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Fifty years ago, Willi Dansgaard and colleagues discovered several abrupt climate change events in
Greenland during the last glacial period. Since then, several ice cores retrieved from the Greenland ice sheet
have verified the existence of 25 abrupt climate warming events now known as Dansgaard-Oeschger events.
These events are characterized by a rapid 10-15°C warming over a few decades followed by a stable period
of centuries or millennia before a gradual return to full glacial conditions. Similar warming events have been
identified in other paleo-archives in the Northern hemisphere. These findings triggered wide interest in abrupt
climate change and its impact on biological diversity, but ambiguous definitions have constrained our ability
to assign biotic responses to the different types of climate change. Here, we provide a coherent definition for
different types of climatic change, including ‘abrupt climate change’, and a summary of past abrupt climate-
change events. We then review biotic responses to abrupt climate change, from the genetic to the ecosystem
level, and show that abrupt climatic and ecological changes have been instrumental in shaping biodiversity.
We also identify open questions, such as what causes species resilience after an abrupt change. However,
identifying causal relationships between past climate change and biological responses remains difficult. We
need to formalize and unify the definition of abrupt change across disciplines and further investigate past
abrupt climate change periods to better anticipate and mitigate the impacts on biodiversity and society

wrought by human-made climate change.

Introduction
Global warming is accelerating and provoking significantimpacts
on natural and anthropogenic systems [1]. In the recent geolog-
ical history of our planet, climate change events of comparable
magnitude to what the Intergovernmental Panel for Climate
Change (IPCC) expects for the end of the century have occurred
and have drastically impacted biological systems [2,3]. Scientists
from earth sciences to biology are looking at past climatic
changes to understand how biodiversity responded and to fore-
cast how biodiversity will react to current global warming [4].
Biological responses to past events of climate change include
migrations [5,6], ecological community turnovers [7,8], reorganiza-
tion of geographical ranges [9,10], changes in population sizes
[11,12] as well as extinctions [13,14]. There is, however, significant
ambiguity in the scientific literature on the terms used for climatic
changes concerning their origin, magnitude, and speed. This
ambiguity jeopardizes our ability to assign biodiversity change to
climatic changes of different nature [15]. Moreover, definitions
for abrupt climate change often do not match between paleocli-
matologists and biologists, and it is often loosely defined across
the scientific literature, including alternative concepts such as
‘fast’ or ‘rapid change’. This lack of a clear and coherent terminol-
ogy across disciplines may put the understanding of the ecological
consequences of different types of climatic changes at risk [16].
We here present an unambiguous terminology for the topic, by
providing definitions of abrupt, rapid and fast climate change as
well as abrupt ecological change. Thus, we aim at improving the
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assignment of biological responses to events of abrupt climate
change and at separating them from those introduced by gradual,
fast or rapid climate change. We then summarize biological re-
sponses to periods, exclusively, of abrupt climate change, identify
gaps in current knowledge, and suggest future lines of investiga-
tion to better anticipate future biodiversity dynamics.

Discovery and Definition of Abrupt Climate Change

In Greenland ice cores, 5'80 — the ratio of stable isotopes oxy-
gen-18 ('80) and oxygen-16 ('°0), a proxy for temperature — has
provided evidence of 25 abrupt warming events, the Dansgaard-
Oeschger (D-0) events, which occurred during the last glacial
period 115-11.5 thousand years ago (kya) [17]. The D-O events
are characterized by mild climate (interstadial), lasting from a few
centuries up to tens of thousands of years, which are interrupted
by periods of full glacial conditions (stadials; Figure 1). High-res-
olution ice-core records show that D-O events begin rapidly,
over typically ~50 years [18], while they end more smoothly,
over centuries [19]. These temperature changes are associated
with reorganizations of atmospheric circulation that may have
occurred within periods of one to three years [20]. D-O events
have also been identified in paleo-records in Europe, North
America or Eastern Asia [21-25], suggesting that D-O events
occurred at least on a hemispherical scale. At the onset of
D-O events, temperatures in Greenland increased by up to
16°C [26], whereas at lower latitudes the magnitude of the tem-
perature shift was significantly smaller.
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Top: temperature (y-axis) at the Greenland NGRIP
site [18] over the last 120 thousand years (ky BP) in
20 year resolution. Gray shaded periods highlight
the Holocene and the D-O warming events
(interstadials), as classified by Rasmussen and
colleagues [19]. Pink shaded periods indicate
Heinrich stadials, the coldest stadial periods
that are characterized by events of ice-rafted
debris in North Atlantic sediment cores. The red
line highlights abrupt climate change, namely the
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The leading hypothesis explaining D-O events is that they are
caused by changes in North Atlantic deep-water formation and
sea-ice extent. According to this hypothesis, stadials occur dur-
ing periods of a partial or complete shutdown of the Atlantic
Meridional Overturning Circulation (AMOC; Box 1), which brings
warm waters towards high latitudes in the North Atlantic [27].
Other climate pulses occurred in the Late Quaternary, including
the Younger Dryas cold event and the Bolling-Allered mild
events, whose classification as D-O events is still debated
(Figure 1), as well as the Heinrich events that caused cooling
of the North Atlantic due to massive ice stream discharges
from the Laurentide ice sheet into the North Atlantic [28]. The
increased freshwater influx caused by the iceberg discharge
that only occurs during stadial periods may have led to a com-
plete shutdown of the AMOC [27]. During the Holocene, minor
but still significant centennial-scale perturbations of the climate
system occurred at 8.2 kya and 4 kya [29,30].

Although the existence, causes and consequences of abrupt
climate change in the Late Quaternary have recently received
much attention, the terms ‘rapid’, ‘fast’ and ‘abrupt’ climate
change are widely applied and often considered as synonyms.
According to the U.S. National Research Council, an abrupt
climate change “occurs when the climate system is forced to
cross some threshold” [31]. Despite many formal definitions,
there has been a consensus that abrupt climate change involves
a switch into a new state following a tipping point [32,33].
However, given the interest in these phenomena from other
fields of science, including biology, the focus has been on the
effects that they unleashed in natural and human systems, hence
more comprehensive definitions have been proposed [34,35].
Newer definitions of abrupt climate change also consider the
nature of their consequences: for instance, the Synthesis and
Assessment Report of U.S. Climate Change Science Program
characterizes climate changes as abrupt based on their span
and their effect on other systems [35].

We propose here a non-ambiguous terminology, stated origi-
nally by Arnell and colleagues [36], considering two relevant
aspects of climate change: first, the mechanisms and dynamics
of the climate change, and second their time span and magni-
tude. We propose the term ‘gradual climate change’ for a change
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provoked by direct linear forcing, such as variation in solar inso-
lation caused by fluctuations in Earth’s orbit, and the term
‘abrupt climate change’ for when the climate system crosses a
tipping point and switches to a new state. Moreover, we propose
the use of ‘rapid climate change’ for “a large-scale change in the
climate system that takes place over a few decades or less, per-
sists (or is anticipated to persist) for at least a few decades and
causes substantial disruptions in human and natural systems”,
as defined by the IPCC in 2013 [37]. Abrupt climate change is
usually rapid, but not vice versa, as rapid climate changes can
also be the response of a fast linear forcing [33].

Following this terminology, the Late Pleistocene stadial-
interstadial transitions can be considered abrupt events. More-
over, although the current climate change is being described
as rapid, it is not clear whether it will lead to an abrupt climate
event during this century, although that likelihood will increase
within the coming centuries [38,39]. A notable exception may
be the disappearance of Arctic summer sea ice, which is likely
to occur in the coming decades [37].

Biotic Responses to Abrupt Climate Change
The many levels of biological diversity — from genes to organ-
isms to ecosystems — have reacted to past climatic changes
by migration and phenotypic or molecular evolution, and when
failing, populations and species went locally or even globally
extinct (Table 1) [40,41]. Itis, however, less known whether those
biotic reactions were the consequence of abrupt climate change
or of fast, rapid or gradual climate change. Indeed, the ability of
climate change to bring about an abrupt ecological change may
rely not only on the inherent properties of climate change, but
also on the relationship between the climatic conditions and rele-
vant biological thresholds, including regime shifts triggered by
linear (non-abrupt) climate forcing and tipping points [42].
Marine records provide a unique window into the velocity and
the modality of biotic responses to abrupt climate change. They
provide evidence of significant marine species turnover during
the last 20,000 years following abrupt climate change. During
warm interstadial climate, marine species adapted to those
conditions were dominant and reappeared consistently at
the beginning of warm climate episodes. However, the exact
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Box 1. Glossary.

Atlantic Meridional Overturning Circulation: the large system of ocean currents that transport warm water from the tropics
northward into the North Atlantic, and also southwards colder, deep waters, back to tropical regions of the Atlantic Ocean. The
AMOC contributes to the relative warmth of the Northern Hemisphere.

Bolling-Allergd: an interstadial period of increasing temperatures and moisture spanning from 14.7 to 12.7 kya.

Cryptotephra: volcanic ash sediment that can be transported to distant areas and form sedimentary layers providing isochrons for
the precise comparison of paleorecords. They help to reduce the uncertainty of the dating of abrupt change and to enhance the
comparability of abrupt change events across sites in different regions of the planet.

Ice core: a drilling sample of ice from an ice-sheet or glacier. They are the result of past snowfall accumulation that turned into ice
allowing us to trace back in time the chemical composition of the atmosphere and the climatic conditions at annual time resolution
over thousands of years, depending on the depth of the core.

Last Glacial Maximum: a cold and dry period spanning from 26.5 to 19 kya and featured by the largest extension of the ice-sheets
during the Last Glacial period. The development of the ice sheets to their maximum extension happened between 33.0 and
26.5 kya.

Spatially explicit high-resolution paleoclimatic simulations: maps of past climatic conditions including parameters such as
temperature, rainfall, moisture, winds or surface pressure, and arising from Atmospheric Ocean Circulation Models, AOGCMs,
from Regional Climate Model, RCMs, or from statistical downscaling of AOGCMs and RCMs. Both AOGCMs and RCMs are sys-
tems of equations simulating the state, behaviour and interactions of the atmosphere and oceans.

Tipping point: the critical threshold in a dynamic process or system beyond which a substantial and persistent effect occurs,
driving these dynamics or systems to a new state and, on occasion, to irreversible conditions.

Younger Dryas: a period of temperature cooling, from 12.8 to 11.7 kya, that was a return to glacial conditions right before the

inception of the warmer Holocene.

species composition of ecological communities differed from
one warming event to the other. These changes of ecological
communities in response to climate warming occurred within a
few decades. Benthic foraminifera assemblages shifted from
oxic to dysoxic species within less than 40 years and they also
experienced regional increases in species diversity within a
few decades to a few centuries [43,44].

The re-organization of marine communities, including the
dominance of those species best suited to the novel climate con-
ditions without large extinction events, may imply some degree of
resilience and capacity for fast adjustment to equilibrium with the
environment [45]. Such resilience does not rule out, however, the
possibility of biological collapse following events of abrupt
climate change and significant declines of certain species. For
example, during the Younger Dryas cold event, north-western
Atlantic benthic ostracod communities increased in abundance
over ~100y, with cold-adapted taxa reaching maximum popula-
tion levels within one millennium, while the overall diversity of the
ecological community decreased and recovered only several
thousand years after the event [13]. Moreover, the same abrupt
climate change event could provoke opposite patterns across
ecological communities: in contrast to the previous example,
the Younger Dryas prompted an increase in biological diversity
within a tropical Atlantic diatom community, likely due to a higher
nutrient supply [46]. Ostracod communities of limited dispersal
ability increased in diversity during cold events (Younger Dryas,
Heinrich1 and the 8.2 ka event) ashore from Iceland within about
100 years, along with other faunal reorganizations [44].

At first glance, these examples seem to suggest that responses
depend on the species and geographical context, making it diffi-
cult to generalize marine biotic responses to abrupt climate
change and constraining our ability to anticipate them. However,
the fossil record also shows synchronous biotic responses to
abrupt climate change across different, geographically distant

taxa: ostracod records and foraminifera records taken 5000 km
apart show a high degree of temporal correlation in community
diversity through the last 20,000 years [44]. Similarly, plankton
ecological communities offshore from the Iberian Peninsula
show predictable composition shifts over warming periods, in
part because of the ability of some species to adapt fast to abrupt
changes in sea-surface conditions [47].

Biotic responses to abrupt climate change are also evident in
terrestrial environments from populations to ecological commu-
nities. Climate-driven expansion and contraction of geograph-
ical ranges provoked genetic homogenization, as observed for
trees in Central America during the Heinrich events over the
last 60,000 years [48], but genetic diversification was occurring
as well. Populations within climate refugia were likely to have
been isolated during stadial periods, leading to allopatric diver-
gence by genetic drift or local selection. In this sense, the plant
and animal diversity of Southern Europe may reflect a history
of buffering and isolation from extreme climatic events [49],
preventing population collapses and extinction events. Recent
high-resolution studies on fossil pollen records show significant
responses of plant communities to abrupt climate change
[50-54], but also to gradual climate change. Also, gradual
climate change has reversed or accelerated vegetation re-
sponses triggered by abrupt climate change [54,55]. Moreover,
the timing of ecological responses of even geographically close
ecological communities is not synchronous: while north of the
Alps reforestation began at the onset of the Bglling—Allerad
mild events, it occurred 1500 years earlier south of the Alps,
as Mediterranean warming was followed by the spread of
forests [56].

The survival of species in microrefugia following abrupt
climate change was a key resilience mechanism during the last
glacial period. South African birds have been shown to have sur-
vived Heinrich events by contracting in the Cape region [57], and
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Table 1. Biodiversity change examples under abrupt climate change from individual to ecosystem levels.

Biological level Dynamics Taxa
Marine/lacustrine Terrestrial plants Terrestrial animal Homo sapiens
Genetic Divergence [491*
Individual Productivity change [45]
Behavioural change [99] [14,100] [101,102]
Population Adaptation [47]
Replacement [63]
Abundance variation [11] [12,54,103,104] [62] [9,105-108]
Extirpation [63,109] [110]
Range expansion or [66,60,111,112] [113]
contraction
SleseiE [59,60]", [5,99] [109] [6,107,114-118]
Socio-cultural change [78,83,106,108,117,119-121]
Species Extinction [64,65,122]*
Community Turnover [8,13,43] [48,50-52,54,55,69,70] [73] [110]
Composition shift [45,46] [10,53,55,59,68,123] [66,67]
Competition [72] [118]
Ecosystem Richness fluctuation [46] [567]
Diversity fluctuation [44,124]

*Contributory effect
**Hypothesized

plants in central Europe endured in small areas with local favour-
able climatic conditions. [58] From such refugia, species
expanded again, in some cases rapidly, such as the altitudinal
shifts occurring both in Central Scandinavia and in the north-
western Alps [59,60], highlighting the potential of mountains for
favouring fast migrations along altitudinal belts and favouring
species’ survival [61]. Although refugia facilitated the survival of
species, abrupt climate change triggered large decimation of
terrestrial animal and plant populations, and on occasion extinc-
tion dynamics. There is ample evidence of population decima-
tions across paleo-records. In tropical and subtropical regions,
abrupt changes in temperature and rainfall provoked large col-
lapses of vertebrate populations, for example a 50-fold popula-
tion size reduction of two tomato frog populations in Madagascar
[62]. The decimation of populations in other systems like in
mammal megafauna across temperate and cold regions led to
regional replacements of populations by conspecific species,
and regional and global extinctions following D-O events. How-
ever, it is still debated, as in the case of the woolly mammoth,
whether such extinctions were triggered by the events them-
selves [63,64] or whether humans were the main extinction force
[65]. Smaller mammals, on the contrary, were more resilient to
extinction because they are able to adapt faster by having shorter
generation times or higher reproductive rates, and yet they were
also highly sensitive to abrupt climate changes [66,67].
Following abrupt climate change, large shifts occurred in the
taxonomic diversity, composition and structure of ecological
communities [68,69]. These impacts are recorded across the
globe, from the artic to the tropics, and across plants and ani-
mals. In the cold regions of the planet, open tundra shifted to
boreal forest in Western Europe during stadial-interstadial tran-
sitions and vice versa, while in mid-Atlantic North America forest
assemblages responded to Heinrich and D-O events by shifting
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from subtropical to boreal compositions [50,51,70]; in temperate
regions, like in Southern Italy, the onset of the Belling-Allered
interstadial prompted a switch of a small mammal community
from a low diversity state, with the dominance of one species
(Microtus arvalis), to a higher diversity state [67]. In the tropical
lowlands of central America, the dominant climate driver of com-
munity turnover was water availability instead of temperature,
leading to more severe assemblage variation during droughts
caused by Heinrich events [48].

In some cases, ecological communities were able to maintain
viable populations under changing climatic conditions and
reaching dynamic equilibrium within 100 years after an abrupt
climate change [10,69,71], suggesting some degree of resil-
ience. These equilibrium states were maintained through com-
munity turnover in favour of species more suited to the novel
climate conditions [59], as was the case of fast colonizers and
early-successional taxa [10,48]. For instance, Populus popula-
tions (poplar, aspen, cottonwood) in North America expanded
both after the transitions from the Bolling-Allered interstadial to
the Younger Dryas and from the Younger Dryas-to the Holocene;
in both cases, they were favoured by the climate-induced
decline of competitor taxa [12]. Abrupt environmental changes
in the future may generate similarly abrupt changes in interspe-
cific interactions, with ecological communities shifting during
climate transition from a temporary period of unstable competi-
tion to stable coexistence [72].

Biodiversity has experienced profound changes within a few
decades or centuries after events of abrupt climate change.
These footprints of abrupt climate change in biodiversity are
evident across marine and terrestrial systems, from population
to ecosystem level and from the arctic to the tropics. Many of
those biodiversity changes were not synchronous and they did
not seem to follow regular patterns across biotic systems or
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temporal and geographical context, suggesting that there are
significant challenges ahead to accurately predict future states
of nature under abrupt climate change.

The Unknowns of Ecosystem Functioning and Tipping
Points

We know most about responses to abrupt climate change at the
population and community levels, but there are still significant
gaps in our knowledge on how ecosystems and their functions,
e.g. the sum of energy flows among individuals and species,
respond to abrupt climate change. There are some lines of evi-
dence suggesting that even if ecological communities, as for
small mammals in the Great Basin, drastically changed during
the last 12,000 years, the energy flow in the ecosystems stayed
constant, indicating the resilience of energy fluxes to abrupt
climate change [73]. However, a further understanding of past
ecosystem functioning, including responses of biomass produc-
tion and nutrient cycling in terrestrial ecosystems, as determined
by animal and plant communities, and of the relative role and
impact of each ecosystem component is of utmost importance
[74], not least to predict future states of the biosphere. In this
context, paleo metagenomics and sedimentary ancient DNA
[75] may help to fill the gaps in the fossil record when estimating
the occurrence, abundance, and biomass of plant and animal
taxa. This is likely to yield a more accurate picture of the func-
tioning of past ecosystems under abrupt climate change.

Furthermore, and given the dependence of humans on the re-
sources and services that ecosystems provide, we would expect
that abrupt climate changes may have impacted the emergence
and demise of societies across history. Certainly, climate change
triggered human migrations and abrupt climate change has
been proposed to have caused the extinction of Neanderthals
[76,77]. There is also robust evidence of the contribution of
abrupt climate change to the demise and spread of civilizations
[78-84], highlighting the need for modern societies to anticipate
and adapt. Recent climate change, even of less worrying nature
than past abrupt climate change, has even contributed to
armed conflicts (e.g. scarcity of water [85]). As these changes
spread across Earth, the services that ecosystems provide
may compromise the sustainability of our societies. Moreover,
changes in ecosystem functioning due to abrupt climate change
may trigger feedbacks between climate and the biosphere.
Shifts in the functioning of plankton ecosystems, for instance,
may jeopardize the role of oceans as biological pumps, reducing
the potential for carbon sequestration in deep waters. Such
feedbacks could trigger an accelerating and continued warming,
a ‘hothouse Earth’ [1], provoking tipping points and the rein-
forcement of abrupt changes in climate and the biosphere.

To disentangle the network of reactions across the main com-
ponents of the Earth System —biosphere, climate, and human
societies — during past, recent or upcoming periods of abrupt
climate change, we need to accurately estimate the timing of
climatic and biological events. Whereas abrupt climate change
is well documented in high temporal resolution records, such
as ice cores and stalagmites [20,86,87], those archives generally
lack proxies of biotic responses. Biotic responses to abrupt
climate change since the last glacial maximum are typically
documented in records of pollen or foraminifera from terrestrial
or marine archives that are often dated by radiocarbon [23,88].

The uncertainties of radiocarbon dating increase with age typi-
cally to several hundreds of years during the last glacial period
or even more towards the limit of the dating technique at around
40 kya. Furthermore, due to low accumulation rates, many ma-
rine and terrestrial archives have a low temporal resolution,
reducing the fidelity with which to date biological responses
[89]. Increasing the temporal resolution of dating is a major chal-
lenge making it difficult if not impossible to obtain precise time
lags associated with abrupt climate change, let alone the chal-
lenges of synchronizing records with such low dating resolution.

An alternative approach to investigate biotic responses to
abrupt climate change is to apply a multi-proxy approach to
target both climate and biotic responses in the same marine or
terrestrial record. Even if the temporal resolution and the abso-
lute dating uncertainties are large compared to the duration of
abrupt climate change events, a well-preserved stratigraphy
will ensure the preservation of the sequence of events, and the
relative dating uncertainties associated with individual abrupt
climate change events may be sufficiently small for estimating
their relative timing. In some cases, for instance, the annual
banding of lake records may allow setting precise constraints
of biotic response times associated with abrupt climate change
[88]. Whereas the multi-proxy approach may be applied to key
records of exceptionally high temporal resolution, it is often diffi-
cult to extend the approach to a large number of records as
many of them will often not have the required temporal resolu-
tion. Large volcanic eruptions may offer a solution to this chal-
lenge. After a volcanic explosion, its traces accumulate over
large geographical regions, preferably within the time range of
an abrupt climate change. Volcanic synchronization of archives
is developing fast and now allows the linking of marine and
terrestrial records to ice cores [90]. The technique may have
large potential for the last glacial period, but it is time-consuming
and may require the identification of cryptotephra, volcanic ash
from a single eruption not visible to the naked eye, from distant
sources [91].

The development of spatially explicit high-resolution paleocli-
matic simulations instead of relying only on paleoclimatic recon-
structions from one single site will provide deeper and more
meaningful insights into the impacts of abrupt climate change
on biological diversity. Such climatic simulations will contribute
to explain the role of past and current paleoclimate variability
into shaping biodiversity distribution patterns [92] and better
forecast future scenarios of biodiversity under climate change.
Moreover, paleoenvironmental reconstructions should account
for careful comparison of records, and, when aiming to infer
cause—effect relationships, accuracy in the dating and in the
comparison of dating from different records will be crucial.
Chronological uncertainties across paleo-records may impede
accurate estimates of the speed at which biodiversity reacted
to abrupt climate change [93]. To overcome this limitation,
records can be better integrated by deriving their chronology
from independent dating and by quantifying the correlation
uncertainties, as in the INTIMATE paleo-climatological
database [94].

Detecting past tipping points in ecosystem functioning and
anticipating how ecosystem functions and services will react to
different future events of climate change are of utmost impor-
tance. However, significant challenges remain to fully apprehend
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Figure 2. Fifty years since the discovery of
abrupt climate change.

Top left: Willi Dansgaard (1922-2011), who
discovered the Dansgaard-Oeschger (D-O) events
of the last glacial period from studying water iso-
® topes in ice cores (photo from [125]). Bottom left:
75 Sunset at the EastGRIP ice core drilling site in
< August 2019 (photo: © NEEM ice core drilling
project, www.neem.ku.dk). Center: visual stratig-
raphy of a 0.5 m long section of the 2.9 km long
NGRIP ice core from Northwestern Greenland.
The section shows the annual layering across
the onset of D-O 19, a 14°C abrupt warming event
that occurred in Greenland 73,000 years ago.
White layers are related to the dust content of
the ice that changes from high values before the
> onset (lower section) to low values after the onset
some 25 years later (upper section); image re-
published with permission from [126]. Top right:
the Arctic and Antarctic ice sheets, the Atlantic
meridional overturning circulation (AMOC) or of
the Indian Monsoon are examples of key climatic
elements, represented by dark circles in the
upper right figure, that may provoke abrupt
climate change on regional to global scales.
Center right: abrupt climate change triggers
biodiversity change (i.e., large changes in the
abundance of populations within ecological com-
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munities), accelerating on-going impacts for societal sustainability. Bottom right: Asian tiger mosquito, Aedes albopictus, spreading across Europe illustrating
the spread of tropical diseases out of the tropics due to climate change (photo: CDC/James Gathany).

the type, magnitude and velocity of ecosystem functioning
change after abrupt climate change. There is an urgent need to
expand the spatio-temporal resolution and extent of multi-proxy
studies recording key ecosystem parameters such as biomass,
nitrogen cycle or species interactions. The relevance of the
knowledge provided by paleo-records on ecosystem functioning
and across other levels of biodiversity will be amplified by, first,
increasing the accuracy of the dating techniques and, second,
improving the temporal and spatial resolution of paleoclimatic
simulations for periods of abrupt climatic events.

Conclusions

The discovery of recent abrupt climate change by Willi Dans-
gaard and colleagues [95] fifty years ago has influenced our
understanding of the Earth system and drawn long-lasting atten-
tion to their biotic and societal consequences (Figure 2). By iden-
tifying periods of abrupt climate change based on a coherent
definition we show that previous episodes of abrupt climate
change have shaped current patterns of biological diversity
and affected ecological processes [44,48]. The strength of
such impacts varied regionally, mirroring the significant spatial
variation of past abrupt climate change [21,96], highlighting
that knowledge of regional, fast-paced climate history is
fundamental for the understanding of how climate controls the
diversity of life. Further research should emphasize the role of
ecological and evolutionary adaptation, the ability to disperse
and colonize fast new regions tracking climatic shifts across
fragmented landscapes, or the significance of climatic refugia
and meta-population structures. The ability to maintain meta-
population structure, through which populations can disperse
and colonize new habitats when climatic conditions change
abruptly, will be of utmost importance to prevent large losses
of biodiversity. However, this adaptation strategy might be
severely hampered by the current anthropogenic habitat
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fragmentation [97]. Besides, ecosystems out of equilibrium
with climate are more likely to experience temporary diversity
loss. A continuous state of disturbance, like that induced by
human domination on the biosphere, will be likely to severely
reduce the resilience of ecosystems to possible abrupt climate
change events in the future [98].
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