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Current modeling paradigm

Abstracted to ~10
Plant Functional Types (PFTs)

Relatively sparse

Static

Source: Wikimedia
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Current global models

Some PFT-based models 
predict catastrophic positive 

feedbacks, e.g. Amazon 
dieback (Cox et al. 2000)

Source: Heimann and Reichstein 2008, Friedlingstein et al. 2006



Despite their importance, effects of feedbacks between eco-
systems and atmosphere are amongst the biggest uncertainties
in climate change predictions (e.g. Friedlingstein et al., 2006).
The Millennium Ecosystem Assessment (Carpenter et al., 2006)
indicates that we lack a robust theoretical basis for linking veg-
etation to ecosystem dynamics and, in turn, to ecosystem ser-
vices like the regulation of energy, water and CO2 fluxes
(hereafter called ‘ecosystem functions’). Recent advances in
community ecology have provided important insights. The aim
of our paper is to explore whether these advances may provide a
robust basis for a next generation of vegetation models.

One reason for the large uncertainties is that all current veg-
etation models predicting ecosystem functions have been built
around the concept of plant functional types (PFTs). PFTs are a
priori defined discrete classes that group species with presumed
similar roles in ecosystem functions (Lavorel et al., 1997). The
use of PFTs confines the complexity of the analysis, although the

concept recognizes that all species are ecologically different
(Chapin et al., 1996). A condition of using PFTs is that they are
functionally different. Unfortunately, plant species attributed to
different PFTs as defined in vegetation models do in reality not
differ much in, for example, the temperature acclimation poten-
tial of photosynthesis (Cunningham & Read, 2002) or in specific
leaf area and leaf nitrogen (determining photosynthesis and
affecting decomposition of plant litter, two important CO2

exchanges between vegetation and atmosphere) (Fig. 1). In fact,
the functional differences between PFTs seem to be too small to
predict the distribution of these PFTs in the absence of biocli-
matic controls (Brovkin et al., 1997). Due to the close resem-
blance of PFTs to biome classifications, bioclimatic controls
prescribed for the present climate, like minimum and maximum
temperatures, strongly determine the global distribution of
PFTs in most vegetation models. This was not a problem when
vegetation models were used to predict vegetation distribution
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Figure 1 Two central traits in vegetation models; leaf nitrogen concentration and leaf mass per area (LMA) of individual species. Data
compiled from Pâques (1994), Eguchi et al. (2004), Wright et al. (2004), Withington et al. (2006), Cornwell et al. (2008) and Ordoñez et al.
(2009). The relationship between LMA and leaf nitrogen follows the expected trade-off (Wright et al., 2004). The biome classification of
Whittaker (1975) was chosen here to classify plant functional types (PFTs) to be independent of classifications used in particular current
vegetation models. Many of such PFT classifications, as for example applied in the Lund–Potsdam–Jena (LPJ) dynamic global vegetation
model (Sitch et al., 2003), show strong resemblances to this biome classification and yield similar patterns (results not shown), i.e. heavily
spread PFTs across the figure instead of clustering of PFTs. Note that the order of the box-and-whisker plots on the x-axis (top to bottom)
and the y-axis (left to right) matches the order of the key.

P. M. Van Bodegom et al.

Global Ecology and Biogeography, ••, ••–••, © 2011 Blackwell Publishing Ltd2

Source: Van Bodegom et al. (2012)

PFTs

Specific Leaf Area
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vices like the regulation of energy, water and CO2 fluxes
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around the concept of plant functional types (PFTs). PFTs are a
priori defined discrete classes that group species with presumed
similar roles in ecosystem functions (Lavorel et al., 1997). The
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concept recognizes that all species are ecologically different
(Chapin et al., 1996). A condition of using PFTs is that they are
functionally different. Unfortunately, plant species attributed to
different PFTs as defined in vegetation models do in reality not
differ much in, for example, the temperature acclimation poten-
tial of photosynthesis (Cunningham & Read, 2002) or in specific
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the functional differences between PFTs seem to be too small to
predict the distribution of these PFTs in the absence of biocli-
matic controls (Brovkin et al., 1997). Due to the close resem-
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prescribed for the present climate, like minimum and maximum
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Figure 1 Two central traits in vegetation models; leaf nitrogen concentration and leaf mass per area (LMA) of individual species. Data
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Despite their importance, effects of feedbacks between eco-
systems and atmosphere are amongst the biggest uncertainties
in climate change predictions (e.g. Friedlingstein et al., 2006).
The Millennium Ecosystem Assessment (Carpenter et al., 2006)
indicates that we lack a robust theoretical basis for linking veg-
etation to ecosystem dynamics and, in turn, to ecosystem ser-
vices like the regulation of energy, water and CO2 fluxes
(hereafter called ‘ecosystem functions’). Recent advances in
community ecology have provided important insights. The aim
of our paper is to explore whether these advances may provide a
robust basis for a next generation of vegetation models.

One reason for the large uncertainties is that all current veg-
etation models predicting ecosystem functions have been built
around the concept of plant functional types (PFTs). PFTs are a
priori defined discrete classes that group species with presumed
similar roles in ecosystem functions (Lavorel et al., 1997). The
use of PFTs confines the complexity of the analysis, although the

concept recognizes that all species are ecologically different
(Chapin et al., 1996). A condition of using PFTs is that they are
functionally different. Unfortunately, plant species attributed to
different PFTs as defined in vegetation models do in reality not
differ much in, for example, the temperature acclimation poten-
tial of photosynthesis (Cunningham & Read, 2002) or in specific
leaf area and leaf nitrogen (determining photosynthesis and
affecting decomposition of plant litter, two important CO2

exchanges between vegetation and atmosphere) (Fig. 1). In fact,
the functional differences between PFTs seem to be too small to
predict the distribution of these PFTs in the absence of biocli-
matic controls (Brovkin et al., 1997). Due to the close resem-
blance of PFTs to biome classifications, bioclimatic controls
prescribed for the present climate, like minimum and maximum
temperatures, strongly determine the global distribution of
PFTs in most vegetation models. This was not a problem when
vegetation models were used to predict vegetation distribution
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Figure 1 Two central traits in vegetation models; leaf nitrogen concentration and leaf mass per area (LMA) of individual species. Data
compiled from Pâques (1994), Eguchi et al. (2004), Wright et al. (2004), Withington et al. (2006), Cornwell et al. (2008) and Ordoñez et al.
(2009). The relationship between LMA and leaf nitrogen follows the expected trade-off (Wright et al., 2004). The biome classification of
Whittaker (1975) was chosen here to classify plant functional types (PFTs) to be independent of classifications used in particular current
vegetation models. Many of such PFT classifications, as for example applied in the Lund–Potsdam–Jena (LPJ) dynamic global vegetation
model (Sitch et al., 2003), show strong resemblances to this biome classification and yield similar patterns (results not shown), i.e. heavily
spread PFTs across the figure instead of clustering of PFTs. Note that the order of the box-and-whisker plots on the x-axis (top to bottom)
and the y-axis (left to right) matches the order of the key.
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Despite their importance, effects of feedbacks between eco-
systems and atmosphere are amongst the biggest uncertainties
in climate change predictions (e.g. Friedlingstein et al., 2006).
The Millennium Ecosystem Assessment (Carpenter et al., 2006)
indicates that we lack a robust theoretical basis for linking veg-
etation to ecosystem dynamics and, in turn, to ecosystem ser-
vices like the regulation of energy, water and CO2 fluxes
(hereafter called ‘ecosystem functions’). Recent advances in
community ecology have provided important insights. The aim
of our paper is to explore whether these advances may provide a
robust basis for a next generation of vegetation models.

One reason for the large uncertainties is that all current veg-
etation models predicting ecosystem functions have been built
around the concept of plant functional types (PFTs). PFTs are a
priori defined discrete classes that group species with presumed
similar roles in ecosystem functions (Lavorel et al., 1997). The
use of PFTs confines the complexity of the analysis, although the

concept recognizes that all species are ecologically different
(Chapin et al., 1996). A condition of using PFTs is that they are
functionally different. Unfortunately, plant species attributed to
different PFTs as defined in vegetation models do in reality not
differ much in, for example, the temperature acclimation poten-
tial of photosynthesis (Cunningham & Read, 2002) or in specific
leaf area and leaf nitrogen (determining photosynthesis and
affecting decomposition of plant litter, two important CO2

exchanges between vegetation and atmosphere) (Fig. 1). In fact,
the functional differences between PFTs seem to be too small to
predict the distribution of these PFTs in the absence of biocli-
matic controls (Brovkin et al., 1997). Due to the close resem-
blance of PFTs to biome classifications, bioclimatic controls
prescribed for the present climate, like minimum and maximum
temperatures, strongly determine the global distribution of
PFTs in most vegetation models. This was not a problem when
vegetation models were used to predict vegetation distribution
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Figure 1 Two central traits in vegetation models; leaf nitrogen concentration and leaf mass per area (LMA) of individual species. Data
compiled from Pâques (1994), Eguchi et al. (2004), Wright et al. (2004), Withington et al. (2006), Cornwell et al. (2008) and Ordoñez et al.
(2009). The relationship between LMA and leaf nitrogen follows the expected trade-off (Wright et al., 2004). The biome classification of
Whittaker (1975) was chosen here to classify plant functional types (PFTs) to be independent of classifications used in particular current
vegetation models. Many of such PFT classifications, as for example applied in the Lund–Potsdam–Jena (LPJ) dynamic global vegetation
model (Sitch et al., 2003), show strong resemblances to this biome classification and yield similar patterns (results not shown), i.e. heavily
spread PFTs across the figure instead of clustering of PFTs. Note that the order of the box-and-whisker plots on the x-axis (top to bottom)
and the y-axis (left to right) matches the order of the key.
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PFTs

standardize traits, add ancillary data, provide accepted
species names and to identify outliers and duplicate
entries. A disadvantage of the Data Warehouse ap-
proach is that some of the databases contributing to
TRY are continuously being developed (see Table 2).
However, these contributions to TRY are regularly up-
dated.

The list of traits in the TRY database is not fixed, and
it is anticipated that additional types of data will be
added to the database in the future. Examples include
sap-flow measurements, which are fluxes based on
which trait values can be calculated, just as photosynth-
esis measurements can be used to determine parameter
values of the Farquhar model (Farquhar et al., 1980), and
leaf venation, which has recently been defined in a
consistent way and appears to be correlated with
other leaf functional traits (Sack & Frole, 2006; Brodribb

et al., 2007; Blonder et al., 2011). Ancillary data, con-
tributed with the trait data, may include images. There
is also room for expansion of the phylogenetic range of
the data incorporated in the database. There is currently
little information on nonvascular autotrophic crypto-
gams in TRY (i.e. bryophytes and lichens), despite their
diversity in species, functions and ecosystem effects,
and the growing number of trait measurements being
made on species within these groups.

The qualitative traits with greatest coverage (more
than 30 000 species for woodiness, plant growth form,
leaf compoundness, leaf type, photosynthetic pathway)
represent about 10% of the estimated number of vas-
cular plant species on land. The quantitative traits with
most coverage (5000–20 000 species for e.g. seed mass,
plant height, wood density, leaf size, leaf nitrogen
content, SLA) approach 5% of named plant species.

1 10 100 1 10 100

1 10 100 1 10 100

1 10 100

1 10 100

1 10 100

Fig. 7 Frequency distributions of specific leaf area (SLA, mm2 mg!1) values (grey histograms) compiled in the TRY database and

parameter values for SLA (red dashes) published in the context of the following global vegetation models: Frankfurt Biosphere Model

(Ludeke et al., 1994; Kohlmaier et al., 1997), SCM (Friend & Cox, 1995), HRBM (Kaduk & Heimann, 1996), IBIS (Foley et al., 1996; Kucharik

et al., 2000), Hybrid (Friend et al., 1997), BIOME-BGC (White et al., 2000), ED (Moorcroft et al., 2001), LPJ-GUESS (Smith et al., 2001), LPJ-

DGVM (Sitch et al., 2003), LSM (Bonan et al., 2003), SEIB–DGVM (Sato et al., 2007). n, number of SLA data in the TRY database per PFT.
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Frequency distribution of observations and 
associated parameter values in PFT-based DGVMs

Specific Leaf Area



Despite their importance, effects of feedbacks between eco-
systems and atmosphere are amongst the biggest uncertainties
in climate change predictions (e.g. Friedlingstein et al., 2006).
The Millennium Ecosystem Assessment (Carpenter et al., 2006)
indicates that we lack a robust theoretical basis for linking veg-
etation to ecosystem dynamics and, in turn, to ecosystem ser-
vices like the regulation of energy, water and CO2 fluxes
(hereafter called ‘ecosystem functions’). Recent advances in
community ecology have provided important insights. The aim
of our paper is to explore whether these advances may provide a
robust basis for a next generation of vegetation models.

One reason for the large uncertainties is that all current veg-
etation models predicting ecosystem functions have been built
around the concept of plant functional types (PFTs). PFTs are a
priori defined discrete classes that group species with presumed
similar roles in ecosystem functions (Lavorel et al., 1997). The
use of PFTs confines the complexity of the analysis, although the

concept recognizes that all species are ecologically different
(Chapin et al., 1996). A condition of using PFTs is that they are
functionally different. Unfortunately, plant species attributed to
different PFTs as defined in vegetation models do in reality not
differ much in, for example, the temperature acclimation poten-
tial of photosynthesis (Cunningham & Read, 2002) or in specific
leaf area and leaf nitrogen (determining photosynthesis and
affecting decomposition of plant litter, two important CO2

exchanges between vegetation and atmosphere) (Fig. 1). In fact,
the functional differences between PFTs seem to be too small to
predict the distribution of these PFTs in the absence of biocli-
matic controls (Brovkin et al., 1997). Due to the close resem-
blance of PFTs to biome classifications, bioclimatic controls
prescribed for the present climate, like minimum and maximum
temperatures, strongly determine the global distribution of
PFTs in most vegetation models. This was not a problem when
vegetation models were used to predict vegetation distribution
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Figure 1 Two central traits in vegetation models; leaf nitrogen concentration and leaf mass per area (LMA) of individual species. Data
compiled from Pâques (1994), Eguchi et al. (2004), Wright et al. (2004), Withington et al. (2006), Cornwell et al. (2008) and Ordoñez et al.
(2009). The relationship between LMA and leaf nitrogen follows the expected trade-off (Wright et al., 2004). The biome classification of
Whittaker (1975) was chosen here to classify plant functional types (PFTs) to be independent of classifications used in particular current
vegetation models. Many of such PFT classifications, as for example applied in the Lund–Potsdam–Jena (LPJ) dynamic global vegetation
model (Sitch et al., 2003), show strong resemblances to this biome classification and yield similar patterns (results not shown), i.e. heavily
spread PFTs across the figure instead of clustering of PFTs. Note that the order of the box-and-whisker plots on the x-axis (top to bottom)
and the y-axis (left to right) matches the order of the key.
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Source: Van Bodegom et al. (2012)
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Earth system models need 
more functional diversity.

Ecological theory can get us part 
of the way there.
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Figure 10: (a) Observation-based estimate of mean annual evapotranspiration for years 1982-
2008 (Jung et al., 2010); (b) mean annual gross primary productivity from JeDi-DGVM for years
1982-2004; and (c) the di↵erence between the observation-based estimate and the JeDi-DGVM
model output.
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Community-weighted traits
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Diversity = Higher productivity

(a)

(b)

 E
ns

em
bl

e 
C

V 
of

 N
PP

0.01

0.1

1

10

G
lo

ba
l N

PP
 (P

gC
 y

ea
r-1

)

0

20

40

60

80

Sampled strategies, S
10 20 50 100 200 500 1000 2000

(a)

(b)

 E
ns

em
bl

e 
C

V 
of

 N
PP

0.01

0.1

1

10
G

lo
ba

l N
PP

 (P
gC

 y
ea

r-1
)

0

20

40

60

80

Sampled strategies, S
10 20 50 100 200 500 1000 2000

Number of sampled strategies

Global NPP
(PgC/year)



Diverse approach = Lower temporal variability

In agreement with field/lab 
experiments and previous 

theoretical models.

Relative % difference in intraannual evapotranspiration variability

Mathematically inevitable 
due to averaging and 

negative covariance effects.



Diverse approach = Greater resilience
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Earth system models need 
more functional diversity.

Ecological theory can get us part 
of the way there.

Spaceborne imaging spectroscopy 
can take us the rest of the way. 
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Remote sensing can fill the gap

EVI-2 Linnaeus 
AO NNH12ZDA006O-EVI2 Section D— Science Investigation 

D-5 
Use or disclosure of information contained on this sheet is subject to the restriction on the Restrictive Notice page of this proposal. 

ure D-3) [5]. Figure D-3 shows the impact of 
simulated Linnaeus-retrieved parameters on 
global carbon uptake, compared to results il-
lustrating the current resolution of PFTs and 
their parameters. In this model, realistic PFT 
diversity increases cumulative carbon uptake 
by 294 Pg over the 21st century [34]. 

The surface spectral reflectance measure-
ments and derived plant parameters of Linnae-
us are used directly in modern ecosystem mod-
els. The Linnaeus parameters are leaf mass per 
unit area (L3A-LMA), chlorophyll concentra-
tion (L3A-Chl), nitrogen concentration (L3A-
N), and photosynthetic capacity, (L3A-PC). 
L3A-LMA and L3A-Chl products are used to 
assess for presence of vegetation and upstream 
Linnaeus processing. Linnaeus algorithms ad-
dress the influences of varying canopy struc-
ture and leaf area on chemometric retrievals 
[63,66]. For L3A-PC, we will quantify Vcmax, 
the maximum potential rate of carbon uptake 
per unit area per unit time [35,36]. Vcmax is a 
critical parameter in carbon cycle models 
based on the Farquhar equations [37] (Figure 
D-4). Together, these four parameters capture 
information between and within biomes need-
ed to characterize carbon uptake and other key 
ecosystem fluxes on Earth. In heterogeneous 
cases our algorithms account for mixed cano-
pies (tree-grass mixtures) and bare soil. Cal/val 

sites include these environments in North 
America, Australia, and Africa.  Derivation, 
validation, and delivery of these L3A plant 
parameters and corresponding uncertainties 
achieve the Linnaeus objective #1 and consti-
tutes the observational baseline called for in 
D.1.2.  

Linnaeus will measure the number of func-
tionally different PFTs within 1-km windows 
and their areal coverage, based on the parame-
ters. The results of this analysis are, for each 1 
km grid cell n PFTs, the area covered by each 
PFT and the parameter values for each PFT. 
This analysis allows us to compute standard 

 
Figure D-2. Linnaeus dramatically increases the amount and spatial coverage of urgently required data, shown in 
grey, for the four critical plant parameters, leaf mass per unit area, chlorophyll concentration, nitrogen 
concentration, and maximum photosynthetic rate. a) The red dots on the map show where we have data today for 
leaf nitrogen concentration and one or more of the other three critical plant parameters [29]. b) The red histogram 
shows the number of existing in-situ measurements of leaf nitrogen concentration per degree latitude on a log 
scale. The grey histogram in the figure shows the estimated number of cloud-free Linnaeus retrievals for each of 
the four critical parameters over the proposed investigation. 

 
Figure D-3. Simulated Linnaeus PFT diversity levels 
substantially change simulated ecosystem response to 
climate change. Simulated Linnaeus results show 294 
Pg additional cumulative uptake (filled red) by 2100.  
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ure D-3) [5]. Figure D-3 shows the impact of 
simulated Linnaeus-retrieved parameters on 
global carbon uptake, compared to results il-
lustrating the current resolution of PFTs and 
their parameters. In this model, realistic PFT 
diversity increases cumulative carbon uptake 
by 294 Pg over the 21st century [34]. 

The surface spectral reflectance measure-
ments and derived plant parameters of Linnae-
us are used directly in modern ecosystem mod-
els. The Linnaeus parameters are leaf mass per 
unit area (L3A-LMA), chlorophyll concentra-
tion (L3A-Chl), nitrogen concentration (L3A-
N), and photosynthetic capacity, (L3A-PC). 
L3A-LMA and L3A-Chl products are used to 
assess for presence of vegetation and upstream 
Linnaeus processing. Linnaeus algorithms ad-
dress the influences of varying canopy struc-
ture and leaf area on chemometric retrievals 
[63,66]. For L3A-PC, we will quantify Vcmax, 
the maximum potential rate of carbon uptake 
per unit area per unit time [35,36]. Vcmax is a 
critical parameter in carbon cycle models 
based on the Farquhar equations [37] (Figure 
D-4). Together, these four parameters capture 
information between and within biomes need-
ed to characterize carbon uptake and other key 
ecosystem fluxes on Earth. In heterogeneous 
cases our algorithms account for mixed cano-
pies (tree-grass mixtures) and bare soil. Cal/val 

sites include these environments in North 
America, Australia, and Africa.  Derivation, 
validation, and delivery of these L3A plant 
parameters and corresponding uncertainties 
achieve the Linnaeus objective #1 and consti-
tutes the observational baseline called for in 
D.1.2.  

Linnaeus will measure the number of func-
tionally different PFTs within 1-km windows 
and their areal coverage, based on the parame-
ters. The results of this analysis are, for each 1 
km grid cell n PFTs, the area covered by each 
PFT and the parameter values for each PFT. 
This analysis allows us to compute standard 

 
Figure D-2. Linnaeus dramatically increases the amount and spatial coverage of urgently required data, shown in 
grey, for the four critical plant parameters, leaf mass per unit area, chlorophyll concentration, nitrogen 
concentration, and maximum photosynthetic rate. a) The red dots on the map show where we have data today for 
leaf nitrogen concentration and one or more of the other three critical plant parameters [29]. b) The red histogram 
shows the number of existing in-situ measurements of leaf nitrogen concentration per degree latitude on a log 
scale. The grey histogram in the figure shows the estimated number of cloud-free Linnaeus retrievals for each of 
the four critical parameters over the proposed investigation. 

 
Figure D-3. Simulated Linnaeus PFT diversity levels 
substantially change simulated ecosystem response to 
climate change. Simulated Linnaeus results show 294 
Pg additional cumulative uptake (filled red) by 2100.  
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ecological measures of diversity, based on 
plant parameter values, that may be compared 
to traditional taxonomic analyses regionally 
and globally [38] and other databases [39]. 
Derivation, validation and delivery of this 
L3B functional diversity parameter achieve 
Linnaeus objective #2. 

With these validated products we then uti-
lize the Ecosystem Demography model (v2.2, 
ED2). ED2 is a physiologically-based ecosys-
tem model that addresses the important inter-
actions between vegetation dynamics (e.g., dis-
turbance and changes in vegetation composi-
tion over time) and terrestrial carbon cycling. 
ED2 uses a system of partial differential equa-
tions to realistically represent fine-scale heter-
ogeneity and competition between PFTs within 
each grid cell. Use of ED2 in conjunction with 
the Linnaeus parameters allows us to predict 
the range of long-term changes to ecosystem 
composition and structure, and feedbacks to 
the climate system. ED2 can explore the con-
sequences of plant functional, and evaluate the 
impact of realistic parameter values on forecast 
skill [12]. 

We will perform a series of model experi-
ments to understand the impact of defining re-
alistic functional diversity compared to exist-
ing data sources. These experiments are de-
scribed in Table D-2, and quantify the impact 
of parameterization on model skill and project-

ed decadal/centennial ecosystem changes. 
Completion of the simulations, validation, 
analysis, and reporting of the results achieve 
Linnaeus investigation objective #3. 
D.2.2 Science Measurement Require-

ments 
D.2.2.1 Ecosystem Parameters 

Spectroscopy can be used to estimate plant 
parameters [40–50] including biochemistry. 
The ability to do this is a consequence of well-
known absorption features related to electron 

Table D-2. Linnaeus modeling will use the Ecosystem Demography-2 (ED2) model to quantify the impact of updat-
ing today’s ~20 PFTs to 100s or more from spectral retrievals. Model experiments will compare a base case using 
current plant parameterizations for PFTs (Exp 1), Linnaeus-estimated plant parameters averaged to the current 
number of PFTs (17: Exp 2), and using the full, gridded Linnaeus data set (Exp.3) 

Questions to be answered? Model Experiment Parameter Source and Resolution Evaluation Approach 
Reference case: represents current 
state of the art for modeling ecosys-
tem response to high rates of change. 

Exp 1: ED2 with current 17 plant 
functional types, 2 degree resolu-
tion parameters, hindcast (1901–
2010) and forecast (2010–2100) 

TRY database for parameters, IGBP plant 
functional type classification [33]. 

Compare present-day modeled 
GPP and NEE to reference [26] 
model, NEON and FLUXNET 
sites 

Are Linnaeus-estimates of the large-
scale variability in plant parameters 
different from today’s best estimates? 
Is the metabolic capacity of the bio-
sphere over-or-underestimated? 

Exp 2: ED2 with 17 plant func-
tional types, Linnaeus parameters 
averaged to 2 degrees, hindcast 
(1901–2010) and forecast (2010–
2100) using RCP 4.5 [55] 

Linnaeus-retrieved parameters, averaged 
to corresponding IGBP plant functional 
types definitions 

Compare present-day modeled 
GPP and NEE to reference [26] 
model, NEON and FLUXNET 
sites 

Does including realistic heterogeneity 
affect model results quantitatively or 
qualitatively? Does variability con-
strain or enhance carbon uptake in a 
changing environment? 

Exp 3: ED2 with plant functional 
type parameters defined from 
Linnaeus pixel based estimates 
forecast (2010–2100) using Lin-
naeus initial conditions and RCP 
4.5. 

Linnaeus-retrieved parameters varying 
within model grid cells based on pixel-
based areal coverage. 

Compare present-day modeled 
GPP and NEE to reference [26] 
model, NEON and FLUXNET 
sites; compare present-day and 
forecast diversity values and 
patterns from Linnaeus to [38]. 

 
Figure D-4. Linnaeus will increase the spatial resolution 
of. vascular plant physiology from Vcmax per plant func-
tional type (e.g., 7-20 classes globally) to unique Vcmax 
per pixel (��0 m). The image shows Vcmax (left panel) 
and its uncertainty (right panel) estimated from AVIRIS 
airborne data in Wisconsin. In current models this entire 
image, or even larger areas, would be a single PFT, with 
a single value and no uncertainty for Vcmax. 
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National Ecological Observatory Network 
(NEON) (see Appendix J.3) along 
with international networks, such as 
the ten SuperSites of Australia’s Ter-
restrial Ecosystem Research Network 
(TERN). These will be used for por-
tions of the validation and calibration 
of the Linnaeus investigation. NEON 
produces standard data products de-
signed to validate reflectance and 
parameter retrievals from NEON air-
borne instruments and NASA space-
borne instruments.  

Observables. Linnaeus physical 
observables are spectral radiances of 
the terrestrial ecosystems. The 
requirements for these observables 
were validated using sensitivity 
analyses of the plant parameters. The 
instrument was designed based on 
heritage (see Appendix J.9) to mini-
mize technical risk and then validat-
ed against the ecosystem sensitivity 
analysis in Table D-3. Derivation of 
Linnaeus plant parameters via PLSR 
require input of atmospherically cor-
rected surface reflectance spectra in 
the range from 450 to 2450 nm. Spe-

cific portions of the spectrum are required for 
atmospheric correction. The visible portion of 
the spectrum 450 to 700 nm and the oxygen A-
band centered at 760 ±20 nm are required for 
aerosol estimation. Water vapor information is 
derived from the two water absorptions at 940 
±80 nm and 1150 ±100 nm. Cirrus cloud as-
sessment and correction information is derived 
from the strong water bands between 1380 ±20 
nm and 1875 ±30 nm. Linnaeus will use 
ATREM atmospheric correction algorithm 
[79–82] that is currently used by a range of 
imaging spectrometers. Figure D-6 shows an 
example 2013 AVIRIS-NG calibrated L1B ra-
diance and retrieved L2 surface spectral reflec-
tance. The ATREM algorithm is currently run-
ning operationally for all AVIRIS-C data ac-
quired as part of the HyspIRI preparatory cam-
paign. Multiple terabytes of radiance L1B and 
reflectance L2 products for this campaign are 

 
Figure D-6. Linnaeus processing flow is based on mature science 
algorithms developed as part of the HyspIRI and AVIRIS programs. 
The processing flow currently exists to convert digital numbers from 
the sensor into reflectances suitable for analysis with PLSR to 
estimate L3 quantities. The flow is illustrated with AVIRIS-NG 
airborne data. PLSR weights are applied to L2 reflectance spectra to 
estimate L3A plant parameters (not shown in this figure). 

 
Figure D-5. Existing PLSR weights and corresponding 
uncertainties for the four plant parameters (LMA, Chl, N 
and PC). These weights are applied to the reflectance 
spectrum of a pixel to estimate the parameter value for 
that pixel. Uncertainties allow calculating the uncertainty 
of that parameter using Monte Carlo methods. These 
weights could be used now if Linnaeus measurements 
were available today. 



Earth system models need 
more functional diversity.

Ecological theory can get us part 
of the way there.

Spaceborne imaging spectroscopy 
can take us the rest of the way. 



Observing Biodiversity from Space

• NCEAS working group funded by NASA

• First workshop in December 2014, second in 
mid-2015

• Broad group of experts from the biodiversity/
macroecology, remote sensing, plant functional 
trait/ecosystem modelling, and informatics 
communities



Observing Biodiversity from Space

• What can we learn about biodiversity and 
evolution by characterizing global patterns of 
functional diversity with remote sensing?

• What impact will a comprehensive global data set 
on functional diversity have on global terrestrial 
ecosystem models?



Observing Biodiversity from Space

• Perspective article arguing the urgent need for 
truly global biodiversity observations and 
the steps needed to integrate that data with 
existing biodiversity data sources

• Case study using existing airborne imagery 
across multiple biomes processed in to L3 data 
product

• An outline of a curriculum for a spectroscopy 
summer school for ecologists



Spectroscopy Summer School

Started 1996, hundreds of alumni across many 
disciplines

In its eighth year,  also highly 
succesful at increasing the 
pool of scientists trained in 

flux techniques



ISS Synergy

OCO-3 -- Fluorescence

GEDI -- Lidar

ECOSTRESS -- Thermal

VSWIR?


