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ABSTRACT

Aim Using a Dynamic Global Vegetation Model (DGVM), we assessed the
independent and co-varying effects of temperature, precipitation and atmospheric
CO, on nonlinear (threshold) responses in carbon-based processes, and evaluated
whether these underlying process thresholds translate to the ecosystem-scale.

Location Amazon Basin, South America.

Methods The Lund-Potsdam-Jena model (LPJ) was employed to determine responses
in net primary production (NPP), heterotrophic respiration (Ry,), vegetation carbon
(Cy), soil carbon (Cg), and plant functional type (PFT) composition to variations
in temperature (+ 9 °C relative to the control), precipitation (up to 80% reduction in
rainfall relative to the control) and atmospheric CO, (£ 100 p.p.m.v. relative to the
control).

Results Our modelling experiments show that increases in temperature result in
lower and steeper NPP and Ry curves, indicating a thermal threshold at current
temperature conditions. Under a combination of temperature and precipitation change,
C, responds more to precipitation, while Cg closely follows temperature gradients.
Ecosystem thresholds, measured in terms of PFT composition stability, are surprisingly
few. Simulations indicate an ecosystem threshold occurring at 80% reduction in
rainfall; however, due to modelling limitations, this threshold is likely to occur at
earlier drought stress conditions. Further empirical research on abiotic stress
tolerance levels in tropical ecosystems must be performed in order to refine PFT
descriptions used in DGVMs.

Main conclusion In evaluating simulation scenarios that promote major changes
in PFT assemblage, we conclude that the ‘natural’ Amazonian rain forest is resilient
to environmental change, particularly to decreases in temperature and precipitation.
Determining to what extent anthropogenic pressures have altered this resiliency is of
utmost importance in predicting the future fate of the Amazon Basin.
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INTRODUCTION

processes to environmental change (Mayer & Rietkerk, 2004).
Often, nonlinear processes yield ‘threshold’-like response

Processes and mechanisms affecting carbon dynamics and
vegetation structure in undisturbed tropical forests are highly
sensitive to changes in climate and atmospheric CO, (Post et al.,
1997). A common theme in global change research is the presence
of nonlinear responses of ecophysiological and biochemical
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curves, indicating that a process is resilient to change up to a
specific point, after which further change causes a sharp
response, either a rapid increase or decrease relative to pre-
threshold values. Understanding the limits of processes in resist-
ing change is necessary if we are to make accurate predictions
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of how ecosystem-level processes may become altered in the
near future.

Not only have thresholds been associated with physiological
and biochemical terrestrial processes, but they have also been
discussed in the context of ecosystem-scale processes and func-
tions (Eiswerth & Haney, 2001; Reynolds, 2002; Stringham et al.,
2003). Much has been written about ‘ecosystem resilience’ in the
literature, with two definitions of resiliency having become most
popular. Ecosystem resiliency is either viewed from the perspec-
tive of an ecosystem overcoming catalysts promoting change, or
of an ecosystem that is disturbed and is able to return to its pre-
disturbed state (Peterson et al., 1998). Studies have been carried
out, for example, to determine whether there are threshold rela-
tionships between degrees of deforestation and bird abundance
and richness in various forested landscapes (Lindenmayer et al.,
2005; Radford et al., 2005), and between aphid populations and
the degree of forest fragmentation (With et al., 2002).

Threshold responses can occur simply from the change in one
single environmental factor, or can be the result of combined
effects from multiple environmental factors. Separating the
effects of the two can be difficult in field or laboratory experiments,
however, the use of models can be of particular importance in
this respect (House et al., 2003). Vegetation model simulations
can reveal potential nonlinear, threshold responses, and can do
so at the level of individual processes (i.e. photosynthesis) and at
the community (ecosystem) level (based on competition between
various plant functional types, PFTs).

The objective of our research incorporating the use of a
dynamic vegetation model was three-fold. First, we wanted to
identify which of the commonly cited carbon-based variables
(i.e. NPP, Ry, Cy and Cg) show the strongest threshold effects in
response to changes in temperature, precipitation and atmos-
pheric CO,. Secondly, we wanted to determine if these threshold
effects arise from one environmental stimulus acting independ-
ently, or to two or more stimuli acting in combination. Lastly,
we were interested in determining whether threshold effects
could be seen at the community (ecosystem) level, and whether
our modelled Amazonian system showed signs of resiliency to
environmental change. For this analysis, we considered changes
in the relative abundance and composition of regional PFTs.

We chose to model a small region within the Amazonian
watershed (area enclosed by 3°N-8°S and 63° W—73°W),
based on the rationale that a smaller area is likely to show more
homogeneous responses than a larger area (Alcock, 2003). The
influence of nutrient limitations (Chambers & Silver, 2004a) and
other natural and anthropogenic disturbances (i.e. deforestation,
forest re-growth and biomass burning) (Garcia-Romero et al.,
2004; Larsen et al., 2005) are inarguably important when con-
sidering tropical forest thresholds, however, they are beyond the
scope of this current study.

METHODS

Model description

The Lund-Potsdam-Jena (LPJ) Dynamic Global Vegetation
Model (DGVM) (Sitch et al., 2003) simulates dynamic responses
in carbon processes, vegetation structure, and soil biogeochemis-
try. Vegetation structure is defined by 10 PFTs and is based on
physiological (C;, C,), phenological (deciduous, evergreen) and
physiognomic (tree, grass) attributes. Each PFT can occur as a
fraction of a grid depending on the bioclimatic limits of each PFT.
These limits are based on 20-year running means (Table 1). Each
PFT population is characterized by a set of variables describing
the state of the average individual, as well as by the population
density. More detailed parameter values for each PFT can be
found in Sitch et al. (2003) and Haxeltine & Prentice (1996).
Competition for light and water are modelled via PFT-specific
attributes. Photosynthesis is modelled following a simplified
Farquhar approach, with the carbon and water cycles coupled
through the calculation of canopy conductance. Annual NPP is
allocated to leaf, sapwood, and fine root carbon pools, satisfying
a prescribed set of structural constraints. Plant respiration is simu-
lated in response to both temperature and moisture limitations.
A two-layer soil module is incorporated in LPJ and is based on
parameterizations developed in BIOME3 (Haxeltine & Prentice,
1996). The water content in each layer is determined mostly
by soil texture, including soil properties such as water holding
capacity. Each PFT has an associated above- and below-ground
litter pool. As litter decomposes, 70% of the carbon goes directly

Table 1 Selected parameterizations used to define plant functional types (PFTs) incorporated in the vegetation model, LP]. P, refers to
photosynthetic pathway (C; or C,). W refers to a water stress threshold scalar used to calculate maximum leaf coverage. Ty, is low temperature

limit for CO, uptake (photosynthesis). T, and T, are the lower and upper range of photosynthetic temperature optima, respectively. T, is the
high temperature limitation for CO, uptake
PFT P, w Tiow T, (°C) T, (°C) T (°C)
Tropical broad-leaved evergreen G, 0.0 2.0 25.0 30.0 55.0
Tropical broad-leaved raingreen G, 0.35 2.0 25.0 30.0 55.0
Temperate needle-leaved evergreen C, 0.0 —4.0 20.0 30.0 42.0
Temperate broad-leaved evergreen C, 0.0 -4.0 20.0 30.0 42.0
Temperate broad-leaved summergreen C, 0.0 —4.0 20.0 25.0 38.0
C; grass (0N 0.35 -4.0 10.0 30.0 45.0
C, grass C, 0.35 6.0 20.0 45.0 55.0
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into the atmosphere, and the remaining 30% is divided into the
intermediate-turnover (98-98.5%) and slow-turnover (1.5%)
soil pools. The decomposition rate of litter and soil is both
temperature and moisture dependent.

LPJ includes a fire module that simulates the release of
CO, from the biosphere to the atmosphere. The role that fire
plays in the terrestrial carbon budget is dependent on: (1)
fuel availability, (2) litter moisture, (3) length of the fire season,
and (4) PFT-specific fire tolerances. LPJ incorporates all four
considerations.

Validation of the ability of LPJ to realistically simulate process
variables has been undertaken by many modelling groups
(Gordon et al., 2004; Peylin et al., 2005; Sitch et al., 2005). Con-
sequently, LPJ is used extensively in both global and regional
simulations, and can be used for research questions related to the
response of terrestrial ecosystems to seasonal and inter-annual
climate variability (Dargaville et al., 2002; Lucht et al., 2002;
Sitch et al., 2003; Gerber et al., 2004). In addition, LPJ has also
proved a useful tool for palaeovegetation research (Kaplan et al.,
2002; Joos et al., 2004).

Simulated region

We simulated a region of the Amazon Basin, South America,
described by an area enclosed by co-ordinates 3° N to 8° S and
63° W to 73° W. Our region is characterized by a mean monthly
temperature and precipitation rate of 24.3 °C and 202 mm,
respectively. These numbers represent an average taken over the
entire time sequence, 1901-98. This area is comparable to about
20% of the entire Amazonian watershed. Tropical broadleaf
evergreen forest is the dominant biome type in the region
(Ramankutty & Foley, 1999). As with tropical regions in general,
carbon in our simulations is mostly stored in above-ground
relative to below-ground pools (Townsend & Vitousek, 1992).

Input data

Input parameters, measured at a resolution of 0.5° by 0.5°
latitude/longitude, include: (1) soil type, (2) monthly temperature,
(3) monthly precipitation, (4) cloud cover (that in turn is con-
verted into percentage sunshine), and (5) annual atmospheric
CO, concentration. Soil type was derived from Zobler’s modified
soil data base (Post & Zobler, 2000). Our control atmospheric
CO, data base was obtained from the Carbon Cycle Model
Linkage Project, and includes measurements and/or extrapola-
tions from the years 1901 to 1998 (Kicklighter etal., 1999;
McGuire et al., 2001).

Monthly climate data used in our study (New et al., 2003) is
the most comprehensive observational data base available
today, and covers the period from 1901 to 1998. These data are
constructed using an anomaly approach, measured relative to
a normalized time sequence between the years 1961-90. The
climate anomaly approach represents a large step forward in
global change research as climatology is no longer biased by the
General Circulation Models (GCMs) in which the data base was
generated. Anomaly grids were combined with a high-resolution
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mean monthly climatology to produce modelling input data.
The Amazon region in particular has few climate monitoring
stations (New et al., 2000), thus climatological interpolation may
have introduced some error in our simulations; however, this is
likely not to be significant enough to alter overall trends.

Modelling scenarios

Control simulation

Because LP] simulates terrestrial ecosystems from bare ground, a
minimum of 1000 years of simulation is required to accurately
represent carbon in soil, vegetation and litter pools. We con-
ducted our 1000-year spin-up simulation by using climate data
from the early portion of the modern-day data set (i.e. 1901-20)
and by employing constant preindustrial atmospheric CO,
levels of 280 p.p.m.v. Post-spin-up, our control simulation
incorporated the full 1901-98 climate data base, and included
atmospheric CO, that varied from a minimum concentration of
296 p.p.m.v. to a maximum concentration of 365 p.p.m.v..

Experimental simulations

Our experimental simulations involved applying each climate
anomaly independently and in combination with other climate
and CO, anomalies. To evaluate the independent influence of
temperature and precipitation, we conducted simulations using
temperature increases of 3, 5, 7 and 9 °C, temperature decreases
of 3,5,7 and 9 °C and precipitation reductions of 20, 40, 60 and
80% relative to the control. To evaluate their combined effects,
we conducted a total of 45 simulations (including all possible
crosses of the climate anomalies indicated, and our control
simulation). Although scenarios involving increases in precipita-
tion might have generated interesting results, we did not consider
this aspect based on the assumption that precipitation is not
a limiting factor in humid tropical forests. We also did not con-
sider percentage cloud cover anomalies, since the effects of
changes in cloud cover on carbon dynamics are relatively small
(Gerber et al., 2004). To examine the influence of atmospheric
CO, on combined temperature (£ 5 and + 7 °C) and precipita-
tion (40% and 80% rainfall reduction), we simply prescribed
atmospheric CO, levels of +100 p.p.m.v. and —100 p.p.m.v.
relative to the control CO,, generating an additional 30 simulations.

MODEL VALIDATION

Comparison with other modelling studies

All simulation results are reported as averages calculated over
the entire modelled region, because our main objective did not
involve evaluating landscape heterogeneity. We were also not
concerned with inter-annual variability per se therefore com-
parisons were made based on the equilibrium response at the
final year of simulation. Our comparative analyses are focused
on the following diagnostic variables: NPP, Ry, net ecosystem
productivity (NEP), C, and Cs.
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NPP for our control simulation was 968 g C m™ year .
Potter et al. (2001) estimate that mean NPP for the Brazilian
region of the Amazon watershed is between a lower end of 780—
1030 g Cm™year™ to an upper end of 950-1300 g C m™ year .
Similarly, NPP simulated for the entire Amazon Basin by Cramer
et al. (2004) yields a value of 981 g C m™ year™.

We simulated an average Ry; value of 867 g C m™ year™,
similar to Cramer et al’s (2004) simulation of 931 g C m™ year™".
Including root respiration, Raich ef al. (2002) estimated Amazonian
Ry to be around 1320 g C m™ year™, calculated for the years
between 1980 and 1994. Their observations were taken from an
evergreen broadleaf forest growing under a climate regime
characterized by a mean temperature of 24.6 °C and a mean
annual precipitation of 2214 mm. Assuming that about 30—40%
of total respiration is from root biomass, our simulated R;; value
is within the same range as that of Raich et al. (2002).

Carbon dioxide flux caused from the burning of terrestrial
carbon is simulated to be 30 g C m™ year™". Our simulated NEP
was roughly 71 g C m™ year™, consistent with Chambers et al’s
(2004b) estimate of an Amazonian carbon sink of close to
50 g C m year™'. During El Nifo years, Potter et al. (2001)
simulate an Amazonian carbon source in excess of 100 g C
m™ year™, and simulate a carbon sink of 50-200 g C m™ year™’
in other years. Kucharik et al’s (2000) modelling research
indicates that between 37 and 53 g C m™ year™ was accumulated
in tropical forests during the period of 1965-94.

Our final year simulation of Cy (7 kg C m™) is on the lower
end of ranges reported by other modelling studies conducted in
similar areas of South America. For the entire Amazon water-
shed, Sitch et al. (2003) model average C, in the range of 15—
18 kg C m™. For the Amazon, defined by an area enclosed by
3°N to 8°S and 63° W to 73° W, Cox et al. (2004) estimate C,,
equal to approximately 12.4 kg C m™. We suggest two possible
explanations for our C values falling on the lower-end estimates
relative to other modelling research: (1) our simulated site con-
tains mixed PFTS, thus carbon uptake by other PFTs is generally
lower than for tropical broadleaf evergreen forest itself, and
therefore would contribute to an overall lower net productivity
regionally, and (2) we simulated a very small portion of the
Amazon watershed which may not entirely be representative
of the basin as a whole. Subsequent modelling experiments
indicated that when LP] was simulated for 200 years (as opposed
to 98 years), C, values were in fact higher (data not shown), and
more similar to other modelled values (i.e. Tian et al., 2000).

With respect to Cg, our simulated values are consistent with
other modelling studies. Cq is simulated at 4.1 kg C m™, while
Sitch et al. (2003) predict Cs in the range of 3—6 kg C m™, and
Cox et al. (2004) estimate Cg to be 5 kg C m™. Simulated litter
carbon (C;) for our region of Amazonia (0.6 kg Cm™) falls
within the range estimated for tropical forests in general
(0.4-0.6 kg C m™) (Kucharik et al., 2000).

Comparison with observational data

A direct comparison of our simulated values to those observed
cannot be made due to the lack of field data undertaken within

Table 2 Comparison between simulated and observed annual
carbon fluxes (g C m™~ year™'), including net primary production
(NPP), heterotrophic respiration (Ry;), net ecosystem production
(NEP), and carbon storages (Kg C m™)

Simulated  Field sudy  Region or biome type
NPP 968 747-957 Amazon
Ry 867 890-1520  Moist humid forest
NEP 71 62 Amazon
Cy 7 4-25 Tropical broad-leaved humid forest
Cq 4 3.5-10.9 Amazon

our simulated region (as well as across Amazonia in general). We
have, however, provided a range of observational values gathered
at various places throughout Amazonia and within the humid
tropics (Table 2) to aid in qualitative comparisons. Our control
NPP is indirectly compared against above-ground coarse woody
carbon production (which is approximately proportional to
total above-ground productivity) measured in 104 plots within
Amazonian humid tropical forest (Malhi et al., 2004). Malhi
et al. (2004) show that most plots in lowland central and eastern
Amazonia have a relatively low productivity, with the highest
productivities occurring in western Amazonia. Malhi etal.
(2004) observed an upper limit of above-ground NPP of around
1260 g Cm ™ year'. We chose values of above-ground coarse
woody carbon production for six of Malhi ef al’s (2004) sites
and calculated NPP (by multiplying by 2.93) to obtain a relative
range of NPP values. Chosen sites were taken from areas
characterized by rainfall rates of 2272-2763 mm year ' and mean
temperatures of between 25 and 27 °C (i.e. similar to our
modelled region). Observed above-ground NPP ranged from
747 to 957 g C m™ year', in contrast to our simulated NPP value
of 968 g C m™ year . Our simulated value, however, included
below-ground root biomass.

For R, comparisons, we chose observational soil respiration
flux data for a tropical moist/humid forest region defined by
rainfall rates greater than 1500 mm year™ (i.e. once again to be
consistent with our modelled region). Values of R;; observed by
Raich & Schlesinger (1992) and Silver (1998) fall between 890
and 1520 g C m™ year™'. Assuming that root respiration con-
tributes approximately 30% to total soil respiration, our value of
Ry is in good agreement with observational data (Table 2).
Similarly, net carbon uptake rates of 62+37gC m™ year
obtained in the field (Amazonia) by Phillips et al. (1998) are
comparable to our simulated NEP rate. Eddy flux NEP measure-
ments reported for tropical forests can vary substantially,
for example, between 70 and 590 g C m™ year™' (Prentice et al.,
2001). Our simulated value of C, falls within the lower end of
reported field-based ranges (4-25 kg C m™) (Olson et al., 2003).
Simulated Cg was in good agreement with data extracted from
soil surveys taken in a region in the Amazon (0.1° N by 68.4° W)
between the years 1965-84 (Zinke et al., 2003).

Simulated PFT fractions are compared with extracted vegetation
types generated from satellite surveys (DeFries et al., 1999;
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Table 3 Comparison between observed and simulated PFT
fractional coverage (%)

PFT Observation Simulated

Broadleaf tree 80.1 £8.7 86.2 + 9.3 (total broad-leaved)

72.8 £17.9 (tropical PFT only)

Evergreen tree 77.5+9.6 64.0 £ 10.6 (total evergreen)
48.5 % 14.4 (tropical PFT only)

Deciduous tree 26+3.4 29.5 + 9.8 (total deciduous)
23.7 £12.0 (tropical PFT only)

Tree 80.1 £8.7 93.6 £ 5.5 (total tree)

Grass 17.9+8.3 6.0 £ 5.5 (total grass)

DeFries et al., 2000). Cover type distributions were derived from
multi-temporal Advanced Very High Resolution Radiometer
(AVHRR) data and were originally mapped at 1-km resolution,
then later aggregated at the 0.5° x 0.5° latitude/longitude
scale. The number of vegetation types (i.e. PFTs) is far fewer in
the satellite data base relative to LPJ, therefore there were several
ways in which we could aggregate our simulated PFTs to compare
against those from the observational data base (leading to either
overlapping data or absent data). For example, satellite classification
of ‘broadleaf trees’ is represented by three PFTs in LPJ: broadleaf
evergreen, broadleaf deciduous and temperate broadleaf.
We present, therefore, two simulation results for each vegetation
type: one in which all possibilities are considered resulting in an
overestimation of fractional coverage, and the other in which just
one humid tropical PFT is considered, resulting in an overall
underestimation of fractional coverage (Table 3).

Our simulated broadleaf cover is well captured under both
comparison methods, as is our simulated evergreen tree PFT
(Table 3). Thus, we are confident that LPJ is simulating realistic
percentage cover values for tropical rainforest within our selected
region. Simulations of deciduous trees are overestimated in LPJ
relative to satellite data (Table 3). Satellite data indicate that less
than 3% of our modelled region contains deciduous tree cover,
whereas LP] simulates between 24% and 30% of the area covered
with broadleaf raingreen (seasonal) forest. This implies that
LPJ is limited in its abilities to distinguish between a humid
and seasonal tropical forest. A limitation such as this indicates
that the stress tolerance levels (input parameters) assigned to
each of the competing PFTs must be reviewed and refined,
not only in LPJ but also in other first-generation global vegeta-
tion models.

Compared to DeFries et al’s (1999) satellite-based vegetation
distributions, LP] overestimates the amount of tree cover and
subsequently underestimates the amount of grass cover in
Amazonia. This trend has also been reported in other DGVM
model simulations of the Amazon Basin (Cox et al., 2004). Many
factors influence competition between grass and woody perennials,
including primarily fire, but also including anthropogenic land-use
change, which is generally omitted or is only crudely parameterized
in vegetation models. Overall, however, we feel that LPJ simulations
of vegetation cover in our region of Amazonia are robust enough
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to place good confidence in the results we obtain during our
sensitivity-type modelling experiments.

RESULTS AND DISCUSSION

Process thresholds: NPP, R, and carbon storage

Simulated NPP and Ry are relatively insensitive to temperature
cooling (i.e. temperature anomalies up to —9 °C relative to the
control) (Fig. 1a). NPP, for example, varies by less than 2% over
the full range of cooling. In contrast, NPP and Ry decrease in
total by 28% and 26%, respectively, when temperatures increase
from the control to +9 °C. The adverse effects of temperature
warming on tropical forest NPP are consistent with other
modelling studies (Botta et al., 2002; Gerber et al., 2004; Potter
etal., 2004) and field measurements (Malhi et al., 2004). If we
define ‘threshold” as a point in time when there occurs a sharp
change in response to external stimuli, then modelling results
indicate that NPP has a temperature threshold hovering near
modern-day values.

Under independent temperature changes, Ry is relatively
insensitive to cooling scenarios, much like NPP (Fig. 1a). Field
studies indicate a close correlation between NPP & R, in various
ecosystems (Raich & Schlesinger, 1992). Ry; and NPP both
decline with increasing temperature, although the slope of
the decline in Ry is somewhat less steep than that of NPP.
Even though increasing temperature should increase rates of
decomposition, Ry declines with increasing temperatures due to
the overriding effect of reduced litter input resulting from low
vegetation productivity (Potter et al., 2004). Simulated Ry; also
shows a threshold around modern-day temperatures.

Modelling simulations performed with combined temperature
and precipitation anomalies indicate that the interaction of
these two climate variables does not result in a sharpening of
thresholds (i.e. increase downward slope), but actually results in
a smoothening of the slope of both NPP and Ry, response curves
(Fig. 1b,c). By the time precipitation is decreased by 80% relative
to the control, our NPP vs. temperature curve is close to linear,
with cooler temperatures resulting in the highest NPP when
combined with severe water stress.

Similarly, the smoothening of the threshold curve in response
to decreased precipitation also occurs with Ry, although our
extreme drought scenario results in a complete lack of response
of Ry; with any change in temperature, either warming or cooling
(Fig. 1¢c). Field observations of the co-varying effects of inter-
annual changes in soil water content (SWC) and temperature
within a temperate pine forest indicate that when SWC is less
than 15%, the rate of Ry; declines and is insensitive to changes in
air (soil) temperatures (Yuste et al., 2003).

Reduction in both NPP and Ry, with increasing temperature is
only minimally enhanced in combination with low precipitation.
In our modelled region of Amazonia, a reduction in precipitation
by up to 60% relative to that today has generally minimal effect on
NPP and Ry;. The largest decrease in NPP occurs with a reduction
of precipitation by 80%. We believe that our simulated NPP
threshold (at 80% reduction in rainfall relative to the control) is

Global Ecology and Biogeography, 15, 553-566, Journal compilation © 2006 Blackwell Publishing Ltd 557



S. A. Cowling and Y. Shin

1000 1000
_ @
. 900 900 -
<
o -
> o
< 800 5 800
'€ g
0 )
o 700 £ 700
D:I o %
T 60+ > 600 -
s S
o J _
o s00 500
z —e— NPP
400 - o RH 400
300 —— 300 .
12 -9 6 -3 0 3 6 9 12 12 -9 -6

Temperature Change (°C)

Temperature Change (°C)

Control Precipitation
20% Reduction
40% Reduction
60% Reduction
80% Reduction

1000
©
900 +
. 800
(5]
>
'TE 700 4 ——
o S
Re] 600 + v
> g
4 — - —
500
400
-\l—-l——l’ - Sy
300 ———

Temperature Change (°C)

unrealistic. In reality, precipitation thresholds in tropical humid
forests are likely to occur at less water-stressed conditions than
our modelled 80% reduction threshold. Two reasons may account
for an underestimation of the response of tropical forest to water
stress. First, the water stress threshold scalar (see Table 1) may
not be robust enough to capture realistic responses of tropical
forest to drought. The use of PFTs in vegetation models was
initially a necessity because of computational constraints; how-
ever, with the growing amount of useful ecophysiological data,
modelled PFT tolerances can soon be refined, overcoming this
constraint. Secondly, LP] is unable to accommodate vegetation—
climate feedbacks on regional rainfall. The Amazon Basin is char-
acterized by a high recycling rate of precipitation (Marengo et al.,
1994), thus even small changes in vegetation abundance or NPP
in response to decreases in precipitation will cause a positive
feedback on localized drying (Betts et al., 2004). Recent model-
ling research on the effects of future climate change on the
Amazon Basin indicates that initial decreases in percentage forest
cover promoted by sea surface warming and reduced precipitation
result in less evaporative recycling of rainfall and enhanced local
surface temperatures (see scenario IS92a in Cox et al., 2004).

On the other hand, other studies indicate that rainfall over
forest vegetation appears to be almost insensitive to soil water
stress, whereas reduced precipitation is generated only over
pasture-dominated landscapes (da Rocha et al., 1996). This
study indicates a strong resilience in highly forested regions to
a disturbance in the vegetation-rainfall recycling process; thus
our estimate of a threshold of around 80% decrease in precipita-
tion may be less unrealistic than at first glance.

558

Figure 1 Response of (a) net primary
production (NPP) and heterotrophic
respiration (Ry) to variations in temperature,
(b) NPP under combined temperature and
precipitation change, and (c) Ry, under
co-varying temperature and precipitation stress.

According to Foley et al. (2002), precipitation change associated
with ENSO years is roughly 20% below rainfall characteristic of
‘neutral’ years, with temperature changes arising from ENSO
considered fairly small, in the order of 0.3 °C warming. Based
on our co-varying climate simulations, such a combination of
environmental stresses should have minimal influence on net
productivity, however, other modelling and field observations
suggest otherwise (Tian et al., 2000). This discrepancy can be
explained by the fact that LPJ] does not model anthropogenic
changes in fire frequency, whereas in reality, the interaction of
ENSO climate and fire (promoted by clear-cutting, selective
cutting and burning of pasture fields) results in a substantial
reduction in Amazonian productivity (Laurance & Williamson,
2001; Laurance, 2003; Barlow & Peres, 2004), heightening
Amazonia’s sensitivity to fire disturbance. Normally in humid
tropical forests, precipitation is not a limiting factor to ecosystem
productivity, whereas in tropical savanna regions, a reduction in
precipitation is usually the most prominent factor promoting
active competition between grass and tree types (via fire interac-
tions) (Smith et al., 2001; Botta et al., 2002).

Carbon stored in vegetation (Cy), soil (C;) and litter (C,) differ
slightly in their response to co-varying temperature and precipitation
climate stress (Fig. 2). C, responds less variably under temperature
cooling scenarios, but shows a steeper response under temperature
warming. Overall, changes in precipitation have more of an effect
on C, than on Cs (Fig. 2a,b). C displays almost a linear trend when
temperature changes are combined with rainfall reductions of
up to 60%. C, responds in a similar manner as Cs (Fig. 2¢), showing
minimal sensitivity to changes in precipitation, even under an

© 2006 The Authors
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80% reduction in precipitation. Our co-varying climate anomaly
simulations clearly show the dependence of Cs and C; on ambient
temperature. Both trends can be accounted for by their strong
sensitivity of decomposition rate to temperature fluctuations
(Gerber et al., 2004).

General trends derived from our simulations using a DGVM
can be useful in providing further insight into climate change
research performed at the scale of (coupled) GCMs. If lower
resolution models (like LPJ) can predict the relative change in
carbon variables like C, and C; to future changes in climate that
are similar to the responses indicated by GCMs, then greater
confidence can be placed on these future predictions. TRIFFID,
for example, simulates a future (end of the 21st century) decrease
in Amazonian C, and Cg by 22% and 28%, respectively, in response
to a warming of 9.2 °C and a decrease in rainfall by 36% (Cox
et al., 2004). TRIFFID is a component of the Hadley Centre’s
fully-coupled earth system model that was conducted using the
1S92a CO, emission scenario (Cox ef al., 2004). Based on our
resulting sensitivity-response matrix (Fig.2a,b; 8 °C warming
and 40% reduction in rainfall), LP] simulations indicate that
Cy and C; should decrease by approximately 43% and 50%,
respectively.

There are two primary differences between the two models
used in the example above: (1) LPJ simulations were not con-
ducted under elevated atmospheric CO,, and (2) LP] is not a fully
coupled model and therefore does not incorporate vegetation
feedbacks on climate. Both of these factors could account for the

© 2006 The Authors
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increased reduction in terrestrial carbon storage observed in LPJ
simulations, indicating that both the rise in atmospheric CO,
and vegetation—climate coupling promote resiliency in Amazonian
forest to changes in carbon process dynamics.

Does atmospheric CO, variation influence threshold
responses?

Atmospheric CO, does not seem to influence temperature
threshold responses in NPP (Fig. 3). Simulated NPP thresholds
remain near control temperatures under both + 100 p.p.m.v. CO,
scenarios. Atmospheric CO, does, however, change the initial value
for NPP under control conditions: from 968 to 1032 g C m ™ year™'
with +100 p.p.m.v. CO,, and from 968 to 891 g C m™ year ' with
—100 p.p.m.v. CO,. In other words, atmospheric CO, shifts the
response curve above or below the control curve, but does not
influence its overall shape. This response is indicative of an
additive (as opposed to multiplicative) environmental stress,
supported by various field studies (Cao et al., 2004; Chambers
etal., 2004a).

Increases and decreases in atmospheric CO, relative to the
control do not modify the shape of environmental response
curves for vegetation and soil carbon storage, however, once
again, the starting and ending points of the curves are influenced
by atmospheric CO, concentration (Fig. 4). Under high temper-
ature stress (+3 °C to +6 °C), C, is strongly modified by CO,
(Fig. 4a), whereas under precipitation stress (—60% to —80%
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Figure 3 Response of net primary production
(NPP) to changes in atmospheric CO,
(=100 p.p.m.v., +100 p.p.m.v.) in combination
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with (a) temperature (°C) anomalies, and
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(b) precipitation reductions (percentage
relative to control).

Figure 4 Influence of changes in atmospheric
CO, (=100 p.p.m.v., +100 p.p.m.v.) on

(a) vegetation carbon (C,) with co-varying
temperature anomalies, (b) soil carbon (Cg)
with co-varying temperature anomalies, (c)
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reduction), Cy is only minimally influenced by CO, (Fig. 4c). Of
vegetation and soil carbon responses to co-varying environmental
changes in general, CO, has the least effect on Cs relative to C,.

Community-level thresholds and ecosystem resilience
assessed through PFT competition

To model PFT composition in any particular region, LPJ follows
a set of bioclimatic competition rules, meaning that each PFT is
parameterized with climate constraints on growth and establish-
ment (Table 1). Photosynthetic measurements taken from temperate
and tropical tree species indicate that temperate trees do in
fact have lower temperature growth requirements than tropical
PFTs (Cunningham & Read, 2002), supporting assigned differences

-40 -20 0

Precipitation Reduction (%)

Cy with co-varying precipitation reductions
(relative to control), and (d) Cg with co-varying

T T T

precipitation reductions (relative to control).

in PFT growth potential. Once the bioclimatic criteria of a PFT
are met, PFTs must then compete for light (which is based on
accumulation of carbon). Those that grow the best, establish at a
greater rate. There are some static competition rules, such as if
both tree and grass PFTs can grow in an area, trees will always
out-compete grass. In fact, grass PFTs are usually assigned cover-
age based on the area of grid cell that is not covered by tree PFTs
(Sitch et al., 2003). These ‘rules’ are not necessarily limitations to
PFT-based vegetation modelling research, but rather caveats to
keep in mind when analysing modelling results.

Our simulated region contains more than one PFT, although
by far the most dominant type is tropical evergreen forest.
For our control, fractional coverage by tropical evergreen (‘rain
forest’), tropical raingreen (‘seasonal forest’), temperate woody
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Figure 5 Percentage cover of Amazonian plant functional types
(PFTs) under (a) control climate, (b) 7 °C warming, (c) 7 °C
cooling, (d) 60% reduction in precipitation relative to control,
(e) 80% reduction in precipitation relative to control, (f) 80%
reduction in precipitation, combined with 7 °C warming, and
(g) 80% precipitation reduction, combined with 7 °C cooling.

plants, C, grass, and C, grass are 50%, 25%, 15%, 3% and 5%,
respectively (Fig.5a). When we impose climate warming of
+7 °C, percentage cover of tropical evergreen forest actually
increases from 50% to 70%, replacing temperate and C; grass
PFTs (Fig. 5b). Under imposed climate cooling, our simulated
region of Amazonia is dominated by the temperate woody PFT
with concomitant declines in the fractional coverage of warm-
loving PFTs (i.e. raingreen and evergreen forest) (Fig. 5¢).

Surprisingly, a 60% reduction in precipitation relative to
the control does not cause major changes in PFT abundance,
although fractional cover by tropical woody types undergoes a
slight decline (Fig. 5d). The only simulation that results in signi-
ficant changes in PFT abundance include those with a reduction
in precipitation of up to 80% relative to the control (Fig. 5e),
although as indicated earlier (i.e. water stress effects on carbon-
based processes), LP] may result in simulations indicating a
precipitation threshold that is far too (unrealistically) tolerant
to drought.

© 2006 The Authors
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Figure 6 Response of Amazonian plant functional type (PFT)
assemblages to (a) high (+100 p.p.m.v.) atmospheric CO,, (b) low
(=100 p.p.m.v.) atmospheric CO,, (¢) high CO, in combination with
a 40% reduction in control precipitation and 7 °C warming, and
(d) low CO, in combination with 40% reduction in control
precipitation and 7 °C warming.

Under a general reduction in precipitation, the fractional
coverage of tropical woody PFTs declines with a corresponding
increase in grassy PFTs. Depending on whether the decline in
precipitation is accompanied by an increase or decrease in
temperature, either C, grasses dominate (Fig. 5f) or C, and C,
grasses co-dominate (Fig. 5g), respectively. Reductions in pre-
cipitation in combination with climate cooling promote a lower
woody PFT percentage cover relative to grassy PFTs, a result that
has implications for the behaviour of the Amazon forest during
the last glacial maximum (LGM, 21 thousand years ago). Most
observational palaecodata and palacovegetation simulation
modelling indicate that although woody cover declined, grass
did not dominate Amazonia during the last deglaciation (see
references in Cowling et al., 2004). Our simulations indicate that
is was the degree of rainfall reductions (and not the degree of
temperature cooling) that primarily controlled the balance of
tree vs. grass PFT cover in the Amazon. Moreover, even for the
highest estimates of drought proposed for glacial Amazonia
(60% rainfall decrease), simulations do not indicate a change to
extensive grass cover.

Independent decreases (—100 p.p.m.v.) or increases (+100
p.p-m.v.) in atmospheric CO, do not result in substantial changes
to the PFT assemblage, except that when CO, is increased, the C,
grass PFT disappears (Fig. 6a). On the other hand, combined
CO,, precipitation and temperature changes result in noticeable
differences in PFT abundance (Fig.6c,d). Low precipitation
combined with climate warming and higher than control
CO, levels result in a PFT assemblage much like that for the
control scenario, except with the disappearance of the C, grass
PFT (Fig. 6¢).
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Differences in the simulated percentage cover of C; and C,
grasses across Amazonia can be assessed in terms of the degree of
aridity (i.e. decreased precipitation) in combination with climate
warming and low CO,. The distributional pattern of C, grass
cover within our modelled region of Amazonia does not vary
substantially under either low or high CO, (Fig. 7a,c). On the
other hand, the regional distribution of C, grass cover differs
depending on the atmospheric CO, anomaly (Fig. 7b,d). When
CO, is lower than control values, the dominant factor controlling
C, distribution is temperature (Huang et al., 2001). A very strong
thermal response threshold for high C, plant cover occurs with
temperature increases in the range of 4-5 °C (Fig. 7b). These
results offer interesting insights for a better understanding of the
environmental conditions that led towards the widespread proli-
feration of C, plants during the late-Miocene (7-9 million years ago).

Two variables have been cited as primary catalysts responsible
for the near globally synchronous proliferation of C, plants
during the late-Miocene: increased atmospheric aridity (i.e.
drought) and low atmospheric CO, (Keeley & Rundel, 2003).
A third factor, increasing temperature, is generally given less
priority (Cowling, 1999). Our simulations indicate that replicat-
ing an abrupt rise in C, grass cover requires a sharp 4-5 °C rise in
temperature in combination with lower than present CO, levels.
Generally, increased CO, concentrations in the atmosphere lead
to increased temperatures (i.e. atmospheric CO, and temperature
are climatically coupled); however, our scenario requires a brief
(rapid) uncoupling of CO, and temperature climate trends (i.e.
temperatures must increase even though concentration of the
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temperature and precipitation anomalies.

greenhouse gas, CO,, is low). Such a rapid warming mechanism
is possible and has been documented for earlier geological periods
(the Palacocene—Eocene boundary). The release of gas hydrates
(methane) from the ocean floor can diffuse and be released into
the atmosphere, where it can remain as methane (an even stronger
greenhouse gas than CO,) or become oxidized to CO,.

Although our paper focuses on equilibrium responses and not
on transient responses over the 98 years (1901-98) of control
climate simulations, we observed a very interesting relationship
between low CO, and the stabilization of PFT assemblages (data
not shown). For most of our modelled climate change scenarios,
PFT composition reached equilibrium between 30 and 50 years
after the completion of our spin-up simulations. The only excep-
tions include climate change scenarios involving lower than
ambient (—100 p.p.m.v.) atmospheric CO,.

Low CO, combined with 5 °C warming relative to the control
results in PFT-equilibrium occurring later, after 70 years of simu-
lation, and yields an ecosystem make-up of 80% fractional
coverage by tropical evergreen and 10% by C, grass. If we increase
climate warming by just an additional 2 °C (i.e. +7 °C relative to
the control), the system does not ever reach a true equilibrium,
even at the final year of simulation. For this scenario, ecosystem
composition shows a dynamic transition between 40% tropical
evergreen and 40% C, grass. It must be determined whether
low atmospheric CO, acts to impede equilibrium ecosystem
responses to environmental change, or has occurred in our
simulations simply as the result of model parameterization.
Further study is obviously warranted.

© 2006 The Authors
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In general, however, simulated Amazonian ecosystem
structure, in terms of aggregated broad-leaved and evergreen
PFT cover, exhibits fairly low variability to changes in climate
conditions (Fig. 8a,b), thereby demonstrating a type of ecological
resilience (ecological inertia) to external environmental stimuli.
Levi et al. (2004) also found this to occur in their Amazonian climate
simulations, with relatively low variability in PFT assemblages
occurring regardless of whether the ecosystem gained or lost
carbon as a whole. Supporting modelling results from Gerber
et al. (2004) indicate that tropical woody tree coverage can
increase with climate warming, even when ecosystem carbon is
steadily decreasing. Unfortunately, there is no way for us to test
our theory of ecosystem resilience to environmental change
in the Amazon Basin (no such large-scale, long temporal experi-
ment exists). What has become apparent through modern-day
empirical research is that with anthropogenic disturbance of
natural systems, potential inherent resilience in tropical systems is
disrupted (Larsen et al., 2005).

CONCLUSIONS

Our covarying sensitivity modelling experiments generally
indicate that ecophysiological processes underlying tropical
forest dynamics display threshold effects that are not heightened
by interactive stresses involving temperature, precipitation and
atmospheric CO, concentration. In fact, the combination of
multiple environmental stresses results in a lessening of the slope
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of process response curves, making it less obvious, for example,
to locate where NPP and Ry thresholds lie. Both NPP and Ry
have a simulated temperature threshold near modern-day values,
above which both variables decrease with additional warming.
This result should raise awareness, particularly in those who
believe tropical forests are large sinks for carbon, and that they
are likely to remain that way for some time to come.

Our model-predicted precipitation threshold for NPP at 80%
reduction in rainfall (relative to the control) is most likely the
result of model limitations; LPJ does not incorporate dynamic
vegetation feedbacks on climate, nor does it contain refined PFT
parameterizations. Atmospheric CO, has the least influence on
soil carbon storage, even when combined with temperature and
precipitation stress. Simulations evaluating ecosystem thresholds
(i.e. based on PFT composition/competition) indicate that
our modelled region of Amazonia is surprisingly very resilient
to change. High temperature stress has minimal influence on
simulated PFT assemblages, as does precipitation declines in the
order of up to 60% decrease in rainfall, relative to the control.

In the light of our current study, we recommend the following
agendas for future research. (1) Investigate why low atmospheric
CO, (—150 p.p.m.v.) promotes an increase in time taken to reach
PFT equilibrium. Our LPJ simulations indicate a potential role
for low CO, in maintaining ecological inertia, although it must
be determined first whether this response is a modelling artefact
due to parameterizations or not. (2) Intermediate-complexity
(fully-coupled) GCMs should be used to determine ecosystem
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thresholds, particularly with respect to the maintenance of PFT
composition, and with respect to temperate vs. tropical vegeta-
tion. LPJ simulates little variability in PFT composition with cov-
arying environmental stresses, yet NPP, C, and C are simulated
to change in response to abiotic stresses. It may be that PFT
stability is hard-wired into models and therefore is unrealistically
predicted to be resilient to changes in climate and CO,. (3) Make
better use of the ecophysiological data available for refining defi-
nitions of model-based PFTs and refining parameterization of
PFT tolerance to environmental stress. Although the use of PFTs
in vegetation models was initially a necessity to reduce computa-
tional time, their existence within natural ecosystems is based on
sound ecological and physiological theory.
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