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Abstract Dynamic global vegetation models (DGVMs) sim-
ulate surface processes such as the transfer of energy, water,
CO,, and momentum between the terrestrial surface and the
atmosphere, biogeochemical cycles, carbon assimilation by
vegetation, phenology, and land use change in scenarios of
varying atmospheric CO, concentrations. DGVMs increase
the complexity and the Earth system representation when they
are coupled with atmospheric global circulation models
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(AGCMs) or climate models. However, plant physiological
processes are still a major source of uncertainty in DGVMs.
The maximum velocity of carboxylation (Vc,ay), for exam-
ple, has a direct impact over productivity in the models. This
parameter is often underestimated or imprecisely defined for
the various plant functional types (PFTs) and ecosystems.
Vemax 18 directly related to photosynthesis acclimation (loss
of response to elevated CO,), a widely known phenomenon
that usually occurs when plants are subjected to elevated at-
mospheric CO, and might affect productivity estimation in
DGVMs. Despite this, current models have improved substan-
tially, compared to earlier models which had a rudimentary
and very simple representation of vegetation—atmosphere in-
teractions. In this paper, we describe this evolution through
generations of models and the main events that contributed to
their improvements until the current state-of-the-art class of
models. Also, we describe some main challenges for further
improvements to DGVMs.

Keywords Global changes - DGVMs - Maximum velocity of
carboxylation - Acclimation

Introduction

The first terrestrial system designs were made by Alexander
Humboldt, in 1849 and August Grisebach in 1872, which
sought to associate climate and vegetation. In 1884,
Wladimir Koppen produced a classification system of vegeta-
tion, temperature, and precipitation that was the start of pre-
dictive modeling for plant geography (Fisher et al. 2014). In
the twentieth century, the late 1960s, the atmospheric global
circulation models (ACGMs) used for simulating the interac-
tion between the atmosphere and the land surface did not take
into account vegetation as a key component. When vegetation
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models emerged, they incorporated the mathematical repre-
sentation of photosynthesis developed in the early 1980s
(Farquhar et al. 1980) (FvCB). The concept of dynamic global
vegetation models (DGVMs) was developed at the
International Institute for Applied Systems Analysis (ITASA)
during 1988-1990. DGVMs combined four areas of research
in a single framework: plant geography, plant physiology and
biogeochemistry, vegetation dynamics, and biophysics
(Prentice et al. 2007). One basic requirement for a dynamic
vegetation model is that it must simulate plant growth, mor-
tality, and competition (Arora and Boer 2006; Prentice et al.
2007).

When coupled with AGCMs, vegetation models should
have the capacity to link plant physiology with ecosystem
processes and provide a higher resolution than classifying
vegetation by biomes alone, when a sufficient number of
PFTs is used (Rogers 2014). DGVMs have the potential to
exploit computing resources and processing speed to simulate
vegetation responses under different climate change scenarios.

Specialists discussed the weak points in DGVMs in rela-
tion to plant physiology representation (New Phytologist
Workshop, Montauk, New York, USA, April 2014, Rogers
et al. 2014). Some points raised in the discussion were as
follows: (1) Parameterization—model parameters are obtain-
ed by fitting equations to gas exchange data; if these parame-
ters are then used with different equations without consider-
ation of the assumptions underlying the original data, pho-
tosynthesis will be incorrectly estimated; (2) Photosynthesis
acclimation to temperature; (3) Maximum velocity of car-
boxylation (Vc,ax) is estimated at a canopy level and not
leaf level; therefore, a discrepancy would be underestimated
in the models. These issues are appointed as weakness in the
models.

In this paper, we discuss some aspects of plant physiology
in vegetation models, such as maximum velocity of carboxyl-
ation (Vcnax) and its relationship with acclimation to temper-
ature and elevated CO,. Others aspects such as stomatal
modeling, fire, phenology, carbon distribution (allocation),
carbon loss (senescence, exudation, fructification), and com-
petition between species and air pollution (i.e., interactions
between trace gases—except CO,, climate change, and vege-
tation) (Arneth et al. 2012) were not included in this work. We
also describe the evolution of vegetation—atmosphere interac-
tions representation in ACGMs up to the actual state-of-the-art
DGVMs.

Evolution of the models
AGCMs

The AGCMs that were developed in the late 1960s were cre-
ated for the purpose of estimating the atmospheric global
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circulation and exchange of latent and sensible heat between
the surface and the atmosphere. Early AGCMs incorpo-
rated very simple land surface parameterizations (LSPs)
(Sellers et al. 1997). The LSPs are based on some sur-
face parameters such as albedo, aerodynamic roughness,
and soil moisture along the continents. The computa-
tional performance of numerical weather prediction
(NWP) models was also critical to the AGCM represen-
tation. NWPs algorithms are based on mathematical and
physical principles beyond datasets, allowing higher
spatial resolution and hence a greater refining of results
when compared with previous AGCMs. In AGCMs, the
movement of the atmosphere is defined by fluid dynam-
ics equations incorporating the mechanical forces of
gravity, the rotation of the Earth, temperature, and pres-
sure gradients caused by friction and drag forces as the
wind in the lower atmosphere (Sellers et al. 1997).

First generation of vegetation models

The first-generation vegetation models, in the early 1980s,
were designed to integrate climate-surface representation,
explicitly recognizing the influence of vegetation on the
calculation of the surface energy balance (Dickinson et al.
1984; Sellers et al. 1986) (Fig. 1). While in the AGCMs,
the vegetation was seen only as a permeable sheet between
the soil and atmosphere, without any interaction, the first
generation of vegetation models sought to model the soil-
vegetation system and how the surface interacts with the
atmosphere. Basically, biophysical models considered the
following interactions:

— Absorption of radiation: the spectral properties of the
leaves and the multiple reflections between them (cano-
pies are highly absorbent of photosynthetically active ra-
diation (PAR) and moderately reflective in the infrared
spectra);

—  Transfer of momentum: in general, canopies have a rough
and porous surface. Turbulence contributes to increased
transport of latent heat and sensible heat from the surface
to the atmosphere;

—  Functioning of stomata: the importance of stomata for
water vapor fluxes to the external environment was first
considered. According to Sellers et al. (1997), the re-
sponse of the stomata on the environment can be param-
eterized by the equation:

gs = &s(PAR)[f(de) f(T)f ()] (1)

where: g is the stomatal conductance; g((PAR) is the PAR-
regulated (unstressed) value of leaf conductance; f(d.), f(T)
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Fig. 1 Evolution of DGVMs for plant physiology processes

and f(v) are the environmental stress factors that account for
the effects of controls of vapor pressure (J.), air temperature
(7), and leaf water potential (v).

In the 1980s, there were important advances in plant
physiology and biochemistry with models by Farquhar et al.
(1980) (FvCB), Collatz et al. (1991), and Collatz et al. (1992)
for C4 plants. This knowledge was incorporated in some
models of this generation (Fig. 1 and Table 1).

Farquhar, von Caemmerer, and Berry (FvCB) photosynthesis
model

The calculation of carbon assimilation is given by gross
production of photosynthesis for C3 plants and it is
expressed as a minimum of three main limitations in the
plant capacity to fix carbon (Farquhar et al. 1980; Farquhar
and Sharkey 1982; Collatz et al. 1991). The gross photo-
synthesis rate per leaf area, Ag (CO, mol m 2 s "), is given
by

Ag=min(J,, J¢, Jy) (2)

where J, is the light-limited rate of photosynthesis, J, is the
Rubisco-limited rate for photosynthesis, and J; is the triose
phosphate limitation for photosynthesis. In the DGVMs, the

gross primary productivity (GPP) is calculated over time
for each plant functional type (i) as such:
GPP = JAg_,,-dt (3)

The net primary productivity (NPP) over time for each
plant functional type is given by the sum of carbon assimila-
tion (Eq. 4). The equation below also includes carbon loss
from the respiration processes:
NPP = (17 77) J (Ag,i7Rleaf,i7Rstem,i7Rroot,i)dt (4)
where Rje.¢; is the leaf respiration, Rgem; is the stem respira-
tion, Ryt 1S the root respiration, and 7 (~0.33) is a fraction of
carbon lost in building the structure of the plant due to respi-
ration during growth (Foley et al. 1996).

Despite the advances in plant physiology, the first-

generation models did not incorporate concepts of dynamic
vegetation.

Second generation of vegetation models

In the second generation, models were implemented with con-
siderations for growth, mortality, and competition of plants,

@ Springer
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DEscription) (Brovkin et al. 1997)*

# Dynamic

featuring the concept of dynamic vegetation (Prentice et al.
2007). Another concept introduced was that of PFTs to repre-
sent the main types of plants on the planet (Box 1981, 1996).
Biome3 (Haxeltine and Prentice 1996b) is partly a second-
generation model, because it used PFTs but not dynamic veg-
etation (Fig. 1). During the second-generation period,
emerged the terrestrial biogeochemistry models (TBMs) that
are described in “Terrestrial biogeochemistry models”.

Plant functional types

The use of plant functional types (PFTs) has become an im-
portant component in DGVMs to simulate vegetation re-
sponses to environmental changes at a regional or global scale.
PFTs represent the world’s most important plant types, char-
acterize them through their functional behavior, and provide
complete, geographically representative coverage of the
world’s land areas (Box 1996). Box (1996) observed three
main approaches to PFTs that have been applied in the
models: (i) a physiological focus on plant’s internal function,
especially at the level of basic metabolism; (ii) an ecological
focus on function in relation to plant form and environmental
conditions; and (iii) a geophysical representation of how plant
functions affect the adjacent atmosphere. Generally, DGVMs
contain a number of PFTs that vary from 5 to 19 (Scheitter and
Higgins 2009; Rogers 2014). However, Lavorel et al. (2007)
observed that DGVM using a low number of PFTs (less than
13) might produce coarse results, simulating abrupt changes in
vegetation instead of smooth gradients that are more common-
ly found in nature (Quillet et al. 2010). As well, Kérner (1993)
argued that boundaries between functional groups are often
missing and discretization becomes harder.

Terrestrial biogeochemistry models

Terrestrial biogeochemistry models (TBMs) are a subset of
DGVMs (e.g., BETHY, ED, MC1, NASA-CASA) that were
originally developed with the main goal of simulating NPP,
using simpler parameterizations than the FvCB model
(Prentice et al. 2007). For example, MC1 (Neilson 1995)
limits the representation of plant physiology with stomatal
conductance parameters and a combination of rules. These
rules generally seek for a solution through leaf area index
(LAI), biologically consistent with evapotranspiration and
the rainfall of the season (Neilson 1995). To avoid exceptions
which can lead to absurd results, the model uses ecophysio-
logical rules. For example, when air and soil are very dry,
stomatal conductance is reduced to a value close to zero in
the model. Another model of this generation, the Carnegie
Ames Stanford Approach (NASA-CASA) (Potter and
Klooster 1999) is based in the resource-ratio succession hy-
pothesis (Tilman 1985), which applies to species that are dom-
inant during succession, considering two main elements: (i)
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plant competition for resources (water and light) over relative-
ly short periods (months and seasons); and (ii) the long-term
pattern in the supply of resources, such as water and nutrients.
Based on plant production as the primary carbon and nitrogen
cycling source, the NASA-CASA model is designed to couple
daily and seasonal patterns in soil nutrient mineralization and
soil heterotropic respiration (Potter and Klooster 1999). The
more recent TBMs use FvCB model for the calculation of
photosynthesis for external variables (Prentice et al. 2007;
Fisher et al. 2014), such as BETHY and JSBACH models
(Knorr 2000; Ziehn et al. 2011).

Third generation of DGVMs

In the third generation, some models were merged to create
new ones. Some incorporate acclimation to elevated CO, or
FvCB models, such as O-CN and SibCASA, respectively. The
main innovation was the implementation of some processes of
acclimation, treated in “Challenges of DGVMSs”. Another in-
novation is the use of a novel approach to better represent
plants traits (described in “Plant traits”), with the purpose of
eliminating the limitation of low number of PFTs (more details
on the next section).

Plant traits

Despite the fact that DGVMs allowed vegetation ecologists
and meteorologists to address important questions in Earth
System Sciences, the PFT approach still poses limitations in
the representation of competition and responses of plant traits
to environmental conditions. Plant traits can be related to plant
function in relation to main environmental constraints, and
these same traits are relevant to the distribution of species
along gradients of climate, nutrient availability, and distur-
bance (Lavorel et al. 2007). Most DGVMs simulate plant
functional responses that are based on observed correlations
among their morphological, physiological, biochemical, re-
productive, or demographic characteristics. However, this ap-
proach is not sufficient to predict changes in ecosystem pro-
cesses directly from projected changes in plant species com-
position in response to global change (Lavorel et al. 2007;
Pavlick et al. 2013; Fisher et al. 2014). A more realistic ap-
proach is important, in order to associate functional groups
(species with a similar effect on one or several ecosystem
functions, primary productivity, nutrient cycling) with groups
of species with a similar response to a particular environmen-
tal factor; e.g., resource availability, disturbance, or CO, con-
centrations. Some models such as JeDi DGVM (Pavlick et al.
2013) and aDGVM or aDGVM2 (Scheitter and Higgins 2009,
2013) emerged after with this purpose. Both models use com-
putational algorithms and use a combination of traits of plants
that allow multiple possibilities to characterize plant commu-
nities, growth, and competition (Fig. 1 and Table 1). JeDi, for

example, generates a large number of hypothetical plant
growth strategies, each defined by 15 functional trait parame-
ters that characterize plant behavior with regard to carbon
allocation, phenology, and ecophysiology. The trait parameter
values are randomly sampled from their full observed or the-
oretical ranges. The plant growth module simulates the devel-
opment of the plant growth strategies based on fundamental
ecophysiological processes (e.g., photosynthesis, respiration,
allocation, phenology, and turnover). The environmental con-
ditions of each strategy are provided by the land surface mod-
ule, which simulates canopy, interception, evaporation, root
water uptake, and runoff using daily meteorological forcing
as shortwave and longwave radiation, air temperature, and
precipitation (Pavlick et al. 2013).

Challenges of DGVMs

The greater uncertainties of DGVMs has its origin in the phys-
iological processes (Huntingford et al. 2013; Fisher et al.
2014; Walker et al. 2015; Belinda et al. 2015; Lin et al.
2015). We discuss some of these physiological processes
below.

Acclimation to temperature and CO,

A challenging issue for models is to represent plant acclima-
tion. The responses of plants to increasing temperature and
CO, concentration in the atmosphere are still poorly under-
stood at scales relevant for models (Smith and Dukes 2012;
Belinda et al. 2015). However, most DGVMs assume that
plant respiration (CO, release) increases exponentially with
temperature, regardless of acclimation (Atkins et al. 2008;
Smith and Dukes 2012). The use of static parameters causes
DGVMs to respond without adjusting to environmental
changes (Belinda et al. 2015). Smith and Dukes (2012) sur-
veyed 17 DGVMs under three points of view of processes of
acclimation: (1) photosynthesis in relation to temperature, (2)
autotrophic respiration in relation to temperature, and (3) pho-
tosynthesis in relation to elevated CO,. Some models incor-
porate acclimation to some extent in their simulations
(Belinda et al. 2015), but none of these analyzed by Smith
and Dukes (2012) contemplates the three main aspects of ac-
climation cited above.

Acclimation to temperature and CO, concentration occurs
in many species of different functional groups (Tjoelker et al.
1999). Temperature acclimation can occur in a few days and it
results from an adjustment of metabolism of respiration to
compensate for changes in temperature (Atkin and Tjoelker
2003). There are many uncertainties concerning temperature
acclimation. Many plants adjust the temperature sensitivity of
photosynthesis to the temperatures they experience in the pre-
ceding days and weeks (Rogers et al. 2014; Way and Yamori

@ Springer



952

Int J Biometeorol (2016) 60:945-955

2014). However, few DGVMs include this process of accli-
mation (Smith and Dukes 2012; Rogers et al. 2014).

In relation to CO,, direct effects occur because rising CO,
increases the activity of Rubisco and the inhibition of RuBP
oxygenation, reduction of stomatal aperture affecting mito-
chondrial respiration and others (Sage 2002). Because of these
direct effects, the carbon and water balance in plants is altered
leading to secondary effects on growth, resource partitioning,
and defense compounds synthesis. According to Sage (2002),
the photosynthetic stimulation that initially follows an expo-
sure to elevated CO, generally leads to a significant enhance-
ment of leaf carbohydrate levels and a burst of growth.
However, with a few days to weeks of exposure to CO, in
high levels, leaf protein levels may begin to decline, decreas-
ing Rubisco content and consequently the photosynthetic ca-
pacity and thus reducing growth enhancement. Also, positive
responses of photosynthesis to elevated CO, concentrations
may decrease over time in longer term studies due to limita-
tion by nutrients (nitrogen uptake) needed to sustain the short-
term response, a phenomenon known as progressive nutrient
limitation (PNL) (Norby and Zak 2011; Smith and Dukes
2012; Rogers et al. 2014; Belinda et al. 2015).

DGVMs must reproduce these primary and secondary ef-
fects. Despite uncertainties observed in the models, physiolo-
gists that were present in the Montauk, New York, meeting
suggested that the representation of CO, acclimation in the O-
CN model is quite close to their understanding of this process
(Rogers et al. 2014).

According to Berry et al. (2010) climate simulations are
sensitive to small changes in stomatal conductance. However,
still it is not known whether all plants in the terrestrial biosphere
are responding to the CO, concentration growing by decreasing
conductance, as represented in the simulations (Leakey et al.
2009; Berry et al. 2010). Under conditions of high atmospheric
CO, concentrations, a decrease in stomata density in plants was
observed (Beerling and Royer 2002). Long-term and paleoeco-
logical studies with plant material showed an inverse

Fig. 2 Classification of DGVMs
as to FvCB model and Vc,ax
related to the nitrogen content in
the leaf

If Vcax has relation with yes ¥ No
leaf nitrogen content?

relationship between the variations of CO, and the number of
stomata, that is, the higher the concentration of CO, in the
atmosphere, the lower the stomata density (Beerling and
Royer 2002). Berry et al. (2010) raised the question: are the
DGVM simulations adequate representations of how stomata
are responding to global changes?

Studies of stomata functioning are also considered a difficult
and challenging area (Berry et al. 2010). Berry and colleagues
commented that experiments with Free Air CO, Enrichment
(FACE) (Ainsworth and Long 2005), using elevated atmo-
spheric CO», has showed a decrease of stomatal conductance.
Guard cells control the exchange of gases from inside the leaf
and the atmosphere, they also acclimate to atmospheric con-
centrations of CO, (Hetherington and Woodward 2003). In the
Montauk, New York, meeting, some specialists showed the
importance of incorporating genetic variation in stomatal sen-
sitivity to photosynthesis, relative humidity, and CO, into mod-
el parameterizations (Rogers et al. 2014).

Another issue is the estimation of Vc,,,, when acclimation
occurs. Generally, a reduction of the V¢, rate is observed in
plants growing in elevated CO, in FACE experiments (Long
et al. 2004; Ainsworth and Rogers 2007). This reduction
varies with PFT. Legumes and trees showed a reduction of 8
and 6 %, respectively; otherwise, shrubs and grass had a re-
duction of 18 and 16 %, respectively (Ainsworth and Long
2005; Ainsworth and Rogers 2007). A challenge for the re-
finement of V¢, estimation in DGVMs would be to repre-
sent this reduction of V¢, rate for each PFT. A further issue
is how to implement nutrient limitation (nitrogen and phos-
phorus) in photosynthesis within the models. Generally,
DGVMs adopt an approach in the estimation of V¢, con-
sidering a relationship between Ve, and leaf N content
(Kattge 2009; Smith and Dukes 2012; Rogers 2014). Carbon
assimilation may be limited by nitrogen leaf content (Kattge
2009; Walker et al. 2015) (Fig. 2). However, models do not yet
represent the decline of carbon assimilation due to progressive
nitrogen limitation (PNL) observed in plants grown in a

DGVMs set of DGVMs

If DGVM uses FVCB model l
and / or derivatives? Yes

aDGVM, BATS, JeDi,
LANDIS, MC1,

NASA-CASA, SDGVM
SEIB-DGVM, VECODE

O-CN, TRIFFID

AVIM, BETHY, BIOME-BGC,
CLM, Hybrid, JSBACH,
JULES, LPJ, ORCHIDEE,

CTEM, ED, Hyland
IBIS, SiB, SiB2,
SiB3, SiBCasa
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atmosphere with elevated CO,, such as in the FACE experi-
ments (Leakey et al. 2009; Smith and Dukes 2012; Fisher
et al. 2014; Walker et al. 2015).

Maximum velocity of carboxylation

Maximum velocity of carboxylation (Vcy.y) is considered
one of the most critical parameters for modeling vegetation
in face of global changes (LeBauer et al. 2013; Rogers 2014;
Dietze 2014) and has a direct impact on gross primary pro-
ductivity (GPP) (Bonan et al. 2012; LeBauer et al. 2013;
Rogers 2014; Dietze 2014). In the calculation of GPP, several
environmental parameters are needed: light, temperature, at-
mospheric CO,, nitrogen, and water (McGuire et al. 1992;
Fisher et al. 2014). Because of the critical dependency on
empirical parameters and because those parameters are not
well characterized globally over space and time, DGVMs that
rely on carbon assimilation approaches may suffer from large
uncertainties associated to these parameters (Arora 2002;
Fisher et al. 2014).

Another uncertainty observed in simulations of DGVMs is
that they tend to underestimate GPP (Bonan et al. 2011; 2012;
Dietze 2014). This can be attributed to the lack of data used for
proper Ve« calibration and the fact that canopy-level Vc .«
values are used, which are lower than those observed at the
leaf level (Schaefer et al. 2012; Bonan et al. 2012; Dietze
2014). This difference is in the measurement of canopy-level
nitrogen that is more imprecise than leaf-level nitrogen con-
tent measurement (Schaefer et al. 2012). Bonan et al. (2011)
show the need to properly represent nitrogen effects on Vepax
when they compare output of Ve, from models versus glob-
al values of Vc,,,x compiled by Katge et al. (2009). Using a
nitrogen function to estimate Vc,,c gives more accurate re-
sults (Bonan et al. 2011). Another methodology for Vc,ax
estimation is to derive parameter values from canopy scale
eddy covariance flux measurements (Misson et al. 2006;
Santarem et al. 2007; Ziehn et al. 2011; Bonan et al. 2012).
Using high-frequency eddy covariance flux measurements,
net exchange ecosystem (NEE), latent heat, sensible heat,
and net radiation, Santarem et al. (2007) demonstrated skill
in estimating carboxilation rates (Vcy.,). However, this ap-
proach explicitly recognizes the difficulty in applying param-
eter values obtained at the leaf-level to larger scales (Bonan
et al. 2012). Yet another issue, Rogers (2014) noted a wide
variation in Ve, used in models that had identical PFTs and
which sought to represent the CO, uptake of the same biomes,
which is critical due to the role of V¢, in the carbon cycle.

The task of estimating GPP of a biome is not trivial.
Calculations for monocultures are relatively easier in
comparison with natural biomes which show enormous
variety of life forms or PFTs (Bonan et al. 2002). When
VCmaxis not well calibrated, errors and uncertainties can
be added to productivity calculation.

Final remarks

Physiological processes play a critical role in DGVMs, and
additional field data for Vc,, calibration is of particular in-
terest. Acclimation to temperature and CO, is an emerging
issue as a strategy to improve DGVMs. However, there is an
unrealistic representation of acclimation in most of the
models. Taking into account an atmosphere with elevated
CO, concentrations, the nutrient limitation in photosynthesis
and reduction of V¢, rate are not well represented in
DGVMs, which in our opinion are great challenges for im-
proving the models. Furthermore, current DGVMs continue to
incorporate new knowledge from experimental studies on the
ecophysiological responses to environmental changes and ob-
servations from the functional structure of plants. Models are
important tools that can help understand the relations in the
Earth system, as well as to support policy decisions, by draw-
ing different climatic scenarios of the planet’s future.
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