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A process-based model was used to estimate global patterns of net primary production and soil
nitrogen cycling for contemporary climate conditions and current atmospheric CO, concentration. Over
half of the global annual net primary production was estimated to occur in the tropics, with most of
the production attributable to tropical evergreen forest. The effects of CO, doubling and associated
climate changes were also explored. The responses in tropical and dry temperate ecosystems were
dominated by CO,, but those in northern and moist temperate ecosystems reflected the effects of

temperature on nitrogen availability.

THE atmospheric concentrations of the major long-lived green-
house gases continue to increase because of human activity'.
Most climate models predict that the buildup of these gases’is
likely to lead to surface air temperature rises of 1.5 °C to 4.5 °C
and changes in precipitation and cloud patterns over the next
century’. Climate changes of this magnitude are expected to
affect the net primary production (NPP) of the world’s land
ecosystems®. Annual NPP is the net amount of carbon captured
by land plants through photosynthesis each year. It is of funda-
mental importance to humans because the largest portion of
our food supply is from productivity of plant life on land, as is
wood for construction and fuel. Because climate changes are
predicted to vary from place to place’, estimating the response
of NPP will require the use of models that can make geographi-
cally referenced predictions. Both regression- and process-based
models are available to assess the response of terrestrial NPP
with some degree of geographic specificity.

Regression-based models use empirically derived relation-
ships between climate and NPP to make predictions*. Although
these models can presently be extrapolated for all land ecosys-
tems’~’, their use for predicting NPP responses is limited because
the regressions may not be appropriate for climatic conditions
that are novel to terrestrial ecosystems®. Unlike regression-based
models, process-based models describe how important ecosys-
tem processes such as photosynthesis, respiration, decomposi-
tion and nutrient cycling interact to affect NPP. Therefore they
have the potential for accurately describing how these processes
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will interact in future climates®. Although process-based models
have been used in regional studies to evaluate responses of NPP
to climate change in a geographically referenced manner® 2
none has been applied globally.

Here we report the results of a study in which we use a.
process-based terrestrial ecosystem model (TEM) to estimate
global patterns of NPP for contemporary climate conditions
and current atmospheric CO,. In addition, we use the output
from global climate models, known as general circulation models
(GCMs), to estimate the potential effects of a CO, doubling
and associated climate changes on NPP for the world’s land
ecosystems. We have restricted our analysis to evaluate the
equilibrium response of NPP to changes in CO, and climate for
the vegetation distribution that is appropriate to contemporary
climate. We do not consider how the response of vegetation
distribution to climate change'*'” affects NPP.

The terrestrial ecosystem model

The TEM (Fig. 1) is a processed-based ecosystem simulation
model that uses spatially referenced information on climate,
elevation, soils, vegetation and water availability to make
monthly estimates of important carbon and nitrogen fluxes and
pool sizes®'*'®. Because we use TEM to make equilibrium
predictions, its estimates of carbon and nitrogen dynamics apply
only to mature, undisturbed vegetation; they do not include the
effects of land use.
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TABLE 1 Values of vegetation-specific parameters used in the TEM

Vegetation type P.¥  Caxt Kt Kyt
Polar desert/alpine

tundra 3250 591.80 0.038900 0.001048
Wet/moist tundra 30.00 95550 0.038900 0.000645
Boreal woodland 4524 842,00 0011080 0.000924
Boreal forest 5238 676.20 0.002185 0.001396
Temperate coniferous

forest 89.17 1,013.90 0.001316 0.001219
Desert 30.56 49200 0006180 0.000973
Arid shrubland 3056 492.00 0.006180 0.000973
Short grassland 5429 77920 0.017150 0.004323
Tall grassiand 6955 977.35 0.016775 0.001008
Temperate savanna 66.44 1,083.70 0.006975 0.004723
Temperate deciduous

forest 65.00 1,207.890 0.001465 0.002303
Temperate mixed forest 7497 112590 0.002255 0.002422
Temperate broadleaf

evergreen forest 90.63 780.75 0.001833 0.002110
Mediterranean

shrubland 39.29 614.64 0.003138 0.001841
Tropical savanna 33.23 1,897.75 0.005481 0.000976
Xeromorphic forest 39.29 614.64 0.003138 0.001841
Tropical deciduous

forest 3266 142640 0.002657 0.002242
Tropical evergreen

forest 43.75 1,034.75 0.001346 0.001250

KFALLT NenaxT Nyt NFALL* Tt Tomt Toax?  Vent
0.012037 1.51000 0.706693 0.0063256 -10 150 360 69.23
0.013333 3.48000 1.533380 0.004410 -10 150 360 50.00
0.005871 0.85500 0.205103 0.004692 -1.0 150 36.0 9167
0.002037 0.70900 0.081884 0.007950 -1.0 150 360 375.00
0.001025 0.50000 0.034516 0.004667 —-1.0 180 390 580.00
0.016975 053850 0.142026 0.011540 1.0 310 510 27.69
0.016975 053850 0.142026 0.011540 10 310 510 27.69
0.052910 0.45950 0.247182 0.033020 0.0 27.0 450 3580
0.054487 0.29080 0.138580 0.074720 00 27.0 450 108.33
0.018254 0.47020 0157422 0.029783 -10 240 460 13125
0.003483 0.75300 0.073770 0.018090 -1.0 200 43.0 426.05
0.003660 0.49862 0.076415 0.015400 -1.0 190 410 42229
0.004028 0.47560 0.073452 0.011905 00 250 490 357.14
0.010659 1.10000 0.118475 0.013550 -1.0 250 48.0  47.78
0.005747 0.64650 0.067100 0.007166 1.0 300 490 4143
0.010659 1.10000 0118475 0.013550 —-10 250 490 4778
0.005140 3.41400 0.197320 0.010236 00 270 480 66.76
0.003889 2.83000 0.111000 0.006690 20 280 480 75.00

See Table 2 in ref. 12 for the parameter values of the leaf phenology model, Table 4 in ref. 12 for values of the soil-specific parameters, and Table A2

in ref. 18 for values of the constant parameters k;, k., and k5.
* See ref. 12 for parameter definition.
+ See ref. 18 for parameter definition.

For each monthly time step in 2 model run, NPP is calculated
as the difference between gross primary productivity (GPP) and
plant respiration (R,). The calculation of R, considers both
maintenance respiration®!? and construction respiration'®. The
flux GPP considers the effects of several factors and is calculated
at each time step as follows:

GPP = Cr.ax [(PAR)f(LEAF)f(T)f(CO,, H,0)f(NA)

where C,,,, is the maximum rate of C assimilation, PAR is
photosynthetically active radiation, LEAF is leaf area relative
to maximum annual leaf area, T is temperature, CO, is atmos-
pheric carbon dioxide, H,O is water availability, and NA is
nitrogen availability. All of the functions in the GPP equation,
as well as other mathematical expressions in the model, are well
documented in previous work®'>'®, Here we review the descrip-
tions of f(CO,, H,O) and f(NA) because of their importance
in affecting the capacity of the vegetation to incorporate elevated
CO, into production.

The function f(CO,, H,0) is described by the hyperbolic
relationship®®:

J(CO,, H;0) = C/ (k. + C)

where C; is the concentration of CO, within leaves of the canopy
and k. is the half-saturation constant for CO, uptake by plants.

FIG. 1 The terrestrial ecosystem model (TEM). Carbon enters the vegetation
pool (C,) as gross primary productivity (GPP) and transfers to the atmosphere
as plant respiration (R,) or to the soil pool (Cg) as litter production (Lg); it
leaves the soil as heterotrophic respiration (R,,). Nitrogen inputs from outside
the ecosystem (NINPUT) enter the inorganic N pool (N,,); losses leave this
pool as the flux NLOST. Nitrogen in the vegetation occurs either in the
structural pool (Nyg) or the labile pool (N, ). Structural N in vegetation is
constructed from N that is derived from either the labile pool as the flux
NMOBIL or from soil inorganic N pool as the flux NUPTAKEg. The labile pool
is replenished from N that is resorbed from senescing tissue (NRESORB),
N that is allocated for storage (NMOBIL), or N in uptake that does not enter
directly into tissue construction (NUPTAKE,). Nitrogen is transferred from
vegetation to the soil organic pool (Ns) as the flux Ly. Net N mineralization
(NETNMIN) accounts for N exchanged between the organic and inorganic N
pools of the soil.
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The variable C; is the product of ambient CO, and relative
canopy conductance to CO,, a variable which increases from 0
to 1 with increasing water availability'>'®. The parameter k_ has
been chosen to increase f(CO,, H,O) by 37% for a doubling of
atmospheric CO, from 340 parts per million by volume (p.p.m.v.)
to 6380 p.p.m.v. with canopy conductance equal to 1 (refs 8, 12).
Among studies that have provided adequate water and nutrients
to experimental plants, the range in the response of plant growth
to doubled CO, is between 24% and 50% (refs. 19, 20).

The function f(NA) models the limiting effects of plant
nitrogen status on GPP*'% It constrains C uptake when N
supply, defined as the combination of N uptake and vegetation
labile N, limits production. Information on the C to N ratio of
production (P,,), a quantity commonly measured in ecosystem
studies, is used to determine when N supply limits production.
This implementation assumes that nitrogen use efficiency,
defined as the ratio of NPP to N in new production, is conserva-
tive within a vegetation type.

Atmospheric carbon dioxide
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TABLE 2 Estimates by the TEM of annual NPP and nitrogen uptake for potential vegetation in the terrestrial biosphere at an atmospheric concentration
of 355 p.p.m.v. CO,

Area Total NPP

Vegetation type (10°km?) Cells (10'%®gcCyr™)

Polar desert/alpine

tundra 5.0 3147 0.4
Wet/moist tundra 47 3,788 06
Boreal woodland 6.3 4414 11
Boreal forest 122 7,406 29
Temperate coniferous

forest 24 1,081 11
Desert 115 4145 06
Arid shrubland 145 5,708 19
Short grassland 47 2,050 1.0
Tall grassland 36 1,557 1.2
Temperate savanna 6.8 2,886 23
Temperate mixed forest 51 2,250 34
Temperate deciduous

forest 35 1614 22
Temperate broadleaf

evergreen forest 3.2 1,205 24
Mediterranean shrubland 14 554 05
Tropical savanna 13.7 4624 54
Xeromorphic forest 6.8 2,357 31
Tropical deciduous forest 46 1577 40
Tropical evergreen forest 17.4 5727 191
Total 127.3 56090 53.2

Mean Max Min
NPP NPP NPP Total N uptake Mean N Uptake
(gCm2yr ) (10'2g Nyr ) gNm2yr )
87 216 0 3 0.7
120 423 34 4 0.8
173 420 89 9 15
238 434 124 31 25
465 704 208 9 3.7
53 370 0 15 13
129 454 6 46 3.2
214 438 72 17 3.7
335 756 136 16 4.4
342 785 68 29 43
669 1,066 231 37 7.3
620 978 81 27 76
741 1,001 322 20 6.2
343 634 32 12 8.7
393 786 88 162 118
461 992 0 79 11.7
871 1,398 323 121 26.2
1,098 1,422 407 436 251
418 1,422 0 1,073 84

Ecosystem-based estimates may not sum to totals because of the effects of rounding in reporting those estimates.

The data sets used to drive TEM are gridded at a resolution
of 0.5° latitude by 0.5° longitude. The sources for the global data
sets on climate (air temperature, precipitation and cloudiness),
elevation and soil texture are described elsewhere'®; the climate
data represent long-term averages. The data set of global poten-
tial vegetation (Fig. 2) was constructed from a number of sour-
ces?'*!. Hydrological inputs for TEM were determined with a
water balance model®? that uses the climate, elevation, soils and
vegetation data.

The application of TEM to a grid cell requires the use of
monthly climatic and hydrological data and the soil- and vegeta-
tion-specific parameters appropriate to the grid cell. Although
many of the vegetation-specific parameters in the model (Table
1) are defined from published information'*!®, some are deter-
mined by calibrating the model to the fluxes and pool sizes of
an intensively studied field site. Most of the data used to calibrate
the model for the 18 vegetation types considered in this study
are documented elsewhere'”. We do not make estimates for grid
cells defined as ice, open water, or wetland ecosystems, so that
our global extrapolation of TEM requires application of the
model to 56,090 grid cells in the terrestrial biosphere. Because
wetlands are represented by only 1,466 grid cells, we do not
expect their exclusion to affect global estimates of terrestrial
NPP substantially.

Global extrapolation for contemporary climate

To estimate carbon and nitrogen dynamics of potential vegeta-
tion for ‘contemporary’ conditions, we applied TEM globally
at 355 p.p.m.v. CO, using the long-term climate data. Under
these conditions, TEM estimates the global annual NPP for
potential vegetation to be 53.2PgC (10°gC), or
418 g C m 2 yr~' (Table 2). Our process-based estimate is similar
to many of the estimates that have appeared in the
literature®"***? (mean: 53.1 Pg C; N =13; range: 40.5 Pg C to
78.0 Pg C; s.d. 9.3 Pg C). Most of the estimates have been calcu-
lated by multiplying the mean NPP for an ecosystem, as deter-
mined from a literature survey of field studies, by the area of
the ecosystem, and then summing across ecosystems>~*!, A few
of the estimates have been determined by regression approaches
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involving climate variables®”’ and some consider the effects of
land use® 7%

Over half of the global annual NPP occurs in the tropics
between the latitudes of 22.5° S and 22.5° N (29.6 Pg C yr™'; Fig.
2). Most of this productivity is attributable to tropical evergreen
forest which accounts for 35.9% of the net exchange of CO,
between terrestrial vegetation and the atmosphere, although it
covers only 13.7% of the terrestrial land surface (Table 2). The
least productive vegetation types include polar desert, tundra,
and desert, which collectively account for 3.0% of terrestrial
NPP and cover 16.7% of the terrestrial land area (Table 2).
Mean NPP estimates for vegetation types range from
53 g Cm 2 yr~! for desert to 1,098 g C m~2 yr* for tropical ever-
green forest (Table 2). Estimates for individual grid cells range
from0 g C m 2 yr 101,422 g C m 2 yr~! (Table 2). The variabil-
ity of NPP estimates by TEM, which reflects spatial
heterogeneity in climate and soils, has been evaluated in previous
applications of the model'%!®, The NPP predictions of this study
generally compare well with the field measurements used to
construct several regression-based global models of NPP°
(Fig. 3).

Annual nitrogen uptake by global potential vegetation under
conditions of contemporary climate and CO, is estimated to be
1,073 Tg N (10"?g N), or 8.4 g Nm 2 yr™! (Table 2). Assuming
a global nitrogen-use efficiency (NPP/nitrogen uptake) of 50,
others have estimated the annual nitrogen cycling in the terres-
trial biosphere to be 1,200 Tg N (ref. 43) and 1,400 Tg N (ref.
44). The global nitrogen-use efficiency in this study is also
estimated to be 50 (53.2 Pg C yr !/1,073 Tg N yr™!). Mean esti-
mates of nitrogen uptake for ecosystems range from
0.7 g Nm~ 2 yr* for polar desert to 26.2 g N m ™2 yr™! in tropical
deciduous forest (Table 2). The accuracy of nitrogen cycling
estimates by TEM has been evaluated for several ecosystems in
a previous application of the model'2.

Future climate scenarios for use with TEM

We obtained the output of four GCMs from the National Center
for Atmospheric Research®’. The simulations estimate equili-
brium climates that correspond to a doubling of the atmospheric
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FIG. 2 Potential natural vegetation (top) used by
the TEM to estimate annual NPP (bottom) for the
global terrestrial biosphere.

CO, concentration and include: the Goddard Institute of Space
Studies GCM (GISS); the Oregon State University GCM
{OSU); and two GCM simulations from the Geophysical Fluid
Dynamics Laboratory (GFDL1 and GFDL Q). Among the
GCMs, mean global temperature increases between 2.8 °C and
4.2 °C, global precipitation increases between 7.8% and 11.0%,
and global cloudiness decreases between (.4% and 3.4%.
Because we were interested in the implications of climate
change for NPP, we generated "GCM climates’ for TEM by
using the output variables of surface air temperature, precipita-
tion, and total cloud cover for the current and 2 x CO, simula-
tions of each GCM to modify the contemporary climate data
for TEM. For the heuristic purpose of examining implications
at the spatial scale of TEM predictions, we organized each of
the output variables of each GCM simulation at the 0.5°x (.57
resolution with a spherical interpolation procedure™. Next,
similar to the method used in a study of the potential effects of
climate change on US agriculture®’, we calculated for each grid
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cell the ratio of the monthly output of the 2x CO, simulation
to that of the 1xCO, simulation for each of the three output
variables; temperature was converted to Kelvin before calculat-
ing monthly temperature ratios. We then multiplied each ratio
by the corresponding variable in our data for contemporary
climate to determine the input data for TEM that represent the
2% CO, climate for each GCM.

To help separate the effects of changes in CO, concentration
from those of the GCM climates on estimates of NPP, we did
a factorial experiment with TEM involving two levels of CO,
(3125 p.p.m.v. and 625.0 p.p.m.v.) and five climate scenarios
(contemporary and the four GCM climates). We chose the CO,
level of 312.5 p.p.m.v. because it was the average baseline con-
centration of the four GCMs (range: 300-326 p.p.m.v.).

NPP responses to doubled CO,
For doubled CO, with no climate change, TEM predicts a global
NPP increase of 16.3% (Table 3). The responses differ widely
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FIG. 3 Comparison between the annual NPP predictions of the TEM and the
NPP field measurements that were used to construct several regression-
based global models of NPP® (r=0.69, N =35, P < 0,001). The dashed line
indicates equality between predicted and measured NPP.

GFDL 1

GFDL ©Q

GISS

Per cent Difference in Annual NPP

Wet

FIG. 4 Per cent difference in annual NPP between contemporary climate at
312.5p.p.my. CO, and the various GCM climates at 625.0 p.p.mv. CO, as
predicted by the TEM for eastern North America (left) and southeast Asia
(right). Estimates were not made for open water {light blue} or wetland
ecosystems (bright blue).
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among vegetation types and range from no increases for some
northern ecosystems to increases of 50.0% for deserts. In general,
responses for northern and temperate ecosystems are less than
10%. Responses for many dry ecosystems, such as deserts, arid
shrublands, and xeromorphic forests, are over 20%. Tropical
evergreen forests, which experience an increase of 22.2% or
4.0 Pg C per year, account for about half of the global increase.

In many northern and temperate ecosystems, NPP is known
to be limited by the availability of inorganic nitrogen in the
soil*®. Because of nitrogen limitation, TEM predicts that these
ecosystems have low capacity to incorporate elevated CO, into
production’. In nutrient-limited systems, the response of plant
growth to elevated CO, is often constrained under conditions
of low nutrient availability®~*°.

Under contemporary climate conditions in dry regions, TEM
generally predicts that water availability limits productivity more
than nitrogen availability”. With a doubling of atmospheric CO,,
TEM predicts that the water-use efficiency of vegetation
increases® in these regions; that is, there will be an increase in
production per amount of water used. These predictions are
consistent with research findings that increases in water-use
efficiency with elevated CO, are generally greatest in water-
stressed systems”’.

The TEM generally estimates that nitrogen limitation of NPP
is much weaker in tropical forests than in temperate and boreal
forests'”. Thus, the model predicts that tropical ecosystems are
able to incorporate a substantial proportion of elevated CO,
into production. But, this result must be treated with caution
because the response of tropical NPP to elevated CO, may be
sensitive to some processes that are not presently represented
in TEM; these include phosphorus limitation of NPP and C4
photosynthesis. Phosphorus-deficient soils predominate in some
regions of the tropics™ and most grasses in tropical savannas
use the C4 photosynthetic pathway’®, which is generally less
responsive to elevated CO, than C3 metabolism®’. A substantial
reduction in NPP response for tropical ecosystems would result
in a much lower estimate of global NPP response to doubled
CO,.

NPP responses to changes in climate

Changes in climate with no change in CO; concentration are
predicted to have little effect on global estimates of NPP (Table
3); the changes in NPP range from a decrease of 2.4% for the
OSU climate to essentially no change for the other GCM climates
(Table 3). Climate changes may affect NPP in a variety of ways.
Elevated temperature may decrease NPP by decreasing soil
moisture or enhancing plant respiration. It may also increase
NPP by metabolically enhancing photosynthesis or increasing
nutrient availability through higher rates of decomposition. In
dry regions, lower precipitation or cloudiness may decrease NPP
by lowering soil moisture. In moist regions, increased cloudiness
may decrease NPP by reducing the availability of PAR. The
relative importance of different climate variables in affecting
NPP response varies among ecosystems.

For northern and temperate ecosystems, increases in NPP are
generally predicted in response to climate change. For all the
GCM climates, predicted temperature increases are greatest
towards the poles and least in the tropics®. Productivity in
northern and temperate ecosystems is substantially limited by
nitrogen availability, and increases in productivity predicted by
TEM are primarily driven by the effect of elevated temperature
in enhancing the mineralization of nitrogen in the soils of these
regions™'?.

The predicted NPP decreases for tropical evergreen forest,
which range between 8.9% and 20.6% among the GCM climates
(Table 3), may be related to increased temperature and cloudi-
ness. Increased temperature in TEM may enhance plant respir-
ation enough to decrease NPP in regions where nitrogen availa-
bility does not substantially limit production®, which is generally
predicted by TEM for tropical forests'”. Increases in cloudiness
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TABLE 3 Comparison of annual NPP (10*® g C) by vegetation type for experiment involving two levels of atmospheric CO, and five levels of climate

CO,, scenarios 3125p.p.m.v.

Climate scenarios: Contemporary GFDL1  GFDL Q GISS

Polar desert/alpine

tundra 0.4 0.4 04 0.4
Wet/moist tundra 0.6 0.7 0.7 0.7
Boreal waodland 11 14 1.3 1.3
Boreal forest 29 38 36 36
Temperate coniferous

forest 1.1 11 11 11
Desert 0.6 0.6 0.5 0.6
Arid shrubland 1.8 18 1.8 1.9
Short grassland 1.0 1.2 1.2 1.2
Tall grassland 1.2 14 1.4 1.5
Temperate savanna 22 23 24 26
Temperate deciduous

forest 22 20 21 25
Temperate mixed forest 33 34 35 37
Temperate broadleaf

evergreen forest 22 23 22 22
Mediterranean shrubland 05 05 05 05
Tropical savanna 53 57 56 6.0
Xeromorphic forest 29 2.7 27 27
Tropical deciduous forest 38 34 35 33
Tropical evergreen forest 18.0 16.4 16.3 15.6
Total 51.0 511 50.8 515

625.0 p.p.m.v.
osu Contemporary GFDL1 GFDL Q GISS 0oSsu
0.4 05 0.5 0.5 05 05
0.7 0.6 08 0.7 0.7 0.7
1.3 11 1.6 1.4 14 14
35 29 4.4 4.0 37 37
11 1.2 1.3 1.3 1.4 1.3
0.6 0.9 1.0 09 10 1.0
1.9 23 25 25 27 26
1.1 11 14 1.3 14 1.2
1.3 1.3 1.5 1.5 1.6 1.4
24 25 29 29 31 29
23 23 24 26 28 26
36 36 4.0 41 4.2 4.0
22 26 28 28 28 2.7
05 0.6 0.6 0.6 0.7 0.6
6.0 56 6.3 6.3 6.7 6.6
29 37 37 38 38 41
35 45 45 4.6 45 4.6
143 220 219 218 21.3 19.3
49.8 59.3 64.3 63.8 64.2 61.2

Ecosystem-based estimates may not sum to totals because of the effects of rounding in reporting those estimates.

in tropical evergreen forest may decrease PAR enough to
decrease NPP'®. The largest NPP decrease for tropical evergreen
forest occurs for the OSU climate which predicts the largest
increase in mean annual cloudiness (9.8%).

NPP responses to changes in CO, and climate

Compared to global NPP for contemporary climate at
312.5 p.p.m.v. CO,, the globpal responses to changes in both
CO, and climate do not vary substantially among the GCM
climates with increases ranging between 20.0% and 26.1%
(Table 3). For tropical and dry temperate ecosystems, increases
in NPP are dominated by the effects of elevated CO,. But for
northern and moist temperate ecosystems, NPP increases reflect
primarily the effects of elevated temperature in enhancing
nitrogen availability.

Although the predicted global and ecosystem-wide responses
of NPP at elevated CO, are generally similar for all the GCM
climates, there are differences in NPP response at smaller spatial
scales. For example, in eastern North America the NPP
decreases just west of the Appalachian Mountains for the GFDL
1 climate (Fig. 4) may be caused by decreased precipitation.
The GFDL 1 climate predicts a decrease of 7.0% in annual
precipitation for temperate mixed forest in the region. In
southeast Asia, the substantial NPP decreases in Indonesia for
the OSU climate (Fig. 4) may be caused by increased cloudiness
which reduces PAR. The OSU climate predicts an increase of
12.5% in mean annual cloudiness for tropical evergreen forest
in the region.

Conclusion

The application of TEM in this study demonstrates our ability
to explore, in 2 mechanistic manner, the potential consequences
of changes in CO, and climate for NPP across the entire terres-
trial surface of the globe. Our results indicate that simultaneous
interactions among the dynamics of carbon, nitrogen, and water
affect the ability of vegetation to incorporate elevated CO, into
production. Because these interactions are both complex and
spatially variable, assessments of how changes in CO, and
climate affect NPP require the use of process-based models that
are geographically referenced. The TEM represents an important
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tool for making these assessments because it provides scientists
and policy makers with the capability to investigate the potential
effects of climate change on biospheric functions in a quantita-
tive and geographically specific way.

Although the results of this study represent our current under-
standing of how changes in CO, and climate will affect terrestrial
NPP, they do not consider the redistribution of vegetation that
may result from climate change. Future studies with TEM will
evaluate the sensitivity of NPP to vegetation redistribution in
addition to changes in CO, and climate. O
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