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Long term adaptation scenarios
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Turning to the results of the aDGVM, this approach 
VIZIEPW�TSXIRXMEPP]�WMKRM½GERX�WLMJXW�MR�HSQMRERX�TPERX�
growth-form for southern Africa, driven by increases in 
atmospheric CO2 and temperature change, (Higgins & 
Scheiter, 2012). It is now strongly suspected that rising 
CO2 will fertilise the growth of trees and potentially 
allow them to establish dominance in areas that are 
GYVVIRXP]�KVEWWPERH��[LIVI�KVEWW�½VIW�GYVVIRXP]�TVIZIRX�
tree saplings from establishing. It can be seen in Figure 8 
that such a change could occur in the coastal and upland 
grassland regions of South Africa, and potentially also in 

the southern Cape. Tree dominance is projected decline 
in the arid central and western parts of South Africa, 
where biome modelling suggests an expansion of desert-
type bioclimatic conditions. These results provide an 
important additional mechanism of dominant growth-
form change suggested by bioclimatic niche modelling. 
However, it should be noted that while savanna and 
grassland biomes are well represented by this modelling 
approach, areas dominated by shrubs require further 
work in order for the DGVM to be able to provide more 
credible mechanistic simulations.

Figure 7: Projections of bioclimatic envelopes under mechanistically downscaled climate scenarios, looking ahead to approximately 
2050. CSIRO represents a wetter future, MIROC a drier future, and ECHAM5 an intermediate rainfall future (see Figure 4 on p.19).

Figure 8: Maps of the response of tree biomass (tons per hectare above ground biomass) to the effect of rising atmospheric CO2 
alone in South Africa, simulated by the Adaptive Dynamic Global Vegetation Model (Higgins et al. 2012) in ~2000 (centre panel), 
~2100 (centre panel), and the indicative biomass difference (darker red indicates greater biomass gain; right hand panel).

Albany Thicket

Coastal Belt

Desert

Forest

Fynbos

Grassland

Nama-Karoo

Savanna

Succulent Karoo

Predicted current biome climate envelope 4VIHMGXIH�FMSQI�GPMQEXI�IRZIPSTI��'7-63

4VIHMGXIH�FMSQI�GPMQEXI�IRZIPSTI��''%1�)',%1� 4VIHMGXIH�FMSQI�GPMQEXI�IRZIPSTI��1-63'�QSHIP

���3URMHFWHG�,PSDFWV�RQ�%LRPHV

26 27LTAS: CLIMATE CHANGE IMPLICATIONS FOR THE BIODIVERSITY SECTOR LTAS: CLIMATE CHANGE IMPLICATIONS FOR THE BIODIVERSITY SECTOR

Turning to the results of the aDGVM, this approach 
VIZIEPW�TSXIRXMEPP]�WMKRM½GERX�WLMJXW�MR�HSQMRERX�TPERX�
growth-form for southern Africa, driven by increases in 
atmospheric CO2 and temperature change, (Higgins & 
Scheiter, 2012). It is now strongly suspected that rising 
CO2 will fertilise the growth of trees and potentially 
allow them to establish dominance in areas that are 
GYVVIRXP]�KVEWWPERH��[LIVI�KVEWW�½VIW�GYVVIRXP]�TVIZIRX�
tree saplings from establishing. It can be seen in Figure 8 
that such a change could occur in the coastal and upland 
grassland regions of South Africa, and potentially also in 

the southern Cape. Tree dominance is projected decline 
in the arid central and western parts of South Africa, 
where biome modelling suggests an expansion of desert-
type bioclimatic conditions. These results provide an 
important additional mechanism of dominant growth-
form change suggested by bioclimatic niche modelling. 
However, it should be noted that while savanna and 
grassland biomes are well represented by this modelling 
approach, areas dominated by shrubs require further 
work in order for the DGVM to be able to provide more 
credible mechanistic simulations.

Figure 7: Projections of bioclimatic envelopes under mechanistically downscaled climate scenarios, looking ahead to approximately 
2050. CSIRO represents a wetter future, MIROC a drier future, and ECHAM5 an intermediate rainfall future (see Figure 4 on p.19).

Figure 8: Maps of the response of tree biomass (tons per hectare above ground biomass) to the effect of rising atmospheric CO2 
alone in South Africa, simulated by the Adaptive Dynamic Global Vegetation Model (Higgins et al. 2012) in ~2000 (centre panel), 
~2100 (centre panel), and the indicative biomass difference (darker red indicates greater biomass gain; right hand panel).

Albany Thicket

Coastal Belt

Desert

Forest

Fynbos

Grassland

Nama-Karoo

Savanna

Succulent Karoo

Predicted current biome climate envelope 4VIHMGXIH�FMSQI�GPMQEXI�IRZIPSTI��'7-63

4VIHMGXIH�FMSQI�GPMQEXI�IRZIPSTI��''%1�)',%1� 4VIHMGXIH�FMSQI�GPMQEXI�IRZIPSTI��1-63'�QSHIP

���3URMHFWHG�,PSDFWV�RQ�%LRPHV



Adding plant functioning
To overcome these problems we need to model plants more 
mechanistically

We need to model the rate at which change occurs

To do this we start at the leaf level:



Photosynthesis = f (Internal CO2, Temp, Light, Nutrients) 


Farquar et al 1980
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Adding plant functioning
Photosynthesis = f (Internal CO2, Temp, Light, Nutrients) 
Farquar et al 1980

Potter et al 2003



Dynamic Vegetation Models
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Can we trust this?

I can give you a prediction of many, many aspects of 
vegetation

I can also get it to match simple maps of observed 
vegetation

But I am getting the right answer for the wrong reasons?

Australia example: New continent, new parameters, should 
we believe the projections?



Prediction

biomass, and the g2 analysis revealed large CO2 effects
(g2 = 0.97) and small effects of temperature, mean and seasonali-
ty of precipitation (g2 < 0.01).

In the aDGVM, fire regimes are influenced by the amount of
fuel biomass, which mainly consists of grass biomass. The ensem-
ble for the study region revealed that climate change influenced
grass growth and thereby both fire intensities and fire return
intervals (Fig. 7). The highest fire activity was simulated when
seasonality of precipitation decreased (Fig. 7e,f). Despite
substantial increases of woody biomass, tree cover was not suffi-
cient to suppress grass growth and fire. When the seasonality of
precipitation increased, simulated fire activity was reduced, par-
ticularly at the southern, more arid end of the study region
(Fig. 7c,d), because grass biomass and fuel biomass decreased.

Climate change influenced modelled carbon and water fluxes
at the site scale. When rainfall seasonality was not manipulated,
both GPP and Re were higher in 2100 than in 2012, whereas Et
values were similar (Fig. 8; Table 4). When the seasonality of pre-
cipitation decreased, GPP, respiration and evapotranspiration
increased (Fig. 8; Table 4). When the seasonality of precipitation
increased, GPP and respiration were slightly higher under future
conditions than under ambient conditions, whereas Et decreased
(Fig. 8; Table 4). Despite the differential responses of fluxes to
different rainfall regimes, ecosystem water-use efficiency (calcu-
lated as the quotient between net ecosystem production
(NEP =GPP – Re) and Et) increased in all scenarios by a similar
amount (between 0.18 and 0.24; Table 4).

Impact of fire management

Fire management can influence the vegetation state, fire charac-
teristics and carbon emissions. The aDGVM simulates increases
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Fig. 4 Simulated changes of above-ground live biomass in the northern
Australian savanna regions. Simulations were conducted for IPCC (2007)
SRES A1B (blue lines), A2 (orange lines) and B1 (green lines) (simulated by
ECHAM5, MPI Hamburg) in the presence and absence of changes in mean
annual precipitation and for constant, increasing and decreasing rainfall
seasonality (six runs per IPCC scenario; 18 runs in total). The figure shows
anomalies relative to the mean biomass between 2010 and 2014. Lines
represent mean values of different simulation runs.
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Fig. 5 Simulated above-ground biomass (in
t ha!1) in the northern Australian savanna
regions for 2012 and projected changes
between 2012 and 2100 under IPCC SRES
A1B. (a) Biomass at ambient conditions; (b)
simulated biomass change when seasonality
of precipitation was not manipulated
between 2012 and 2100; (c) seasonality
increases; and (d) seasonality decreases
between 2012 and 2100. For these
simulations we used ∆R = 15 (see the
Seasonality of rainfall section). Simulations
were conducted at 0.5° grid resolution. We
used snapshots for 2012 and 2100 from
transient simulation runs for these figures.
The legend in panel (b) also applies to panels
(c) and (d).
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Validation

suggests differences in light competition and tree demography
between African savanna trees and Australian Eucalyptus species.
Tree–tree competition (lc) was stronger in the parametrization
for Australia compared with the original parametrization. There-
fore, grass–tree competition (lg) and grass–grass (ld) competi-
tion were weaker. The probabilities for seed germination (φgerm)
and mortality of trees (Pcarb, Pcomp, Pfrost) were lower in the Aus-
tralian parametrization.

The model performance at the plot scale gave us the confi-
dence to infer vegetation patterns at larger spatial scales. Model
simulations for study sites along the Northern Australian tropi-
cal transect (Hutley et al., 2011) broadly captured the range of
annual GPP data (Kanniah et al., 2011; Fig. 2a) and basal area
(Williams et al., 1996; Hutley et al., 2011; Fig. 2b). The aD-
GVM captured the broad patterns of fire frequency derived

from the MODIS burned area product (Roy et al., 2002,
2005, 2008; Fig. 3). Agreement was higher in the northern
and western parts of the study area than in the southeastern
parts.

Climate change projections at the regional scale

The aDGVM projected increased biomass storage in savanna
vegetation under future conditions, despite substantial variation
within the simulated ensemble (Fig. 4). In the following para-
graphs, we focus on SRES A1B only. When no changes in sea-
sonality were assumed, above-ground biomass in vegetation
increased, on average, from 14.2 to 32.8 t ha!1 in 2100 (an
increase of 18.6 t ha!1), such that the carbon storage in the whole
savanna region increased from 2.6 Pg C to 5.4 Pg C (Fig. 5a,b).
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Fig. 1 Data–model comparison of fluxes and tree height distribution at Howard Springs and Daly River. Daily time series of both data and model results
were smoothed by using 30 d sliding averages. The upper panels show gross primary productivity (GPP) and respiration (Re), and the middle panels show
evapotranspiration (Et). Tree height distribution is depicted in 0.5m classes. Grey lines/bars represent data; black lines/bars represent aDGVM simulation
results. See the Model parameterization and benchmarking section for a description of the field data used for the comparison.
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for Australia compared with the original parametrization. There-
fore, grass–tree competition (lg) and grass–grass (ld) competi-
tion were weaker. The probabilities for seed germination (φgerm)
and mortality of trees (Pcarb, Pcomp, Pfrost) were lower in the Aus-
tralian parametrization.

The model performance at the plot scale gave us the confi-
dence to infer vegetation patterns at larger spatial scales. Model
simulations for study sites along the Northern Australian tropi-
cal transect (Hutley et al., 2011) broadly captured the range of
annual GPP data (Kanniah et al., 2011; Fig. 2a) and basal area
(Williams et al., 1996; Hutley et al., 2011; Fig. 2b). The aD-
GVM captured the broad patterns of fire frequency derived

from the MODIS burned area product (Roy et al., 2002,
2005, 2008; Fig. 3). Agreement was higher in the northern
and western parts of the study area than in the southeastern
parts.

Climate change projections at the regional scale

The aDGVM projected increased biomass storage in savanna
vegetation under future conditions, despite substantial variation
within the simulated ensemble (Fig. 4). In the following para-
graphs, we focus on SRES A1B only. When no changes in sea-
sonality were assumed, above-ground biomass in vegetation
increased, on average, from 14.2 to 32.8 t ha!1 in 2100 (an
increase of 18.6 t ha!1), such that the carbon storage in the whole
savanna region increased from 2.6 Pg C to 5.4 Pg C (Fig. 5a,b).
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Fig. 1 Data–model comparison of fluxes and tree height distribution at Howard Springs and Daly River. Daily time series of both data and model results
were smoothed by using 30 d sliding averages. The upper panels show gross primary productivity (GPP) and respiration (Re), and the middle panels show
evapotranspiration (Et). Tree height distribution is depicted in 0.5m classes. Grey lines/bars represent data; black lines/bars represent aDGVM simulation
results. See the Model parameterization and benchmarking section for a description of the field data used for the comparison.
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Fig. 1 Data–model comparison of fluxes and tree height distribution at Howard Springs and Daly River. Daily time series of both data and model results
were smoothed by using 30 d sliding averages. The upper panels show gross primary productivity (GPP) and respiration (Re), and the middle panels show
evapotranspiration (Et). Tree height distribution is depicted in 0.5m classes. Grey lines/bars represent data; black lines/bars represent aDGVM simulation
results. See the Model parameterization and benchmarking section for a description of the field data used for the comparison.
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Fig. 1 Data–model comparison of fluxes and tree height distribution at Howard Springs and Daly River. Daily time series of both data and model results
were smoothed by using 30 d sliding averages. The upper panels show gross primary productivity (GPP) and respiration (Re), and the middle panels show
evapotranspiration (Et). Tree height distribution is depicted in 0.5m classes. Grey lines/bars represent data; black lines/bars represent aDGVM simulation
results. See the Model parameterization and benchmarking section for a description of the field data used for the comparison.

New Phytologist (2015) 205: 1211–1226 ! 2014 The Authors
New Phytologist! 2014 New Phytologist Trustwww.newphytologist.com

Research
New
Phytologist1216

Scheiter et al 2014



Validation

suggests differences in light competition and tree demography
between African savanna trees and Australian Eucalyptus species.
Tree–tree competition (lc) was stronger in the parametrization
for Australia compared with the original parametrization. There-
fore, grass–tree competition (lg) and grass–grass (ld) competi-
tion were weaker. The probabilities for seed germination (φgerm)
and mortality of trees (Pcarb, Pcomp, Pfrost) were lower in the Aus-
tralian parametrization.

The model performance at the plot scale gave us the confi-
dence to infer vegetation patterns at larger spatial scales. Model
simulations for study sites along the Northern Australian tropi-
cal transect (Hutley et al., 2011) broadly captured the range of
annual GPP data (Kanniah et al., 2011; Fig. 2a) and basal area
(Williams et al., 1996; Hutley et al., 2011; Fig. 2b). The aD-
GVM captured the broad patterns of fire frequency derived

from the MODIS burned area product (Roy et al., 2002,
2005, 2008; Fig. 3). Agreement was higher in the northern
and western parts of the study area than in the southeastern
parts.

Climate change projections at the regional scale

The aDGVM projected increased biomass storage in savanna
vegetation under future conditions, despite substantial variation
within the simulated ensemble (Fig. 4). In the following para-
graphs, we focus on SRES A1B only. When no changes in sea-
sonality were assumed, above-ground biomass in vegetation
increased, on average, from 14.2 to 32.8 t ha!1 in 2100 (an
increase of 18.6 t ha!1), such that the carbon storage in the whole
savanna region increased from 2.6 Pg C to 5.4 Pg C (Fig. 5a,b).

−8
−6

−4
−2

0
2

4

Year

G
PP

 a
nd

 R
e 

(g
 C

 m
–2

 d
–1

)

2001 2002 2003 2004 2005 2006 2007

0
2

4
6

8

Year

Ev
ap

ot
ra

ns
pi

ra
tio

n 
(m

m
 d

–1
)

2001 2002 2003 2004 2005 2006 2007

0.5 2 3.5 5 6.5 8 9.5 12 14 16 18 20 22 24 26 28 30

Height (m, in 0.5 m classes)

N
o.

 o
f t

re
es

 h
a–

1

0
20

40
60

80
10

0

−8
−6

−4
−2

0
2

4

Year

G
PP

 a
nd

 R
e 

(g
 C

 m
–2

 d
–1

)

2008 2009 2010 2011

0
1

2
3

4
5

6
7

Year

Ev
ap

ot
ra

ns
pi

ra
tio

n 
(m

m
 d

–1
)

2008 2009 2010 2011

0.5 2 3.5 5 6.5 8 9.5 12 14 16 18 20 22 24 26 28 30

Height (m, in 0.5 m classes)

N
o.

 o
f t

re
es

 h
a–

1

0
10

20
30

40

Fig. 1 Data–model comparison of fluxes and tree height distribution at Howard Springs and Daly River. Daily time series of both data and model results
were smoothed by using 30 d sliding averages. The upper panels show gross primary productivity (GPP) and respiration (Re), and the middle panels show
evapotranspiration (Et). Tree height distribution is depicted in 0.5m classes. Grey lines/bars represent data; black lines/bars represent aDGVM simulation
results. See the Model parameterization and benchmarking section for a description of the field data used for the comparison.
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suggests differences in light competition and tree demography
between African savanna trees and Australian Eucalyptus species.
Tree–tree competition (lc) was stronger in the parametrization
for Australia compared with the original parametrization. There-
fore, grass–tree competition (lg) and grass–grass (ld) competi-
tion were weaker. The probabilities for seed germination (φgerm)
and mortality of trees (Pcarb, Pcomp, Pfrost) were lower in the Aus-
tralian parametrization.

The model performance at the plot scale gave us the confi-
dence to infer vegetation patterns at larger spatial scales. Model
simulations for study sites along the Northern Australian tropi-
cal transect (Hutley et al., 2011) broadly captured the range of
annual GPP data (Kanniah et al., 2011; Fig. 2a) and basal area
(Williams et al., 1996; Hutley et al., 2011; Fig. 2b). The aD-
GVM captured the broad patterns of fire frequency derived

from the MODIS burned area product (Roy et al., 2002,
2005, 2008; Fig. 3). Agreement was higher in the northern
and western parts of the study area than in the southeastern
parts.

Climate change projections at the regional scale

The aDGVM projected increased biomass storage in savanna
vegetation under future conditions, despite substantial variation
within the simulated ensemble (Fig. 4). In the following para-
graphs, we focus on SRES A1B only. When no changes in sea-
sonality were assumed, above-ground biomass in vegetation
increased, on average, from 14.2 to 32.8 t ha!1 in 2100 (an
increase of 18.6 t ha!1), such that the carbon storage in the whole
savanna region increased from 2.6 Pg C to 5.4 Pg C (Fig. 5a,b).
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Fig. 1 Data–model comparison of fluxes and tree height distribution at Howard Springs and Daly River. Daily time series of both data and model results
were smoothed by using 30 d sliding averages. The upper panels show gross primary productivity (GPP) and respiration (Re), and the middle panels show
evapotranspiration (Et). Tree height distribution is depicted in 0.5m classes. Grey lines/bars represent data; black lines/bars represent aDGVM simulation
results. See the Model parameterization and benchmarking section for a description of the field data used for the comparison.
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Prediction

biomass, and the g2 analysis revealed large CO2 effects
(g2 = 0.97) and small effects of temperature, mean and seasonali-
ty of precipitation (g2 < 0.01).

In the aDGVM, fire regimes are influenced by the amount of
fuel biomass, which mainly consists of grass biomass. The ensem-
ble for the study region revealed that climate change influenced
grass growth and thereby both fire intensities and fire return
intervals (Fig. 7). The highest fire activity was simulated when
seasonality of precipitation decreased (Fig. 7e,f). Despite
substantial increases of woody biomass, tree cover was not suffi-
cient to suppress grass growth and fire. When the seasonality of
precipitation increased, simulated fire activity was reduced, par-
ticularly at the southern, more arid end of the study region
(Fig. 7c,d), because grass biomass and fuel biomass decreased.

Climate change influenced modelled carbon and water fluxes
at the site scale. When rainfall seasonality was not manipulated,
both GPP and Re were higher in 2100 than in 2012, whereas Et
values were similar (Fig. 8; Table 4). When the seasonality of pre-
cipitation decreased, GPP, respiration and evapotranspiration
increased (Fig. 8; Table 4). When the seasonality of precipitation
increased, GPP and respiration were slightly higher under future
conditions than under ambient conditions, whereas Et decreased
(Fig. 8; Table 4). Despite the differential responses of fluxes to
different rainfall regimes, ecosystem water-use efficiency (calcu-
lated as the quotient between net ecosystem production
(NEP =GPP – Re) and Et) increased in all scenarios by a similar
amount (between 0.18 and 0.24; Table 4).

Impact of fire management

Fire management can influence the vegetation state, fire charac-
teristics and carbon emissions. The aDGVM simulates increases
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Fig. 4 Simulated changes of above-ground live biomass in the northern
Australian savanna regions. Simulations were conducted for IPCC (2007)
SRES A1B (blue lines), A2 (orange lines) and B1 (green lines) (simulated by
ECHAM5, MPI Hamburg) in the presence and absence of changes in mean
annual precipitation and for constant, increasing and decreasing rainfall
seasonality (six runs per IPCC scenario; 18 runs in total). The figure shows
anomalies relative to the mean biomass between 2010 and 2014. Lines
represent mean values of different simulation runs.
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Fig. 5 Simulated above-ground biomass (in
t ha!1) in the northern Australian savanna
regions for 2012 and projected changes
between 2012 and 2100 under IPCC SRES
A1B. (a) Biomass at ambient conditions; (b)
simulated biomass change when seasonality
of precipitation was not manipulated
between 2012 and 2100; (c) seasonality
increases; and (d) seasonality decreases
between 2012 and 2100. For these
simulations we used ∆R = 15 (see the
Seasonality of rainfall section). Simulations
were conducted at 0.5° grid resolution. We
used snapshots for 2012 and 2100 from
transient simulation runs for these figures.
The legend in panel (b) also applies to panels
(c) and (d).
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Models are rapidly improving

New process included

   -fire

   -herbivores

   -human land use

Great for global studies, great for studying carbon 
cycling, doing cool experiments, but.... 





South Africa

26 27LTAS: CLIMATE CHANGE IMPLICATIONS FOR THE BIODIVERSITY SECTOR LTAS: CLIMATE CHANGE IMPLICATIONS FOR THE BIODIVERSITY SECTOR

Turning to the results of the aDGVM, this approach 
VIZIEPW�TSXIRXMEPP]�WMKRM½GERX�WLMJXW�MR�HSQMRERX�TPERX�
growth-form for southern Africa, driven by increases in 
atmospheric CO2 and temperature change, (Higgins & 
Scheiter, 2012). It is now strongly suspected that rising 
CO2 will fertilise the growth of trees and potentially 
allow them to establish dominance in areas that are 
GYVVIRXP]�KVEWWPERH��[LIVI�KVEWW�½VIW�GYVVIRXP]�TVIZIRX�
tree saplings from establishing. It can be seen in Figure 8 
that such a change could occur in the coastal and upland 
grassland regions of South Africa, and potentially also in 

the southern Cape. Tree dominance is projected decline 
in the arid central and western parts of South Africa, 
where biome modelling suggests an expansion of desert-
type bioclimatic conditions. These results provide an 
important additional mechanism of dominant growth-
form change suggested by bioclimatic niche modelling. 
However, it should be noted that while savanna and 
grassland biomes are well represented by this modelling 
approach, areas dominated by shrubs require further 
work in order for the DGVM to be able to provide more 
credible mechanistic simulations.

Figure 7: Projections of bioclimatic envelopes under mechanistically downscaled climate scenarios, looking ahead to approximately 
2050. CSIRO represents a wetter future, MIROC a drier future, and ECHAM5 an intermediate rainfall future (see Figure 4 on p.19).

Figure 8: Maps of the response of tree biomass (tons per hectare above ground biomass) to the effect of rising atmospheric CO2 
alone in South Africa, simulated by the Adaptive Dynamic Global Vegetation Model (Higgins et al. 2012) in ~2000 (centre panel), 
~2100 (centre panel), and the indicative biomass difference (darker red indicates greater biomass gain; right hand panel).
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Adding Fynbos
Add fynbos fires

New Plant types: 
Restios, Proteoids

New trade offs: Thick leaves live long, photosynthesize slow

New nutrient dynamics: Growth of new tissue cost more on infertile 
soil

New hydrological games: Proteoids have roots in deepest soil 
layers
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Next steps

Validate, Validate, Validate

Project spatially and under climate change

Add succulents?



Moving away from PFTs

We already know that PFTs have many drawbacks

In a diverse system like fynbos, we can hardly expect one 
PFT to capture all diversity

We can however use traits to describe plant diversity, and if 
we want to, classify our simulated community of traits 
afterwards into a biome we are familiar with….



Trait based models
modelling. Yet, we wish to emphasize that while we can learn a
lot from community ecology and coexistence theory, we should
also appreciate that these disciplines do not have the same aims as
dynamic global vegetation modelling. Community ecology pri-
marily seeks to understand which traits determine fitness in
which environmental settings. Much of this understanding can
be gained using statistical methods (Shipley, 2010; Swenson &
Weiser, 2010; Webb et al., 2010). Coexistence theory generally
uses heuristic models to understand which processes and environ-
mental settings promote coexistence (Chesson, 2000). DGVMs,
on the other hand, seek to represent and understand the interplay
between climate and vegetation. In the paragraphs that follow,
we describe a conceptual scheme for a next-generation DGVM
that is illustrated in Fig. 2.

We propose that the key challenge for DGVMs is to move
away from the fixed-PFT paradigm towards a more flexible trait-
based approach, which allows communities to be assembled
based on how plants with different trait combinations perform
under a given set of environmental conditions. The primary
object in such a model is the individual. An individual-based
approach (DeAngelis & Mooij, 2005) allows a simulation run to
consider many individual plants, each of which can potentially
have a unique set of trait values (see Fig. 3 for traits of an

Fig. 2 Conceptual modelling framework for a next-generation dynamic global vegetation model (DGVM) as outlined in the section ‘Next-generation
DGVMs’. Individuals are characterized by their traits that influence their carbon (C) status and phenotype. All individuals at a site form the community,
which influences resources, environmental conditions and disturbances via engineering and modulating impacts. These conditions interact to influence
growth of the individuals. Individuals, through reproduction, can add their traits to the community trait pool. Crossover and mutation of the community
trait pool yield the community seed bank. PDF, probability density function.

Fig. 3 Traits and state variables of a single plant in a next-generation
dynamic global vegetation model (DGVM). Arrows represent allocation of
carbon produced by leaves to different biomass compartments of the
plant. LAI, leaf area index; SLA, specific leaf area.
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Trait based models

community trait pool and are added to the plant population as
seedlings. By simulating inheritance, mutation and crossover, the
model generates a large variety of different trait combinations
and iteratively, via mortality and reproduction, assembles a plant
community that is adapted to and influences the environmental
conditions, resource availability and the disturbance regime at a
study site.

Results

The following paragraphs describe simulation runs that illustrate
major features of the aDGVM2. The environmental space in all
simulation experiments is defined to be close to a savanna–forest
boundary (9°N and 10°E, 1000 mm mean annual precipitation
(MAP)). A first simulation run is designed to illustrate how the
assembled communities are influenced by rainfall and CO2.
Simulations are conducted for ambient and elevated CO2

concentrations (380 and 700 ppm). Additionally, we scale pre-
cipitation to generate a rainfall gradient (400, 1000 and
1500 mm). Simulations are conducted with and without repro-
ductive isolation, that is, with and without the restriction of trait
exchange to individuals of the same ‘species’. A principal compo-
nent analysis (PCA) shows that at the end of a 2000 yr simulation
run, the communities in different scenarios occupy different
regions of the trait space (Fig. 5) and are clearly arranged along
the rainfall and the CO2 axes. These simulation runs additionally
highlight the importance of simulating reproductive isolation.
When reproductive isolation is not simulated the aDGVM2
simulates essentially one strategy per simulation scenario, that is
simulated individuals are clustered in the trait space (Fig. 5a). By
contrast, when reproductive isolation is simulated and reproduc-
tion is restricted to individuals of the same ‘species’, coexisting
strategies emerge and the individuals belonging to different ‘spe-
cies’ occupy distinct regions of the trait space (e.g. several clusters
emerge for simulation scenarios depicted in green and yellow in
Fig. 5b).

A second simulation run illustrates how trait values and plant
communities at a site develop over time. The simulation starts by
allowing fires to occur. After c. 1000 iterations, the assembled
community is relatively stable and mean trait values reach a
plateau (Fig. 6a). In the second simulation phase (iteration 2001
–4000), fire suppression is introduced. Following the release
from fire-induced selection pressure, C allocation to roots
increases, which improves water uptake potential, and wood den-
sity increases, which reduces the risk of mortality as a result of
mechanical instability (Fig. 6a). Therefore, C allocation to bark,
which protects trees against fire, decreases. Fig. 6a shows the
mean trait value of all individuals in a simulation, whereas
Fig. 6(b) shows the frequency of different trait values. Hence,
increases in mean wood density (Fig. 6a) can be attributed to
increasing abundances of ‘species’ with high wood density
(Fig. 6b). When the system is exposed to fire, the community
trait diversity (measured as the total distance between all trait
combinations) is, after an initial transient phase, low (Fig. 6c).
When fire is suppressed, trait diversity increases. This shift in trait
diversity in response to fire agrees with Pausas & Verdu (2008),

who found that trait dispersion was lower in Mediterranean
shrubland communities subject to higher fire frequencies.

The distributions of simulated trait values are often multi-
modal (Fig. 6b), suggesting that the aDGVM2 simulates differ-
ent life-history strategies that can persist and coexist under the
given environmental conditions. In the example simulation (the
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Fig. 5 Principal component analysis (PCA) showing that simulated
communities respond to the environmental conditions. Simulations were
conducted for a rainfall gradient and for ambient and elevated CO2

concentrations. Simulations were conducted without reproductive
isolation between individuals (trait exchange between all ‘species’; a) and
with reproductive isolation (trait exchange restricted to individuals of the
same ‘species’; b). Saturation of different colours represents the number of
plants within a region of the trait space. We ordinated a trait by site table.
MAP, mean annual precipitation, ppm, parts per million.
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Existing regional models

Continuum of tree growth strategies replaces PFTs

From the climate of wetter and less seasonal tropical
rainforests to the climate of drier and more seasonal
closed and open dry deciduous forests, LPJmL-FIT pro-
duces a continuous gradient of tree growth strategies,
replacing the strict classification of the ‘evergreen’ and
‘raingreen’ tropical broad-leaved tree PFTs.
The results of experiment A show a large trait diver-

sity in heterogeneous environments which implies that
the SLA-LL trade-off has a decisive influence on the real-
ized functional diversity in LPJmL-FIT as quantified by
the expectation value E and width (scale parameter r) of
the modeled trait distributions. For example, the model
predicts a high trait diversity at the fringes of the
Amazon (Fig 4, right panels), where drought-avoiding

deciduous species and drought-tolerant evergreen
species coexist (Markesteijn & Poorter, 2009). Here,
niche differentiation (Macarthur & Levins, 1967) due to
climatic variability (seasonal and interannual) leads to
coexistence of more growth strategies (Mori et al., 2013;
Sterk et al., 2013). This suggests that climatic variability
acts as a major driver shaping the realized niche (McGill
et al., 2006) of trees. The resulting trait divergence is also
observed in natural communities (Brousseau et al., 2013;
Laurans et al., 2012; Pillar et al., 2009) where niche sepa-
ration in a heterogeneous environment prevents compet-
itive exclusion. The large trait variation should also
make forests more resilient to environmental change
due to higher response diversity (Mori et al., 2013).
Other studies have predicted that increased droughts
could lead to the replacement by savanna vegetation

L3

L1
L4

L2
L3

L1
L4

L2
L3

L1
L4

L2
L3

L1
L4

L2
L3

L1
L4

L2
L3

L1
L4

L2

Longitude
La

tit
ud

e

í80 í70 í60 í50

í20

í10

0

S
LA

 (m
m

2  
m

g–
1 )

8

10

12

14

16

18

Longitude

La
tit

ud
e

í80 í70 í60 í50

í20

í10

0

Longitude

La
tit

ud
e

í80 í70 í60 í50

Longitude
í80 í70 í60 í50

Longitude
í80 í70 í60 í50

Longitude
í80 í70 í60 í50

í20

í10

0

La
tit

ud
e

í20

í10

0

La
tit

ud
e

í20

í10

0

La
tit

ud
e

í20

í10

0

LL
 (m

on
th

)

10

15

20

W
D

 (g
 c

m
–3

)
0.55

0.6

0.65

0.7

S
ig

m
a 

S
LA

0.2

0.25

0.3

0.35

0.4

S
ig

m
a 

LL

0.25

0.3

0.35

0.4

0.45

S
ig

m
a 

W
D

0.3

0.35

0.4

(a) (b)

(c) (d)

(e) (f)

Fig. 4 Trait distributions simulated at each grid cell of the entire Amazon region. Shown are the expectation values E and scale param-

eters r of the fitted log-normal distributions (cf. Fig. 2) under the settings of experiment A. Left panels (a, c, e): Expectation values E.

Right panels (b, d, f): Scale parameter r. E indicates the most probable trait value and r is a measure of trait variability of the log-normal

probability density functions of specific leaf area (SLA, a-b), leaf longevity (LL, c-d), and wood density (WD, e-f) distributions, respec-

tively. (a) Trees with lower SLAs establish in the northwestern wetter part of the Amazon region, whereas those with higher SLAs

establish in the southeastern drier part of the Amazon region. Circles in (a) indicate locations L1-L4 with sufficient TRY data to compare

empirical to simulated SLA distributions (cf. Fig. 2). Coordinates of sites (longitude, latitude): L1 (!60.75, !14.75); L2 (!60.25, !2.75);

L3 (!76.25, !0.75); L4 (!69.25, !12.75). (b) The r of the SLA distribution is higher in the drier parts of the Amazon and lower in the

wetter parts of the Amazon. (c) The E of leaf longevity (LL) is higher in wetter parts of the region. (d) The r of the LL distribution is

higher in the drier and lower in the wetter areas. (e) WD shows high values in the northwestern and southern part, and low values in

the central and eastern part of the Amazon. (f) As for SLA and LL, the r of the WD distribution is higher (lower) in the drier (wetter)

parts of the Amazon.
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Recap

Correlative models are useful, but have big drawbacks

DGVMs can overcome some of these problems, but are very 
complex and need to be interrogated

Out-of-the-box global models aren't appropriate, they need 
modifications

Ultimately we need to give up on PFTs and use traits to 
model plant diversity, but this requires lots of detail and data
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