ARTICLES

78. MacPhee, R. D. E. & Cartmill, M. in Comparative Primale Biology eds Swindler, D. R. & Erwin, 1}
219-275 (Liss, New York, 1986).

79. Gingerich, P. D. Yb. phys. Anthrop. 27, 57-72 (1984).

80. Aiello, L. C. in Major Topics in Primate and Human Evolution (eds Wood, B. A, Martin, L. B. &
Andrews, P. J) 47-65 (Cambridge Univ. Press, Cambridge, 1986).

81. Simons, E. L. & Rasmussen, 0. T. Am. [ phys. Anthrop. 79, 1-23 (1989).

82. Schmid, P. Folia Primatol 40, 1-10 (1883).

83, Cartmill, M. in Evolutionary Biology of the New World Morkeys and Continental Drift (eds Ciochon,
R. L. & Chiarelli, A. B.) 243-274 (Plenum, New York, 1880).

84. Rosenberger, A, L. & Dagosto, M. in Topics in Primatology Vol. 3 Evolutionary Biology, Reproductive
Endocrinalogy, and Virology (eds Matano, S., Tuttle, R. H., Ishida, H. & Goodman, M.) 37-51 (Univ.
of Tokyo Press. Tokyo, 1992).

85. Schmid, P. Folia Primatel. 31, 301-311 (1979).

B6. Simons, E. L. Primate Evolution: An Introduction to Man's Place in Nature (Macmillan, New York,
1872).

B7. Beard, K. C., Krishtalka, L. & Stucky, R. K. Nature 349, 64-67 (1991).

B8, Martin, R. D. Nature 349, 18-20 {1991},

89. Jouffroy, F.-K., Berge, C. & Niemitz, C. in Biology of Tarsiers (eds Niemitz, C.) 167-190 (Gustav
Fischer, Stuttgart, 1984),

90. Sigé, B., Jaeger, J-), Sudre, J. & Vianey-Liaud, M. Palaeontographica Abt A214, 31-56 (1990).

91. Fleagle, ). G, Bown, T. M., Obradovitch, J. D. & Simons, E. L. Science 234, 1247-1249 (1986).

92, Van Couvering, J. A. & Harris, J. A. 1 hum. Evol 21, 241-260 (1991),

93, Kappelman, J. 1 hum. Evol 6, 495-503 (1992).

94. Simons, E. L. Proc. natn. Acad. Sci. LIS.A. 86, 9956-9960 (1989).

95. Simons, E. L. Science 247, 1567-1569 (1990).

96. Rasmussen, D. T. & Simons, E. L. int. 1 Primatol. 13, 477-508 (1992),

97. Simons, E. L. Proc. natn. Acad Sci. US.A. 89, 10743-10747 (1992).

98. Thomas, H., Roger, J.. Sen, 5. & Al-Sulaimani, Z. C r. Acad. Sci. Paris, sér. Il 306, 823 870 1

99. deBonis, L. Jaeger, J.-J. Coiffait, B. & Coiffait, P.-E. C. r. Acad. Sci Paris sér. Il 306,929 9 '3).

100. Godinot, M. & Mahboubi, M. Nature 357, 324-326 (1992).

101, Ciochon, R. L., Savage, D. E., Thaw, T. & Maw, B. Science 229, 756-759 (1985).

102. Maw, B.. Ciochon, R. L. & Savage. D. E. Nature 282, 65-67 (1979).

103. Hoffstetter, R, in Evolutionary Biology of the New World Monkeys and Continentai . lage
Ciochon, R, C. & Chiarelli, A. B.) 103-188 (Plenum Press, New York, 1980).

104. Fleagle, ). G. Palecbiology 4, 67-76 (1978).

105. Martin, R. D. in Major Topics in Primate and Human Evolution (eds Wood, B. A. Martin | B, g,
Andrews, P.) 1-31 (Cambridge Univ. Press, Cambridge, 1986).

106. Wood Jones, F. The Ancestry of Man 1-35 (Gillies, Brisbane, 1923).

107. Wortman, J. L. Am. [ Sci. ser. 4 17, 203-214 (1904).

108. Gidley, ). W. Proc. UL 5. Nat. Mus. 63, 1-38 (1923).

109. Hoffstetter, R. A hum. Evol. 3, 327-350 (1974).

110. Hershkovitz, P. Folia Primatoi, 21, 1-35 {1974).

111. Rasmussen, D. T. . hum. Evol. 15, 1-12 (19B6).

112. Rasmussen, D. T. Am. | Primatol 22, 263-277 (1990).

113. Rasmussen, D. T. & Simons, E. L. Folia Primatol. 51, 182-208 (1283),

114. Rasmussen, D. T. Int 1 Primatol 11, 439-469 (1990).

115. Beecher, R. M. Am. J phys. Anthrop. 50, 418 (1979).

116. Beecher, R. M. int [ Primatol. 4, 99-112 (1983).

117. Ginsburg, L. & Mein, P. C. r. Acad. Sci. Paris sér. If 304, 1213-1215 (1986).

Global climate change and terrestrial net

primary production

Jerry M. Melillo", A. David McGuire', David W. Kicklighter’, Berrien Moore III',
Charles J. Vorosmarty' & Annette L. Schloss’

*The Ecosystems Center, Marine Biological Laboratory, Woods Hole, Massachusetts 02543, USA
T Complex Systems Research Center, Institute for the Study of Earth, Oceans and Space, University of New Hampshire, Durham,

New Hampshire 03824, USA

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 mast of
the production attributable to tropical evergreen forest. The effects of CO, doubling and assn:iated
climate changes were also explored. The responses in tropical and dry temperate ecosystem: were
dominated by CO,, but those in northern and moist temperate ecosystems reflected the effa:is 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 thrbugh photosynthesis each year. It is of funda-
mental importance;fo 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*"?,
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 evaluale the
equilibrium response of NPP to changes in CO; and climiie for
the vegetation distribution that is appropriate to conteirijzorary
climate. We do not consider how the response of ve
distribution to climate change'*~'” affects NPP.

The terrestrial ecosystem model

The TEM (Fig. 1) is a processed-based ecosystem simu_latlorl
model that uses spatially referenced information on climaté,
elevation, soils, vegetation and water availability to make
monthly estimates of important carbon and nitrogen ﬂu_x_cs _aﬁd
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

etation type Pen® Crnan T K.t Kt
sert/alpine
3250 59180 0.038500 0.001048
3000 95550 0.038900 0.000645
4524 84200 0.011080 0.000924
52.38 676.20 0.002185 0.001326
ate coniferous
89.17 101390 0001316 0.001219
3056 492.00 0.006180 0.000973
30.56 492.00 0.006180 0.000973
5429 77920 0017150 0.004323
assland 6955 977.35 0.016775 0.001008
rate savanna 66.44 1083.70 0.0068975 0.004723
rate deciduous
65.00 120790 0001465 0.002303
emperate mixed forest 7497 112590 0.002255 0.002422
rate broadleaf
ergreen forest 9063 78075 0.001833 0.002110
iterranean
rubland 39.29 61464 0.003138 0.001841
ropical savanna 33.23 1,897.75 0.005481 0.000876
rororphic forest 3929 61464 0003138 0.001841
opical deciduous
forest 3266 142640 0.002657 0.002242
opical evergreen
4375 103475 0.001346 0.001250

forest

KEALLY  Nopor? Nyt NFALL* Tl Tt Tomd Von
0012037 151000 0706693 0.006325 -1.0 150 360 6923
0.013333 348000 1.533380 0.004410 -1.0 150 36.0 50.00
0.005871 0.85500 0.205103 0.004692 -10 150 360 9167
0002037 070900 0081884 0.007950 —-1.0 150 360 375.00
0.001025 050000 0.034516 0.004667 -1.0 180 390 580.00
0.016975 0.53850 0.142026 0.011540 1.0 310 510 2769
0.016975 0.53850 0.142026 0.011540 1.0 310 510 2769
0052910 045950 0247182 0033020 00 270 450 3580
0054487 029080 0138580 0074720 00 270 450 10833
0.018254 047020 0157422 0029783 —-1.0 240 460 13125
0.003483 0.75300 0073770 0.018090 -1.0 200 43.0 426.05
0003660 0.49862 0076415 0015400 -10 190 410 42229
0.004028 047560 0.073452 0.011905 0.0 250 490 357.14
0.010659 1.10000 0.118475 0013550 —-1.0 250 490 47.78
0.005747 064650 0.067100 0.007166 1.0 300 490 4143
0.010659 110000 0118475 0.013550 -1.0 250 49.0 47.78
0.005140 3.41400 0197320 0.010236 0.0 270 480 @©6.76
0003889 283000 0111000 0006690 20 280 480 7500

f 18 for values of the constant parameters k;, k., and ;.
See ref. 12 for parameter definition.
See ref. 18 for parameter definition.

or each monthly time step in a model run, NPP is calculated
he difference between gross primary productivity (GPP) and
respiration (R,). The calculation of R, considers both
ntenance respiration™'? and construction respiration'®. The
GPP considers the effects of several factors and is calculated
- each time step as follows:

GPP = C,,, f/(PAR)f(LEAF)f(T)f(CO,, H;0)f(NA)

re Cp.. 18 the maximum rate of C assimilation, PAR is
tosynthetically active radiation, LEAF is leaf area relative
maximum annual leaf area, T is temperature, CO; is atmos-
eric carbon dioxide, H,O is water availability, and NA is
trogen availability. All of the functions in the GPP equation,
s well as other mathematical expressions in the model, are well
ocumented in previous work®'>'®. Here we review the descrip-
tions of f(CO,, H,0) and f{INA) because of their importance
affecting the capacity of the vegetation to incorporate elevated
€0, into production.

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

f(CO,y, Hy0) = Cf (k. + C)

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

G.1 The terrestrial ecosystem model (TEM), Carbon enters the vegetation
pool (C,) as gross primary productivity (GPP) and transfers to the atmosphere
 @s plant respiration (R,) or to the soil pool (Cs) as litter production (L); it
 leaves the soil as heterotrophic respiration (R,). Nitrogen inputs from outside
3% 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 (N,g) or the labile pool (M, ). Structural N in vegetation is
- tonstructed from N that is derived from either the labile pool as the flux
NMOBIL or from soil inorganic N pool as the flux NUPTAKES. The lahile pool
s 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 (Ng) 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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se 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

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,0) by 37% for a doubling of
atmospheric CO, from 340 parts per million by volume (p.p.m.v.)
to 680 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
productlon (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

GPP A, A e,
e | S RSN S (N !
: TP | :
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