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Le sol – usine de vie. Les scientifiques estiment que le quart des espèces sur la planète vivent dans le sol.
Cet écosystème varié remplit de nombreuses fonctions. Il transforme la matière organique des plantes, des animaux, des déchets, des hommes permettant la vie en 
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pharmaceutiques contre des maladies infectieuses.
Les employés de cette usine sont les microorganismes, les petits et les grands invertébrés, les petits mammifères et même les racines des plantes. Leur lieu de 
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les menaces pour leur habitat ainsi que la recherche et les lois en cours pour les protéger.
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écosystème sol fonctionnel et riche de biodiversité. Ainsi, les taupinières peuvent être considérées comme un indicateur de biomes 
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Le Millenium Ecosystem Assessment définit la biodiversité 
comme : « ..la diversité parmi les organismes vivants dans des 
écosystèmes terrestres, marins, et autres milieux aquatiques 
et les complexes écologiques dont ils font partie. Elle inclut la 
diversité à l'intérieur des espèces et entre celles-ci ainsi que la 
diversité des écosystèmes. » En ce qui concerne cet atlas, nous 
parlerons de la biodiversité en terme de diversité des organismes 
vivant dans le sol.
« Biota des sols » est un terme de même sens que biodiversité des 
sols, mais il est plus spécifique et se réfère à la communauté complète 
à l'intérieur d'un système sol donné. Par exemple il est possible de 
dire que le biota du sol d'une prairie est généralement plus diversifié 
que celui d'un système arable, ou que les sols des prairies ont 
généralement un niveau plus élevé de biodiversité des sols que ceux 
des terres arables. Le sens est le même dans les deux cas.
Le système sol est extrêmement complexe et varie grandement à 
la fois dans l'espace et dans le temps. Le sol lui-même est constitué 
d'une partie « minérale » contenant essentiellement de la silice et un 
mélange matière organique » contenant une » matière organique » 
contenant une grande variété de composés organiques différents, 
et d'un large éventail d’organismes différents, mais aussi d'eau, dans 
tous les sols à l'exception des plus secs.
Le sol peut présenter une grande variété de textures ; cela signifie 
qu'il contient des proportions différentes de sable, limon et 
argile. Il peut contenir des zones relativement sèches jusqu'à des 
micropores qui sont presque toujours remplis d’eau sauf  dans les 
périodes d'extrême sécheresse. La teneur en matière organique 
varie à la fois avec la profondeur (généralement décroissant avec 
la profondeur) et dans l'espace.
Ce haut niveau d’hétérogénéité signifie que le sol abrite un nombre 
extrêmement grand de niches écologiques qui sont à l’origine 
d’un éventail stupéfiant de biodiversité (Fig. 1,2). En utilisant une 
approche taxonomique pour mesurer la biodiversité, on dit 
souvent que plus de la moitié des 10 millions d'espèces de plantes, 
d'animaux et d'insectes estimés dans le monde vivent dans les forêts 
tropicales. Cependant, quand cette approche est appliquée au sol, 
le niveau de diversité est souvent de l'ordre de centaines de milliers 
voire de millions d'espèces vivant dans une simple poignée de sol!

1,2 Qu’est-ce que la biodiversité des sols?

Comme il a été établi précédemment, l'environnement sol est 
l’habitat d'une incroyable diversité d'organismes. De plus, ces 
organismes sont présents à des niveaux d'abondance étonnamment 
élevés. Le niveau d'abondance et de diversité varie d'un sol à l’autre, 
en fonction de facteurs tels que la teneur en matière organique, la 
texture du sol, le pH et les pratiques de gestion du sol.  Le nombre 
approximatif et la diversité des organismes regroupés selon la 
taille, typiquement trouvés dans un mètre carré de sol d'une prairie 
tempérée sont présentés ci-dessous.

De la même manière que les groupes présentés ci-dessous dans 
le tableau1,1, certains biologistes des sols font la distinction 
entre les trois groupes à partir de  la taille réelle des individus ce 
qui reflète davantage une mesure de la capacité des différents 
organismes à circuler dans les pores du sol de différentes tailles. 
Toutefois, les limites de taille restent les mêmes en utilisant 
cette technique et il y a un consensus général pour décider quel 
organisme se classe dans quelle catégorie.

En biologie, un organisme est n'importe quel système vivant comme 
un animal, une plante, un champignon ou un micro-organisme. Aussi 
simples soient-ils, tous les organismes sont capables de répondre à 
des stimuli, de se reproduire, de croître et de se développer comme 
un tout cohérent.
Un organisme peut aussi bien être unicellulaire (une seule cellule) 
ou composé de plusieurs milliards de cellules regroupées en tissus 
spécialisés et en organes (comme chez les humains). Le terme 
multicellulaire désigne tout organisme constitué de plus d'une cellule.

Microfaune/!ore
Gamme de tailles 1-100µm

Bactéries
100 milliards de cellules
pour 10000 espèces

Champignons
50 Km d’hyphes pour des
centaines d’espèces

Protozoaires
100 000 cellules pour des
centaines d'espèces

Nématodes
10000 individus pour des
centaines d’espèces

Mésofaune
Gamme de tailles 100µm à 2 mm

Tardigrades

Collemboles

Acariens

Regroupent des milliers
d’individus pour des
centaines d’espèces

Macro/Megafaune
Gamme de tailles >2mm

Vers de terres

Fourmis

Cloportes

Millepattes

Amphibiens et Reptiles

Mammifères

Oiseaux

Regroupent des centaines
d’individus pour des dizaines
d’espèces

Plus petit Plus grand 1 mm

100 µm

10 µm

Une amibe

Des cellules
bactériennes

Une hyphe fongique

Un nématode

Un cheveu humain

Les organismes du sol

nnn nnnéééémémém tatatat ddddodododeee

neee hhhhhhhhypypyphhhhhehehe fffffffononon iigigigiquququeeeffffff

UUU

ess cecellllllllulule

Fig. 1,2 : Ce schéma très simplifié vise 
!"#$%%&'"(%&")#*&"#&"+,"#)-.')/(.)$%"
verticale des organismes dans un 
0'$1)+"#&"-$+2"34&-."!"+4*5)#&%6&"(%&"
extrême simplification car, en fait, 
les microorganismes tels que les 
/,6.*')&-" 768"&." +&-"0'$.$9$,)'&-" 7&8"
sont répartis sur la totalité du profil 
de sol avec cependant, la biomasse 
+," 0+(-" 1$'.&" .'$(5*&" !" 0'$:);).*"
de la surface qui est plus riche 
en matière organique. Les deux 
6$++&;/$+&-" -$%." ,0.&-" !" 5)5'&" !"
différentes profondeurs dans le sol. 
<&-" &-0=6&-" ;$%.'*&-" &%" 7,8" -$%."
0+(-" ,#,0.*&-" !" +," 5)&" &%" -('1,6&"
ou près de celle-ci et les espèces 
;$%.'*&-"&%"7/8"-$%."0+(-",#,0.*&-"
!" +," 5)&" !" #&-" 0'$1$%#&('-" 0+(-"
importantes. Ces différences sont 
développées plus en détail dans 
la Section IX. Les vers de terre se 
trouvent aussi en plus grand nombre 
près de la surface mais se rencontrent 
,(--)"!"#&-"0'$1$%#&('-"#&">";=.'&"$("
davantage et constituent trois groupes 
qui sont détaillés dans la Section XIII. 
Les champignons se trouvent aussi 
sur toute la profondeur du profil 
de sol mais sont particulièrement 
abondants près de la surface où 
on trouve les plus fortes teneurs 
en matières organiques ainsi que 
de nombreuses racines de plantes 
avec lesquelles ils peuvent établir 
#&-" '&+,.)$%-" -?;/)$.)@(&-" 7182" 3&"
-6A*;,"%&";$%.'&"@(4(%".$(."0&.)."
*6A,%.)++$%"#4$'B,%)-;&-2"C&,(6$(0"
#4,(.'&-"B'$(0&-"#4$'B,%)-;&-"$%."
le sol pour habitat comme cet atlas 
+&";$%.'&',"6+,)'&;&%.2"7DE38
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F)B2">GH"I"J%" -6A*;," ;$%.',%.G" !" +4*6A&++&" 7B'$--)--&;&%." #4&%5)'$%"
KL8G" +,";$?&%%&"'&+,.)5&"#&-".,)++&-"#&"#)11*'&%.-";)6'$$'B,%)-;&-"#("
-$+"6$;0,'*"!"+4*0,)--&('"#4(%"6A&5&("A(;,)%";$?&%2"7DE38

Tableau 1,1 : Le biota du sol peut être divisé en trois groupes.
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loss. A previous collection of global estimates of net primary produc-
tion, carbon in soils and carbon in vegetation allows an approximate
mean estimate of t of 216 7 yr, assuming 50% of autotrophic respira-
tion costs13. Still, the spatial variation of t observed in our analysis spans
almost two orders ofmagnitude, that is, between,7 yr (first percentile)
and 439 yr (99th percentile) (Fig. 1b and Methods section on mean
carbon turnover times).
The longest turnover times are found in coldbiomes (tundra, 65z13

{20 yr;
boreal forests, 53z20

{8 yr), in temperate grassland and shrubland (41z13
{9 yr)

and in desert regions (36z14
{9 yr), whereas tropical forests and savannah

exhibit the shortest turnover times (14z4
{3 and 16z6

{4 yr, respectively)
(Table1).Using localized regressionanalysis (Methods section on corre-
lationanalysis),we find that, spatially,t covaries significantly (P, 0.05)

withmean annual temperature orwith total annual precipitation in 86%
of the globe (Fig. 1c and Supplementary Information Section 2). There
is, however, a strong variability in the spatial correlations between t and
temperature and t and precipitation (Fig. 1c and ExtendedData Fig. 2).
Negative correlations between temperature and t are widely observed,
and can be linked to the expected decomposition responses to temper-
ature14–16. However, significant positive correlations emerge in regions
of forest/herbaceous cover transitions (or patchiness) and inwarmarid
environments (Supplementary Information Section 4), where precip-
itation shows the strongest correlationswith t, indicating thatmoisture
effectsmay dominate and override temperature effects. No clear domi-
nant patterns are observed in tropical forests, suggesting that climate
has a limited effect on the spatial variability of t there and that nutrient
availability17 or natural andhumandisturbances18,19, or both, have greater
effects. Globally, we observe a higher frequency of stronger spatial corre-
lations between t and precipitation (in,55% of land grid cells) than
between t and temperature (,45%) (Extended Data Figs 3 and 4).
Turnover times vary considerably with latitude, ranging from255 yr

(mean t above 75uN) in the high northern latitudes to 15 yr in the equat-
orial tropics (Fig. 2a). We find that the most rapid latitudinal changes
exist between the sub-Arctic zones and the temperate zones, and near
the tropical circles (between 20 and 40uN).Within the tropics (between
20uN and 20u S), the variations in t are comparatively minor. In the
Northern Hemisphere, in the transition zone between 50 and 65uN,
the spatial covariation of t is strongest with temperature, but south of
50uNprecipitation is the dominant associated variable (until the Equator
and below 40u S (Fig. 2c, d, in blue)). Across all latitudes, higher preci-
pitation is associated with shorter residence times (negative partial cor-
relations), whereas correlations between t and temperature are more
variable across latitudes, being low in the northern tropical zone and
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Figure 1 | Global distributions of total ecosystem
carbon, turnover times of carbon in terrestrial
ecosystems and its spatial covariation with
climate variables. Global distribution of estimated
total ecosystem carbon (Ctotal) density in each grid
cell (kgCm22), and total ecosystem carbon mass
per biome (PgC)) (a), median of turnover times of
carbon (t) in terrestrial ecosystems (b), and the
spatial covariation (r, Pearson correlation
coefficient) of t with climate variables (c). The
insets in a and b show the Ctotal and t estimates per
biome according to previous classifications
(Extended Data Table 1); the uncertainty bars per
biome report the 95% confidence intervals (CI,
ranging between percentiles 2.5 and 97.5). The
ranges inCtotal span 4 kgCm22 (approximately the
5th percentile) to 254 kgCm22 (maximum
estimate of mean carbon stocks), and the colour
code in the t map is binned between t# 4 yr and
439 yr (the 99th percentile). Spatial correlations
(moving window of 5.5u by 5.5u) with temperature
(tas) and precipitation (pr) are shown only for
confidence levels above 95%. The missing regions
in southern Australia and New Zealand are due to
missing data in the vegetation carbon data set
(Methods section on total vegetation carbon).

Table 1 | Total ecosystem turnover times of carbon for the globe, per
biome
Biome type t (yr)

Mean P2.5 P97.5

Tropical forests 14.2 11.6 18.2
Temperate forests 23.5 18.9 30.8
Boreal forests 53.3 45.4 73.4
Tropical savannahs and grasslands 16.0 12.2 22.1
Temperate grasslands and shrublands 41.3 32.8 54.6
Deserts 36.3 27.6 49.9
Tundra 65.2 44.7 78.0
Croplands 22.1 17.0 30.1
Wetlands 19.7 15.2 26.7
Total 22.5 18.1 29.4

Total ecosystem turnover times of carbon per biome, estimated using equation (1) and stocks and
fluxes aggregated per biome. Data estimates of t were aggregated by biomes defined previously
(Extended Data Table 1), and the ranges reported are the 2.5th (P2.5) and 97.5th (P97.5) percentiles
from the ensemble of t estimates, which can be interpreted as the confidence intervals in these
estimates. The total represents the global t including all biomes.
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loss. A previous collection of global estimates of net primary produc-

tion, carbon in soils and carbon in vegetation allows an approximate

mean estimate of t of 216 7 yr, assuming 50% of autotrophic respira-

tion costs13. Still, the spatial variation of t observed in our analysis spans

almost two orders ofmagnitude, that is, between,7 yr (first percentile)

and 439 yr (99th percentile) (Fig. 1b and Methods section on mean

carbon turnover times).
The longest turnover times are found in coldbiomes (tundra, 65z13

{20 yr;

boreal forests, 53z20
{8 yr), in temperate grassland and shrubland (41z13

{9 yr)

and in desert regions (36z14
{9 yr), whereas tropical forests and savannah

exhibit the shortest turnover times (14z4
{3 and 16z6

{4 yr, respectively)

(Table1).Using localized regressionanalysis (Methods section on corre-

lationanalysis),we find that, spatially,t covaries significantly (P, 0.05)

withmean annual temperature orwith total annual precipitation in 86%

of the globe (Fig. 1c and Supplementary Information Section 2). There

is, however, a strong variability in the spatial correlations between t and

temperature and t and precipitation (Fig. 1c and ExtendedData Fig. 2).

Negative correlations between temperature and t are widely observed,

and can be linked to the expected decomposition responses to temper-

ature14–16. However, significant positive correlations emerge in regions

of forest/herbaceous cover transitions (or patchiness) and inwarmarid

environments (Supplementary Information Section 4), where precip-

itation shows the strongest correlationswith t, indicating thatmoisture

effectsmay dominate and override temperature effects. No clear domi-

nant patterns are observed in tropical forests, suggesting that climate

has a limited effect on the spatial variability of t there and that nutrient

availability17or natural andhumandisturbances18,19, or both, have greater

effects. Globally, we observe a higher frequency of stronger spatial corre-

lations between t and precipitation (in,55% of land grid cells) than

between t and temperature (,45%) (Extended Data Figs 3 and 4).

Turnover times vary considerably with latitude, ranging from255 yr

(mean t above 75uN) in the high northern latitudes to 15 yr in the equat-

orial tropics (Fig. 2a). We find that the most rapid latitudinal changes

exist between the sub-Arctic zones and the temperate zones, and near

the tropical circles (between 20 and 40uN).Within the tropics (between

20uN and 20u S), the variations in t are comparatively minor. In the

Northern Hemisphere, in the transition zone between 50 and 65uN,

the spatial covariation of t is strongest with temperature, but south of

50uNprecipitation is the dominant associated variable (until the Equator

and below 40u S (Fig. 2c, d, in blue)). Across all latitudes, higher preci-

pitation is associated with shorter residence times (negative partial cor-

relations), whereas correlations between t and temperature are more

variable across latitudes, being low in the northern tropical zone and
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Figure 1 | Global distributions of total ecosystem

carbon, turnover times of carbon in terrestrial

ecosystems and its spatial covariation with

climate variables. Global distribution of estimated

total ecosystem carbon (Ctotal) density in each grid

cell (kgCm22), and total ecosystem carbon mass

per biome (PgC)) (a), median of turnover times of

carbon (t) in terrestrial ecosystems (b), and the

spatial covariation (r, Pearson correlation

coefficient) of t with climate variables (c). The

insets in a and b show the Ctotal and t estimates per

biome according to previous classifications

(Extended Data Table 1); the uncertainty bars per

biome report the 95% confidence intervals (CI,

ranging between percentiles 2.5 and 97.5). The

ranges inCtotal span 4 kgCm22(approximately the

5th percentile) to 254 kgCm22
(maximum

estimate of mean carbon stocks), and the colour

code in the t map is binned between t# 4 yr and

439 yr (the 99th percentile). Spatial correlations

(moving window of 5.5u by 5.5u) with temperature

(tas) and precipitation (pr) are shown only for

confidence levels above 95%. The missing regions

in southern Australia and New Zealand are due to

missing data in the vegetation carbon data set

(Methods section on total vegetation carbon).

Table 1 | Total ecosystem turnover times of carbon for the globe, per

biome
Biome type

t (yr)Mean
P2.5

P97.5

Tropical forests

14.2
11.6

18.2

Temperate forests

23.5
18.9

30.8

Boreal forests

53.3
45.4

73.4

Tropical savannahs and grasslands

16.0
12.2

22.1

Temperate grasslands and shrublands
41.3

32.8
54.6

Deserts

36.3
27.6

49.9

Tundra

65.2
44.7

78.0

Croplands

22.1
17.0

30.1

Wetlands

19.7
15.2

26.7

Total

22.5
18.1

29.4

Total ecosystem turnover times of carbon per biome, estimated using equation (1) and stocks and

fluxes aggregated per biome. Data estimates of t were aggregated by biomes defined previously

(Extended Data Table 1), and the ranges reported are the 2.5th (P2.5) and 97.5th (P97.5) percentiles

from the ensemble of t estimates, which can be interpreted as the confidence intervals in these

estimates. The total represents the global t including all biomes.
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loss. A previous collection of global estimates of net primary produc-

tion, carbon in soils and carbon in vegetation allows an approximate

mean estimate of t of 216 7 yr, assuming 50% of autotrophic respira-

tion costs13. Still, the spatial variation of t observed in our analysis spans

almost two orders ofmagnitude, that is, between,7 yr (first percentile)

and 439 yr (99th percentile) (Fig. 1b and Methods section on mean

carbon turnover times).
The longest turnover times are found in coldbiomes (tundra, 65z13

{20 yr;

boreal forests, 53z20
{8 yr), in temperate grassland and shrubland (41z13

{9 yr)

and in desert regions (36z14
{9 yr), whereas tropical forests and savannah

exhibit the shortest turnover times (14z4
{3 and 16z6

{4 yr, respectively)

(Table1).Using localized regressionanalysis (Methods section on corre-

lationanalysis),we find that, spatially,t covaries significantly (P, 0.05)

withmean annual temperature orwith total annual precipitation in 86%

of the globe (Fig. 1c and Supplementary Information Section 2). There

is, however, a strong variability in the spatial correlations between t and

temperature and t and precipitation (Fig. 1c and ExtendedData Fig. 2).

Negative correlations between temperature and t are widely observed,

and can be linked to the expected decomposition responses to temper-

ature14–16. However, significant positive correlations emerge in regions

of forest/herbaceous cover transitions (or patchiness) and inwarmarid

environments (Supplementary Information Section 4), where precip-

itation shows the strongest correlationswith t, indicating thatmoisture

effectsmay dominate and override temperature effects. No clear domi-

nant patterns are observed in tropical forests, suggesting that climate

has a limited effect on the spatial variability of t there and that nutrient

availability17or natural andhumandisturbances18,19, or both, have greater

effects. Globally, we observe a higher frequency of stronger spatial corre-

lations between t and precipitation (in,55% of land grid cells) than

between t and temperature (,45%) (Extended Data Figs 3 and 4).

Turnover times vary considerably with latitude, ranging from255 yr

(mean t above 75uN) in the high northern latitudes to 15 yr in the equat-

orial tropics (Fig. 2a). We find that the most rapid latitudinal changes

exist between the sub-Arctic zones and the temperate zones, and near

the tropical circles (between 20 and 40uN).Within the tropics (between

20uN and 20u S), the variations in t are comparatively minor. In the

Northern Hemisphere, in the transition zone between 50 and 65uN,

the spatial covariation of t is strongest with temperature, but south of

50uNprecipitation is the dominant associated variable (until the Equator

and below 40u S (Fig. 2c, d, in blue)). Across all latitudes, higher preci-

pitation is associated with shorter residence times (negative partial cor-

relations), whereas correlations between t and temperature are more

variable across latitudes, being low in the northern tropical zone and
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Figure 1 | Global distributions of total ecosystem

carbon, turnover times of carbon in terrestrial

ecosystems and its spatial covariation with

climate variables. Global distribution of estimated

total ecosystem carbon (Ctotal) density in each grid

cell (kgCm22), and total ecosystem carbon mass

per biome (PgC)) (a), median of turnover times of

carbon (t) in terrestrial ecosystems (b), and the

spatial covariation (r, Pearson correlation

coefficient) of t with climate variables (c). The

insets in a and b show the Ctotal and t estimates per

biome according to previous classifications

(Extended Data Table 1); the uncertainty bars per

biome report the 95% confidence intervals (CI,

ranging between percentiles 2.5 and 97.5). The

ranges inCtotal span 4 kgCm22(approximately the

5th percentile) to 254 kgCm22
(maximum

estimate of mean carbon stocks), and the colour

code in the t map is binned between t# 4 yr and

439 yr (the 99th percentile). Spatial correlations

(moving window of 5.5u by 5.5u) with temperature

(tas) and precipitation (pr) are shown only for

confidence levels above 95%. The missing regions

in southern Australia and New Zealand are due to

missing data in the vegetation carbon data set

(Methods section on total vegetation carbon).

Table 1 | Total ecosystem turnover times of carbon for the globe, per

biome
Biome type

t (yr)Mean
P2.5

P97.5

Tropical forests

14.2
11.6

18.2

Temperate forests

23.5
18.9

30.8

Boreal forests

53.3
45.4

73.4

Tropical savannahs and grasslands

16.0
12.2

22.1

Temperate grasslands and shrublands
41.3

32.8
54.6

Deserts

36.3
27.6

49.9

Tundra

65.2
44.7

78.0

Croplands

22.1
17.0

30.1

Wetlands

19.7
15.2

26.7

Total

22.5
18.1

29.4

Total ecosystem turnover times of carbon per biome, estimated using equation (1) and stocks and

fluxes aggregated per biome. Data estimates of t were aggregated by biomes defined previously

(Extended Data Table 1), and the ranges reported are the 2.5th (P2.5) and 97.5th (P97.5) percentiles

from the ensemble of t estimates, which can be interpreted as the confidence intervals in these

estimates. The total represents the global t including all biomes.
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loss. A previous collection of global estimates of net primary produc-
tion, carbon in soils and carbon in vegetation allows an approximate
mean estimate of t of 216 7 yr, assuming 50% of autotrophic respira-
tion costs13. Still, the spatial variation of t observed in our analysis spans
almost two orders ofmagnitude, that is, between,7 yr (first percentile)
and 439 yr (99th percentile) (Fig. 1b and Methods section on mean
carbon turnover times).
The longest turnover times are found in coldbiomes (tundra, 65z13

{20 yr;
boreal forests, 53z20

{8 yr), in temperate grassland and shrubland (41z13
{9 yr)

and in desert regions (36z14
{9 yr), whereas tropical forests and savannah

exhibit the shortest turnover times (14z4
{3 and 16z6

{4 yr, respectively)
(Table1).Using localized regressionanalysis (Methods section on corre-
lationanalysis),we find that, spatially,t covaries significantly (P, 0.05)

withmean annual temperature orwith total annual precipitation in 86%
of the globe (Fig. 1c and Supplementary Information Section 2). There
is, however, a strong variability in the spatial correlations between t and
temperature and t and precipitation (Fig. 1c and ExtendedData Fig. 2).
Negative correlations between temperature and t are widely observed,
and can be linked to the expected decomposition responses to temper-
ature14–16. However, significant positive correlations emerge in regions
of forest/herbaceous cover transitions (or patchiness) and inwarmarid
environments (Supplementary Information Section 4), where precip-
itation shows the strongest correlationswith t, indicating thatmoisture
effectsmay dominate and override temperature effects. No clear domi-
nant patterns are observed in tropical forests, suggesting that climate
has a limited effect on the spatial variability of t there and that nutrient
availability17 or natural andhumandisturbances18,19, or both, have greater
effects. Globally, we observe a higher frequency of stronger spatial corre-
lations between t and precipitation (in,55% of land grid cells) than
between t and temperature (,45%) (Extended Data Figs 3 and 4).
Turnover times vary considerably with latitude, ranging from255 yr

(mean t above 75uN) in the high northern latitudes to 15 yr in the equat-
orial tropics (Fig. 2a). We find that the most rapid latitudinal changes
exist between the sub-Arctic zones and the temperate zones, and near
the tropical circles (between 20 and 40uN).Within the tropics (between
20uN and 20u S), the variations in t are comparatively minor. In the
Northern Hemisphere, in the transition zone between 50 and 65uN,
the spatial covariation of t is strongest with temperature, but south of
50uNprecipitation is the dominant associated variable (until the Equator
and below 40u S (Fig. 2c, d, in blue)). Across all latitudes, higher preci-
pitation is associated with shorter residence times (negative partial cor-
relations), whereas correlations between t and temperature are more
variable across latitudes, being low in the northern tropical zone and
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Figure 1 | Global distributions of total ecosystem
carbon, turnover times of carbon in terrestrial
ecosystems and its spatial covariation with
climate variables. Global distribution of estimated
total ecosystem carbon (Ctotal) density in each grid
cell (kgCm22), and total ecosystem carbon mass
per biome (PgC)) (a), median of turnover times of
carbon (t) in terrestrial ecosystems (b), and the
spatial covariation (r, Pearson correlation
coefficient) of t with climate variables (c). The
insets in a and b show the Ctotal and t estimates per
biome according to previous classifications
(Extended Data Table 1); the uncertainty bars per
biome report the 95% confidence intervals (CI,
ranging between percentiles 2.5 and 97.5). The
ranges inCtotal span 4 kgCm22 (approximately the
5th percentile) to 254 kgCm22 (maximum
estimate of mean carbon stocks), and the colour
code in the t map is binned between t# 4 yr and
439 yr (the 99th percentile). Spatial correlations
(moving window of 5.5u by 5.5u) with temperature
(tas) and precipitation (pr) are shown only for
confidence levels above 95%. The missing regions
in southern Australia and New Zealand are due to
missing data in the vegetation carbon data set
(Methods section on total vegetation carbon).

Table 1 | Total ecosystem turnover times of carbon for the globe, per
biome
Biome type t (yr)

Mean P2.5 P97.5

Tropical forests 14.2 11.6 18.2
Temperate forests 23.5 18.9 30.8
Boreal forests 53.3 45.4 73.4
Tropical savannahs and grasslands 16.0 12.2 22.1
Temperate grasslands and shrublands 41.3 32.8 54.6
Deserts 36.3 27.6 49.9
Tundra 65.2 44.7 78.0
Croplands 22.1 17.0 30.1
Wetlands 19.7 15.2 26.7
Total 22.5 18.1 29.4

Total ecosystem turnover times of carbon per biome, estimated using equation (1) and stocks and
fluxes aggregated per biome. Data estimates of t were aggregated by biomes defined previously
(Extended Data Table 1), and the ranges reported are the 2.5th (P2.5) and 97.5th (P97.5) percentiles
from the ensemble of t estimates, which can be interpreted as the confidence intervals in these
estimates. The total represents the global t including all biomes.
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for conservation (10). However, even relatively small decreases
in habitat can cause extinction rates to rise disproportionately in
already diminished and severely fragmented habitats, such as the
Mediterranean and the Atlantic Forest hotspots. All five bio-
diversity hotspots with the largest percentages of their land areas
forecasted to become urban predominantly occupy coastal
regions or are islands (Table 2). In addition, although projected
urban expansion in the Caribbean Islands and the Philippines is
relatively small in total area, they are home to 1.9% and 2.3% of
the world’s endemic plants and 1.9% and 2.9% of endemic
invertebrates, respectively (10). Large numbers of AZE species
will face increasing pressure from urban expansion in the next
two decades. Although urbanization rates will be highest in
China and India, it is in Central and South America where the
largest number of AZE species will be affected (Table 3). Our
results suggest the need for conservation policies that consider
urban growth at both regional and global scales. The threat to
biodiversity hotspots comes from direct land-cover change and

subsequent loss of habitat, and from increased colonization by
introduced species as urban areas expand. Establishing bio-
diversity corridors in these regions with higher probability of
urban expansion will require coordinated efforts among multiple
cities and municipalities. Such corridors may take on additional
significance considering the migration of species in response to
shifts in their ranges with climate change (37).
Most efforts that study terrestrial carbon dynamics have avoided

areas heavily influenced by urbanization (24). However, the pro-
cess of urban expansion also results in carbon emissions because of
the land clearing, reductions in local primary productivity (8) and,
depending on the climate and density of the new development, has
the potential to either increase or decrease per capita greenhouse
gas emissions. The aboveground carbon and habitat losses high-
light that urban expansion is an important driver of land-cover
change and forest degradation. The biomass carbon losses repor-
ted here represent short-term emissions associated clearing for
urban development and land-cover change. As with most land-
cover change, vegetation can regrow over time, but the annualized
emissions associated with deforestation and forest degradation do
not capture those long-term changes.
The analysis in this article only examines the direct spatial

“imprint” of urban expansion on biodiversity hotspots, AZE
species, and carbon biomass, and not the indirect land-change
processes that both drive and respond to urbanization. Urban
expansion can also affect land uses in distal places, which in turn
can alter carbon stocks, especially in the tropics (20, 38). This
“indirect” urbanization affect is difficult to fully quantify. In
some cases, it will amplify and in other cases attenuate carbon
losses. We know that cities have always relied on their hinter-
lands and other distal places for resources from food and fuel to
waste assimilation. For example, a typical household in Sydney
or Melbourne is responsible for greenhouse gas emissions, water
withdrawals, and land use distributed across all of Australia (39).
The magnitude of the virtual carbon, water, and land embodied
in urban areas means that the bulk of environmental impacts
from future urban expansion is also likely to occur outside of the
areas forecasted to become urban.
Although a full assessment of the indirect environmental

impacts of urban expansion is beyond the scope of this analysis,
two urbanization factors are known to have significant indirect
environmental effects. First, the spatial pattern of urban de-
velopment, such as compactness, employment and residential
densities, and mix of land uses affects energy use and carbon
dioxide emissions (40). Second, urban consumption patterns are
often different from rural counterparts. For example, the com-
position of urban diets is considerably higher in meat and dairy
intake than rural counterparts (41). In turn, a diet higher in meat
also increases the demand for fodder. Thus, the indirect effects
of urbanization, including increased affluence and changes in
consumption patterns, are highly uncertain and potentially very
large. Both direct and indirect components need to be considered
to fully account for the environmental impacts of urban expansion.

Table 3. Critically endangered and endangered species in AZE
sites to be affected by urban expansion across classes and
regions

Class or region
IUCN red

list category

Total no.
of species
across all
AZE sites

No. of species in AZE sites
to be urban by 2030*

In part Mostly Completely

Class
Amphibia EN+CR 507 139 (27) 26 (5) 15 (3)

EN 208 54 (26) 8 (4) 5 (2)
CR 299 85 (28) 18 (6) 10 (3)

Aves EN+CR 199 25 (13) 5 (3) 2 (1)
EN 94 11 (12) 3 (3) 0 (0)
CR 105 14 (13) 2 (2) 2 (2)

Coniferopsida EN+CR 26 3 (12) 0 (0) 0 (0)
EN 13 3 (23) 0 (0) 0 (0)
CR 13 0 (0) 0 (0) 0 (0)

Mammalia EN+CR 165 41 (25) 9 (5) 3 (2)
EN 68 22 (32) 4 (6) 1 (1)
CR 97 19 (20) 5 (5) 2 (2)

Reptilia EN+CR 17 6 (35) 1 (6) 0 (0)
EN 4 1 (25) 1 (25) 0 (0)
CR 13 5 (38) 0 (0) 0 (0)

Total EN+CR 914 214 (23) 41 (4) 20 (2)
EN 387 91 (24) 16 (4) 6 (2)
CR 527 123 (23) 25 (5) 14 (3)

Region
Africa EN+CR 140 42 (30) 7 (5) 1 (1)

EN 83 29 (35) 5 (6) 1 (1)
CR 57 13 (23) 2 (4) 0 (0)

Asia EN+CR 140 34 (24) 6 (4) 2 (1)
EN 67 18 (27) 3 (4) 1 (1)
CR 73 16 (22) 3 (4) 1 (1)

Americas EN+CR 545 134 (25) 25 (5) 15 (3)
EN 201 42 (21) 7 (3) 3 (1)
CR 344 92 (27) 18 (5) 12 (3)

Europe EN+CR 9 3 (33) 3 (33) 2 (22)
EN 4 1 (25) 1 (25) 1 (25)
CR 5 2 (40) 2 (40) 1 (20)

Pacific EN+CR 80 1 (1) 0 (0) 0 (0)
EN 32 1 (3) 0 (0) 0 (0)
CR 48 0 (0) 0 (0) 0 (0)

Total EN+CR 914 214 (23) 41 (4) 20 (2)
EN 387 63 (16) 16 (4) 6 (2)
CR 527 123 (23) 25 (5) 14 (3)

CR, critically endangered; EN, endangered.
*Percentages of corresponding total number of species in all AZE sites are in
parentheses.

Fig. 2. Average (MgC/ha) and total carbon (PgC) loss by region within the
pan-tropics based on the probability of conversion in 2030.
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Figure 4. (A) Soil organic C content, (B) Soil δ13C, (C) Soil total N content and (D) Soil 
δ15N  at 10-20 cm and 30-40 cm in the different sample classes. Bars show means and error 
bars correspond to standard error. Different letters mean that a significant difference (p < 
0.05) was indicated by a linear mixed-effect model and Tukey post-hoc tests (see Table 3 and 
text). For each bar, n = 5. 
 

Average soil total N content at 10-20 cm was 0.18 % at the arboretum, 

and 0.12 %, 0.17 % and 0.23 % for younger, intermediate and older street 

systems, respectively. At 10-20 cm, soils from older street systems thus 

contained about twice more total N than soils from young street systems, and 

about 1.3 times more than soils from the arboretum (Figure 4C). At 30-40 cm, 

soils from older street systems contained significantly more total N than soils 

from the arboretum and intermediate street systems. Average total N content at 

30-40 cm was 0.1 % for the arboretum, and 0.13 %, 0.11 % and 0.2 % in 

younger, intermediate and older street systems respectively. Soils from older 

street systems contained about twice more N than the other soils. 

Soil δ15N was significantly higher at both depths in intermediate and older 

street systems than in younger street systems and the arboretum, which did not 
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Figure 4. (A) Soil organic C content, (B) Soil δ13C, (C) Soil total N content and (D) Soil 
δ15N  at 10-20 cm and 30-40 cm in the different sample classes. Bars show means and error 
bars correspond to standard error. Different letters mean that a significant difference (p < 
0.05) was indicated by a linear mixed-effect model and Tukey post-hoc tests (see Table 3 and 
text). For each bar, n = 5. 
 

Average soil total N content at 10-20 cm was 0.18 % at the arboretum, 

and 0.12 %, 0.17 % and 0.23 % for younger, intermediate and older street 

systems, respectively. At 10-20 cm, soils from older street systems thus 

contained about twice more total N than soils from young street systems, and 

about 1.3 times more than soils from the arboretum (Figure 4C). At 30-40 cm, 

soils from older street systems contained significantly more total N than soils 

from the arboretum and intermediate street systems. Average total N content at 

30-40 cm was 0.1 % for the arboretum, and 0.13 %, 0.11 % and 0.2 % in 

younger, intermediate and older street systems respectively. Soils from older 

street systems contained about twice more N than the other soils. 

Soil δ15N was significantly higher at both depths in intermediate and older 
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(P=0.0029) than parks. They were also significantly
more basic (P=0.0116), and altogether, the medians
were smaller than parks (Po0.0001). Park and
median soils did not differ, however, in lead, carbon,
calcium, potassium, magnesium, phosphorous, alu-
minum, boron, barium, iron, manganese, sodium or
nickel (Table 1).

Richness of bacteria did not differ between parks
and medians (P=0.117; Figure 1a), and there was no
difference between park and median species accu-
mulation curves (P=0.076; Figure 1d). Archaea also
do not show a difference in richness (P=0.5866),

although species accumulated more slowly across
medians (P=0.0023; Supplementary Figure S2).
(Archaea represent a small portion (0.5%) of the
phylotypes observed likely owing to the sequencing
protocol so henceforth we will report only 16S rRNA
results for bacteria.)

Fungi trended towards decreased richness in
medians (P=0.08; Figure 1b) but did not show
significant difference in the accumulation curve
functions (P=0.5882; Figure 1e). To test whether
the fungal species missing from medians were
primarily plant associated, we explored the diversity

Table 1 Size and some soil characteristics vary between parks and medians

Variable Median (n=19) Park (n=22)

Mean 95% CI Mean 95% CI

Size (m2)* 819.38 422.9–1215.9 567 980.48 130 871.6–1 005 089.4
Aluminum 322.42 287.6–357.2 419.59 334.5–504.7
Barium 14.83 13.3–16.4 16.31 15–17.7
Boron 2.5 1.9–3.1 2.01 1.4–2.6
Calcium 3979.32 3295.1–4663.5 3875.27 2960.0–4790.5
Carbon 6.07 5.4–6.8 6.80 5.6–8.0
Copper* 15.98 12.0–17.9 8.05 4.9–11.2
Iron 61.04 52.3–69.8 59.49 37.1–81.9
Lead 32.21 6.5–57.9 21.64 11.9–31.3
Magnesium 591.89 502.7–681.1 489.91 381.8–598.0
Manganese 71.89 62.2–81.6 76.95 66.0–87.9
Nickel 1.81 1.4–2.3 2.02 1.4–2.6
Nitrogen* 0.33 0.3–0.4 0.45 0.4–0.5
pH* 7.7 7.5–8 6.95 6.5–7.4
Phosphorous 100.73 71.8–129.7 159.14 109.4–208.9
Potassium 165 146.5–183.5 223.59 183.6–263.6
Sodium 429.21 318.0–540.4 333.23 231.3–435.1
Zinc* 82.68 57.6–107.7 64.59 32.2–97.0

Abbreviation: CI, confidence interval. *Po0.05.

Figure 1 Species richness responses differ across taxonomic groups. Richness in medians (gray) and parks (black) for bacteria (a), fungi
(b) and ants (c). ***Po0.001. Species accumulation curves for medians (gray) and parks (black) for bacteria and archaea (d), fungi (e) and
ants (f).
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A	
  ManhaKan,	
  il	
  n’y	
  a	
  pas	
  de	
  varia8on	
  de	
  la	
  richesse	
  
spécifique	
  microbienne	
  en	
  fonc8on	
  de	
  la	
  fragmenta8on	
  des	
  

habitats,	
  contrairement	
  à	
  ce	
  qui	
  est	
  observé	
  pour	
  les	
  
fourmis.	
  Les	
  microorganismes	
  sont	
  moins	
  sensibles	
  à	
  la	
  

fragmenta8on	
  que	
  les	
  macroorganismes.	
  



ü  5 loci microsatellites 

ü  179 L. castaneus génotypés 

ü  Analyse spatiale bayésienne de regroupement génétique 

ü  Forte structuration 
génétique à 10 
clusters identifiés 
 Mais 

ü  Pas de logique 
géographique 

Des évènements 
ponctuels de 
dispersion passive ? 
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  Dupont	
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•  Les sols (urbains) jouent un rôle majeur dans les cycles 
biogéochimiques (eau, carbone, azote…). 

•  Les sols (urbains) rendent de multiples services de production et 
de régulation. 

•  Les sols (urbains) sont des outils potentiels d’atténuation des 
changements environnementaux et de l’adaptation à ces 
changements. 

•  Les sols urbains natifs, modifiés ou artificiels, sont encore mal 
connus en termes de fonctionnement. 

•  Les sols urbain, natifs, modifiés ou artificiels, sont des mondes 
quasi inconnus en termes d’organisation et de dynamique de la 
biodiversité, notamment microbienne. 

Conclusions 
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