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Biodiversité ?

Diversité de la vie à tous les niveaux d’organisation biologiques 
(gènes, individus, espèces, biomes)
(Gaston & Spicer (2004). Biodiversity. An introduction. Blackwell Publishing)

« La diversité biologique désigne la variabilité entre 
les organismes vivants de toutes les sources, y 
compris, entre autres, les écosystèmes terrestres, 
marins et autres écosystèmes aquatiques et les 
complexes écologiques dont ils font partie; cela 
comprend la diversité au sein des espèces, entre 
les espèces et des écosystèmes. »
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Rio de Janeiro, 1992
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1. Etat des lieux

Combien ?

< 2.106 décrites
3 à 100.106 ?

May, R. M. (1988) Science, 241, 1441-1449
Mora et al. (2011), PloS Biology, 9, e1001124



Potentially valuable comparisons of extinction magnitude could come
from assessing modern taxonomic groups that are also known from
exceptionally good fossil records. The best fossil records are for near-shore
marine invertebrates like gastropods, bivalves and corals, and temperate
terrestrial mammals, with good information also available for Holocene
Pacific Island birds2,33,35,42–44. However, better knowledge of understudied
modern taxa is critically important for developing common metrics for
modern and fossil groups. For example, some 49% of bivalves went extinct
during the end-Cretaceous event43, but only 1% of today’s species have
even been assessed6, making meaningful comparison difficult. A similar
problem prevails for gastropods, exacerbated because most modern
assessments are on terrestrial species, and most fossil data come from
marine species. Given the daunting challenge of assessing extinction risk
in every living species, statistical approaches aimed at understanding what
well sampled taxa tell us about extinction risks in poorly sampled taxa are
critically important25.

For a very few groups, modern assessments are close to adequate.
Scleractinian corals, amphibians, birds and mammals have all known
species assessed6 (Fig. 2), although species counts remain a moving target27.
In these groups, even though the percentage of species extinct in historic
time is low (zero to 1%), 20–43% of their species and many more of their
populations are threatened (Fig. 2). Those numbers suggest that we have
not yet seen the sixth mass extinction, but that we would jump from one-
quarter to halfway towards it if ‘threatened’ species disappear.

Given that many clades are undersampled or unevenly sampled,
magnitude estimates that rely on theoretical predictions rather than
empirical data become important. Often species-area relationships or
allied modelling techniques are used to relate species losses to habitat-
area losses (Table 2). These techniques suggest that future species
extinctions will be around 21–52%, similar to the magnitudes expressed
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Figure 2 | Extinction magnitudes of IUCN-assessed taxa6 in comparison to
the 75% mass-extinction benchmark. Numbers next to each icon indicate
percentage of species. White icons indicate species ‘extinct’ and ‘extinct in the
wild’ over the past 500 years. Black icons add currently ‘threatened’ species to
those already ‘extinct’ or ‘extinct in the wild’; the amphibian percentage may be as
high as 43% (ref. 19). Yellow icons indicate the Big Five species losses: Cretaceous
1 Devonian, Triassic, Ordovician and Permian (from left to right). Asterisks
indicate taxa for which very few species (less than 3% for gastropods and bivalves)
have been assessed; white arrows show where extinction percentages are probably
inflated (because species perceived to be in peril are often assessed first). The
number of species known or assessed for each of the groups listed is: Mammalia
5,490/5,490; Aves (birds) 10,027/10,027; Reptilia 8,855/1,677; Amphibia 6,285/
6,285, Actinopterygii 24,000/5,826, Scleractinia (corals) 837/837; Gastropoda
85,000/2,319; Bivalvia 30,000/310, Cycadopsida 307/307; Coniferopsida 618/618;
Chondrichthyes 1,044/1,044; and Decapoda 1,867/1,867.
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Figure 1 | Relationship between extinction rates and the time interval over
which the rates were calculated, for mammals. Each small grey datum point
represents the E/MSY (extinction per million species-years) calculated from
taxon durations recorded in the Paleobiology Database30 (million-year-or-
more time bins) or from lists of extant, recently extinct, and Pleistocene species
compiled from the literature (100,000-year-and-less time bins)6,32,33,89–97. More
than 4,600 data points are plotted and cluster on top of each other. Yellow
shading encompasses the ‘normal’ (non-anthropogenic) range of variance in
extinction rate that would be expected given different measurement intervals;
for more than 100,000 years, it is the same as the 95% confidence interval, but
the fading to the right indicates that the upper boundary of ‘normal’ variance
becomes uncertain at short time intervals. The short horizontal lines indicate
the empirically determined mean E/MSY for each time bin. Large coloured dots
represent the calculated extinction rates since 2010. Red, the end-Pleistocene
extinction event. Orange, documented historical extinctions averaged (from
right to left) over the last 1, 30, 50, 70, 100, 500, 1,000 and 5,000 years. Blue,
attempts to enhance comparability of modern with fossil data by adjusting for
extinctions of species with very low fossilization potential (such as those with
very small geographic ranges and bats). For these calculations, ‘extinct’ and
‘extinct in the wild’ species that had geographic ranges less than 500 km2 as
recorded by the IUCN6, all species restricted to islands of less than 105 km2, and
bats were excluded from the counts (under-representation of bats as fossils is
indicated by their composing only about 2.5% of the fossil species count, versus
around 20% of the modern species count30). Brown triangles represent the
projections of rates that would result if ‘threatened’ mammals go extinct within
100, 500 or 1,000 years. The lowest triangle (of each vertical set) indicates the
rate if only ‘critically endangered’ species were to go extinct (CR), the middle
triangle indicates the rate if ‘critically endangered’ 1 ‘endangered’ species were
to go extinct (EN), and the highest triangle indicates the rate if ‘critically
endangered’ 1 ‘endangered’ 1 ‘vulnerable’ species were to go extinct (VU). To
produce Fig. 1 we first determined the last-occurrence records of Cenozoic
mammals from the Paleobiology Database30, and the last occurrences of
Pleistocene and Holocene mammals from refs 6, 32, 33 and 89–97. We then
used R-scripts (written by N.M.) to compute total diversity, number of
extinctions, proportional extinction, and E/MSY (and its mean) for time-bins
of varying duration. Cenozoic time bins ranged from 25 million to a million
years. Pleistocene time bins ranged from 100,000 to 5,000 years, and Holocene
time bins from 5,000 years to a year. For Cenozoic data, the mean E/MSY was
computed using the average within-bin standing diversity, which was
calculated by counting all taxa that cross each 100,000-year boundary within a
million-year bin, then averaging those boundary-crossing counts to compute
standing diversity for the entire million-year-and-over bin. For modern data,
the mean was computed using the total standing diversity in each bin (extinct
plus surviving taxa). This method may overestimate the fossil mean extinction
rate and underestimate the modern means, so it is a conservative comparison in
terms of assessing whether modern means are higher. The Cenozoic data are for
North America and the Pleistocene and Holocene data are for global extinction;
adequate global Cenozoic data are unavailable. There is no apparent reason to
suspect that the North American average would differ from the global average
at the million-year timescale.
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terrestrial mammals, with good information also available for Holocene
Pacific Island birds2,33,35,42–44. However, better knowledge of understudied
modern taxa is critically important for developing common metrics for
modern and fossil groups. For example, some 49% of bivalves went extinct
during the end-Cretaceous event43, but only 1% of today’s species have
even been assessed6, making meaningful comparison difficult. A similar
problem prevails for gastropods, exacerbated because most modern
assessments are on terrestrial species, and most fossil data come from
marine species. Given the daunting challenge of assessing extinction risk
in every living species, statistical approaches aimed at understanding what
well sampled taxa tell us about extinction risks in poorly sampled taxa are
critically important25.

For a very few groups, modern assessments are close to adequate.
Scleractinian corals, amphibians, birds and mammals have all known
species assessed6 (Fig. 2), although species counts remain a moving target27.
In these groups, even though the percentage of species extinct in historic
time is low (zero to 1%), 20–43% of their species and many more of their
populations are threatened (Fig. 2). Those numbers suggest that we have
not yet seen the sixth mass extinction, but that we would jump from one-
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the 75% mass-extinction benchmark. Numbers next to each icon indicate
percentage of species. White icons indicate species ‘extinct’ and ‘extinct in the
wild’ over the past 500 years. Black icons add currently ‘threatened’ species to
those already ‘extinct’ or ‘extinct in the wild’; the amphibian percentage may be as
high as 43% (ref. 19). Yellow icons indicate the Big Five species losses: Cretaceous
1 Devonian, Triassic, Ordovician and Permian (from left to right). Asterisks
indicate taxa for which very few species (less than 3% for gastropods and bivalves)
have been assessed; white arrows show where extinction percentages are probably
inflated (because species perceived to be in peril are often assessed first). The
number of species known or assessed for each of the groups listed is: Mammalia
5,490/5,490; Aves (birds) 10,027/10,027; Reptilia 8,855/1,677; Amphibia 6,285/
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Figure 1 | Relationship between extinction rates and the time interval over
which the rates were calculated, for mammals. Each small grey datum point
represents the E/MSY (extinction per million species-years) calculated from
taxon durations recorded in the Paleobiology Database30 (million-year-or-
more time bins) or from lists of extant, recently extinct, and Pleistocene species
compiled from the literature (100,000-year-and-less time bins)6,32,33,89–97. More
than 4,600 data points are plotted and cluster on top of each other. Yellow
shading encompasses the ‘normal’ (non-anthropogenic) range of variance in
extinction rate that would be expected given different measurement intervals;
for more than 100,000 years, it is the same as the 95% confidence interval, but
the fading to the right indicates that the upper boundary of ‘normal’ variance
becomes uncertain at short time intervals. The short horizontal lines indicate
the empirically determined mean E/MSY for each time bin. Large coloured dots
represent the calculated extinction rates since 2010. Red, the end-Pleistocene
extinction event. Orange, documented historical extinctions averaged (from
right to left) over the last 1, 30, 50, 70, 100, 500, 1,000 and 5,000 years. Blue,
attempts to enhance comparability of modern with fossil data by adjusting for
extinctions of species with very low fossilization potential (such as those with
very small geographic ranges and bats). For these calculations, ‘extinct’ and
‘extinct in the wild’ species that had geographic ranges less than 500 km2 as
recorded by the IUCN6, all species restricted to islands of less than 105 km2, and
bats were excluded from the counts (under-representation of bats as fossils is
indicated by their composing only about 2.5% of the fossil species count, versus
around 20% of the modern species count30). Brown triangles represent the
projections of rates that would result if ‘threatened’ mammals go extinct within
100, 500 or 1,000 years. The lowest triangle (of each vertical set) indicates the
rate if only ‘critically endangered’ species were to go extinct (CR), the middle
triangle indicates the rate if ‘critically endangered’ 1 ‘endangered’ species were
to go extinct (EN), and the highest triangle indicates the rate if ‘critically
endangered’ 1 ‘endangered’ 1 ‘vulnerable’ species were to go extinct (VU). To
produce Fig. 1 we first determined the last-occurrence records of Cenozoic
mammals from the Paleobiology Database30, and the last occurrences of
Pleistocene and Holocene mammals from refs 6, 32, 33 and 89–97. We then
used R-scripts (written by N.M.) to compute total diversity, number of
extinctions, proportional extinction, and E/MSY (and its mean) for time-bins
of varying duration. Cenozoic time bins ranged from 25 million to a million
years. Pleistocene time bins ranged from 100,000 to 5,000 years, and Holocene
time bins from 5,000 years to a year. For Cenozoic data, the mean E/MSY was
computed using the average within-bin standing diversity, which was
calculated by counting all taxa that cross each 100,000-year boundary within a
million-year bin, then averaging those boundary-crossing counts to compute
standing diversity for the entire million-year-and-over bin. For modern data,
the mean was computed using the total standing diversity in each bin (extinct
plus surviving taxa). This method may overestimate the fossil mean extinction
rate and underestimate the modern means, so it is a conservative comparison in
terms of assessing whether modern means are higher. The Cenozoic data are for
North America and the Pleistocene and Holocene data are for global extinction;
adequate global Cenozoic data are unavailable. There is no apparent reason to
suspect that the North American average would differ from the global average
at the million-year timescale.
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De Vos et al. (2014), Cons. Biology, 29, 452-462

Taux
d’extinction

Taux de 
spéciation

Ordre de grandeur du taux de spéciation : 0,1 /million d’espèces.année

Taux d’extinction : valeurs de 0 à 0,09 (Arthropodes) /million d’espèces.année
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modern and fossil groups. For example, some 49% of bivalves went extinct
during the end-Cretaceous event43, but only 1% of today’s species have
even been assessed6, making meaningful comparison difficult. A similar
problem prevails for gastropods, exacerbated because most modern
assessments are on terrestrial species, and most fossil data come from
marine species. Given the daunting challenge of assessing extinction risk
in every living species, statistical approaches aimed at understanding what
well sampled taxa tell us about extinction risks in poorly sampled taxa are
critically important25.

For a very few groups, modern assessments are close to adequate.
Scleractinian corals, amphibians, birds and mammals have all known
species assessed6 (Fig. 2), although species counts remain a moving target27.
In these groups, even though the percentage of species extinct in historic
time is low (zero to 1%), 20–43% of their species and many more of their
populations are threatened (Fig. 2). Those numbers suggest that we have
not yet seen the sixth mass extinction, but that we would jump from one-
quarter to halfway towards it if ‘threatened’ species disappear.

Given that many clades are undersampled or unevenly sampled,
magnitude estimates that rely on theoretical predictions rather than
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Figure 2 | Extinction magnitudes of IUCN-assessed taxa6 in comparison to
the 75% mass-extinction benchmark. Numbers next to each icon indicate
percentage of species. White icons indicate species ‘extinct’ and ‘extinct in the
wild’ over the past 500 years. Black icons add currently ‘threatened’ species to
those already ‘extinct’ or ‘extinct in the wild’; the amphibian percentage may be as
high as 43% (ref. 19). Yellow icons indicate the Big Five species losses: Cretaceous
1 Devonian, Triassic, Ordovician and Permian (from left to right). Asterisks
indicate taxa for which very few species (less than 3% for gastropods and bivalves)
have been assessed; white arrows show where extinction percentages are probably
inflated (because species perceived to be in peril are often assessed first). The
number of species known or assessed for each of the groups listed is: Mammalia
5,490/5,490; Aves (birds) 10,027/10,027; Reptilia 8,855/1,677; Amphibia 6,285/
6,285, Actinopterygii 24,000/5,826, Scleractinia (corals) 837/837; Gastropoda
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Figure 1 | Relationship between extinction rates and the time interval over
which the rates were calculated, for mammals. Each small grey datum point
represents the E/MSY (extinction per million species-years) calculated from
taxon durations recorded in the Paleobiology Database30 (million-year-or-
more time bins) or from lists of extant, recently extinct, and Pleistocene species
compiled from the literature (100,000-year-and-less time bins)6,32,33,89–97. More
than 4,600 data points are plotted and cluster on top of each other. Yellow
shading encompasses the ‘normal’ (non-anthropogenic) range of variance in
extinction rate that would be expected given different measurement intervals;
for more than 100,000 years, it is the same as the 95% confidence interval, but
the fading to the right indicates that the upper boundary of ‘normal’ variance
becomes uncertain at short time intervals. The short horizontal lines indicate
the empirically determined mean E/MSY for each time bin. Large coloured dots
represent the calculated extinction rates since 2010. Red, the end-Pleistocene
extinction event. Orange, documented historical extinctions averaged (from
right to left) over the last 1, 30, 50, 70, 100, 500, 1,000 and 5,000 years. Blue,
attempts to enhance comparability of modern with fossil data by adjusting for
extinctions of species with very low fossilization potential (such as those with
very small geographic ranges and bats). For these calculations, ‘extinct’ and
‘extinct in the wild’ species that had geographic ranges less than 500 km2 as
recorded by the IUCN6, all species restricted to islands of less than 105 km2, and
bats were excluded from the counts (under-representation of bats as fossils is
indicated by their composing only about 2.5% of the fossil species count, versus
around 20% of the modern species count30). Brown triangles represent the
projections of rates that would result if ‘threatened’ mammals go extinct within
100, 500 or 1,000 years. The lowest triangle (of each vertical set) indicates the
rate if only ‘critically endangered’ species were to go extinct (CR), the middle
triangle indicates the rate if ‘critically endangered’ 1 ‘endangered’ species were
to go extinct (EN), and the highest triangle indicates the rate if ‘critically
endangered’ 1 ‘endangered’ 1 ‘vulnerable’ species were to go extinct (VU). To
produce Fig. 1 we first determined the last-occurrence records of Cenozoic
mammals from the Paleobiology Database30, and the last occurrences of
Pleistocene and Holocene mammals from refs 6, 32, 33 and 89–97. We then
used R-scripts (written by N.M.) to compute total diversity, number of
extinctions, proportional extinction, and E/MSY (and its mean) for time-bins
of varying duration. Cenozoic time bins ranged from 25 million to a million
years. Pleistocene time bins ranged from 100,000 to 5,000 years, and Holocene
time bins from 5,000 years to a year. For Cenozoic data, the mean E/MSY was
computed using the average within-bin standing diversity, which was
calculated by counting all taxa that cross each 100,000-year boundary within a
million-year bin, then averaging those boundary-crossing counts to compute
standing diversity for the entire million-year-and-over bin. For modern data,
the mean was computed using the total standing diversity in each bin (extinct
plus surviving taxa). This method may overestimate the fossil mean extinction
rate and underestimate the modern means, so it is a conservative comparison in
terms of assessing whether modern means are higher. The Cenozoic data are for
North America and the Pleistocene and Holocene data are for global extinction;
adequate global Cenozoic data are unavailable. There is no apparent reason to
suspect that the North American average would differ from the global average
at the million-year timescale.
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Taux d’extinction : valeurs de 0 à 0,09 (Arthropodes) /million d’espèces.année
Maintenant : x 100 ou x 1000 !

Potentially valuable comparisons of extinction magnitude could come
from assessing modern taxonomic groups that are also known from
exceptionally good fossil records. The best fossil records are for near-shore
marine invertebrates like gastropods, bivalves and corals, and temperate
terrestrial mammals, with good information also available for Holocene
Pacific Island birds2,33,35,42–44. However, better knowledge of understudied
modern taxa is critically important for developing common metrics for
modern and fossil groups. For example, some 49% of bivalves went extinct
during the end-Cretaceous event43, but only 1% of today’s species have
even been assessed6, making meaningful comparison difficult. A similar
problem prevails for gastropods, exacerbated because most modern
assessments are on terrestrial species, and most fossil data come from
marine species. Given the daunting challenge of assessing extinction risk
in every living species, statistical approaches aimed at understanding what
well sampled taxa tell us about extinction risks in poorly sampled taxa are
critically important25.

For a very few groups, modern assessments are close to adequate.
Scleractinian corals, amphibians, birds and mammals have all known
species assessed6 (Fig. 2), although species counts remain a moving target27.
In these groups, even though the percentage of species extinct in historic
time is low (zero to 1%), 20–43% of their species and many more of their
populations are threatened (Fig. 2). Those numbers suggest that we have
not yet seen the sixth mass extinction, but that we would jump from one-
quarter to halfway towards it if ‘threatened’ species disappear.

Given that many clades are undersampled or unevenly sampled,
magnitude estimates that rely on theoretical predictions rather than
empirical data become important. Often species-area relationships or
allied modelling techniques are used to relate species losses to habitat-
area losses (Table 2). These techniques suggest that future species
extinctions will be around 21–52%, similar to the magnitudes expressed
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Figure 2 | Extinction magnitudes of IUCN-assessed taxa6 in comparison to
the 75% mass-extinction benchmark. Numbers next to each icon indicate
percentage of species. White icons indicate species ‘extinct’ and ‘extinct in the
wild’ over the past 500 years. Black icons add currently ‘threatened’ species to
those already ‘extinct’ or ‘extinct in the wild’; the amphibian percentage may be as
high as 43% (ref. 19). Yellow icons indicate the Big Five species losses: Cretaceous
1 Devonian, Triassic, Ordovician and Permian (from left to right). Asterisks
indicate taxa for which very few species (less than 3% for gastropods and bivalves)
have been assessed; white arrows show where extinction percentages are probably
inflated (because species perceived to be in peril are often assessed first). The
number of species known or assessed for each of the groups listed is: Mammalia
5,490/5,490; Aves (birds) 10,027/10,027; Reptilia 8,855/1,677; Amphibia 6,285/
6,285, Actinopterygii 24,000/5,826, Scleractinia (corals) 837/837; Gastropoda
85,000/2,319; Bivalvia 30,000/310, Cycadopsida 307/307; Coniferopsida 618/618;
Chondrichthyes 1,044/1,044; and Decapoda 1,867/1,867.
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Figure 1 | Relationship between extinction rates and the time interval over
which the rates were calculated, for mammals. Each small grey datum point
represents the E/MSY (extinction per million species-years) calculated from
taxon durations recorded in the Paleobiology Database30 (million-year-or-
more time bins) or from lists of extant, recently extinct, and Pleistocene species
compiled from the literature (100,000-year-and-less time bins)6,32,33,89–97. More
than 4,600 data points are plotted and cluster on top of each other. Yellow
shading encompasses the ‘normal’ (non-anthropogenic) range of variance in
extinction rate that would be expected given different measurement intervals;
for more than 100,000 years, it is the same as the 95% confidence interval, but
the fading to the right indicates that the upper boundary of ‘normal’ variance
becomes uncertain at short time intervals. The short horizontal lines indicate
the empirically determined mean E/MSY for each time bin. Large coloured dots
represent the calculated extinction rates since 2010. Red, the end-Pleistocene
extinction event. Orange, documented historical extinctions averaged (from
right to left) over the last 1, 30, 50, 70, 100, 500, 1,000 and 5,000 years. Blue,
attempts to enhance comparability of modern with fossil data by adjusting for
extinctions of species with very low fossilization potential (such as those with
very small geographic ranges and bats). For these calculations, ‘extinct’ and
‘extinct in the wild’ species that had geographic ranges less than 500 km2 as
recorded by the IUCN6, all species restricted to islands of less than 105 km2, and
bats were excluded from the counts (under-representation of bats as fossils is
indicated by their composing only about 2.5% of the fossil species count, versus
around 20% of the modern species count30). Brown triangles represent the
projections of rates that would result if ‘threatened’ mammals go extinct within
100, 500 or 1,000 years. The lowest triangle (of each vertical set) indicates the
rate if only ‘critically endangered’ species were to go extinct (CR), the middle
triangle indicates the rate if ‘critically endangered’ 1 ‘endangered’ species were
to go extinct (EN), and the highest triangle indicates the rate if ‘critically
endangered’ 1 ‘endangered’ 1 ‘vulnerable’ species were to go extinct (VU). To
produce Fig. 1 we first determined the last-occurrence records of Cenozoic
mammals from the Paleobiology Database30, and the last occurrences of
Pleistocene and Holocene mammals from refs 6, 32, 33 and 89–97. We then
used R-scripts (written by N.M.) to compute total diversity, number of
extinctions, proportional extinction, and E/MSY (and its mean) for time-bins
of varying duration. Cenozoic time bins ranged from 25 million to a million
years. Pleistocene time bins ranged from 100,000 to 5,000 years, and Holocene
time bins from 5,000 years to a year. For Cenozoic data, the mean E/MSY was
computed using the average within-bin standing diversity, which was
calculated by counting all taxa that cross each 100,000-year boundary within a
million-year bin, then averaging those boundary-crossing counts to compute
standing diversity for the entire million-year-and-over bin. For modern data,
the mean was computed using the total standing diversity in each bin (extinct
plus surviving taxa). This method may overestimate the fossil mean extinction
rate and underestimate the modern means, so it is a conservative comparison in
terms of assessing whether modern means are higher. The Cenozoic data are for
North America and the Pleistocene and Holocene data are for global extinction;
adequate global Cenozoic data are unavailable. There is no apparent reason to
suspect that the North American average would differ from the global average
at the million-year timescale.
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exploitation of organisms, climate change,
pollution, and invasive alien species (Fig. 3).
Within terrestrial and freshwater ecosystems,
the driver with the highest relative impact is
land use change, mainly land conversion for
cultivation, livestock raising, and plantations.
The main driver in the ocean is direct ex-
ploitation through biomass extraction (mostly
fishing). Although climate change is already a
substantial driver of changes to nature and its
contributions to people inmany places (Fig. 3),
even causing extinction in some cases [for
example, (66)], it is not yet globally the most
important.
The vast area of the world managed by In-

digenous Peoples (at least 25 to 28% of land
surface) (Fig. 4) under various property re-
gimes is no exception to these trends. Because
of their large extent, the fact that nature is
overall better preserved within them (60), and
because of the diverse stewardship practices
carried within them around the world (Fig. 4,

A to I), the fate of nature in these lands has
important consequences for wider society
as well as for local livelihoods, health, and
knowledge transmission (67).
Indirect drivers of change—including de-

mographic, economic, political, and insti-
tutional arrangements, and underpinned by
societal values—underlie the observed direct
drivers (Fig. 3). Indirect drivers interact with
one another; for example, economic develop-
ment choices could cause less deterioration in
the presence of environmental policy, whereas
the lack of publicly enforced rights could
undermine resource management and con-
servation practices by Indigenous Peoples
and local communities (68).
Over the past five decades, global socio-

economic trends have followed highly diver-
gent pathways for countries with contrasting
levels of income (Fig. 5) (69). With the dra-
matic increase in global trade, and more
generally economic and social globalization,

nature is ever more influenced by distant
consumers (70). Trade has shifted where
goods are produced and used, contributing
to new economic opportunities but also gen-
erating or exacerbating inequities in both
economic development and environmental
burdens. The demand for material goods
is predominantly from higher- and middle-
income countries, and it is often satisfied
by production in middle- and lower-income
countries (Fig. 5, A, B, and C). For example,
the European Union, the United States, and
Japan together accounted for ~64% of the
world imports of fish products in value, where-
as developing countries accounted for 59%
of the total volume of traded fish (12). These
exchanges are often negotiated between actors
and institutions of unequal power, which af-
fects the distribution of the benefits and long-
term social and ecological costs (Fig. 5F). A
handful of transnational corporations con-
trol large (>50%) shares of supply chains in
agriculture, fishing, logging, and mining
(71, 72), whereas funds channeled through
tax havens support most illegal, unreported,
and unregulated fishing (71, 73), creating
governance challenges. Many economic in-
centives are harmful to nature, including di-
rect and indirect subsidies to fisheries (74),
agriculture (including fertilizers and pesti-
cides) (75), livestock raising, forestry, mining,
and energy production (including fossil fuels
and biofuels) (76). However, conservation
policies (including incentives) could also play
out unequally. For example, higher-income
countries might contribute to the financing
of environmental protection in lower-income
countries but only to secure global benefits—
such as the preservation of particular species
and ecosystems, or carbon storage—whereas
such policies can sometimes lower welfare
locally (77, 78).

Progress toward internationally agreed goals

In view of the trends summarized above, it is
not surprising that progress in meeting inter-
nationally agreed goals has been generally
poor. Progress toward the 20 “Aichi Targets”
in the Strategic Plan on Biodiversity 2011–2020
of the Convention on Biological Diversity has
been mixed (Fig. 6A). Of the 54 elements
comprising the 20 targets, good progress has
been made toward five (9%), moderate prog-
ress toward 19 (35%), and poor progress or
movement away from the target for 21 (39%).
Progress is unknown for nine elements (17%).
Overall, it is clear that the majority of Aichi
Targets will not be met. More progress has
beenmade in adopting and/or implementing
policy responses and actions to conserve and
use nature more sustainably than has been
achieved in addressing the drivers of bio-
diversity loss. The strongest progress has been
toward increasing protected area coverage
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Fig. 3. Examples of global declines in nature that have been and are being caused by direct and
indirect drivers of change. Each of the direct drivers of changes (land or sea use change; direct exploitation
of organisms; climate change; pollution, including plastics, heavy metals, and direct effects of elevated
CO2 on, for example, terrestrial photosynthesis and seawater pH; and invasive alien species) represents
the aggregation of many consequences from sectors such as crop production; animal husbandry; fishing;
logging; hunting; mining for minerals, ores, and fossil fuels; development of cities and infrastructure for
electricity and transport; and the transport of people and goods itself. The direct drivers result from
an array of underlying societal causes. These causes can be demographic (for example, human population
dynamics); sociocultural (for example, consumption patterns); economic (for example, trade); technological;
or relating to institutions, governance, conflicts, and epidemics. These are called indirect drivers and are
underpinned by societal values and behaviors (3, 114). The color bands represent the relative global impact
of direct drivers on (from top to bottom) terrestrial, freshwater, and marine nature as estimated from a
global systematic review of studies published since 2005 (51). Land and sea use change and direct
exploitation account for more than 50% of the global impact on land, in fresh water, and in the sea, but
each driver is dominant in certain systems or places. The circles illustrate the magnitude of the negative
human impacts on a diverse selection of aspects of nature over a range of different time scales, selected
from a global synthesis of indicators; ecosystem extent, extinction risk, and biomass and species abundance
include terrestrial, freshwater, and marine species and ecosystems, although most is known about life on
land. Biotic integrity refers to the terrestrial realm only, and nature indicators for Indigenous Peoples and
local communities are predominately terrestrial. [Reproduced from (1).]
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1. Affectation des sols

Déforestation pour agriculture, urbanisation,…
Mise en réserve (30 % min; COP 15; 
      Kunming-Montréal, 7-19/12/2022)
 

2. Exploitation

Agriculture favorisant la biodiversité
Efforts de conservation des ressources (sols, quota & régulation de pêche, …)
Quelques sources : 
Tilman et al. 2017 (Nature 546); 
Crist et al. 2017 (Science 356); 
Springmann et al. 2018 (Nature 562); 
Willett et al. 2019 (The Lancet; site of the EAT Foundation : https://eatforum.org/eat-lancet-commission/)

exploitation of organisms, climate change,
pollution, and invasive alien species (Fig. 3).
Within terrestrial and freshwater ecosystems,
the driver with the highest relative impact is
land use change, mainly land conversion for
cultivation, livestock raising, and plantations.
The main driver in the ocean is direct ex-
ploitation through biomass extraction (mostly
fishing). Although climate change is already a
substantial driver of changes to nature and its
contributions to people inmany places (Fig. 3),
even causing extinction in some cases [for
example, (66)], it is not yet globally the most
important.
The vast area of the world managed by In-

digenous Peoples (at least 25 to 28% of land
surface) (Fig. 4) under various property re-
gimes is no exception to these trends. Because
of their large extent, the fact that nature is
overall better preserved within them (60), and
because of the diverse stewardship practices
carried within them around the world (Fig. 4,

A to I), the fate of nature in these lands has
important consequences for wider society
as well as for local livelihoods, health, and
knowledge transmission (67).
Indirect drivers of change—including de-

mographic, economic, political, and insti-
tutional arrangements, and underpinned by
societal values—underlie the observed direct
drivers (Fig. 3). Indirect drivers interact with
one another; for example, economic develop-
ment choices could cause less deterioration in
the presence of environmental policy, whereas
the lack of publicly enforced rights could
undermine resource management and con-
servation practices by Indigenous Peoples
and local communities (68).
Over the past five decades, global socio-

economic trends have followed highly diver-
gent pathways for countries with contrasting
levels of income (Fig. 5) (69). With the dra-
matic increase in global trade, and more
generally economic and social globalization,

nature is ever more influenced by distant
consumers (70). Trade has shifted where
goods are produced and used, contributing
to new economic opportunities but also gen-
erating or exacerbating inequities in both
economic development and environmental
burdens. The demand for material goods
is predominantly from higher- and middle-
income countries, and it is often satisfied
by production in middle- and lower-income
countries (Fig. 5, A, B, and C). For example,
the European Union, the United States, and
Japan together accounted for ~64% of the
world imports of fish products in value, where-
as developing countries accounted for 59%
of the total volume of traded fish (12). These
exchanges are often negotiated between actors
and institutions of unequal power, which af-
fects the distribution of the benefits and long-
term social and ecological costs (Fig. 5F). A
handful of transnational corporations con-
trol large (>50%) shares of supply chains in
agriculture, fishing, logging, and mining
(71, 72), whereas funds channeled through
tax havens support most illegal, unreported,
and unregulated fishing (71, 73), creating
governance challenges. Many economic in-
centives are harmful to nature, including di-
rect and indirect subsidies to fisheries (74),
agriculture (including fertilizers and pesti-
cides) (75), livestock raising, forestry, mining,
and energy production (including fossil fuels
and biofuels) (76). However, conservation
policies (including incentives) could also play
out unequally. For example, higher-income
countries might contribute to the financing
of environmental protection in lower-income
countries but only to secure global benefits—
such as the preservation of particular species
and ecosystems, or carbon storage—whereas
such policies can sometimes lower welfare
locally (77, 78).

Progress toward internationally agreed goals

In view of the trends summarized above, it is
not surprising that progress in meeting inter-
nationally agreed goals has been generally
poor. Progress toward the 20 “Aichi Targets”
in the Strategic Plan on Biodiversity 2011–2020
of the Convention on Biological Diversity has
been mixed (Fig. 6A). Of the 54 elements
comprising the 20 targets, good progress has
been made toward five (9%), moderate prog-
ress toward 19 (35%), and poor progress or
movement away from the target for 21 (39%).
Progress is unknown for nine elements (17%).
Overall, it is clear that the majority of Aichi
Targets will not be met. More progress has
beenmade in adopting and/or implementing
policy responses and actions to conserve and
use nature more sustainably than has been
achieved in addressing the drivers of bio-
diversity loss. The strongest progress has been
toward increasing protected area coverage
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Fig. 3. Examples of global declines in nature that have been and are being caused by direct and
indirect drivers of change. Each of the direct drivers of changes (land or sea use change; direct exploitation
of organisms; climate change; pollution, including plastics, heavy metals, and direct effects of elevated
CO2 on, for example, terrestrial photosynthesis and seawater pH; and invasive alien species) represents
the aggregation of many consequences from sectors such as crop production; animal husbandry; fishing;
logging; hunting; mining for minerals, ores, and fossil fuels; development of cities and infrastructure for
electricity and transport; and the transport of people and goods itself. The direct drivers result from
an array of underlying societal causes. These causes can be demographic (for example, human population
dynamics); sociocultural (for example, consumption patterns); economic (for example, trade); technological;
or relating to institutions, governance, conflicts, and epidemics. These are called indirect drivers and are
underpinned by societal values and behaviors (3, 114). The color bands represent the relative global impact
of direct drivers on (from top to bottom) terrestrial, freshwater, and marine nature as estimated from a
global systematic review of studies published since 2005 (51). Land and sea use change and direct
exploitation account for more than 50% of the global impact on land, in fresh water, and in the sea, but
each driver is dominant in certain systems or places. The circles illustrate the magnitude of the negative
human impacts on a diverse selection of aspects of nature over a range of different time scales, selected
from a global synthesis of indicators; ecosystem extent, extinction risk, and biomass and species abundance
include terrestrial, freshwater, and marine species and ecosystems, although most is known about life on
land. Biotic integrity refers to the terrestrial realm only, and nature indicators for Indigenous Peoples and
local communities are predominately terrestrial. [Reproduced from (1).]
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Mettre en œuvre des stratégies agricoles favorisant la biodiversité

o Réduction des menaces directes :
Pesticides de synthèse 
Engrais minéraux

o Paysage plus complexe :
Habitats de reproduction, abris pour les mauvaises saisons,
de nourriture, …

Muller, A. et al. (2017), Nature Communications, 8:1290
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and natural pest control. Nature, 466, 109-112

Prédateurs : bleu
Pathogènes : rouge

2. Que faire ?

LETTERS

Organic agriculture promotes evenness and natural
pest control
David W. Crowder1, Tobin D. Northfield1, Michael R. Strand2 & William E. Snyder1

Human activity can degrade ecosystem function by reducing species
number (richness)1–4 and by skewing the relative abundance of
species (evenness)5–7. Conservation efforts often focus on restoring
or maintaining species number8,9, reflecting the well-known impacts
of richness on many ecological processes1–4. In contrast, the eco-
logical effects of disrupted evenness have received far less attention7,
and developing strategies for restoring evenness remains a concep-
tual challenge7. In farmlands, agricultural pest-management prac-
tices often lead to altered food web structure and communities
dominated by a few common species, which together contribute to
pest outbreaks6,7,10,11. Here we show that organic farming methods
mitigate this ecological damage by promoting evenness among
natural enemies. In field enclosures, very even communities of
predator and pathogen biological control agents, typical of organic
farms, exerted the strongest pest control and yielded the largest
plants. In contrast, pest densities were high and plant biomass was
low when enemy evenness was disrupted, as is typical under
conventional management. Our results were independent of the
numerically dominant predator or pathogen species, and so resulted
from evenness itself. Moreover, evenness effects among natural
enemy groups were independent and complementary. Our results
strengthen the argument that rejuvenation of ecosystem function
requires restoration of species evenness, rather than just richness.
Organic farming potentially offers a means of returning functional
evenness to ecosystems.

Declines in species richness alter ecosystem processes across many
communities1–4. Interventions that preserve rare species, or restore
extirpated species, are widely deployed to mitigate species loss8,9.
Such efforts are relatively straightforward because they can be targeted
to the needs of particular rare species. In contrast, little is known about
how disparities in species abundance degrade ecosystem function, or
what management practices might mitigate this damage by restoring
community evenness7. This is unfortunate because human-induced
environmental degradation can skew the relative commonness of
species7, and because uneven communities are often more susceptible
to invasion12 and less resilient to disturbance13.

Biological pest control is a valuable ecosystem service14–16, but
intensification of farming can drastically distort the relative-abundance
distributions of natural enemy communities in favour of a few domi-
nant species5–7,10,11. We investigated whether organic farming might,
by increasing diversity among natural enemies, improve natural con-
trol of the pestiferous potato beetle Leptinotarsa decemlineata in potato
(Solanum tuberosum). Predatory bugs (primarily Nabis alternatus and
Geocoris bullatus) and beetles (primarily Hippodamia convergens and
Pterostichus melanarius) attack L. decemlineata in foliage where it
feeds17, and pathogenic nematodes and fungi (represented by the
nematodes Heterorhabditis megidis and Steinernema carpocapsae and
the fungus Beauveria bassiana) occur below ground and attack the
herbivore in the soil where it pupates18,19.

We first investigated whether organic farming affects either of the
two components of natural enemy biodiversity, richness and even-
ness, by analysing data from surveys of predators and pathogens in
Washington potato fields17,18. We found no impact of pest-manage-
ment regime on natural enemy richness (Supplementary Fig. 1), but
evenness of natural enemies drastically differed between organic and
conventional potato fields (Fig. 1). Higher evenness in organic fields
reflected relatively equitable distributions of natural enemies,
whereas conventional fields were relatively uneven because they were
numerically dominated by one enemy taxon (Fig. 2). Indeed, just one
species accounted for up to 80% of individuals in conventional fields,
whereas the most abundant species in organic fields comprised as
little as 38% of the predator or pathogen community (Fig. 2). To
examine whether organic management generally promotes greater
enemy evenness, rather than being a feature unique to our potato
fields, we surveyed the literature for studies that reported the abun-
dances of at least three taxonomic groups of natural enemies in
organic and conventional fields of the same crop. We found 38 such

1Department of Entomology, Washington State University, Pullman, Washington 99164, USA. 2Department of Entomology, University of Georgia, Athens, Georgia 30602, USA.
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Figure 1 | Evenness of natural enemies across cropping systems. Lines
connect evenness values in conventional (circles)/organic (diamonds) pairs
from each comparison in the meta-analysis. In the overall meta-analysis,
natural enemy evenness was significantly greater in organic than in
conventional fields (median 7.2% increase: SR1 5 177.0 (signed-rank test
statistic), N 5 48, P 5 0.044). Similarly, predator evenness in Washington
potato fields (blue symbols and line) was significantly greater in organic than
in conventional fields (t 5 2.28, d.f. 5 18, P 5 0.035); pathogen evenness
(red symbols and line) was also greater in organic potato fields, although this
difference was not significant (N 5 19, P 5 0.19).
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studies, which provided 40 predator and 8 insect pathogen com-
parisons spanning 23 crops in 16 countries (Supplementary Table 1).
Notably, this meta-analysis revealed significantly greater evenness in
organic fields than in conventionally managed fields (Fig. 1).

On the basis of these field surveys, we assessed whether differences
in natural enemy evenness observed in potato fields affected pest
suppression. We approached this by experimentally manipulating
predator and pathogen evenness in field enclosures and recording
the resultant effects on plant growth and potato beetle mortality. Our
predator and pathogen evenness treatments reproduced relative-
abundance ratios from our potato field surveys17,18, and so reflected
the natural range of variation across organic and conventional fields
(Fig. 2 and Supplementary Fig. 2). Because fields vary in which
natural enemy species dominates, our evenness treatments also dif-
fered in the identity of the most abundant enemy species (Fig. 2 and
Supplementary Table 2). The field survey data provided seven differ-
ent real-world predator evenness distributions and six different
pathogen evenness distributions, which we crossed within a fully
factorial design to obtain 42 unique predator–pathogen evenness
combinations (Fig. 2). By separately manipulating evenness among
predators and among pathogens in the same experiment, we could
evaluate whether evenness effects among these two enemy classes
were independent and complementary. Total predator and pathogen
densities were held constant across our evenness treatments within a
substitutive design to avoid confounding effects of enemy density. In
our field surveys, all common enemy species were recovered from
nearly all fields, with omissions probably resulting from sampling
intensity rather than true absence; all treatments therefore received
all natural enemy species (that is, richness was constant). Our experi-
ment spanned .1 herbivore generation, such that all herbivores
encountered both foliar predators and soil-dwelling pathogens.

Increasing natural enemy evenness in our field enclosures triggered
a powerful trophic cascade beneficial to plants and harmful to herbi-
vores. Evenness among predators and pathogens acted independently
to increase plant biomass (predator evenness slope: 0.49 [0.15, 0.82]
(throughout, square brackets indicate the 95% confidence interval),
t 5 2.96, d.f. 5 39, P 5 0.0052; pathogen evenness slope: 0.32 [0.16,
0.48], t 5 4.01, d.f. 5 39, P 5 0.0003; predator–pathogen interaction:

P . 0.15; Fig. 3a and Supplementary Fig. 3), such that the largest
plants occurred in treatments where both predators and pathogens
were evenly distributed. Importantly, above-ground biomass strongly
correlates with potato tuber yield20, suggesting that natural enemy
evenness increases yield. Consistent with this effect on plants, greater
natural enemy evenness increased potato beetle mortality, with effects
of predator and pathogen evenness again being fully additive and
complementary (predator evenness slope: 20.96 [21.68, 20.22],
t 5 22.92, d.f. 5 39, P 5 0.0058; pathogen evenness slope: 20.40
[20.75, 20.046], t 5 22.55, d.f. 5 39, P 5 0.015; predator–pathogen
interaction: P . 0.15; Fig. 3b and Supplementary Fig. 3). Evenness
effects were independent of any natural enemy species being numerically
dominant, as the abundance of each enemy species was neither
retained in stepwise regression models (Supplementary Tables 3 and
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Figure 2 | Predator and pathogen evenness in the field-enclosure
experiment. The top row shows the seven levels of predator evenness
included in the field-enclosure experiment (Supplementary Table 2), and the
leftmost column presents the six levels of pathogen evenness
(Supplementary Table 2) that were included. These were fully crossed to
yield 42 unique predator–pathogen evenness compositions (shown in the
box). Predators were G. bullatus (yellow), N. alternatus (green),
H. convergens (red) and P. melanarius (blue). Pathogens were H. megidis
(black), S. carpocapsae (dark grey) and B. bassiana (light grey).
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Figure 3 | Effects of natural enemy evenness on multiple trophic levels.
Cascading effects of predator and pathogen evenness on final plant weight
(log10 transformed; a), final densities of herbivorous potato beetles (log10

transformed; b) and final predator retrieval (ratio of number recovered to
number released; c). In each panel, the response of each of the 42
experimental arenas is indicated with a circle, and the plane indicates the
two-dimensional trend in the data. The shading of the plane darkens as the
response values decrease along either evenness axis and lightens as the
response values increase.
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studies, which provided 40 predator and 8 insect pathogen com-
parisons spanning 23 crops in 16 countries (Supplementary Table 1).
Notably, this meta-analysis revealed significantly greater evenness in
organic fields than in conventionally managed fields (Fig. 1).

On the basis of these field surveys, we assessed whether differences
in natural enemy evenness observed in potato fields affected pest
suppression. We approached this by experimentally manipulating
predator and pathogen evenness in field enclosures and recording
the resultant effects on plant growth and potato beetle mortality. Our
predator and pathogen evenness treatments reproduced relative-
abundance ratios from our potato field surveys17,18, and so reflected
the natural range of variation across organic and conventional fields
(Fig. 2 and Supplementary Fig. 2). Because fields vary in which
natural enemy species dominates, our evenness treatments also dif-
fered in the identity of the most abundant enemy species (Fig. 2 and
Supplementary Table 2). The field survey data provided seven differ-
ent real-world predator evenness distributions and six different
pathogen evenness distributions, which we crossed within a fully
factorial design to obtain 42 unique predator–pathogen evenness
combinations (Fig. 2). By separately manipulating evenness among
predators and among pathogens in the same experiment, we could
evaluate whether evenness effects among these two enemy classes
were independent and complementary. Total predator and pathogen
densities were held constant across our evenness treatments within a
substitutive design to avoid confounding effects of enemy density. In
our field surveys, all common enemy species were recovered from
nearly all fields, with omissions probably resulting from sampling
intensity rather than true absence; all treatments therefore received
all natural enemy species (that is, richness was constant). Our experi-
ment spanned .1 herbivore generation, such that all herbivores
encountered both foliar predators and soil-dwelling pathogens.

Increasing natural enemy evenness in our field enclosures triggered
a powerful trophic cascade beneficial to plants and harmful to herbi-
vores. Evenness among predators and pathogens acted independently
to increase plant biomass (predator evenness slope: 0.49 [0.15, 0.82]
(throughout, square brackets indicate the 95% confidence interval),
t 5 2.96, d.f. 5 39, P 5 0.0052; pathogen evenness slope: 0.32 [0.16,
0.48], t 5 4.01, d.f. 5 39, P 5 0.0003; predator–pathogen interaction:

P . 0.15; Fig. 3a and Supplementary Fig. 3), such that the largest
plants occurred in treatments where both predators and pathogens
were evenly distributed. Importantly, above-ground biomass strongly
correlates with potato tuber yield20, suggesting that natural enemy
evenness increases yield. Consistent with this effect on plants, greater
natural enemy evenness increased potato beetle mortality, with effects
of predator and pathogen evenness again being fully additive and
complementary (predator evenness slope: 20.96 [21.68, 20.22],
t 5 22.92, d.f. 5 39, P 5 0.0058; pathogen evenness slope: 20.40
[20.75, 20.046], t 5 22.55, d.f. 5 39, P 5 0.015; predator–pathogen
interaction: P . 0.15; Fig. 3b and Supplementary Fig. 3). Evenness
effects were independent of any natural enemy species being numerically
dominant, as the abundance of each enemy species was neither
retained in stepwise regression models (Supplementary Tables 3 and
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Figure 2 | Predator and pathogen evenness in the field-enclosure
experiment. The top row shows the seven levels of predator evenness
included in the field-enclosure experiment (Supplementary Table 2), and the
leftmost column presents the six levels of pathogen evenness
(Supplementary Table 2) that were included. These were fully crossed to
yield 42 unique predator–pathogen evenness compositions (shown in the
box). Predators were G. bullatus (yellow), N. alternatus (green),
H. convergens (red) and P. melanarius (blue). Pathogens were H. megidis
(black), S. carpocapsae (dark grey) and B. bassiana (light grey).
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Figure 3 | Effects of natural enemy evenness on multiple trophic levels.
Cascading effects of predator and pathogen evenness on final plant weight
(log10 transformed; a), final densities of herbivorous potato beetles (log10

transformed; b) and final predator retrieval (ratio of number recovered to
number released; c). In each panel, the response of each of the 42
experimental arenas is indicated with a circle, and the plane indicates the
two-dimensional trend in the data. The shading of the plane darkens as the
response values decrease along either evenness axis and lightens as the
response values increase.
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study ID as a random effect. We used information-theoretic model

selection to determine the set of best-fit models for each response

variable (MUMIN package; Barton, 2014), which contained models with

AICc values within 2 of the smallest value (Burnham & Anderson,

1998). We examined significance of the fixed effects in each model

in the best-fit set (a = 0.10) with likelihood ratio tests, and used post

hoc planned contrasts (with p-values adjusted to control the overall

Type I error rate using Holm’s sequential Bonferroni procedure; see

Supporting Methods) (PHIA package; Rosario-Martinez, 2013) to test

for (i) differences in effect size among functional groups and biomes,

(ii) differences in effect size between the local and regional scales

within each functional group, and (iii) landscape complexity differ-

ences between each pair of functional groups.

We also tested whether abundance and richness effect sizes dif-

fered for rare and common taxa. Following Kleijn et al. (2015),

within each study we classified taxa as common if their relative

abundance was at least 5% of the total community; other species

were categorized as rare. We then calculated local abundance and

richness as well as regional abundance and richness separately for

rare and common taxa. We used one-sample t-tests to determine if

mean effect sizes differed significantly from zero, and paired t-tests

to determine whether mean effect sizes differed between rare and

common taxa.

3 | RESULTS

3.1 | Effects of management schemes on overall
arthropod communities

Organic farming increased arthropod abundance (45% change), local

richness (19%), and regional richness (11%) (Figure 1a, Table S8).

These positive effects were stronger for local compared to regional

richness (Figure 1a, Tables S9, S10). Arthropod communities on

organic farms had significantly but only moderately lower local even-

ness (!6%) and regional evenness (!8%) than on conventional farms

(Figure 1a, Table S8). Fields with high in-field plant diversity

increased local richness (23%) and regional richness (19%), with simi-

lar magnitude (Figure 1b, Tables S8, S11, S12). In-field plant diver-

sity did not significantly affect abundance (27%), local evenness

(!6%), or regional evenness (!13%) (Figure 1b, Table S8). Overall,

there were strong positive correlations between local and regional

richness (r = .87), and between local and regional evenness (r = .57;

Fig. S5).

Organic farming increased abundance and richness of both rare

and common arthropods at the local and regional scales (Fig. S6a, c,

Table S13). At the local scale, organic farming increased arthropod

richness by promoting rare taxa (27% increase) more strongly than

common taxa (14% increase) (Fig. S6c, Table S14). In-field plant

diversification also had differential effects on rare and common taxa,

increasing richness of both at the local scale, but only of rare taxa at

the regional scale (Fig. S6d, Table S13). Fields with higher in-field

plant diversity increased abundance of common arthropods, but not

of rare arthropods (Fig. S6b, Table S13).

3.2 | Effects of management schemes on arthropod
functional groups

Organic farming substantially increased the abundance (90%), local

richness (55%), and regional richness (32%) of pollinator communities

but did not impact pollinator evenness (Figure 2a, Table S15). For

predator communities, organic farming increased abundance (38%)

and local richness (14%), lowered local (!9%), and regional (!14%)

evenness (Figure 2c, Table S16), but did not affect regional richness

(Figure 2c, Table S16). Organic farming also did not impact abun-

dance, local or regional richness, or local or regional evenness for

herbivore (Figure 2e, Table S17), or detritivore (Figure 2g, Table S18)

communities. For all biodiversity components and functional groups,

effect sizes in response to organic farming did not differ between

the local and regional scales (Figure 2a, c, e, f, Tables S9, S10). The

diversity scale 9 landscape complexity interaction was never

retained in a best-fit model (Tables S9, S11).

High in-field plant diversity promoted the abundance (45%), local

richness (44%), and regional richness (29%) of pollinator communi-

ties, but decreased local pollinator evenness (!11%) (Figure 2b,

Table S15). In-field plant diversity did not affect regional pollinator

evenness (Figure 2b, Table S15). In addition, in-field plant diversity

did not alter abundance, local or regional richness, or local or regio-

nal evenness for predator (Figure 2d, Table S16) or herbivore
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(Figure 2f, Table S17) communities. In-field plant diversity increased

the regional richness (69%) of detritivores and lowered regional

detritivore evenness (!65%), but did not impact detritivore abun-

dance, local richness, or local evenness (Figure 2h, Table S18). The

low sample size for detritivores, however, limits our ability to make

inferences about this group.

3.3 | Effects of landscape complexity, biome, and
crop cultivation period on arthropod communities

Landscape complexity did not mediate the influences of organic

farming or in-field plant diversity on arthropod abundance or even-

ness (Figure 3, Tables S9–S12). However, both management

schemes had stronger positive effects on local and regional arthro-

pod richness in complex relative to simple landscapes: organic farm-

ing 26% vs. 9%, in-field plant diversification 29% vs. 11%,

respectively (Figure 3c, d, Tables S9–S12). The effects of landscape

complexity were similar in both direction and magnitude for local

and regional diversity (Figure 3c–e, Tables S9–S12). Organic farming

promoted herbivore richness to a greater extent in simple than com-

plex landscapes (Table S10), but other effects of landscape complex-

ity on abundance and diversity were similar across functional groups

(Tables S9–S12).

Stronger richness gains in complex than simple landscapes were

driven predominantly by rare taxa (Figure 4). In complex landscapes,

both organic farming and in-field plant diversification had stronger

positive effects on local richness of rare (organic 44%, plant diversifi-

cation 68%) than of common (organic 21%, plant diversification

18%) arthropod taxa (Figure 4c, d, Table S19). Organic farming

within complex landscapes also increased local abundance and regio-

nal richness of rare taxa (78% and 17%, respectively) to a greater

extent than common taxa (33% and 4%, respectively) (Figure 4a,

Table S19). Neither management scheme differentially affected

abundance or richness of rare and common taxa in simple landscapes

(Figure 4, Table S19).

Biome mediated the impacts of in-field plant diversity on arthro-

pod richness (pooled across local and regional scales) (Tables S11,

S12). Post hoc tests failed to indicate significant differences among

biomes when considering all studies; but when the single boreal

study was removed from the analysis, high in-field plant diversity

more strongly promoted richness in Mediterranean (53%) than in

temperate studies (!2%) (Table S12). Biome did not mediate the

effects of organic farming or in-field plant diversification on arthro-

pod abundance or evenness (Tables S9–S12). Organic farming

increased arthropod abundance to a greater extent in annual (70%)

than in perennial (1%) crops (Tables S9, S10). The effects of in-field
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Global diets link environmental
sustainability and human health
David Tilman1,2 & Michael Clark1

Diets link environmental and human health. Rising incomes and urbanization are driving a global dietary transition in
which traditional diets are replaced by diets higher in refined sugars, refined fats, oils and meats. By 2050 these dietary
trends, if unchecked, would be a major contributor to an estimated 80 per cent increase in global agricultural greenhouse
gas emissions from food production and to global land clearing. Moreover, these dietary shifts are greatly increasing the
incidence of type II diabetes, coronary heart disease and other chronic non-communicable diseases that lower global life
expectancies. Alternative diets that offer substantial health benefits could, if widely adopted, reduce global agricultural
greenhouse gas emissions, reduce land clearing and resultant species extinctions, and help prevent such diet-related
chronic non-communicable diseases. The implementation of dietary solutions to the tightly linked diet–environment–
health trilemma is a global challenge, and opportunity, of great environmental and public health importance.

Agriculture is having increasingly strong global impacts on both the
environment1–5 and human health, often driven by dietary changes6–9.
Global agriculture and food production release more than 25% of all
greenhouse gases (GHGs)2–4, pollute fresh and marine waters with agro-
chemicals1,5, and use as cropland or pastureland about half of the ice-free
land area of Earth10. Despite the intensity and impacts of global agricul-
ture, almost a billion people still suffer from inadequate diets and insecure
food supplies11–13. Moreover, the global transition towards diets high
in processed foods, refined sugars, refined fats, oils and meats has con-
tributed to 2.1 billion people becoming overweight or obese6,14. These
dietary shifts and resulting increases in body mass indices (BMI) are
associated with increased global incidences of chronic non-communicable
diseases, especially type II diabetes, coronary heart disease and some
cancers7–9,15–22, which are predicted to become two-thirds of the global
burden of disease if dietary trends continue9,16,17. In China, for instance,
as incomes increased and diets changed20, the incidence of type II dia-
betes increased from ,1% of its population in 1980 to 10% in 2008,
partly because type II diabetes occurs at lower BMI levels and earlier in
an individual’s life in Asian than in western populations9. Moreover,
diet-driven increases in global food demand7,8,12,23 and increases in popu-
lation are leading to clearing of tropical forests, savannas and grass-
lands1,5,23, which threatens species with extinction1,3–5,23–25.

Because it directly links and negatively affects human and environ-
mental health, the global dietary transition is one of the great chal-
lenges facing humanity. Meaningful solutions will not be easily achieved.
Solutions will require analyses of the quantitative linkages between diets,
the environment and human health, on which we focus here, and the
efforts of nutritionists, agriculturists, public health professionals, edu-
cators, policy makers and food industries.

Here we compile and analyse global-level data to quantify relation-
ships among diet, environmental sustainability and human health, evalu-
ate potential future environmental impacts of the global dietary transition
and explore some possible solutions to the diet–environment–health
trilemma (Methods and Supplementary Information). To do so, we first
expand on earlier food lifecycle analyses24,25 (LCAs) by searching for all
published LCAs of GHG emissions of food crop, livestock, fishery and
aquaculture production systems that delimited the full ‘cradle to farm
gate’ portion of the food/crop lifecycle. Next we use about 50 years of data

for 100 of the world’s more populous nations to analyse global dietary
trends and their drivers, then use this information to forecast future
diets should past trends continue. To quantify effects of alternative diets
on mortality and on type II diabetes, cancer and chronic coronary heart
disease, we compile and summarize results of studies encompassing ten
million person-years of observations on diet and health. Finally, we
combine these relationships with projected increases in global popu-
lation to forecast global environmental implications of current dietary
trajectories and to calculate the environmental benefits of diets assoc-
iated with lower incidences of chronic non-communicable diseases.

Lifecycle environmental impacts of foods
Dietary composition strongly influences GHG emissions2, 24–27. The 120
LCA publications that met our criteria report a total of 555 LCA ana-
lyses on 82 types of crops and animal products, allowing us to calculate
diet-related GHG emissions per gram protein, per kilocalorie and per
serving from ‘cradle to farm gate’ (Fig. 1; Methods, Extended Data
Tables 1–3). We express emissions as CO2 warming equivalents, in
grams (g) or gigatonnes (Gt) of CO2 carbon equivalents (CO2-Ceq).

GHG emissions vary widely among foods (Fig. 1; Extended Data Table 3
lists means, s.e.m. and number of data points). As is well known, relative
to animal-based foods, plant-based foods have lower GHG emissions.
This difference can be large; the largest we found was that ruminant meats
(beef and lamb) have emissions per gram of protein that are about 250
times those of legumes (Extended Data Table 3; Student’s t-test com-
parison of means: P , 0.0001). Eggs, dairy, non-trawling seafood, tradi-
tional (non-recirculating) aquaculture, poultry and pork all have much
lower emissions per gram of protein than ruminant meats (Tukey range
test comparing ruminant meats with each other item: P , 0.0001 for each
comparison). However, when sustainably grazed on lands unsuitable for
cropping and fed crop residues, ruminant dairy and meat production can
increase food security, dietary quality, and provide environmental ben-
efits via nutrient cycling28,29. How a given food is produced can also affect
emissions. Seafood caught by trawling, in which nets are often dragged
across the ocean floor, has emissions per gram of protein about 3 times
those of non-trawling seafood (Fig. 1; Extended Data Table 3; t-test
mean comparison: P 5 0.017). Items within the same food group can

1Department of Ecology, Evolution and Behavior, University of Minnesota, St Paul, Minnesota 55108, USA. 2Bren School of Environmental Science and Management, University of California Santa Barbara,
California 93106, USA.
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have different compositions. A vegetarian diet consists of grains, vege-
tables, fruits, sugars, oils, eggs and dairy, and generally not more than
one serving per month of meat or seafood. A pescetarian diet is a veget-
arian diet that includes seafood. A Mediterranean diet is rich in vege-
tables, fruit and seafood and includes grains, sugars, oils, eggs, dairy
and moderate amounts of poultry, pork, lamb and beef. Omnivorous
diets, such as the 2009 global-average diet and the income-dependent
2050 diet, include all food groups.

Relative to conventional omnivorous diets, across the three alterna-
tive diets incidence rates of type II diabetes were reduced by 16%–41%
and of cancer by 7%–13%, while relative mortality rates from coronary
heart disease were 20%–26% lower and overall mortality rates for all causes
combined were 0%–18% lower (Fig. 3). This summary illustrates the
magnitudes of the health benefits associated with some widely adopted
alternative diets. The alternative diets tend to have higher consumption
of fruits, vegetables, nuts and pulses and lower empty calorie and meat
consumption than the 2009 average global diet and the 2050 income-
dependent diet (Extended Data Fig. 1). Our analyses are not designed
to compare the health impacts of the three alternative diets with each

other, nor to imply that other diets might not provide health benefits
superior to these three diets. Indeed, the reported impacts of individual
foods, such as deleterious impacts from sugars40 and processed meats19,22,
and benefits from nuts and olive oil41, suggest that variants of these three
diets may offer added health benefits, as may other diets.

Environmental impacts of diets
GHG emissions are highly dependent on diet24–27,42–44. Even foods that
provide similar nutrition and have similar impacts on health can have
markedly different lifecycle environmental impacts. Using LCA emis-
sion data, we calculated annual per capita GHG emissions from food
production (‘cradle to farm gate’) for the 2009 global-average diet, for
the global-average income-dependent diet projected for 2050, and for
Mediterranean, pescetarian and vegetarian diets (Fig. 4a). Global-average
per capita dietary GHG emissions from crop and livestock production
would increase 32% from 2009 to 2050 if global diets changed in the
income-dependent ways illustrated in Fig. 2. All three alternative diets
could reduce emissions from food production below those of the pro-
jected 2050 income-dependent diet (Fig. 4a), with per capita reductions
being 30%, 45% and 55% for the Mediterranean, pescetarian and veget-
arian diets, respectively. However, minimizing environmental impacts
does not necessarily maximize human health. Prepared items high in
sugars, fats or carbohydrates can have low GHG emissions (Fig. 1) but be
less healthy than foods they displace20. Solutions to the diet–environment–
health trilemma should seek healthier diets that have low GHG emis-
sions rather than diets that might minimize GHG emissions.

Changes towards healthier diets can have globally significant GHG
benefits (Fig. 4b). From 2009 to 2050 global population is projected to
increase by 36% (ref. 10). When combined with the projected 32%
increase in per capita emissions from income-dependent global dietary
shifts, the net effect is an estimated 80% increase in global GHG emis-
sions from food production (from 2.27 to 4.1 Gt yr21 of CO2-Ceq).This
increase of 1.8 Gt yr21 is equivalent to total 2010 global transportation
emissions3. In contrast, there would be no net increase in food pro-
duction emissions if by 2050 the global diet had become the average of
the Mediterranean, pescetarian and vegetarian diets (Fig. 4b).

Future global land clearing for agriculture could threaten species with
extinction1,5 and release GHG beyond that from food production. How-
ever, the extent of such land clearing is uncertain, variously projected
to total from 0 to 109 hectares5,23,45,46 by 2050, perhaps because of uncer-
tainties about the future values of five factors: crop yields, agricultural
and food waste, livestock yields from pastures, animal feed use efficiency
and agricultural trade. Here we focus not on forecasting the absolute
amount of cropland needed in 2050, but on estimating across many scen-
arios (243 combinations of three values for each of the five factors;
Methods) the differential impacts of diets on global cropland. The alter-
native scenarios forecast a range of changes in cropland from 2009 to
2050 for each diet (Fig. 4c). For each scenario we calculated the difference
between projected 2050 land demands of the income-dependent diet
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Figure 2 | Dietary trends and income. Dependence of per capita daily
dietary demand for: a, meat protein; b, refined sugars1refined animal
fats1oils1alcohol; and c, calories on per capita gross domestic product (GDP
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1961 to 2009 for India, China, and six economic groups containing 98 other
nations (Extended Data Table 4). Fitted curves were used to forecast 2050
income-dependent demand.
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Figure 3 | Diet and health. Diet-dependent percentage reductions in relative
risk of type II diabetes, cancer, coronary heart disease mortality and of all-cause
mortality when comparing each alternative diet (Mediterranean, pescetarian
and vegetarian) to its region’s conventional omnivorous diet (Methods).
Results are based on cohort studies32–39. The mean and s.e.m. values shown are
weighted by person-years of data for each study. Number of studies for each bar
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also differ. For instance, among cereal grains, wheat has a fifth the GHG
emissions per g protein of rice (t-test comparison: P 5 0.002).

Finally, to understand its environmental impacts, it is important to
know the nutritional needs that a food meets and how much is con-
sumed to do so. Fruits and vegetables are important sources of micro-
nutrients, antioxidants and fibre. Unlike root crops and legumes, which
are calorie-dense or protein-dense, most vegetables are not primarily
consumed for calories or protein and should be evaluated by emissions
per serving. For instance, 20 servings of vegetables have less GHG emis-
sions than one serving of beef (Fig. 1b). However, fish and meats, which
are high in protein, are also nutritionally dense foods that provide essen-
tial fatty acids, minerals and vitamins28,29, and can have relatively low
GHG emissions if eaten in moderation. Finally, the nutritional value of
some foods can depend on how they are produced. For instance, in com-
parison to grain-fed cattle, grass-fed beef and dairy have nutritionally
superior fatty acid and vitamin content30.

Global dietary change
Although diets differ within and among nations and regions for a variety
of climatic, cultural and historic reasons, diets have been changing in

fairly consistent ways as incomes and urbanization have increased
globally during the past five decades6–9. This dietary transition has many
components, but, in broad outline, its magnitude and global nature are
illustrated by trends in per capita demand for meat, empty calories and
total calories (Fig. 2), where demand is defined as food brought into a
household.

As annual incomes (per capita real gross domestic product, GDP)
increased from 1961 to 2009, there were concomitant increases in per
capita daily demand for meat protein (Fig. 2a) within and among eight
economically based groups of nations23 (Extended Data Table 4). In
2009, the richest 15 nations (Group A; Fig. 2a) had a 750% greater per
capita demand for meat protein from ruminants, seafood, poultry and
pork than the 24 poorest nations (Group F). Total protein demand
also increased with income, but legume protein demand decreased as
animal protein demand increased. India, a nation with low rates of meat
consumption, is the major exception to an otherwise global trend in the
income-dependence of demand for meat protein (Fig. 2a). China ini-
tially had meat demand increase more rapidly with income than Groups
A–F, but was similar to them by 2009.

A second trend within and among economic groups is the income-
dependent increase in demand for ‘empty calories’, here defined as cal-
ories from refined fats, refined sugars, alcohols and oils (Fig. 2b). In 2009,
Group A nations had an average per capita empty calorie demand of
1,400 kcal per day, whereas demand was 285 kcal per day for Group F.
The exception, China, is on an increasing but lower trajectory (Fig. 2b).

A third trend is that total per capita caloric demand also increased
with income (Fig. 2c), with China falling below the fitted trend, and
Group A being above it. Because some food brought into homes (demand)
is wasted13, and the proportion wasted tends to increase with per capita
GDP31, actual per capita consumption of meat, empty calories and total
calories may be about 20%–25% lower than demand for the Group A
nations and about 5% lower in Group F nations. This suggests that, in
nations with per capita GDP above approximately $12,000 per year (in
1990$), per capita total caloric consumption may be about 500 kcal per
day greater than needed nutritionally.

In total, annual data for 1961 to 2009 for China, India and six income-
based groups of nations show that global dietary changes are associated
with increased income (Fig. 2), which is itself associated with urbaniza-
tion and industrial food production20. When these trends are combined
with forecasts of per capita income for the coming decades, we estimate
that, relative to the average global diet of 2009, the 2050 global-average
per capita income-dependent diet would have 15% more total calories
and 11% more total protein, with dietary composition shifting to having
61% more empty calories, 18% fewer servings of fruits and vegetables,
2.7% less plant protein, 23% more pork and poultry, 31% more rumin-
ant meat, 58% more dairy and egg and 82% more fish and seafood.

Diet and human health
Diet is an important determinant of human health. Many of the world’s
poorest people have inadequate diets, and would have improved health
were their diets to include more essential fatty acids, minerals, vitamins
and protein from fish and meats and added calories and protein from
other nutritionally appropriate sources12,29. In contrast, diets of many
people with moderate and higher incomes are shifting in ways (Fig. 2)
associated with increases in non-communicable diseases6,7 including type
II diabetes9,19, coronary heart disease21 and cancer21, and with higher
all-cause mortality rates18,22.

A point of contrast to the detrimental health impacts of emerging
global diets is provided by the benefits reported for three well-studied
alternative diets. Here we summarize results from ten million person-
years of observations across eight study cohorts32–39 (Methods; Extended
Data Table 5). For each cohort we use reported health outcome effect
sizes that had been calculated after statistical control for potentially
confounding variables to compare disease incidence rates of individuals
who consumed typical omnivorous diets with those who had diets clas-
sified as Mediterranean, pescetarian or vegetarian (Fig. 1a). These diets
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Figure 1 | Lifecycle GHG emissions (CO2-Ceq) for 22 different food types.
The data are based on an analysis of 555 food production systems: a, per
kilocalorie; b, per United States Department of Agriculture (USDA)-defined
serving; c, per gram of protein. The mean and s.e.m. are shown for each case.
Extended Data Tables 1–3 list data sources, items included in each of the 22
food types and show the mean, s.e.m. and number of data points for each bar,
respectively. NA, not applicable.
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in agricultural yields, which reduce the demand for additional crop-
land32,33; rebalancing of fertilizer application between overapplying  
and underapplying regions32, as well as increasing nitrogen-use  
efficiency34,43 and phosphorus recycling7, which reduce demand for 
additional nitrogen and phosphorus inputs; improvements in water 
management that increase basin efficiency, storage capacity, and 
better utilization of rainwater33; and agricultural mitigation options, 
including changes in irrigation, cropping and fertilization that reduce 
methane and nitrous oxide emissions from rice and other crops, and 
changes in manure management, feed conversion and feed additives 
that reduce enteric fermentation in livestock31. We estimate that imple-
menting these measures could reduce the environmental pressures of 
the food system by 3–30% compared with the 2050 baseline projec-
tion in medium-ambition scenarios, and by 11–54% in high-ambition  
scenarios (Fig. 2). In each case, the higher-end estimates are for the 
staple-crop-dominated environmental indicators (cropland and 
bluewater use, and nitrogen and phosphorus application), for which 
general improvements in water management, agricultural yields,  
phosphorus-recycling rates and nitrogen-use efficiencies are particularly  
effective. The lower-end estimates are for GHG emissions, for which the 
contribution from livestock-related emissions is, to a large extent, an 
inherent characteristic of the animals and therefore cannot be reduced 
more substantially through existing mitigation options31,44 (Extended 
Data Table 4).

Dietary changes towards healthier diets can reduce the environ-
mental impacts of the food system when environmentally intensive 
foods, in particular animal products, are replaced by less intensive food 
types15,16. For our analysis, we analysed dietary changes towards diets 
in line with global dietary guidelines for the consumption of red meat, 
sugar, fruits and vegetables, and total energy intake35,36; as well as to 
more plant-based (flexitarian) diets that more comprehensively reflect 
the current evidence on healthy eating37,45 by including lower amounts 
of red and other meats and greater amounts of fruits, vegetables, nuts 

and legumes (Extended Data Tables 1 and 5). We estimate that, com-
pared with the baseline projection for 2050, dietary changes towards 
healthier diets could reduce GHG emissions and other environmental 
impacts by 29% and 5–9%, respectively, for the dietary-guidelines sce-
nario, and by 56% and 6–22%, respectively, for the more plant-based 
diet scenario (Fig. 2). The changes are in line with the dietary compo-
sition of the diets and the environmental footprints of each food group 
(Fig. 1, Extended Data Table 1 and Supplementary Table 2). Changes in 
meat consumption dominate the impacts on GHG emissions, while for 
the other domains the environmental pressures associated with greater 
consumption of fruits, vegetables, nuts and legumes are more important 
but outweighed by the environmental benefits associated with lower 
consumption of meat, staple crops and sugar, and a generally lower 
energy intake in line with healthy body weights and recommended 
levels of physical activity35 (Extended Data Table 6).

To understand how the combined implementation of some or all of 
the discussed measures could influence the environmental pressures 
of the food system, we constructed an environmental option space by 
combining all measures of medium ambition and all measures of high 
ambition. Our analysis indicates that much of the increase in environ-
mental pressures that is expected to occur by 2050 could be mitigated if 
measures were combined (Fig. 2). Combining all measures of medium 
ambition could reduce environmental pressures by around 25–45% 
compared with the baseline projection for 2050, resulting in total 
environmental impacts that are within 15% above and below present 
impacts. Combining all measures of high ambition could deliver reduc-
tions of 30–60%, resulting in environmental impacts that are 20–55% 
less than the current ones. In line with the differentiated impacts of the 
different measures of change, dietary change contributes the most to 
the reductions in GHG emissions, and technological and management- 
related changes contribute the most to reductions in the other environ-
mental impacts, while reductions in food loss and waste contribute up 
to a third to the overall reductions (Extended Data Fig. 1).
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Fig. 2 | Impacts of reductions in food loss and waste, technological 
change, and dietary changes on global environmental pressures in 
2050. These projections of environmental pressures in 2050 are baseline 
projections without dedicated mitigation measures for a middle-of-
the-road development pathway, and are expressed as percentages of 
present impacts (see Fig. 1). The different measures of change and their 
combination are depicted as reductions from the baseline projections 
for the different environmental domains (for example, the ‘diets’ bar that 
ends at 90% of present impacts of GHG emissions indicates that ambitious 
dietary changes (flexitarian) can reduce the projected increase of GHG 
emissions from 187% of present impacts to 90%, which represents a 
reduction of 52% or 97 percentage points; and dietary changes of medium 
ambition (guidelines), which in the figure end at the split line of the 
‘diets’ bar, can reduce GHG emissions from 187% of present impacts to 
133%, which represents a reduction of 29% or 54 percentage points). 

The loss and waste scenarios include reducing food loss and waste by 
half (waste/2) and by 75% (waste/4). The technology scenarios include 
medium-ambition technological changes up to 2050 (tech) and more 
ambitious technological changes (tech+). The diet scenarios include diets 
aligned with global dietary guidelines (guidelines), and more plant-based 
flexitarian diets (flexitarian) that are reflective of present evidence on 
healthy eating. The scenario combinations include all measures of medium 
ambition (comb(med): waste/2, tech, guidelines) and all measures of high 
ambition (comb(high): waste/4, tech+, flexitarian), the latter including 
an optimistic socioeconomic development pathway with higher income 
and lower population growth. The diamonds indicate mean planetary-
boundary values (boundary), each associated with uncertainty intervals 
highlighted by colour (light green, below the mean value; light orange, 
between minimum and maximum values; light red, above maximum 
values).
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in agricultural yields, which reduce the demand for additional crop-
land32,33; rebalancing of fertilizer application between overapplying  
and underapplying regions32, as well as increasing nitrogen-use  
efficiency34,43 and phosphorus recycling7, which reduce demand for 
additional nitrogen and phosphorus inputs; improvements in water 
management that increase basin efficiency, storage capacity, and 
better utilization of rainwater33; and agricultural mitigation options, 
including changes in irrigation, cropping and fertilization that reduce 
methane and nitrous oxide emissions from rice and other crops, and 
changes in manure management, feed conversion and feed additives 
that reduce enteric fermentation in livestock31. We estimate that imple-
menting these measures could reduce the environmental pressures of 
the food system by 3–30% compared with the 2050 baseline projec-
tion in medium-ambition scenarios, and by 11–54% in high-ambition  
scenarios (Fig. 2). In each case, the higher-end estimates are for the 
staple-crop-dominated environmental indicators (cropland and 
bluewater use, and nitrogen and phosphorus application), for which 
general improvements in water management, agricultural yields,  
phosphorus-recycling rates and nitrogen-use efficiencies are particularly  
effective. The lower-end estimates are for GHG emissions, for which the 
contribution from livestock-related emissions is, to a large extent, an 
inherent characteristic of the animals and therefore cannot be reduced 
more substantially through existing mitigation options31,44 (Extended 
Data Table 4).

Dietary changes towards healthier diets can reduce the environ-
mental impacts of the food system when environmentally intensive 
foods, in particular animal products, are replaced by less intensive food 
types15,16. For our analysis, we analysed dietary changes towards diets 
in line with global dietary guidelines for the consumption of red meat, 
sugar, fruits and vegetables, and total energy intake35,36; as well as to 
more plant-based (flexitarian) diets that more comprehensively reflect 
the current evidence on healthy eating37,45 by including lower amounts 
of red and other meats and greater amounts of fruits, vegetables, nuts 

and legumes (Extended Data Tables 1 and 5). We estimate that, com-
pared with the baseline projection for 2050, dietary changes towards 
healthier diets could reduce GHG emissions and other environmental 
impacts by 29% and 5–9%, respectively, for the dietary-guidelines sce-
nario, and by 56% and 6–22%, respectively, for the more plant-based 
diet scenario (Fig. 2). The changes are in line with the dietary compo-
sition of the diets and the environmental footprints of each food group 
(Fig. 1, Extended Data Table 1 and Supplementary Table 2). Changes in 
meat consumption dominate the impacts on GHG emissions, while for 
the other domains the environmental pressures associated with greater 
consumption of fruits, vegetables, nuts and legumes are more important 
but outweighed by the environmental benefits associated with lower 
consumption of meat, staple crops and sugar, and a generally lower 
energy intake in line with healthy body weights and recommended 
levels of physical activity35 (Extended Data Table 6).

To understand how the combined implementation of some or all of 
the discussed measures could influence the environmental pressures 
of the food system, we constructed an environmental option space by 
combining all measures of medium ambition and all measures of high 
ambition. Our analysis indicates that much of the increase in environ-
mental pressures that is expected to occur by 2050 could be mitigated if 
measures were combined (Fig. 2). Combining all measures of medium 
ambition could reduce environmental pressures by around 25–45% 
compared with the baseline projection for 2050, resulting in total 
environmental impacts that are within 15% above and below present 
impacts. Combining all measures of high ambition could deliver reduc-
tions of 30–60%, resulting in environmental impacts that are 20–55% 
less than the current ones. In line with the differentiated impacts of the 
different measures of change, dietary change contributes the most to 
the reductions in GHG emissions, and technological and management- 
related changes contribute the most to reductions in the other environ-
mental impacts, while reductions in food loss and waste contribute up 
to a third to the overall reductions (Extended Data Fig. 1).
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Fig. 2 | Impacts of reductions in food loss and waste, technological 
change, and dietary changes on global environmental pressures in 
2050. These projections of environmental pressures in 2050 are baseline 
projections without dedicated mitigation measures for a middle-of-
the-road development pathway, and are expressed as percentages of 
present impacts (see Fig. 1). The different measures of change and their 
combination are depicted as reductions from the baseline projections 
for the different environmental domains (for example, the ‘diets’ bar that 
ends at 90% of present impacts of GHG emissions indicates that ambitious 
dietary changes (flexitarian) can reduce the projected increase of GHG 
emissions from 187% of present impacts to 90%, which represents a 
reduction of 52% or 97 percentage points; and dietary changes of medium 
ambition (guidelines), which in the figure end at the split line of the 
‘diets’ bar, can reduce GHG emissions from 187% of present impacts to 
133%, which represents a reduction of 29% or 54 percentage points). 

The loss and waste scenarios include reducing food loss and waste by 
half (waste/2) and by 75% (waste/4). The technology scenarios include 
medium-ambition technological changes up to 2050 (tech) and more 
ambitious technological changes (tech+). The diet scenarios include diets 
aligned with global dietary guidelines (guidelines), and more plant-based 
flexitarian diets (flexitarian) that are reflective of present evidence on 
healthy eating. The scenario combinations include all measures of medium 
ambition (comb(med): waste/2, tech, guidelines) and all measures of high 
ambition (comb(high): waste/4, tech+, flexitarian), the latter including 
an optimistic socioeconomic development pathway with higher income 
and lower population growth. The diamonds indicate mean planetary-
boundary values (boundary), each associated with uncertainty intervals 
highlighted by colour (light green, below the mean value; light orange, 
between minimum and maximum values; light red, above maximum 
values).

2 5  O C T O B E R  2 0 1 8  |  V O L  5 6 2  |  N A T U R E  |  5 2 1
© 2018 Springer Nature Limited. All rights reserved.

ARTICLE RESEARCH

in agricultural yields, which reduce the demand for additional crop-
land32,33; rebalancing of fertilizer application between overapplying  
and underapplying regions32, as well as increasing nitrogen-use  
efficiency34,43 and phosphorus recycling7, which reduce demand for 
additional nitrogen and phosphorus inputs; improvements in water 
management that increase basin efficiency, storage capacity, and 
better utilization of rainwater33; and agricultural mitigation options, 
including changes in irrigation, cropping and fertilization that reduce 
methane and nitrous oxide emissions from rice and other crops, and 
changes in manure management, feed conversion and feed additives 
that reduce enteric fermentation in livestock31. We estimate that imple-
menting these measures could reduce the environmental pressures of 
the food system by 3–30% compared with the 2050 baseline projec-
tion in medium-ambition scenarios, and by 11–54% in high-ambition  
scenarios (Fig. 2). In each case, the higher-end estimates are for the 
staple-crop-dominated environmental indicators (cropland and 
bluewater use, and nitrogen and phosphorus application), for which 
general improvements in water management, agricultural yields,  
phosphorus-recycling rates and nitrogen-use efficiencies are particularly  
effective. The lower-end estimates are for GHG emissions, for which the 
contribution from livestock-related emissions is, to a large extent, an 
inherent characteristic of the animals and therefore cannot be reduced 
more substantially through existing mitigation options31,44 (Extended 
Data Table 4).

Dietary changes towards healthier diets can reduce the environ-
mental impacts of the food system when environmentally intensive 
foods, in particular animal products, are replaced by less intensive food 
types15,16. For our analysis, we analysed dietary changes towards diets 
in line with global dietary guidelines for the consumption of red meat, 
sugar, fruits and vegetables, and total energy intake35,36; as well as to 
more plant-based (flexitarian) diets that more comprehensively reflect 
the current evidence on healthy eating37,45 by including lower amounts 
of red and other meats and greater amounts of fruits, vegetables, nuts 

and legumes (Extended Data Tables 1 and 5). We estimate that, com-
pared with the baseline projection for 2050, dietary changes towards 
healthier diets could reduce GHG emissions and other environmental 
impacts by 29% and 5–9%, respectively, for the dietary-guidelines sce-
nario, and by 56% and 6–22%, respectively, for the more plant-based 
diet scenario (Fig. 2). The changes are in line with the dietary compo-
sition of the diets and the environmental footprints of each food group 
(Fig. 1, Extended Data Table 1 and Supplementary Table 2). Changes in 
meat consumption dominate the impacts on GHG emissions, while for 
the other domains the environmental pressures associated with greater 
consumption of fruits, vegetables, nuts and legumes are more important 
but outweighed by the environmental benefits associated with lower 
consumption of meat, staple crops and sugar, and a generally lower 
energy intake in line with healthy body weights and recommended 
levels of physical activity35 (Extended Data Table 6).

To understand how the combined implementation of some or all of 
the discussed measures could influence the environmental pressures 
of the food system, we constructed an environmental option space by 
combining all measures of medium ambition and all measures of high 
ambition. Our analysis indicates that much of the increase in environ-
mental pressures that is expected to occur by 2050 could be mitigated if 
measures were combined (Fig. 2). Combining all measures of medium 
ambition could reduce environmental pressures by around 25–45% 
compared with the baseline projection for 2050, resulting in total 
environmental impacts that are within 15% above and below present 
impacts. Combining all measures of high ambition could deliver reduc-
tions of 30–60%, resulting in environmental impacts that are 20–55% 
less than the current ones. In line with the differentiated impacts of the 
different measures of change, dietary change contributes the most to 
the reductions in GHG emissions, and technological and management- 
related changes contribute the most to reductions in the other environ-
mental impacts, while reductions in food loss and waste contribute up 
to a third to the overall reductions (Extended Data Fig. 1).
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Fig. 2 | Impacts of reductions in food loss and waste, technological 
change, and dietary changes on global environmental pressures in 
2050. These projections of environmental pressures in 2050 are baseline 
projections without dedicated mitigation measures for a middle-of-
the-road development pathway, and are expressed as percentages of 
present impacts (see Fig. 1). The different measures of change and their 
combination are depicted as reductions from the baseline projections 
for the different environmental domains (for example, the ‘diets’ bar that 
ends at 90% of present impacts of GHG emissions indicates that ambitious 
dietary changes (flexitarian) can reduce the projected increase of GHG 
emissions from 187% of present impacts to 90%, which represents a 
reduction of 52% or 97 percentage points; and dietary changes of medium 
ambition (guidelines), which in the figure end at the split line of the 
‘diets’ bar, can reduce GHG emissions from 187% of present impacts to 
133%, which represents a reduction of 29% or 54 percentage points). 

The loss and waste scenarios include reducing food loss and waste by 
half (waste/2) and by 75% (waste/4). The technology scenarios include 
medium-ambition technological changes up to 2050 (tech) and more 
ambitious technological changes (tech+). The diet scenarios include diets 
aligned with global dietary guidelines (guidelines), and more plant-based 
flexitarian diets (flexitarian) that are reflective of present evidence on 
healthy eating. The scenario combinations include all measures of medium 
ambition (comb(med): waste/2, tech, guidelines) and all measures of high 
ambition (comb(high): waste/4, tech+, flexitarian), the latter including 
an optimistic socioeconomic development pathway with higher income 
and lower population growth. The diamonds indicate mean planetary-
boundary values (boundary), each associated with uncertainty intervals 
highlighted by colour (light green, below the mean value; light orange, 
between minimum and maximum values; light red, above maximum 
values).
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2. Que faire ?

Horizon 2050



Agriculture

Biodiversité

Climat 

Alimentation
Santé

Réduction élevage
Reforestation / ré-ensauvagement

2. Que faire ? 3. Education, politique



Demain, en Europe …

https://www.asca-net.com/tyfa-un-scenario-pour-une-europe-agroecologique-en-
2050/
https://www.iddri.org/fr/publications-et-evenements/billet-de-blog/une-europe-
agroecologique-en-2050-un-scenario-credible-un

Actes Sud, Domaine du Possible, 2021, 320 p
ISBN : 978-2-330-15368-7

3. Education, politique

https://www.asca-net.com/tyfa-un-scenario-pour-une-europe-agroecologique-en-2050/
https://www.asca-net.com/tyfa-un-scenario-pour-une-europe-agroecologique-en-2050/


3. Education, politique

Agissez sur le pas de votre porte, communiquez ! 
o Urbanisation : 2ème après agriculture pour pertes de 

biodiversité
o Chaque m2 compte !                     (Soanes et al. 2019. Conservation Biology, 33)



Merci pour votre écoute.

jean-louis.hemptinne@univ-tlse3.fr

mailto:Jean-louis.hemptinne@univ-tlse3.fr

