regional-scal e ecosystem tipping points have not occurred in the recent past, but there is good
evidence for tipping pointsin the distant past (Section 4.2.3) and there is concern that they could occur in the near
future (see Boxes 4-3 and 4-4).

The early detection and prediction of ecosystem thresholds, particularly tipping points, is an area of active research.
There are indications (Scheffer, 2009) that an increase in ecosystem variability signals the impending approach of a
threshold. In practice, such signals may not be detectable against background noise and uncertainty until the
threshold is crossed (Biggs et al., 2009). The dynamics of ecosystems are complex and our present level of
knowledge is inadequate to predict all ecosystem outcomes with confidence, even if the future climate was precisely
known.

Field observations over the past century in numerous locations in boreal, temperate and tropical ecosystems have
detected biome shifts, the replacement at alocation of one suite of species by another (high confidence). The effect
isusually of biomes moving upwardsin elevation and to higher latitudes (Gonzalez et al., 2010). These shifts have
often been attributed to anthropogenic climate change, since biome distribution is known to broadly reflect climate
zones, and the shifts have been observed in area without major human disturbance (medium confidence) (Table 4-1).
Projections of future vegetation distribution under climate change indicate that many biomes could shift
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substantially, including in areas where ecosystems are largely undisturbed by direct human land use (Figure 4-2).
The extent of the shift increases with increasing global mean warming, without a sudden threshold (Scholze et al.,
2006; Pereiraet al., 2010; Rehfeldt et al., 2012).

[INSERT TABLE 4-1 HERE

Table 4-1: Biome shifts of the 20" century from published field research that examined trends over periods > 30y
for biomes in areas where climate (rather than land-use change or other factors) predominantly influenced
vegetation, derived from a systematic analysis of published studies (Gonzalez et al., 2010). Pre-AR4 publications
are included to provide a comprehensive review. Shift type: elevational (E), latitudinal (L), examined but not
detected (N). The biome abbreviations match those in Figure 4-1. Rate of change in temperature (Temp.) and
fractional rate of change in precipitation (Precip.) are derived from linear least squares regression of 1901-2002 data
(Mitchell and Jones, 2005; Gonzalez et al., 2010). The table provides general regional climate trends at 50 km
spatial resolution because the references do not give uniform site-specific climate data to compare across locations.
Theregional trends are consistent with local trends reported in each reference. * rate significant at P < 0.05.]

[INSERT FIGURE 4-1 HERE

Figure 4-1: Locations of observed biome shifts during the 20" century, listed in Table 4-1, derived from Gonzalez et
al. (2010). The color of each semi-circle indicates the retracting biome (top for North America, Europe, Asig;
bottom for Africaand New Zealand) and the expanding biome (bottom for North America, Europe, Asia; top for
Africaand New Zealand), according to published field observations. Biomes, from poles to equator: ice (IC), tundra
and alpine (UA), boreal conifer forest (BC), temperate conifer forest (TC), temperate broadleaf forest (TB),
temperate mixed forest (TM), temperate shrubland (TS), temperate grassland (TG), desert (DE), tropical grassland
(RG), tropical woodland (RW), tropical deciduous broadleaf forest (RD), tropical evergreen broadleaf forest (RE).
The background is the potential biome according to the MC1 dynamic global vegetation model under the 1961-1990
climate]

[INSERT FIGURE 4-2 HERE

Figure 4-2: Implications of climate change and land use change for biome shifts. (a) Fraction of land covered by
primary vegetation in 2005 (Hurtt et al., 2011); (b) Fraction of simulations showing climate change-driven biome
shift for any level of global warming between 1990 and 2100, with no direct anthropogenic land use change, using
the MC1 vegetation model under 9 CMIP3 climate projections (3 GCMs each forced by the SRES A2, A1B and B1
scenarios, Gonzalez et al., 2010); (c) Fraction of land covered by primary vegetation in 2100 under the RCP2.6 land
use scenario with the IMAGE model, with no effect of climate change (Hurtt et al., 2011); (d) Fraction of land
covered by primary vegetation in 2100 under the RCP8.5 land use scenario with the MESSAGE model, with no
effect of climate change (Hurtt et al., 2011). Comparison of coloured areas in (b) with those in () shows where
climate- driven biome shifts would occur in current areas of primary vegetation. Comparison of (b) and (d) shows
where climate-driven biome shifts would occur in areas of primary vegetation projected under aland use scenario
associated with RCP6.0. Comparison of (c) and (a) illustrates a scenario of land use change associated with RCP2.6,
in which global climate change is projected to be smaller than that driving the biome shiftsin (b) as aresult of
mitigation measures, some of which involve land use. Further details of the RCP land use / cover scenarios are given
in Box 4-1, Figure 4-3 and Table 4-2.]

4.2.2. Methodsand Models Used

Analysis of the current and past impacts of climate change on terrestrial and freshwater ecosystems and their
projection into the future relies on three general approaches: inference from analogous situations in the past or
elsewhere in the present; manipulative experimentation, deliberately altering one of afew factors at atime; and
models with a mechanistic or statistical basis. Studies of the relatively distant past are discussed in depth in 4.2.3.
Inferences from present spatial patternsin relation to climate is at the core of climate envelope niche modelling, a
well-established but limited statistical technique for making projections of the future distribution under equilibrium
conditions (Elith and Leathwick, 2009). Representing the rate of change during the non-equilibrium conditions
which will prevail over the next century requires a more mechanistic approach, of which there are some examples
(e.0., Keith et al., 2008; Kearney and Porter, 2009). Changes in ecosystem function are usually determined by
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experimentation (see examplesin Section 4.3.3) and are modelled using mechanistic models, in many cases with
relatively high uncertainty (Seppelt et al., 2011).

4.2.3. Paleoecological Evidence

Paleoclimatic observations and modelling indicate that the Earth’ s climate has always changed on a wide range of
time-scales. In many cases, particularly over the last million years, it has changed in ways that are well understood
in terms of both patterns and causes (Jansen et al., 2007; see WGI AR5 Chapter 5). Paleoecol ogical records
demonstrate with high confidence that the planet’ s biota (both terrestrial and aquatic), carbon cycle and associated
feedbacks and services have responded to this climatic change, particularly when the climatic change was as large as
that projected during the 21% century under mid- to high-end radiative forcing pathways (e.g., MacDonald et al.,
2008; Claussen, 2009; Arneth et al., 2010; Willis and MacDonald, 2011; Dawson et al., 2011). Excellent examples
of past large climate change events that drove large ecological change, as well as recovery periodsin excess of a
million years, include the events that led to the Earth's five mass extinctions in the distant past (i.e., during the
Ordovician, ca. 443 Ma, the Devonian, ca. 359 Ma, the Permian, ca. 251 Ma, the Triassic, ca. 200 Ma, and the
Cretaceous, ca. 65 Ma; Barnosky et al., 2011). Major ecological change was also driven by climate change during
the Paleocene-Eocene Thermal Maximum (PETM, 56 Ma; Wing et al., 2005; Jaramillo et al., 2010; Wing and
Currano, 2013), the early Eocene Climatic Optimum (EECO, 53-50 Ma; Woodburne et al., 2009), the Pliocene (5.3
to 2.6 Ma; Haywood and Valdes, 2006; Haywood et al., 2011), and the Last Glacial Maximum (LGM) to Holocene
transition between 21 and 6 ka (MacDonald et al., 2008; Clark et al., 2009; Gill et al., 2009; Williams et al., 2010a;
Prentice et al., 2011; Daniau et al., 2012). The paleoecological record thus provides high confidence that large
global climate change, comparable in magnitudes to that projected for the 21% century, can result in large ecological
changes, including large scale biome shifts, reshuffling of communities and species extinctions.

Rapid, regional warming before and after the Y ounger Dryas cooling event (11.7-12.9 ka) provides arelatively
recent analogy for climate change at a rate approaching, for many regions, that projected for the 21% century for all
RCPs (Alley et al., 2003; Steffensen et al., 2008). Ecosystems and species responded rapidly during the Y ounger
Dryas by shifting distributions and abundances, and there were some notable large animal extinctions, probably
exacerbated by humans activities (Gill et al., 2009; Dawson et al., 2011). In some regions, species became locally or
regionally extinct (extirpated), but there is no evidence for climate-driven global-scale extinctions during this period
(Botkin et al., 2007; Willis et al., 2010a). However, the Y ounger Dryas climate changes differ from those projected
for the future because they were regional rather than global; may have only regionally exceeded rates of warming
projected for the future; and started from a baseline substantially colder than present (Alley et al., 2003). The mid-
Holocene, around ca. 6 ka, provides a very recent example of the effects of modest climate change. Regional mean
warming during this period (mean annual temperature ca. 0.5-1.0°C above pre-industrial in some continental-scale
regions; see WGI AR5 5.5.1) was the same order of magnitude as the warming the Earth has experienced over the
last century. Ecological effects were small compared to periods with larger climate excursions, but even this small
warming was characterized by frequent firesin a drier parts of the Amazon (Mayle and Power, 2008), devel opment
of lush vegetation and lakes in awetter Sahara (Watrin et al., 2009), temperate deciduous forests in Europe
expanding further north and up to higher elevations (Adamik and Kral, 2008) and large-scale migration of Boreal
Forest into a warmer tundra (Jackson and Overpeck, 2000). Past climate change, even more modest than mid-range
projected future change, also clearly impacted inland water systems (e.g., Smol and Douglas, 20073a; Battarbee et al.,
2009; Beilman et al., 2009). However, there are no exact analogues for future climate change: none of the well-
studied past periods of large climate change involved simultaneously the rates, magnitude and spatial scale of
climate and atmospheric CO, change projected for the next century and beyond (Jansen et al., 2007; Schulte et al.,
2010; Wing and Currano, 2013; see WGI AR5 Chapter 5). Direct analogy with the paleoecological record is aso
unwarranted because future climate change will interact with other global changes such as land-use change, invasive
species, pollution and overexploitation of natural resources (Pereiraet al., 2010). There is high confidence that these
interactions will be important: the paleoecological record provides medium confidence (medium evidence, high
agreement) that exploitation by humans helped drive many large mammal species to extinction during periods of
climate change in past (Lorenzen et al., 2011).
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It has been demonstrated that state-of-the-art vegetation models are able to simulate much of the biome-level
equilibrium response of terrestrial vegetation to large paleoclimate change (Prentice et al., 1996; Salzmann et al.,
2008; Prentice et al., 2011). The same types of models predict large changes in species ranges, ecosystem function
and carbon storage when forced by 21% century climate change, although the future situation is complicated by land-
use and other factors absent in the paleocenvironmental case (Sitch et al., 2008; Cheaib et al., 2012; see WGI AR5
6.4). Thus, the paleoecological record and models that have been tested against it provide a coherent message that
biomes will ater their functioning and composition in response to changing and often novel future climates: they
will move as species mixtures change (Section 4.3.2.5 has more specific information on projected migration rates),
novel plant communities will emerge and significant carbon stock changes take place (Williams and Jackson, 2007,
MacDonald, 2010; Prentice et al., 2011; Willis and MacDonald, 2011). The paleoecological record and models
provide high confidence that it will be difficult or impossible to maintain many ecological systemsin their current
states if global warming exceeds 2 to 3°C, raising questions about the long-term viability of some current protected
areas and conservation schemes, particularly where the objective isto maintain present-day species mixtures
(Jackson and Hobbs, 2009; Hickler et al., 2012).

Much of the complex, time-dependent change at regional scales has not yet been simulated by models. The
paleoecological record indicates that vegetation in many parts of the world has the potential to respond within years
to afew decades to climate change (e.g., Watrin et al., 2009; Williams et al., 2009; Mueller et al., 2009a; Harrison
and Goni, 2010). This record provides a critical opportunity for model evaluation that should be more thoroughly
exploited to gain confidence in time-dependent simulations of future change, particularly given the complex role
that interacting climate change and vegetation disturbance has played in the past (e.g., Marlon et al., 2009; Jackson
et al., 2009; Williams et al., 2009; Daniau et al., 2010; Dawson et al., 2011). The paleoecological record also
highlights the importance of including the direct effects of changing atmospheric CO, levelsin efforts to simulate
future ecosystem functioning and plant species competition (Prentice et al., 2011; Woaillez et al., 2011; Bond and
Midgley, 2012; Claussen et al., 2013).

The paleoeclimatic record also reveals that past radiative climate forcing change was slower than that anticipated for
the 21% century (see WGI AR5 Chapters 5, 8 and 12), but even these slower changes often drove surprisingly abrupt,
non-linear, regional-scale change in terrestrial and inland water systems (e.g., Harrison and Goni, 2010; Williams et
al., 2011), as did even slower climate change during the most recent Holocene interglacial (e.g., Booth et al., 2005;
Kropelin et al., 2008; Williams et al., 2010a; Williams et al., 2011). In all cases, specific periods of abrupt
ecological response were regionally distinct in nature and were less synchronous for small, slow changesin forcing
(e.g., during the Holocene) than for the global-scale rapid changes listed at the start of this section. State-of-the-art
climate and Earth system models are unable to simulate the full range of abrupt change observed in many of these
periods (e.g., Vades, 2011). Thus there is high confidence that these models may not capture some aspects of future
abrupt climate change and associated ecosystem impacts (Leadley et al., 2010).

4.2.4. Multiple Stressors I nteracting with Climate Change

The climatic and non-climatic drivers of ecosystem change need to be distinguished if the joint and separate
attribution of changesto their causesisto be performed (see Chapter 18). In this section we elaborate on factors
affecting ecosystems, operating simultaneously with climate change. These factors share underlining drivers with
one another and with climate change to varying degrees, together they form a syndrome known as “global change”.
Theindividual effects of climate change, habitat |oss and fragmentation, chemical pollution, overharvesting and
invasive alien species are increasingly well documented (Millennium Ecosystem Assessment, 2005c; Settele et al.,
2010a) but much lessis known about their combined conseguences. Ecosystem changes may occur in cascades,
where a change in one factor precipitates increased vulnerability with respect to other factors (Wookey et al., 2009)
or propagates through the ecosystem as aresult of species interactions (Gilman et al., 2010). Multiple stressors can
act in anon-additive way (Settele et al., 2010b; Shaw et al., 2002; Larsen et al., 2011), potentially invalidating
findings and interventions based on single-factor analysis. For instance, Larsen et al. (2011) demonstrated that non-
additive interactions among the climate factors in a multifactor experiment were frequent and most often
antagonistic, leading to smaller effects than predicted from the sum of single factor effects. Leuzinger et al. (2011)
and Dieleman et al. (2012) have synthesized multifactor experiments and demonstrated that in general, the effect
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size is reduced when more factors are involved, but Leuzinger et al. (2011) suggest that multifactor models tend to
show the opposite tendency.

4.2.4.1. Land-Use and Cover-Change (LUCC)

LUCC isboth acause (WGI AR5 6.1.2) and consequence of climate change. It isthe major driver of current
ecosystem and biodiversity change (Millennium Ecosystem Assessment, 2005b) and a key cause of changesin
freshwater systems (Section 4.3.3.3). In tropical and subtropical areas of Asia, Africa, Oceania and South America,
the dominant contemporary changes are conversion of forests and woodlands to annual and perennial agriculture,
grazing pastures, industrial logging and commercial plantations; followed by conversion of savannas, grasslands and
pastures to annual agriculture (Hosonuma et al., 2012; Macedo et al. 2012). In Europe there is net conversion of
agricultural lands to forest (Rounsevell and Reay, 2009; Miyake et al., 2012). Conversion of peatlands to agriculture
has been an important source of carbon to the atmosphere in Southeast Asia (Limpens et al., 2008; Hooijer et al.,
2010; see Section 4.3.3.3).

Contemporary drivers of LUCC include rising demand for food, fibre and bioenergy and changesin lifestyle and
technologies (Hosonuma et al., 2012; Macedo et al. 2012). By mid-century climate change is projected to become a
major driver of land cover change (Leadley et al., 2010). Non-climate environmental changes such as nitrogen
deposition, air pollution and altered disturbance regimes are also implicated in LUCC. Some of the underlying
drivers of LUCC are also direct or indirect drivers of climate change (Cui and Graf, 2009; McAlpine et al., 2009;
Mishraet al., 2010; Schwaiger and Bird, 2010; van der Molen et al., 2011; Groisman et al., 2012); this cause-and-
effect entanglement of climate change and LUCC can confound the detection of climate change and make
attribution to one or the other difficult. Local-to-regional climate change was at least partly attributed to LUCC in 14
of 26 studies reviewed for this chapter, generally with limited evidence and low confidence. (Direct climate effects
attributed to LUCC: Tseng and Chen, 2008; Cui and Graf, 2009; Li et al., 2009; McAlpine et al., 2009; Zhang et al .,
2009; Fall et al., 2010; Graiprab et al., 2010; Jin et al., 2010; Mishraet al., 2010; Schwaiger and Bird, 2010; Wu et
al., 2010; Gao and Liu, 2011; Carmo et al., 2012; Groisman et al., 2012. No climate effects attributed: Suarez et al.,
1999; Saurral et al., 2008; Wang et al., 2008; Cochrane and Barber, 2009; Jia et al., 2009a; Rounsevell and Reay,
2009; Martin et al., 2010; Wiley et al., 2010; Clavero et al., 2011; Dai et al., 2011; Viglizzo et al., 2011; Y oshikawa
and Sanga-Ngoie, 2011).

LUCC (and land use itself) contributes to changes in the climate through altering the greenhouse gas concentrations
in the atmosphere, surface and cloud albedos, surface energy balance, wind profiles and evapotranspiration, among
other mechanisms. The phrase “biophysical effects” is shorthand for the effect vegetation has on the climate other
than through its role as a source or sink of greenhouse gases. These effects are now well documented, significant and
areincreasingly included in models of global and regional climate change. The greenhouse gas and biophysical
effects of vegetation can be opposite in sign (de Noblet-Ducoudre et al., 2012) and operate at different scales. For
instance, conversion of forest to non-forest generally releases carbon dioxide from biomass and soils to the
atmosphere (causing warming globally); but may result in an increase in seasonally-averaged albedo (local and
global cooling, Davin et al., 2007) and a decrease in transpiration (local, but not global warming). Findell et al.
(2007) concluded on the basis of model studies that the non-GHG climate impacts of LUCC were generally minor,
but nevertheless significant in some regions. Brovkin et al. (2013), projecting the overall effect of LUCC on climate
change for the 21% century, found LUCC to be small driver globally, but locally important. Most global climate
models suggest local average cooling effects following forest conversion to croplands and pastures (Pitman et al.,
2009; Longobardi et al., 2012). Satellite observations suggest that the effect of conversion of the Brazilian savannas
(cerrado) to pasture was to induce alocal warming which was partly reversed when the pasture was subsequently
converted to sugarcane (Loarie et al., 2011). Several modelling studies suggest that the global surface air
temperature response to deforestation depends on the latitude at which deforestation occurs. High latitude
deforestation resultsin global cooling, low latitude deforestation causes global warming and that the mid latitude
response is mixed (Bathiany et al., 2010; Davin and de Noblet-Ducoudre, 2010; van der Molen et al., 2011;
Longobardi et al., 2012), with some exceptions documented for boreal forests (Spracklen et al., 2008). Boreal and
tropical forests influence the climate for different reasons: boreal forests have low albedo (i.e., reflect less solar
radiation, especially in relation to a snowy background; Levis, 2010; Mishra et al., 2010; Longobardi et al., 2012)
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and tropical forests pump more water and aerosols into the atmosphere than non-forest systemsin similar climates
(Davin and de Noblet-Ducoudre, 2010; Delire et al., 2011; Pielke et al., 2011). The implications of these findings
for afforestation as a climate mitigation action are discussed in Section 4.3.4.5. Forests may also influence regional
precipitation through biophysical effects (Butt et al., 2011; Pielke et al., 2011; see Section 4.3.3). In summary,
changesin land cover have biophysical effects on the climate, sometimes opposite in direction to greenhouse gas
mediated effects, which can materially alter the net outcome of the land cover change on the global climate (high
certainty).

In summary, changesin land cover have biophysical effects on the climate, sometimes opposite in direction to
greenhouse gas mediated effects, which can materially alter the net outcome of the land cover change on the global
climate (high confidence).

START BOX 4-1 HERE
Box 4-1. Future Land Use Changes

Assessment of climate change effects on terrestrial and inland freshwater ecosystems requires the simultaneous
consideration of LUCC. The world is undergoing important shiftsin land use, driven by accelerating demand for
food, feed, fibre, and fuel. The main underlying driver isthe rate at which per capita consumption is growing,
particularly in emerging economies (Tilman et al., 2011). Policy shiftsin developed countries favouring biofuel
production have also contributed (Searchinger et al., 2008; Lapolaet al., 2010; Miyake et al., 2012). Agricultural
commodity prices have risen and may stay high through 2020 (OECD/FAO, 2010), due to: a) demand growth
outpacing supply growth, exacerbated by climate-related crop failure (Lobell et al., 2011); b) decline in the rate of
improvement in agricultural productivity (Ray et al., 2012); c) shortage of arable land not already under cultivation,
especialy in the temperate zone; d) growing pressure on as-yet uncultivated ecosystems on soils that are potentially
suitable for cultivation and that are concentrated in tropical latitudes, especially South America and Africa (Lambin
and Meyfroidt, 2011); and €) declining area under cultivation in temperate zones, mainly in developed countries.
The shortage of arable land in temperate systems could put pressure on marginal or sensitive landscapes, mainly in
Latin America s cerrados and grasslands (Brazil, Argentina) and in African savannahs (Sudan, Democratic Republic
of the Congo, Mozambique, Tanzania, Madagascar) (Lambin and Meyfroidt, 2011).

Deforestation in developing countries is correlated with the export of agricultural commodities (DeFrieset al.,
2010). Future LUCC remains uncertain, since it depends on economic trends and policies themselves dependent
upon complex political and socia processes, including climate policy. By 2012, the deforestation rate in the
Brazilian Amazon had declined by 77% below its 1996-2005 average (INPE, 2013; Nepstad et al., 2009) as a result
of policy and market signals (Soares-Filho et al., 2010). This single trend represents a 1.5% reduction in global
anthropogenic carbon emissions (Nepstad et al., 2013).

[INSERT TABLE 4-2 HERE

Table 4-2: Summary of drivers and outcomes of LUCC scenarios associated with Representative Concentration
Pathways (Hurtt et al., 2011). RCPs are identified with the radiative forcing by 2100 (8.5, 6.0, 4.5 and 2.6 Wm)
and by the name of the model used to generate the associated land use/cover scenarios (MESSAGE, AIM, GCAM
and IMAGE; see Hurtt et al. (2011) for further details).]

Each of the four main RCPs used for future climate projections has a spatially-explicit future land use scenario
consistent with both the emissions scenario and the underlying associated socio-economic scenario simulated by
integrated assessment models, as well as conditions in 2005 (Hurtt et al., 2011; Table 4-2; Figure 4-2; Figure 4-3).
In scenarios where cropland and pasture are projected to decrease, they are replaced with secondary vegetation.
Tropical and boreal forest regions are both projected to undergo declining primary forest cover in most RCPs, but in
RCP6.0 total forest area remains approximately constant and in RCP4.5 total forest area expands due to increased
secondary forest. The extent to which primary vegetation is replaced by secondary vegetation, crops or pasture
varies between the RCPs (Figure 4-3), with no simple linear relationship between the extent of vegetation change
and the level of total radiative forcing. Larger reductions in primary vegetation cover are projected in RCP8.5, due
to ageneral absence of pro-active measures to control land cover change in that scenario. Large reductions are also
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projected in RCP2.6 due to widespread conversion of land to biofuel crops (Figure 4-2). Smaller reductions are
foreseen in RCP6.0 and RCP4.5, with the latter involving conservation of primary forest and afforestation as
mitigation measures.

[INSERT FIGURE 4-3 HERE

Figure 4-3: Proportion of global land cover occupied by primary and secondary vegetation (forest and non-forest),
cropland, pasture and urban land, from satellite data and historical reconstructions up to 2005 (Klein Goldewijk et
al., 2010; Klein Goldewijk et al., 2011), and from scenarios associated with the RCPs from 2005 to 2100 (Hurtt et
al., 2011).]

END BOX 4-1 HERE

4.2.4.2. Nitrogen Deposition

The global nitrogen (N) cycle has been strongly perturbed by human activity over the past century (Gruber and
Galloway, 2008; Canfield et al., 2010). Activities such as fertilizer production and fossil fuel burning currently
transform 210 TgN/year of nitrogen gas in the atmosphere into reactive forms of nitrogen (N,) that can be readily
used by plants and microorganismsin land and in the ocean, slightly more than the non-anthropogenic
transformation of 203 TgN/year (Fowler et al., 2013). Most of the transformations of anthropogenic N, are on land
(Fowler et al., 2013). The human-caused flow from land to oceansin riversis 40-70 TgN/year, additional to the
estimated natural flux of 30 TgN/year (Galloway et al., 2008; Fowler et al., 2013). Many of the sources of additional
reactive nitrogen share root causes with changes in the carbon cycle, such as increased use of fossil fuels and
expansion and intensification of global agriculture. N deposition, CO, concentrations and temperatures are therefore
increasing together at global scales (Steffen et al., 2011). Regional trendsin N fluxes differ substantially: N fertilizer
use and N deposition are stable or declining in some regions, such as Western Europe; but N deposition and its
impacts on biodiversity and ecosystem functioning are projected to increase substantially over the next several
decades in other regions, especially in the tropics (Galloway et al., 2008) due to increased needs for food and energy
for growing populations in emerging economies (e.g., Zhu et al., 2005).

Experiments and observations, most of which are in temperate and boreal Europe and North America, show a
consistent pattern of increase in the dominance of afew nitrogen-loving plant species and loss of overall plant
species richness at N deposition loads exceeding between 5 and 20 kgN/halyear (Power et al., 2006; Clark and
Tilman, 2008; Bobbink et al., 2010; but see Stevens et al., 2010a). N deposition is currently above these limitsin
much of Europe, eastern North America, and Southern Asia (Galloway et al., 2008), including in many protected
areas (Bleeker et al., 2011).

The impacts of N deposition are often first manifested in freshwater ecosystems, since they collect and concentrate
the excess N (and phosphorus, P) from the land, as well as from sewage and industrial effluents. Primary production
in freshwater ecosystems can be either N and P limited or both (Elser et al., 2007), but the biodiversity and capacity
of freshwater ecosystems to deliver high quality water, recreational amenity and fisheries servicesis severely
reduced by the addition of nutrients beyond their capacity to process them. Excessive loading of N and Pis
widespread in the lakes of the Northern Hemisphere (Bergstrdm and Jansson, 2006), although reduced N loading
including deposition was observed between 1988 and 2003 in Sweden (Weyhenmeyer et al., 2007). The observed
symptoms include a shift from nitrogen limitation of phytoplankton in lakes to phosphorus limitation (Elser et al.,
2009).

Since the AR4 report, an increasing number of studies have models, observations and experiments to understand and
predict the interactive effects of N deposition, climate change and CO, on ecosystem function. Interactions between
nitrogen and other global change factors are widespread, strong and complex (Rustad, 2008; Thompson et al., 2008;
Langley and Megonigal, 2010; Gaudnik et al., 2011; Eisenhauer et al., 2012; Hoover et al., 2012; but see Zavaleta et
al., 2003 for evidence of additive effects). In a study of plant-pollinator relationships, the combination of N
deposition, CO, enrichment and warming resulted in larger negative impacts on pollinator populations than could be
predicted from the individual effects (Hoover et al., 2012). In a perennial grassland species, N limitation constrained
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the response to rising CO, (Reich et al., 2006). Broadly, the overall body of research shows that ecosystem function
is mediated by complex interactions between these factors, such that many ecosystem responses remain difficult to
understand and predict (Churkina et al., 2010; Norby and Zak, 2011).

In forestsin many parts of the world, experiments, observations and models suggest that the observed increase in
productivity and carbon storage is due to combinations of N deposition, climate change, fertilization effects of rising
CO,, and forest management (Huang et al., 2007; Magnani et al., 2007; Pan et al., 2009; Churkinaet al., 2010;
Bellassen et al., 2011; Bontemps et al., 2011; de Vries and Posch, 2011; Eastaugh et al., 2011; Norby and Zak,
2011; Shanin et al., 2011; Lu et al., 2012). N deposition and rising CO, appear to have generally dominated in much
of the Northern Hemisphere. However, the direct effects of rising temperature and changes in precipitation may
exceed N and CO, as key drivers of ecosystem primary productivity in afew decadestime. In grasslands, however,
experiments show that plant productivity isincreased more by N addition (within the projected range for this
century) than by elevated CO,, also within its projected range; and that N effects increase with increasing
precipitation (Lee et al., 2010).

In contrast to forests and temperate grasslands, N deposition and warming can have negative effects on productivity
in other terrestrial ecosystems, such as moss-dominated ecosystems (Limpens et al., 2011). The interactions between
N deposition and climate change remain difficult to understand and predict (Menge and Field, 2007; Maet al.,
2011), in part due to shiftsin plant species composition (Langley and Megonigal, 2010) and the complex dynamics
of coupled C, N and P cycles (Menge and Field, 2007; Niboyet et al., 2011).

Analyses using the multi-factor biodiversity change model GLOBIO3 suggest that N deposition will continue to be a
significant contributing factor to terrestrial biodiversity lossin the first third of the century but will be aless
important factor than climate change in this period, and a much smaller driver than habitat |oss due expansion of
agricultural lands (Alkemade et al., 2009). Models that explicitly take into account interactive effects of climate
change and N deposition on plant communities project that N deposition impacts will continue to be important, but
climate change effects will begin to dominate other factors by the middie of the 21% century (Belyazid et al., 2011).

4.2.4.3. Tropospheric Ozone

The concentration of ozone in the troposphere (the part of the atmosphere adjacent to the Earth’ s surface) has risen
over the past 150 years from a global average of 20-30 ppb to 30-50 ppb, with high spatial and temporal variability
(Horowitz, 2006; Oltmans et al., 2006; Cooper €t al., 2010; WGI AR5 Figure 2.7). Thisis dueto a) increasing
anthropogenic emissions of gases which react in the atmosphere to form ozone (Denman et al., 2007) and b) the
increased mixing of stratospheric ozone into the troposphere as aresult of climate change (Hegglin and Shepherd,
2009). The key ozone-precursor gases are volatile organic compounds (V OCs) and oxides of nitrogen (NO,).
Intercontinental transport of these precursors contributes to rising global background ozone concentrations,
including in regions where local ozone-precursor emissions are decreasing (Dentener et al., 2010). Global sources of
VOC are predominantly biogenic (BVOC), and especially forests (Hoyle et al., 2011).

Negative effects of the current levels of ozone have been widely documented (Mills et al., 2011). A meta-analysis of
over 300 articles addressing the effect of ozone on tree growth (Wittig et al., 2009) - largely focused on Northern-
Hemisphere temperate and boreal species - concluded that current levels of tropospheric o0zone suppress growth by
7% relative to pre-industrial levels. Modelling studies which extrapolate experimentally-measured dose-response
relationships suggest a 14 to 23% contemporary reduction in Gross Primary Productivity (GPP) worldwide, with
higher values in some regions (Sitch et al., 2007) and 1-16% reduction of Net Primary Productivity (NPP) in
temperate forests (Ainsworth et al., 2012).

The mechanisms by which ozone affects plant growth are now better known (Hayes et al., 2007; Ainsworth et al.,

2012). Chronic exposure to ozone at levels above about 40 ppb generally reduces stomatal conductance and impairs
the activity of photosynthetic enzymes (The Royal Society, 2008), although in some cases 0zone exposure increases
stomatal conductance (Wilkinson and Davies, 2010). For the species studied, carbon assimilation rates and leaf area
are generally reduced, while respiration increases and leaf senescence accelerated - all leading to areduction in NPP.
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Conifers are less sensitive than broad-leafed species. In amodelling study, lower stomatal conductance due to ozone
exposure increased river runoff by reducing the loss of soil moisture through transpiration, but observational studies
that measured runoff in relation to ozone exposure show divergent trends on this issue (McLaughlin et al., 2007,
Wittig et al., 2007; Mills et al., 2009; Huntingford et al., 2011).

A modelling study (Sitch et al., 2007) suggests that the negative effects of rising O; on plant productivity could
offset 17 to 31% of the projected increase in global carbon storage due to increasing CO, concentrations over the
21% century, but the possible interactive effects between CO, and O, are poorly understood (The Royal Society,
2008). Reduced stomatal conductance, widely observed under elevated CO,, should help protect plants from ozone
damage. Some chamber experiments (Bernacchi et al., 2006) and model studies (Klingberg et al., 2011) suggest this
to be the case. The one plot-scale study of CO, and O, interactionsin atemperate forest (Karnosky et al., 2005;
Hofmockel et al., 2011) suggests that the effects of O; and CO, are not independent and may partly compensate for
one another.

Thereis genotypic variation in plant sensitivity to O, (Ainsworth et al., 2012). Other than changing cultivars or
species, few management actions promoting adaptation to higher levels of O;are currently available (Wilkinson and
Davies, 2010; Teixieraet al., 2011). Research into devel oping ozone resistant varieties and chemical protectants
against damage may provide management optionsin the future (Wilkinson and Davies, 2010; Ainsworth et al.,
2012).

4.2.4.4. Rising CO,

Rising atmospheric CO, concentrations directly affect ecosystems and through biological and chemical processes.
The consequences for the global carbon cycle are discussed in WGI AR5 Box 6.3; the discussion here focusses on
impacts on terrestrial and inland water systems. Paleo records over the Late Quaternary (past million years) show
that changes in the atmospheric CO, content between 180 and 280 ppmv had ecosystem-scal e effects worldwide
(Prentice and Harrison, 2009).

In contrast to the oceans, changesin CO, concentrations in inland waters are primarily influenced by biological
processes, such asinputs of terrestrial organic matter (particularly DOC) and bacterial respiration (van de Waal et
al., 2010; Aufdenkampe et al., 2011). Carbon can, however, become limiting during intense algal blooms, especially
in the surface waters of stratified lakes and reservoirs, and rising atmospheric CO, concentrations may stimulate
higher algal production under these conditions (van de Waal et al., 2010). Higher CO, concentrations can lead to
increasesin the C:N and C:P ratios of phytoplankton, though the trophic consequences of this are difficult to predict
because zooplankton may alter their feeding behaviour to select higher quality forms of algae or increase feeding
rate (Urabe et al., 2003; van de Waal et al., 2010).

Over the past two decades, and especially since AR4, experimental investigation of elevated CO, effects on plants
and ecosystems has mainly used Free Air CO, Enrichment (FACE) techniques (Leakey et al., 2009). FACE is
considered more realistic than earlier approaches using enclosed chambers, because plant community and
atmospheric interactions and below-ground conditions are more like those of natural systems. Plants with a C3
photosynthetic system, which includes most species but excludes warm-region grasses, show an increasein
photosynthesis under elevated CO,, the precise magnitude of which varies between species. Acclimation (“down-
regulation”) occurs under long-term exposure, leading to cessation of effectsin some (Norby and Zak, 2011) but not
al studies (Leakey et al., 2009). The C4 photosynthetic system found in most tropical grasses and some important
cropsis not directly affected by elevated CO,, but C4 plant productivity generally increases under elevated CO, due
to increased water use efficiency (WUE). Transpiration is decreased under elevated CO, in many species, due to
reduced opening of stomatal apertures, leading to greater WUE (Leakey et al., 2009; Leuzinger and Kérner, 2010;
De Kauwe et al., 2013). Increasing WUE is corroborated by studies of stable carbon isotopes (Barbosa et al., 2010;
Koehler et al., 2010; Silvaet al., 2010; Maseyk et al., 2011). The WUE increase does not acclimate to higher CO, in
the medium term, i.e. over several years (Leakey et al., 2009). Satellite observations from 1982-2010 show an 11%
increase in green foliage cover in warm, arid environments (where WUE is most important) after correcting for the
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effects of precipitation variability (Donohue et al., 2013); gas exchange theory predicts 5 to 10% greening resulting
from rising CO, over this period.

The interactive effects of elevated CO, and other global changes (such as climate change, nitrogen deposition and
biodiversity loss) on ecosystem function are extremely complex. Generally, nitrogen use efficiency isincreased
under higher CO, (Leakey et al., 2009), although in some tree FACE experiments, productivity increases as a result
of enhanced CO, were sustained by increased nitrogen uptake rather than increased nitrogen use efficiency (Finzi et
al., 2007). In one ten-year temperate grassland experiment in Minnesota, elevated CO, halved the loss of species
richness expected from nitrogen addition (Reich, 2009), whereas no such benefit was reported for an apine
grassland in France (Bloor et al., 2010) or a Danish heathland ecosystem (Kongstad et al., 2012).

Elevated CO, can affect plant response to other stresses, such as high temperature (Ll1oyd and Farquhar, 2008) and
drought. Ozone exposure decreases with lower stomatal conductance (Sitch et al., 2007). In savannas, faster growth
rates under higher CO, can allow woody plantsto grow tall enough between successive fires to escape the flames
(Bond and Midgley, 2001; Scheiter and Higgins, 2009). Differential species responses to elevated CO, appear to be
atering competition (Dawes et al., 2011), for example, increasing the likelihood of faster-growing species such as
lianas out-competing slower-growing species such as trees (Potvin et al., 2007; Lewis et al., 2009a; Mohan et al.,
2006).

Experimental studies have shown that elevated CO, leads to increased leaf C:N ratios in woody plants, forbs and C3
grasses (but not C4 grasses), which may decrease their quality as food and increase herbivorous insect feeding rates
and changes to their density and community structure (Sardans et al., 2012). Plants may also become more toxic to
herbivores under elevated CO, levels, through increased concentrations of C-based and N-based defences (Lindroth,
2010; Cavagnaro et al., 2011).

Our understanding of ecosystem responses to elevated CO, isincomplete in some respects. The mgjority of FACE
experiments apply upper CO, concentrations of approximately 550 ppmv, which is below the concentrations
projected by 2100 under higher emissions scenarios. The physiology of photosynthesis suggests that direct CO,
effects saturate at levels of approximately 700 ppmv (Long et al., 2004). Most elevated CO, experiments impose a
sudden increase of CO, concentration as opposed to the gradual rise experienced in reality. Most large-scale FACE
experiments have been carried in temperate locations (e.g., Hickler et al., 2008); there are currently no large-scale
tropical or boreal FACE experiments. The magnitude of CO, effects decreases as the spatial scale of study increases
(Leuzinger et al., 2011).The scale of controlled experiments is limited to approximately 100 m?. Extrapolation to
larger scales ignores large-scal e atmospheric feedbacks (Korner et al., 2007) and catchment-scal e hydrological
effects (see Cross-Chapter Box CC-VW). Overall, there is medium confidence (much evidence, medium agreement)
that increases in CO, up to about 600 ppm will continue to enhance photosynthesis and plant water-use efficiency,
but at a diminishing rate.

CO, effects are afirst-order influence on model projections of ecosystem and hydrological responsesto
anthropogenic climate change (Sitch et al., 2008; Lapola et al., 2009; Friend et al., in press).The direct effect of CO,
on plant physiology, independent of its role as a greenhouse gas, means that assessing climate change impacts on
ecosystems and hydrology solely in terms of global mean temperature rise, (or equivalently, expressing greenhouse
gas effects solely in terms of radiative forcing) is an oversimplification (Huntingford et al., 2011; Betts et al., 2012).
A 2°Crisein global mean temperature, for example, may have a different net impact on ecosystems depending on
the change in CO, concentration accompanying the rise (e.g., Good et al., 2011a). A high climate sensitivity and/or a
higher proportion of non-CO, GHGs would imply arelatively low CO, rise at 2°C globa warming, so the offsetting
effects of CO, fertilization and increased water use efficiency would be smaller than for low climate sensitivity
and/or alower proportion of non-CO, GHGs.

4.2.4.5. Diffuse and Direct Radiation

The quantity and size-distribution of aerosols in the atmosphere alters both the amount of solar radiation reaching
the Earth’ s surface and the proportions of direct versus diffuse radiation. In some regions, direct radiation has been
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reduced by up to 30 W m over the industrial era, with an accompanying increase in diffuse radiation of up to 20 W
m? (Kvalevag and Myhre, 2007). The global mean direct and diffuse radiation changes due to aerosols are —3.3 and
+0.9 W m™2, respectively (Kvalevdg and Myhre, 2007). For a constant total radiation, an increased fraction received
as diffuse radiation theoretically increases net photosynthesis because a smaller fraction of the vegetation canopy is
light-saturated, making photosynthesis more light efficient at the canopy scale (Knohl and Baldocchi, 2008; Kanniah
et al., 2012). In aglobal model which included this effect, an increase in diffuse fraction of solar radiation due to
volcanic and anthropogenic aerosols and cloud cover was simulated to lead to approximately a 25% increase in the
strength of the global land carbon sink between 1960 and 1999; however, under a scenario of climate change and
decreased anthropogenic aerosol concentration, this enhancement declined to near zero by the end of the 21% century
(Mercado et al., 2009), All RCPs project decreased aerosol concentrations due to air quality protection measures, as
aready seen in some countries. The influence of the form of radiation on plant growth and the land carbon budget is
apotentially important unintended consequence of solar radiation management schemes that involve the injection of
aerosols into the stratosphere to reduce radiant forcing (see WGI AR5 7.7); but thistopic is presently insufficiently
researched for adequate assessment.

4.2.4.6. Invasive and Alien Species

Since the IPCC ARA4, the number of observations of the spread and establishment of alien species attributed to
climate change has increased for several taxa (e.g., Walther et al., 2009) and for particular areas, including mountain
tops and polar regions (McDougall et al., 2011; Chown et al., 2012). Species invasions have increased over the last
several decades (very high confidence), and the aggressive expansion of plant and animal species beyond their
historical range is having increasingly negative impacts on ecosystem services and biodiversity (high confidence,
Brook, 2008; Burton et al., 2010; McGeoch et al., 2010; Simberloff et al., 2013). Climate change will exacerbate
some invasion impacts and ameliorate others (Peterson et al., 2008; Bradley et al., 2009; Britton et al., 2010; Bellard
et al., 2013). Although there isincreasing evidence that some species invasions have been assisted by climate
change, there is low confidence that species invasions have in general been assisted by recent climatic trends
because of the overwhelming importance of human facilitated dispersal in mediating invasions. The spread of alien
species has several causes, including habitats made favourable by climate change (Walther et al., 2009), deliberate
species transfer and accidental transfer due to increased global movement of goods.

In most cases climate change increases the likelihood of the establishment, growth, spread and survival of invasive
species populations (Dukes et al., 2009; Walther et al., 2009; Bradley et al., 2010; Huang et al., 2011; Chown et al .,
2012). Some degree of climate/habitat match has been found to be a pre-requisite of establishment success across
seven mgjor plant and animal groups (Hayes and Barry, 2008). A range of alien species responses and local
conseguences are expected (e.g., Rahel and Olden, 2008; Frelich et al., 2012; Haider et al., 2012; West et al., 2012).
Invasive species, compared to native species, may have traits that favour their survival, reproduction and adaptation
under changing climates; invasive plantsin particular tend to have faster growth rates and are particularly favoured
when resources are not limited (medium to high confidence, van Kleunen et al., 2010; Willis et al., 2010b; Buswell
et al., 2011; Davidson et al., 2011; Zerebecki and Sorte, 2011; Haider et al., 2012; Matzek, 2012). Some invasive
plants are more drought tolerant (Crous et al., 2012; Matzek, 2012; Perry et al., 2012), and on average they have
higher overall metabolic rates, foliar nitrogen concentrations and photosynthetic rates than their native counterparts
(Leishman et al., 2007).

Extreme climate events provide opportunities for invasion by generating disturbances and redistributing available
resources (Diez et al., 2012) and changing connectivity between different ecosystems. Current warming has already
enabled many invasive alien species, including plant, vertebrate, invertebrate and single cell taxa, to extend their
distributions into new areas (high confidence for plants and insects, Walther et al., 2009; Smith et al., 2012).
However, population declines and range contractions are predicted for some invasive species in parts of their ranges
(Bradley et al., 2009; Bertelsmeier et al., 2012; Sobek-Swant et al., 2012; Taylor et al., 2012). The expansion of
invasive species in some areas and contraction in others will contribute to community re-organisation and the
formation of novel ecosystems and interactionsin both terrestrial and freshwater habitats (high confidence, e.g.,
Kiesecker, 2011; Britton et al., 2010; Martinez, 2012; see also Section 4.3.2.5). For example, invasive grasses may
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be favoured over native ones with increasing temperatures (Parker-Allie et al., 2009; Chuine et al., 2012; Sandel and
Dangremond, 2012).

In afew cases, benefits to biodiversity and society may result from the interactive effects of climate change and
invasive species, such as increases in resources available to some threatened species (Caldow et al., 2007), forest
structural recovery (Bolte and Degen, 2010) and available biomass for timber and fuel (van Wilgen and Richardson,
2012). The effect of invasions on net changes in carbon stocks are situation specific and may be either positive or
negative (Williams et al., 2007a). Rising CO, levels will increase the growth rates of most invasive plant species
(Mainka and Howard, 2010; but see Section 4.2.4.4).The effectiveness of invasive alien species management for
sequestering carbon is uncertain and context specific (Peltzer et al., 2010). Longer term, indirect effects of invasive
alien species will be more important than direct, short-term effects; for instance as a result of changesin soil carbon
stocks and tree community composition (Ilow-medium confidence, Peltzer et al., 2010).

Synergistic interactions occur between climate change and invasive alien species, along with landscape change,
habitat disturbance and human-facilitated breakdown of dispersal barriers (Brook, 2008; Angeler and Goedkoop,
2010; Bradley et al., 2010; Winder et al., 2011a; Cahill et al., 2013). Climate change and invasive alien plant
species generally increase the risk and intensity of fire, and the interaction is being reported more frequently asa
direct result of higher temperatures and increased invasive plant biomass (high confidence, Abatzoglou and Kolden,
2011). In freshwater systems, alien species establishment and survival, species interactions and disease virulence
will change as aresult of changesin frequency of high-flow events, increasing water temperature, water properties
and water demand (medium confidence, Schnitzler et al., 2007; Rahel and Olden, 2008; Britton et al., 2010).

A range of climate change-related variables (extreme events, changes in precipitation, temperature and CO,) will
continue to exacerbate the establishment and spread of pests, vectors and pathogens and negatively impact
production systems (medium confidence, Robinet and Roques, 2010; Clements and Ditommaso, 2011). Warming has
contributed to the spread of many invasive insect species, such as the mountain pine bark beetle, and resulted in
forest destruction (high confidence, Raffa et al., 2008). The interactions between crop growth, climate change and
pest dynamics are difficult to predict (West et al., 2012). Management strategies may become less effective as a
consequence of the decoupling of biocontrol relationships and less effective mechanical control as biomass and/or
population size of invasive species increases (Ilow to -medium confidence, Hellmann et al., 2008).

4.3, Vulnerability of Terrestrial and Freshwater Ecosystemsto Climate Change

The vulnerability of ecosystems to climate change, i.e. their propensity to be adversely affected, is determined by the
sensitivity of ecosystem processes to the particular elements of climate undergoing change and the degree to which
the system (including its coupled social elements) can maintain its structure, composition and function in the
presence of such change, either by tolerating or adapting to it. Tolerance and adaptability both interact with
exposure, which in the case of terrestrial and freshwater ecosystems means the magnitude and rate of climate change
relative to ranges of climatic conditions and rates of change under which the ecosystem developed and its organisms
evolved. Chapter 19 provides afull discussion on vulnerability concepts.

4.3.1. Changesin the Disturbance Regime

The species composition at a given location is determined by three considerations: the ability of species to reach the
location; the physiological tolerance of the speciesin relation to the range of conditions experienced there; and
interactions with other species, including competitors, symbionts, predators, prey and pathogens. Occasional
disturbances relieve competition, create opportunities for the establishment and success of less-dominant species;
and may facilitate dispersal. Moderate disturbance is thus important in maintaining diversity and ecosystem function
(Connell, 1978). Exposure to disturbances keeps tolerance of disturbance in the population high. Fire, floods and
strong winds are all examples of biodiversity-sustaining climate disturbances, provided that their frequency and
intensity does not deviate greatly above or below the regime to which the species are adapted. Average
environmental conditions may be less of a determinant of species range and abundance than the extreme conditions,
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such as the occurrence of exceptionally cold or hot days or droughts exceeding a certain duration (Zimmermann et
al., 2009). The projected changes in probability of extremes are typically disproportionately larger than the projected
changes in the mean (see IPCC, 2012; but also Diffenbaugh et al., 2005). Biotic disturbances, such as pest and
pathogen outbreaks are also often implicated in with ecosystem change, and may be enabled by climate change.

It is suggested that ecosystem regime shifts resulting from climate change (alone or in interaction with other factors)
will often be triggered by changes in the disturbance regime, rather than by physiological tolerance for the mean
conditions (Thonicke et al., 2008). A “disturbance regime” refersto the totality of different types of disturbance
eventsin a system, each characterized by their probability of occurrence, intensity and other relevant attributes, such
astheir seasonal pattern. A corollary isthat disturbance-related change is abrupt rather than gradual. Change in the
fire disturbance regime is emerging as a key proximal mechanism and early indicator of terrestrial ecosystem change
(Girardin et al., 2009; Johnstone et al., 2010). Changes in the fire regime have in some cases been attributed to
climate change (Westerling et al., 2006; Littell et al., 2009; Turetsky et al., 2011; Westerling et al., 2011; Moritz et
al., 2012). Regional trends in fire occurrence have been observed since 2000 (Giglio et al., 2013), but interpreting
their significance requires alonger term perspective (e.g., Bergeron et al., 2010).

4.3.2. Observed and Projected Change in Ecosystems

This section highlights key observed changes in terrestrial and freshwater ecosystems over the recent past, as well as
changes projected during the 21% century. For observations, we assess the degree of confidence that change has been
detected, and separately the confidence we have in attributing the change to climate change (Figure 4-4). Confidence
in detection is considered to be very high when there is high agreement between many independent studies, species,
ecosystems or regions and where there is robust evidence that the changes over time are statistically significant (see
Chapter 18; Mastrandrea et al., 2010). Note that a slightly different definition of detection isused herethanin
Chapter 18, because detection hereis based solely on the presence of atemporal trend and does not attempt to
distinguish natural from climate related variation. Confidence in attribution to climate change is very high when
three tests are satisfied: changes correspond to a sound mechanistic understanding of responses to climate change;
the time series of observationsis sufficiently long to detect trends correlated with climate change; and confounding
factors can be accounted for or are of limited importance. In the sections that provide the details of the assessment of
detection and attribution, estimated levels of confidence are given even in cases where the capacity for detection or
attribution capacity islow or very low, because changes in these ecosystem properties or processes could have large
impacts on biodiversity or ecosystem services at regional to global scales. In all cases the estimates of confidence
levels are based on global and cross-taxon assessments, so the positioning may be different for specific taxa or
regions. Some of the sections include assessments of model-based projections of future change; the confidence
assessment of detection and attribution does not extend to these.

A key message arising from the analysis of detection and attribution is that climate impacts on the functioning of
organisms and ecosystems are clearest when temperature is a principal driver, changes are relatively rapid and
confounding factors play a small role. At one end of the spectrum, the large warming signal over the last several
decades in much of the Arctic tundra combined with minimal human impacts is associated with high confidencein
detection of an increase in shrubs and permafrost thawing and high confidence in the attribution to climate warming
(Section 4.3.3.1.1). Likewise, the phenology of most organisms is sensitive to temperature, confounding effects are
often small and the response is rapid, leading to high confidence in detection and attribution of changes in phenology
to warming (Section 4.3.2.1). At the opposite end of the spectrum, species extinctions are very difficult to attribute
to climate change (Section 4.3.2.5), in part because other factors dominate recent extinctions. This does not mean
that climate has not played an important contributing role; indeed it has been argued that the low level of confidence
in attribution is due to the lack of studies looking for climate signalsin extinctions (Cahill et al. 2013). Similarly
there is very good evidence that species composition is changing in cultural landscapes, but the important role of
other factors, e.g., land management, nitrogen deposition, makes attribution of a contribution to recent warming
difficult. This analysisindicates that responses in most species and ecosystem levels will become more apparent
over time because i) observed organism level changes will have long term impacts on ecosystem functioning (high
confidence, Sections 4.3.2.1, 4.3.2.5, 4.3.3) and ii) warming signals can be detected in ecosystems where the recent
warming has been strong and confounding factors are minimal. In addition, the absence of observed changes does
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not preclude confident projections of future change for three reasons: climate change projected for the 21% century
substantially exceeds the changes experienced over the past century in medium to high scenarios (all but RCP 2.6);
ecosystem responses to climate change may be non-linear; and change may only be apparent after considerable time
lags (Jones et al., 2009).

[INSERT FIGURE 4-4 HERE

Figure 4-4: Confidence in detection of change and attribution of observed responses of terrestrial ecosystems to
climate change. Confidence levels are based on expert judgment of the available literature following the IPCC
uncertainty guidance (Mastrandrea et al., 2010), attribution criteria outlined in Chapter 18 and detection criteria
defined in the text. The symbolsin the figure represent global and cross-taxon assessments; the positioning may be
different for specific taxa or regions. The following sections provide the details of the assessments that were used in
positioning each of the points Phenology, Section 4.3.2.1; Primary Productivity, Section 4.3.2.2; Biomass and C
stocks, Section 4.3.2.3; Evapotranspiration, Section 4.3.2.4; Species distributions, Section 4.3.2.5; Global species
extinctions, Section 4.3.2.5; Invasive and alien species, Section 4.2.4.6; Tree mortality, Section 4.3.3.1, Box 4-2;
Boreal forest regime shift, Section 4.3.3.1.1, Box 4-4; Amazon forest regime shift, Section 4.3.3.1.3, Box 4-3;
Tundra regime shift, Section 4.3.3.4, Box 4-4; Woody encroachment, Section 4.3.3.2.2; Cultural landscapes, Section
4.3.3.5.3; Evolutionary and genetic adaptation, Section 4.4.1.2.]

4.3.2.1. Phenology

Further evidence from ground-based and satellite studies, mainly focused on the Northern Hemisphere, supports the
ARA4 conclusion that shiftsin phenology have occurred over recent decades. “ Spring advancement” - earlier
occurrence of spring events, such as breeding, bud burst, breaking hibernation, flowering, migration - isseenin
hundreds of plant and animal speciesin many regions (Menzel et al., 2006; Cleland et al., 2007; Parmesan, 2007;
Primack et al., 2009; Cook et al., 2012a; Pefiuelas et al., 2013) although magnitudes of change vary considerably
and some species show no change (Parmesan, 2007). Apparent discrepancies between two estimates of overall
Northern-Hemisphere spring advancement noted in AR4 (2.3 days per decade, Parmesan and Y ohe, 2003; 5.1 days
per decade, Root et al., 2003) are largely resolved when methodological differences are accounted for, particularly
the inclusion of species that do not show phenological changes (Parmesan, 2007). A combined analysis of 203
species suggests Northern Hemisphere spring advancement of 2.8+0.35 days per decade (Parmesan, 2007).

Plants — Spring advancement in is seen across the Northern Hemisphere including North America (e.g., Cook et al.,
2008; Cook et al., 2012b), Europe (e.g., Menzel et al., 2006; Cook et al., 2012b), Asia(e.g., Primack et al., 2009;
Maand Zhou, 2012) and the High Arctic (Haye et al., 2007). Changes are generally larger at higher latitudes. A
meta-analysis indicates mean spring Northern Hemisphere spring advancement of -1.1 + 0.16 days per decade for
herbs and grasses (85 species), -1.1 + 0.68 days per decade for shrubs (6 species) and -3.3 £ 0.87 days per decade for
trees (16 species), over arecord period of 35-132 years, depending on the study. The warming trends detected in the
well-mixed surface waters (epilimnion) of many lakes in North America, Eurasia and Africa (Adrian et al., 2009)
are associated with the earlier onset of spring phytoplankton blooms (Winder and Schindler, 2004; Winder and
Sommer, 2012). Satellite data also indicate a general tendency of spring advancement, though there is variation
between satellite studies, especially at local scales, due to the use of different instruments and methods (e.g., White
et al., 2009). A study using the Advanced Very High Resolution Radiometer (AVHRR) suggests that for vegetation
between 30°N and 80°N, the start of the growing season advanced by -5.2 days between 1999 and 1982 and
advanced a further -0.2 days by 2008; while the growing season end was delayed by 6.6 days between 1982 and
2008 (Jeong et al., 2011). Studies with a more recent satellite instrument, M oderate Resolution Imaging
Spectrometer (MODIS) also show spring advancement (e.g., Ahl et al., 2006). The relatively short duration of
satellite observations makes trend detection particularly sensitive to the choice of analysis period.

Animals — Many new studies provide further evidence of changesin animal phenology (e.g., amphibians. Kusano
and Inoue, 2008; Phillimore et al., 2010; birds: Pulido, 2007; Thorup et al., 2007; mammals. Adamik and Kral,
2008; Lane et al., 2012; insects: Robinet and Roques, 2010; freshwater plankton: Adrian et al., 2009). Changesin
breeding phenology are reported from various regions and different taxa (e.g., Parmesan, 2006; Parmesan, 2007,
Post et al., 2008; Primack et al., 2009). In the Northern Hemisphere several studies show advancements of egg
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laying dates in birds (e.g., Parmesan, 2007: -3.7 + 0.7 days/decade, in 41 species). In contrast, adelay of the mean
breeding date by 2.8 to 3.7 days between 1950 and 2004 was seen for two of nine seabirds in the Eastern Antarctic,
linked to decreased seaice extent (Barbraud and Weimerskirch, 2006). Spring arrival dates have advanced for many
migratory birds (e.g., Thorup et al., 2007). Patterns of changes in autumn migration in birds are mostly not
consistent (delayed, advanced, no change) across analyzed species and regions and appear to be highly related to
non-climatic variables (e.g., Sokolov, 2006; Adamik and Pietruszkova, 2008).

A large body of evidence therefore shows that Northern Hemisphere temperate, boreal and Arctic regions, spring
advancement has occurred in many plant and animal species over the last several decades (high confidence dueto
robust evidence but only medium agreement when examined across all species and regions, Figure 4-4).

Understanding of the drivers of phenological change has also improved further since AR4. Many observational
studies find a correlation with higher temperatures (Cook et al 2012a). Experimental manipulation generally
supports this (e.g., plants, Cleland et al., 2012; bird egg-laying, Visser et al., 2009; insects, Musolin et al., 2010;
Kollberg et al., 2013). Some individual studies find good agreement between experimental warming and in situ
observations (e.g., Gunderson et al., 2012) although a meta-analysis suggests that experiments can substantially
under-predict advances in the timing of flowering and leafing of plantsin comparison with observational studies
(Wolkovich et al., 2012). Observational data can also be affected by methodological issues; for example, flipper-
tagging of penguins can alter their migratory behaviour (Saraux et al., 2011). Rates of warming across a season may
also be important (Schaper et al., 2012). Models can be used to explain relationships between observed phenological
changes and environmental variables. For example, a model based on water temperature captured the observed
temporal and spatial variation in Daphnia phenology in Northern Hemisphere lakes (Straile et al., 2012). Other
environmental factors related to temperature, such as timing of snowmelt, snow cover and snow depth, can play a
role. Snowmelt changes led to earlier flowering and appearances of plants and arthropods in Greenland between
1996 and 2005 (Haye et al., 2007) and earlier flowering in an apine plant in the Rocky Mountains, USA between
1975 and 2008 (Hulber et al., 2010; Lambert et al., 2010). Earlier snowmelts decreased floral resources and hence
affected insect population dynamics in mountain ranges in the USA in the years 1980, 1985, 1986 and 1989 (Boggs
and Inouye, 2012). In Colorado, USA, the yellow-bellied marmot emerge earlier from hibernation due to snowmelts
becoming earlier over 1976-2008 (Ozgul et al., 2010) while in Alberta, Canada, Columbian ground squirrels
emerged later over 1992-2012 due to delayed snowmelts associated with increased late-season snowstorms (Lane et
al., 2012). Delayed emergence from hibernation was associated with decreased population growth rate (Lane et al.,
2012). Food availability can be important; for example, in the Y ukon area, Canada, the date of giving birth in North
American squirrels (Tamiascurus hudsonicus) advanced by an average of -18 days over the period 1989-1998,
coinciding with increasing abundance of white spruce cones, their major food source (Réale et al., 2003).

Phenological response can differ with migration strategy in birds, for example short-distance migrants show greater
advancements in spring arrivals than long distant migrants (e.g., Saino et al., 2009; but see Parmesan, 2006 for
different patterns). In atemperate region (Massachusetts, USA), declining sizes of populations and migrating
cohorts of North American Passerine birds account for alarge part of the variation in migration times between 1970
and 2002 (Miller-Rushing et al., 2008). The remaining variation was explained by climatic variables, migration
distance and date. The variation in bird migration phenology change can aso be related to differing patterns of
feather changes during moulting times, food availability at stop-over places and differing health conditions of
individual species (Gordo, 2007).

Although a number of non-climatic influences on phenology are also identified, an increased number of
observational and experimental studies, across many organism types, suggest that warming has contributed to the
overall spring advancement observed in the Northern Hemisphere (high confidence due to high agreement and
medium evidence).

4.3.2.2. Primary Productivity

Primary production, the process of plant growth, is fundamental to the global carbon cycle (see Section 4.3.2.3.
below) and t underpins provisioning ecosystem services such as food, timber and grazing. Trends in the amount,
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seasonal timing, variability, location and type of primary production are therefore important indicators of ecosystem
function. Well-established theory, experimentation and observation all agree that primary production is directly
sensitive to most aspects of climate change, is indirectly affected viathe effects of climate on pests and diseases, and
is responsive to many of the other changes simultaneously taking place in the world, such as the described in Section
4.2.4. The diverse and frequently non-linear form of responses to the factors influencing primary production,
combined with the complexity of interactions between them, means that at a given location the net outcome can be
an increase, no change or a decrease in productivity.

The concentration of CO, in the atmosphere shows clear patternsin space and time largely related to the primary
productivity of the land and oceans. The contribution by terrestrial ecosystems to these patterns can be estimated
using isotope measurements, emission databases and models (Canadell et al., 2007). It consists of asink term, due to
increased net ecosystem production, plus a source term due to land-use change. During the decade 2000 to 2009,
land net primary productivity at the global scale continued to be enhanced about 5% relative to the estimated pre-
industrial level, leading to aland sink of 2.6 + 1.2 PgCly (these values are from WGI AR5 6.3.2.6; the uncertainty
range is two standard deviations; for the primary literature see also Raupach et al., 2008; Le Quéré et al., 2009). The
net uptake of carbon by the land is highly variable year-to-year, mainly in response to climate variation and major
volcanic eruptions (Peylin et al., 2005; Sitch et al., 2008; Mercado et al., 2009). Given the uncertainty range, it is
not possible to conclude whether the rate of carbon uptake by the residual land sink has increased or decreased over
the past two decades (Raupach et al., 2008; WGI AR5 6.3.2.6). CMIP5 model projections, using the RCP scenarios,
suggest that the rate of net carbon uptake by terrestrial ecosystem will decrease during the 21 century except under
the RCP4.0 scenario, and by the greatest amount under RCP8.5. There is greater uncertainty between models than
between scenarios; in some models terrestrial ecosystems become a net source of CO, to the atmosphere (WGI AR5
Section 6.4.3.2, especially Figure 6.26).

It is possible to downscale the land sink estimate continentally, using inversion modelling techniques and the
growing network of precision atmospheric observations. There is high agreement and medium evidence that the net
land uptake in natural and semi-natural terrestrial ecosystemsis broadly distributed around the world, almost equally
between forested and non-forested ecosystems, but is offset in the tropics by alarge carbon emission flux resulting
from land-use change, principally deforestation (Pan et al., 2011).

The observed trendsin NDV |1, a satellite proxy for primary productivity, are discussed under various ecosystem-
specific discussions above and below. In some cases the trends are sufficiently strong and consistent to support a
confident statement about the underlying phenomenon, but in many cases they are not. This may mean that no
change has occurred, or simply reflect inadequacies in the indicator, method of analysis and length of the record in
relation to the high inter-annual variability. AR4 reported atrend of increasing seasonally-accumulated NDV |
(“greening”) at high northern latitudes (Fischlin et al., 2007; based on Sitch et al., 2007), but subsequent
observations show alower rate and no geographical uniformity (Goetz et al., 2007). More than 25% of high latitude
North American forest areas, excluding areas recently disturbed by fire, showed a decline in greenness and no
systematic change in growing season length, particularly after 2000 (Goetz et al., 2007). NDV| trend analysesin
rangelands show varying patterns around the world, with substantial disagreement between studies (Millennium
Ecosystem Assessment, 2005a; Bai et al., 2008; Beck et al., 2011a; Fensholt et al., 2012). There is agreement that
the Sahel showed widespread NDV | increase between the mid-1980s and about 2000, along with an increasein
rainfall, but no consensus on whether the detected signal represents increased productivity by grasses, trees or herbs;
and to what degree it reveals land management efforts or responses to climate (Anyamba and Tucker, 2005; Prince
et al., 2007; Hellden and Tottrup, 2008; Seaquist et al., 2009). In the period 2000 to 2009 no NDV 1 trend was
apparent in the Sahel (Samantaet al., 2011).

Tree rings record changes in tree growth over approximately the past millennium. Many tree ring records show
accelerated tree growth during much of the 20" century (Briffaet al., 2008), which often correlates with rising
temperature. Variations in tree ring width, density and isotopic composition arise from many factors, including
temperature, moisture stress, CO, fertilization, N deposition and ozone damage, but also stand structure and
management. Direct CO, effects, inferred from the ring record once the effects of drought and temperature have
been accounted for, have been proposed for approximately 20% of the sitesin the International Tree Ring Data Base
(Gedalof and Berg, 2010) and studied in detail at some sites (Koutavas, 2008). Since the 1980s, a number of tree
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ring records show adecline in tree growth (Wilson et al., 2007). Several possible causes have been suggested for
this, including increasing water stress and ozone damage; but the most recent rings in most published tree ring
chronologies date from before the 1990s (Gedal of and Berg, 2010) so tree ring-based conclusions for the past two
decades are based on arelatively small body of evidence and may therefore be biased. Recent tree ring studies were
often specifically designed to examine growth in response to environmental changes (Gedalof and Berg, 2010) and
may therefore not be representative of global tree growth. Direct repeated measurements of tree girth increment in
forest monitoring plots (discussed in Section 4.3.2.3) are an alternate data source for recent decades.

Primary production in freshwater lakes has been observed to increase in some arctic (Michelutti et al., 2005) and
boreal lakes, but decrease in Lake Tanganyikain the tropics (O'Reilly et al., 2003). In both cases the changes were
attributed by the authors to climate change.

In summary, there is high confidence that net terrestrial ecosystem productivity at the global scale has increased
relative to the pre-industrial era (Figure 4-4). There islow confidence in attribution of these trends to climate
change. Most studies speculate that rising CO, concentrations are contributing to this trend through stimulation of
photosynthesis, but there is no clear, consistent signal of a climate change contribution (Figure 4-4).

4.3.2.3. Biomass and Carbon Stocks

The forest biomass carbon stock can be estimated from the routine forest monitoring that takes place for
management and research purposes. Forest inventories were generally designed to track timber volumes; inferring
total biomass and ecosystem carbon stocks requires further information and assumptions, which make absolute
values less certain, but have a lesser effect on trend detection. Forest inventory systems are well-developed for
Northern Hemisphere temperate and boreal forest (Nabuurs et al., 2010; Ryan et al., 2010; Wang et al., 20104a). Data
for tropical and Southern Hemisphere forests and woodlands also exist (Maniatis et al., 2011; Tomppo €t al., 2010)
but are typically less available and comprehensive (Romijn et al., 2012). More and better data may become available
due to advances in remote sensing (e.g., Baccini et al., 2012) and increased investment in forest monitoring through
initiatives such as the Reduced Emissions from Deforestation and Degradation (REDD) of the UNFCCC.

Forests have increased in biomass and carbon stocks over the past half century in Europe (Ciais et al., 2008;
Luyssaert et al., 2010) and the USA (Birdsey et al., 2006). Canadian managed forests increased in biomass only
slightly during 1998-2008, because growth was offset by significant losses due to fires and beetle outbreaks (Stinson
et al., 2011). Several dozen sites across the moist tropics have been monitored to estimate forest biomass changes. In
the Amazon (Phillips et al., 2009) forest biomass has generally increased in recent decades, dropping temporarily
after adrought in 2005. Globally, for the period 2000-2007, recently-undisturbed forests are estimated to have
withdrawn 2.30 + 0.49 PgCly from the atmosphere, while formerly-cleared tropical forests, now regrowing,
withdrew an additional 1.72 + 0.54 PgC/y (Pan et al., 2011). The global terrestrial carbon sink is partly offset by the
losses of forest carbon stocks to the atmosphere through land use change, largely in the tropics, of 1.1 + 0.8 PgCly
(2000-2009, WGI AR5 6.3.2.6).

The carbon stock in global soils, including litter and peatlands is 1500-2400 PgC, with permanently frozen soils
adding another 1700 PgC (Davidson and Janssens, 2006). The soil carbon stock is thus more than ten times greater
than the carbon stock in forest biomass (Kindermann et al., 2008). Changes in the size of the soil carbon stock result
from changes in the net balance of inputs and losses over a period of many years. Inputs derive from primary
production, discussed in Section 4.3.2.2, and are mostly modestly increasing under climate change. L osses result
principally through the respiration of soil microbes, which increases with increasing temperature. The present and
future temperature sensitivity of microbial respiration remains uncertain (Davidson and Janssens, 2006). An analysis
of long-term respiration measurements from the soil around the world suggests that it has increased over the past
two decades by an amount of 0.1PgC/y, some of which may be due to increased productivity (Bond-Lamberty and
Thomson, 2010). If soil respiration were to exceed terrestrial net primary production globally and on a sustained
basis, the present net terrestrial sink would become a net source, accelerating the rate of CO, build up in the
atmosphere (Luo, 2007).
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The carbon stock in freshwater systemsis also quite high in global terms. Annual rates of storage (0.03 - 0.07 Pg
Clyr) may be trivial compared with sequestration by soils and terrestrial vegetation, but lake sediments are preserved
over longer time scales (+10,000 years compared with decades to centuries), and Holocene storage of C in lake
sediments has been estimated at 820 Pg (Cole et al., 2007). Manmade impoundments represent an increasing and
short-lived additional carbon store with conservative annual estimates of 0.16 — 0.2 Pg C/yr (Cole et al., 2007).

A short-duration study of the temperature sensitivity of decomposition in flooded coastal soils, extrapolated to the
21% century, suggested that increases in respiration would exceed increases in production in future (Kirwan and
Blum, 2011). Further detail on wetland soil carbon stocks can be found in Section 4.3.3.3 on peatlands; and on
permafrost carbon stocks in Box 4-4 and in Chapter 28.

In summary, biomass and soil carbon stocks in terrestrial ecosystems are currently increasing (high confidence) but
are vulnerable to loss to the atmosphere as a result of rising temperature, drought and fire projected in the 21%
century (Figure 4-4). Measurements of increased tree growth over the last several decades, alarge sink for carbon,
are consistent with this but confounding factors such as N deposition, afforestation and land management make
attribution of these trends to climate change difficult (low confidence).

4.3.2.4. Evapotranspiration and Water Use Efficiency

Evapotranspiration (ET) includes evaporation from the ground and vegetation surfaces, and transpiration through
plant stomata. Both are affected by multiple factors (Luo et al., 2008) including temperature, solar (shortwave) and
thermal (longwave) radiation, humidity, soil moisture and terrestrial water storage; transpiration is additionally
affected by CO, concentration through its influence on plant stomatal conductance. Studies using lysimeters,
evaporation pans, the balance of observed precipitation and runoff, and model reconstructions, indicate both
increases and decreases in ET in different regions and between approximately 1950 and the present (Huntington,
2008; Teuling et al., 2009; Douville et al., 2013). Flux tower records have at most 15 years duration (FLUXNET,
2012) so there are insufficient data to calculate large-scale, long-term trends. ET can also be estimated from
meteorol ogical observations or simulated with models constrained by observations. Estimates of ET from 1120
globally (but non-uniformly) distributed stations indicate that global land mean ET increased by approximately 2.2%
between 1982 and 2002, arate of increase of 0.75 mm yr? (Wang et al., 2010b). Other studies, using data-
constrained models indicated global ET rises of between 0.25 - 1.1 mm yr2during the 1980s and 1990s (Jung et al.,
2010; Vinukollu et al., 2011; Zeng et al., 2012), possibly linked with increased surface solar radiation and thermal
radiation (Wild et al., 2008) or warming (Jung et al., 2010). There has been no significant ET trend since
approximately 2000 (Jung et al., 2010; Vinukollu et al., 2011; Zeng et al., 2012), possibly due to soil moisture
limitation (Jung et al., 2010). Overall, there is low confidence in both detection and attribution of long-term trends in
ET (Figure 4-4).

Experiments show that rising CO, decreases transpiration and increases intrinsic water use efficiency (iWUE, the
ratio of photosynthesis to stomatal conductance, Leakey et al., 2009). Some modelling studies suggest that over the
last century, the effects of CO, on decreasing transpiration are of comparable size but opposite to the effects of

rising temperature (Gerten et al., 2008; Peng et al., 2013). However the observed general increasein ET argues that
reduced transpiration cannot be the dominant factor (Huntington, 2008). A meta-analysis of studies at 47 sites across
5 ecosystem types (Pefiuelas et al., 2011) suggests that iWUE for mature trees increased by 20.5% between the
1970s and 2000s. Increased iWUE since pre-industrial times (1850 or before) has also been found at several forest
sites (Andreu-Hayles et al., 2011; Gagen et al., 2011; Loader et al., 2011; Nock et al., 2011) and also in atemperate
semi-natural grassland since 1857 (Koehler et al., 2010), although in one boreal tree species iWUE ceased to
increase after 1970 (Gagen et al., 2011).

4.3.2.5. Changesin Species Range, Abundance and Extinction

Species respond to climate change through genotypic adaptation and phenotypic plasticity; by moving out of
unfavourable and into favourable climates; or by going locally or globally extinct (Dawson et al., 2011; Bellard et

Subject to Final Copyedit 24 28 October 2013



FINAL DRAFT IPCC WGII AR5 Chapter 4
Do Not Cite, Quote, or Distribute Prior to Public Release on 31 March 2014

al., 2012; Pefiuelas et al., 2013; Section 4.2.3). These responses to climate change can potentially have large impacts
on biodiversity and ecosystem services. Genotypic adaptation in the face of strong selection pressure from climate
changeistypically accompanied by large reductions in abundance (see Section 4.4.1.2). Species range shifts are
accompanied by changesin abundance, local extinctions and colonization that can alter ecosystem services when
they affect dominant species such as trees, keystone species such as pollinators, or species that are vectors for
disease (Zarnetske et al., 2012). Global extinctions result in the permanent loss of unique forms of life.

Substantial evidence has accumulated since AR4 reinforcing the conclusion that the geographical ranges of many
terrestrial and freshwater plant and animal species have moved over the last several decades in response to warming
and that this movement is projected to accelerate over the coming decades under high rates of climate change. Some
changes in species abundances appear to be linked to climate change in a predictable manner, with species
abundances increasing in areas where climate has become more favourable and vice versa. In contrast, uncertainties
concerning attribution to climate change of recent global species extinctions, and in projections of future extinctions,
have become more apparent since the AR4 report.

Observed species range shifts - The number of studies looking at observed range shifts and the breadth of species
examined has greatly increased since AR4. The most important advances since AR4 concern improvementsin
understanding the relationship between range shifts and changes in climate over the last several decades. The "uphill
and poleward" view of species range shifts in response to recent warming (Parmesan and Y ohe, 2003; Parmesan,
2006; Fischlin et al., 2007; Chen et al., 2011) is a useful simplification of species responses; however, responses to
warming are conditioned by changesin precipitation, land use, species interactions and many other factors.
Investigations of the mechanisms underlying observed range shifts show that climate signals can often be detected,
but the impacts of and interactions between changing temperature, precipitation and land use often result in range
shifts that are downhill or away from the poles (Rowe et al., 2010; Crimmins et al., 2011; Hockey et al., 2011;
McCain and Colwell, 2011; Rubidge et al., 2011; Pauli et al., 2012; Tingley et al., 2012; Zhu et al., 2012). There are
large differences in the ability of species groups (i.e., broad taxonomic categories of species) and species within
these groups to track changes in climate through range shifts (Angert et al., 2011; Mattilaet al., 2011; Chen et al.,
2011). For example, butterflies appear to be able track climate better than birds (community shifts: Devictor et al .,
2012; but see Chen et al., 2011 for range shifts) while some plants appear to be lagging far behind climate trends
except in mountainous areas (Bertrand et al., 2011; Doxford and Freckleton, 2012; Gottfried et al., 2012; Zhu et al .,
2012; Telwalaet al., 2013). There is growing evidence that responses at the “trailing edge” of species distributions
(i.e., local extinction in areas where climate has become unfavourable) are often |ess pronounced than responses at
the “leading edge” (i.e., colonization of areas where climate has become favourable), which may be related to
differencesin the rates of local extinction vs. colonization processes (Doak and Morris, 2010; Chen et al., 2011,
Brommer et al., 2012; Sunday et al., 2012) and difficulties in detecting local extinction with confidence (Thomas et
al., 2006).

Rising water temperatures are also implicated in species range shiftsin river fish communities (e.g., Comte and
Grenouillet, 2013), combined with a decrease in recruitment and survival aswell as range-contraction of cold-water
species such as salmonids (Bartholow, 2005; Bryant, 2009; Ficke et al., 2007; Jonsson and Jonsson, 2009; Hague et
al., 2011). Shiftsin freshwater fish species range towards higher elevation and upstream (Hickling et al., 2006;
Comte and Grenouillet, 2013) also are not keeping pace with the rate of warming in streams and rivers. While these
changesin river temperature regimes may also open up new habitat at higher latitudes (or altitudes) for migratory
(Reist et al., 2006) and cool- and warm-water species of fish (Tisseuil et al., 2012), there is high confidence that
range contraction threatens the long term persistence of some fully aquatic species.

Rates of recent climate change have varied greatly across the globe, ranging from rapid warming to cooling
(Burrows et al., 2011; Dobrowski et al., 2013). Taking this spatial variation into account should enhance the ability
to detect climate related range shifts. A recent synthesis of range shifts indicates that terrestrial animal species have
moved at rates that correspond better with changes in temperature when climate is measured only in the regions
where the range shifts were observed (Chen et al., 2011), providing greater confidence in attribution of the range
shifts to climate change. Average range shifts across taxa and regions in this study were ca. 17 km poleward and 11
m up in altitude per decade; velocities which are 2 to 3 times greater than previous estimates (compare with
Parmesan and Y ohe, 2003; Fischlin et al., 2007), but these responses differ greatly among species groups. However,
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this approach remains a simplification, since the climate drivers of species range changes, e.g., temperature and
precipitation, have frequently shifted in different geographical directions (Dobrowski et al., 2013). Disentangling
these conflicting climate signals can help explain complex responses of species ranges to changes in climate
(Tingley et al., 2012). Overall, studies since AR4 show that species range changes result from interactions among
climate drivers and between climate and non-climate factors. It is the greater understanding of these interactions,
combined with increased geographical scope that leads to high confidence that the ranges of several well-studied
species groups, such as insects and birds, have shifted their ranges significant distances (10s of km or more) over the
last several decades, and that these range shifts can be attributed to changes in climate. But for many other species
groups range shifts are more difficult to attribute to changes in climate because the climate signal is small, there are
many confounding factors, differences between expected and observed range shifts are large, or variability within or
between studiesis high. Thus there is only medium confidence in detection and attribution when examined across al
species and all regions.

Future range shifts - Projections of climate change impacts on future species range shifts since the AR4 report have
been dominated by studies using ecological niche models (ENMs) that project future ranges based on correlative
models of current relationships between environmental factors and species distribution (Peterson et al., 2011). A
variety of process-based models are starting to be more widely used to make projections of future species
distributions (Buckley et al., 2010; Beale and Lennon, 2012; Cheaib et al., 2012; Higgins et al., 2012; Foden et al.,
2013). Model comparisons show that correlative models generally predict larger range shifts than process-based
models for trees (Morin and Thuiller, 2009; Kearney et al., 2010; Cheaib et al., 2012). For other species groups that
have been studied, differences in projections between model types show no clear tendency (Kearney et al., 2009;
Buckley et al., 2010; Bateman et al., 2012). There has been some progress in model validation: projected species
shifts are broadly coherent with species responses to climate change in the paleontological record and with observed
recent species shifts (see Section 4.2.2 and above), but further validation is needed (Green et al., 2008; Pearman et
al., 2008; Nogues-Bravo et al., 2010; Dawson et al., 2011). Modelling studies typically do not account for a number
of key mechanisms mediating range shifts, such as genetic adaptation and phenotypic plasticity (see Section
4.4.1.2), speciesinteractions or human-mediated effects. An important limitation in most studies isthat realistic
species displacement rates are not accounted for (i.e., rates at which species are able to shift their ranges through
dispersal and establishment); as such, they only indicate changes in the location of favourable and unfavourable
climates, from which potential shiftsin species distribution can be inferred, but not rates of change (Bateman et al.,
2013).

Analyses and models developed since AR4 permit the estimation of the ability of awide range of speciesto track
climate change. Figure 4-5 provides a synthesis of the projected abilities of several species groups to track climate
change. Thisanalysisis based on: i) past and future climate velocity, which is a measure of the rate of climate
displacement across a landscape and provides an indication of the speed at which an organism would need to move
in order to keep pace with the changing climatic conditions (Loarie et al., 2009; Burrows et al., 2011; Chen et al.,
2011; Sandel et al., 2011; Feeley and Rehm, 2012; Dobrowski et al., 2013); and ii) species displacement rates across
landscapes for a broad range of species (e.g., Stevens et al., 2010b; Nathan et al., 2011; Barbet-Massin et al., 2012;
Kappes and Haase, 2012; Meier et al., 2012; Schloss et al., 2012; see additional references in Figure 4-5 legend).
Comparisons of these rates indicate whether species are projected to be able to track climate as it changes. When
species displacement capacity exceeds climate velocity it isinferred that species will be able to keep pace with
climate change; when displacement capacity is lower than projected climate velocities then they will not, within the
bounds of uncertainty of both parameters. This simplified analysis is coherent with more sophisticated model
analyses of climate induced species displacement across landscapes, some of which have evaluated additional
constraints such as demographics, habitat fragmentation or competition (e.g., Meier et al., 2012; Schloss et al.,
2012).

Rates of climate change over the 20" century and projected for the 21% century are shown in Figure 4-5A. Rates of
climate change for global land surfaces are given for IPCC AR5 climate projections under awide range of
greenhouse gas emissions scenarios (i.e. WGI AR5 Chapter 12; Knutti and Sedl&tek, 2012). Rates of global
warming for land surfaces have averaged ca. 0.03 °C/yr since 1980, but have slowed over the last decade and a half
(WGI Chapter 2). At the low end of projected future rates of warming, rates decrease over time, reaching near zero

Subject to Final Copyedit 26 28 October 2013



FINAL DRAFT IPCC WGII AR5 Chapter 4

Do Not Cite, Quote, or Distribute Prior to Public Release on 31 March 2014

by the end of the century (RCP 2.6). At the high end, projected rates increase over time, exceeding 0.06 °Clyr by the
end of the century (RCP 8.5), and perhaps above 0.08 °C/yr at the upper bound for this scenario.

Climate velocity is defined as the rate of change in climate over time (e.g., °Clyr, if only temperature is considered)
divided by the rate of change in climate over distance (e.g., °C/km, if only temperature is considered) and therefore
depends on regional rates of climate change and the degree of altitudinal relief (Figure 4-5B, Loarie et al., 2009;
Dobrowski et al., 2013). For example, climate velocity for temperature is low in mountainous areas because the
change in temperature over short distancesis large (e.g., Rocky mountains, Andes, Alps, Himalayas, Figure 4-5B,
leftmost axis). Climate velocity for temperature is generally high in flat areas because the rate of changein
temperature over distanceislow (e.g., parts of the US Mid-west, Amazon basin, West Africa, central Australia,
Figure 4-5B, rightmost axis). In flat areas, climate velocity can exceed 8 km/yr for the highest rates of projected
climate change (RCP 8.5). We have focused on climate velocity for temperature change, but several analyses also
account for precipitation change.

Rates of displacement vary greatly within and among species groups (Figure 4-5C). Some species groups, notably
herbaceous plants and trees, generally have very low displacement capacity. Other species groups such as
butterflies, birds (not shown) and large vertebrates generally have a very high capacity to disperse across landscapes,
nonethel ess some species in these groups have low dispersal capacity. Current and future rates of climate change
correspond to climate velocities that exceed rates of displacement for several species groups for most climate change
scenarios. Thisis particularly true for mid- and late-successional trees that have maximum displacement rates that
are on the order of 10sto afew 100s of m/yr. Overall, many plant species are foreseen to be able to track climates
only in mountainous areas at medium to high rates of warming, though there is uncertainty concerning the potential
role of long-distance dispersal (Pearson, 2006). Primates generally have substantially higher dispersal capacity than
trees; however, alarge fraction of primates are found in regions with very high climate velocities, in particular the
Amazon basin, thereby putting them at high risk of being unable to track climates even at relatively low rates of
climate change (Schloss et al., 2012). On a global average, many rodents, as well as some carnivores and freshwater
molluscs are projected to be unable to track climate at very high rates of climate change (i.e., >0.06°C/yr). These
projected differences in species ability to keep pace with future climate change are broadly coherent with
observations of species ability or inability to track recent global warming (see Observed species range shifts above).

Humans can increase species displacement rates by intentionally or unintentionally dispersing individuals or
propagules. For example, many economically important tree species may be deliberately moved on large scales as
part of climate adaptation strategiesin forestry in some regions (Lindner et al., 2010). Human activities can also
substantially reduce displacement rates. In particular, habitat 1oss and fragmentation typically reduces displacement
rates, sometimes substantially (Eycott et al., 2012; Hodgson et al., 2012; Meier et al., 2012; Schloss et al., 2012).
The degree to which habitat fragmentation slows displacement depends on many factors, including the spatial
pattern of the fragments and corridors, maximum dispersal distances, population dynamics and the suitability of
intervening modified habitats as stepping-stones (Pearson and Dawson, 2003). Species and habitat dependencies
may also speed or hinder species displacement. For example, host plants are projected to move much more slowly
than most herbivorous insects, substantially slowing displacement of the insects if they are unable to switch host
plants (Schweiger et al., 2012). Likewise, many habitats are structured by slow moving plants, so habitat shifts are
projected to lag behind climate change (Jones et al., 2012; Hickler et al., 2012) which will in turn mediate the
movements of habitat specialists.

There are significant uncertainties in climate velocities, measured estimates of dispersal and establishment rates, and
model formulations. Climate velocities are calculated using a variety of methods and spatial resolutions, making
direct comparisons difficult and leading to low confidence in estimates of climate velocitiesin Figure 4-5B (limited
evidence and medium agreement). The lowest estimates of global average climate velocity (Figure 4-5B, centre
axis), are about half the best estimate values we show on the climate velocity axes (Loarie et al., 2009), while the
highest estimates are about four times higher (Burrows et al., 2011), but high estimates may be artefacts of using
very large spatial resolutions (Dobrowski et al., 2013). In addition, the climate velocities used in Figure 4-5 are
based on temperature alone, and recent analyses indicate that including more climate factors increases climate
velocity (Feeley and Rehm, 2012; Dobrowski et al., 2013). Species displacement rates are calculated based on a
very wide range of methods including rates of displacement in the paleontological record, rates of current range
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shifts due to climate warming, models of dispersal and establishment, maximum observed dispersal distances and
genetic analyses (e.g., Kinlan and Gaines, 2003; Stevens et al., 2010b). There are often large differences in estimates
of dispersal rates across methods due to intrinsic uncertainties in the methods and differences in the mechanisms
included (Kinlan and Gaines, 2003; Stevens et al., 2010b). For example, estimates of tree displacement rates are
frequently based on models or observations that explicitly or implicitly include both dispersal of seeds and bictic
and abiotic factors controlling establishment of adult trees. Displacement rates of trees are often more strongly
limited by establishment than dispersal (Higgins et al., 2003; Meier et al., 2012). It is reasonabl e to expect that
limits on establishment could also be important for other species groups, but often only dispersal rates have been
calculated, leading to an overestimation of displacement rates. For trees there is medium confidence in projections of
their displacement rates due to the large number of studies of past, current and future displacement rates (robust
evidence and medium agreement). Less is known for other broad species groups such as mammals, so thereis only
low confidence in estimates of their displacement capacity. Estimates for other groups, such as freshwater molluscs
are based on very little data, so estimates of their dispersal capacity are poorly constrained.

Despite large uncertainties in displacement capacity and climate velocity, the rates of displacement required to track
the highest rates of climate change (RCP8.5) are so high that many species will be unable to do so (high confidence).
Moderate rates of projected climate change (RCP4.5 and RCP6.0) would allow more species to track climate, but
would still exceed the capacity of many species to track climate (medium confidence). The lowest rates of projected
climate change (RCP2.6) would allow most species to track climate towards the end of the century (high
confidence). This analysis highlights the importance of rates of climate change as an important component of
climate change impacts on species and ecosystems. For example, differences in the magnitude of climate change
between scenarios are small at mid-century (WGI Chapter 12), but the differencesin rates of climate change are
large. At mid-century, it is projected that species would need to move little at the lowest rates of climate change
(RCP 2.6), but will need to move approximately 70 km/decade in flat areas in order to track climate at the highest
rates of climate change (RCP 8.5).

Species that cannot move fast enough to keep pace with the rate of climate change will lose favourable climate space
and experience large range contractions (Warren et al., 2013), whereas displacement that keeps pace with climate
change greatly increases the fraction of speciesthat can maintain or increase their range size (Menéndez et al., 2008;
Pateman et al., 2012). Mountains provide an extremely important climate refuge for many species because the rate
of displacement required to track climateislow (Figure 4-5B, Colwell et al., 2008; Engler et al., 2011; Gottfried et
al., 2012; Pauli et al., 2012; but see Dullinger et al., 2012). However, species that already occur near mountai ntops
(or other boundaries) are among the most threatened by climate change because they cannot move upwards (Ponniah
and Hughes, 2004; Thuiller et al., 2005; Raxworthy et al., 2008; Engler et al., 2011; Sauer et al., 2011). The
consequences of losing favourable climate space are not yet well understood. The extent to which adaptive
responses might allow persistence in areas of unfavourable climates is discussed in Section 4.4.1.2. In the absence of
adaptation, losing favourable climate space is projected to lead to reduced fitness, declining abundance and local
extinction, with potentially large effects on biodiversity and ecosystem services (see evidence of early signs of this
for treesin Box 4-2).

[INSERT FIGURE 4-5 HERE

Figure 4-5: (A) Rates of climate change, (B) corresponding climate velocities and (C) rates of displacement of
several terrestrial and freshwater species groups in the absence of human intervention. Horizontal and vertical pink
bandsillustrate the interpretation of thisfigure. Climate velocities for a given range of rates of climate change are
determined by tracing a band from the range of ratesin panel A to the points of intersection with the three climate
velocity scalarsin panel B. Comparisons with species displacement rates are made by tracing vertical bands from
the points of intersection on the climate velocity scalars down to the species displacement rates in panel C. Species
groups with displacement rates below the band are projected to be unable to track climate in the absence of human
intervention. (A) Observed rates of climate change for global land areas are derived from CRUTEM4 climate data
reanalysis, all other rates are calculated based on the average of CMIP5 climate model ensembles for the historical
period (grey shading indicates model uncertainty) and for the future based on the four RCP emissions scenarios.
Data were smoothed using a 20-year sliding window, and rates are means of between 17 and 30 models using one
member per model. Global average temperatures at the end of the 21% century for the four RCP scenarios are from
WGI AR5 Chapter 12. (B) Estimates of climate velocity for temperature were synthesized from historical and
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projected future relationships between rates of temperature change and climate velocity (historical: Burrows et al.,
2011; Chen et al., 2011; Dobrowski et al., 2013; projected future: Loarie et al., 2009; Sandel et al., 2011; Feeley and
Rehm, 2012). The three scalars are climate vel ocities that are representative of mountainous areas (left), averaged
across global land areas (centre), and large flat regions (right). (C) Rates of displacement are given with an estimate
of the median (black bars) and range (boxes = ca. 95% of observations or models for herbaceous plants, trees and
plant-feeding insects or median + 1.5 inter-quartile range for mammals). Displacement rates for herbaceous plants
were derived from paleobotanical records, modern plant invasion rates and genetic analyses (Kinlan and Gaines,
2003). Displacement estimates for trees are based on reconstructed rates of tree migration during the Holocene
(Clark, 1998; Clark et al., 2003; Kinlan and Gaines, 2003; McLachlan et al., 2005; Nathan, 2006; Pearson, 2006)
and modelled tree dispersal and establishment in response to future climate change (Higgins et al., 2003; Iverson et
al., 2004; Epstein et al., 2007; Goetz et al., 2011; Nathan et al., 2011; Meier et al., 2012; Sato and Ise, 2012).
Displacement rates for mammals were based on modelled dispersal rates of awide range of mammal species (mean
of Schlosset al., 2012 for Western Hemisphere mammals and rates cal culated from global assessments of dispersal
distance by Santini et al., 2013 and generation length by Pacifici et al., 2013). Displacement rates for phytophagous
insects are based on observed dispersal distances and genetic analyses (Peterson and Denno, 1998; Kinlan and
Gaines, 2003; Schneider, 2003; Berg et al., 2010; Chen et al., 2011). The estimate of median displacement rate for
this group exceeds the highest rates on the axis. These displacement rates do not take into account limitations
imposed by host plants. Displacement estimates for freshwater molluscs correspond to the range of passive plus
active dispersal rates for upstream movement (Kappes and Haase, 2012).]

Observed changes in abundance and local extinctions - Observations of range shifts imply changes in abundance;
i.e., colonization at the “leading edge” and local extinction at the “trailing edge” of ranges. Evidence that the
attribution of these responses to recent changesin climate can be made with high confidence for several species
groups isreviewed here (Section 4.3.2.5), in AR4 and by Cahill et al. (2013). Changes in abundance, as measured
by changes in the population size of individual species or shiftsin community structure within existing range limits,
have also occurred in response to recent global warming (high confidence, Thaxter et al., 2010; Bertrand et al .,
2011; Naito and Cairns, 2011; Rubidge et al., 2011; Devictor et al., 2012; Tingley et al., 2012; Vadadi-Fulop et al.,
2012; Cahill et al., 2013; Ruiz-Labourdette et al., 2013). Confident attribution to recent global warming is hindered
by confounding factors such as disease, land use change and invasive species (Cahill et al., 2013). New tentative
conclusions since AR4 isthat climate related changes in abundance and local extinctions appear to be more strongly
related to species interactions than to physiological tolerance limits (low confidence, Cahill et al., 2013) and that
precipitation can be a stronger driver of abundance change than temperature in many cases (Tian et al., 2011,
Tingley et al., 2012). This gives weight to concerns that biological interactions, which are poorly known and
modelled, may play acritical role in mediating the impacts of future climate change on species abundance and local
extinctions (Dunn et al., 2009; Bellard et al., 2012; Hannah, 2012; Urban et al., 2012; VVadadi-Fulop et al., 2012).

A few examplesillustrate the types of change in abundance that are being observed and the challenges in attributing
these to recent global warming. Some of the clearest examples of climate-related changes in species populations
come from high latitude ecosystems where non-climate drivers are of lesser importance. For example, both satellite
data and alarge number of long-term observations indicate that shrub abundance is generally increasing over broad
areas of Arctic tundra, which is coherent with predicted shiftsin community structure due to warming (Epstein et
al., 2007; Goetz et al., 2011; Myers-Smith et al., 2011). In the Antarctic, two native vascular plants, Antarctic
pearlwort (Colobanthus quitensis) and Antarctic hair grass (Deschampsia antarctica) have become more prolific
over recent decades, perhaps because they benefit more from warming of soils than do mosses (Hill et al., 2011).
Penguin populations have declined in several areas of the Antarctic, including arecent local extinction of an
Emperor penguin (Aptenodytes forsteri) population that has been attributed to regional changesin climate (Trathan
et al., 2011). The attribution of these declines to changesin regional climate is well supported, but the link to global
warming is tenuous (Barbraud et al., 2011).

Mountains also provide good examples of changes in abundance that can be linked to climate because very strong
climate gradients are found there. AR4 highlighted these responses and the case for changes in abundance, in
particular plants, has become stronger since then. For example, Pauli et al. (2012) reported an increase in species
richness from plant communities of mountaintops in the European boreal and temperate zones due to increasing
temperatures and a decrease in species richness on the M editerranean mountain tops, probably due to a decreasein
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the water availability in Southern Europe. An increase in the population size of warm adapted species at high
atitudes al'so appears to be attributable to increasing temperatures (Gottfried et al., 2012). However, these
attributions are complicated by other anthropogenic influences such as changes in grazing pressure, atmospheric
nitrogen deposition, and forest management practices (Gottfried et al., 2012). Altitudinal gradientsin local and
global extinctions of amphibians also contributed to the attribution of these extinctions to recent global warming,
although this attribution remains controversial (see below).

Projected changes in abundance and local extinction - Ecological niche models do not predict population changes,
but the shiftsin suitable climates can be used to infer areas where species populations might decline or increase.
These models project that local extinction risk by the end of the 21% century due to climate change will vary widely,
ranging from almost no increase in local extinction risk within the current range for some species or species groups
to greatly increased risk of local extinctionsin more than 95% of the present-day range for others (Settele et al.,
2008; Bellard et al., 2012). Projected local colonization rates are equally variable. There has been progressin
coupling species distribution models and species abundance models for a wide range of organisms (Keith et al.,
2008; Midgley et al., 2010; Matthews et al., 2011; Schipperset al., 2011; Oliver et al., 2012a; Renwick et al., 2012).
These hybrid approaches predict extinction risk directly, rather than by inference from changes in climate suitability
(Fordham et al., 2012). The main conclusions from these studies are that changes in species abundance and local
extinction risk as aresult of climate change can range from highly positive to highly negative, and are determined by
a combination of factors, including its environmental niche, demographics and life history traits, aswell as
interactions among these factors (Aiello-Lammens et al., 2011; Clavero et al., 2011; Conlisk et al., 2012; Fordham
etal., 2012; Swab et al., 2012).

Changes in abundances will also be accompanied by changes in genetic diversity (see also Section 4.4.1.2). At the
intraspecific level, future climate change is projected to induce losses of genetic diversity when it resultsin range
contraction (Balint et al., 2011; Pauls et al., 2013). In addition, there is theoretical and observational evidence this
loss of genetic diversity will depend on rates of migration and range contraction (Arenas et al., 2012). In these cases,
reductions in genetic diversity may then decrease the ability of speciesto adapt to further climate change or other
global changes. Climate change may also compound losses of genetic diversity that are already occurring due other
global changes such as the introduction of alien species or habitat fragmentation (Winter et al., 2009; Section
4.2.4.6.).

Observed global extinctions - Global species extinctions, many of them caused by human activities, are now at rates
that approach or exceed the upper limits of observed natural rates of extinction in the fossil record (Barnosky et al.,
2011). However, across all taxa there is only low confidence that rates of species extinctions have increased over the
last several decades (Szabo et al., 2012 - birds; but see Kiesecker, 2011 - amphibians). Most extinctions over the last
several centuries have been attributed to habitat loss, overexploitation, pollution or invasive species, and these are
the most important current drivers of extinctions (Millennium Ecosystem Assessment, 2005b; Hofmann and
Todgham, 2010; Cahill et al., 2013). Of the more than 800 global extinctions documented by the IUCN, only 20
have been tenuously linked to recent climate change (Cahill et al., 2013; see also Hoffmann et al., 2011; Szabo et
al., 2012). Molluscs, especially freshwater molluscs, have by far the highest rate of documented extinctions of all
species groups (Barnosky et al., 2011). Mollusc extinctions are primarily attributed to invasive species, habitat
modification and pollution — changes in climate are rarely evoked as adriver (Lydeard et al., 2004; Regnier et al .,
2009; Chibaand Roy, 2011, but see afew cases in Kappes and Haase, 2012; Cahill et al., 2013). Freshwater fish
have the highest documented extinction rates of al vertebrates, and again very few have been attributed to changing
climate, even tenuously (Burkhead, 2012; Cahill et al., 2013). In contrast, changesin climate have been identified as
one of the key drivers of extinctions of amphibians (Pounds et al., 2006). There have been more than 160 probable
extinctions of amphibians documented over the last two decades, many of them in Central America (Pounds et al.,
2006; Kiesecker, 2011). The most notable cases have been the golden toad (Bufo periglenes) and Monteverde
harlequin frog (Atelopus varius) of Central America, which belong to a group of amphibians with high rates of
extinction previously ascribed to global warming with “very high confidence” (Pounds et al., 2006; Fischlin et al.,
2007). This case has raised a number of important issues about attribution since i) the proximate causes of extinction
of these and other Central American frogs appear to be an extremely virulent invasive fungal infection and land use
change, with regional changesin climate as a potential contributing factor, and ii) changesin regional climate may
have been related to natural climate fluctuations rather than anthropogenic climate change (Sodhi et al., 2008; Lips
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et al., 2008; Anchukaitis and Evans, 2010; Bustamante et al., 2010; Collins, 2010; Vredenburg et al., 2010;
Kiesecker, 2011; McKenzie and Peterson, 2012; McMenamin and Hannah, 2012). Due to low agreement among
studies there is only medium confidence in detection of extinctions and attribution of Central American amphibian
extinctions to climate change. While this case highlights difficulties in attribution of extinctions to recent global
warming, it also points to a growing consensus that it is the interaction of climate change with other global change
pressures that poses the greatest threat to species (Brook et al., 2008; Pereiraet al., 2010; Hof et al., 2011b).
Overall, thereis very low confidence that observed species extinctions can be attributed to recent climate warming,
due to the very low fraction of global extinctions that have been ascribed to climate change and tenuous nature of
most attributions.

Projected Future Species Extinctions - Projections of future extinctions due to climate change have received
considerable attention since AR4. AR4 stated with medium confidence “that approximately 20-30% of the plant and
animal species assessed to date are at increasing risk of extinction as global mean temperatures exceed awarming of
2-3°C above pre-industrial levels’ (Fischlin et al., 2007). All model-based analyses since AR4 broadly confirm this
concern, leading to high confidence that climate change will contribute to increased extinction risk for terrestrial and
freshwater species over the coming century (Pereiraet al., 2010; Sinervo et al., 2010; Pearson, 2011; Warren et al.,
2011; Bellard et al., 2012; Hannah, 2012; Ihlow et al., 2012; Sekercioglu et al., 2012; Wearn et al., 2012; Foden et
al., 2013; Warren et al., 2013). Most studies indicate that extinction risk rises rapidly with increasing levels of
climate change, but some do not (Pereiraet al., 2010). The limited number of studies that have directly compared
land use and climate change drivers have concluded that projected land use change will continue to be a more
important driver of extinction risk throughout the 21% century (Pereiraet al., 2010). There is, however, broad
agreement that land use, and habitat fragmentation in particular, will pose serious impediments to species adaptation
to climate change as it is projected to reduce the capacity of many species to track climate (see above). These
considerations lead to the assessment that future species extinctions are a high risk because the consequences of
climate change are potentially severe, widespread and irreversible since extinctions constitute the permanent loss of
unique life forms.

Thereis, however, low agreement concerning the overall fraction of species at risk, the taxa and places most at risk,
and the time scale for climate-change driven extinctions to occur. Part of this uncertainty arises from differencesin
extinction risks within and between modelling studies: this uncertainty has been evaluated in AR4 and subsequent
syntheses (Pereira et al., 2010; Warren et al., 2011; Bellard et al., 2012; Cameron, 2012). All studies project
increased extinction risk by the end of the 21% century due to climate change, but as indicated in AR4 the range of
estimates is large. Recent syntheses indicate that model-based estimates of the fraction of species at substantially
increased risk of extinction due to 21% century climate change range from below 1% to above 50% of speciesin the
groups that have been studied (Pereiraet al., 2010; Bellard et al., 2012; Cameron, 2012; Foden et al., 2013).
Differences in modelling methods, species groups, and climate scenarios between studies make comparisons
between estimates difficult (Pereiraet al., 2010; Warren et al., 2011; Cameron, 2012).

Many papers published since AR4 argue that the uncertainty may be even higher than indicated in syntheses of
model projections, due to limitations in the ability of current models to evaluate extinction risk (e.g., Kuussaari et
al., 2009; Pereira et al., 2010; Dawson et al., 2011; McMahon et al., 2011; Pearson, 2011; Araujo and Peterson,
2012; Bellard et al., 2012; Fordham et al., 2012; Hannah, 2012; Kramer et al., 2012; Zurell et al., 2012; Halley et
al., 2013; Moritz and Agudo, 2013). Models frequently do not account for genetic and phenotypic adaptive capacity,
dispersal capacity, population dynamics, the effects of habitat fragmentation and loss, community interactions,
micro-refugia and the effects of rising CO, concentrations, all of which could play amajor role in determining
species vulnerability to climate change, causing models to either over- or under-estimate risk. In addition,
difficultiesin model validation, large variation in the climate sensitivity of species groups and uncertainties about
timescales linking extinction risks to range reductions also lead to large uncertainty in model-based estimates of
extinction risk.

A variety of studies since AR4 illustrate how accounting for these factors alters estimates of extinction risk.
Accounting for biotic interactions such as pollination or predator-prey networks can increase modelled extinction
risks, at least for certain areas and species groups (Schweiger et al., 2008; Urban et al., 2008; Hannah, 2012;
Nakazawa and Doi, 2012), or can decrease extinction risk (Menéndez et al., 2008; Pateman et al., 2012).
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Accounting for climatic variation at fine spatial scales may increase (Randin et al., 2009; Gillingham et al., 2012;
Suggitt et al., 2012; Dobrowski et al., 2013; Franklin et al., 2013) or decrease (Trivedi et al., 2008; Engler et al.,
2011; Shimazaki et al., 2012) the persistence of small populations under future climate change. Several recent
studies indicate that correlative species distribution models (the type of model most frequently used for evaluating
species extinction risk) tend to be much more pessimistic concerning plant species range contractions and the
inferred extinction risks due to climate change when compared to mechanistic models that explicitly account for the
interactions between climate change and protective effects of rising CO, concentrations on plants (Morin and
Thuiller, 2009; Kearney et al., 2010; Cheaib et al., 2012). Models that account for population dynamics indicate that
some species populations, like those of polar bears (Hunter et al., 2010), will decline precipitously over the course
of the next century due to climate change, greatly increasing extinction risk, while others may not (Keith et al.,
2008). Phenotypic plasticity in one very well-studied temperate bird population has been estimated to be sufficient
to keep extinction risk low even with projected warming exceeding 2-3°C (Vedder et al., 2013), but this and other
studies suggest that capacity for adaptation is often substantially lower in species with long generation times (see
Section 4.4.1.2). Thereis evidence that interactions between physiological tolerances and regional climate change
will lead to large taxonomic and spatial variation in extinction risk (Deutsch et al., 2008; Sinervo et al., 2010). Even
species whose populations are not projected to decline rapidly over the next century can face a substantial
“extinction debt”; i.e., will be in unfavourable climates that over a period of many decades to many centuries,
leading to large projected reductions in population size (Dullinger et al., 2012). Finally, evidence from the

paleontol ogical record indicating very low extinction rates over the last several hundred thousand years of
substantial natural fluctuationsin climate — with afew notable exceptions such as large land animal extinctions
during the Holocene — has led to concern that forecasts of very high extinction rates due entirely to climate change
may be overestimated (Botkin et al., 2007; Dawson et al., 2011; Hof et al., 2011a; Willisand MacDonald, 2011;
Moritz and Agudo, 2013). However, asindicated in Section 4.2.3, no past climate changes are precise anal ogues of
future climate change in terms of speed, magnitude and spatial scale; nor did they occur alongside the habitat
modification, over-exploitation, pollution, and invasive species that are characteristic of the twenty-first century.
Therefore the paleontological record cannot easily be used to assess future extinction risk due to climate change.

4.3.3. Impactson and Risks for Major Systems

This section covers impacts of climate change on broad categories of terrestrial and freshwater ecosystems of the
world. We have placed a particular emphasis on those ecosystems that have high exposure to climate change or that
may be pushed past thresholds or “tipping points’ by climate change.

Two geographical regions of particularly high risk have been identified in recent studies: i) tropics, due to the
limited capacity of speciesto adapt to moderate global warming and ii) high northern latitude systems, because
temperature increases are projected to be large. There has been a tendency to oppose these two points of view, but
thereisahigh risk in both types of systems, albeit for different reasons (Corlett, 2011). Tropical species, which
experienced low inter and intra-annual climate variability, have evolved within narrow thermal limits, and are
aready near their upper thermal limits (ectotherms: Deutsch et al., 2008; Huey et al., 2012; birds: Sekercioglu et al .,
2012; trees: Corlett, 2011). On this basis, tropical species and ecosystems are predicted to be more sensitive to
climate change than species and ecosystems that have evolutionary histories of climatic variability (e.g., Arctic and
boreal ecosystems; Beaumont et al., 2011). However, there are physiological, evolutionary and ecol ogical

arguments that tropical species and ecosystem sensitivities to climate change are complex and may not be
particularly high compared to other systems (Gonzalez et al., 2010; Corlett, 2011; Laurance et al., 2011; Gunderson
and Leal, 2012; Walters et al., 2012). High latitude systems have the greatest projected exposure to rising
temperatures (WGI AR5 Chapter 12; Diffenbaugh and Giorgi, 2012), which all else being equal would put them at
higher risk. The greatest degree of recent climate warming has occurred at high northern latitudes (Burrows et al .,
2011) and the strongest and clearest signals of recent climate warming impacts on ecosystems come from these
regions. A comparison of modelled biome level vulnerability indicated that temperate and high northern latitude
systems are also the most vulnerable in the future (Gonzalez et al., 2010).

Several potentia tipping points (see Section 4.2.1) with regional and global consequences have been identified
(Scheffer, 2009); two are elaborated in Boxes 4-3 (Amazon die-back) and 4-4 (Tundra-boreal regime shift).
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An assessment by the authors of this chapter of the top risksin relation to climate change and terrestrial and
freshwater ecosystems, is presented in Table 4-3.

[INSERT TABLE 4-3 HERE

Table 4-3: Key risksfor terrestrial and freshwater ecosystems from climate change and the potential for reducing
risk through mitigation and adaptation. Key risks are identified based on assessment of the literature and expert
judgments by chapter authors, with evaluation of evidence and agreement in supporting chapter sections. Each key
risk is characterized as very low to very high. Risk levels are presented in three timeframes: the present, near-term
(here, assessed over 2030-2040), and longer-term (here, assessed over 2080-2100). For the near-term era of
committed climate change, projected levels of global mean temperature increase do not diverge substantially across
emission scenarios. For the longer-term era of climate options, risk levels are presented for global mean temperature
increase of 2°C and 4°C above preindustrial levels. For each timeframe, risk levels are estimated for a continuation
of current adaptation and for a hypothetical highly adapted state. Relevant climate variables are indicated by icons.
For agiven key risk, change in risk level through time and across magnitudes of climate change is illustrated, but
because the assessment considers potential impacts on different physical, biological, and human systems, risk levels
should not necessarily be used to evaluate relative risk across key risks, sectors, or regions.]

4.3.3.1. Forests and Woodlands

Forests and woodlands are principal providers of timber, pulp, bioenergy, water, food, medicines and recreation
opportunities and can play prominent rolesin cultural traditions. Forests are the habitat of alarge fraction of the
earth's terrestrial plant and animal species, with the highest concentrations and levels of endemism found in tropical
regions (Gibson et al., 2011). Climate change and forests interact strongly; air temperature, solar radiation, rainfall
and atmospheric CO, concentrations are major drivers of forest productivity and forest dynamics, and forests help
control climate through the large amounts of carbon they can remove from the atmosphere or release, through
absorption or reflection of solar radiation (albedo), cooling through evapotranspiration and the production of cloud-
forming aerosols (Arneth et al., 2010; Pan et al., 2011; Pielke et al., 2011).

Combinations of ground based observations, atmospheric carbon budgets and satellite measurements indicate with
high confidence that forests are currently anet sink for carbon at the global scale. It is estimated that intact and
regrowing forests currently contain 860+70 PgC and sequestered 4.0 + 0.7 Pg C year globally between 2000 and
2007 (WGI AR5 Chapter 6; Canadell et al., 2007; Pan et al., 2011; Le Quéré et al., 2012). The carbon taken up by
intact and regrowing forests was counterbalanced by a release due to land-use change of 2.8+0.4 Pg C year™ over
this same period due mostly to tropical deforestation and forest degradation associated with logging and fire,
resulting in a net C balance for global forests of 1.1+0.8 Pg C year ™.

The future of the interaction between climate and forestsis unclear. The carbon taken up by intact and regrowing
forests appears to have stabilized compared to the 1990s, after having increased in the 1970s and 1980s (Canadell et
al., 2007; Pan et al., 2011). There is medium confidence that the terrestrial carbon sink is weakening. The drivers
behind the forest carbon sink vary greatly across regions. They include forest regrowth and stimulation of C
sequestration by climate change, rising atmospheric CO, concentrations and N deposition (Pan et al., 2011; Sections
4.2.4.1; 4.2.4.2; 4.2.4.4). Most models suggest that rising temperatures, drought and fires will lead to forests
becoming aweaker sink or a net carbon source before the end of the century (Sitch et al., 2008; Bowman et al.,
2009). Fires play adominant role in driving forest dynamics in many parts of the world; forest susceptibility to fire
is projected to change little for the lowest emissions scenario (RCP 2.6), but substantially for the high emissions
scenario (RCP 8.5, Figure 4-6). There is low agreement on whether climate change will cause fires to become more
or less frequent in individual locations (Figure 4-6). Climate change-mediated disease and insect outbreaks could
exacerbate climate-driven increases in fire susceptibility (Kurz et al., 2008). The greatest risks for large positive
feedbacks from forests to climate through changes in disturbance regimes arise from widespread tree mortality and
firein tropical forests and low latitude areas of boreal forests, as well as northward expansion of boreal forests into
arctic tundra (Lenton et al., 2008; Kriegler et al., 2009; Good et al., 2011b).
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[INSERT FIGURE 4-6 HERE

Figure 4-6: Projected changes in meteorological fire danger, fire probability and fire frequency with different
methods and climate models. (a)-(e) 30-year annual mean MacArthur Forest Fire Danger Index (FFDI) and change
simulated with the HadGEM 2-ES Earth System Model, with areas of no vegetation excluded (Betts et al., 2013; (a)
FFDI 1970-2000; (b) FFDI 2070-2100, RCP2.6; (c) changein FFDI by 2070-2100 relative to 1970-2000,
RCP2.6;(d) FFDI 2070-2100; RCP8.5 () change in FFDI by 2070-2100 relative to 1970-2000, RCP8.5. (f) Change
in fire frequency by 2100 relative to 2004, SRES B1, simulated using climate and land cover projections from the
GISS GCM and IMAGE IAM (Pechony and Shindell, 2010). (g) Changein fire frequency by 2051-2100 relative to
1951-2000, SRES A 1B, simulated with the MC1 vegetation model driven by 3 GCMs (CSIRO-Mk3.0, HadCM 3,
MIROC 3.2medres; mean over 3 simulations; Gonzalez et al., 2010). (h) Agreement on changesin fire probability
simulated with a statistical model using climate projections from 16 CMIP3 GCMs, SRES A2 (i) Changein fire
frequency by 2100 relative to 2004, SRES A2, simulated using climate and land cover projections from the GISS
GCM (AR4 version) and IMAGE IAM (Pechony and Shindell, 2010). Changes in FFDI (a)-(e) and fire probability
(h) arise entirely from changes in meteorological quantities, whereas changesin fire frequency (f) (g) (i) depend on
both meteorological quantities and vegetation.]

Recent evidence suggests (low confidence) that the stimulatory effects of global warming and rising CO,
concentrations on tree growth may have already peaked in many regions (Charru et al., 2010; Silvaet al., 2010;
Silvaand Anand, 2013) and that warming and changes in precipitation are increasing tree mortality in awide range
of forest systems, acting via heat stress, drought stress, pest outbreaks and awide range of other indirect impact
mechanisms (Allen et al., 2010a; Box 4-2). Detection of a coherent global signal is hindered by the lack of long-
term observations in many regions, and attribution to climate change is difficult due to the multiplicity of
mechanisms mediating mortality (Allen et al., 2010a).

Deforestation has slowed over the last decade (Meyfroidt and Lambin, 2011). This includes substantial reductionsin
tropical deforestation in some regions, such as the Brazilian Amazon, where deforestation rates declined rapidly
after peaking in 2005 (Nepstad et al., 2009; INPE, 2013). Growing pressure for new crop (Section 4.4.4) and
grazing land will continue to drive tropical deforestation (medium confidence) although recent policy experiments
and market-based interventions in land use demonstrate the potential to reduce deforestation (Meyfroidt and
Lambin, 2011; Westley et al., 2011; Nepstad et al., 2013).

START BOX 4-2 HERE
Box 4-2. Tree Mortality and Climate Change

Extensive tree mortality and widespread forest dieback (high mortality rates at aregional scale) linked to drought
and temperature stress have been documented recently on all vegetated continents (Allen et al., 2010a; Figure 4-7).
However, appropriate field data sets are currently lacking for many regions (Anderegg et al., 2013a), leading to low
confidence in our ability to detect aglobal trend. Nevertheless, long-term increasing tree mortality rates associated
with temperature increases and drought have been documented in boreal and temperate forests in western North
America (van Mantgem et al., 2009; Peng et al., 2011). Increased levels of tree mortality following drought episodes
have also been detected in multiple tropical forests (Kraft et al., 2010; Phillips et al., 2010) and Europe (Carnicer et
al., 2011). Episodes of widespread die-back (high mortality rates at aregional scale) have been observed in multiple
vegetation types, particularly in western North America, Australia, and southern Europe (Raffa et al., 2008; Carnicer
et al., 2011; Anderegg et al., 2013a). Some widespread die-back events have occurred concomitant with infestation
outbreaks (Hogg et al., 2008; Michaelian et al., 2011; Raffaet al., 2008), where insect populations are also directly
influenced by climate, such as population release by warmer winter temperatures (Bentz et al., 2010). While strong
attribution of extensive tree mortality to recent warming has been made in afew studies, the paucity of long-term
studies of the mechanisms driving mortality means that there islow confidence that this attribution can be made at
the global scale.

Forest dieback has influenced the species composition, structure and age demographics, and successional trajectories
in affected forests, and in some cases led to decreased plant species diversity and increased risk of invasion (Kane et
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al., 2011; Anderegg et al., 2012). Widespread tree mortality also has multiple effects on biosphere-atmosphere
interactions and could play an important role in future carbon-cycle feedbacks through complex effects on forest
biophysical properties and biogeochemical cycles (Breshears et al., 2005; Kurz et al., 2008; Anderson et al., 2011).

Projections of tree mortality due to climate stress and potential thresholds of widespread forest loss are currently
highly uncertain (McDowell et al., 2011). Most current vegetation models have little-to-no mechanistic
representation of tree mortality (Fisher et al., 2010; McDowell et al., 2011). Nonetheless, a global analysis of tree
hydraulic safety margins found that 70% of surveyed tree species operate close to their limits of water stress
tolerance (Choat et al., 2012), indicating that vulnerability to drought and temperature stress will not be limited to
arid and semi-arid forests. Furthermore, timescales of tree and plant community recovery following drought are
largely unknown, but preliminary evidence from several forests indicates that full recovery times may be longer than
drought return intervals, leading to “compounding” effects of multiple droughts (Mueller et al., 2005; Anderegg et
al., 2013b; Saatchi et al., 2013). Projected increases in temperature are also expected to facilitate expansion of insect
pest outbreaks poleward and in altitude which may also cause or contribute to tree mortality (Bentz et al., 2010).

[INSERT FIGURE 4-7 HERE

Figure 4-7: Locations of substantial drought- and heat-induced tree mortality around the globe since 1970 (global
forest cover and other wooded regions based on FAO, 2005). Studies compiled through 2009 (red dots) are
summarized and listed in Allen et al. (2010a). L ocalities and measurement networks not included in Allen et al.
(2010a), which are largely from post-2009 publications, have been added to this map (white dots and shapes). New
locality references by region: Africa— Mehl et al., 2010, van der Linde et al., 2011; Fauset et al., 2012; Gonzalez et
al., 2012; Kherchouche et al., 2012; Asia— Dulamsuren et al., 2009; Kharuk et al., 2013; Liu et al., 2013; Zhou et
al., 2013; Australasia— Brouwers et al., 2012; Fensham et al., 2012; Keith et al., 2012; Matusick et al., 2012;
Brouwers et al., 2013; Matusick et al., 2013; Europe — Innes, 1992; Peterken and Mountford, 1996; Linares et al.,
2009; Galiano et al., 2010; Vennetier and Ripert, 2010; Aakalaet al., 2011; Carnicer et al., 2011; Linares et al.,
2011; Sarriset al., 2011; Marini et al., 2012; Cailleret et al., 2013; Vila-Cabreraet al., 2013; North America—
Fahey, 1998; Minnich, 2007; Klos et al., 2009; Ganey and Vojta, 2011; Michaelian et al., 2011; Peng et al., 2011;
DeRose and Long, 2012; Fellows and Goulden, 2012; Kaiser et al., 2012; Millar et al., 2012; Garrity et al., 2013;
Kukowski et al., 2013; Williams et al., 2013; Worrall et al., 2013; South America— Enquist and Enquist, 2011;
Lewiset al., 2011; Saatchi et al., 2013.]

END BOX 4-2 HERE

433.1.1. Boreal forests

Most projections suggest a poleward expansion of forests into tundra regions, accompanied by a general shift in
composition towards more temperate plant functional types (e.g., evergreen needleleaf being replaced by deciduous
broadleaf; or in colder regions, deciduous needleleaf replaced by evergreen needleleaf (Lloyd et al., 2011; Pearson
et al., 2013). Projections of climate-driven changesin boreal forests over the next few centuries remain uncertain on
some issues, partly as aresult of different processes of change being considered in different models. In particular,
the inclusion or exclusion of fire and insects makes a big difference, possibly making the boreal forest more
susceptible to arapid, non-linear or abrupt decline in some regions (Bernhardt et al., 2011; Mann et al., 2012;
Scheffer et al., 2012; see WGI AR5 Chapter 12). Recent observed change (Box 4-2) and dynamic vegetation
modelling (e.g., Sitch et al., 2008) suggest that regions of the boreal forest could experience widespread forest
dieback, although thereis low confidence due to conflicting results (Sitch et al., 2008; Gonzalez et al, 2010) and
poor understanding of relevant mechanisms (WG1 AR5 Section 12.5.5.6.2). If such shifts were to occur, they would
put the boreal carbon sink at risk (Pan et al., 2011; Mann et al., 2012).

Whereas boreal forest productivity has been expected to increase as aresult of warming (Hari and Kulmata, 2008;
Bronson et al., 2009; Zhao and Running, 2010; Van Herk et al., 2011), and early analyses of satellite observations
confirmed this trend in the 1980s (medium confidence), more recent and longer-term assessments indicate with high
confidence that many areas of boreal forest have instead experienced productivity declines (high confidence, Goetz
et al., 2007; Parent and Verbyla, 2010; Beck et al., 2011b; de Jong et al., 2011). The best evidence to date indicates
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that these “browning trends’ are due to warming-induced drought, specifically the greater drying power of air
(vapour pressure deficit, Williams et al., 2013), inducing photosynthetic down-regulation of boreal tree species,
particularly conifer species, most of which are not adapted to the warmer conditions (Welp et al., 2007; Bonan,
2008; Van Herk et al., 2011). Satellite evidence for warming-induced productivity declines has been corroborated
by tree ring studies (Barber et al., 2000; Hogg et al., 2008; Beck et al., 2011b; Porter and Pisaric, 2011; Griesbauer
and Green, 2012) and long-term tree demography plotsin more continental and densely forested areas (Peng et al.,
2011; Maet al., 2012). Conversely, productivity has increased at the boreal-tundra ecotone where more mesic
(moist) conditions may be generating the expected warming-induced positive growth response (Rupp et al., 2001,
McGuire et al., 2007; Goldblum and Rigg, 2010; Beck et al., 2011b). The complexity of boreal forest response also
involves tree age and size, with younger trees and stands perhaps being more able to benefit from warming where
other factors are not limiting (Girardin et al., 2011; Girardin et al., 2012).

Where they occur, warming and drying, coupled with productivity declines, insect disturbance and associated tree
mortality, also favour greater fire disturbance (high confidence). The boreal biome fire regime has intensified
regionally in recent decades, exemplified by increases in the extent of area burned but also alonger fire season and
more episodic fires that burn with greater energy output or intensity (Girardin and Mudelsee, 2008; Macias Fauria
and Johnson, 2008; Kasischke et al., 2010; Turetsky et al., 2011; Mann et al., 2012; Girardin et al., 2013a). The
latter is particularly important because more severe burning consumes soil organic matter to greater depth, often to
mineral soil, providing conditions that favour recruitment of deciduous species that in some regions of the North
American boreal forest replace what was previously evergreen conifer forest (Johnstone et al., 2010; Bernhardt et
al., 2011). Fire-mediated composition changes in post-fire succession influence a host of ecosystem feedbacks to
climate, including changesin net ecosystem carbon balance (Bond-Lamberty et al., 2007; Goetz et al., 2007; Welp
et al., 2007; Euskirchen et al., 2009) as well as albedo and energy balance (Randerson et al., 2006; Jin et al., 2012;
O'Halloran et al., 2012). The extent to which the net effect of these feedbacks will exacerbate or mitigate additional
warming is not well known over the larger geographic domain of the boreal biome, except via modelling studies that
arerelatively poorly constrained due to sparse in situ observations.

The vulnerability of the boreal biome to this cascading series of interacting processes (Wolken et al., 2011), and
their ultimate influence on climate feedbacks, differs between North America and northern Eurasia (high
confidence). The latter is dominated by deciduous conifer (larch) forest, extending from western Russia across
central to eastern Siberia— aregion more than twice the size of the North American boreal biome, most of it
underlain by permafrost. In terms of post-fire succession analogous to the North American boreal biome, larch
function more like deciduous species than evergreen conifers, with greater density and biomass gain in more
severely burned areas, given adequate seed survival through fire events or post-fire seed dispersal (Zyryanova, 2007;
Osawaet al., 2010; Alexander et al., 2012). Although the fire regime has intensified in the last 100 yearsin Siberia,
aswell asin parts of North America (Sojaet al., 2007; Ali et al., 2012; Mann et al., 2012; Marlon et al., 2013), the
likelihood of regime shiftsin larch forestsis currently unknown, partly because larch are self-replacing (albeit at
different densities) and partly because it islargely dependent on the fate of permafrost across the region. In
summary, an increase in tree mortality is observed in many boreal forests, with the clearest indicators of thisin
North America. However, tree health in boreal forests varies greatly among regions, which coupled with insufficient
tempora coverage means that there is low confidence in the detection and attribution of a clear temporal trend in tree
morality at the global scale (Figure 4-4).

The vulnerability of permafrost to thawing and degradation with climate warming is critical not only for determining
the rate of a boreal-tundra biome shift and its associated net feedback to climate, but also for predicting the degree to
which the mobilization of very large carbon stores frozen for centuries could provide additional warming (high
confidence; Schuur et al., 2008; 2009; Tarnocai et al., 2009; Romanovsky et al., 2010; Schaefer et al., 2011; see
WGI AR5 Chapters 6 and 12; see also Section 4.3.3.4). The extent and rate of permafrost degradation varies with
temperature gradients from warmer discontinuous permafrost areas to colder, more continuous areas; but also with
the properties of the soil composition and biology (e.g., Mackelprang et al., 2011). The degree of thermokarsting
(melting of ice-rich soil) associated with different substrates and associated topographic relief is variable because
boreal vegetation in latter successional stages (evergreen conifersin North America) insulate permafrost from air
temperature increases; soils with differing silt and gravel content tend to have different ice content that, when
melted, produces different degradation and deformation rates; and other factors such as the reduction of insulation
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provided by vegetation cover and soil organic layers due to increased fire (Jorgenson et al., 2010; Grosse et al.,
2011). Thisvariability and vulnerahility is poorly represented in earth system models (McGuire et al., 2012) and is
thus the emphasis of research initiatives currently underway. Carbon management strategies to keep permafrost
intact, for example by removing forest cover to expose the land surface to winter temperatures (Zimov et al., 2009),
are impractical, not only because of the vast spatial domain underlain by permafrost, but also because of the broad
societal and ecological impacts that would resullt.

433.1.2. Temperateforests

The largest areas of temperate forest are found in eastern North America, Europe and eastern Asia. The overall trend
for forestsin these regions has until recently been an increase in growth rates of trees and in total carbon stocks.
This has been attributed to a combination of increasing growing season length, rising atmospheric CO,
concentrations, nitrogen deposition and forest management — specifically regrowth following formerly more
intensive harvesting regimes (Ciais et al., 2008). The relative contribution of these factors has been the subject of
substantial and unresolved debate (Boisvenue and Running, 2006). M ost temperate forests are managed such that
any changeis and will be to a large extent anthropogenic.

The world’ s temperate forests act as an important carbon sink (high confidence due to robust evidence and high
agreement), absorbing 0.7+0.08 Pg C year™ from 1990 to 1999 and 0.8+0.09 from 2000 to 2007 (Pan et al.,
2011).This represents 34% of global carbon accumulation in intact forests and 65% of the global net forest carbon
sink (total sink minus total emissions from land use).

Recent indications are that temperate forests and trees are beginning to show signs of climate stress, including a
reversal of tree growth enhancement in some regions (North America: Silvaet al., 2010; Silvaand Anand, 2013;
Europe: Charru et al., 2010; Bontemps et al., 2011; Kint et al., 2012), increasing tree mortality (Allen et al., 2010z;
Box 4-2), and changes in fire regimes, insect outbreaks and pathogen attacks (Adams et al., 2012; Edburg et al .,
2012). In north-eastern France, widespread recent declines in growth rates of European beech (Fagus sylvatica L.)
have been attributed to decreasing water availability (Charru et al., 2010). These trends threaten the substantial role
of temperate forests as net carbon sinks, but it is still unclear to what extent the observations are representative for
temperate forests as awhole. Several studiesfind that tree growth rates in temperate forests passed their peak in the
late 20™ century and that the decline in tree growth rates can be attributed to climatic factors, especially drought or
heatwaves (Charru et al., 2010; Silvaet al., 2010). Extreme climate events have had a major impact on temperate
forests over the last decade (Ciais et al., 2005; Witte et al., 2011; Kasson and Livingston, 2012). Extensive forest
fires occurred in Russia during the exceptionally hot and dry summer of 2010 (Witte et al., 2011). The complex
interactions between climate and forest management in determining susceptibility to extreme events make it difficult
to unequivocally attribute these events to recent climate warming (Allen et al., 2010a). There islow confidence
(limited evidence; medium agreement) that climate change is threatening the temperate forest carbon sink directly or
indirectly.

At the biome level, there remains considerabl e uncertainty in the sign and the magnitude of the carbon cycle
response of temperate forests to climate change. A comparison of DGVM models showed that for identical end of
21% century climate projections, temperate forests are variously projected to substantially increase in total (biomass
plus soil) carbon storage, especially through gains in forest cover; or decrease due to reductionsin total carbon
storage per hectare and loss of tree cover (Sitch et al., 2008). Projections for eastern Asia are less variable:
temperate forests remain carbon sinks over the coming century, with carbon storage generally peaking by mid-
century and then declining (He et al., 2007; Sitch et al., 2008; Peng et al., 2009; Ni, 2011). However, regional
vegetation models for China predict a substantial northward shift of temperate forest (Weng and Zhou, 2006; Ni,
2011). Thereislittle indication from either models or observations that the responses of temperate forests to climate
change are characterized by tipping points (Bonan, 2008). There is low confidence (medium evidence, low
agreement) on long-term, climate-driven changes in temperate forest biomass and geographical range shifts.

At the species level, models predict that the potential climatic space for most tree species will shift poleward and to
higher altitude in response to climate change (Dale et al., 2010; Ogawa-Onishi et al., 2010; Hickler et al., 2012).
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Associated long-term projected range shifts generally vary from several km to several tens of km per decade, most
probably faster than natural migration (e.g., Chmuraet al., 2011; see also Section 4.3.2.5). Therefore, assisted
migration has been suggested as an adaptation measure (see Section 4.4.2.4). Such shifts would alter biodiversity
and ecosystem services from temperate forests (e.g., Dale et al., 2010). Multi-model comparisons for temperate
forests, however, illustrate that there are differences in species response and that models differ greatly in the severity
of projected climate change impacts on species ranges (Morin and Thuiller, 2009; Kearney et al., 2010; Kramer et
al., 2010; Cheaib et al., 2012). Tree growth models project increased tree growth at the poleward and high
altitudinal range limits over most of the 21% century in China (Ni, 2011). New approaches to modelling tree
responses, based on the sensitivity of key life-history stages, suggest that climate change impacts on reproduction
could be amajor limitation on temperate tree distributions (Morin et al., 2007). Comparisons with paleoecological
data have helped improve confidence in the ability of models to project future changes in species ranges (Pearman et
al., 2008; Allen et al., 2010b; Garreta et al., 2010). Model projections are qualitatively coherent with observations
that temperate forest species are moving up in atitude, probably due to climate warming at the end of the 20"
century (Lenoir et al., 2008). There is medium confidence (medium evidence, medium agreement) that temperate tree
species are migrating poleward and to higher altitudes.

43.3.1.3. Tropical forests

Climate change effects on tropical forestsinteract with the direct influences of humans and are understood largely
through field studies of the responses of forests to extreme weather events and through models that are able to
simulate a growing number of ecological and atmospheric processes (Malhi et al., 2008; Davidson et al., 2012).

A key uncertainty in our understanding of future impacts of climate change on tropical forests is the strength of
direct CO, effects on photosynthesis and transpiration (see Section 4.3.2.4). These responses will play an important
rolein determining tropical forest trends as temperatures and atmospheric CO, concentrationsrise. Thereisa
physiological basis for arguing that photosynthesis will increase sufficiently to offset the inhibitory effects of higher
temperatures on forest productivity (Lloyd and Farquhar, 2008) although heightened photosynthesis does not
necessarily translate into an increase in overall forest biomass (Korner and Basler, 2010). DGV Ms and the current
generation of Earth System Models, including those used within CMIP5 (e.g., Jones et al., 2011; Powell et al., 2013)
generally use formulations for CO, effects on photosynthesis and transpiration based on |aboratory-scale work
(Jarvis, 1976; Farquhar et al., 1980; Ball et al., 1987; Stewart, 1988; Collatz et al., 1992; Leuning, 1995; Haxeltine
and Prentice, 1996; Cox et al., 1998) that pre-dates larger ecosystem-scale studies, although some models have been
calibrated on the basis of more recent data (Jones et al., 2011).

A second important source of uncertainty is the rate of future CO, rise and climate change (Betts et al., 2012).
Modelled simulations of future climate in tropical forest regions indicate with high confidence (robust evidence,
high agreement) that temperature will increase. Future precipitation change, in contrast, is highly uncertain and
varies considerably between climate models (WGI AR5 Annex 1: Atlas of Global and Regional Climate
Projections), although there is medium confidence (medium evidence, medium agreement) that some tropical

regions, such as the eastern Amazon Basin, will experience lower precipitation and more severe drought (Malhi et
al., 2009a; Shiogamaet al. 2011). The range of possible shiftsin the moist tropical forest envelopeislarge, sensitive
to the responsiveness of water use efficiency (WUE) to rising concentrations of atmospheric CO,, and varies
depending on the climate and vegetation model that is used (Scholze et al., 2006; Zelazowski et al., 2011) (Sitch et
al., 2008). Recent model studies (Malhi et al., 2009a; Cox et al., 2013; Huntingford et al., 2013) indicate that the
future geographical range of moist tropical forests as determined by its shifting climatological envelopeisless likely
to undergo major retractions or expansions by 2100 than was suggested in AR4. Since AR4, there is new evidence
of more frequent severe drought episodes in the Amazon region that are associated with sea surface temperature
increases in the tropical North Atlantic (medium confidence, Marengo et al. 2010). There is low confidence,
however, that these droughts or the observed sea surface temperatures can be attributed to climate change.

Networks of long-term forest plots reveal that lianas and fast-growing tree species are increasing, asis forest
biomass (Phillips et al., 2002; Phillips et al., 2005; Lewis et al., 2009a; Lewis et al., 2009b; Lewis et al., 2011).
Faster tree growth is consistent with increasing WUE associated with the rising concentration of CO,, but also with
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changesin solar radiation and the ratio of diffuseto direct radiation (Lewis et al., 2009a; Mercado et al., 2009;
Brando et al., 2010; Section 4.2.4.5). Thereislow confidence (limited evidence, medium agreement) that the
composition and biomass of Amazon and African forests are changing through the rise in atmospheric CO,. The
potential suppression of photosynthesis and tree growth in tropical forests through rising air temperaturesis
supported by physiological and eddy covariance studies (Doughty and Goulden, 2008; Lloyd and Farquhar, 2008;
Wood et al., 2012), but is not yet observed as changes in forest biomass (except Clark et al., 2003).

Since AR4, there is new experimental and observational evidence of ecological thresholds of drought and firein
moist tropical forests that pointsto an important indirect role of climate change in driving large-scale changesin
these ecosystems, and to the importance of extreme drought events (see Box 4-3). Forest tree mortality increased
abruptly above acritical level of soil moisture depletion in two rainfall exclusion experiments (Nepstad et al., 2007;
Fisher et al., 2008) and above a critical level of weather-related fire intensity in a prescribed burn experiment
(Brando et al., 2012). These experimental results were corroborated by observations of increased tree mortality
during the severe 2005 drought in the Amazon (Phillips et al., 2009) and extensive forest fire (Alencar et al., 2006;
Aragdo et al., 2008; Alencar et al., 2011; Box 4-3). There is high confidence (medium evidence, high agreement)
that moist tropical forests have many tree species that are vulnerable to drought- and fire-induced mortality during
extreme dry periods.

Thereis also agrowing body of evidence that severe weather eventsinteract with land use to influence moist
tropical forest fire regimes. Many moist tropical forests are not susceptible to fire during typical rainfall years
because of high moisture content of fine fuels (Cochrane, 2003). Selective logging, drought, and fire itself, can
reduce this fire resistance by killing trees, thinning the canopy and allowing greater heating of the forest interior
(Uhl and Kauffman, 1990; Curran et al., 2004; Ray et al., 2005; Box 4-3). Land use also often increases the ignition
sourcesin tropical landscapes (Silvestrini et al., 2011). These relationships are not yet represented fully in coupled
climate-vegetation models. Thereis high confidence (robust evidence, high agreement) that forest fire frequency and
severity isincreasing through the interaction between severe droughts and land use. There is medium confidence
(medium evidence, high agreement) that tree mortality in the Amazon region isincreasing through severe drought
and increased forest fire occurrence and low confidence that this can be attributed to warming (Figure 4-4).

Dry tropical forests are defined by strong seasonality in rainfall distribution (Mooney et al., 1995) and have been
reduced to an estimated one million km? globally through human activities (Miles et al., 2006). Half of the world’s
remaining dry tropical forests are located in South America. Using five climate model simulations for the 2040-2069
period under the 1S92a “business as usual scenario”, Miles et al. (2006) found that approximately one third of the
remaining area of tropical dry forestsin the Americas will be exposed to higher temperatures and lower rainfall
through climate change. Climate change, deforestation, fragmentation, fire, or human pressure place virtualy al
(97%) of the remaining tropical dry forests at risk of replacement or degradation (Miles et al., 2006). In aregional
study a dynamic vegetation model (I1BI1S) under A2 and B2 scenarios projected by a global climate model
(HADRM3) found that most of the dry forests of Indiawould be outside of their climate envelopes later this century
(Chaturvedi et al., 2011). Thereislow confidence in our understanding of climate change effects on dry forests
globally.

START BOX 4-3 HERE
Box 4-3. A Possible Amazon Basin Tipping Point

Since AR4, our understanding of the potential of alarge-scale, climate-driven, self-reinforcing transition of Amazon
foreststo adry stable state (known as the Amazon “forest dieback”) hasimproved. Modelling studies indicate that
the likelihood of a climate-driven forest dieback by 2100 is lower than previously thought (Malhi et al., 2009b; Cox
et al., 2013; Good et al., 2013; Huntingford et al., 2013), although lower rainfall and more severe drought is
expected in the eastern Amazon (Malhi et al., 2009a). There is now medium confidence (medium evidence, medium
agreement) that climate change alone (that is, through changes in the climate envelope, without invoking fire and
land use) will not drive large-scale forest oss by 2100 although shifts to drier forest types are predicted in the
eastern Amazon (Mahli et al. 2009a). Meteorological fire danger is projected to increase (Golding and Betts, 2008;
Betts et al., 2013; Figure 4-6). Field studies and regional observations have provided new evidence of critical
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ecological thresholds and positive feedbacks between climate change and land-use activities that could drive afire-
mediated, self-reinforcing dieback during the next few decades (Figure 4-8). There is now medium confidence
(medium evidence, high agreement) that severe drought episodes, land use, and fire interact synergistically to drive
the transition of mature Amazon forests to |ow-biomass, low-statured fire-adapted woody vegetation.

Most primary forests of the Amazon Basin have damp fine fuel layers and low susceptibility to fire, even during
annual dry seasons (Uhl and Kauffman, 1990; Ray et al., 2005). Forest susceptibility to fire increases through
canopy thinning and greater sunlight penetration caused by tree mortality associated with selective logging (Uhl and
Kauffman, 1990; Ray et al., 2005; Barlow and Peres, 2008), previous forest fire (Balch et al., 2008; Brando et al.,
2012), severe drought (Alencar et al., 2006), or drought-induced tree mortality (Nepstad et al., 2007; da Costaet al.,
2010). Theimpact of fire on tree mortality is also weather-dependent. Under very dry, hot conditions, fire-related
tree mortality can increase sharply (Brando et al., 2012). Under some circumstances, tree damage is sufficient to
allow light-demanding, flammable grasses to establish in the forest understory, increasing forest susceptibility to
further burning (Veldman and Putz, 2011). Thereis high confidence (robust evidence, high agreement) that logging,
severe drought, and previous fire increase Amazon forest susceptibility to burning.

Landscape level processes further increase the likelihood of forest fire. Fire ignition sources are more common in
agricultural and grazing lands than in forested landscapes (Silvestrini et al., 2011) (high confidence: robust
evidence, high agreement), and forest conversion to grazing and crop lands can inhibit regional rainfall through
changes in albedo and evapotranspiration (Costa et al., 2007; Butt et al., 2011; Knox et al., 2011) (low confidence:
medium evidence, low agreement) or through smoke, that can inhibit rainfall under some circumstances (Andreae et
al., 2004) (medium confidence: medium evidence, medium agreement). Apart from these landscape processes,
climate change could increase the incidence of severe drought episodes (Mahli et a. 2009b; Shiogama et al., 2011).

If recent patterns of deforestation (through 2005), logging, severe drought, and forest fire continue into the future,
more than half of the region’s forests will be cleared, logged, burned or exposed to drought by 2030, even without
invoking positive feedbacks with regional climate, releasing 20+10 Pg of carbon to the atmosphere (Nepstad et al.,
2008) (low confidence: low evidence, medium agreement) (Figure 4-8). The likelihood of atipping point being
reached may decline if extreme droughts (such as 1998, 2005, and 2010) (Marengo et al., 2011) become less
frequent, if land management fires are suppressed, if forest fires are extinguished on alarge scale (Soares-Filho et
al., 2012), if deforestation declines, or if cleared lands are reforested (Nepstad et al., 2008). The 77% declinein
deforestation in the Brazilian Amazon with 80% of the region’ s forest still standing (INPE, 2013) demonstrates that
policy-led avoidance of afire-mediated tipping point is plausible.

[INSERT FIGURE 4-8 HERE

Figure 4-8: The forests of the Amazon Basin are being altered through severe droughts, land use (deforestation,
logging), and increased frequencies of forest fire. Some