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Abstract
The Canadian Land Surface Scheme (CLASS) coupled to the Canadian Terrestrial Ecosystem
Model (CTEM) is used to simulate competition between the model’s seven non-crop plant
functional types (PFTs) for available space. Our objective is to assess if the model is
successfully able to reproduce the observed mix of PFTs and their fractional coverages, and
to what extent the simulated competition is affected by the manner in which the sub-grid
scale variability of vegetation is represented. The model can be run either in a composite
(single tile) configuration, where structural vegetation attributes of PFTs are aggregated for
use in grid-averaged energy and water balance calculations, or a mosaic (multiple tiles)
configuration, where separate energy and water balance calculations are performed for each
PFT. The model realistically simulates the fractional coverages of trees, grasses and bare
ground, as well as that of individual tree and grass PFTs and their succession patterns. Our
results show that the model is not overly sensitive to the manner in which sub-grid scale
variability of vegetation is represented. Of the seven sites chosen across the globe to illustrate
the difference between the two configurations, the simulated fractional coverage of PFTs are
generally very similar (root mean square difference, RMSD, < 5 %) between the composite
and mosaic configurations at locations characterized by low heterogeneity (e.g. Amazonia,
Vancouver Island, and the Tibetan Plateau), whereas at locations characterized by high
heterogeneity (e.g. India, South Sudan and California), the two configurations

yield

somewhat different results (RMSD > 5 %).
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1.

Introduction

The dynamics of vegetation, which contributes to large sources of uncertainty in Earth system
models (Purves and Pacala, 2008), is driven by several interacting factors including climate,
disturbance and the biotic environment of vegetation. Understanding and modeling how the
various biotic and abiotic factors interact and affect plant coexistence and competition is
complicated (Anand, 2000;Berger et al., 2008). It is even more difficult to realistically
represent the multi-dimensional behaviour of vegetation in Earth system models that treat
vegetation as a dynamic component of the climate system (Lienard et al., 2014;Kutzbach et
al., 1996). The dynamic behaviour of vegetation can be described by two aspects: the
structural changes and the areal coverage changes. The structural dynamics include changes
in vegetation height, leaf area index (LAI), rooting depth and canopy mass typically on
seasonal to decadal time scales (Kramer and Kozlowski, 1979). Areal vegetation dynamics
has slower time scales than the structural vegetation dynamics typically operating on decadal
to centennial time scales (Ritchie and MacDonald, 1986). Areal dynamics includes
succession, colonization and competition between different vegetation types for space which
change the areal extent of vegetation.

Plants compete for above-ground light/radiation resources by changing their height and LAI
(Purves and Pacala, 2008) and by changing their rooting structure and depth to access belowground water and nutrients (Daufresne and Hedin, 2005). With these structural changes plants
capture both above- and below-ground resources to increase their areal expanse and overtop
their neighbours. In the horizontal direction, plants compete for space, which determines
competitive exclusion and/or coexistence of a plant functional type (PFT) in a community (
Begon et al., 1986; Arora and Boer, 2006;Xiang and Xiaodong, 2014). The areal plant
dynamics are also influenced by disturbances (Chambers et al., 2013). For instance,
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environmental disturbances like fire reduce the density of plants making the burnt area
available for re-occupancy by other plants (Curtis and Partch, 1948;Xie et al., 2013;BondLamberty et al., 2009).

A broad spectrum of theoretical and phenomenological approaches have been established to
study competition and co-existence of plants, ranging from the use of simple analytical
techniques such as the Lotka–Volterra (LV) predator-prey equations (Begon et al., 1986) to a
very detailed gap models (e.g. Bugmann, 2001) and hybrid approaches like the one used in
the ecosystem demography (ED) model that attempt to implement gap dynamics within the
framework of traditional ecosystem models (Moorcroft et al., 2001). The LV equations that
were originally designed for simulating predator–prey relationship have been used in several
terrestrial ecosystem models e.g. TRIFFID (Cox, 2001); USCM (Brentnall et al., 2005);
CTEM (Arora and Boer, 2006), and by Fernandez-Illescas and Rodriguez-Iturbe (2003). Gap
models simulate vegetation dynamics at the scale of an individual tree and thus are
computationally expensive to run, making them more suitable for local or regional scale
applications. Approaches simpler than the use of the LV equations also exist where the best
performing PFT, on the basis of its net primary productivity (NPP), is assumed to occupy the
largest fraction (e.g. Sitch et al., 2003).

The classical LV equations when used to simulate competition between PFTs suffer from the
limitation of an amplified expression of dominance in that the most dominant PFT ends up
occupying a large fraction of a grid cell, allowing little coexistence of PFTs. This limitation
of the LV equations, when used in their classical format, is discussed in detail by Arora and
Boer (2006) who also modified the classical LV equations to allow for coexistence of PFTs.
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Here, we test the performance of the modified version of LV equations, following Arora and
Boer (2006), to simulate competition between PFTs at seven selected locations across the
globe using a new version of the CLASS-CTEM modelling framework (Canadian Land
Surface Scheme version 3.6 coupled to Canadian Terrestrial Ecosystem Model version 2.0,
Melton and Arora (2016)). Amongst other improvements, the modelling framework can be
run in either the composite (single tile) or the mosaic (multiple tiles) configuration (Melton
and Arora, 2014) – the two approaches to represent the sub-grid scale variability of
vegetation. The two configurations of representing sub-grid scale variability of vegetation
differ in the manner in which energy and water balance calculations are performed and the
choice of either in turn also affects the simulated carbon balance and the competition between
PFTs. In the composite configuration, the structural vegetation attributes (including LAI,
vegetation height, and rooting depth) of PFTs that exist in a grid cell are averaged in
proportion to their fractional coverages and then used in the grid-averaged energy and water
balance calculations. As a result the entire grid cell is characterized by a surface physical
environment (including soil temperature, soil moisture, fractional snow cover, and net
radiation) that is common to all PFTs. In contrast, in the mosaic configuration a grid cell is
split into multiple tiles representing individual PFTs for which energy and water balance
calculations are performed separately. Each PFT tile in this case is characterized by a surface
physical environment that is the result of its PFT’s structural vegetation attributes interacting
with the driving climate data and the carbon balance in individual tiles evolves independently
of the other tiles. Since energy and water balance calculations are performed separately for all
PFTs present in a grid cell in the mosaic configuration it is inherently more expensive than
the composite configuration.

Previously, Li and Arora (2012) have investigated the impact of using composite versus
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mosaic approaches on various aspects of the simulated energy and carbon balance at selected
individual sites, and Melton and Arora (2014) have compared the effect of using these two
approaches on the simulated carbon balance at the global scale, using earlier versions of the
CLASS-CTEM modelling framework. Li and Arora (2012) found that the simulated energy
balance is not extremely sensitive to the representation of sub-grid scale variability of
vegetation; they found differences in energy fluxes that were generally less than 5%. Both
studies found that simulated carbon balance is sensitive to the representation of the sub-grid
scale variability of vegetation, with differences in simulated carbon pools and fluxes greater
than 30%. Both Li and Arora (2012) and Melton and Arora (2014) studies, however, used
specified fractional coverage of PFTs and competition between PFTs was not simulated. More
recently, Melton and Arora (2016) have evaluated the performance of the modified version of
the LV equations at the global scale by comparing simulated geographical distribution of
CTEM’s PFTs with observation-based estimates. They, however, used only the composite
approach to represent sub-grid scale variability of vegetation and did not assess the effect of
using the mosaic approach. Melton and Arora (2016) also did not assess the successional
behaviour of vegetation.

Here, we assess the sensitivity of the simulated competition between PFTs, based on the
modified version of the LV equations, to the representation of sub-grid scale variability of
vegetation. Our objective is to assess if the new CLASS-CTEM modeling framework
successfully reproduces the observation-based mix of PFTs and their fractional coverages at
the selected seven sites, and to what extent these results are affected by the use of composite
versus the mosaic configurations. The results provide insight into the worthiness of the
additional computational expense of the mosaic approach in so far as the goal is to
realistically simulate observed mix of PFTs and their fractional coverages. Finally, we also
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assess the simulated successional dynamics of vegetation against available empirical
evidence.

Section 2 of this paper briefly describes the CLASS-CTEM modeling framework, followed
by the details of experimental set up and observation dataset in section 3. The results from the
selected study sites are presented and discussed in section 4 and summary and conclusions are
described in section 5.

2.

Model description

Version 1.0 of the CTEM, which uses prescribed fractional coverage of PFTs and does not
allow competition between them, is the terrestrial carbon cycle component of the second
generation Canadian Earth System Model (CanESM2) (Arora et al., 2011) where it is coupled
to version 2.7 of the CLASS. Version 2 of CTEM (Melton and Arora, 2016), which
dynamically simulates fractional coverage of PFTs, used here is coupled to the CLASS
version 3.6 (Verseghy, 2012). CTEM models terrestrial ecosystem processes for seven noncrop and two crop PFTs (see Table 1), by tracking the flow of carbon through three living
vegetation components (leaves, stem and roots) and two dead carbon pools (litter and soil).
The amount of carbon in these five carbon pools is simulated prognostically as a function of
driving climate and atmospheric CO2 concentration. The amount of carbon in the leaves, stem
and root components is used to determine structural attributes of vegetation; LAI is calculated
from leaf biomass using PFT-dependent specific leaf area (SLA) which determines the area of
leaves that can be constructed with a given amount of leaf biomass, vegetation height is
calculated based on stem biomass for tree PFTs and LAI for grass PFTs, and rooting depth is
calculated based on root biomass. Parameterizations of various terrestrial ecosystem
processes modelled in CTEM are described in various papers; these include photosynthesis,
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autotrophic and heterotrophic respiration (Arora, 2003); phenology, carbon allocation,
biomass turnover of leaves, stem and root components, and conversion of biomass to
structural attributes (Arora and Boer, 2005b); dynamic root distribution (Arora and Boer,
2003); and fire (Arora and Boer, 2005a). Version 2 of CTEM (Melton and Arora, 2016) used
here models these processes and also includes competition for space, based on the modified
version of LV equations following Arora and Boer (2006), between its seven non-crop PFTs
and this is the focus of our study.

CLASS models the land surface energy and water balance and calculates liquid and frozen
soil moisture, and soil temperature for three soil layers (with thicknesses 0.1, 0.25 and 3.75
m). It performs energy and water balance calculations for four PFTs (needleleaf trees,
broadleaf trees, crops and grasses) which map directly to the nine PFTs represented in CTEM
as shown in Table 1.

Needleleaf trees in CTEM are divided into their deciduous and

evergreen versions for which terrestrial ecosystem processes are modelled separately,
broadleaf trees are divided into their cold and drought deciduous and evergreen versions, and
crops and grasses are divided into C3 and C4 versions based on their photosynthetic pathways.

CLASS can operate on its own and in this mode it simulates energy and water balance based
on specified structural attributes of vegetation (including LAI, vegetation height, canopy
mass and rooting depth). CTEM, however, cannot operate in the absence of CLASS. When
coupled to CLASS, CTEM uses soil moisture, soil temperature and net shortwave radiation
calculated by CLASS and in turn provides it dynamically simulated values of structural
attributes of vegetation. Use of CTEM thus makes vegetation a dynamic component in
CLASS. Combined, CLASS and CTEM simulate the fluxes of energy, water and CO2 at the
land-atmosphere boundary. CLASS operates at a time step of 30 minutes or shorter. CTEM
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simulates photosynthesis and calculates the associated canopy conductance values at the time
step of CLASS, but other terrestrial ecosystem processes in CTEM are simulated at a daily
time step.

Coupled CLASS and CTEM can be operated in the composite or mosaic

configuration.

Competition in CTEM is parameterized on the basis of a modified version of the LV
equations as presented in Arora and Boer (2006). The approach is described in detail by
Melton and Arora (2016) who test the performance of the modified LV equations at the global
scale using the composite approach and also document version 2.0 of CTEM.

The approach used for modelling competition in CTEM is briefly described here. Consider a
grid cell in which two PFTs can exist. The PFTs are ranked in order of their superiority, as
explained later, so PFT 1 (e.g. a tree PFT) is considered superior to and can invade PFT 2
(e.g. a grass PFT). If

is the fraction coverage of PFT i then

, where

is

the bare fraction in the grid cell. The rate of change of the fractional coverages of the two
PFTs and bare fraction, for this example, are given by,

(1)

(2)

(3)
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where c1, c2 and m1, m2 are the colonization and mortality rates for PFT 1 and PFT 2,
respectively. Colonization and mortality rates cannot be negative. In equation (1), PFT 1 is
able to expand into the fraction covered by PFT 2 and the bare fraction. In equation (2), PFT
2 is able to expand only into the bare fraction. PFT 2 cannot expand into the fraction covered
by PFT 1 because it is ranked lower than PFT 1. The exponent β (0 ≤ β ≤ 1), an empirical
parameter, controls the behaviour of the LV equations. For β = 1, the equations take the
classical form of the LV equations. The equilibrium fractional coverages for PFT 1 and 2 and
bare fraction for this classical form of the LV equations, denoted by

, are given by,

(4)

(5)

(6)

The classical LV equations with β = 1 suffer from two limitations. First, if fi is initially zero
then in equations (1) and (2)

and a PFT cannot expand, implying that a minimum

seeding fraction is always required. Second, in equation (5) as long as (c1m1) is greater than
(c2m2) then the equilibrium solution for f2 will always be zero and PFT 2 will not be able to
coexist with PFT 1. When β = 0, equations (1) - (3) represent the modified version of the LV
equations as used by Arora and Boer (2006). The equilibrium fractional coverages for PFT 1
and 2 and bare fraction for this case are given by,

(7)
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(8)

(9)

Unlike the classical version of the LV equations, the modified version of the equations does
not require a minimum seeding fraction. In this case a PFT has the potential to expand as long
as the climate is favorable and ci is positive. Finally, in equations (7) and (8) as long as m1 > 0
and c2 > 0 then PFT 2 will be able to exist and equilibrium coexistence is possible.
Intermediate values of β give equilibrium values of fractional coverages of PFTs that lie in
between those obtained by using β = 0 and β = 1. Melton and Arora (2016) discuss in detail
why the use of β = 0 is more appropriate when simulating competition between PFTs, in
contrast to simulating predator -prey interactions which traditionally uses β = 1.

In CTEM, the superiority or ranking of its seven natural non-crop PFTs is first based on the
tree-grass distinction, where trees are considered to be always dominant over grasses because
of their ability to shade them (Siemann and Rogers, 2003). Second, within the tree and grass
PFTs the dominance is determined dynamically based on the colonization rate. The
colonization rate of PFT  ( , day1) is based on its net primary productivity (NPP) and
calculated as
( 10 )

where

is the inverse seedling density (m2 (kg C)-1) and

is the fraction of positive NPP

(kg C m-2 day-1) allocated for expansion calculated based on the LAI (m2 leaf /m2 ground) of
the PFT. The formulation of

is similar to that in Arora and Boer (2006) but with some

differences.
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( 11 )
where

and

are given by

(12)

(13)

where

is the LAI of PFT α.

and

are PFT-dependent parameters.

is the upper threshold above which a maximum specified fraction of NPP (
used for expansion. The introduction of

is

term is new in version 2.0 of CTEM and ensures

that a small fraction of NPP is allocated to expansion even at low LAIs. This change in the
model parameterization yields better coverage of grasses.

The mortality rate (

) represents the net effect of four different processes: a) intrinsic or

age-related mortality (ma), b) growth or stress mortality (mg), c) mortality due to disturbance
(md), and d) mortality due to adverse climate (mb) and are calculated following Arora and
Boer (2006).

( 14 )
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The components of equation (14) are described in more detail in Melton and Arora (2016).
Briefly, the intrinsic mortality is calculated based upon PFT-specific maximum age and
accounts for processes such as mortality caused by frost, hail and wind throw whose effects
are not explicitly parameterized in the model. The growth mortality is dependent upon growth
efficiency (biomass accumulated per unit leaf area) of a PFT over the last one year and
initiated when a PFT doesn’t do well as indicated by its growth efficiency. The mortality
related to adverse climate that is parameterized in the model associated with long-term
unfavourable climate and ensures that PFTs do not venture outside their bioclimatic zones.
Finally, the mortality due to disturbance in the model is caused by fire which is parametrized
using an intermediate complexity approach following Arora and Boer (2005a) with some
additional changes as described in the context of version 2.0 of CTEM by Melton and Arora
(2016). Briefly, the probability of fire is calculated using all three aspects of the fire triangle –
fuel, moisture and ignition – represented by available above-ground biomass, soil moisture
and natural (lightning) and anthropogenic ignition. Once known, the probability of fire is
used to calculate area burned and the associated fire related CO2 emissions. Fire reduces the
standing vegetation biomass through CO2 emissions directly to the atmosphere and through
plant mortality but also creates bare ground which is subsequently available for colonization.
The creation of bare ground depends on the susceptibility of each PFT to stand replacing fire
(see equation A87 in Melton and Arora (2016)).

Finally, the fraction of grid cell covered by crops is not available for colonization, and neither
does it gets burned. Consequently non-crop PFTs compete for space over the remaining
fraction of the grid cell.
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3.

Experimental set up and methodology

The CLASS-CTEM model was configured in the composite and mosaic modes to simulate
competition at selected seven sites that represent a variety of climatic conditions including
sites in the Amazonian region (tropical forests), India (sub-tropical forests), South Sudan
(savanna ecosystems), California and Vancouver Island (temperate forests), Siberia (boreal
forests), and the Tibetan Plateau (grasslands), as shown in Figure 1.

The CLASS-CTEM model is driven with CRU-NCEP climate data (surface temperature,
pressure, precipitation, wind, specific humidity, shortwave and longwave radiation fluxes)
which are available at a resolution of 0.5 degrees and at a six hourly time interval
(http://dods.extra.cea.fr/data/p529viov/cruncep). The CRU-NCEP data are based on the
National Centre for Environmental Prediction (NCEP) reanalysis (Kanamitsu et al., 2002) but
its monthly mean values are adjusted to match data from the Climate Research Unit (CRU)
observations. These data were interpolated to the 96 × 48 Gaussian spatial resolution which
corresponds to ~3.75º. In the Canadian earth system modelling framework, the CLASS and
CTEM models are applied at large spatial scales and hence the decision to choose this
resolution. The 6-hourly CRU-NCEP climate data were interpolated to a half-hourly time
resolution following the approach of Arora and Boer (2005a). Temperature, long-wave
radiation, wind speed, specific humidity, and pressure were linearly interpolated in time;
short-wave radiation was assumed to change with solar zenith angle with a maximum value at
the local solar noon; precipitation was disaggregated using the six-hourly precipitation
amount to estimate the number of wet half hours, and total 6-hourly precipitation amount is
randomly but conservatively distributed over the wet half hours. Regardless of the
representation of sub-grid scale variability of vegetation (composite or mosaic), all PFTs are
driven with the same meteorological data and respond to the same soil texture within a grid
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cell.

The model simulations are initialized with zero biomass and zero fractional coverage for all
non-crop PFTs. The fractions of C3 and C4 crop PFTs are prescribed based on the
reconstruction of historical land cover following Wang et al. (2006), as explained below.
Atmospheric CO2 concentration is set to 350 ppm, as opposed to current value of around 400
ppm since the current state of vegetation is not in equilibrium with atmospheric CO2. The
simulations are run for 400 years, driven by 1901-1940 meteorological forcing data used
repeatedly. Climate data are used from the 1901-1940 period, as opposed to those from the
later part of the 20th century, because these data do not show a warming trend (Wen et al.,
2011). In addition, the simulated fractional coverage of PFTs are more sensitive to change in
CO2 concentration than to change in climate (e.g. the 1901-1940 period compared to that for
the present day). The 400 year timescale is sufficient for simulated fractional coverage of all
PFTs to reach equilibrium at all locations.

We use observation-based estimates of fractional coverage of PFTs based on (Wang et al.,
2006) (hereafter WANG06) and the Moderate Resolution Imaging Spectroradiometer land
cover product (Friedl et al., 2013) (hereafter MODIS) to evaluate the fractional coverage of
the seven non-crop PFTs simulated by CTEM. WANG06 (their Table 2) mapped 22 land
cover types of the Global Land Cover for the year 2000 (GLC2000) to the nine PFTs
represented in CTEM listed in Table 1. They then reconstructed land cover back in time to
1850 by taking into account changing crop area using the Ramankutty and Foley (1999) crop
area data set. Here, instead we have used the newer HYDE v. 3.1 crop data set (Hurtt et al.,
2011) which yields land cover for the 1850-2012 period at 0.5° resolution and we refer to this
reconstructed historical land cover as the modified WANG06 product. The MODIS land
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cover product is available at 0.5° resolution and contains 17 land cover types which are
mapped to the nine PFTs represented in CTEM in a manner similar to Table 2 of WANG06.
The MODIS data are available for the period 2001 – 2011 and their average over this period
was used. Finally, both the modified WANG06 and MODIS products are interpolated to the
3.75° grid resolution, similar to the resolution of the climate data.

The interpretation of simulated fractional coverage of PFTs based on comparison to these
observation-based data products is susceptible to at least two errors. First, the categorization
of the remotely-sensed vegetation to the 22 vegetation types in the GLC2000 dataset and the
17 vegetation types in the MODIS product is subject to error. This categorization is based on
vegetation reflectance in the visible and infrared bands (e.g. see Figure 1 of (Latifovic et al.,
2004)) and ground truthing. Second mapping of those vegetation types to the nine PFTs
represented in CTEM introduces further error. Land cover classification is inherently a
subjective process, so the uncertainty in classification can never be totally accounted for. As a
result, the comparison of simulated fractional coverage of PFTs to observation-based
estimates at the most basic tree-grass-bare level is expected to be more robust than the
comparison at the level of individual PFTs. Nevertheless, we have more confidence in the
WANG06 product because it was designed specifically to map 22 vegetation types in the
GLC2000 land cover product to CTEM’s nine PFTs.

The difference in modelled values of the coverage of seven non-crop CTEM’s PFTs (
compared to the modified WANG06 product (

)

) is represented in terms of the root mean

square error (RMSE) for both the composite and mosaic configurations,

.

(15)
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Root mean square difference (RMSD) is used to compare using the simulated equilibrium
coverage of the seven non-crop PFTs from the composite (

) and mosaic (

)

approaches

.

(16)

The calculated RMSE, for the composite and mosaic approaches, allows to compare
simulated coverages to observation-based estimates from WANG06, and RMSD allows to
compare the two approaches to each other.

Simulated fractional coverage of individual PFTs at equilibrium are compared with
observation-based estimates based on the modified WANG06 product, and at the basic treegrass-bare level with observation-based estimates from both the modified WANG06 and
MODIS products. The MODIS product is not used for comparison at the individual PFT level
because our methodology to map 17 land cover types in the MODIS product to the nine PFTs
represented in CTEM is not ground truthed as the WANG06 approach has been.

Finally, a heterogeneity index (H) is calculated following Melton and Arora (2014) (their
equation 4) which characterizes land cover heterogeneity as

1
( fi  f )2

H  1 N 1
f

(17)

where f i is the fractional coverage of CTEM’s PFTs at equilibrium, f their mean and N=9
(including the seven non-crop and two crop PFTs as shown in Table 1). Regions of high PFT
heterogeneity (grid cells with many different PFTs) have H index values close to 1 while
regions of low PFT heterogeneity (grid cells with few PFTs present) are close to 0. Equation
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(17) yields an H value of 1 if a grid cell contains N PFTs and the bare fraction each occupying

 1  th

 fraction of the grid cell, indicating maximum possible heterogeneity, and a value of
 N 1 
0 if an entire grid cell is occupied with only a single PFT.

4.

Results and discussion

Results from model simulations, based on the modified version of the LV equations used in
version 2 of CTEM, at the seven selected sites are shown in Figure 2 through 8. These figures
show the evolution of the simulated fractional coverage of PFTs when starting from bare
ground, snapshots of fractional coverages of PFTs for two selected years and compare
simulated fractional coverages of PFTs to observation-based estimates.

4.1

Tropical region

a.

Amazonia

In the Amazonia, observed forest recovery in cut, burnt and abandoned forests shows an
emergence of herbaceous plants after fire, which attain maximum coverage within three to
four years and decline thereafter, subsequently taken over by tree species after eight years of
establishment (Uhl et al., 1988).

CLASS-CTEM is successfully able to reproduce this

successional behaviour. Figure 2a and 2b show the evolution of simulated fractional
coverages of PFTs for composite and mosaic configurations of the model. C3 and C4 grasses
dominate initially, with C4 grasses covering a larger fraction because of their higher
productivity compared to C3 grasses (Williams et al., 2013), and achieve their maximum
coverage within three to four years, followed by a rapid decline in grass cover. Broadleaf
evergreen (BDL EVG) trees outcompete grasses after about six years, slightly earlier than
observations. Equilibrium coverage is attained after about 50 years. This evolution pattern is
similar in both the composite and mosaic configurations of the model. The rapid expansion of
©2016 American Geophysical Union. All rights reserved.

grasses and thereafter that of BDL EVG trees, and the overall large fraction of the grid cell
being covered with trees, are consistent with warm and wet climatic conditions at this
location. Mean annual precipitation and temperature, based on the CRU-NCEP climate data,
at this location are 2110 mm and 26.9 °C, respectively.

Figures 2c and 2d show the snapshot of simulated fractional coverages of model PFTs at
years 5 and 50 for the composite and mosaic configurations respectively, which reveal an
identical composition of PFTs at this location in both configurations. Comparison with the
modified WANG06 product for individual PFTs indicates (Figure 2e) that the model is able to
reproduce realistic coverage of broadleaf evergreen trees, and C3 and C4 grass PFTs at this
location, with the caveat that both observation-based estimates suggest near full coverage by
the tree PFT while the model simulates a small amount of grasses (Figure 2f) and bare
fraction. At equilibrium, grasses cover around 1-3% of the grid cell while 93% of the grid cell
is covered by BDL EVG trees in both configurations, which is somewhat less than the
observation-based estimate of around 100 % coverage. Both the original and modified
versions of the LV equations are limited in that neither can yield a 100% coverage of a PFT in
a grid cell as long as the mortality term (m) is greater than zero (see equations 4 and 7).

The RMSE is similar between the composite (2.3%) and mosaic (2.5%) approaches when
modelled results are compared to observation-based estimates from the modified WANG06
product (see Table 2) and so are the successional patterns in Figure 2a and 2b. This is
expected because when a grid cell is dominated by a single PFT, and characterized by a low
heterogeneity index, then both the composite and mosaic configurations yield similar results.
Melton and Arora (2014) show that differences between the composite and mosaic
configurations are largest in grid cells where more PFTs exist and heterogeneity index is
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higher. With only three PFTs that can exist in this Amazonian grid cell, and only one being
dominant, surface heterogeneity is low (H = 0.11 and 0.12 in composite and mosaic
configurations, respectively) and as a consequence composite and mosaic configurations yield
similar results.

4.2

Subtropical region

a.

India

The grid cell in India has extensive C3 and C4 crops whose fractional coverages are specified
based on the modified WANG06 product. Combined C3 and C4 crops cover 42% of the grid
cell. Competition between PFTs then determines their coverage over the remaining 58% of
the grid cell. The model correctly simulates the existence of the BDL EVG and broadleaf dry
deciduous (BDL DCD DRY) trees, and C3 and C4 grasses (Figure 3e). C3 and C4 grasses
dominate initially and achieve their maximum coverage in the first 4 – 10 years (Figure 3a
and 3b). The fractional coverage of both grasses decrease thereafter as trees slowly increase
their areal extent. Evolution of the fractional coverages of PFTs and their equilibrium values
are somewhat different in the composite and mosaic configurations. Near equilibrium values
of fractional coverage of PFTs are obtained after about 60 years in both configurations. Both
BDL EVG and BDL DCD DRY trees increase their expanse at a somewhat faster rate in the
mosaic configuration and eventually also equilibrate at higher values of their fractional
coverages, although the difference is more pronounced for BDL DCD DRY trees. At near
equilibrium the coverage of BDL DCD DRY trees is higher in the mosaic (28%) than in the
composite configuration (17%). C3 and C4 grasses, in contrast, equilibrate at lower values of
fractional coverage in the mosaic configuration. The combined coverage of C3 and C4 grasses
is 13% in the mosaic compared to 24% in the composite configuration. The reason for higher
(lower) coverage of trees (grasses) in the mosaic configuration is related to the manner in
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which the representation of sub-grid scale variability of vegetation affects surface albedo and
consequently net shortwave radiation, as discussed in Li and Arora (2012). Since trees are
darker than grasses they are characterized by lower values of surface albedos than grasses in
the model. In the composite configuration, an average surface albedo value is used that is
based on albedo of the individual PFTs weighted by their fractional coverage. In the mosaic
configuration each PFT’s albedo is used to calculate the net radiation it receives. As a result,
trees (grasses) receive more (less) radiation in the mosaic compared the composite
configuration. Other state variables respond to these changes in net radiation, so soil moisture
and temperature evolve differently in the two configurations and in some cases their effect
can overcome the effect of the differences in net radiation (Li and Arora, 2012). At this
location in India, however, the first order effect of net radiation dominates.

Mean annual precipitation (1074 mm) at this location in India is much lower than that in
Amazonia (2110 mm) although the mean annual temperature is similar (26.5 °C). As expected
then, the rate of spread of grasses and trees is slower and at near equilibrium trees cover a
much lower fraction of the grid cell than is available for colonization. Compared to 93% tree
coverage in Amazonia for both the composite and mosaic configurations, here the trees cover
24% and 36% of the grid cell out of available 58% (since 42% is covered by crops) or
equivalently 42% and 62% of the available area in the composite and mosaic configurations,
respectively. These differences are also seen in the snapshots of simulated fractional
coverages of model PFTs at years 5 and 60, in Figures 3c and 3d.

In Figure 3e, compared to reconstructed historical land cover based on the modified
WANG06 product, the CLASS-CTEM model overestimates BDL EVG trees by ~5% (~4%)
and underestimates BDL DCD DRY trees by 18% (29%) in the mosaic (composite)
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configuration. Consequently, based on this comparison, the model overestimates C3 and C4
grasses by ~6% (~12%) and ~5% (~10%) in the mosaic (composite) configuration. However,
the comparison at the basic tree-grass-bare level in Figure 3f indicates that the simulated tree,
grass and bare fractions lie in between the modified WANG06 and MODIS estimates. In
Figure 3e, the mosaic configuration yields a somewhat better comparison with the modified
WANG06 product as also seen in the RMSE values for mosaic (RMSE = 7.6%) and
composite (RMSE = 12.5%) configurations in Table 2. The heterogeneity index is high for
this location (H = 0.92 and 0.89 in composite and mosaic configurations, respectively) since
six different PFTs and some bare ground fraction exist.

4.3

Savanna

a.

South Sudan

The South Sudan site is characterized by 8% crop area, of which 1% is covered by C3 crops
and 7% by C4 crops, so the remaining fraction of 92% is available for colonization by noncrop PFTs. Mean annual precipitation at this location is 822 mm and the average annual
temperature is around 27 °C.

CLASS-CTEM simulates a mix of BDL EVG and BDL DCD DRY trees and C3 and C4
grasses at this savanna site in South Sudan (Figure 4a and 4b). Bare ground is rapidly
colonized by C3 and C4 grasses initially, with C4 grasses attaining their maximum coverage
(~60%) after about three years and C3 grasses achieve their maximum extent (~45%) in about
eight years. The model allows C3 and C4 grasses to co-exist at equilibrium but their coverages
show an out-of-phase oscillatory behaviour with a timescale of about 10-12 years. This time
scale is roughly consistent with the fire return interval at this location. The oscillatory
behaviour of the fractional coverages of C3 and C4 grasses disappears when simulations are
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carried out without fire (not shown). In simulations without fire the coverage of BDL DCD
DRY trees is higher as would be expected since disturbance due to fire allows grasses to
better coexist with trees. C3 and C4 coexist in the simulations without fire, albeit with a higher
fractional coverage of C3 grasses. When disturbance due to fire is present, C4 grasses are able
to colonize the available bare fraction faster after a disturbance because of their higher
productivity. Gradually C3 grasses also begin to recover and compete with C4 grasses for
space up until the next fire event after which C4 grasses get the opportunistic advantage again
to colonize at a faster rate. The oscillatory behaviour of fractional coverage of C 3 and C4
grasses in Figure 4 is caused by this phenomenon but also the 40-year 1901-1940 climate that
is repeatedly used to drive the CLASS-CTEM model. For example, fire events that occur in a
given 40-year cycle associated with specific climatic conditions return in the next cycle when
the same climatic conditions return again. Although the role of fire in expansion of C4 grasses
is not completely understood these results are broadly consistent with those of (Scheiter et al.,
2012) (and references therein) who suggest that the more flammable foliage, higher
allocation to below ground roots and rapid regrowth after fire that characterize C 4 grasses
help them increase their expanse in the presence of fire. The fire module of CTEM (see
section A9 in Melton and Arora, 2016) does not distinguish between flammability of C3 and
C4 grasses, so only the rapid regrowth of C4 grasses after fire contributes to their increased
fractional coverage in the CLASS-CTEM modelling framework.

In Figure 4, BDL EVG and BDL DCD DRY trees start to increase their expanse after about
10 years and equilibrium is attained after about 80 years. At equilibrium, the grass PFTs
occupy a larger fraction of the grid cell in the composite approach, compared to the mosaic
approach, whereas the opposite is true for the tree PFTs. This is attributed to higher net
shortwave radiation available for grass PFTs and lower net shortwave radiation for tree PFTs
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in the composite compared to the mosaic configuration, as mentioned earlier. In addition, the
difference between the composite and mosaic configurations is more pronounced than the site
in India, especially for BDL DCD DRY trees. The combined coverage of C 3 and C4 grasses is
37% in the composite and 15% in the mosaic configuration. The combined coverage of trees
is 39% in the composite configuration and 62% in the mosaic configuration, as seen in
Figures 4c and 4d. Since only 92% of the grid cell is available for colonization by non-crop
PFTs, the coverage of trees of 39% and 62%, in the composite and mosaic configurations,
corresponds to 42% and 66% of the available area for colonization. This is similar to the
location in India given that both locations experience similar climate. The differences in the
successional behaviour of PFTs, as their fractional coverages evolve over time, in the
composite and mosaic configurations are seen in the snapshots of fractional coverage of PFTs
at year 13 and 95 in Figure 4c and 4d, and consistent with the higher heterogeneity index at
this location (H = 0.87 and 0.71 in the composite and mosaic configurations, respectively).

The comparison of simulated fractional coverage of nine PFTs with the observation-based
estimate from the modified WANG06 data set (in Figure 4e) shows that the model
successfully simulates the existence of correct PFTs at this location (Figure 4c). Compared to
the modified WANG06 data set, however, the coverage of BDL DCD DRY trees is
overestimated by ~26% (~5%) and underestimated for grasses PFTs by ~27% (~5%) in the
mosaic (composite) approach. As expected then, the RMSE values confirm that the composite
configuration (RMSE = 10.3%) performs better than the mosaic configuration (RMSE =
16.2%) (Table 2) at this location. In addition, while the model simulates nearly equal
fractions of C3 and C4 grasses, the modified WANG06 data set suggests that C4 grasses are
dominant at this location. The C3 and C4 fractions of crop and grass fractions in each grid cell
in the WANG06 data set are based on the global distribution of C4 vegetation developed by
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Still et al. (2003), which is a part-observation and part-model based product. Comparison of
modelled fractional coverages at the basic tree-grass-bare level (Figure 4f) with modified
WANG06 and the MODIS-based products shows that the model reproduces realistic fractions
of vegetated and bare land fractions.

For a tropical savanna location in Botswana, Heinl et al. (2007) find that herbaceous plants
achieve their maximum coverage within 4 to 8 years after fire. Their coverage reduces
thereafter due to competition with woody plants which become dominant after about 12
years. While CLASS-CTEM largely reproduces this pattern of successional dynamics, the
BDL DCD DRY trees take about 20 years to become the dominant PFT in the mosaic
configuration and about 40 years in the composite configuration. One possible reason for the
slow rate of expansion for trees in the model is that in the real world drought deciduous trees
that are affected by fire have adaptive mechanisms (e.g. shoots sprout from existing burnt or
fallen trees) to deal with post-fire conditions (Omi, 2005). Sprouts grow much faster than
seedlings and are able to quickly reoccupy gaps. In contrast, in the model the trees are
assumed to grow from seedlings (parameterized through seedling density in equation 10) that
get established on the bare ground.

4.4

Temperate region

a.

California

The temperate site in California experiences a much cooler and drier climate than the sites
considered so far. Mean annual temperature at this location is 13.4 °C and mean annual
precipitation only 422 mm, based on the CRU-NCEP climate data. The C3 crops cover 9% of
the grid cell and competition therefore determines the coverages of PFTs over the remaining
91% of the grid cell.
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CLASS-CTEM simulates a mixture of C3 grasses and needleleaf evergreen (NDL EVG) trees
at this temperate location (Figure 5a and 5b). The C3 grasses initially dominate and attain
maximum coverage (~70%) within the first 5 years, which is consistent with observed postfire recovery in shrublands of southern California where herbaceous plants cover 80% area of
land (Keeley et al., 1981) in 3-5 years after fire and reduce thereafter (Keeley et al., 2005).
The fractional coverage of C3 grasses declines as NDL EVG trees slowly increase their
expanse starting around year 25. The slow and late increase in the expanse of NDL EVG trees
is consistent with cooler and drier climatic conditions (Bonan and Sirois, 1992). The model
successfully simulates a small fraction (2-3%) of the grid cell covered by BDL EVG trees,
consistent with the modified WANG06 product. The model is also able to simulate NDL EVG
trees as the dominant woody PFT consistent with observations that NDL EVG trees perform
well in regions where maximum precipitation and temperature are out of phase with each
other (Stephenson, 1998) as is the case on the western Pacific coast of the United States and
Canada. The summer growing season with less rainfall implies that evergreen conifers
outcompete deciduous trees because of their low transpiration rates in summer as well as their
ability to take advantage of the moisture available during the wet mild winter months when
they still have their leaves on. Equilibrium is attained for the NDL EVG trees about 100-150
years sooner in the mosaic configuration compared to the composite configuration. At
equilibrium, NDL EVG trees cover 11% more and C3 grasses cover 12% less area of the grid
cell in mosaic compared to the composite configuration. Both these aspects are consistent
with trees receiving higher net shortwave radiation in the mosaic configuration, although the
differences in time to equilibrium for tree PFTs were hardly noticeable for locations
considered earlier. Figures 5c and 5d, which show the snapshots of fractional coverages at
years 20 and 300 show the differences between the composite and mosaic configurations.
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The comparison of simulated fractional coverage of CTEM’s non-crop PFTs with
observation-based estimates from the modified WANG06 data set is shown in Figure 5e. The
simulated fractional coverage of NDL EVG trees is overestimated because the model does not
simulate any fractional cover for broadleaf cold deciduous (BDL DCD CLD) trees, while the
modified WANG06 data sets suggests coverage of about 18%. One possible reason for the
model to not simulate any fraction of the grid cell covered by BDL DCD CLD trees is the
coarse resolution of the model and the driving climate data. At the resolution of 3.75 degrees
(around 350 kilometers) it is reasonable to assume that the use of average climate cannot
capture climate niches that occur given the variations in local topography. This is particularly
important at this location which is characterized by large variations in topography and the
resulting diversity in climate varying from mild conditions near the coastal regions and colder
conditions at higher elevations (Kauffman, 2003). At the basic tree-grass-bare level, the
simulated fractional coverages compare reasonably to the estimates based on modified
WANG06 and the MODIS-based products. When comparing simulated fractional coverages
for all the nine PFTs to the modified WANG06 data, the RMSE analysis shows that the
composite configuration (RMSE = 10.2%) performs better than the mosaic configuration
(RMSE = 13.5%) at this location (Table 2). The relatively large RMSD (6.2%) indicating
differences between simulated fractional coverage of PFTs in the composite and mosaic
configurations is also consistent with high heterogeneity at this location (H = 0.72 and 0.62
for the composite and mosaic configurations, respectively).

b.

Vancouver Island

The temperate site on Vancouver Island, on the western coast of Canada, experiences wet and
cool winters and dry and warm summers. The mean annual precipitation at this location is
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1101 mm, of which about 70 % falls from October through March, and the mean annual
temperature is 3.6 °C.

Given the dry and warm summers, and the wet and cool winters, the location is ideally suited
for NDL EVG trees which take advantage of their low transpiration rates and their ability to
retain leaves year round, as mentioned earlier. Consistent with the modified WANG06
product, CLASS-CTEM simulates coniferous forest at this location (Figure 6e). C3 grasses
dominate initially, and achieve more than 70% coverage by year 25 and then decline
thereafter as the slow growing NDL EVG trees gradually increase their expanse (Figures 6a
and 6b). This may be compared with establishment period of ~20 years after fire for black
and white spruce in the southeast of Yukon region (Johnstone et al., 2004). BDL DCD CLD
trees are able to survive briefly covering a small fraction of the grid cell but are unable to
outcompete NDL-EVG trees, given the dry summers which is the only time during which
BDL DCD CLD trees have their leaves on. This successional pattern is similar for both the
composite and mosaic configurations although some differences exist. During the first 100
years of the simulation, C3 grasses cover a larger fraction of the grid cell in the composite
than in the mosaic configuration primarily because grasses receive more net shortwave
radiation in the composite configuration, as also seen in Figures 6c and 6d which show the
snapshot of fractional coverages of PFTs at years 27 and 190. This pattern of grasses
performing better in the composite compared to the mosaic configuration is also seen at
locations in India, Sudan and California.

In Figure 6e, the model correctly simulates NDL EVG trees as the dominat PFT. However,
compared to the modified WANG06 product (~70% coverage), the coverage of NDL-EVG
trees is overestimated by about 10% in both composite and mosaic configurations (~80%
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coverage). At equilibrium, BDL EVG trees are excluded in both the composite and mosaic
configurations and BDL DCD CLD trees are excluded in the composite configuration. The
fractions of these PFTs are, however, small based on the modified WANG06 data set. The
RMSE values shows that the mosaic configuration yields slightly better results (RMSE =
5.6%) than the composite (RMSE = 6.5%) configuration. When comparing the fractional
coverages at the basic tree-grass-bare level, the model results also compare well with the
observation-based estimates based on the modified WANG06 and MODIS products. (Figure
6f). The small RMSD value of 0.8% indicates that the simulated fractional coverage of PFTs
in the composite and mosaic configurations are very similar which is consistent with low
heterogeneity at this location (H = 0.24 and 0.20 for the composite and mosaic
configurations, respectively).

4.5

Boreal region

a.

Siberia

The mean annual precipitation and the mean annual temperature at the location in Siberia are
481 mm and 1.9 °C, respectively. This boreal forest location in northwest Siberia is
characterized by mixed forests consisting of NDL EVG and BDL DCD CLD trees and C 3
grasses (Figure 7e). CLASS-CTEM is successfully able to simulate this mix of PFTs. C3
grasses dominate initially and achieve maximum coverage (~70%) after about 10 years. This
is broadly consistent with an experimental study in the western Siberian plains, where eight
years after a stand replacing fire herbaceous plants and mosses covered ~75% of the area
(Kovaleva and Ivanova, 2013). Thereafter, the coverage of grasses declines gradually as the
NDL EVG and BDL DCD CLD trees increase their expanse. While the fractional coverage of
relatively fast growing BDL DCD CLD trees reaches near equilibrium around year 80, the
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fractional coverage of slow growing NDL EVG trees reaches equilibrium much later (Figures
7a, 7b). In fact, in the mosaic configuration the fractional coverage of NDL EVG trees keep
slowly increases even at year 200. This is an expected behaviour given the cold temperatures
(Bonan and Sirois, 1992) and low solar radiation at this high- latitude location. The evolution
of fractional coverages of PFTs is similar in the composite and mosaic configurations as also
seen in the snapshots of fractional coverages of PFTs at years 9 and 190 in Figures 7c and 7d.
This composition is consistent with observed plant community in this area. Blyakharchuk et
al. (2007) report broadleaf cold deciduous Birch trees and needleleaf evergreen Scots Pine
trees as the principal trees species along with herbaceous plants in this area.

At equilibrium, the simulated coverages of PFT are broadly similar in both the composite and
mosaic configurations. The model is, however, unable to simulate the NDL EVG trees as the
dominant tree PFT at this location as the observation-based modified WANG06 product
suggests; the model simulates BDL DCD COLD trees as the dominant PFT (Figure 7). The
RMSE values shows that the composite configuration yields slightly better results (RMSE =
18.4%) than the mosaic (RMSE = 20.2%) configuration. The overall tree, grass and bare
fractions in Figure 7f, however, compare reasonably with the modified WANG06 and
MODIS based products. The RMSD value of 2.2% indicates that the simulated fractional
coverage of PFTs in the composite and mosaic configurations are similar although this
location is characterized by relative high heterogeneity (H = 0.70 and 0.66 for the composite
and mosaic configurations, respectively).
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4.6

Grassland

a.

The Tibetan Steppe

The last location at which the performance of CTEM’s competition parameterization is
evaluated is the Tibetan grasslands. These grasslands are one of the largest grazing
ecosystems in the world and characterized by arid to semi-arid climate (Miller, 2005). The
grid cell chosen in this region receives an annual rainfall of 435 mm and the average
temperature remains below freezing level at –3.35 °C. Miller (1995) report that vegetation in
the Tibetan Plateau region is primarily composed of grasses that cover about 70% of the area.
This estimate is broadly consistent with the modified WANG06 dataset (~60%) shown in
Figure 8f. The absence of trees at this location is due to low annual precipitation and cold
temperatures, although the MODIS-based product suggests a small fractional coverage for
trees.

Consistent with the observation-based estimates the only model PFT that can grow at this
location is C3 grasses. C4 grasses, which are poor competitors to C3 grasses in colder climate
(Baskin and Baskin, 1978) (Yamori et al., 2013;Stensrud, 2009), are outcompeted. The model
tree PFTs are excluded at this location due to bioclimatic constraints. In the absence of
competition from trees the C3 grasses are able to colonize a relatively large fraction of the
grid cell. The composite and mosaic configurations both yield similar evolution of C 3 grasses
(Figure 8a-8d) and maximum coverage is reached around year 20 because of the cold and dry
climate and the consequential slow rate of expansion. C3 grasses cover about 66% and 64% of
the grid cell, respectively, in the composite and mosaic configurations at equilibrium
consistent with the observation-based modified WANG06 data set and the estimate from
Miller (2005) (Figure 8c-8d). The RMSE error for both the mosaic and composite
configurations is also similar (~9%), and the RMSD is low consistent with low heterogeneity
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(H = 0.34 and 0.37 in the composite and mosaic configurations, respectively).

5.

Summary and conclusions

This study evaluates the competition parameterization of the CLASS-CTEM model at
selected locations across the globe. Our objective was to assess if the model is successfully
able to reproduce the observed mix of PFTs and their fractional coverages and to what extent
the simulated competition between PFTs is affected by the manner in which the sub-grid
scale variability of vegetation is represented (i.e. the use of the composite versus the mosaic
configuration). Our study also aimed to assess the simulated successional dynamics of
vegetation against available empirical evidence.

The results show that the model is able to reproduce broad scale successional patterns of
vegetation dynamics. When starting from a bare ground state, all the study sites show an
initial high abundance of herbaceous plants that is attained within a few years, followed by
dominance of trees as long as the climate is favorable. In addition, the time to achieve
equilibrium for fractional coverage of trees is shorter when climate is more favourable (e.g.
30-40 years at the Amazonian site) compared to harsher climates (e.g. 100-150 years at the
Siberia site). These broad scale successional patterns are expected and are realistic as
empirical evidence suggests, although difference exists in simulated values and information
available from empirical evidence.

Root mean square difference (RMSD), which quantifies the difference between the composite
and mosaic configurations of the model, is smaller than RMSE at all sites, implying that the
modelled results from the composite and mosaic configurations are closer to each other than
to observation-based estimates of fractional coverage of PFTs based on the modified
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WANG06 data set. These results suggest that the simulated fractional coverages of PFTs are
not overly sensitive to representation of sub-grid scale variability of vegetation. The
composite and mosaic configurations, however, do yield different results especially at the
sub-tropical/savanna locations of India and South Sudan, but also at the location in
California. The heterogeneity index is also high at these locations. Intuitively and based on
results from Melton and Arora (2014) we expect the composite and mosaic configurations to
yield different results when land cover heterogeneity is high. At these locations the fractional
coverage of trees is higher in the mosaic than in the composite configuration because of
higher net shortwave radiation they receive while the opposite is true for grasses. Simulated
fractional coverages of PFTs are more similar between the composite and mosaic
configurations at locations which are characterized by low vegetation heterogeneity; these
include the site in the Amazonian region, on Vancouver Island in Canada and the grassland
location in the Tibetan Plateau region.

When comparing simulated fractional coverage of PFTs to observation-based estimates, the
model is most successful at the basic tree-grass-bare ground level. The observation-based
estimates at the most basic tree-grass-bare level are also expected to be more robust than the
observation-based fractional coverage of individual PFTs. The latter require assumptions
when mapping land cover types from typical land cover products to the individual PFTs that
are represented in models (e.g. see Table 2 of Wang et al., 2006). When compared to
observation-based estimates of the modified WANG06 data set for the individual PFTs, the
model does a reasonable job at most locations considered but some limitations remain. At the
California location, the model fails to capture the existence of broadleaf cold deciduous trees
(Figure 5). At the Siberia location the model simulates broadleaf cold deciduous trees as the
dominant PFT but observation-based estimate suggests that needleleaf evergreen trees are the
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dominant PFT here and about 20% of the grid cell here is covered by broadleaf evergreen
trees (Figure 7). The latter is incorrectly classified in the WANG06 product who categorize
high-latitude evergreen shrubs as broadleaf evergreen trees, while in CTEM broadleaf
evergreen trees are limited only to tropical regions.

The limitations of the model to correctly simulate fractional coverages at the individual PFT
level are in part due to difficult comparison with observation-based estimates but also the
limited number of natural PFTs (seven) that are represented in the model and the coarse
resolution (3.75° ) at which the model is run. For example, CLASS and CTEM do not
currently represent shrubs. At the large spatial resolution at which the model is implemented
it is unable to represent PFTs that are able to exist in climate niches associated with large
variations in topography.

The model is also able to simulate the coexistence of C3 and C4 grasses driven in part by
disturbance due to fire consistent with empirical evidence. C4 grasses are potentially able to
dominate after a disturbance due to their higher water use efficiency (Black, 1973;Williams et
al., 2013) and greater CO2 assimilation capacity over C3 plants (Black, 1971) which allows
them to colonize faster. The higher productivity and water use efficiency of C 4 grasses are
represented in the model.

Overall the CLASS-CTEM model simulates reasonably realistic fractional coverage of trees,
grasses and bare land. The simulated successional dynamics including initial dominance by
herbaceous PFTs followed by woody PFTs, climate permitting, are also simulated broadly
consistent with available empirical data. The evaluation of CLASS-CTEM at the sites
presented in this study suggest that the competition parameterization of the model behaves
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realistically enough to be used as a tool to project changes in vegetation distribution
associated with changes in climate and atmospheric CO2 concentration. Finally, given the
fairly similar simulated fractional coverages of PFTs when using the composite and mosaic
configurations, the model results suggest the use of the composite approach given its low
computational expense. Whether the similarity between the two configurations holds at the
global scale can only be verified by performing global simulations and this work is planned
as a future exercise.
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Table 1: Plant functional types (PFTs) represented in CTEM and their relation to CLASS
PFTs.

CLASS PFTs

CTEM PFTs

CTEM PFT Symbol

Needleleaf trees

Needleleaf evergreen trees

NDL-EVG

Needleleaf deciduous trees

NDL-DCD

Broadleaf evergreen trees

BDL-EVG

Broadleaf cold deciduous trees

BDL-DCD-CLD

Broadleaf trees

Broadleaf drought/dry deciduous
BDL-DCD-DRY
trees
Crops

Grasses

C3 Crop

CROP-C3

C4 Crop

CROP-C4

C3 Grass

GRASS-C3

C4 Grass

GRASS-C4
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Table 2 : Root Mean Square Error (RMSE, percentage) for simulated coverages of PFTs
between the modelled (using both the composite and mosaic configurations) and the
observation-based modified WANG06 estimates, heterogeneity index (dimensionless
fraction) for modelled values for the composite and mosaic configurations, and root mean
square difference (RMSD, percentage) for simulated coverages of PFTs between the
composite and mosaic approaches.
The lowest value of the RMSE, for each site, for composite or mosaic approach is underlined.
Since RMSE is bigger than RMSD for all sites, the results imply that the modelled results
from the composite and mosaic approaches are closer to each other than to observationsbased estimate. In addition, RMSD is generally higher when the heterogeneity index is
higher, indicating that the modelled fractional coverages of PFTs are more different in the
composite and mosaic configurations when more PFTs exist in a grid cell and the land cover
is more heterogeneous.

RMSE

Heterogeneity index

RMSD

Location
Composite

Mosaic

Composite

Mosaic

Amazon

2.3%

2.5%

0.11

0.12

0.4%

India

12.5%

7.6%

0.92

0.89

5.1%

South Sudan

10.3%

16.2%

0.87

0.71

9.9%

California

10.2%

13.5%

0.72

0.62

6.2%

Vancouver Island

6.5%

5.6%

0.24

0.20

0.8%

Siberia

18.4%

20.2%

0.70

0.66

2.2%

Tibetan Plateau

2.2%

1.2%

0.34

0.37

1.1%

Average (all sites)

9.0%

9.6%

3.7%
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Figure 1. Location map of the study sites for which the competition parameterization of the
CLASS-CTEM modelling framework is evaluated.
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Figure 2. Evolution of CLASS-CTEM simulated fractional coverage of PFTs in the a)
composite and b) b) mosaic configurations, during the first 60 years (out of 400 simulated
years) at the Amazon location. The values printed in the legend parenthesis are mean over the
last 40 years (when PFTs fractions exhibit equilibrium). Note that in panel b for the mosaic
configuration the x-axis is reversed for easier comparison of simulated fractional coverages
between the two approaches. Panel c) and d) show the snapshot of simulated fractional
coverages of model PFTs at year 5 and 50 for the composite and mosaic configurations,
respectively. Panel e) compares the fractional coverage of simulated individual PFTs with the
observation-based modified WANG06 product and panel f) compares simulated tree-grassbare and total vegetated fractions with the observation-based modified WANG06 and MODIS
products.
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Figure 3: Evolution of CLASS-CTEM simulated fractional coverage of PFTs in the a)
composite and b) b) mosaic configurations, during the first 60 years (out of 400 simulated
years) at the location in India. The values printed in the legend parenthesis are mean over the
last 40 years (when PFTs fractions exhibit equilibrium). Note that in panel b for the mosaic
configuration the x-axis is reversed for easier comparison of simulated fractional coverages
between the two approaches. Panel c) and d) show the snapshot of simulated fractional
coverages of model PFTs at year 5 and 60 for the composite and mosaic configurations,
respectively. Panel e) compares the fractional coverage of simulated individual PFTs with the
observation-based modified WANG06 product and panel f) compares simulated tree-grassbare and total vegetated fractions with the observation-based modified WANG06 and MODIS
products.
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Figure 4: Evolution of CLASS-CTEM simulated fractional coverage of PFTs in the a)
composite and b) b) mosaic configurations, during the first 100 years (out of 400 simulated
years) at the location in South Sudan. The values printed in the legend parenthesis are mean
over the last 40 years (when PFTs fractions exhibit equilibrium). Note that in panel b for the
mosaic configuration the x-axis is reversed for easier comparison of simulated fractional
coverages between the two approaches. Panel c) and d) show the snapshot of simulated
fractional coverages of model PFTs at year 13 and 95 for the composite and mosaic
configurations, respectively. Panel e) compares the fractional coverage of simulated
individual PFTs with the observation-based modified WANG06 product and panel f)
compares simulated tree-grass-bare and total vegetated fractions with the observation-based
modified WANG06 and MODIS products.
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Figure 5: Evolution of CLASS-CTEM simulated fractional coverage of PFTs in the a)
composite and b) b) mosaic configurations, during the first 300 years (out of 400 simulated
years) at the California location. The values printed in the legend parenthesis are mean over
the last 40 years (when PFTs fractions exhibit equilibrium). Note that in panel b for the
mosaic configuration the x-axis is reversed for easier comparison of simulated fractional
coverages between the two approaches. Panel c) and d) show the snapshot of simulated
fractional coverages of model PFTs at year 20 and 300 for the composite and mosaic
configurations, respectively. Panel e) compares the fractional coverage of simulated
individual PFTs with the observation-based modified WANG06 product and panel f)
compares simulated tree-grass-bare and total vegetated fractions with the observation-based
modified WANG06 and MODIS products.
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Figure 6: Evolution of CLASS-CTEM simulated fractional coverage of PFTs in the a)
composite and b) b) mosaic configurations, during the first 200 years (out of 400 simulated
years) at the Vancouver Island location in Canada. The values printed in the legend
parenthesis are mean over the last 40 years (when PFTs fractions exhibit equilibrium). Note
that in panel b for the mosaic configuration the x-axis is reversed for easier comparison of
simulated fractional coverages between the two approaches. Panel c) and d) show the
snapshot of simulated fractional coverages of model PFTs at year 27 and 190 for the
composite and mosaic configurations, respectively. Panel e) compares the fractional coverage
of simulated individual PFTs with the observation-based modified WANG06 product and
panel f) compares simulated tree-grass-bare and total vegetated fractions with the
observation-based modified WANG06 and MODIS products.
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Figure 7: Evolution of CLASS-CTEM simulated fractional coverage of PFTs in the a)
composite and b) b) mosaic configurations, during the first 200 years (out of 400 simulated
years) at the Siberia location. The values printed in the legend parenthesis are mean over the
last 40 years (when PFTs fractions exhibit equilibrium). Note that in panel b for the mosaic
configuration the x-axis is reversed for easier comparison of simulated fractional coverages
between the two approaches. Panel c) and d) show the snapshot of simulated fractional
coverages of model PFTs at year 9 and 190 for the composite and mosaic configurations,
respectively. Panel e) compares the fractional coverage of simulated individual PFTs with the
observation-based modified WANG06 product and panel f) compares simulated tree-grassbare and total vegetated fractions with the observation-based modified WANG06 and MODIS
products.
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Figure 8: Evolution of CLASS-CTEM simulated fractional coverage of PFTs in the a)
composite and b) b) mosaic configurations, during the first 200 years (out of 400 simulated
years) at the Tibetan Plateau location. The values printed in the legend parenthesis are mean
over the last 40 years (when PFTs fractions exhibit equilibrium). Note that in panel b for the
mosaic configuration the x-axis is reversed for easier comparison of simulated fractional
coverages between the two approaches. Panel c) and d) show the snapshot of simulated
fractional coverages of model PFTs at year 5 and 120 for the composite and mosaic
configurations, respectively. Panel e) compares the fractional coverage of simulated
individual PFTs with the observation-based modified WANG06 product and panel f)
compares simulated tree-grass-bare and total vegetated fractions with the observation-based
modified WANG06 and MODIS products.
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