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Future climate change and increasing atmospheric CO, are ex-
pected to cause major changes in vegetation structure and func-
tion over large fractions of the global land surface. Seven global
vegetation models are used to analyze possible responses to fu-
ture climate simulated by a range of general circulation models run
under all four representative concentration pathway scenarios of
changing concentrations of greenhouse gases. All 110 simulations
predict an increase in global vegetation carbon to 2100, but with
substantial variation between vegetation models. For example, at
4 °C of global land surface warming (510-758 ppm of CO,), vege-
tation carbon increases by 52-477 Pg C (224 Pg C mean), mainly
due to CO, fertilization of photosynthesis. Simulations agree on
large regional increases across much of the boreal forest, western
Amazonia, central Africa, western China, and southeast Asia, with
reductions across southwestern North America, central South Amer-
ica, southern Mediterranean areas, southwestern Africa, and south-
western Australia. Four vegetation models display discontinuities
across 4 °C of warming, indicating global thresholds in the balance
of positive and negative influences on productivity and biomass. In
contrast to previous global vegetation model studies, we emphasize
the importance of uncertainties in projected changes in carbon resi-
dence times. We find, when all seven models are considered for one
representative concentration pathway x general circulation model
combination, such uncertainties explain 30% more variation in mod-
eled vegetation carbon change than responses of net primary pro-
ductivity alone, increasing to 151% for non-HYBRID4 models. A
change in research priorities away from production and toward struc-
tural dynamics and demographic processes is recommended.

DGVM | GVM | turnover | NPP | ISI-MIP

Terrestrial vegetation is central to many components of the
coupled Earth system, in particular the global carbon cycle,
biophysical land-atmosphere exchanges, atmospheric chemistry,
and the diversity of life with the numerous ecosystem services this
engenders. However, vegetation is very sensitive to climate and
levels of atmospheric CO,, the primary substrate for plant growth.
Therefore, it is imperative that we are capable of anticipating the
potential responses of global terrestrial vegetation to future changes
in climate and atmospheric chemistry. However, a comprehensive,
consistent analysis of impacts, taking into account uncertainty in
both climate models and impacts models, has so far been lacking.
The recent availability of representative concentration pathway
(RCP)-driven climate model simulations, with bias-corrected
outputs produced within the Inter-Sectoral Impact Model In-
tercomparison Project (ISI-MIP) (1), allows such an analysis.
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Vegetation biomass, productivity, and the competitive abilities
of different plant types are all influenced by climate and atmo-
spheric CO,. Higher temperatures will increase growing season
lengths, metabolic rates, and rates of nitrogen mineralization
at high latitudes and altitudes, thereby increasing productivity.
However, they may reduce productivity in warmer areas through
increased rates of evaporation and stomatal closure due to
higher vapor pressure deficits. Increasing atmospheric CO, will
tend to increase rates of photosynthesis and reduce evapo-
transpiration and/or increase leaf areas. It will also alter tissue
stoichiometry, with significant repercussions for herbivores and
soil decomposition. Furthermore, higher CO, will likely increase
the competitive ability of plants that use the C; photosynthetic
pathway relative to C,4 plants. Plant species have intrinsic ranges
of potential water and nutrient use efficiencies, which will affect
how they respond, and all plants will acclimate to changed
forcings. Biomass is determined by inputs driven by photosyn-
thesis and its allocation and outputs to senescence and mortality,
each with their own environmental responses. However, global-
scale vegetation model development has strongly focused on pro-
ductivity processes whereas, apart from major disturbances such as
fire, the dynamics of carbon turnover have been largely ignored.

Beginning in the 1990s, a handful of dynamic global vegetation
models (DGVMs) have been developed, using parameterizations
for many of the processes mentioned above. The first multi-
DGVM study to look at the potential impacts of future climate and
atmospheric CO, on global vegetation and soils was reported by
ref. 2. This study looked at the responses of net ecosystem pro-
duction (NVEP), simulated by six DGVMs, to one climate and CO,
change scenario, concluding that the major source of uncertainty in
future NEP is the response of net primary productivity (NPP) to
changing climate. Vegetation carbon (C,,) was predicted to in-
crease by an average of 270 Pg C from preindustrial levels across
the models by 2100, but saturating NPP and increasing heterotro-
phic respiration led to a reduction in NEP after 2050.

Nine global vegetation models (GVMs) (meaning vegetation
processes are simulated, but not necessarily vegetation dynamics),
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four of which were DGVMs, were used in the Coupled Climate—
Carbon Cycle Model Intercomparison Project (3). Terrestrial
NPP and soil respiration responses to climate and CO, domi-
nated the uncertainty of future atmospheric CO; levels. Ref. 4
looked at the responses of five DGVMs, coupled to a fast climate
analog model, finding dramatic divergence in future behavior,
particularly of tropical vegetation responses to drought and bo-
real ecosystem responses to elevated temperature and changing
soil moisture. Ref. 5 looked in more detail at the responses of
three of these DGVMs in the Amazon region, and found that
although all three models simulated reductions in vegetation
carbon, they did this for different reasons. LPJ mainly responded
to precipitation, HyLand to humidity, and TRIFFID to the direct
effects of temperature on physiology.

The main conclusion from these and similar studies is the
significant uncertainty due to alternative model formulations of
the fundamental physiological processes determining responses
of NPP. This is perhaps surprising given that physiological pro-
cesses have been intensively studied for many years, and similar
approaches are used in the different models. In fact, the basic
approaches incorporated into the early DGVMs have hardly
changed over time.

Here seven GVMs are used to investigate possible responses
of global natural terrestrial vegetation to a major new set of future
climate and atmospheric CO, projections generated as part of the
fifth phase of the Coupled Model Intercomparison Project
(CMIP5) (6), the primary climate modeling contribution to the
latest Intergovernmental Panel on Climate Change assessment.
This study goes beyond previous work in the range of climate
models, scenarios, and GVMs that are considered, and ana-
lyzes the outputs using an approach that gives equal weighting
to production and turnover processes. Of the seven models
used in the current study, HYBRID4 (7), JeDi (8), JULES (9),
and LPJmL (10) simulated full vegetation dynamics, whereas
ORCHIDEE (11), SDGVM (12), and VISIT (13, 14) used pre-
scribed vegetation distributions. We discuss the simulated changes
in ecosystem state in terms of underlying model behaviors and
assumptions, assess the level of agreement between the GVMs
and GVMxGCM combinations, and identify where key uncer-
tainties remain. The overall outcome is a summary of the current
state of knowledge concerning the impacts on terrestrial vege-
tation of future policy decisions that aim to influence anthro-
pogenic greenhouse gas emissions. We recognize that much of
the land surface will continue to be transformed by land use, but
do not consider this forcing to focus on identifying the main
discrepancies between vegetation models. However, it is clear
that complete assessment of the role of the future terrestrial
surface in the global climate system requires a sophisticated con-
sideration of both natural and managed lands, and so all GVMs
aimed at future predictions need to incorporate parameterizations
of anthropogenically altered landscapes.

Results

Vegetation Carbon. To facilitate comparison across simulations
using all GCMs and RCPs, we express global vegetation change
with respect to change in global mean land surface temperature
(AMLT). It is important to recognize that AMLT is a proxy for
changing magnitudes of temperature, precipitation, humidity, and
CO,, and that both climate and ecosystem inertia also play roles in
the relationships between climate forcing and vegetation responses.

Baseline (i.e., mean 1971-1999) global C,,, varies between 461
Pg C and 998 Pg C, and increases with AMLT for all vegetation
models under all 110 climate and CO, increase scenarios (Fig. 1)
(see Materials and Methods and SI Text for details of simulations).
Global C,, increases more-or-less linearly in all models up to
about +4 °C, but with different slopes. At higher temperatures four
of the models saturate, whereas the remaining three continue in-
creasing. Intermodel mean C,,, stops increasing at +4 °C, where the
full range of the increase is 52-477 Pg C, depending on the
GVMXGCMxRCP combination. The mean increase of 224 Pg C
over all models is equivalant to =24 y of recent global fossil fuel
CO, emissions. Within-GVM variation is due to the different
GCM climates and CO, mixing ratios.

The spatial distribution of the mean response across all 110
realizations that fall into the 3.5 °C-4.5 °C change bin is shown
in Fig. 2. Despite the large spread between simulations, consis-
tent spatial patterns are evident. Most land supports increased
vegetation carbon, with simulations agreeing on this increase in
many locations. Increases are particularly high across much of
northern North America, northwestern and southeastern South
America, the colder regions of western Europe, most of northern
Eurasia, southeastern Asia, and tropical Africa.

There are also regions where vegetation carbon declines, in-
cluding parts of southern North America, much of central South
America, the southern Mediterranean region, southwestern Africa,
and southwestern Australia. Declines range to —59% of current
Cye- The realizations are less in agreement concerning these
declines than they are for regions of increase, except in the
northern Maghreb. The spatial extent of the areas experiencing
decreased vegetation carbon increases monotonically with warming
above +3 °C, as does the intermodel agreement on these reduc-
tions. At AMLT = +7 °C, very large areas of South America, the
Mediterranean region, and Australia experience mean decreases
in Cy, relative to current values. Moreover, model agreement at
the 90% level extends to southwestern Africa and Australia at
these higher temperature increases. In contrast, model agreement
on increases at +7 °C becomes less widespread than at lower
warming, with the Tibetan Plateau, the Ethiopian Highlands,
northeastern Siberia, and southwestern Canada still consistently
experiencing higher C,. In addition, we find that an extensive
region of the southern Sahara/northern Sahel experiences very
large relative increases in vegetation carbon, although there is
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Fig. 1. Future global vegetation carbon change
calculated by seven global vegetation models using
climate outputs and associated increasing CO, from
five GCMs run with four RCPs, expressed as the
g change from the 1971-1999 mean relative to change
in global mean land temperature. The annual values
for each model are shown for all simulations binned
into 0.2-°C-wide bins (short, horizontal stripes; n for
each bin varies from 6 to 857). The means for each

model (thick colored lines) and the multimodel means
and SDs (black bars and boxes) are also shown.
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Average CO, in the bins increases from 370 ppm at
AMLT =0 °C to 911 ppm at AMLT = 7.5 °C.
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less agreement on this between simulations, primarily due to
variation in climate predictions.

Variation between model simulations is greatest for C,,
change between current and +4 °C-binned simulations across the
central United States, northeastern South America, southern
Africa, the Near East, and much of Australia. These tend to
be regions with increasing future moisture stress, which varies
considerably between GCMs.

Model Differences. Focusing on the results from one of the
GCMXxRCP scenarios allows vegetation model behavior to be
analyzed in more detail. The mean global land surface temper-
ature in the Met Office Hadley Centre Global Environment Model
version 2 - Earth System (HadGEM2-ES) RCP 8.5 simulation rises
to ~7.5 °C above current values, covering almost the entire spread
of all GCMxRCP forcings. Furthermore, the global C,., responses
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Fig. 2. Mean change in vegetation carbon at +4 °C
global land warming from a 1971-1999 baseline.
Values are changes averaged across all simulations
and decades (i.e., GVMXxGCMxRCPxdecade, n =
110), binned into the mean-decadal 3.5 °C-4.5 °C
change bin (CO, = 510-758 ppm; see Table S2 for
5 . details). Stippling shows where at least 90% of all
realizations agree on the sign of change.

under this forcing (Fig. 3) are close to the mean responses of each
vegetation model across all forcing scenarios. In other words,
this GCM simulates average relationships between global mean
warming and impact-relevant climate variables such as precipi-
tation. Global C,,, increases remarkably linearly throughout the
century in five vegetation models (i.e., ORCHIDEE, JeDi, JULES,
SDGVM, and VISIT). In contrast, in LPJmL and HYBRID4 global
C, saturates by about 2060, followed by a decline.

Changing C,,, results from changes in NPP and the residence
time of carbon in living vegetation,

dcﬂ =NPP - %’ 11
dt T

where 7 is carbon residence time. This formulation is applied

here both locally and globally as a difference equation over
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(A-C) Change in annual global mean vegetation carbon (A), NPP (B), and residence time of carbon in vegetation (C) under the HadGEM2-ES RCP 8.5

climate and CO, scenario for seven global vegetation models. Symbols are GVM outputs and lines are fitted responses, using a simple model fitted to the
global NPP responses to CO, and temperature and residence time responses to temperature for each model as described in the main text.
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annual time steps, enabling annual residence time to be inferred
from simulated NPP and AC,.. In the vegetation models used
here, NPP is responsive to climate and atmospheric CO,, both
directly and through indirect effects on vegetation development.
Carbon residence time depends on the turnover rates of plant
parts and the mortality rates of individuals, processes modeled
using baseline rates, climate sensitivities (including fire), and com-
petitively induced mortality, and are affected indirectly through
shifts in vegetation composition, although not all these processes
are treated in all models (SI Texr).

All models except HYBRID4 display a linear increase in
global NPP with time (Fig. 3). This is due to a saturating effect
of CO, combined with a near-linear negative impact of climate
change. In contrast, global mean annual residence time declines
(JeDi, VISIT, JULES, and LPJmL), increases (HYBRID4 and
ORCHIDEE), or does not change (SDGVM). Residence time
in LPJmL remains fairly constant until about 2050 and then
declines rapidly, whereas in VISIT it stabilizes in 2050 and in
HYBRID4 it then increases more rapidly. These results suggest
that the primary causes of the differences in the trajectories of
future global C,., between the GVMs are the different ways in
which residence time responds to climate and CO,, at least for
the non-HYBRID4 models. Analyses of differences in model
behavior should therefore focus not only on the processes of
carbon acquisition (i.e., photosynthesis and NPP), but also on the
dynamics of vegetation carbon turnover.

Using additional simulations with each GVM in which the
CO, experienced by the vegetation was held constant, these
results were further analyzed by fitting to each GVM globally,
a simple two-parameter model for the relationship between NPP
and CO, [i.e., a1AC,/(az+ AC,), where AC, is the change in
CO,), combined with linear models for the relationships between
NPP and temperature (i.e., asAMLT) and residence time and
temperature (i.e., asAMLT). The fitted global model is plotted as
lines in Fig. 3 and is used to ascribe sources of uncertainty to
different processes. The variance in final C,,, caused by differ-
ences in fitted residence time relationships between models was
found to be 30% higher than that caused by differences in the
fitted NPP responses when all models were considered. Leaving
out HYBRID4, which displays a different NPP response, increases
the effect of residence time to 151% more than that of NPP. In
other words, for the non-HYBRID4 models, differences in res-
idence time relationships with climate between the models are
responsible for more than twice the variation in modeled global
C,, change to 2100 than are differences in NPP relationships
with temperature and CO..

The HYBRID4 vegetation model includes a nitrogen cycle,
and so this might be expected to be the reason for the decline in
NPP, and hence C,, above 4 °C of warming because of the
potential for nitrogen to limit CO, fertilization (e.g., ref. 15).
However, further analysis showed that the decline in NPP is in
fact due to increased vapor pressure deficits causing stomatal
closure and increased evaporative demand over temperate and
tropical forests, with increasing nitrogen mineralization reducing
the potential constraint from N feedbacks (Fig. 4). There is
considerable variability in the ways in which stomata respond
to humidity between the models.

In contrast, the decline in C,,, after 2050 in LPJmL is driven
by increases in turnover across the temperate and boreal forests
(Fig. 4). Tree mortality increases as a consequence of increasing
tissue mortality due to high-temperature periods and in response
to water stress in these regions, with subsequent increasing
transient dominance by C; grasses during slow regrowth of better-
adapted tree types.

Declining residence times in JeDi, LPJmL, JULES, and VISIT
with warming, as shown in Fig. 4, would by themselves lead to
reduced C,g, but these changes are more than compensated
for by increases in NPP at the global scale (Fig. 3). Declining
residence times in these models are due to temperature de-
pendencies of turnover rates (processes included in the models
and important for production and residence time differences

Friend et al.

are indicated symbolically in Fig. 4). In contrast, global mean
residence time in HYBRID4 and ORCHIDEE increases. In
HYBRID#4 this is due to reduced tree mortality across the boreal
forest as higher CO, concentrations and temperatures improve
their carbon balance. Residence time of temperate and Amazon
forest carbon in HYBRID4 is reduced with warming due to heat-
induced increases in vapor pressure deficits leading to unfavorable
carbon balances, which increase rates of individual mortality
(Fig. 4). In ORCHIDEE residence time increases across much
of the boreal forest and many tropical regions. These changes
are due to a greater biomass of younger leaves, which increases
with NPP and has lower intrinsic rates of turnover than those of
older leaves.

In JeDi, residence time falls over much of the northern boreal
and arctic region, as well as the tropics, whereas it increases
across temperate latitudes (Fig. 4). In contrast, in JULES resi-
dence time decreases in midlatitude deciduous forests, but
changes little elsewhere. These changes are driven by changing
vegetation type mixtures, with grasses and smaller shrubs in JeDi
decreasing boreal residence times, and greater proportions of
trees increasing residence times in the southeastern United
States and China. Large reductions in residence time in north-
eastern Amazonia in SDGVM, and more generally across the
tropics in VISIT, occur in response to increased fire frequency.

Discussion

Using simulation results from five GCMs and the full range of
RCPs, we have characterized the range of terrestrial vegetation
responses to future conditions across seven different global
vegetation model formulations. However, multiple sources of
uncertainty in the chain from climate forcing to impact model
limit confidence in specific predictions. Agreement nevertheless
emerges on increases in future global vegetation carbon, with
large regional increases across much of the boreal forest, western
Amazonia, central Africa, western China, and southeastern Asia.
Simulations also agree on decreases in parts of northern Africa.
Furthermore, there is agreement on a general increase in the
areal extent of regions with negative impacts above +3 °C of
warming. The relative dominance of different plant types is also
predicted to change, but there is little consensus among the
models as to the details.

Previous modeling studies have also consistently predicted
increased global vegetation carbon under future scenarios of
climate and CO,, but with considerable variation in absolute
values (2-4). A relatively large additional land carbon pool has
been viewed as implausible due to N constraints on additional
plant growth (15, 16). However, N constraints in this study are
not responsible for different responses to forcings. Nevertheless,
better understanding of nutrient constraints in general, and of
how to incorporate them into global vegetation models, is a major
priority. Observational evidence strongly suggests that global
vegetation carbon in natural forests is already increasing (17),
and the relationship of any future increases with AMLT has im-
portant consequences for future levels of atmospheric CO,. The
results presented here contribute to our understanding of the
likely range under different amounts of global mean warming.

Analyzing the responses of the GVMs in terms of the responses
of carbon inputs (i.e., NPP) and outputs (i.e., 1/residence time) to
climate and CO, helps to identify sources of model differences.
Changes in NPP are more consistent between models than changes
in residence time, which increases, decreases, or does not change
over this century. LPJmL and HYBRID4 treat competitive inter-
actions explicitly, either through competition between plant types
(LPJmL), or between actual individuals using a gap model
approach (HYBRID4), with increased mortality resulting
from competition. However, residence time in these two models
changes in opposite directions with respect to climate change. In
contrast, it was found that when CO, was fixed, residence time
declined with warming in both HYBRID4 and LPJmL, albeit
with a significantly greater reduction in the latter model. The
switch in the sign of response in HYBRID4 is due to the
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Fig. 4. Change in mean-decadal vegetation carbon, annual NPP, and vegetation carbon residence time simulated by seven GVMs under HadGEM2-ES
RCP 8.5 forcings between A.D. 2005 and 2099. (Right) Letters indicate relevant processes for residence time and NPP behavior included in each model:
D, dynamic vegetation; F, fire; N, N cycle; P, permafrost; V, vapor pressure deficit affects stomatal conductance; S, temperature affects senescence; and
M, temperature affects mortality.
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removal of the beneficial effects of increasing CO, on tree survival,
leading to increased tree mortality with atmospheric evaporative
demand. In JULES, on the other hand, residence time declines with
warming when CO, also increases, yet increases with warming
when CO, is fixed. This increase was responsible for JULES
having almost no overall change in global C,,, when CO, was
fixed, despite falling NPP. In ORCHIDEE, residence time also
increased with warming when CO, was fixed, with little overall
change in C,,,. It is clear from these results that the response of
residence time to climate and CO; is a critical yet inconsistently
represented feature of current global vegetation models.

Although it has been recognized for some time that differ-
ences in modeled NPP responses to climate and CO, are major
sources of uncertainty in GVMs, there has been little discussion
on the importance of residence time. A significant component of
this key ecosystem characteristic is dependent on relatively slow
processes such as rates of recuitment, mortality, and changes in
vegetation composition. In contrast, validation exercises have
focused on short-term carbon fluxes and leaf area dynamics,
features readily observable (e.g., ref. 18). However, there is in-
creasing recognition of the importance of demographic processes
not just for compositional dynamics, but also for changes in
carbon balance (e.g., ref. 19).

Discontinuities in vegetation responses at around 4 °C of
global land surface warming across a number of the vegetation
models indicate thresholds above which the positive impacts
of increasing CO, become dominated by negative impacts of
moisture stress at the global scale. In two models the threshold is
expressed in NPP, in two it is in residence time, and in one it is in
both. Further work should focus on confronting the processes
and emergent model behavior responsible for these discontinuities
with observational data. Spatial and temporal variability in carbon
residence time and tree mortality is an obvious place to start, and
although recent studies have identified important sources of rele-
vant data (e.g., refs. 20 and 21), data on key processes such as
mortality at large scales are rare. An exception is the authors of
ref. 22, who interrogated a large eastern US forest inventory
database for mortality dynamics. They found substantial spatial
variation in mortality rates, driven by species-specific relation-
ships with environmental factors. Future changes in mortality
rates cannot therefore be predicted simply from current mortality/
climate relationships. These data need to be fully understood
at a mechanistic level, and used to inform methodologies for
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incorporating variation in mortality/environmental relationships
into DGVMs.

Vegetation carbon residence time not only is important be-
cause of its contribution to GVM uncertainty, but also represents
a key stage in the cascade of carbon from the atmosphere, through
various organic and inorganic surface pools, and back to the
atmosphere. Changes in vegetation carbon residence times can
cause major shifts in the distribution of carbon between pools,
overall fluxes, and the time constants of terrestrial carbon tran-
sitions, with consequences for the land carbon balance and the
associated state of ecosystems. The model results presented here
clearly demonstrate the need for increased understanding of
the multifaceted dynamics of this key ecosystem property.

Materials and Methods

Daily climate forcings for the land area were provided for all four RCPs
submitted as part of the fifth phase of the CMIP5 (6) from the following five
GCMs: GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, MIROC-ESM-CHEM, and
NorESM1-M. The raw daily climate model simulation results were bias cor-
rected according to the ISI-MIP protocol (1, 23), despite known caveats with
respect to the use of bias correction in climate impact studies (24). The
above results are based on simulations using these daily climate forcings
from seven GVMs. These models are described in S/ Text, including an
overview of the main features responsible for the principal differences in
behavior identified here (Table S1). In total, 110 simulations have been included
in this analysis, as detailed in Table S3.
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Global Vegetation Models Used in This Study

Seven global vegetation models (GVMs) were used in this study:
HYBRID4 (1), JeDi (2), JULES (3), LPJmL (4, 5), ORCHIDEE
(6, 7), SDGVM (8), and VISIT (9, 10). The vegetation models
were used to simulate the responses of natural terrestrial vegetation
to climate and CO, mixing ratio changes at 0.5°%0.5° (except for
JULES and JeDi, which were run at 1.25°x1.85°) spatial resolution
over 1951-2099.

The total time duration of the spin-up varied among the veg-
etation models in order to accommodate differences in reaching
equilibrium for multiple state variables. As spin-up climatology, the
detrended and bias-corrected daily climate inputs for three con-
secutive decades spanning 1951-1980 were provided for each
GCM (JULES used HadGEM2-ES climate for all spin-ups). Ex-
cept for JULES, if the spin-up required more than 30 y, every
second 30-y period was inverted (i.e., 1980-1951), to avoid arti-
facts due to discontinuities in the climate data. The CO, mixing
ratio during the spin-up and historical periods was fixed at 280 ppm
for all years before 1765, and was thereafter increased linearly
until 2005 (2004 for HadGEM2-ES and 2000 for fixed CO; runs).
CO; mixing ratio was then changed according to the RCP until
2099 (or fixed at the 2001 value for the no CO, change runs).

Key GVM features relevant to the results presented in this
paper are given in Table S1, and overall model descriptions are
given below.

HYBRID4

HYBRID4 simulates the growth and competitive interactions of
individual trees using a gap-model approach, with an herbaceous
understory. Individual trees can belong to one of six generalized
plant types, and the understory can be of either C;, C,, or mixed
leaf physiology. Twenty independent plots were simulated for each
terrestrial gridbox using a daily timestep. A relatively simple sur-
face physics and hydrology routine calculates the daytime and
nighttime surface temperatures and soil moisture dynamics over
two soil water layers. Trees have access to both layers whereas
the herbaceous layer only accesses the upper layer. A nitrogen
cycle is included, which affects canopy photosynthetic capacities.
Atmospheric N deposition was assumed to be spatially and tem-
porally invariant. Individual tree mortality can occur as a result of
low labile carbon, and is influenced by overall rates of photosyn-
thesis and respiration. Photosynthesis is calculated using a standard
Farquhar-type model. Stomatal conductance is calculated using
empirical functions of vapor pressure deficit (VPD), tempera-
ture, CO,, shortwave radiation, soil moisture, and photosynthetic
capacity. Both photosynthesis and respiration are scaled to the
canopy using a “big-leaf” approach. Maintenance respiration is a
function of tissue N contents and temperature. Detailed canopy
radiation transfer is calculated across foliage layers. All plant
types are assumed to be available for growth in all plots, but
only those that are competitively successful will survive and grow.
For full details concerning HYBRID4 please refer to ref. 1.

JeDi

JeDi simulates the performance of a large number of randomly-
generated plant growth strategies (~2000), constrained by eco-
physiological trade-offs, within a coupled land surface hydrology
module. All plant types are assumed to be available at all loca-
tions, but only those that are adequately adapted to the local
conditions will survive and grow. Gridbox properties are scaled

Friend et al. www.pnas.org/cgi/content/short/1222477110

using the biomass-ratio hypothesis. This diverse representation
of vegetation provides more flexibility for ecosystem composition
to adapt to environmental changes. Growth and surface processes
are simulated on a daily timestep. The growing period depends on
soil moisture availability and surface temperature. Baseline turn-
over rates are fixed for each growth strategy, but there is also a
senescence component which depends on overall net primary
productivity (NPP). Photosynthesis is a function of absorbed
shortwave radiation and photosynthetic capacity, determined
by temperature, atmospheric CO,, and canopy N. Transpiration
and photosynthesis are both down-regulated by a moisture-stress
factor which accounts for both soil water supply and atmospheric
demand (defined using the Priestley-Taylor equation). Maintenance
respiration is a function of tissue N content and temperature. The
depth of the single soil moisture layer representing the rooting zone
of each growth strategy is determined by plant coarse root biomass.
For full details concerning JeDi please refer to ref. 2.

JULES

JULES represents the dynamics of five plant types within each
gridbox using a Lotka-Volterra approach. Surface physics are
simulated using a sophisticated GCM land surface scheme with a
30 to 60 min timestep. Photosynthesis of each plant type is cal-
culated using a standard Farquhar-type approach, with a moisture
stress factor applied directly to leaf photosynthesis. Stomatal
conductance is calculated using an empirical function of net pho-
tosynthesis, CO,, and VPD. Scaling to the canopy uses a big-leaf
approximation with a two-stream approximation of canopy radia-
tion interception. Maintenance respiration rates depend on tissue
N contents and temperatures. For full details concerning JULES
please refer to ref. 3.

LPJmL

LPJmL simulates the dynamics of nine plant types on a daily time-
step, each with different physiological tolerances. The relative
contribution of plant types to overall gridbox properties is based
on its relative fractional coverage. This cover is proportional to the
leaf area index and crown area of an average individual of each
woody plant type in the gridbox, together with its population
density, and the herbaceous understory. Each plant type also has
bioclimatic limits that determine whether it can survive and/or
regenerate under a particular climatic regime. The permafrost model
includes an energy balance model, including one-dimensional heat
conduction, convection of latent heat, freezing, and thawing me-
chanics. Soil hydrology is calculated using 5 layers with different
rooting distributions for different plant types. The Farquhar-based
photosynthesis is calculated from absorbed radiation, temperature,
CO,, and soil moisture status. Maintenance respiration is pro-
portional to tissue N contents and temperature. Plant tissues
turn over at fixed rates but there is also a calculation of annual
mortality of individuals. Competition-driven mortality occurs if
the total space available is insufficient for the sum of the frac-
tional covers. Mortality also occurs in proportion to growth ef-
ficiency (i.e., the ratio of biomass increment to leaf area) and in
response to heat stress. A fire module is included, which depends
on fuel load and litter moisture. Establishment of new plant is
filtered depending in bioclimatic limits. LPJmL’s agricultural
modules simulating fractions of crop and bioenergy plants were
deactivated for these runs. For full details concerning LPJmL
please refer to refs. 4 and 5.
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ORCHIDEE

ORCHIDEE was applied in this project using a prescribed plant
functional type distribution corresponding to pre-industrial land
cover, which was kept constant for the duration of the simulations.
The model therefore simulated no change in vegetation distri-
bution. Twelve plant types are represented, and photosynthesis is
simulated using a standard Farquhar-model approach coupled
to the Ball-Berry stomatal conductance model. Photosynthetic
capacity is directly affected by soil moisture stress (a scaling
factor that decreases linearly to zero when root extractable water
drops below a threshold of 0.4), and leaf age, as well as plant type,
and indirectly through the atmospheric stress impacting the
Ball-Berry conductance. Scaling of photosynthesis and stomatal
conductance to the canopy level is achieved using a big-leaf ap-
proximation. Maintenance respiration is a function of tissue biomass
and temperature. Turnover occurs due to phenological responses
of leaves and fine roots, herbivory (fixed rates), and leaf aging.
Mortality is prescribed as a fixed ratio of standing biomss. For full
details concerning ORCHIDEE please refer to ref. 6. The
ORCHIDEE ARS version used in this study contains an improved
description of phenology (7).

SDGVM

Like ORCHIDEE, SDGVM also used a fixed vegetation distribu-
tion for this study. Seven plant types are simulated, with photo-
synthesis proportional to leaf area and internal leaf CO,. The latter
is calculated as a function of N uptake rate, shortwave radiation,
temperature, and VPD. Soil moisture affects leaf area. Main-

. Friend AD, White A (2000) Evaluation and analysis of a dynamic terrestrial ecosystem
model under preindustrial conditions at the global scale. Global Biogeochemical
Cycles 14:1173-1190.
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10:4137-4177.
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Table S1.
responses among seven analyzed GVMs

Atmospheric temperature
on turnover

Atmospheric temperature on mortality components

tenance respiration is a function of N uptake and tissue temper-
ature. A surface physics routine calculates temperatures and soil
moisture dynamics. Fire is simulated as a function of moisture
stress and vegetation state. For full details concerning SDVGM
please refer to ref. 8.

VISIT

VISIT was also run with a fixed prescribed vegetation distribution.
The Olson vegetation data map was used for biome type refer-
ence. The carbon dynamics of 16 plant types are simulated, with
photosynthesis an empirical function of the incident shortwave
radiation, canopy leaf area index, attenuation coefficient, leaf-
level light-use efficiency, and maximum photosynthetic rate. The
light-use efficiency and maximum photosynthetic rate are
functions of temperature, intercellular CO, concentration, and soil
water content, taking into account biome-specific ecophysiological
characteristics. The growth respiration rate is proportional to the
amount of carbon allocated to each organ, whereas the mainte-
nance respiration rate increases linearly with standing biomass and
exponentially with temperature. Growth and maintenance res-
pirations are separately estimated for leaves, stems, and roots.
Stomatal conductance is calculated using the Leuning version of
the Ball-Berry model. A leaf area optimization routine is used to
determine allocation of labile carbon to the canopy. Fixed rates
of turnover are applied to all tissues. A simple soil hydrology
routine simulates the dynamics of two soil water layers. For full
details concerning VISIT please refer to refs. 9 and 10.

o

. Krinner G, et al. (2005) A dynamic global vegetation model for studies of the coupled
atmosphere-biosphere system. Global Biogeochemical Cycles 19:GB1015.
7. Maignan F, et al. (2011) Evaluation of a Global Vegetation Model using time series of

satellite vegetation indices. Geoscientific Model Development 4:1103-1114.

. Woodward Fl, Lomas MR (2004) Vegetation dynamics - simulating responses to climatic

change. Biological Reviews 79:643-670.

9. Ito A, Oikawa T (2002) A simulation model of the carbon cycle in land ecosystems
(Sim-CYCLE): a description based on dry-matter production theory and plot-scale
validation. Ecological Modelling 151:143-176.

10. Inatomi M, Ito A, Ishijima K, Murayama S (2010) Greenhouse gas budget of a cool-
temperate deciduous broad-leaved forest in Japan estimated using a process-based

model. Ecosystems 13:472-483.

00

Effects of atmospheric humidity and temperature on processes responsible for major differences in NPP and residence time

Atmospheric vapor pressure deficit
on stomatal closure

GVM roots stems  leaves background competition Cbalance fire other incl. description

HYBRID4 v v v o v v X embolism v stomatal closure as a direct
function of inter alia vapor
pressure deficit

JeDi o o o o X v X none X water stress factor on GPP instead
determined by evaporative
demand and supply

JULES v v v v X X X none X Ball-Berry model

LPJmL o o o v v v v heat stress X water stress factor on GPP
instead determined by soil
moisture only

ORCHIDEE o o o X X X none X Ball-Berry model

SDGVM o o o o X X v none v stomatal closure as a function
of relative humidity and
temperature

VISIT o o o X X X X none X Ball-Berry model

A "v/" means that the formulation is dependent on the respective variable, while an 0" means that the process is incorporated but not dependent on the

nyn
X

respective variable, and an means the process is not explicitly treated.
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Table S2. Number of decades of each GVMxGCMxRCP combination in each mean-decadal 1-degree wide land

temperature change bin classified by GCM, RCP, and temperature bin

AT (°Q)
CO,min (ppm)

CO,max (ppm) RCP GFDL-ESM2M HadGEM2-ES IPSL-CM5A-LR MIROC-ESM-CHEM NorESM1-M Total
+1 2.6 60 14 12 12 20 118
370 4.5 16 12 15 10 12 65
510 6.0 30 14 15 15 16 90
8.5 18 14 12 12 15 71

Total 124 54 54 49 63 344

+2 2.6 0 56 48 42 30 176
391 4.5 24 12 10 15 16 77
594 6.0 10 21 10 10 12 63
8.5 18 7 12 12 10 59

Total 52 96 80 79 68 375

+3 2.6 0 0 0 6 0 6
426 4.5 0 12 25 15 12 64
594 6.0 10 14 15 10 12 61
8.5 12 14 6 6 10 48

Total 22 40 46 37 34 179

+4 2.6 0 0 0 0 0 0
510 4.5 0 24 0 10 0 34
758 6.0 0 14 10 10 0 34
8.5 12 7 12 6 5 42

Total 12 45 22 26 5 110

+5 2.6 0 0 0 0 0 0
610 4.5 0 0 0 0 0 0
926 6.0 0 7 0 5 0 12
8.5 0 7 6 12 10 35

Total 0 14 6 17 10 47

+6 2.6 0 0 0 0 0 0
684 4.5 0 0 0 0 0 0
844 6.0 0 0 0 0 0 0
8.5 0 14 6 6 0 26

Total 0 14 6 6 0 26

+7 2.6 0 0 0 0 0 0
853 4.5 0 0 0 0 0 0
926 6.0 0 0 0 0 0 0
8.5 0 7 6 6 0 19

Total 0 7 6 6 0 19

The CO, mixing ratio ranges are given for each bin. The range of CO, mixing ratios for each temperature bin reflects the different

climate sensitivities of the five GCMs as well as the different trajectories of RCP forcings (i.e., warming continues after forcing is halted

due to lagged responses in RCPs 2.6 and 4.5).
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Table S3. Number of simulations for each GVMxGCMxRCP combination

GCM RCP HYBRID4 JeDi JULES LPJmL ORCHIDEE SDGVM VISIT Total
GFDL-ESM2M 2.6 1 1 1 1 0 1 1 6
45 0 1 1 1 0 1 0 4
6.0 1 1 1 1 0 1 0 5
8.5 1 1 1 1 0 2 1 7 (6)
HadGEM2-ES 2.6 2 2 2 2 2 1 1 12 (7)
4.5 2 2 2 2 0 1 1 10 (6)
6.0 2 2 2 2 1 1 1 11.(7)
8.5 2 2 2 2 2 2 2 14 (7)
IPSL-CM5A-LR 2.6 1 1 1 1 0 1 1 6
4.5 1 1 1 1 0 1 0 5
6.0 1 1 1 1 0 1 0 5
8.5 1 1 1 1 0 2 1 7 (6)
MIROC-ESM-CHEM 2.6 1 1 1 1 0 1 1 6
4.5 1 1 1 1 0 1 0 5
6.0 1 1 1 1 0 1 0 5
8.5 1 1 1 1 0 2 1 7 (6)
NorESM1-M 2.6 1 1 1 1 0 0 1 5
4.5 1 1 1 1 0 0 0 4
6.0 1 1 1 1 0 0 0 4
8.5 1 1 1 1 0 0 1 5
Total 23 (19) 24 (20) 24 (20) 24 (20) 5(3) 20 (16) 13 (12) 133 (110)

When two runs are listed for a single combination, the additional run was with fixed CO, mixing ratio from 2001 onwards. The total
number is given with (without) the number of runs with fixed CO, mixing ratio.
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