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Global climate change and terrestrial net
primary production

JerryM.Melillo*,A.DavidMcGuire*,DavidW.Kicklighter*,BerrienMoorelilt,CharlesJ.Vorosmartyt&AnnetteL.Schlosst*TheEcosystemsCenter,MarineBiologicalLaboratory,WoodsHole,Massachusetts02543,USAtComplexSystemsResearchCenter,InstitutefortheStudyofEarth,OceansandSpace.UniversityofNewHampshire,Durham,
NewHampshire03824,USAAprocess-basedmodelwasusedtoestimateglobalpatternsofnetprimaryproductionandsoilnitrogencyclingforcontemporaryclimateconditionsandcurrentatmosphericCO2concentration.Overhalfoftheglobalannualnetprimaryproductionwasestimatedtooccurinthetropics,withmostoftheproductionattributabletotropicalevergreenforest.TheeffectsofCO2doublingandassO\~iated

climate changes were also explored. The responses in tropical and dry temperate ecosystemb were

dominated by CO2, but those in northern and moist temperate ecosystems reflected the effects of

temperature on nitrog~n availability.THEatmosphericconcentrationsofthemajoriong-livedgreen-housegasescontinuetoincreasebecauseofhumanactiviti.
Most climate models predict that the buildup of these gases islikelytoleadtosurfaceairtemperaturerisesof1.5°Cto4.5°C
and chaqges in precipitation and cloud patterns over the next
centurl. "Climate changes of this magnitude are expected to
affect the net primary production (NPP) of the world's land
ecosystems3. Annual NPP is the net amount of carbon captured
by land plants through photosynthesis each year. It is of funda-
mental importance..ito 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 place2, estimating the responseofNPPwillrequiretheuseofmodelsthatcanmakegeographi-
cally referenced predictions. Both regression- and process-based
models are available to assess the response of terrestrial NPPwithsomedegreeofgeographicspecificity.

Regression-based models use empirically derived relation-shipsbetweenclimateandNPPtomakepredictions4.Although
these models can presently be extrapolated for all land ecosys-tems5-7,theiruseforpredictingNPPresponsesislimitedbecausetheregressionsmaynotbeappropriateforclimaticconditions
that are novel to terrestrial ecosystems8. Unlike regression-basedmodels,process-basedmodelsdescribehowimportantecosys-temprocessessuchasphotosynthesis,respiration,decomposi-
tion and nutrient cycling interact to affect NPP. Therefore theyhavethepotentialforaccuratelydescribinghowtheseprocesses
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will interact in future cIimates8. Although process-based models
have been used in regional studies to evaluate responses of NPP

to climate change in a geographically referenced manner8-IZ,

none has been applied globally.Herewereporttheresultsofastudyinwhichweuseaprocess-basedterrestrialecosystemmodel(TEM)toestimateglobalpatternsofNPPforcontemporaryclimateconditionsandcurrentatmosphericCO2,Inaddition,weusetheoutputfromglobalclimatemodels,knownasgeneralcirculationmodels(GCMs),toestimatethepotentialeffectsofaCO2doubling
and associated climate changes on NPP for the world's landecosystems.WehaverestrictedouranalysistoevaluatetheequilibriumresponseofNPPtochangesinCO2andc!i;T,;;tefor
the vegetation distribution that is appropriate to contemporaryclimate.Wedonotconsiderhowtheresponseofvegetationdistributiontoclimatechanget3-17affectsNPP.
The terrestrial ecosystem modelTheTEM(Fig.1)isaprocessed-basedecosystemsimulation
model that uses spatially referenced information on climate,

elevation, soils, vegetation and water availability to make
monthly estimates of important carbon and nitrogen fluxes andpoolsizes8,12,18.BecauseweuseTEMtomakeequilibrium
predictions, its estimates of carbon and nitrogen dynamics apply
only to mature, undisturbed vegetation; they do not include the
effects of land use. '



chmonthlytimestepinamodelrun,NPPiscalculated
ifference between gross primary productivity (GPP) andspiration(RA).ThecalculationofRAconsidersbothancerespirations,12andconstructionrespirationIS.ThePconsiderstheeffectsofseveralfactorsandiscalculatedtimestepasfollows:P=CmaJ(PAR)f(LEAF)f(T)f(COz,HzO)f(NA)CroaKisthemaximumrateofCassimilation,PARisyntheticallyactiveradiation,LEAFisleafarearelative:imumannualleafarea,Tistemperature,COzisatmos-carbondioxide,HzOiswateravailability,andNAis:navailability.AllofthefunctionsintheGPPequation,asothermathematicalexpressionsinthemodel,arewellentedinpreviousworks.!z,lS.Herewereviewthedescrip-

Iff(COz,HzO)andf(NA)becauseoftheirimportance
:ting the capacity of the vegetation to incorporate elevated
lto production.functionf(COz,HzO)isdescribedbythehyperbolic

onshipS,!s: f(COz,HzO)=CJ(kc+CJCiistheconcentrationofCOzwithinleavesofthecanopycisthej1alf-saturationconstantforCOzuptakebyplants.
Theterrestrialecosystemmodel(TEM).Carbonentersthevegetationy)asgrossprimaryproductivity(GPP)andtransferstotheatmosphereIt'respiration(RA)ortothesoilpool(Cs)

as litter production (Le); it

thesoilasheterotrophicrespiration(RH).NitrogeninputsfromoutsideJsystem(NINPUT)entertheinorganicNpool(NAy);lossesleavethis

s the flux NLOST. Nitrogen in the vegetation occurs either in the
ural pool (Nys) or the labile pool (NYL)'StructuraiNinvegetationisructedfromNthatisderivedfromeitherthelabilepoolastheflux
ILorfromsoilinorganicNpoolastheflux NUPTAKEs. The labile pool

~nishedfromNthatisresorbedfromsenescingtissue(NRESORB),isallocatedforstorage(NMOBIL),orNinuptakethatdoesnotenter

I into tissue construction (NUPTAKEL). Nitrogen is transferred from

;tlon to the soil organic pool (Ns)asthefluxLN'NetNmineralization
UN)accountsforNexchangedbetweentheorganicandinorganicN

f the soil.

ThevariableCiistheproductofambientCOzandrelativecanopyconductancetoCOz,avariablewhichincreasesfrom0
to I with increasing water availabiIity!Z,lS, The parameter kc hasbeenchosentoincreasef(COz,HzO)by37%foradoublingofatmosphericCOzfrom340partspermillionbyvolume(p,p.m.v,)to680p.p.m.v.withcanopyconductanceequalto1(refs8,12).
Among studies that have provided adequate water and nutrients
to experimental plants, the range in the response of plant growthtodoubledCOzisbetween24%and50%(refs,19,20).

The functionf(NA)modelsthelimitingeffectsofplantnitrogenstatusonGPpS,12.ItconstrainsCuptakewhenNsupply,definedasthecombinationofNuptakeandvegetationlabileN,limitsproduction,InformationontheCtoNratioof
production (Pen), a quantity commonly measured in ecosystemstudies,isusedtodeterminewhenNsupplylimitsproduction.Thisimplementationassumesthatnitrogenuseefficiency,definedastheratioofNPPtoNinnewproduction,isconserva-
tive within a vegetation type,
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TABLE1 Valuesofvegetation-specificparametersusedintheTEM
Pen*

Cmaxt K,t Kdt KFALL t
Nmaxt Nupt

NFALL * Tm;nt Toptt Tmaxt VCNt

32.50 591.80 0.038900 0.001048 0.012037 1.51000 0.706693 0.006325 -1.0 15.0 36.0 69.23
30.00 955.50 0.038900 0.000645 0.013333 3.48000 1.533380 0.004410 -1.0 15.0 36.0 50.00
45.24 842.00 0.011080 0.000924 0.005871 0.85500 0.205103 0.004692 -1.0 15.0 36.0 91.67
52.38 676.20 0.002185 0.001396 0.002037 0.70900 0.081884 0.007950 -1.0 15.0 36.0 375.00

89.17 1,013.90 0.001316 0.001219 0.001025 0.50000 0.034516 0.004667 -1.0 18.0 39.0 580.00
30.56 492.00 0.006180 0.000973 0.016975 0.53850 0.142026 0.011540 1.0 31.0 51.0 27.69
30.56 492.00 0.006180 0.000973 0.016975 0.53850 0.142026 0.011540 1.0 31.0 51.0 27.69
54.29 779.20 0.017150 0.004323 0.052910 0.45950 0.247182 0.033020 0.0 27.0 45.0 35.80
69.55 977 .35 0.016775 0.001008 0.054487 0.29080 0.138580 0.074720 0.0 27.0 45.0 108.33
66.44 1,083.70 0.006975 0.004723 0.018254 0.47020 0.157422 0.029783 -1.0 24.0 46.0 131.25

65.00 1,207.90 0.001465 0.002303 0.003483 0.75300 0.073770 0.018090 -1.0 20.0 43.0 426.05
e mixedforest 74.97 1,125.90 0.002255 0.002422 0.003660 0.49862 0.076415 0.015400 -1.0 19.0 41.0 422.29
e broadleaf
3enforest 90.63 780.75 0.001833 0.002110 0.004028 0.47560 0.073452 0.011905 0.0 25.0 49.0 357.14
anean
land 39.29 614.64 0.003138 0.001841 0.010659 1.10000 0.118475 0.013550 -1.0 25.0 49.0 47.78
savanna 33.23 1,897.75 0.005481 0.000976 0.005747 0.64650 0.067100 0.007166 1.0 30.0 49.0 41.43

phic forest 39.29 614.64 0.003138 0.001841 0.010659 1.10000 0.118475 0.013550 -1.0 25.0 49.0 47.78
deciduous

t 32.66 1,426.40 0.002657 0.002242 0.005140 3.41400 0.197320 0.010236 0.0 27.0 48.0 66.76

evergreen
,t 43.75 1,034.75 0.001346 0.001250 0.003889 2.83000 0.111000 0.006690 2.0 28.0 48.0 75.00

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

for values of the constant parameters k;, knl and kn2'

ref. 12 for parameter definition.

ref. 18 for parameter definition.
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