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Abstract.Investigations of long-term (103-105yr) environ- 1998] of the latestCretaceous[Horrell, 1991; Upchurchet mentalchangeacrossthe Cretaceous-Tertiary (K/T) boundary resultingfrom the impactof a largebolide indicateincreases in temperature and precipitationdueto the impact-related releaseof CO2. We evaluatethe effects of these long-term changesin the global environmenton terrestrialecosystems usinga vegetation-biogeochemistry modelforcedwith a 'best guess'modifiedlatestCretaceousclimatesimulationby the GENESIS atmospheric generalcirculationmodel. The imposition of long-term global environmentalchangesafter the K/T impact resultedin spatially heterogeneousincreasesin canopyleaf areaindex,net primaryproductivity,and soil carbon concentrations,relative to the latest Cretaceouspreimpactsituation.Terrestrialcarbonstorageincreasedby circa



al., 1998]. Seismicdata on the Chicxulubimpactstructureconstrain the maximumdiameterof the impactorto 12-km [Morgan et al., 1997]. The impactof sucha bolide on a carbonateplat-



2000 Gt.



megafossils [Wolfe,1990], and clay minerals[Kaiho et al., 1999] indicatea major greenhousewarming following the K/T boundaryimpactevent, apparentlycoupledwith an in-



1. Introduction



creasein precipitationat middle latitudes [Wolfe and Upchurch, 1986; Lehman, 1990; Wolfe, 1990; Kaiho et al.,



A wide range of geochemical,petrographicand seismic evidenceindicatesthat the Cretaceous-Tertiary (K/T) boundary was markedby the impactof a largebolide in the Yucatan peninsula,Mexico [e.g., Alvarez et al., 1980; Morgan et al., 1997]. This impactcausedmajor disruptionto the global environmentand the operationof ecosystems in boththe marine [e.g., Stottand Kennett, 1989; Zachoset al., 1989; D'Hondt et al., 1998] andterrestrial[e.g., Tschudyet al., 1984;Nichols et al., 1986; Wolfeand Upchurch,1986;dohnsonet al., 1989] realms. At the globalscale,however,the long-termrepercussionsof a bolideimpacton terrestrialecosystemstructureand functionare poorly understood,because the plant fossil record providesspatiallyincompletedata and little information on dynamic ecosystemprocesses,[Beetling, 1999]. This limits our ability to quantifyfeedbacksbetweenthe terrestrial biota, atmosphericCO2 and climate,which were potentially large due to the widespreaddistributionof subtropicaland polar forestsin the warm, high CO2 environment[Berner, *authorfor correspondence (d.j.beerling•sheffield.ac.uk)



form would have released between 2000 Gt C and 60,000 Gt



C (1 GtC = 1 x 1015g C),intotheatmosphere depending on the thicknessof the platform and the categoryof impactor [O'Keefe and Ahrens, 1989], thereby raisingthe concentration of atmosphericCO2 by 1000 to 30,000 ppmv, with a possiblegreenhouse warmingof up to 10 øC [O'Keefe and Ahrens,1989]. Consistentwith thesecalculations,studiesof



oxygenisotopes [Boersma andShackleton, 1981;Hsii et al., 1982; Stott and Kennett, 1989; Zachos et al., 1989], leaf



1999].



Here, we quantitativelyevaluatethe potentialglobal-scale responses of terrestrialecosystems to abruptincreasesin atmospheric CO2, temperature, andprecipitationacrossthe K/T boundary.We adopta two-stageapproachthat usesoff-line couplingsbetween a process-based terrestrialvegetationbiogeochemistrymodel (VBM) [Woodward et al., 1995; Beerling, 2000a] and severallatest Cretaceouspaleoclimate datasets. In the first stage,the VBM is forced with output from the GENESIS atmosphericgeneral circulationmodel (AGCM) [Otto-Bliesnerand Upchurch,1997; Upchurchet al., 1998] to establishthe pre-impactglobal distributionof canopystructure(definedas leaf areaindex,LAI), ecosystem



net primaryproductivity (NPP), andequilibrium vegetation and soil carbonpools. In the secondstage,the responseof each terrestrialecosystemcharacteristicis assessedby imposinga 'best guess'post-impactglobal climate,derivedby adjustingthe latestCretaceousclimatebasedon theoretical, paleobotanical, geologicand climatemodel studies,and conductingfurtheroff-line simulationswith the VBM.



2. Methodology Copyright2000 by the AmericanGeophysicalUnion.



The University of Sheffield process-basedvegetationbiogeochemistrymodel (VBM) [Woodward et al., 1995; Beerling,2000a] simulates,under steadystateconditionsof
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climateand atmosphericcomposition(CO2 and 02), the basic plantprocesses of photosynthesis, respirationandstomatal controlof transpiration.The VBM includesa dynamiccoupling with the Centurybiogeochemical model [Partonet al., 1993], whichdescribesthe cyclingof carbonand nitrogenin soils,therebyclosingthe terrestrialcarboncycle. Surfacelitter inputs(leaves and roots) from the vegetationmodel are decomposed throughthe variousCenturyroutinesto compute soil nutrient status, which in turn feeds back and influences



-60



NPP and LAI. Equilibriummodel solutionsare achievedby iterativecouplingbetweenthe vegetationand biogeochemistry models. As in other Mesozoic simulations[Beerling, 2000a], the Century model was unmodified.Predictionsof plant,canopyand ecosystem processes by the fully coupled VBM show close agreementwith measurementsfrom a world-wide range of sites [Woodwardet al., 1995] and a whole catchmentexperiment with CO2 enrichmentand warming[Beetlinget al., 1997]. For the latest Cretaceous, the VBM was forced with
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Plate 2. 'Best guess' map of latest Cretaceous (Maastrichtian) vegetation. Lithologic and paleontologic indicatorswere usedas primary data. Databaseand methods of interpolationare describedin Upchurch et al. [1999]. Legend: 1, tropical rainforest;2, tropical semi-deciduous forest; 3, subtropical broad-leaved evergreen forest and monthlytemperatureand precipitationfields derivedfrom woodland;4, desertand semi-desert;5, temperateevergreen Otto-Bliesner and Upchurch's[1997] 'bestguess'simulation broad-leavedand coniferousforest;6, tropicalsavannah(not and an atmospheric CO2 concentration of 580 ppm [Berner, used here); 7, polar deciduousforest; 8, bare soil (used to 1998]. Monthlyprecipitation derivedfromthe climatemodel code cold deserts).Reprinted by permissionfrom Nature wasuniformalymultipliedby 0.69 at all gridpointsto correct [Otto-Bliesner and Upchurch, 1997] copyright [1997] MacmillanMagazinesLtd. for overestimationof global precipitationby GENESIS v. 1.02. Earliest Tertiary temperatureswere derived by



CO2 from an initial very high post-impact value increasing the latestCretaceous meanmonthlytemperatures atmospheric according to a zonal temperature responsecurvedescribing [0 'KeefeandAhrens,1989]. The VBM wasthenforcedin off-line simulations, starting the seasonaland latitudinalsensitivityof the AGCM, with equilibriummodelsolutions,using Cretaceous geography, to a four-foldincreasein atmospheric fromthe latestCretaceous (1) increasedCO2, CO2 [Barron et al., 1993]. The lack of global four differentclimatechangescenarios: CO2 and precipitation, (3) increased CO2 and paleoprecipitation estimates introducesuncertainty into (2) increased and(4) combinedincreases in CO2, temperature adjustmentsof the latest CretaceousAGCM precipitation temperature 4 represents our'bestguess'postfields. However, becausepaleobotanicaldata for North andprecipitation.Scenario America indicate a four-fold increasein precipitationat impactclimate. latitudes>30ON [Wolfe and Upchurch,1986; Wolfe, 1990] we assumeda similar changefor the SouthernHemisphere 3. Results and Discussion andadjusted the latestCretaceous meanmonthlyprecipitation fields accordingly. Post-boundary atmospheric CO2 EquilibriumVBM solutionsof LAI, NPP and soil carbon concentrations were increasedfrom 580 ppm to 2320 ppm for the latestCretaceous showmarkedspatial (i.e. 4 x latest Cretaceous levels). This represents a concentration (Plate 1) and can be comparedwith the global conservativeincreaserelative to the possiblerange and was heterogeneity of vegetationtypes basedon lithologicand selected because, ona timescale of 103-105yr,re-equilibriumreconstruction indicators[Otto-Bliesnerand Upchurch,1997; of CO2 by dissolutionin the deep ocean,and crustalrock paleontologic weathering, would have reduced the concentrationof Upchurchet al., 1998]. In general,the broad patternsof NPP
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Plate1. Equilibriummodelsolutions of (a) leafareaindex(LAI, unitless), (b) netprimaryproductivity and(c) soilcarbon concentration for the latest Cretaceous.



LOMAXET AL.' ECOSYSTEM RESPONSES TO GLOBALENVIRONMENTAL CHANGE simulatedLAI and NPP (Plate 1) show closecorrespondence with global vegetationpatternsreconstructed from geologic data(Plate2). In equatorialregions,areasof highestLAI and NPP coincidewith the distributionof evergreenand semideciduous tropicalforests.Moving polewardsin the Northern Hemisphere, NPP diminishes(Plate 1) in a mannercoincident with a shiftin vegetationtypesfrom subtropicalbroad-leaved evergreenforeststo temperateand polar deciduousforests (Plate 2). Polar latitudesin both the Northern and Southern Hemispheressupportcanopieswith LAIs of 3-5 and reasonably productiveecosystems, in agreementwith the presenceof Late Cretaceous polarforestsin theseregions. Areasof zero LAI and NPP (i.e. deserts)correspondto the same regions identifiedfrom the fossil record. Areas of high soil carbon concentration generallycorrespond to regionsof known coal formation[Horrell, 1991; Upchurchet al., 1999], with the exceptionof Antarcticawhere land surfacewater balancecan preclude organic matter preservation [Beerling, 2000a]. Overall, this favourablecomparisonbetween model results and the geologicrecordindicatesthat the pre-impactsimulation providesan adequatebasisfor assessingecosystemresponses to a postK/T boundaryenvironment. The 'bestguess'post-impactclimateand atmosphericCO2 concentrationmarkedly influencedecosystemLAI, NPP and soil carbon concentrationwith all three being increasedat mid- and high- latitudes,especiallyin the Northern Hemisphere(Plate 3). IncreasedLAI and NPP result from increasedrates of photosynthesisand a more positive carbon balanceassociated with a longergrowingseasonand an interactionbetweenhigh CO2 and warmer growing seasontemperatures.The LAI responsearisesbecausein low latitudes, LAI is near maximal underthe pre-impactclimate (Plate 1) and the additionof any further layersin the canopywith increasedCO2, temperatureand precipitationcannotbe supportedbecauseinsufficientirradiancepenetratesto meet the maintenance and constructioncostsof the leaves[Beerling, 1998]. Increasesin soil carbonresultfrom lower decomposition rates associatedwith waterloggingof soils (due to reducedratesof canopytranspirationvia stomatalclosureunder a very high CO2 atmosphere)and highercarbonto nitrogen (C:N) ratiosin surfacelitter. At the regionalscale,changesin LAI, NPP, and soil carbon from the latestCretaceousto the earliestTertiary reproducemuchof the spatialheterogeneityobservedin the geo-
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Figure 1. Increasesin globalvegetation(solidbars)and soil



carbon(openbars)poolsacrossthe K/T boundary.Figures indicateglobaltotalsrelativeto the pre- impactsimulation, when globalcarbonstoragewere 1341 Gt in soilsand 1019 Gt in vegetationbiomass. logic record. For the WesternInterior of North America,observedchangesin vegetationand lithologyare numerousand includean abruptincreases in the frequency,thickness,and arealextentof coal in many K/T boundarysections,and the replacement of latestCretaceous open-canopy woodlandwith modest LAI by earliestTertiaryrainforest withhighLAI [e.g., Wolfeand Upchurch,1986, 1987; Wolfe,1990]. Although increased precipitation followinga bolideimpactwasinitially hypothesized to be the driver of thesechanges[Wolfeand Upchurch,1986], process-based modellingindicatesthat increasedprecipitation, temperature, and atmospheric CO2 all made significantbut somewhatdifferent contributionsto terrestrialvegetationalchangein North Americaat this time. In



the SouthernHemisphere,observedvegetationchangesare fewer[e.g.,Askin,1990],pointingto minimalecologicaldisruptionand climaticchangeacrossthe K/T boundaryin the SouthernHemisphere.In agreementwith the data,our simulationsindicatethat NPP for muchof the high southernlatitudeswas lessresponsive to increasesin temperature, precipitationand CO2 at the K/T boundarythan NPP for the NorthernHemisphere.



Globalenvironmental changeacrossthe K/T boundary markedlyincreases boththe vegetation andsoilcarbonpools Soil Carbon
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