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1 Model settings and simulation protocol

All vegetation simulations are computed on a 0.5 by 0.5° spa-
tial grid using monthly climate data to force LPJmL. Since
the focus of this study is on natural vegetation, the mod-
ules for agriculture, represented by 12 crop-functional types
(CFTs) (Bondeau et al., 2007), and biomass plantations, rep-
resented by three types of biomass production for bioen-
ergy (Beringer et al., 2011), are switched off. Potential nat-
ural vegetation is simulated, represented by the nine plant-
functional types (PFT) listed in Table S1. The fire module
has been modified to include fire carbon fluxes for the grass
PFTs which in the standard version of the model are limited
to tree PFTs. Fire resistance of grass is set to 0.5 meaning
that leaf biomass may be reduced by up to 50% in a given
year if conditions for fire (soil moisture and litter availabil-
ity) are met. The change is made primarily to avoid infinite
relative increases in fire carbon emissions in grasslands that
are projected to experience woody encroachment in the fu-
ture.

The model is spun-up for 10020 years using preindus-
trial atmospheric CO2 concentrations (280 ppmv) and cy-
cling the first 30 years of the historical climatological data
(CRU/GPCC, see Climate uncertainty section in main text)
repeatedly to allow vegetation structure and carbon pools to
reach equilibrium. The spin-up is followed by a transient run
from 1901 to the end of 2009 using the full CRU/GPCC cli-
mate time-series and observed atmospheric CO2 concentra-
tions. The last 30 years of the historical run (1980-2009) pro-
vide the reference state from which ecosystems diverge un-
der projected climate change. All 152 climate scenario runs
are started from the same reference state and forced by the
climate scenario data, running from 2010 to 2115. A spe-
cific atmospheric CO2 concentration trajectory, provided by
the MAGICC6 model, is used for each of the 8 GMT trajec-

Table S1. Plant-functional types in LPJmL

Name Abbreviation

Tropical broadleaved evergreen tree TrBE
Tropical broadleaved raingreen tree TrBR
Temperate needleleaved evergreen tree TeNE
Temperate broadleaved evergreen tree TeBE
Temperate broadleaved summergreen tree TeBS
Boreal needleleaved evergreen tree BoNE
Boreal summergreen tree (primarily
broadleaved, but including larch)

BoS

C3 grass C3
C4 grass C4

tories. The last 30 years of the scenario period provide the
future state that is compared to the reference state.

Vegetation simulations cover a total of 133 million km2 or
about 90% of the Earth’s land surface, excluding areas per-
manently covered in ice like Antarctica and most of Green-
land. About 41.7 million km2 or 31% of the simulated area
are classified as agricultural areas (cropland, pasture and
managed grassland, Fig. S1) and not considered in the analy-
sis. Agricultural areas are based on MIRCA2000 (Portmann
et al., 2010), as modified by Fader et al. (2010). This leaves
a total base area of 91.6 million km2. Almost 86% of this
base area is covered with natural to semi-natural vegetation
during the reference period, while the rest is classified as
non-vegetated (primarily desert and some tundra regions in
Fig. S3).

The Γ metric is computed for each grid cell for all 152
scenario runs based on the model parameters in Table 1 in
the main text. In summing up affected areas across grid cells
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each grid cell area is reduced by its agricultural area fraction.
Global mean values of the model parameters, used to com-
pute the global importance component in Γ, are derived as
area-weighted means, using only the non-agricultural area of
each cell. Since our study investigates climate change effects,
not land-use change effects, land-use patterns are kept con-
stant in the future assuming no further anthropogenic conver-
sion of natural ecosystems.

2 Vegetation-structural changes

Changes in vegetation structure ∆V are one component of
the change metric Γ. To compare vegetation structure be-
tween a future ecosystem state and present-day conditions
we use a modified version of the ∆V metric developed by
Sykes et al. (1999), adapted to the PFTs simulated by LPJmL
(Tab. S1). The metric measures the difference in vegetation
structure in terms of the importance of broad life form types
(grass, trees, bare ground), further characterised by their as-
signed attributes.

∆V (i, j) = 1−
∑
k

{
min(Vik,Vjk) ∗

[
1−

∑
l

(ωkl ∗ |aikl− ajkl|)

]}

Vik and Vjk describe the area fractions covered by life form
k in ecosystem i and j, aikl and ajkl are the attributes l of
lifeform k in ecosystem i and j, respectively. Attributes are
weighted for each life form by ωkl. Attributes can be climatic
(tropical, temperate, boreal), or phenologic (evergreen, de-
ciduous) or describe leaf types (needleleaved, broadleaved).

Table S2 lists modelled PFTs categorised into life forms
tree and grass, together with their assigned attributes. The
remaining area fraction not covered by any PFT is considered
bare ground, without any further attributes.
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managed land fraction0.2 0.4 0.6 0.8 1.0

Fig. S1. Fraction of each grid cell used as crop land or managed grassland.

Table S2. Plant-functional types with their assigned attributes. For PFT abbreviations see Table S1

Lifeform Attributes

Tree: Evergreenness Needleleavedness Tropicalness Borealness
TrBE 1 0 1 0
TrBR 0 0 1 0
TeNE 1 1 0 0
TeBE 1 0 0 0
TeBS 0 0 0 0
BoNE 1 1 0 1
BoS 0 0.25∗ 0 1
(attribute weights: 0.2 0.2 0.3 0.3)

Grass: Tropicalness
C3 grass 0
C4 grass 1
(attribute weights: 0.3)
∗ BoS primarily represents broadleaved trees, but includes larchs.
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3 Illustrative examples of the change metric

We compute Γ values for hypothetical transformations be-
tween present-day biomes, using the biome classification be-
low. To compare biomes, all LPJmL outputs used to com-
pute the metric (Tab. 1 in main text) are averaged over all
grid cells of each biome. Biome means of all parameters are
then used to describe two different biomes as hypothetical
states of the same biome. Interannual variability during the
reference period (required for the change to variability ratio
S in Equation 1 in the main text) is computed for each grid
cell and then averaged over all biome cells instead of esti-
mating it from averaged LPJ outputs. The table in Fig. S2
is not symmetric because for the local change component c
and ecosystem balance b changes are normalised to the ref-
erence state (which is different depending on whether biome
i shifts into biome j or biome j shifts into biome i). In ad-
dition, c, g and b are scaled by a factor S representing the
natural state variability of the original biome. S(g,σg) may
differ even though g is identical. The correct reading direc-
tion for Fig. S2 is that biomes listed on the horizontal axis
shift into biomes listed on the vertical axis. For quick visual
reference, the table background is shaded based on Γ values
(from white, Γ = 0, to black, Γ = 1).

Table S3 uses the example of a change between the two
tropical forest biomes and between a boreal forest and a tun-
dra to illuminate why Γ depends on the direction of change.

3.1 Biome classification scheme

The biome classification used in this study is based primar-
ily on the composition of PFTs modelled in LPJmL, except
for the tundra biome which is based on a temperature limit.
The classification uses a sequence of simple rules such as to-
tal vegetation cover to delineate deserts, and increasing tree
cover to differentiate between grasslands, savannas, woody
savannas and forests. Forests are categorised further based
on the dominant tree PFT. For tropical forests, the classifica-
tion includes an additional biomass limit. Figure S3a shows
a map of present-day biomes derived from LPJmL output
for the reference period 1980-2009. Figure S4 illustrates the
classification rules.
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Fig. S2. Illustrative Γ values for a complete transformation between present-day biomes

Table S3. Example of Γ components in biome transformation. For defintions of the components see main text.

Biome transformation Γ ∆V c S(c,σc) g S(g,σg) b S(b,σb)

Tropical Rainforest ⇒ Tropical Seasonal & Deciduous Forest 0.31 0.04 0.31 1 0.72 1 0.16 0.97
Tropical Seasonal & Deciduous Forest ⇒ Tropical Rainforest 0.46 0.04 0.93 1 0.72 0.86 0.25 1
Arctic Tundra ⇒ Boreal Deciduous Forest 0.73 0.81 1 1 0.34 1 0.80 1
Boreal Deciduous Forest ⇒ Arctic Tundra 0.45 0.81 0.45 1 0.34 1 0.20 0.98
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a) LPJmL−derived biomes

b) MODIS−derived biomes

Tropical Rainforest

Tropical Seasonal & Deciduous Forest

Warm Woody Savanna, Woodland & Shrubland

Warm Savanna & Open Shrubland

Warm Grassland

Desert

Temperate Broadleaved Evergreen Forest

Temperate Broadleaved Deciduous Forest

Mixed Forest

Temperate Coniferous Forest

Temperate Woody Savanna, Woodland & Shrubland

Temperate Savanna & Open Shrubland

Temperate Grassland

Boreal Evergreen Forest

Boreal Deciduous Forest

Arctic Tundra

Rocks and Ice

Human−dominated

Fig. S3. Present-day biome classification derived from a) LPJmL results and b) MODIS land cover data. Grid cells with more than 80%
cropland and pasture are marked as human-dominated.



S. Ostberg et al.: Critical impacts of global warming on land ecosystems (supplement) 7

  

Fractional coverage of PFTs
Vegetation carbon stock

Temperature

T
annual

 ≥-2°C

Total tree
cover >60%

BoNE + BoS 
+TeNE ≥ 60% of total

tree cover
BoNE dominant

Boreal evergreen
forest

Boreal deciduous
 forest

BoS dominant
Temperate 

coniferous forest

Tropical trees <40%
& BoNE + BoS + TeNe <40%

of total tree cover

TeBE share >
TeBS share

Temperate 
broadleaved

evergreen forest

Temperate 
broadleaved

deciduous forest

Tropical trees
>60% of total

 tree cover

Vegetation
 carbon

>7500g/m2

TrBE >
TrBR
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Fig. S4. Biome classification scheme. Each rhombus represents a classification rule. Classification starts in the upper left corner and proceeds
through the rule chain based on whether a rule is fulfilled (green arrow) or not (red arrow). For PFT abbreviations see table S1
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AOGCMs MAGICC6

Scaling Patterns GMT Trajectories

Climate ScenariosObserved Historical Climate

Reference Climate Climate Anomalies

Fig. S5. Flow chart of data processing for the generation of the “PanClim” climate scenarios. Source: Heinke et al. (in press)
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4 Discussion of modelled vegetation dynamics

The biome distribution in Fig. S3a is a result of bioclimatic
limits and modelled vegetation dynamics as PFTs in LPJmL
compete for space and resources. While the processes con-
trolling competition among PFTs are difficult to validate, it
is possible to compare the resulting vegetation composition
to observations. We use MODIS land cover data and apply
the biome classification scheme described above. The Land
Cover Type Yearly Climate Modelling Grid Version 5 (short
name: MCD12C1)1 distinguishes 17 land cover classes de-
fined by the International Geosphere Biosphere Programme
(IGBP), which includes 11 natural vegetation classes, 3 de-
veloped and mosaicked land classes, and 3 non-vegetated
land classes (Table S4). In order to compare actual land cover
as derived from MODIS satellite imagery with potential nat-
ural vegetation as simulated by LPJmL, some modifications
are necessary to remove human land use from the MODIS
data. Since there is no distinction between natural and anthro-
pogenic grasslands, MODIS grassland fractions are reduced
by the managed grassland fraction used to mask grid cell
areas in LPJmL (see Model settings and simulation proto-
col above). In addition, the 3 developed and mosaicked land
classes as well as the water and the snow and ice class are dis-
carded and fractional cover of the remaining classes is scaled
up accordingly. Bioclimatic limits as implemented in LPJmL
are used to map MODIS forest classes to LPJmL tree PFTs
and to distinguish between C3 and C4 grass. Without further
information on tree composition in the MODIS mixed forest,
shrubland and savanna classes, tree cover from these classes
is distributed equally to the 2 dominant tree PFTs.

Overall, there is good agreement between the biomes de-
rived from LPJmL and MODIS (Fig. S3). LPJmL simulates
more forest and less savanna in tropical Africa and South
America. There is continuing debate on the mechanisms con-
trolling the persistence of grass-tree mixtures in savannas,
including resource competition, fire, herbivory and rainfall
variability (Sankaran et al., 2004). Some of these processes,
such as herbivory, cannot be reproduced in the model. Others
like rainfall variability depend heavily on the quality of the
climate data used, with limited availability of station data es-
pecially in central Africa possibly affecting accuracy (Rudolf
et al., 2010). On the other hand, the discrepancies between
MODIS and LPJmL are mostly found in regions with con-
siderable human land use (compare Fig. S1), where there is
also greater uncertainty regarding the MODIS-derived biome
class.

The transition zone between boreal forest and tundra is an-
other region of disagreement between MODIS and LPJmL.
Boreal trees extend farther north in LPJmL because the
model version used in this study does not include permafrost.

1NASA Land Processes Distributed Active Archive Center (LP
DAAC). MODIS MCD12C1. USGS/Earth Resources Observation
and Science (EROS) Center, Sioux Falls, South Dakota. 2008.

A new development version including permafrost dynamics
shows better results for this region.

There are also differences regarding the dominant tree
types in some forests. MODIS data suggest a higher frac-
tional coverage of temperate broadleaved deciduous trees
than simulated by LPJmL. It is unclear how much of this
disagreement is an artefact of the re-classification algorithm.

5 Projected risk of ecosystem changes across biomes

In addition to the globally affected areas from Fig. 1 in
the main text, Figure S6 presents results differentiated by
biomes. Areas are classified based on present-day vegeta-
tion (Fig. S3a). Areas of ecosystems projected to shift to a
different biome type under climate change are still grouped
according to their present-day biome classes.

For the sake of readability, Fig. 3 in the main text uses
a reduced number of biome classes. The biomes “Warm
Woody Savanna, Woodland & Shrubland” and “Warm Sa-
vanna & Open Shrubland” are grouped as “Warm Savanna
& Shrubland”, “Temperate Woody Savanna, Woodland &
Shrubland” and “Temperate Savanna & Open Shrubland” are
grouped as “Temperate Savanna & Shrubland”, and “Tem-
perate Broadleaved Deciduous Forest” and “Mixed Forest”
are grouped as “Temperate Summergreen & Mixed Forest”.

Figure S7 shows the dimensions of change for all 16 biome
classes. It is the full version of Fig. 4 in the main text.
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Table S4. MODIS land cover classes. To derive biomes, classes are redistributed as percentage tree and grass cover and mapped to LPJmL
PFTs. For PFT abbreviations see Table S1

MODIS class Re-mapped to
% tree % grass PFTs

Water 0 0 discarded
Evergreen Needleleaf Forest 95 5 trees: TeNE, BoNE, grass: C3, C4
Evergreen Broadleaf Forest 95 5 trees: TrBE, TeBE, grass: C3, C4
Deciduous Needleleaf Forest 95 5 trees: BoS, TrBR(1), TeNE(1), grass: C3, C4
Deciduous Broadleaf Forest 95 5 trees: TrBR, TeBS, grass: C3, C4
Mixed Forests 95 5 trees: dominant tree PFTs, grass: C3, C4
Closed Shrublands 80 20 trees: dominant tree PFTs, grass: C3, C4
Open Shrublands 5 95 trees: dominant tree PFTs, grass: C3, C4
Woody Savannas 50 50 trees: dominant tree PFTs, grass: C3, C4
Savannas 10 90 trees: dominant tree PFTs, grass: C3, C4
Grasslands(2) 0 100 C3, C4
Permanent Wetlands 0 100 C3, C4
Croplands 0 0 discarded
Urban and Built-Up 0 0 discarded
Cropland/Natural Vegetation Mosaic 20 0 discarded
Snow and Ice 0 0 discarded
Barren or Sparsely Vegetated 0 2.5 C3, C4
(1) There are no direct equivalents of deciduous needleleaved PFTs for tropical and temperate climates, so the closest match is used.
(2) MODIS grassland fraction reduced by managed grassland fraction
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Fig. S7. Dimensions of ecosystem change for biomes. For definitions of the variables see Fig. 4 in the main text. Biome colours correspond
to maps in Fig. S3



S. Ostberg et al.: Critical impacts of global warming on land ecosystems (supplement) 13

water fluxes
carbon fluxes

carbon stocks

ecosystem

balance

global

importance
local

change

vegetation

structure

Γ metric

Mixed Forest

Temperate

Coniferous Forest

Temperate Woody

Savanna, Woodland &

Shrubland

Temperate Savanna &

Open Shrubland

Temperate Grassland

Boreal Evergreen

Forest

Boreal Deciduous

Forest

Arctic Tundra

0.25

0.5
1

2 degree target current emissions

reduction pledges

(3.5 K warming)

business−as−usual

emissions growth

(5 K warming)

Fig. S7. Dimensions of ecosystem change for biomes (continued).



14 S. Ostberg et al.: Critical impacts of global warming on land ecosystems (supplement)

x

2.0K
C

G
C

M
3.

1(
T

47
)

x

C
N

R
M

−C
M

3

x

C
S

IR
O

−M
k3

.0

x

G
F

D
L−

C
M

2.
0

x

G
F

D
L−

C
M

2.
1

x

G
IS

S
−E

H

x

G
IS

S
−E

R

x

F
G

O
A

LS
−g

1.
0

x

IN
M

−C
M

3.
0

x

IP
S

L−
C

M
4

x

y

3.5K

x

y

x

y

x

y

x

y

x

y

x

y

x

y

x

y

x

y

x

y

5.0K

x

y

x

y

x

y

x

y

x

y

x

y

x

y

x

y

x

y

0.0 0.1 0.3 1.0Γ

Fig. S8. Maps of Γ values from individual simulation runs, grouped by AOGCM (rows) and warming level (columns). Colour coding of
models corresponds to Fig. 5 in main text.
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Fig. S8. Maps of Γ values from individual simulation runs (continued).
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