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Abstract In a meta-analysis we integrate peer-reviewed studies that provide quan-
tified estimates of future projected ecosystem changes related to quantified projected
local or global climate changes. In an advance on previous analyses, we reference all
studies to a common pre-industrial base-line for temperature, employing up-scaling
techniques where necessary, detailing how impacts have been projected on every
continent, in the oceans, and for the globe, for a wide range of ecosystem types
and taxa. Dramatic and substantive projected increases of climate change impacts
upon ecosystems are revealed with increasing annual global mean temperature rise
above the pre-industrial mean (�Tg). Substantial negative impacts are commonly
projected as �Tg reaches and exceeds 2◦C, especially in biodiversity hotspots. Com-
pliance with the ultimate objective of the United Nations Framework Convention
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on Climate Change (Article 2) requires that greenhouse gas concentrations be
stabilized within a time frame “sufficient to allow ecosystems to adapt naturally to
climate change”. Unless �Tg is constrained to below 2◦C at most, results here imply
that it will be difficult to achieve compliance. This underscores the need to limit
greenhouse gas emissions by accelerating mitigation efforts and by protecting ex-
isting ecosystems from greenhouse-gas producing land use change processes such as
deforestation.

1 Introduction

Effects of climate change are already being observed on a wide range of ecosystems
and species in all regions of the world (Rosenzweig et al. 2007), in response to the
0.74◦C rise (�Tg) in global mean temperature (GMT) that has been experienced
since pre-industrial times (Solomon et al. 2007). Such responses include changes in
phenology and shifts in species ranges (e.g. Walther et al. 2002; Root et al. 2003),
whilst the first extinctions which are likely to be attributable to climate change—
acting synergistically with disease—have already occurred in amphibians (Pounds
et al. 2006; Bosch et al. 2006). Coral reef bleaching is expected to increase strongly
with rising sea surface temperatures (Hughes et al. 2003). At the same time, the ocean
has already acidified by 0.1 pH units since pre-industrial times (Solomon et al. 2007)
due to the direct effects of increasing atmospheric concentrations of carbon dioxide
from the pre-industrial level of 280 ppm to the 2005 level of 379 ppm CO2 (Solomon
et al. 2007).

The literature contains a growing number of studies that project for the future
increasingly severe impacts that further anthropogenic climate change would have
on ecosystems and species around the world (see the 71 studies referenced in
Tables 2, 3, 4 and 5). Such studies typically identify the onset of some positive,
but predominantly negative, impacts upon a species or ecosystem as the climate
changes. However, these studies have largely been carried out independently from
each other and have used a wide range of future climate scenarios. This makes it
difficult to compare results and obtain a clear and aggregated picture of how impacts
accrue with increasing global mean temperature rise. Such an aggregated picture
is important for two reasons: firstly it addresses climate change at the appropriate
scale, i.e. as a global phenomenon; and secondly it enables the evaluation of major
policy recommendations, such as the much discussed 2◦C limit suggested by the
EU as both a “safe” and achievable level of global temperature increase. Existing
reviews (Houghton et al. 2001; Thomas et al. 2004a; Hare 2006; Warren 2006) have
not included the full range of recent literature and have not estimated uncertainties.
Similarly to the summary given in Fischlin et al. (2007), this paper integrates the
dispersed and fragmented literature on ecosystem impacts of projected climate
change, often expressed at a regional level, into a set of tables of projected impacts
for different levels of global mean temperature rise with respect to pre-industrial
times, �Tg, providing an estimate of uncertainty in these levels. The tables report
the main findings in terms of: range losses for species, habitats or entire ecosystems;
extinction risks; and other biodiversity impacts caused by ecosystem degradations or
declines in key populations due to anticipated climate changes.
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2 Materials and methods

2.1 Literature search

A literature search was made to assess pertinent impacts of climate change on
both terrestrial and marine ecosystems across the globe (Fischlin et al. 2007).
Search engines were first used to identify references in the peer reviewed literature,
and further references were then derived from information provided within these.
Existing reviews (Gitay et al. 2001; Thomas et al. 2004a; Hare 2006; Warren 2006)
were particularly useful in identifying additional references. All references were then
reviewed for specific information about thresholds in local or global temperature
change/sea level rise above which adverse consequences could be expected, and also
for quantified projections of ecosystem or species changes associated with quantified
local or global climate changes, taking note of the climate scenario and any general
circulation model (GCM) used, and the treatment of dispersal and migration. Thus
studies that contained insufficient detail about the climate scenario used, or that did
not provide quantitative estimates of the resultant ecosystem or species changes,
could not be included in the analysis. In particular, studies which reported only the
general direction of trends in response to changing temperature or precipitation were
deliberately excluded. In cases where more than one study addressed similar species
or ecosystems, each study was included separately in the summary table, since it may
be projecting different sensitivities due to the use of other climate change scenarios
and/or assessing other kinds of impact responses.

2.2 Converting to a pre-industrial reference point for global
mean temperature change

Information on the climate change scenario simulated by each original study was
converted to a common pre-industrial reference point for temperature. Studies often
refer to baselines of pre-industrial (<1850), 1960–1990 mean, 1990, or “present day”
(e.g. 1980–1999). In this study the temperature rise between pre-industrial and the
1960–1990 mean is taken as 0.3◦C and the temperature rise between pre-industrial
and 1990 is taken as 0.6◦C (Houghton et al. 2001); whilst that from the mid 1970s to
1990 is taken as 0.2◦C (Houghton et al. 2001). Where studies report impacts as caused
by a particular GCM simulation using the HadCM3 model, Table 7 of Arnell et al.
(2004) was used to convert the temperatures to a common pre-industrial baseline.

While some of the literature relates impacts directly to global mean temperature
increases, many studies refer only to local temperature rise, and hence upscaling from
a local to a global scale is required. Upscaling was carried out as detailed below for
the different classes of studies identified (Table 1) and also provided an opportunity
to estimate the uncertainties arising from the use of different GCMs in climate
projection. Whenever possible it was also considered whether the impact had been
estimated based only on temperature change, or also on associated precipitation
change.

When studies gave minimal detail about GCM scenarios, such as referring to them
only as “CO2 doubling scenarios”, the original literature publishing that scenario was
traced, and/or the model authors were contacted, in order to verify the global mean
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temperature increase corresponding to CO2 doubling, taking into account the control
CO2 concentration as necessary.

2.3 Dynamics

Many reviewed studies do not consider a temporal dimension. There are two issues
here (1) whether the climate scenario a study considers relates to transient or
equilibrium climate change and (2) whether the projected ecological response is
considered a steady state. Studies in class b project impacts without distinguishing
between transient and equilibrium temperature change. However, most studies use
models, which project the future long-term ecological response to a changed climate
(i.e. a new steady state) while the climate scenario is a transient one: studies in
classes c and e are typically based on transient climate change scenarios produced by
GCMs, although there are a few which also include equilibrium temperature change
scenarios. Hence, the ecological projections are not mere snapshots of a transient
climate change and its concomitant response, rather do these studies artificially hold
the transient climate constant and assume the ecosystem response to equilibrate,
regardless of the time the system may need to actually reach such an equilibrium.
Thus an important question is the time lag between the forcing temperature change,
be it transient or equilibrium, and the ecosystem response (see Section 4). The
upscaling procedure described below is based on transient GCM scenario outputs
throughout.

2.4 Upscaling procedure

The upscaling procedure involved the use of 0.5 × 0.5◦ resolution outputs produced
from original 5 × 5◦ resolution outputs of five GCM models HadCM3, ECHAM4,
CSIRO2, PCM, and CGCM2, by using pattern scaling and downscaling methods
(Christensen et al. 2007). These climate projections based on transient GCM outputs
were available for the entire global land area at a resolution of 0.5 × 0.5◦. They were
produced from up to four IPCC SRES emission scenarios (Nakicenovic et al. 2000)
providing 13 different GCM patterns on which to base the upscaling (available at
http://ipcc-ddc.cru.uea.ac.uk). In each 0.5 × 0.5◦ grid cell, 13 alternative twenty-first
century time series of regional annual (or if required seasonal) temperature were
thus available, each one expressed as the running 30-year mean temperature increase
since 1961–1990 mean climate, to smooth inter-annual variability.

For each study in Table 1 of type b or c, the location was then related to a grid
cell or to grid cells depending on how large an area the study covered. For each grid
cell, all 13 upscaling calculations were carried out, to encompass the full range of
inter-GCM and inter-scenario pattern variability as an uncertainty surrogate. The
upscaling calculation was simply performed by examining any one of the 13 time
series for a grid cell. A computer program calculated the date at which the regional
temperature reached the temperature threshold which is referred to in the study
of type b or c and therein associated with some particular impact on an ecological
system. The program then used this derived date to identify the associated global
temperature rise �Tg in the transient GCM runs, matching this same date, using if
available the global temperature time series from the exact same GCM scenario as

http://ipcc-ddc.cru.uea.ac.uk
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used originally by the study to assess the impact. The process was repeated (1) for the
other 12 GCM/emission scenarios and (2) for eight surrounding adjacent grid cells to
test the sensitivity of the results in terms of spatial coherence when using a group of
grid cells versus a single grid cell. For each GCM scenario, the average �T for the
nine (central plus eight adjacent) grid cells was computed. The resultant collection of
up to 13 global �T values gave the range of global annual mean temperature rise as
listed in Tables 2, 3, 4 and 5. In cases where a study has referred to an area larger than
a group of nine grid cells, either a cluster of disjunct groups or contiguous orographic
features, such as a mountain range or a plain, were aggregated into several clusters
of grid cell groups across the region. The entries in the tables reflect also the average
and range of outputs over the appropriate clusters of groups of grid cells.

Large local temperature increases can lie outside the range of the outputs of
the GCMs held in the database. If this was the case, the study was not included
in the upscaling calculations. GCMs with temperature changes that were too low
to reach the study value(s) were excluded. Table 6 in the Appendix details which
GCMs were used in the upscaling. If more than two GCMs were thus out of range,
we assumed case f (Table 1) to avoid underestimating �Tg. Note that the GCM
time series for �Tg are provided with respect to an observed mean over the period
1961–1990, ensuring that correct temperature reference points were maintained in all
upscaling.

3 Results

Tables 2, 3, 4 and 5 provide the resultant summary of key impacts on various
ecological systems, ranging from the global level to that of individual, endemic
species. The supplementary information in Table 6 in the Appendix provides for each
entry from Table 2a–d information on the GCM runs used in upscaling, the climate
variables considered by the impact study, and the category of the upscaling method
we applied (a–h, see Table 1). 71 studies were found to provide sufficient quantitative
climatic and ecological information for inclusion in Table 2a–d. Projected impacts
were found for all major world regions, but only one study focused on Asia. Most
studies were on terrestrial systems, whilst relatively few covered changes in the
marine environment. Range losses and extinctions (Tables 2 and 3) were projected
for many important taxa with vascular plants, birds, and mammals being particularly
well represented. A significant number of studies also projected impacts on amphib-
ians, reptiles, fish, butterflies, and freshwater or marine invertebrates. Table 2 also
shows many projections for major losses of regional ecosystems as climate changes.
Table 4 shows projections for large scale collapse in ecosystems, i.e. thresholds at
which major components of the world’s ecosystems become irreversibly damaged,
positive feedbacks emerge, or their functioning, collapse. As global temperatures
rise, many of these thresholds start to be crossed at around �Tg = 2.5◦C above the
pre-industrial level.

A key finding is that some significant negative impacts for range losses and
extinctions (Tables 2 and 3), and also damages to marine ecosystems (Table 4),
were projected to occur for values of �Tg below 2◦C, especially in some biodiversity
hotspots, and also globally for the diversity rich coral reef ecosystems (�Tg = 1.7◦C).
However, it is also noticeable that, given the analyzed literature, projected impacts
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increase in magnitude, numbers and geographic spread once a 2◦C rise in global
mean temperature is reached. Beyond this temperature rise the level of impacts
and the transformation of the Earth’s ecosystems become steadily more severe, with
the potential collapse of some entire ecosystems, and extinction risks accelerating
and becoming widespread. Additional positive feed-backs emerge causing land
ecosystems to transition from their current status as a net carbon sink to a net carbon
source.

4 Discussion

4.1 General

A large body of literature exists discussing the potential future impacts of climate
change upon ecosystems, as reviewed in Fischlin et al. (2007). Much of this literature
does contain only qualitative or no directly comparable quantitative projections
of change or does not relate any quantitative estimates of change to quantitative
changes in global climate. Previous integrating summaries of climate change impacts
on wild species and ecosystems have suggested substantial ecosystem disruption
with projected anthropogenic climate changes, and particularly the increased risk
of species extinction (e.g. Thomas et al. 2004a, b). Such findings have been criticised
partly because they did not reference the projected impacts to a consistent measure
of climate change. In order to provide robust findings in a policy relevant manner,
it is critical to reduce the uncertainty created by this lack of a common reference.
Hence Warren (2006) and Hare (2006) both took steps to do so. The results reported
here, through use of a common temperature reference point, confirm the likelihood
of significant negative impacts of climate change first mooted in studies such as
Thomas et al. (2004a, b), but provide a far clearer picture of the likely increase in
scale of impacts with increasing levels of climate change, together with an indication
of uncertainty associated with �Tg.

With our common referencing system, we can also address the question as to what
extent the literature has sampled the range of climate change forcings of the next
few centuries adequately for the observations made by this study to be valid. The
likely range of temperature increase in 2100 is 1.1◦C to 6.4◦C above the 1980–1999
average (i.e. 1.6◦C to 6.9◦C above the pre-industrial level), showing that the literature
currently does not sample the upper end of this range, with most studies considering
only the range between 1.5◦C and 4◦C above pre-industrial). Within these limits
however, a broad range of global annual mean temperature rises is sampled, owing to
the many different scenarios and GCMs used. This is the case for those studies that
are based on GCM scenario outputs as well as the many other regional scenarios
based only upon potential local, non-GCM-scenario based climate changes. A small
subset of the studies considers the effects of doubling CO2 concentrations, whilst
another subset is based on transient climate change simulations. Because different
GCMs are used in these subsets, the resultant global mean temperature, and con-
comitantly precipitation, values vary considerably among climate models, in particu-
lar in cases where regional scenarios of climate change were derived. We believe the
small subset of table entries referring only to CO2 concentration doubling has not
introduced a bias. Owing to a sampling of a relatively comprehensive temperature
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range similar to that covered by many scenarios (0.3–6.4◦C, IPCC 2007), the overall
interpretation of the results is not biased by any artificial clustering of data around a
particular global mean temperature rise.

The majority of the impacts found in the literature are negative, with the exception
of those projecting increases in primary production. Whilst a higher productivity may
indeed increase vegetation growth, this in itself can disrupt species assemblages and
thereby degrade ecosystems. For example, in tropical forests increased concentra-
tions of CO2 are stimulating rapid growth by vines (Granados and Körner 2002),
which can strangle large trees (Phillips et al. 2002); and increasing growth rate and
turnover of trees could even result in lower carbon storage rates, thus reducing the
forest’s service as a carbon sink (Feeley et al. 2007). Hence, with the exception of
enhanced growth at moderate climate change we have rarely identified definitively
positive impacts of climate change upon ecosystems. Whilst some authors consider
transitions from desert to grassland or grassland to forest as “positive” in terms of
gains in net primary production, this often neglects the issue of transient dynamics
between previous and new equilibrium, and threats to endemic and specialist organ-
isms of the replaced environments. Some studies indicate transitionally an even lower
productivity (e.g., Fischlin and Gyalistras 1997).

4.2 Uncertainties in the analysis

This study has considered the role of uncertainty only in a limited manner, as it is
difficult to quantify. The uncertainty analysis carried out is limited by its dependency
on downscaling and upscaling of pattern-scaled transient temperature outputs of
GCMs, and thus is contingent on the assumptions of pattern regularity as assumed
in most down-scaling procedures (e.g., Gyalistras et al. 1994), in particular that the
patterns are constant over a particular temperature range. It is also assumed that
the patterns are independent of the history of greenhouse gas forcing, whereas
in actuality an equilibrium climate change pattern may differ from transient ones.
Equilibrium patterns were not available for this analysis, but would be more suitable
for use with studies of type b, or studies of type c or d which actually use outputs of
equilibrium runs of GCMs. The uncertainty analysis also reflects only the different
relationships between global and local temperature displayed by various GCMs, and
not the relationship between global temperature and local precipitation changes. In
some cases where impacts are strongly driven by precipitation and models differ
widely for the location in question, for example entry 41, the loss of forest cover
in the Amazon basin (Cox et al. 2004), this could be important.

Much of the literature reviewed here is based on a biogeographical or bioclimatic
approach. Whilst this approach has been criticised for its shortcomings in largely
ignoring some mechanisms such as physiological responses, the treatment of species–
species interactions, the limited accounting for population processes or migration
(Pearson and Dawson 2003; Pearson 2006), or the common assumption that current
species distributions are in equilibrium with current climate, the approach has nev-
ertheless proved capable of simulating known species range shifts in the distant and
the recent past (Martinez-Meyer et al. 2004, Araujo et al. 2005), and furthermore, is
generally corroborated by the observed responses of many species to recent climatic
changes (e.g. Walther et al. 2002; Root et al. 2003; Rosenzweig et al. 2007) and
climate-change induced changes in geographical species ranges, which are starting to
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be reported (Thomas et al. 2006; Foden et al. 2007). However the approach remains
nevertheless to be comprehensively and explicitly tested against the observational
record (Midgley and Thuiller 2005), an opportunity that should be taken as soon
as possible. Most of the studies reported in Tables 2 and 3 result from detailed
analysis of well-studied species and ecosystems in a given locality. In the case of the
global extinction rate estimates (Thomas et al. 2004a) there has been a debate as
to the validity of the particular species–area relationship used to estimate extinction
rates (Thuiller et al. 2004; Thomas et al. 2004b; Buckley and Roughgarden 2004;
Harte et al. 2004; Lewis 2006). Whilst these estimates are based on extrapolation of
studies of endemics, Thomas et al. (2004b) argue that this creates only a small bias
because such a large percentage of global species are in fact endemics. The study
of Malcolm et al. (2006) provides an overall estimate of extinctions of endemics
in biodiversity hotspots that does not rely on bioclimatic modelling of individual
species, and generally supports the findings of Thomas et al. (2004a), though the use
of endemic–area relationships rather than simple species–area relationships indicates
some reduced impacts.

Responses of species to changing climate will also be affected by biotic interac-
tions, which affect the levels of space occupancy and dispersal; e.g. in alpine plant
communities, mutualists are expected to be able to tolerate greater climate change
than competitors at slow rates of climate change, whereas at faster rates they may be
excluded by competitors if these can easily disperse into newly climatically suitable
areas (Brooker et al. 2007).

4.3 Factors omitted or partly considered in this study
and the underlying literature

4.3.1 Direct ef fects from raising atmospheric CO2 concentrations

In Tables 2, 3, 4 and 5, the temperature column is essentially used as a proxy for the
accompanying other changes, which will occur concurrently, such as precipitation
change or elevated CO2 concentrations. However, only a limited number of studies
that project climate change impacts upon ecosystems consider concurrent changes
such as the direct effects of elevated ambient CO2 concentrations associated with
local or global scenarios of temperature rise. This is particularly true of studies
based on bioclimatic modeling, or niche-based modelling techniques that simulate
species geographic range shifts. Despite increasing evidence that CO2 fertilization
effects on crop species have been somewhat overestimated in the past (Fischlin
et al. 2007), those on wild plant species and particularly trees are corroborated by
strong evidence (e.g., Ainsworth and Long 2005). This may remain a significant
omission in the modeling of some ecosystem types. For example, CO2 fertilization
may differentially affect woody and herbaceous species, affecting the dynamics of
forest–savanna–grassland conversions with major implications for biodiversity (Bond
et al. 2003). Whilst a small number of entries in the tables derive from consideration
of ocean acidification, the literature in this area is in its infancy. As oceans continue
to acidify as atmospheric CO2 concentrations rise concurrently with warming, there
is significant potential for changes in marine food webs and hence the valuable
ecosystem services that the oceans provide for humankind (Orr et al. 2005; Haugan
et al. 2006).
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4.3.2 Indirect ef fects of climate change

Tables 2, 3, 4 and 5, and the literature upon which they are based, largely document
only the projected impacts on ecological systems resulting directly from climate
changes such as changes in temperature and precipitation, the most commonly con-
sidered variables. However, there are a number of other impacts on ecosystems to be
expected, that result from non climatic causes or indirectly via climatic changes. For
example (1) wildfires and certain defoliating insects are projected to increase with
warming (for example in boreal forests and the Mediterranean, e.g., Fischlin et al.
2007; Kurz et al. 2008), and decomposition rates will change by large percentages
as rainfall changes (for example in deciduous forests in the USA, e.g. Lensing and
Wise 2007) both of which is likely to have further impacts on forest and grassland
ecosystems as well as causing substantive biotic feedbacks to the climate system;
(2) secondary succession may last several centuries (Fischlin and Gyalistras 1997),
thus delaying actual impacts and causing additional effects in other communities; (3)
surprising ecological changes may also occur in marine and terrestrial communities
with climate change if predators and prey become decoupled, or newly engage with
each other, which could occur if they have differing phenological, geographical,
and/or physiological responses to climate change (Price 2002; Burkett et al. 2005);
(4) indirect impacts from sea ice melting, for example reductions in sea ice in
the Antarctic are likely to have contributed to the dramatic 80% declines in krill
observed since 1970 (Atkinson et al. 2004) with penguin populations already affected,
and particularly if climate change shifts the Antarctic Circumpolar Current, krill
could suffer further and the ecosystem could be severely impacted; (5) climate
change is also projected to cause deglaciations, e.g. of the Himalayan region, which
would adversely affect the hydrology of the downstream regions, e.g. of the Indian
region including its ecosystems; (6) increases in the magnitude and/frequency of
(intra-annual) extreme weather events are projected with climate change as climate
variability increases (e.g. Schär et al. 2004; Meehl et al. 2007), all of which have
a significant potential to affect ecosystems further (e.g. Fuhrer et al. 2006). Many
impact models consider such effects only in a limited manner, e.g. because of a too
coarse temporal resolution; (7) climate change may affect major modes of inter-
annual cyclic variability such as El Nino, the North Atlantic Oscillation, or the Pacific
Decadal Oscillation. GCMs do not capture such changes to a realistic extent and
many impact models have only captured such climate variability effects to a limited
extent if at all. Changes to these cycles are likely to affect ecosystems through for
example, changed rainfall patterns and/or drought and fire incidence (e.g. Holmgren
et al. 2001).

4.3.3 Land-use change

This meta-analysis focuses on the impacts of climate change and does not account
for the effects of land-use change. More realistic impacts, notably those of species
extinctions in 2100 and beyond, are likely to be greater than Tables 2, 3, 4 and 5
indicate, since land-use change is included in only one study (Sekercioglu et al. 2008),
and is known to negatively impact biodiversity. These additional negative impacts
from land-use change would only be avoided if effective stringent policies would soon
be put into place that avoid further conversion of natural and semi-natural ecosys-
tems to agriculture, landscape fragmentation, and/or other degradations within a
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given type of land use as for instance also caused by intensification of agricultural
practices. Owing to the development of human systems and their adaptation to
climate change, including the potential use of biofuels as a mitigation measure, both
of which may force new areas into cultivation, and the projected increases in global
human populations, there are in fact rather to be expected increased pressures on
extant land uses than the reverse. Some scenarios of future land uses have been
developed for and reviewed in the Millennium Ecosystem Assessment (2005) and
evince this overall trend.

Since land-use change is well known to be of critical relevance for biodiversity
conservation, Lewis (2006) raised the concern that recent literature on potential
extinctions due to climate change could distract conservationist’s efforts in prevent-
ing land-use change in existing ecosystems, in particular with respect to avoiding
deforestation. Jetz et al. (2008) projects losses of current ranges for 21–26% of the
world’s approximately 8,750 bird species by 2050, and for 29–35% by 2100, due to
the combination of climate change scenarios from Solomon et al. (2007) and land-
use change scenarios from the Millennium Ecosystem Assessment (MEA 2005).
The need to provide for species to disperse successfully to reach areas that become
newly climatically suitable increases the need for protecting existing ecosystems
from land-use change. These findings suggest that avoided deforestation policies
offer a crucial double benefit of reducing both climate change and land-use change
impacts upon biodiversity. Thus, for these reasons we consider evidence that climate
change can have severe impacts on biodiversity as presented in this analysis rather to
provide an additional strong incentive for preserving existing ecosystems, including
their protection from land-use changes, than an invitation to neglect conservation
policies.

4.3.4 Dynamics

There are very few studies in the literature, which take into account the effect that
the rate of climate change exerts upon ecosystems. This is also likely to be a key
factor, since the slower the rate of change the greater is the potential for adaptation
by dispersal or through natural selection for physical or behavioural characteristics
better suited to a changed climate (for a recent review see Fischlin et al. 2007, notably
Section 4.4.5). For very small amounts of warming there may be benefits in terms of
increased productivity in ecosystems which are below their thermal optimum, for
example in boreal forests. However, as temperature increases further the thermal
optimum is passed, and the ecosystem begins to decline. It is the passing of such
thresholds or “tipping points”, the onset of negative impacts, which are the focus of
the literature underlying this paper.

Some such “tipping points” are breached when a certain magnitude of climate
change is reached. Regional features of the earth’s climate system might also be
disrupted, with concurrent un-quantified impacts upon ecosystems. For example,
the Indian Monsoon might be disrupted (Zickfield et al. 2005). At the Earth system
scale, as temperature continues to rise, additional positive feedback mechanisms may
be activated. Examples are the saturation of the net carbon sink land ecosystems
currently provide, the transition to a net source (Fischlin et al. 2007, Fig. 4.2), or
the risk for the potential release of methane from tundra yedoma and permafrost
(Fischlin et al. 2007) and perhaps beyond 2100 even clathrates from shallow seas.
The weakening of the land sink, let alone the turning into a source, as well as a
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release of substantive amounts of methane would cause a strong amplification of the
greenhouse effect, greatly exacerbating the ongoing climate change.

Some such “tipping points” are breached when a certain rate of climate change
surpasses the rate by which ecosystems can adapt naturally. During past phases
of large climate changes, species have typically responded by shifting range rather
than by evolving in situ (Davis and Shaw 2001). Ecosystems have been estimated
to be able to withstand a temperature increase of only 0.05–0.1◦C/decade (van Vliet
and Leemans 2006), much slower than the current rate of 0.13◦C/decade (Solomon
et al. 2007) and hugely slower than the current rate near the poles of 0.46◦C/decade,
considered sufficient to cause serious ecosystem disruption. Foden et al. (2007) show
how the currently observed migration rate of Aloe dichotoma (quiver tree), a Namib
desert plant, in response to observed climate change, would be insufficient to keep
pace with a moderate climate change scenario for 2050. Based on a comprehensive
review of these issues Fischlin et al. (2007) concluded that “The resilience of many
ecosystems is likely to be exceeded this century” for business-as-usual emissions
scenarios (e.g. IS92a, A1FI, A2). Resilience is here understood as the capacity of
ecosystems to adapt naturally and sufficiently fast to their changing environment
without altering their mode of operation entirely.

This meta-analysis is based on impact studies that assume in many cases a new
hypothetical equilibrium between the projected climate change and the impacted
ecosystems. Typically the forcing climate change is then assumed to have remained
constant indefinitely at the �Tg for which the impact was assessed and that the
ecosystems are given sufficient time to adapt till the new estimated equilibrium
has been reached. Most of the literature used in this analysis does not explicitly
discuss the time dimension, but it can nevertheless be assumed in most cases that
the ecosystem impacts in Table 5 might also occur if the temperature thresholds are
breached transiently (i.e. local or regional temperature “overshoots”) as simulated in
various studies of the dynamics of climate change (O’Neill and Oppenheimer 2004).

Den Elzen and Meinshausen (2006) show that transient probabilities of exceeding
various temperature thresholds might either be higher, or lower, than the equilibrium
probabilities of exceedance of that threshold. Similarly Mastrandrea and Schneider
(2006) show how probability of exceedance of temperature thresholds in stabilisation
scenarios is a strong function of the pathway to stabilisation. Thus, one may argue
that our assessment may indeed be questioned as the evolution of temperature and
other concomitant climate change variables differ. However, the advantage of our
approach is that the ranking of the impacts relative to the temperature increase as
an indicator of climate change is unlikely to be affected even if the absolute values
might have to be corrected as our understanding of these relationships progresses. In
this respect our results can be viewed as being quite robust and conservative.

The question remains whether the impact models used have realistic sensitivities.
Otherwise overestimations or underestimations of the impacts would have to be
expected. The majority of the impact models we used here have considered changes
in temperature as well as precipitation and many have also considered the beneficial
effects from CO2 fertilisation, in particular at the global level. This makes the models
more likely to exhibit realistic responses to climate change than this was the case for
many earlier studies, which followed less integrative approaches.

Nevertheless, the particular approach that many current state-of-the-art impact
models follow may lead to biases. First in cases where the climate change was
assumed to remain constant after having reached �Tg, the impact models that have
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not yet reached the new equilibrium tend to underestimate the impacts. Secondly,
if the magnitude of climate change exceeds rapidly certain tolerances, i.e. the
fundamental niches, of impacted species, even long-lived species such as trees are
likely to suffer mortalities before they are replaced by newly arriving, other species
for which the new, climatic situations are more benevolent. Thus, in general the more
rapid climate change, the more likely such transient ecosystem degradations become.
Indeed, the modelling approaches generally followed do incompletely mimic such
effects and for these reasons tend to rather underestimate than overestimate impacts.
Finally, for other processes such as coral bleaching and local extinction of sensitive
species, which can occur within a relatively short time span of a few years, transient
temperature peaks might be very critical. If emissions are reduced in a manner such
that there is transient overshooting of the final equilibrium temperature, impacts may
then be considerably greater than indicated in Tables 2, 3, 4 and 5.

Therefore we consider the results from our meta-analysis to be in general rather
conservative and it appears to be unlikely that they are biased towards overestimat-
ing the severity of the consequences of climate change for ecosystems. However,
critical uncertainties remain, in particular because most impact models depend to a
large extent on knowledge about the realized niches only. Should fundamental niches
be significantly larger than the realized ones, overestimations of climate change
impacts are bound to result. Indeed, the difficulties to assess the true fundamental
niches of most species remain a relevant source of uncertainty (Kirschbaum and
Fischlin 1996), a fact that still significantly constrains the ability of most currently
used kinds of ecological models to assess climate change impacts.

5 Conclusions

A literature-based integrated assessment of the effects of climate change upon a wide
range of ecological systems has shown that the negative impacts accrue as annual
global mean temperature rise as little as 1.6◦C (low end of the likely range of IPCC
scenarios,1 IPCC 2007) above the pre-industrial level, already with several examples
of projected severe damages, range losses, and extinctions. As global temperatures
reach and exceed 2◦C above pre-industrial levels, negative impacts rapidly increase.
This includes increases in range losses and extinctions and increasing damage to
some critical ecosystem structure and functioning. As global temperatures increase
further beyond 2◦C above pre-industrial, the literature and models increasingly
project impacts accruing to entire systems and becoming more widespread across
a range of different species groups and regions. Several critical aspects of ecosystem
functioning are projected to begin to collapse at a temperature of 2.5◦C (Table 4).
These represent either the potential collapse of entire ecosystems e.g. wide-spread
impoverishment of coral reefs, or comprise impacts, which are in our judgement
dangerous, because they likely imply irreversible damages, such as extinctions of
key species, or the onset of positive feedbacks, such as CO2 emissions, accelerating
climate change. In our judgement, risking the widespread collapse of multiple global

1This value considers the multi-model projected lower end of the likely range of the IPCC SRES B1
scenario (IPCC 2007, Table SPM.3) of +1.1◦C warming by 2100 relative to 1980–1999 and adding
+0.5◦C already realized global warming for period 1980–1999 relative to preindustrial climate.
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ecosystems (Table 4) represents “dangerous anthropogenic interference” and would
comprise a breach of compliance with Article 2 of the United Nations Framework
Convention on Climate Change.

This meta-analysis confirms and expands upon the results of other assessments
(Houghton et al. 2001; Hare 2006; Warren 2006; Fischlin et al. 2007), which have
shown that climate change is a threat to ecosystems and species worldwide, with coral
reef, Arctic, Mediterranean, and mountain ecosystems including many biodiversity
hotspots being particularly at risk. Hare (2006) also identified substantial increases
in risks to ecosystems and species beyond the EU 2◦C target using “burning ember”
diagrams. We consider that our study, with a more extensive literature review,
using a tabular approach and including some uncertainty analysis, provides further
strong justification for policies constraining annual global mean temperature change
relative to preindustrial climate to no more than 2◦C—at least from an ecosystem
preservation point of view. This temperature would avoid the projected breaching of
the aforementioned large-scale ecosystem collapses, as well as a large proportion of
the onset of many of the projected negative impacts such as range losses, extinctions,
ecosystem damages including disruptions of their structure and functioning. Since
we identified some significant impacts in biodiversity hotspots such as amphibian
extinctions in tropical forests and wide spread coral bleaching in reefs below a 2◦C
warming, protection of the majority of ecosystems would however require a more
stringent target, as argued by Rosentrater (2005) for the Arctic.

Many of the impacts tabulated here appear to be clearly in conflict with Article
2 of the United Nations Framework Convention on Climate Change in not allowing
ecosystems to adapt naturally. Minimising the rate of climate change is expected to
also reduce the risks of climate change for ecosystems, although this aspect can not
yet be well analysed with current techniques available to assess impacts. According
to the precautionary principle it appears that a reduction in current and future land
use change will give ecosystems and species the best chance to adapt to the climate
changes that are projected to occur in the twenty-first century even under stringent
mitigation policy. In particular, avoided deforestation is a policy which meets both
these goals, although alone this policy is of course not sufficient to constrain climate
change to 2◦C above pre-industrial levels. Further analyses of many of the findings
from this study made in an even broader context of climate change impacts on
ecosystems can be found in Fischlin et al. (2007).
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Appendix

The Table 6 below contains detailed information concerning the underlying studies
used in each entry of Tables 2–5, where column 1 is identical to column 1 of
Tables 2–5, and the following abbreviations are used: E indicates an empirical
derivation, M indicates a modelling study, a number refers to how many GCMs were
used in the original literature. Other codes indicate if model projections included
precipitation (P), ocean acidification (pH), sea ice (SI), sea level rise (SLR), sea
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surface temperature (SST) or anthropogenic water use (W); dispersal assumptions
from the literature. D—estimate assumes dispersal; ND—estimate assumes no dis-
persal; NR—not relevant since species/ecosystem has nowhere to disperse to in
order to escape warming (e.g. habitat is at top of isolated mountain or at southern
extremity of austral landmass). IMAGE, BIOME4, LPJ, MAPSS refer to specific
models as used in the study, to assess climate change impacts, e.g. LPJ denotes the
Lund–Potsdam–Jena dynamic global vegetation model (Sitch et al. 2003). DVGM
refers to dynamic global vegetation model. GCM abbreviations used here: H2—
HadCM2, H3—HadCM3, GF—GFDL, EC—ECHAM4, CS—CSIRO, CG—CG,
PCM—NCAR PCM. Lower case a–h refers to how the literature was addressed in
terms of up/downscaling and these are defined in Table 1. The GCM outputs used
in the upscaling calculations are those used in the IPCC Third Assessment Report
(TAR IPCC 2001) and are at 5◦ resolution: HadCM3 A1FI, A2, B1, B2 where A2
is an ensemble of 3 runs and B2 is an ensemble of 2 runs; ECHAM4 A2 and B2
(not ensemble runs); CSIRO mark 2 A2, B1, B2; NCAR PCM A2 B2; CGCM2 A2
B2 (each an ensemble of 2 runs). Where GCM scenario names only were provided
further details were taken from: HadCM2/3 (Mitchell et al. 1995; Hulme et al. 1999;
Arnell et al. 2004), http://ipcc-ddc.cru.uea.ac.uk.

Table 6 Supplementary to Tables 2, 3, 4 and 5: the table below contains detailed information on
models and how the upscaling and downscaling were performed for each entry in Tables 2, 3, 4 and
5 and uses the same numbering scheme

Table no. Entry no. Details on type of study, models, model results,
and methods used to derive the sensitivities as
tabulated in Tables 2–5 for each table entry

2 1, 4, 9 M, 5, ND, c; ref. quotes 13.8% loss in Rocky
Mountains for each 1◦C rise in JJA temperature,
upscaled with CS, PCM, CG

2 2, 15 M, 5, IMAGE, a; authors confirmed temperature
baseline is year 2000 which is 0.1◦C warmer
than 1990

2 3 M, D, b; no GCM used in ref.; upscaled with H3,
EC, CS, PCM, CG

2 14, 32 M, P, GDD, D&ND, a; ref uses B1 and A2 of H3
with �T rise of 2.4◦C and 3.7◦C respectively
compared to the 1961–1990 mean

2 6, 7 M, P, NR, e; upscaled at several sites using H3,
EC, CS, PCM, CG

2 5 M, H3, E4, P, D&ND, a; GFDL based estimates
omitted due to lack of access to global
temperature time series

2 10 M, H3, W, a; ref. uses B2 of H3 in 2070 that has a
�T rise of 2.1◦C with respect to the 1961–1990
mean

2 11 M, P, D, d; UKCIP02 high emission scenario used
as central value; upscaled for Hampshire from
UKCIP02 (Hulme et al. 2002) regional maps
using H3, EC, CS

2 12 M, SLR, a; analysis based on transient 50%
probability of sea level rise using the US EPA
scenarios for �T of 2◦C above 1990 baseline

http://ipcc-ddc.cru.uea.ac.uk
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Table 6 (continued)

Table no. Entry no. Details on type of study, models, model results,
and methods used to derive the sensitivities as
tabulated in Tables 2–5 for each table entry

2 13 M, H3, SLR, a; IS92a median �T 2.0◦C above
1990 (Kattenberg et al. 1996, Fig. 6.20) and
range 1.4–3.0◦C

2 16 M, GE, P, NR, d; GENESIS GCM with 2.5◦C rise
for CO2 doubling from 345 to 690ppm, 345 ppm
corresponds quite closely to the 1961–1990 mean;
upscaling then gives the range; across locations
variously used H3, EC, CS, CG

2 17 M, NR, b; upscaled with H3, EC, CS, and CG
2 18 M, P, D, HadCM3, ECHAM4, GFDL, a;

Huntley et al. (2006) give 2.5◦C relative to
1961–1990 mean

2 19 M, 2, P, d, g; range is due to importance of �P,
GFDL CO2 doubling is from 300 ppm which is
close to 1900 climate sensitivity in ref of 3.7;
UKMO in 2050 is 1.6◦C above 1961–1990 mean,
1.9◦C above preindustrial

2 20, 21 M, H2, BIOME4, P, NR, c; A1 scenario of H2GS
has �T of 2.6◦C relative to 1961–1990 mean

2 22 M, BIOME3, P, d, f; H2 2080s has global �T of
2.6◦C above 1961–1990 mean

2 23 M, H3, W, a; ref. uses A2 of H3 in 2070 that has a
�T of 2.7◦C with respect to the 1961–1990 mean
and hence 2.5◦C with respect to 1990

2 24 M, H3, GF, EC, P, D&ND, a
2 25 M, CS, P, d; upscaled with H3, EC, CS, CG
2 26 M, H2, SLR, NR, a; H2 2080s without aerosols

has global �T of 3.4◦C above pre-industrial
(Hulme et al. 1999)

2 27 M, 2, P, D, d; study used CO2 doubling
scenarios—CCC �T at doubling is 3.5◦C relative
to 1900 whilst GFDL R30 is 3.3◦C relative
to 1900; upscaling gives range H3, EC, CG

2 28 M, D, b; upscaled with H3, EC, CS
2 29 M, CCC, P, D, d; CO2 equilibrium doubling

scenario has �T of 3.5◦C relative to 1900;
downscaled with CGCM and upscaled with
H3, EC, CS, CG

2 30 M, 5, IMAGE, P,a; authors confirmed
temperature baseline is year 2000 which is
0.1◦C warmer than 1990

2 31 M, P, D (based on empirical calibration), d;
upscaled with H3, EC, CS, PCM, CG

2 33 M, D, f; Meehl et al. (2007), Fig. 10.3.5 shows
this occurs for �T ≥3.5◦C above 1990

2 12, 34 M, D&ND, P, HadCM3, a; Ohlemüller et al. (2006)
use HadCM3 projections quoted as ‘2.0, 4.8◦C
above 1931–1960 mean for entries 12, 34 respectively,
add 0.1◦C to convert to pre-industrial
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Table 6 (continued)

Table no. Entry no. Details on type of study, models, model results,
and methods used to derive the sensitivities as
tabulated in Tables 2–5 for each table entry

2 35 M, 3, P, a
2 36 M, SLR, a; US EPA scenario of 4.7◦C above 1990.
3 37 E
3 38 M, D&ND, a; 18% matches minimum expected

climate change scenarios which Table 3 of
Thomas et al. (2004a) lists as �T of
0.9◦–1.7◦C (mean 1.3◦C) above 1961–1990
mean; 8 of 9 sub-studies used H2

3 39, 55, 71, 78, 82 M, D, a;
3 40 M, H2, P, ND, d; table 3 of Thomas et al. (2004a) gives

global �T of 1.35◦C above 1961–1990; HHGSDX of H3;
downscaled with H3 then upscaled with H3, EC,
CS, PCM, CG

3 41 M, H2, P, D&ND, d; Beaumont and Hughes (2002)
give global mean temperature rise
of 1.8◦C relative to the 1961–1990 mean

3 42 M, D, P, a
3 43 M, D, b; upscaled using H3, EC, CS, PCM, CG
3 44 M, H3, P, D, d; H3 2050 SRES mean
3 45 M, H2, P, D, d, g; table 3 of Thomas et al. (2004a) gives

global �T of 1.35◦C above 1961–1990; upscaled with H3,
EC, CS, PCM, CG; uses a local �T range across
Australia

3 46 M, H3, P, D&ND, d; ref. uses B1 of H3 in 2050 with a �T of
1.8◦C above the 1961–1990 baseline; downscaled
with H3 and then upscaled with H3, EC, CG

3 47 M, H2, P, D&ND, d; studies used global annual
mean �T of 1.7–2.0◦C above 1961–1990 mean

3 48 M, P, D&ND, a; table 3 of Thomas et al. (2004a) mid-range
climate scenarios have a mean �T of 1.9◦C
above 1961–1990

3 49 M, H2, P, D&ND, d; ref. refers to A2 of H3 in 2050
that has a �T of gives as 1.9◦C above 1961–1990
(Arnell et al. 2004); downscaled with H3 then
upscaled with H3, EC, CS, PCM, CG

3 50 H; upscaled using maps from WGI, chapter 10
3 51 M, 2, P, NR, d; scenarios on CRU website used with

�T of 2.0◦C above 1961–1990, agrees with Table 3
of Thomas et al. (2004a) which gives �T of 2.0◦C above
1961–1990 mean; downscaled with H3 then upscaled
with H3, EC, CS, PCM, CG

3 52 M, H2, P, D, d; the 66% is from a suite of 179
representative species, table 3 of Thomas et al. (2004a)
lists global �T of 2.0◦C above 1961–1990 mean,
upscaled with H3, EC, CS, CG

3 53 M, H2, P, D&ND, d; table 3 of Thomas et al. (2004a)
which gives �T of 2.0◦C above 1961–1990 mean using
HHGGAX; downscaled with H3 then upscaled
with H3, EC, CS, PCM, CG
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Table 6 (continued)

Table no. Entry no. Details on type of study, models, model results,
and methods used to derive the sensitivities as
tabulated in Tables 2–5 for each table entry

3 54 M, H2, P, ND, d; table 3 of Thomas et al. (2004a) which gives �T of
2.0◦C above 1961–1990 mean using HHGGAX;
downscaled with H3 then upscaled with H3, EC,
CS, PCM, CG

3 56 M, IMAGE, P, D&ND; Bakkenes et al. (2002) gives the
global temperature change relative to 1990

3 57 M, P, D&ND; ref. uses B1 in H3 in 2080s from
(Arnell et al. 2004)

3 58 M, SST, h
3 59 M, H2, D&ND, d; ref. uses global �T of 2.3◦C

above 1961–1990 mean; downscaled with H3 and
upscaled with H3, EC, CG

3 60, 76 M, P, D & ND, a
3 61 M, 15, SI, a; Arzel et al. (2006) uses 15 GCMs with

A1B for 2080s, �T A1B 2080s multi-model from
WGI, chapter 10, Fig. 10.3.2 is 2.5◦C above 1990;
ACIA uses 4 GCMs with B2, multi-model �T is
2.2◦C over 1961–1990 or 2.0◦C above 1990

3 62 M, P, D, HadCM3, ECHAM4, GFDL, a;
Huntley et al. (2006) give 2.5◦C relative to
1961–1990 mean

3 63 M, 10, P, D, d, g; Beaumont and Hughes (2002) give
global mean temperature rise of 2.6◦C relative to
the 1961–1990 mean

3 64 M, P, D, ND, a; Table 3 of Thomas et al. (2004a)
maximum climate scenarios have a mean �T
of 2.6◦C above 1961–1990 or 2.3◦C above 1990

3 65 M, SST, h
3 66 M, P, NR, e; upscaled for several sites taken from

maps in ref., using H3, EC, CS, CG
3 67 M, NR
3 68 M, 3, a, P, cloudiness, D & ND
3 69 M, NR, b; % derived from Table 1 in Benning et al. (2002)

for all forest areas combined on the 3 islands
studied; upscaling considers changes averaged
over 3 islands and uses H3, EC, CS, CG

3 70 M, H3, P, D&ND, d, f; table 3 of Benning et al. (2002)
lists global �T of 3◦C above 1961–1990 mean

3 72 M, 7, BIOME3, MAPSS, P, D&ND, a; uses CO2

doubling scenarios from Neilson and Drapek (1998)
Table 2; control concentrations were obtained
directly from modellers; thus deduced mean
global mean �T for this study

3 73 M, H3, P, D&ND, d; ref. uses A2 in H3 in 2080
that has a �T of 3.3◦C above 1961–1990
(Arnell et al. 2004)

3 74 M, H3, P, D, d, f; ref. lists �T of 3.6◦C for A1 in H3
in 2080 relative to 1961–1990, downscaled with H3
and upscaled with H3, EC, CG
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Table 6 (continued)

Table no. Entry no. Details on type of study, models, model results,
and methods used to derive the sensitivities as
tabulated in Tables 2–5 for each table entry

3 75 M, NR, b; upscaled with H3, EC, CG
3 77 M, NR, b, f; Meehl et al. (2007), Figs. 10.3.5 and

10.3.2 suggest global �T of 3.5◦C relative to 1990
3 79 M, NR, b, f; Meehl et al. (2007), Fig. 10.3.5 shows

this occurs for �T ≥3.5◦C above 1990
3 80 M, NR, b, f
3 81 M, 3, P, a
4 83 M, SST, h
4 84 M, a
4 85 M, 2, P, LPJ; upscaled with H3, EC5
4 86 M, SST, h
4 87, 88 M, 5, IMAGE, a; authors confirmed temperature

baseline is year 2000 which is 0.1◦C warmer
than 1990

5 89 M, 4, SST
5 90 E, SI
5 91 M, SST, h
5 92 M, P, NR, d; HadRM3PA2 in 2050, Fig. 13 in

Moriondo et al. (2006) shows �T matching B2 of
H3 of 1.6◦C above 1961–1990 mean;
downscaled with H3 and upscaled with
H3, EC, CS, PCM, CG

5 93 M, P, D (based on empirical calibration), d,
upscaled with H3, EC, CS, PCM, CG

5 94 E, P, D, b; upscaled using H3, EC, CS, PCM, CG
5 95 M, H2 with aerosols in 2050, a, 6 DVGMs, global

temperature taken from Raper et al. (2001).
5 96 E, P, NR, a
5 97 M, a; Williams et al. (2007) use the B1 scenario

from a mean of 9 GCM simulations used in
IPCC (2007) which have a global temperature
increase of 1–2.5◦C averaging approximately
1.9◦C above 1990 (hence 2.4 above pre-industrial)

5 98 M, d; upscaled using H3, EC, CS, PCM, CG
5 99 M, P, NR, d; HadRM3PA2 in 2050, taken

from Fig. 13 of Moriondo et al. (2006)
5 100 M, CS, b; upscaled with H3, EC, CS, PCM, CG
5 101 M, 15, SI, a; Arzel et al. (2006) uses 15 GCMs

with A1B for 2080s, �T A1B 2080s multi-model
from WGI, chapter 10, Fig. 10.3.2 is 2.5◦C
above 1990; ACIA uses 4 GCMs with B2,
multi-model �T is 2.2◦C over 1961–1990 or 2.0◦C
above 1990

5 102, 103 pH, g; IS92a in 2100 has 788 ppm CO2 and �T of
1.1–3.6◦C above 1990

5 104 M, a;
5 105 E, P, D, e; upscaled with H3, EC, CS
5 106 M, H2 with aerosols in 2100, a, 6 DVGMs, global

temperature taken from Raper et al. (2001)
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Table 6 (continued)

Table no. Entry no. Details on type of study, models, model results,
and methods used to derive the sensitivities as
tabulated in Tables 2–5 for each table entry

5 107 pH, a; impact is at CO2 doubling, T range given by
IPCC (2007) for equilibrium climate sensitivity

5 108 M, a; Williams et al. (2007) use the A2 scenario
from a mean of 9 GCM simulations used in
IPCC (2007) which have a global temperature
increase of 2–4◦C averaging approximately
3.5◦C above 1990 (hence 4◦C above pre-industrial)
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