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Abstract

A nonequilibrium, dynamic, global vegetation model, Hybrid v4.1, with a subdaily
timestep, was driven by increasing CO, and transient climate output from the UK
Hadley Centre GCM (HadCM2) with simulated daily and interannual variability.
Three IPCC emission scenarios were used: (i) 1S92a, giving 790 ppm CO, by 2100, (ii)
CO, stabilization at 750 ppm by 2225, and (iii) CO, stabilization at 550 ppm by 2150.
Land use and future N deposition were not included. In the IS92a scenario, boreal
and tropical lands warmed 4.5°C by 2100 with rainfall decreased in parts of the
tropics, where temperatures increased over 6°C in some years and vapour pressure
deficits (VPD) doubled. Stabilization at 750 ppm CO, delayed these changes by about
100years while stabilization at 550 ppm limited the rise in global land surface
temperature to 2.5°C and lessened the appearance of relatively hot, dry areas in the
tropics.

Present-day global predictions were 645PgC in vegetation, 1190 PgC in soils, a mean
carbon residence time of 40years, NPP 47PgCy ™" and NEP (the terrestrial sink) about
1PgCy ", distributed at both high and tropical latitudes. With IS92a emissions, the
high latitude sink increased to the year 2100, as forest NPP accelerated and forest
vegetation carbon stocks increased. The tropics became a source of CO, as forest
dieback occurred in relatively hot, dry areas in 2060-2080. High VPDs and tempera-
tures reduced NPP in tropical forests, primarily by reducing stomatal conductance and
increasing maintenance respiration. Global NEP peaked at 3-4PgCy™" in 2020-2050
and then decreased abruptly to near zero by 2100 as the tropical source offset the
high-latitude sink. The pattern of change in NEP was similar with CO, stabilization
at 750 ppm, but was delayed by about 100years and with a less abrupt collapse in
global NEP. CO, stabilization at 550 ppm prevented sustained tropical forest dieback
and enabled recovery to occur in favourable years, while maintaining a similar time
course of global NEP as occurred with 750 ppm stabilization. By lessening dieback,
stabilization increased the fraction of carbon emissions taken up by the land.
Comparable studies and other evidence are discussed: climate-induced tropical forest
dieback is considered a plausible risk of following an unmitigated emissions scenario.
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Introduction

One of the central objectives of the UN Framework
Convention on Climate Change is to define a ‘safe” future
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trajectory for atmospheric CO, concentrations ([CO,])
with respect to ecosystems as well as food security and
sustainable development. What emissions can be per-
mitted without risking ‘dangerous’ irreversible change to
ecosystems (Parry etal. 1996)? This paper makes a
contribution to answering this question using the latest
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output from the UK Hadley Centre Global Climate
Model (GCM) transient experiments.

In recent years, increasingly more realistic global
ecosystem models have been constructed to determine
impacts on ecosystems and the terrestrial carbon balance.
However, they will never predict the future with
certainty. Uncertainties in the structure and parameter-
ization of these models — revealed, for instance, in recent
intercomparisons (VEMAP members 1995; Cramer &
Field 1999) — are likely to remain for some time. They can
only present possible futures and ‘best guesses’ of the
risks of following given emission scenarios (Hurtt etal.
1998). Nevertheless, there are, we suggest, some essential
criteria that must be met if models are to make believable
assessments of the likely effects of climate change on
ecosystems as they will develop over time. These are the
assessments required by policy-makers, through the
Intergovernmental Panel on Climate Change.

First, they must be “dynamic global vegetation models’
(DGVMs), combining (i) coupled plant-soil carbon, N
(biogeochemical) and water cycles, (ii) atmosphere-
vegetation energy and mass (biophysical) transfers, and
(iii) dynamic (biogeographical) shifts in vegetation types,
structure and properties, simulating spatially explicit
changes in biomes around the world. There are few
models of this kind (Foley etal. 1996; Friend etal. 1997;
see Neilson & Running 1996; Hurtt etal. 1998; Neilson
etal. 1998). Secondly, they must have transient, time-
evolving behaviour. Most models simulate equilibrium
conditions in given climates and move from one
equilibrium to another in single steps (Schimel etal.
1997a; Parton etal. 1995; McGuire etal. 1997; Xiao etal.
1997). Non-equilibrium models are still rare (Foley et al.
1996; Friend etal. 1997). Thirdly, the ecosystem models
must be driven using transient climate predictions with
realistic interdecadal and interannual variability. These
climate data have only recently become available for
different CO, emission scenarios but daily and inter-
annual variability must still be generated from annual or
decadal means from the GCMs. It is clear, however, that
transient climates can produce very different vegetation
responses compared with equilibrium climates, even
using equilibrium ecosystem models (e.g. Cao &
Woodward 1998; Neilson & Drapek 1998; Xiao etal.
1998). Fourthly, consideration should be given to: (i)
spatial patterns of land use, although Kicklighter etal.
(1999a) concluded that differences in model performance
were due more to conceptualization that to differences in
representation of land use, and (ii) the impact of future
atmospheric N deposition (Hudson ef al. 1994; Townsend
etal. 1996; Holland et al. 1997), although this is difficult as
long as there are large uncertainties about the fate of this
N (Houghton et al. 1998; Nadelhoffer etal. 1999). Lastly,
ecosystem models should be fully coupled to GCMs to

capture the potentially important feedbacks between
land-surface properties, climate and the concentration of
greenhouse gases in the atmosphere (e.g. Lean et al. 1996;
see Hurtt et al. 1998).

This paper reports predictions of terrestrial carbon
stocks, net primary productivity (NPP) and net ecosys-
tem productivity (NEP) made using Hybrid v4.1 (Friend
etal. 1997), a DGVM constructed to meet the first two
criteria listed above. Hybrid was the only nonequili-
brium model in the Potsdam intercomparison of 17
models (Cramer & Field 1999). This study meets the third
criterion by using transient climate predictions made by
the UK Hadley Centre GCM (HadCM2) with different
IPCC atmospheric CO, stabilization scenarios. Decadal
mean monthly climate output was converted to variable
daily, seasonal and annual climate and weather using a
stochastic weather generator (Friend 1998). The fourth
criterion, to include land use and N deposition, was not
met in this study and Hybrid was not coupled with the
GCM. Nevertheless, this study offers a significant
advance on previous studies and, unlike other studies
of its kind, identifies potentially damaging effects of
climate change on tropical forests and possible benefits of
CO, stabilization.

Materials and methods

Dynamic Global Vegetation Model, Hybrid v4.1

The Hybrid v4.1 ecosystem model is not described in
detail here, because a complete description is given by
Friend etal. (1997) (see also Friend 1995). The model is
described further by (i) Friend & White (2000), who
evaluated its ability to simulate measured carbon fluxes
at particular sites and the preindustrial global distribu-
tion of vegetation types, NPP and carbon standing
stocks, and also (ii) Cannell efal. (1998) and White et al.
(2000), who used the model to examine effects of climate
change on UK forests and the northern terrestrial carbon
sink, respectively. In the Potsdam NPP model inter-
comparison, Hybrid was shown to simulate observed
spatial and temporal patterns of global NPP, its
components (absorbed photosynthetically active radia-
tion and light use efficiency) and estimated latitudinal
trends in [CO;] seasonal amplitude, which compared
favourably with observations and other models, taking
into account that Hybrid was run at preindustrial CO,
concentrations (Cramer & Field 1999).

The model combines biogeochemical, biophysical and
biogeographical processes in the soil-plant-atmosphere
system. The carbon, water and nitrogen cycles are
coupled, including all the major interactions, feedbacks
and exchanges between the soil, vegetation and atmo-
sphere. All underlying processes are calculated on a day-
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and night-time step. The model has true transient
behaviour by simulating annual growth and competition
among plant types. The model simulates potential
vegetation but does not, in this application, include land
use or natural disturbance.

The model is parameterized for three main classes of
vegetation: herbaceous, broadleaved trees and needle-
leaved trees, which are given different values of up to 16
parameters (see Tables 1 and 2 of White et al. 2000). These
main classes are then divided into eight generalized
plant types by distinguishing C3 and C4 herbaceous
plants, evergreen and deciduous trees and cold and dry
deciduous trees. C3 and C4 herbaceous plants have
different photosynthesis submodels; cold deciduous
trees shed their leaves in response to daylength and
refoliate in response to a degree-day requirement; dry
deciduous trees shed their leaves when the soil water
potential falls below —1.49 MPa and refoliate when it rises
above —0.5MPa (Friend & White 2000).

The model operates conceptually like a forest gap
model (Shugart 1984), with 200m” plots in which
individuals can grow, die and regenerate year by year.
The parameter values of the eight plant types determine
their success in competing for light, water and N in any
climate and hence the resulting vegetation. Thus, unlike
most gap models, plant growth in Hybrid is determined
entirely by [CO;], N inputs and climatic variables
operating through plant physiological and soil processes
rather than empirical functions. Initial soil carbon
content is derived from an observed relationship
between soil carbon and current precipitation and
temperature (Friend & White 2000). Initializing soil
carbon in this manner speeds up the convergence
towards near equilibrium (where litter inputs from
vegetation balance soil respiration losses) during an
initial 500-y run under current conditions. At the end of
this initial run vegetation carbon is also near equilibrium
(NPP is in balance with litter losses) and can be
composed of different proportions of eight plant types.
Thereafter the model simulates transient changes in
vegetation properties and soil-vegetation carbon stocks
as climate and [CO,] change.

C3 and C4 photosynthesis are calculated using a
biochemical approach based on Farquhar & von
Caemmerer (1982) and Collatz etal. (1991), respectively.
Canopy photosynthesis is related linearly to the photo-
synthetic rate of the uppermost leaves with the vertical
profile of N in the canopy optimized to time-averaged
profiles of photosynthetically active radiation. Stomatal
conductance is calculated using empirical relationships
from Jarvis (1976) adapted by Stewart (1988) (see
Appendix). Maintenance respiration is calculated as
described in the Appendix. Allocation is based on
allometric relationships and fixed ratios, such as foliage
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to sapwood area and foliage to fine root mass. Dynamic
equations define processes such as root N uptake, C and
N storage, foliage senescence, phenology and sapwood—
heartwood conversion, modulated by temperature and/
or water and N status. Day and night energy balances of
the soil and canopy are solved to calculate rates of soil
evaporation, evaporation of intercepted precipitation,
rates of transpiration and foliage temperature.

Soil C and N dynamics are based on Century (Parton
etal. 1993) as formulated by Comins & McMurtrie (1993).
The soil is divided into three layers: 0-5cm, 5-20 cm and
20-100cm depth. Herbaceous vegetation has access to
water and N in the top two layers, whereas trees can
access all layers. The total soil-water holding capacity is
determined from soil carbon and soil-water potentials
are calculated (Friend efal. 1997). A soil temperature
profile is used to calculate the depth of frozen soil at high
latitudes, with all water below this depth assumed
frozen, and therefore unavailable and forming an
increased resistance to drainage (Wang & Polglase
1995; White et al. 2000).

Runs of the Global Climate Model and DGVM
(Hybrid v4.1)

The Hybrid model was driven using transient climate
output from the UK Hadley Centre coupled atmosphere—
ocean GCM (HadCM2), supplied as decadal monthly
means with predicted levels of interdecadal variability.
There was no a priori assumption that the climate will
become more variable. This GCM was run with a climate
sensitivity of about 2.5 °C equilibrium global warming at
double preindustrial [CO;] during the first 100-200y of
integration. The mean output was taken of four ensemble
runs to 2100 with the IPCC Scenario1992a of increasing
[CO,] (IS92a, equal to an increase of 1% per year) to give
the IS92a scenario. The two stabilization scenarios were
derived from output to 2250 with [CO,] stabilizing at
750 ppm by 2225 or 550 ppm by 2150, following IPCC
trajectories (Schimel et al. 1995) (Fig. 1la). Concentrations
of other greenhouse gases and aerosols were held
constant at 1990 values. Global carbon emissions in the
IS92a, 750 ppm and 550 ppm scenarios from 1990 to 2100
were about 1500, 1230 and 920 PgC, respectively. Climate
predictions from the four 1S92a runs produced different
patterns of interdecadal climate variability, but similar
time trends and global spatial patterns of climate. These
have been shown, in a separate study, to generate similar
patterns of change in terrestrial carbon (White et al. 1999).

The GCM predictions closely matched observed
temporal and spatial pattern of climate since preindus-
trial times (Mitchell etal. 1995; Johns etal. 1997).
However, as with most GCMs, absolute predictions of
future climates were considered to be less reliable than
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climate anomalies (Ciret & Henderson-Sellers 1997).
Consequently, GCM anomalies of temperature, diurnal
temperature range, relative humidity, downward short-
wave radiation and precipitation were calculated as
mean decadal monthly differences relative to the GCM
predictions for the 1990s. These anomalies were then
added to a global observed climatology for 1961-90
(Hulme et al. 1999; New et al. 1999) which was re-gridded
to the GCM scale (2.5-3.75° latitude-longitude). Annual,
seasonal, daily, daytime and night-time values of the
climate variables, required by Hybrid, were then derived
from the decadal monthly means using a stochastic
weather generator parameterized for each decade
(Richardson & Wright 1984; Friend 1998).

The Hybrid model was run for 500y to reach a near
steady-state in the observed global climate (Hulme et al.
1999). It was then run with each of the three transient
climates starting in 1990; thus the 1990s decade was the
first in which transient change was simulated. Ten
independent 200 m* plots were used in each GCM grid
square to obtain reliable mean ecosystem behaviour
(Friend etal. 1997; Friend & White 2000).

Biological N, fixation was assumed to be 10kg Nha™
y ! everywhere (cf. Cleveland etal. 1999) and atmo-
spheric N deposition for each grid square was derived

cording to the UK Meteorological Office
GCM (HadCM2).

from NH, and NO, deposition estimates for the 1990s
(Holland etal. 1997; Dentener, pers. comm.). In this
analysis, N deposition was kept constant throughout the
simulations.

Results

Climate predictions

In the IS92a scenario, the global mean annual tempera-
ture of the land surface (excluding Antarctica) was
predicted to increase from 13.5°C in 1990 to 17.8°C in
2100 (Fig. 1b) a rise of 4.3 °C (0.4 °C per decade). This was
greater than the global average (3.4 °C from 1990 to 2100
with HadCM2 and 1S92a) because warming was less over
the oceans. It is important to note that warming was
greatest in both tropical and boreal regions and that
some tropical land areas were predicted to warm by over
4.5°C by 2100, equally as much as northern high-latitude
lands (Fig.2a).

Global mean warming predicted by the Hadley Centre
GCM is within the range predicted by other major GCMs
(Kattenberg etal. 1996, Neilson & Drapek 1998; their
table2) but is greater than, for instance, the 2.1°C
warming predicted by 2100 with IS92a emissions by

©2000 Blackwell Science Ltd, Global Change Biology, 6, 817-833



CO, STABILIZATION AND TERRESTRIAL CARBON 821

i d a3 3

latitude
g 3 s 33

BO'N.
30N
”
3054
605
c) 550 ppm
2000 2050 2100 2150 2200 2250
years

0 10 1.5 20 25 30 35 40 45

Temperature change,’C

Fig.2 Predicted changes in land-surface latitudinal tempera-
ture relative to the 1990s (taken as the mean 1960-90 observed
climatology). Predictions are shown for (a) IS92a, (b) 750, and
(c) 550 ppm [CO,] stabilizations, according to HadCM2.

Schimel et al. (1997b) using a simpler GCM, and is much
greater than the 0.25°C warming per decade predicted
by the Integrated Global System Model with similar
transient CO, forcing (Xiao etal. 1998; see Fig.9).

Stabilization at 750 ppm [CO;] slowed the mean rate of
global land warming to about 0.21°C per decade from
1990 to 2100, with warming stabilizing at about 4 °C by
2200 (Fig.1b). Again, warming was greatest in both
boreal and tropical regions, with a distinct lag in
warming at northern temperate latitudes (Fig.2b).
Stabilization at 550 ppm [CO,] by 2150 slowed the mean
rate of warming to about 0.15°C per decade between
1990 and 2100 and warming stabilized at about 2.5 °C by
2190, with only the boreal region warming by more than
3.0°C (Fig.2c).

Global mean precipitation over the land surface was
predicted to increase from about 0.82-0.89my"
between 1990 and 2100 in the IS92a scenario — an
increase of 8.5% (Fig.1c). Stabilization at 750 ppm
[CO,] delayed this increase in rainfall by about 50y.
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Fig.3 Predicted changes in land-surface latitudinal precipita-
tion relative to the 1990s (taken as the mean 1960-90 observed
climatology). Predictions are shown for (a) IS92a, (b) 750, and
(c) 550 ppm [CO,] stabilizations, according to HadCM2.

Stabilization at 550 ppm [CO,] prevented global rain-
fall from increasing more than about 5%. However,
these global means disguise important latitudinal
variation. In all scenarios, there were marked de-
creases in rainfall in some tropical regions at about
latitudes 20°N (especially in northern S. America) and
40°S (including Australia) (Fig.3). Rainfall increases
were greatest in the equatorial tropics and at northern
temperate and boreal latitudes (Fig.3).

Climate changes in the tropics were especially im-
portant in this study. Hulme & Viner (1998) presented a
comprehensive analysis of predictions of one of the
HadCM2 1S92a transient experiments used in this study.
Rainfall was predicted to decrease over much of the
Amazon basin, southern and western Africa and central
and western Australia, with a clear tendency for dry
seasons to become longer and more severe, with greater
interannual variability in rainfall. Throughout much of
the tropics, soil moisture levels declined, especially in
northern South America.
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Present-day vegetation was predicted to contain 645PgC
and soils 1190PgC (Fig.4a) — both within the range of
global inventory estimates of 420-830 PgC in vegetation
and 1100-1600PgC in soils (Post etal. 1982, 1997). In all
scenarios, global vegetation carbon increased by 45-50%
over the simulation period, while soil carbon decreased
by less than 5% (Fig.4a) with no marked latitudinal
difference. Slowing the rate of increase in [CO,] slowed
the rate of increase in vegetation carbon, because the
CO,-fertilization effects were diminished, and decreased
the small loss in soil carbon, because temperatures rose
more slowly.

Present-day global NPP was 47PgC y’1 (Fig.4b) and
was predicted to increase substantially in all [CO;]
scenarios — for instance, by 45, 39 and 29% between
1990 and 2100 in the IS92a, 750 and 550 ppm [CO,]
scenarios, respectively (Fig.4b). The global trajectories of
increase in NPP were similar to the trajectories of
increase in [CO;], but with interannual variability due
to the generated climatic variation (Figs 4b and 1a). Most
importantly, NPP increased markedly at northern lati-
tudes (30-65 °N, especially at 45-60 °N) and decreased at
equatorial latitudes (Fig.5). The latter was visually

correlated temporally and spatially most closely with
temperatures and vapour pressure deficits, and to a
lesser extent rainfall. NPP decreased at equatorial
latitudes in the IS92a and 750 ppm [CO,] scenarios when
warming exceeded about 3.5 °C (Figs5 and 2) and VPDs
increased by over 80%.

In Hybrid, the mean carbon residence time in 1990,
calculated as the annual mean total carbon stock divided
by annual heterotrophic respiration (Rp), was about
40years globally, varying from 25 years in the tropics to
63 years at latitudes above 50°N. In other words, the
increase in Ry, lagged behind the increase in NPP causing
an increase in NEP - ie. creating a carbon sink
(Friedlingstein et al. 1995; Lloyd & Farquhar 1996).

NEP was highly variable, spatially and temporally,
being a small difference between two large variable
quantities, NPP and Ry,. (Figs4c and 6). At any location
NEP often changed sign from year to year due to climate
variability and the stochastic nature of the model.
Nevertheless, there were clear global and regional
trends.

Current global NEP was estimated to be about 1PgC
y ! (Fig. 4c). Positive NEP values were predicted at both
northern temperate-boreal and tropical latitudes. The
global sink was predicted to increase, peaking at 3-
4PgC y‘1 in the period 2020-2050 (somewhat earlier in
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CO, STABILIZATION AND TERRESTRIAL CARBON 823

w
he
=
¥
B0"5] =
b} 750 ppm
0N
S0P E -
o) —— S ——— i
=
30" L
6075 L
c) 550 ppm
2000 2050 2100 2150 2200 2250
years

—300-100 100 450 BOO 115014001750

NPP, Tg C y'

Fig.5 Predicted change in latitudinal net primary productivity
(NPP) relative to the 1990s. Predictions are made using the
Hybrid model in response to climate change and increasing
[CO,] with (a) IS92a forcing, (b) stabilization at 750 ppm [CO,],
and (c) stabilization at 550 ppm [CO,]. Values shown are inter-
polated decadal means. Note that values are given in Tg per
one degree of latitude and so are biased by the latitudinal dis-
tribution of land area.

the higher [CO,] scenarios) and then decrease to fluctuate
around zero by around 2175. In the 1S92a scenario, the
decrease occurred precipitously in the 20602080 period
owing to a large loss of carbon from tropical regions
associated with forest dieback (see below). Consequently,
the global carbon sink virtually disappeared despite a
continuing strong sink at mid-high northern latitudes
(Figs4c and 6a). In the 750 and 550 ppm [CO] stabiliza-
tion scenarios, the global sink weakened more gradually
(after NPP stabilized) and settled to around zero after
2150. Thus, both of these stabilization scenarios delayed
the disappearance of the terrestrial carbon sink by about
100y.

However, the global average responses of the two
stabilization scenarios were similar for different reasons.
In the 750 ppm [CO;] stabilization scenario, there was
substantial loss of carbon in some years in the tropics

©2000 Blackwell Science Ltd, Global Change Biology, 6, 817-833
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Fig.6 Predicted change in latitudinal net ecosystem productiv-
ity (NEP) relative to the 1990s. Predictions are made using the
Hybrid model in response to climate change and increasing
[CO,] with (a) IS92a forcing, (b) stabilization at 750 ppm [CO,],
and (c) stabilization at 550 ppm [CO,]. Values shown are inter-
polated decadal means. Note that values are given in Tg per
one degree of latitude and so are biased by the latitudinal dis-
tribution of land area.

after about 2100, while the northern sink persisted to at
least 2200 (Fig. 6b). This caused variation in NEP and the
eventual loss of the terrestrial carbon sink. By contrast, in
the 550ppm [CO,] scenario the atmospheric CO,
concentration stabilizes in 2150, and hence the depletion
of the sink after this period occurs as the biosphere and
climate relax to a new equilibrium. In some tropical
regions, this new climate equilibrium is close to the
threshold which produces tropical forest dieback (see
later, Fig.8) and here the decadal variability in climate
causes the tropics to switch more readily between carbon
source and sink causing global variability in NEP from
2150 onwards. The northern sink was smaller and
decreased to near zero by 2200 (Fig. 6¢c).

The prediction of carbon release to the atmosphere as a
result of tropical forest dieback negated some of the
benefit of CO, fertilization in the high-emission scenar-
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ios. Consequently, the terrestrial sink absorbed the
smallest fraction of emitted carbon in scenarios with
most dieback. Between 1990 and 2100, global terrestrial
carbon uptake in the 1S92a, 750 and 500 ppm [CO,]
stabilization scenarios was 265, 263 and 223 PgC, repre-
senting 18, 21 and 24% of 1990-2100 emissions (1500,
1230 and 920 PgC), respectively.

Carbon gain at northern latitudes and loss in the
tropics

The strong sink at northern temperate-boreal latitudes
was the result of an increase in the biomass of forests
which already existed in 1990 (NPP exceeded Ry) plus
some expansion in forest area, as described for the boreal
region for the 1S92a scenario by White etal. (2000). A
short-lived source of carbon occurred at about 60°N
between the years 2020 and 2050 when increased Rp
owing to warming exceeded the increase in NPP due to
CO, fertilization (White et al. 2000).

The carbon source in the tropics was due to forest
dieback which resulted from NPP reductions due to
climate-driven stomatal closure and increased plant
maintenance respiration. Thus, Ry exceeded NPP and
produced negative NEP values (Fig. 6). This occurred in
northern S. America, southern equatorial Africa and to a
lesser extent in south-east Asia (Fig.7). In these areas,
tropical forests were replaced by savanna, grassland and
even desert once decadal mean temperatures rose about
4°C above the 1961-90 average, reaching 31-33°C.
Closer examination showed that, at the time of dieback,
these areas experienced temperature increases of over
6°C in some years and more in some months. More
importantly, simultaneous decreases in rainfall and
prolonged, more severe dry seasons were associated
with large increases in vapour pressure deficit (VPD).
This is illustrated in Fig. 8 for a region in northern South
America where biomass decreased to zero in the 1592a
and 750 ppm [CO,] stabilization scenarios when decadal
mean annual temperatures rose to 31°C, rainfall
decreased by over 10%, from about 2.1 to 1.8my’1, and
annual mean VPD doubled.

In regions of dieback, high temperatures and plant
water stress decreased gross primary production
(GPP) and increased plant respiration resulting in a
negative carbon balance and eventual tree death. The
two crucial assumptions in the Hybrid model which
produced this negative balance were (i) decreased
stomatal conductance in response to increased VPD,
formulated as a linear increase in a stress factor to a
threshold value, and (ii) an exponential increase in
maintenance respiration with increase in temperature.
(The equations and parameters used are described in
the Appendix.)

Stabilization at 550 ppm [CO,] prevented prolonged
periods occurring in the tropics when high temperatures,
low rainfall and high VPD produced conditions critical
for the survival of tropical forests. There were some years
when VPDs were high and forests died in the model (e.g.
about 2200 in Fig.8) resulting in negative NEP (Fig. 6¢c),
but the forests were able to regrow subsequently when
conditions became more favourable (e.g. after 2200 in
Fig.8 and about 2150 and 2230 in Fig.6c). In short,
550 ppm [CO,] stabilization did not avoid forest dieback
(within the Hybrid model), but it did prevent wide-
spread irreversible loss of forest, suggesting that it was
close to the threshold of a ‘safe’ [CO,] trajectory.

Discussion

The predictions presented here are made using transient
climate output from a state-of-the art GCM and a DGVM
with transient behaviour which combines biogeographi-
cal, biophysical and biogeochemical processes. The
results therefore provide one of the first DGVM estimates
of the time-dependent behaviour of the terrestrial carbon
sink in response to plausible scenarios of developing
climate change. The predictions are, nevertheless, from
only one GCM and DGVM and so present one set of
possible futures, none of which should be regarded as
forecasts. Also, it is important to remember that this
study did not include land-use change, natural distur-
bance by fire and other agents, future N deposition,
limitations imposed by phosphorus and other nutrients,
and the ecosystem model was not coupled with the GCM
and so had no feedback effects on climate or [CO,]. In
reality, differences in terrestrial carbon uptake could
modify atmospheric CO, trajectories by up to 15% and
hence effect predictions of climate change (Lenton 2000).

Nevertheless, the possible futures predicted in this
study contribute new information on (i) the current
magnitude and whereabouts of the terrestrial carbon
sink, (ii) its future development in response to different
levels of climate change, (iii) the possible increase in the
high latitude terrestrial carbon sink, and (iv) the
vulnerability of tropical carbon sink. Each of these topics
is discussed below, comparing the results of this study
with previous published work.

Magnitude of the global terrestrial carbon sink

An unforced outcome of increasing [CO,] in the Hybrid
model (i.e. without calibration or tuning) was the
prediction of a current global terrestrial carbon sink of
about 1PgCy™" (Fig.4c). This is within the range of
estimates made by deconvolution of the historic [CO,]
record, which generate a net terrestrial flux to balance the
record with known industrial emissions, modelled
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Fig.7 Global vegetation biomass (kg Cm™) in the 1990s and the change in biomass between the 1990s and 2100 in response to cli-
mate change and increasing [CO,] with IS92a forcing, 750 ppm and 550 ppm [CO,] stabilization, and between the 1990s and 2250 for

the two stabilization scenarios.

oceanic uptake and estimated land-use emissions (Bruno
& Joos 1997; Post et al. 1997).

The model also predicted interannual variability in the
global sink exceeding -1 PgCy " as a result of variation in
decadal, annual and seasonal weather, causing changes
in annual NPP and in the time-lag between changes in
NPP and R; (note that Fig.4c gives decadal means).
Equally large interannual variation is predicted in atmo-
spheric CO, inversion studies (e.g. Keeling et al. 1995),
deconvolution studies of the historic [CO,] record (e.g.
Post etal. 1997), other ecosystem modelling studies
(Kaduk & Heimann 1994; Kinderman etal. 1996;
Schimel et al. 1996; Xiao etal. 1998) and is implied in the
large year-to-year variation in satellite vegetation index
(Potter & Klooster 1999) and measured net CO, fluxes
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over vegetation (Chen etal. 1999; Malhi efal. 1999). Such
large variation makes it almost impossible to estimate
trends in the terrestrial carbon sink by means other than
modelling.

It is well-recognized that the size of the terrestrial
carbon sink at any time depends on (i) the magnitude of
NPP, (ii) the rate at which NPP is increasing, and (iii) the
turnover time of carbon in the system (Taylor & Lloyd
1992; Thompson et al. 1996; Kicklighter et al. 1999b).

In this study, present-day global NPP was predicted to
be 47PgCy', which is at the low end of the range
estimated by others (48.3-67.6PgCy™", Field etal. 1998;
44.4-66.3PgCy™" excluding one outlier, Cramer etal.
1999). Our low NPP prediction could be attributed to
somewhat low values of short-wave radiation, which
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were derived using cloud cover in the global observa-
tional climatology (Hulme etal. 1999). Low NPP values
were compensated by relatively high predicted rates of
increase in NPP, which increased by about 0.27, 0.20 and
0.16PgCy " in the 1S92a, 750 and 550ppm [CO,]
stabilization scenarios, respectively, over the period
1990-2050, when predicted global NEP values were
1-3PgCy™" (Fig.4). In Hybrid, canopy photosynthesis
responds strongly to increasing CO, (Cannell et al. 1998)
with shifts in N from soil to plants and increases in C:N
ratio which may impose less constraint on the CO,
fertilization response of NPP than in some other models
(Rastetter etal. 1991; Kicklighter et al. 1999b).

The mean residence time of carbon in the Hybrid
model was about 25 years in tropical forests and 63 years
in boreal forests in 1990 (for the whole system). These
values are comparable to those predicted by the
Terrestrial Ecosystem and Frankfurt Biosphere Models
(see Kicklighter efal. 1999b) and those estimated in forest
flux studies (Malhi et al. 1999; 29 years in a tropical forest
and 89years considered an overestimate for a boreal
forest).

1950 2000 2050 2100 2150 2200

[CO,] stabilization (dashed line) and
550 ppm [CO,] stabilization (dotted line).
Values shown are decadal means.

2250

In summary, the Hybrid model predicted a current
terrestrial carbon sink within the expected range, despite
a somewhat low global NPP owing to a large predicted
response of NPP to CO; fertilization and climate change
but a realistic lag between increasing NPP and Ry,

Future development of the global terrestrial carbon
sink

The future course of global NEP is determined over-
whelmingly by the predicted trajectory of NPP
(Thompson et al. 1996; Kicklighter et al. 1999b). Once the
rate of increase in NPP slows, NEP falls; when NPP
stabilizes, NEP becomes zero; and if NPP became
negative, because of forest dieback for instance, NEP
would fall below zero. This pattern of response has been
simulated in several studies (McKane efal. 1995;
Friedlingstein et al. 1995; Kicklighter et al. 1999b).
Figure 9 compares the time-course of global NPP and
NEP predicted in this study with predictions made by
Cao & Woodward (1998), Xiao et al. (1998) and Sarmiento
etal. (1995), who are among the few to have published
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modelled effects of transient climate change and increas-
ing [CO,] on global terrestrial carbon.

Cao & Woodward (1998) used the same Hadley Centre
IS92a projection of [CO,] and climate as used in the
present study (Fig. 9a,b), but predicted a smaller increase
in NPP, which could be attributed to a smaller response
of canopy photosynthesis to increasing [CO,] and greater
limitations on soil nitrogen supply due to immobiliza-
tion, as formulated in the DOLY model (Woodward et al.
1995; Cramer et al. 1999). However, increases in global R},
were lower than in this study, so they predicted a slightly
larger NEP up to 2070, but with a similar time trajectory.
Notably, their model did not predict forest dieback in the
tropics by 2070, possibly because they did not use a
weather generator to simulate interannual and seasonal
extreme temperatures and VPDs, but also because the
temperature response function for dark respiration in
DOLY is not fully exponential as it is in the Hybrid
(Woodward et al. 1995 their fig. 3; see Appendix).

Sarmiento et al. (1995) examined the effect of the same
IPCC 750 ppm [CO,] stabilization scenario as used in this
study, but predicted less warming (relative to 1990;
Fig.9a,b). They used a simple linear model of GPP as a
function of [CO,], temperature and canopy size, assumed
that NPP was 0.8 GPP, and tuned the model to fit
deconvolution estimates of NEP since 1850 and to give a
current NPP of 60 Pg y’1 (cf. 47PgC y’1 in this study). The
combination of a high NPP and slow warming resulted
in a relatively high predicted NEP. The coupling of GPP
and NPP, together with the absence of any water or
nutrient constraints on NPP, resulted in a slow decline in
NEP after 2050 with no dieback. However, the overall
pattern of change in NEP was similar to that predicted in
this study with the same 750ppm [CO;] stabilization
scenario.

Xiao etal. (1998) predicted a much slower rate of
warming than predicted by HadCM2 in response to a
scenario similar to IS92a (using the Integrated Global
System Model, developed at the Massachusetts Institute
of Technology) and a much slower rate of increase in
NPP, using the Terrestrial Ecosystem Model — a highly
aggregated model compared with Hybrid (see Heimann
etal. 1998). TEM predicted a similar global NPP in
present-day conditions to Hybrid (Cramer et al. 1999), but
the much slower continuous increase in NPP resulted in
a much slower continuous increase in NEP up to 2100
(Fig.9). It is likely that, given greater warming, TEM
would predict a greater increase in NPP, because
warming has a marked positive effect on nitrogen
availability in this model. But TEM apparently predicts
no stabilization in NPP with increase in [CO,] above 500—
600 ppm, as do the other models in this intercomparison.

Overall, there seems to be a consensus that the current
global terrestrial sink will increase during the first half of
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the next century, in IS92a and 750 and 550 ppm [CO;]
stabilization scenarios. That is, CO, fertilization enhance-
ment of NPP will dominate over the temperature
enhancement of Ry,. Thereafter, the sink must eventually
weaken and disappear (as CO, fertilization of photo-
synthesis saturates and warming continues to accelerate
Ry) but there is no consensus among the few transient
studies conducted to date on when and how rapidly this
weakening will occur.

Increase in the high-latitude carbon sink

There are convincing arguments, based on models, direct
observations of forest growth and analyses of the
atmospheric [CO,] record, that a large fraction of the
current terrestrial carbon sink occurs in high-latitude
forests (see Malhi etal. 1999). The Hybrid model, driven
with HadCM2 climate projections, strongly suggests that
the northern forests are a carbon sink now and that this
sink will increase over the next century and beyond
(Fig.6). In a more detailed analysis using Hybrid, White
etal. (2000) suggested that land areas above 50°N are
currently accumulating about 0.4PgCy ™" and that this
sink will grow to 0.8-1.0PgCy™' by 2050 and persist
undiminished until 2100, allowing for the effect of fire.
About half of the sink could be attributed to [CO;]
fertilization and climate enhancement of NPP and the
rest to expansion in the forest area and N deposition.
Other recent ecosystem modelling studies support the
prediction of a strengthening northern sink, because, at
high latitudes, increasing temperatures have a positive
effect on NPP, promoting photosynthesis, lengthening
the growing season and mineralizing soil nitrogen,
amplifying the [CO,] fertilization effect (Lukewille &
Wright 1997; Cao & Woodward 1998; Xiao et al. 1998).

At equilibrium, or with increasing [CO,] alone, a high
fraction of the extra carbon would be stored in soils
(Malhi etal. 1999). But with transient warming, many
models, including Hybrid, predict that most or all of the
net increase in carbon will be in the trees themselves
(Sarmiento etal. 1995; Cao & Woodward 1998;
Kicklighter et al. 1999b; White et al. 2000)

Vulnerability of the tropical carbon sink

In this study, tropical forests were predicted to be a
carbon sink at present (Fig.6) in agreement with other
modelling studies (Taylor & Lloyd 1992; Cao &
Woodward 1998; Kicklighter etal. 1999b; see Malhi et al.
1999) and some observations (Grace efal. 1995; Philips
etal. 1998; see Malhi etal. 1999). However, unlike other
modelling studies, Hybrid predicted that substantial
forest dieback could occur after 2050 in the 1S92a scenario
and after 2100 in the 750ppm [CO,] stabilization
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Fig.9 Results from this study with 1S92a forcing and stabiliza-
tion at 750 ppm compared to other recent studies which com-
bine the effects of transient climate change and increasing
COs. Solid lines represent 1S92a type forcing and dotted lines
forcing that would bring about stabilization at 750 ppm COs.
(a) atmospheric CO, concentration, (b) change in global land
surface temperature relative to 1990, (c) change in global ter-
restrial NPP relative to 1990, and (d) global terrestrial NEP. W,
the results from this study; C, Cao & Woodward (1998);
X, Xiao etal. (1998) with their reference scenario (NEP assumed
to be 0.8 PgCy'1 in 1990); S, Sarmiento efal. (1995) with equili-
brium warming that would result from the 750 ppm [CO,] sta-
bilization scenario (Sarmiento etal. do not give NPP values).
Smooth curves were plotted through the original points to re-
move large fluctuations in ANPP and NEP.

scenario, causing a loss of carbon which could offset the
carbon gained at high latitudes, resulting in a rapid loss
of the global terrestrial carbon sink (Figs4c and 6). By
contrast, McKane et al. (1995) predicted no dieback in the
tropics in response to 4 °C warming and [CO,] doubling
over 100years, nor did Cao & Woodward (1998) in
response to the HadCM2 1S92a climate to 2070, nor Xiao
etal. (1998) in response to about 3 °C warming to 2100.
Let us now examine whether our finding might be

attributable to the HadCM2 climate predictions and/or
to process formulations in the Hybrid model.

The Hadley Centre GCM is consistent with other
GCMs in predicting that some tropical land areas will not
only warm as much as boreal areas, but will also become
drier (Figs2 and 3). In the HadCM2 transient experi-
ments with an IS92a scenario the areas most prone to
longer and more severe dry seasons were in the Amazon
basin, southern and western Africa and central and
western Australia (Hulme & Viner 1998). The weather
generator used in this study simulated interannual and
seasonal variability, such that decadal mean increases in
temperature of 4 °C were associated with annual excur-
sions of over 6 °C, and decadal mean decreases in rainfall
of 10% translated to annual excursions of over 25% with
longer dry seasons. It was these large changes in climate
that caused forest dieback in the Hybrid model. By
contrast, McKane efal. (1995) assumed linear warming,
while Cao & Woodward (1998) used mean monthly
climate values with a monthly timestep. In short, the
climate experienced by some tropical forests in this study
was more severe in some years than that used in other
studies and, by simulating interannual variability, might
be regarded as more realistic.

Intuitively, there is reason to suspect that temperature
increases of 4-6°C and decreases in rainfall of 10-25%
could be critical for some tropical forests. Although an
annual rainfall of only 1.5m is required to maintain
evergreen tropical forest, a drop from say 2.5-1.8 m (see
Fig.8) could result in a shift towards more drought
tolerant species (Borchert 1998). Seasonally dry, tall
evergreen tropical forests (e.g. in eastern Amazonia) are
known to be prone to dieback after successive or severe
dry seasons (Borchert 1998; Condit 1998). More generally,
it may be argued that any warming or drying in the
tropics could be detrimental to evergreen forest growth
because metabolic processes in trees and soils are poised
so high on response curves, some of which may be
exponential (Townsend etal. 1992; Neilson & Drapek
1998). A persuasive observation is that, in the tropics,
warm years tend to be correlated with low values of the
normalized difference vegetation index (NDVI), suggest-
ing that productivity is reduced — the opposite pattern
to that observed at high latitudes (Braswell etal. 1997).

The changes in temperature and rainfall and asso-
ciated shifts in VPD that occurred in tropical regions
where Hybrid predicted forest dieback, affected many
physiological processes in the model. The net result was
a decrease in carbon uptake and increase in plant
respiration. The critical assumptions were contained in
equations for stomatal conductance and maintenance
respiration, which are given in the Appendix. Equations
A2-A4 predict decreases in stomatal conductance of 70—
90% in response to the increases in VPD, temperature
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and [CO,] in the forest dieback areas, drastically low-
ering canopy photosynthesis and carbon uptake despite
the CO; fertilization effect. Increased water-use efficiency
at elevated [CO,] was insufficient to compensate for the
decrease in rainfall.

Consider, for example, forest dieback in the 2190s at
the location illustrated in Fig.8 in the 550 ppm [CO;]
stabilization scenario. Compared with the 1990s, there
had, by then, been increases in decadal mean VPD of
688 Pa, temperature 4.2°C and [CO,] 19.7Pa (Fig.8).
Equations A2-A4 predict a 70% reduction in stomatal
conductance, 49% attributable to increased VPD, 27% to
increased temperature and 24% to increased [CO,]. After
2200, more favourable VPDs and temperatures produced
only a 47% reduction in stomatal conductance compared
to the 1990s and the forest was predicted to regrow
(Fig.8). In the IS92a and 750ppm [CO,] stabilization
scenarios, continued high temperatures and VPDs pre-
vented regrowth (Fig.8). Now, the decrease in GPP
(gross primary production) could have resulted simply
in a proportionate decrease in NPP if it were assumed
that respiration was a fixed fraction of GPP (Waring et al.
1998). But in Hybrid, maintenance respiration was an
exponential function of temperature (eqns A5 and A6),
which caused NPP to fall to zero, simulating tree death
as temperatures increased and GPP decreased to critical
levels.

The Appendix equations offer one valid method of
representing stomatal conductance and maintenance
respiration which enabled Hybrid to reproduce current
ecosystem distribution behaviour reasonably accurately
(Cramer & Field 1999; Friend & White 2000). Other
ecosystem models achieve similar results using different
formulations, incorporating, for instance, the Ball-Berry
approach, where stomatal conductance optimizes photo-
synthesis (Ball etal. 1987) or coupling maintenance
respiration with assimilate supply (see Cannell &
Thornley 2000; Thornley & Cannell 2000). All assume
that elevated [CO,] reduces stomatal conductance, which
may not, in fact, be universal (Jarvis et al. 1999; Beerling
etal. 1996). Differences between models become critical
when predicting the future, especially in nonoptimal
conditions (Cramer & Field 1999) and arise, fundamen-
tally, because we have limited understanding of the
physiological mechanisms involved.

In summary, the tropical forest dieback predicted in
this study was due in part to the high temperatures
and VPDs generated from the GCM output and in
part to the formulations of stomatal conductance and
maintenance respiration in the Hybrid model. These
formulations are plausible, not definitive, and signifi-
cant forest dieback in the tropics is a plausible
consequence of climate change predicted by the
Hadley Centre GCM. However, it is only one possible
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future. Many more studies of this kind are required,
testing different DGVM formulations.

Conclusion

This study reinforces previous evidence that there is
currently a carbon sink in both the northern and tropical
forests. It also suggests that the northern sink will
continue to increase for at least a century with 1S92a
emissions or 750 and 550ppm [CO,] stabilization.
However, unlike previous studies, the climate scenario
and DGVM used here predict that the 1S92a emissions
scenario might carry a risk of catastrophic collapse of
some tropical forest ecosystems within the next 100 years.
Stabilizing [CO,] at 750ppm would postpone this
collapse by about 100y, but it would still be substantial.
Stabilizing [CO,] at 550 ppm carries much less risk of
forest dieback in the tropics and if it did occur the climate
might be favourable enough for recovery. Clearly,
avoiding tropical forest dieback is important for reasons
extending far beyond the issue of maintaining the
terrestrial carbon sink. Any fall in potential primary
productivity in the tropics is likely to have significant
effects on biodiversity, agricultural production and the
well-being of millions of people.
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Appendix

The model Hybrid v4.1 predicts forest dieback in some
regions, which could be traced to a decrease in gross
primary production, as a result of stomatal closure, while
maintenance respiration remained relatively constant or
increased.

In the model, stomatal conductance, g, is calculated
using the approach of Jarvis/Stewart (Jarvis 1976;
Stewart 1988) by multiplying a hypothetical maximum
conductance, gmax, by functions of solar radiation, 8.4,
specific humidity deficit, 844, air temperature, or, soil
water potential, dg,, and above-canopy CO, concentra-
tiOl’l, acozi

& = &max * Orad * Odq * OT * Osw * Oco,, (A1)

where gnax is calculated from the amount of foliage
nitrogen bound in rubisco and scaled to give the
appropriate relationship between gmax and net photo-
synthesis, Anax as detail by Korner (1994) (see Friend
etal. 1997). For the tropical regions where dieback was
predicted to occur (Fig.8), the factors relating to solar
radiation and soil water potential were relatively
constant during all simulations. The other factors are
detailed below. Linear stomatal closing was assumed
with specific humidity deficit, such that

1-1.219. Y% if Y4 <0.6277
bdq = R-T RéT . (A2)
0.2348 if %4 > 06277
R-T

where 04 is the vapour pressure deficit (VPD) of the
atmosphere (Pa), R is the gas constant (= 8.3144JK!
mol™) and T is air temperature (K). At standard
temperature and pressure the minimum value is reached
with a VPD of 1530 Pa.

White A, Cannell MGR, Friend AD (1999) Climate change
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Xiao X, Melillo JM, Kicklighter DW et al. (1998) Transient climate
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For air temperatures below 0 or above 40°C, 8r=0,
otherwise

(T- (40 —T))"*°
(18.35 - (40 — 18.35))"'%’

(A3)

T =

where T is the air temperature (°C). This factor displays a
super-linear relationship between 0 and 40°C with a
maximum of 1 at 18.35°C.
A linear closing response with increasing CO, was
assumed whereby
1—-0.00833 - co if co<80
bco, = { 0.333 if co>80’ (44)

where co is the atmospheric CO, partial pressure (Pa)
and a minimum is reached at 80Pa.

Daytime and night-time maintenance respiration
was calculated for fine root, sapwood (or support
structure in herbaceous plant) and foliage components
separately. (Foliage had a night-time component only
as the daytime component is implicit in photorespira-
tion.) The mean night-time foliage maintenance re-
spiration rate, F¢,, was assumed to be a linear function
of foliage nitrogen content and an exponential function
of air temperature (after Ryan 1991; Friend etal. 1997):

Fin = 7gn - N - e 0%/ Tn, (A5)

here, subscript f denotes foliage and #n denotes night-
time, 7, is a constant estimated from Ryan (1991) to be
42,6 X10°kgCkgN™"'s™, and T, denotes night-time air
temperature (K).

Mean fine root maintenance respiration over each 24-h
period, F,, was calculated from fine root nitrogen content
N,, and mean 24h soil temperature, using the same
formulation as equation (A5).
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Sapwood and grass support tissue respiration rates
were calculated for daytime, F,, 4, and night-time, F,, ,,
assuming a linear relationship with living carbon mass,
C,, and a exponential relationship with air temperature
(after Ryan 1990; Friend etal. 1997):

Fud/m=1w-Cy . @=6595/Ta/n (A6)

The constant 77,, was estimated from the measurements
of Ryan (1990) to be 83.14kg CkgC's™.
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If carbon and nitrogen pools remained relatively
constant, total plant maintenance respirational depended
critically on air temperature. In Hybrid, maintenance
respiration is not coupled directly to photosynthesis, and
therefore the fraction of assimilates used in respiration
could exceed 0.6, especially as trees died at high
temperatures (cf. Waring et al. 1998; Cannell & Thornley
2000).



