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to biofuels derived from food and feed crops,
despite their similar effects on food production
andcropland. Unless the EU fixes this problem,
the more it restricts fossil carbon, the more it
willencourage diversion of cropland to energy
crops and outsource its food production.

The best solution is to incorporate the ‘car-
bon opportunity cost’ of land use into the
accounting of emissions from bioenergy in all
climateand energy laws. This cost can be meas-
ured simply as the carbon that could otherwise
be stored by regrowing native vegetation. A
superior approach would use carbon oppor-
tunity costs, as we have done here, to calculate
theaverage carbon costto reproduce the same
food elsewhere. Thisapproach does not require
a switch to consumption-based accounting
but recognizes that land use has an opportu-
nity cost, which should be factored into the
life-cycle analyses of bioenergy used by the EU.

Saving terrestrial carbon and biodiversity
starts by reducing, not outsourcing, Europe’s
land carbon footprint. Adapting Europe’s plan
can deliver amore beneficial land future.
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Dead spruce trees in Schleiden, Germany, as seen at infrared wavelengths.
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s humans warm the planet, biodiver-

sity is plummeting. These two global

crises are connected in multiple

ways. But the details of the intricate

feedback loops betweenbiodiversity

decline and climate change are astonishingly
under-studied.

Itis well known that climate extremes such

as droughts and heatwaves can have devas-

tating impacts on ecosystems and, in turn,
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that degraded ecosystems have a reduced
capacity to protect humanity against the social
and physical impacts of such events. Yet only
a few such relationships have been probed
in detail. Even less well known is whether
biodiversity-depleted ecosystems will also
have a negative effect on climate, provoking
or exacerbating weather extremes.

For us, a group of researchers living and
working mainly in Central Europe, the wake-up
call was the sequence of heatwaves of 2018,
2019 and 2022. It felt unreal to watch a flood-
plain forest suffer drought stress in Leip-
zig, Germany. Across Germany, more than
380,000 hectares of trees have now been dam-
aged (see go.nature.com/3etrrnp;in German),
andtheforestry sectoris struggling with how
toplanrestoration activities over the coming
decades'. What could have protected these
ecosystems against such extremes? And how
will the resultant damage further impact our
climate?

InJune 2021, the Intergovernmental Panel
onClimate Change (IPCC) and the Intergovern-
mental Science-Policy Platform on Biodiver-
sity and Ecosystem Services (IPBES) published
their first joint report?, acknowledging the

need for more collaborative work between
these two domains. And some good policy
moves are afoot: the new EU Forest Strategy
for 2030, released in July 2021, and other
high-level policy initiatives by the European
Commission, formally recognize the multi-
functional value of forests, including their
roleinregulating atmospheric processes and
climate. But much more remains to be done.

To thoroughly quantify the risk that
lies ahead, ecologists, climate scientists,
remote-sensing experts, modellers and data
scientists need to work together. The upcom-
ing meeting of the United Nations Convention
onBiological Diversity in Montreal, Canada, in
December is a good opportunity to catalyse
such collaboration.

Buffers and responses

When lamenting the decline in biodiversity,
most people think first about the tragedy of
species driven to extinction. There are more
subtle changes under way, too.

For instance, a study across Germany
showed that over the past century, most plant
species have declined in cover, withonly afew
increasing inabundance’®. Also affected is spe-
cies functionality* — genetic diversity, and the
diversity of form and structure that canmake
communities more or less efficient at taking
up nutrients, resisting heat or surviving path-
ogen attacks.

When entire ecosystems are transformed,
their functionality is often degraded. They are
left with less capacity to absorb pollution, store
carbon dioxide, soak up water, regulate tem-
perature and support vital functions for other
organisms, including humans®. Conversely,
higher levels of functional biodiversity increase
the odds of an ecosystem coping with unex-
pected events, including climate extremes.
This is known as the insurance effect®.

The effect is well documented in field
experiments and modelling studies. And
thereis mountingevidence of itin ecosystem
responses to natural events. A global synthe-
sis of various drought conditions showed, for
instance, that forests were moreresilient when
trees with a greater diversity of strategies for
using and transporting water lived together’.

However, biodiversity cannot protect all
ecosystems against all kinds of impacts.Ina
study thisyear across plotsin the United States
and Canada, for example, mortality was shown
tobehigherindiverse forest ecosystems®. The
proposed explanation for this unexpected
result was that greater biodiversity could

“Itisnot clear whether the
genetic variability present
inforests will be sufficient to
cope with future conditions.”
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also foster more competition for resources.
Whenextreme eventsinduce stress, resources
canbecomescarceinareas with high biomass
and competition cansuddenly drive mortality,
overwhelming the benefits of cohabitation.
Whether or not higher biodiversity protects
an ecosystem from an extreme is highly
site-specific.

Some plants respond to drought by reduc-
ing photosynthesis and transpirationimmedi-
ately; others can maintain business as usual for
much longer, stabilizing the response of the
ecosystem as a whole. So the exact response
of ecosystems to extremes depends oninter-
actions between the type of event, plant strat-
egies, vegetation composition and structure.

Which plant strategies will prevail is hard
to predict and highly dependent on the dura-
tionand severity of the climatic extreme, and
on previous extremes’. Researchers cannot
fully explain why some forests, tree species or
individual plants survivein certain regions hit
by extreme climate conditions, whereas entire
stands disappear elsewhere'. One study of
beech trees in Germany showed that survival
chances had a genomic basis", yet it is not
clear whether the genetic variability present
inforests will be sufficient to cope with future
conditions.

Andit cantake years for ecosystemimpacts
to play out. The effects of the two consecutive
hotdrought years, 2018 and 2019, were aneye-
opener for many of us. In Leipzig, tree growth
declined, pathogens proliferated and ash and
mapletrees died. The double blow, interrupted
by amild winter, ontop of the long-term loss of
soil moisture, led to trees dying at 4-20 times
theusualrate throughout Germany, depending
on the species (see go.nature.com/3etrrnp;
in German). The devastation peaked in 2020.

Ecosystem changes can also affect atmos-
pheric conditions and climate. Notably, land-
use change can alter the brightness (albedo)
oftheplanet’s surface andits capacity for heat
exchange. But there are more-complex mech-
anisms of influence.

Vegetation can be a source or sink for
atmospheric substances. A study published
in 2020 showed that vegetation under stress
is less capable of removing ozone than are
unstressed plants, leading to higher levels of
air pollution™. Pollen and other biogenic parti-
clesemitted from certain plants caninduce the
freezing of supercooled cloud droplets, allow-
ingiceincloudstoformat much warmer tem-
peratures', with consequences for rainfall*.
Changesto species compositionand stress can
alter thedynamics of these particle emissions.
Plant stress also modifies the emission of bio-
genic volatile organic gases, which can form
secondary particles. Wildfires —enhanced by
drought and monocultures — affect clouds,
weather and climate through the emission of
greenhouse gases and smoke particles. Sat-
ellite data show that afforestation can boost
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the formation of low-level, cooling cloud
cover® by enhancing the supply of water to
the atmosphere.

Research priorities

Animportant question is whether thereis a
feedback loop: will more intense, and more
frequent, extremes accelerate the degrada-
tion and homogenization of ecosystems,
which then, in turn, promote further climate
extremes? So far, we don’t know.

Onereason for this lack of knowledge is that
researchhasso far beenselective: most studies
have focused on the impacts of droughts and
heatwaves on ecosystems. Relatively little is
known about the impacts of other kinds of
extremes, such as a ‘false spring’ caused by
an early-season bout of warm weather, alate
spring frost, heavy rainfall events, ozone max-
ima, or exposure to high levels of solar radia-
tion during dry, cloudless weather.

Researchers have no overview, much less a
global catalogue, of how each dimension of
biodiversity interacts with the full breadth of
climate extremes in different combinations
and at multiple scales. In an ideal world, sci-
entists would know, for example, how the
variation in canopy density, vegetation age,
and species diversity protects against storm
damage; and whether and how the diversity
of canopy structures controls atmospheric
processes such as cloud formationinthe wake
of extremes. Researchers need to link spatio-
temporal patterns of biodiversity with the
responses of ecosystem processes to climate
extremes.

Creating such a catalogue is a huge chal-
lenge, particularly given the more frequent
occurrence of extremes with little or no prec-
edent™. Scientists will also need to account

Dead trees near Iserlohn, Germany, in April 2020 (left) and after felling in June 2021 (right).

for the increasing likelihood of pile-ups of cli-
mate stressors. The ways inwhich ecosystems
respond to compound events” could be quite
different. Researchers will have to study which
facets of biodiversity (genetic, physiological,
structural) arerequired to stabilize ecosystems
and their functions against these onslaughts.

There is at least one piece of good news:
tools for data collection and analysis are
improving fast, with huge advances over the
past decade in satellite-based observations
for both climate and biodiversity monitoring.
The European Copernicus Earth-observation
programme, for example — which includes

“The development of
functional‘digital twins’
of the climate systemis
nowinreach.”

the drought stress of trees®.

High-quality models are needed to turn
these datainto predictions. The development
of functional ‘digital twins’ of the climate sys-
temis now in reach. These models replicate
hydrometeorological processes at the metre
scale, and are fast enough to allow for rapid
scenario development and testing?’. The
analogous models for ecosystems are still
in amore conceptual phase. Artificial-intel-
ligence methods will be key here, to study links
between climate extremes and biodiversity.

Researchers can no longer afford to track
global transformations of the Earth system
in disciplinary silos. Instead, ecologists and
climate scientists need to establish a joint
agenda, so that humanity is properly fore-
warned: of the risks of removing biodiversity
buffers against climate extremes, and of the
risk of thereby amplifying these extremes.

the Sentinel 1and 2 satellite fleet, and other
recently launched missions that cover the
most important wavelengths of the electro-
magnetic spectrum — offer metre-scale reso-
lution observations of the biochemical status
of plants and canopy structure. Atmospheric
states are recorded in unprecedented detail,
vertically and in time.

Scientists must now make these datainter-
operable and integrate them with in situ
observations. Thelatter is challenging. Onthe
ground, a new generation of data are being
collected by researchers and by citizen scien-
tists'®. For example, unique insightsinto plant
responses to stress are coming from time-
lapse photography of leaf orientation; accel-
erometer measures of movement patterns of
stems have been shown to provide proxies for
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