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Global terrestrial modelscurrently predict that the Amazon rainforest will continue to
actasa carbon sink in the future primarily dueto the rising atmosphericcarbon dioxide
(CO2) concentration, effectively enhancingits resilienceand slowing the pace of climate
change Soil phosphorusimpoverishment in parts of the Amazon basin limits biomass
growth, but the role of phosphorusavailability in limiting its future carbon uptake has
not been considered in global model ensembles,e.qg., during the Coupled Model
Intercomparison Project for the 5" Assessment Report of the United Nations
Intergovernmental Panelon Climate Change Here, we simulate a planned free-air CO:2
enrichment experiment in the Amazon with an ensembleof 14 terrestrial ecosystem
models. We show that phosphorus feedbacksreduce the CO2-induced biomasscarbon
sinkto 79+ 63gC m2yr-tover 15years,areduction of ~50% comparedto estimatesfrom
carbon and carbon-nitrogen models. Our results suggestthat ther e g i regiliénseto
climate changemay be much smaller than previously assumed.Variation in the biomass
C responseamongthe phosphorusenabledmodelsis considerable ranging from 5to 140
g C m2yr-1 dueto contrasting assumptionsrelating to the flexibility in plant phosphorus
useand acquisition strategies.The model ensemblenvoluntarily representsdiverseplant
functional strategiesand generates a seriesof testable hypotheses Experimental design
needto be targeted to reduce the uncertainties around the phosphorusfeedbackon the

CO: fertilization effect

TheintactAmazonrainforestactsasasubstantiatarbon(C) sink, completelyoffsettingcarbon
dioxide (CO) emissionsfrom fossil fuel combustionand land use changein the Amazon
region2. IncreasingatmosphericCQO, concentrationgrom anthropogeni@ctivity may be the
primarydriving forcefor thecurrentAmazonnetcarbonsink!-3 andglobalmodelsassumehat
this CO: fertilization effectwill continueto providethis globally significantecosystenservice

into the future® ®. The stimulatoryeffectof elevatedcarbondioxide (eCQ) on photosynthesis
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andtreegrowth hasbeenobservedexperimentallyin greerhousesandin thefield in opentop
chamberandfreear CO, enrichment(FACE) experimentsTo date,whole-ecosystenscale
experimentgi.e., FACE) havemainly beenconductedn the temperatezoneandneverin the
tropics 8, In theseexperimentsthe eCQ-inducedincreasean C uptakeis generallylow when

otherfactors,suchassoil nitrogen(N), arelimiting®*C.

Overlargepartsof the Amazonandthe tropicsworldwide, phosphorugP), not N, is assumed
to bethe key limiting nutrient,asmostP hasbeenlost or occludedfrom plantuptakeduring
millions of yearsof soil pedogenest$!2 Forestggrowing on thes highly weathereald soils
may nonethelesse highly productive due to the evolution of multiple strategiesfor P
acquisitionand use, enablingtight cycling of P betweenplants and soils**4 Despitethis
knowledge quantifyingthecontrolof P on plantphysiology,growth,andplantsoil interactions
in global models,and henceits role in thef o r aespgolséo eCQ, remainschallenging®.
This challenges exacerbatethy the scarcityof observationanddistinctivespeciegesponses

in hyperdiverseropicalforests®.

Here,we studythe potentialinteractionsbetweeneCQ andnutrient(N andP) feedbacksn a
matureAmazoniarrainforestby simulatingthe plannedAmazonFACEexperimen{+200ppm;
http://amazorface.org/)with anensemblef ecosystenmodels(n = 14, ExtendedDataTable
3), including threeC, five carbonnitrogen(CN), andsix carbonnitrogerrphosphorugCNP)
models”?2, The AmazorFACE experimentis locatedin a well-studied, highly productive
tropicalforestin CentralAmazonig®?4 growingon astronglyweatherederra firme Ferralsol.
This ecosystenrepresentghe low end of the plantavailable P spectrumin the Amazon,
consistentith ~32%of the Amazonrainforesé soverfractior?®. In situ measurementsere
usedto parameteriséhe modelsandto evaluatesimulatedambientconditions(ExtendedData
Tablel, 2). Ouraimwasto generate priori modetbasedhypotheseso highlightthe stateof-

the-knowledge and guide measuremenstrategiesfor AmazonFACE and other ecosystem
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manipulationexperimens to gain crucial processunderstandingpf P control on the CO

fertilization effect.

SimulatedeCQ (+200ppm) hada positiveeffecton plantbiomassC acrossall modelsbutwas
weakesin the CNP models(Fig. 1a). The eCO; conditionsinducedaveragebiomassC gairs
of 163+ 65, 145 + 83, and79 + 63 g C m? yr! after 15 yearsin the C, CN andCNP models,
respectively(Fig. 1a).Limitationsby P thusreducedhe predictecbiomassC sink by 52% and
46%comparedo thatin theC andCN models respectivelywith considerableariationacross
andwithin model groups(ExtendedDataFig. 1). Plot inventoriesat the AmazonFACEsite
during the 2000sindicate an ambientabovegroundiomasssink of 23 g C m? yr?, with an
Amazonwide! estmateof 64 g C m? yr'l. Themodelensemblaepresentambientconditions,
suchas productivity and LAI, reasonablywell but the setof modelsdoesdivergeon some
ecosystentharacteristicssuchasambientbiomassC increaseswhich range from 5to 114 g

C m? yr! (seemorediscussioron ambientmodelperformancén ExtendedDataFig. 2).

Grossandnet primary productivity (GPPandNPP, respectively areboth stimulatedby eCQ
in all models,bothinitially (after 1 yearof eCQ) andat the endof the simulation The CNP
modelsshowthe strongestdeclineoverthe 15-yearperiodfrom theinitial responsalueto P
limitation (Fig. 1b,c). Thefinal respons®f NPPto eCO wasa 35%,29%,and9% stimulation
for the C, CN andCNP models,respectively. In generaljn the CN and CNP models nutrient
limitation is definedas nutrientdemandbeing greaterthannutrientsupply.But modek differ
in their assumptionson how nutrient limitation controk productivity and C allocation in
responsdo eCQ, sothatdivergentresponse®n plant carbonuseefficiency (CUE = NPP/
GPP)aresimulated(ExtendedDataTable 3). In someCN models,CUE increasedbecauséN
limitation is hypothesizedo reduceautotrognic respiration(Ra) via lower tissueN content.In
contrastsomeCNP models(e.g.,CABLE andELM-ECA) assume directdownregulatiorof

growthor growthefficiency(i.e., NPP)butonly a smallreductionin GPP,andhencethe plant
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CUE decreaseandernutrient limitation (ExtendedDataFig. 3). ElevatedCO, inducedhigher
fine rootinvestment®f NPPin someCN andCNP modelsto aid nutrientacquisition(Fig. 1c;
ExtendedDataFig. 4). Predictedchangesn allocationwith eCQ causea generalincreasen
biomassC turnoveracrossall but one of models,partially offseting the positive biomassC
respons€ExtendedData Table 4). Changesn turnoverlargely control the long-term future

CO; effecton the biomassC sink?627,

PlantgrowthundereCQ is lowestin CNPmodelsasthelow availability of soil labile Prestricts
P uptakeeitherimmediately(CABLE, ELM-ECA, GDAY) or overtime (CABLE-POP ELM-
CTC,ORCHIDEE (ExtendedDataFig. 5). We consideredhe modelledP limitation on plant
growth to be realistic asthe modek and obsenationsagreeon soil labile P beingvery low
(ExtendedDataFig. 2). OtherobservationsupporthefactthatP is extremelycritical for plant
productivity, suchashigh leaf N:P ratiosof 37 andhigh plantP resorption(beforelitter fall) of
78% (ExtendedDataTable1). P limitation consistentlyredu@sthe eCQ-inducedbiomassC
sink, but there is significant variation among CNP models due to contrastingprocess

representation-ig. 2; ExtendedataTable3).

P shortage downregulategrowth (i.e., NPP)in all models. eitherdirectly, via photosynthesis,
or via a combinationof both processesNo model considersP effects on Ra. The major
differencesamongthemodelsrelateto howtheymodify P supplyanddemando alleviateplant
P shortagesncludingeither(i) enhancinglantP useefficiency (PUE= NPP/ P uptake)or (ii)
upregulatingP acquisitionmechanismsPUE may changeif tissuenutrientratiosareflexible,
if C allocationchangesamongtissueswith different stoichiometry,and/orif P resorptionis
variable Flexible stoichiometryis consideredn all CNP modelsexceptELM-CTC, although
with varying degres of flexibility, suchthatthe stoichiometryin CABLE andORCHIDEEis

effectively fixed (Fig. 2). Greaterfine root C allocationin responseto plant P stressis
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consideredn ELM-ECA, GDAY andORCHIDEE, andP resorptionis afixed fraction of leaf

tissueP in all models(Fig. 2).

In regardsto modelledsoil P acquisitionmechanismsthree of the six models(ELM-ECA,
ELM-CTC, GDAY) considerdesorptionof P from mineral surfaces(i.e., the secondaryor
stronglysorbedP pool), whereagheothes assumd? in thosepools to beunavailablgo plants.
All themodelsincludebiochemicaminemlization of organicP via phosphatasdyutonly three
(ELM-ECA, ELM-CTC and ORCHIDEE) include the functionality to increaseP acquisition
via this mechanismunder plant P stress(Fig. 2; ExtendedData Table 3). Litter and soil
stoichiometryare consideredvith varying degreef flexibility. Soil labile P limits microbial
decompositiorratesof litter andsoil, so that decompositioris reducedwhenimmobilization

demanddor P exceedsoil labile P availability (Fig. 2; ExtendedDataTable3).

Divergingdepictionsof plant P useandacquisitionamongthe CNP modelscausepredictions
of theeCQ-inducedbiomassC sinkto rangefrom 5g C m? yrtin CABLE to 1409 C m2yr

1in ORCHIDEE (Fig. 3a; ExtendedDataFig. 1). Greaterplant PUE occurredin four of the
models GDAY, ELM-ECA, CABLE-POP,andORCHIDEE for which shiftsin tissueC:N and
N:P dueto eCQ ledto increassin biomassC:Prangingfrom ~200to 1600g C g P! (Fig. 3c).
Higher fine root investmentwith eCQ, at the expenseof lessii = 0 s twboy, offset some
increasesn PUEiIn ELM-ECA andGDAY . Althoughhigherfine rootallocationwassimulated
temporarilyin ORCHIDEE (ExtendedDataFig. 4), investmenin woodincreasedaverthefull

simulationperiod,aswasalsothe casein CABLE-POP(Fig. 3b).

Flexible biomassstoichiometryaltereddecompositiondynamicsand inducedprogressiveP
limitation in responsdo eCQ, i.e., litter stoichiometryshiftedtowardslower quality (lessN
and P in relationto C), reducingnet P mineralizationratesfrom microbial decomposition,
causingP to becomdncreasinglyunavailableo plantsandaccumulatingn soil organicmatter

(Fig. 3d, e). ConsequentlyecosystenP retentionincreasedmarginallyin somemodelsasP
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leachingratesdecreasedThis plantsoil-microbial feedbackslowedthe cycling of P in the
ecosystermand exacerbatedhe initial P limitation (seeRef. 28 for a similar feedbackduring

pedogenesis).

Enhanceglant P acquisitionundereCQ effectivelyalleviatedP limitation in two CNPmodels
(ELM-CTC andELM-ECA). In both,eCQ increasedhe liberationof P from the secondary
pool, ashigherplantP demandanduptakediminishedthe labile P pool, in turn causinghigher
desorptionrates.P desorptionis thus only indirectly, and not mechanistically enhancedy
plantsin these models Biochemi@l mineralizationof P undereCQ respondedositively in
both of the models,but addedonly notablyto additionalP acquisitionin ELM-CTC (Fig. 3e).
AlthoughthreeCNP modelssimulatedhigherfine rootinvestment{ELM-ECA, GDAY, and
ORCHIDEB), theactua P uptakereturnperfine rootincrementwasmarginalor cameonly into

effectin thelong-term (ExtendedDataFig. 6).

In summary the modelensembleencapsulatea rangeof plausiblehypothesesandrepresents
apotentialrangeof biomassC response eCQ underlow soil P availability. At theoneend,
CABLE assumeso plantenabledmechanismdo acquiremore P anda limited capacityfor
plantsto useP moreefficiently, resultingin effectively zerobiomassC gainwith eCQ. The
remainingmodelspredictedsomebiomassC gainwith eCQ. Flexible stoichiometrywasthe
key mechanisticresponseto eCQ in four of thesemodels.ELM-CTC had no changein
stoichiometryputnonethelespredictedanincreasen biomassC gainundereCQ basednan

increasan plantP acquisitionbecaus®f enhancedP mineralizationranddesorption.

Ourresultsalsoindicatethecontrolof N availability on modelledplantgrowth TheCN models
simulateincreaseditrogenuseefficiency (NUE) andbiomassC:N ratios,asN uptakewasnot
sufficientundereCQ (ExtendedDataFig. 5). DirectN limitation of plantgrowthis, however
not expected,as observationsddocumentample N cycling in the system,e.g., high leaf N

contens, indicativeli°N values highratesof N oxideemissionsandlow N retentior®. Plant
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N availability maybeunderestimateth themodels sincethe plantavailablemineralN supply
was<7 g N m? acrossall models,asopposedo 17.5g N m? observedn thetop 10 cm only
(ExtendedDataFig. 2). Theseresultshighlight animportantgapin our knowledgerelatedto
the dynamics of N availability, and its potential interaction with P dynamics. Future
experimentsshould help reducethe uncertaintysurroundingN effects on P limitation, in

particularfor regionspredominantlyor co-limited by N.
Divergencesn the simulatedeCQ responséeadusto thefollowing testablenypotheses:

H1. Low soil P availability will strongly constrainfuture plant biomassgrowth responseo
eCQ either by downregilating photosynthesisor limiting plant growth directly, or a

combinationthereof.

H2. Despitethe limited soil P supply, plasticity in vegetationstoichiometryand allocation

patternswill allow for somebiomasggrowthundereCG.

H3. Plantswill increasanvedmentsin P acquisitionto increaseP supplyandallow biomass
growthundereCQ eithervia greaterP interceptionthroughfine root productionor via greater

P liberationfrom P desorptioror biochemicalmineralizationof P.

These process and modetbasel hypothesesdeepena previously carried out accounting
analysisof potentialN and P limitation®.. Furthermorewe addto a modelintercomparison
carried out in advanceof the EucFACE experiment® by extendingthe range of plant P
feedbacksonsideredacrossCNP models.This work highlightedH1: two stoichiomérically
constrainedCNP modelspredictedthat strongP limitation will curtail the growth responseo
eCQ in subtropicalAustralia. Consistentwith this hypothesisaboveroundgrowth hasnot
increasedvith eCQ in that experimentover the initial years®. This finding underlinesthat
monitoringefforts needto placea stronder) focuson belowgroundcarbonallocationandsoll

nutrientdynamics Additionally, the modelensembledoesnat yet considerthe P effecton Ra
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and respirationunderdifferent degreesof nutrientlimitation needfurther monitoring during

experimentgo furtherelucidateP effectson the plantC budgetandaddresdi1.

Nutrient fertilization experimentssupport H2, as plasticity in leaf stoichiometry at the
individual level, alongwith plasticity in P resorptionefficiency, was observed'. Acrossthe
Amazon |eafnutrientassessmentsdicatealeaf N:P rangeof 13to 42 (n = 64) (Ref. 3%, which

place our site, with a communitymeanratio of 37, atthe high end. GDAY thuspredictedthe
mostplausibleincreasean the leaf N:P ratio from 34 to 38 (ExtendedDataFig. 7). CABLE-

POPandELM-ECA predictedstrongincreasesn the leaf N:P ratio with eCQ but startedoff

with muchlower initial values.The degreeto which plasticityin stoichiometryandresorption
canaid plantPUE in highly P-limited sitesthatarealreadyatthe endof the observedspectrum
remainsto be seen(H2). Monitoring planttissueandfreshlitter nutrientcontentin CO, and
nutrient fertilization experimentswill give an indication of the plasticity of theseplant use

mechanism# responsdo eCQp.

Basedon previousobservation¥, a numberof modelsassuméncreasedine rootinvestment
aswell ashigherbiochemicalP mineralizationand P desorptionfrom mineralsurfacesunder
eCQO-inducednutrientlimitation (H3). The effect of increasedine root biomasson nutrient
uptakewaslimited in our simulationsand ambientfine root allocationfractionswere highly

variableamongthe models rangingfrom 5-30% of NPP (ExtendedDataFig. 4, 6). Both these
modelledresultshighlight model deficienciesin belowgroundprocesses. Thereis evidence
thatphosphatasactivity in litter andsoil andthe presencef low-molecularweightacidsused
to liberateP from organicmatteror from mineralsurfacesncreasawith plantP demand®. This

waspredictedby ELM-CTC in our simulationswhich alsoshowedAmazonwide that fjwith]

enhanceghosphatasproduction,productivity in the highly P-limited areascanbe sustained
underelevatedCO, conditions®’. Plantsinvestin P liberation and acquisition but if these

mechanismganbe upregulatedindereCQ andoverwhattime framethis may occurremain
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openquestionsQuantificationof suchfluxesis lacking,asareestimate®f theassociateglant
C coststo acquireP via theseandothermechanismssuchasmycorrhizalsymbiosi$*38 TheP
gainand C costfor P acquisitionmechanismsaswell asthe associateglantsoil-microbial
interactionsneedto beassessely analyse®f soil, microbialandroot nutrition, andvia novel
techniquesnvestigatingenzymeandlabile C dynamics Monitoring of belowgroundine root
dynamicsneedsto include fine root activity in surfacelitter, a commonphenomenonn P-

impoveishedecosystems the Amazon notyet quantifiednor consideredn models

Previousmodel projectionssuggest sustainedertilization effect of CO, on the AmazonC
sink but havenot consideredeedbacksrom low soil P availability*>. Our studydemonstrates
that, basedon the currentgeneratiorof CNP models,the omissionof P feedbackss highly
likely to causeanoverestimatiorof theAmazonr a i n f capaeitgtd ségsesteatmospheric
CO,. ConsideringP limitation onthe CO; fertilization effectin future predictionsmayindicate
that the forest is less resilient to higher temperaturesand changingrainfall patternsthan
previouslythought°. Periodsof waterdeficit may contributeto the eCO; fertilization effect
on productivity due to its water saving effecf?. Our study site experiencedyears with
significantlylessthanaverageprecipitatione.g.in 2000 and2009, however,n our simulations
this addedmarginally to the modelledCO; effect (ExtendedDataFigure8 and9). Modelsare
notyetvery aptto simulatewaterdeficitsandtheir consequencesn plantgrowthandmortality
in generalandevenmoresowhenprecipitationtotalsarethathigh®®. Interactionf waterand
P availability andtheir consequencesn the CO:; fertilization effectremainuncertainandneed

urgentclarificatiorf'.

Although P is likely to reducethe biomassC sink responséo CO; in regionswith low plant
availableP supply, our resultssuggesthat plasticity in plant P useand plant P acquisition
mechanismsinay enableCQO; fertilization of biomassgrowth The modelensemblemay be

interpretedasinvoluntarily represenihg a rangeof possibletropical plantfunctionalstrategies
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and growth responseso low phosphorusavailability. Responseso eCQ are expectedo be
speciesspecifi aswereplantgrowthresponseso low P supplesin anothertropical region'®.
The ecosystenrscaleresponseo P limitation undereCQ will thus dependon the relative
contributions of the various P acquisition and P use strategiesacrossindividuals, their
interactionsandto what extenttheseprocessesanbe upregulatedindereCQ. All of which
ultimately needto be describedand representedn a single model frameworkin order to

accuratelypredicttheAmazonr a i n f respansds fdtge climatechange.

AmazonFACE has the unique opportunity to experimentallyaddressthese key areasof
uncerainty, not only by integratingthe proposedmeasurementacrossseasonsand at the
ecosystenscalebut also by assessingpeciesspecificresponseso eCQ in relationto trait
expressionAmazonwide expressiorof plant functional strategiesmay then be inferred by
applyingthe mechanistianterplaybetweertrait expressiorandedaphicconditions.Thekey to
predictingthe future of thew o r |ladgésttropical forestundereCQ thuslies in obtaining
experimentaldata on, and subsequentlymodelling, different plant P acquisition and use

strategiesaswell astheirinteractiondn a competingplantcommunity.
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Figurel: The predicted effect of eCQ on biomass C,productivity and biomass
compartments , averagedverC (grey),CN (blue)andCNP (green)modelgroups.a, The
final absoluterespons®f biomasgyrowth, calculatedasthe meanannualresponseverthe 15
yearsof eCQ permodelgroupin g C mMyrM, b, Initial relativeresponsesf productivity
(GPPandNPP),andCUE (=NPP/GPP)n %, calculatedasthe meanresponsen thefirst year.
c, Finalrelativeresponsesf productivityand CUE, aswell astotal leaf, fine rootandwood
C, calculatedcasthe meanresponsafter 15 years(meanof 13thto 17thyear),all in %.
Responset eCQ arethedifferencedetwea the elevatedandambientmodelrun, shownas
meanandstandardieviationpermodelgroup,individual modeloutputsareshownin

ExtendedDataFigurel and3.
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Figure2: Strength of phosphorus feedbacks in controlling the biomass Cresponse
to eCQfor the six CNPmodels. Ecosystenprocessearehighlightedthatdependor not
dependpntheP cycle,for which classegnone,intermediatehigh) indicatethe degreeo
whichtheconsidered® feedbaclkcausesresponsef biomassC to eCQ in our simulations P
limitation causestrongor intermediatelownregulatiorof photosynthesigiith eCQ across
all models MaintenanceespirationJeafturnoverandP resorptionarenot responsiveo P
feedbacksn anyof themodels.Leaf N:P respondso eCQ in mostmodels butis fixed in
ELM-CTC, narrowlyboundin CABLE, andatits maximumin ORCHIDEE.P limitation
causeslirectdownregulatiorof biomasggrowthin CABLE, CABLE-POP,ELM-ECA and
ORCHIDEE.Allocation shiftstowardsrootsto alleviateP limitation is consideredn GDAY,
ELM-ECA andORCHIDEE.Desorptionof P from mineralsurfacess only consideredn
ELM-ECA andELM-CTC, andbiochemicalP mineralizationis consideredn manymodels,
butonly effectivelyresponsiven ELM-CTC.
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Figure3: Key responses of biomass Cgain, stoichiometry, allocation, and P
dynamics to eCQfor the CNPmodels, contrastedrepositive(blue)from negative(red)
responsesa, Meanannualchangean standingeaf, finerootandwood C over15years,
increasingacrosamodelsfrom left to rightin g C mMyr™, b, Themeanchangan C allocation
for fine rootsandwoodin %. ¢, Meanchangen tissuestoichiometryin absoluteermsin g C
g Pt andchangan P useefficiencyover15yearsin g C g Pyr™, d, Meanchangen
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ecosysten® input andoutput(leaching)fluxesin g P m" yr andmeanchangan final P
stockin biomassprganicsoil, mineralsoil andtotal ecosystenin g P m'2. e, Meanchangen
plantP acquisitionprocessesncludingchangen netP mineralization biochemicalP
mineralizationandP uptakein g P mM yr andsecondaryndlabile P poolsin g P m™2. For
both,d ande, P flux changesredifferencesf cumulativefluxesafter 15 yearsandP pool
changesredifferencedn poolsafter15years.

CQfertilization of the Amazon forest hinges on plant phosphorus use and
acquisition

We presenteresupplementarynformationto the maintext of thestudyo C Qertilization
of the Amazonforesthingeson plantphosphorusiseanda ¢ g u i $®yiFleiscberetal.,
submittedto NatureGeoscience.

Theindividualmo d ebloma®sC responseto eCQ areshownin Extended Data
Figure 1, wherethe absoluteandrelativeeffectof eCQ on cumulativebiomassC is included.
Thevariationin their predictionsamongandwithin the modelgroupsbecomespparent.
While CNP models(in green)generallypredictlower biomassC gainwith eCQ: comparedo
Conly (grey)andCN models(blue),someCNP modelsexceedoredictionsby the othermodel
groups.Assumptionson how plantP useandP acquisitionis dealtwith in themodelscause
thesedivergingresponses.

Theindividualmo d epkrforénancen representinggmbientconditionsof key ecosystem
variablesareshownin Extended Data Figure 2. Mo d ederemdllyrepresentedambient
conditionswell atthe studysite,suchasGPP,NPPandLAl. GPPwaslowerthanobservedn
somemodelswhile LAl waseitherover or underestimatetly somemocels. Consideringhe
uncertaintiesurroundindield observationsye judgedthesedeviationsasacceptablekor
biomassC, modelsdivergednoticeably whichis controlledby productivityandturnover
dynamicssimultaneouslyWhile we haverelatively reliable measurementsf aboveground
biomas<C, belowgroundcomponentsemainmoreuncertainandarenot consideredn the
observationabasedestimatehere.Modelson the otherhandconsidertotal biomassC, which
addsto the differencesamongmodelsandobsevations.AmbientannualbiomassC increment
variedstronglyacrosghe models for which we includedthe Amazonwide estimaterom
Brienenetal. 2015asanobservatior{seemaintext for completereference)Theestimate
from our siteis lower (seemaintext), but associatedio higheruncertaintieglueto few
censused-or both,biomassC andbiomassC incrementtherewasno clearpatternbetween
themodelgroups sothatwe judgethatthesedifferencesdid not controlthe overall
conclusionf our study.

Themodelssimulatedessthanl.1g labile P mMto 4 m depthin theambientrun (with the
exceptionof ELM-CTC), whichis the plantavailablesoil P. Observationsndicatel.6 g resin
P mMto 30 cm depth.ResinP is consideredo bedirectly plantavalable, representinghe
modelledsoil labile P pool, althoughdirectcomparisonsrehamperedsP fractionationsare
operationallydefined.Observationgarethusslightly higherbut bothmodelledandobserved
valueson soil labile P areconsideredo beverylow andtheresultingmodelledP limitation to
berealistic.

Theindividualsmo d esimsld@tionresultsontherelativeeCQ effecton primary
productivity (GPP,NPP),planttissueC stocksandplant CUE areshownin Extended Data
Figure 3. Themodel$plantC allocationfractionsandtherespectiveelativeeffectof eCQ
thereonis shownin Extended Data Figure 4. Theindividualsmo d esimsldionresultson
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therelativeeCQ effecton N andP uptake NUE andPUE,aswell asplanttissue
stoichiomety is shownin Extended Data Figure 5.

TherelationshippetweereCQ inducedP uptake fine root allocation,andtherespective
returnof P uptakeperunit fine root allocationfor threeCNP modelsareshownin Extended
Data Figure 6. Thethreemodels(ELM-ECA, GDAY, andORCHIDEE)simulateda higher
fine rootinvestmenivith eCQ, but a heightenedelativereturnof P wasonly achieved
temporarily,aftersometime, or notatall. Theabsoluteeffectof eCQ on NUE, PUEand
stoichiometryfor theindividual modelsis shownin Extended Data Figure 7. Both CN and
CNPversionsof GDAY andCABLE-POPwereincludedin themodelensembleallowing the
N andP effectaloneto beinferred.Their respectiveCN versionsandsomeotherCN models,
indicatedthatN limitation occurred asleaf andbiomassC:N werepredictedto increasaunder
eCO2(ExtendedDataFig. 7). Theinclusionof both CN andCNPversionsfor GDAY and
CABLE-POPsupportedhefactthatP cyclelimitationsreducedhe eCQ inducedbiomassC
sink, asthe maincomparisoracrosghe C, CN andCNP modelgroupindicated.

Model driving dataof precipitationareplottedasannualprecipitationoverthe courseof
the15yearstudyperiodin Extended Data Figure 8. Precipitation(andotherclimate)data
wasderived from the K34 fluxtower, which experiencedwo yearsof strongprecipitation
deficit duringthe studyperiod,2000and2009.TherelativeeCQ responsef GPPandNPPis
plottedagainstannualprecipitationin the Extended Data Figure 9 to testfor potertial
interactionsof eCG: anddroughtsin the studyregion.While somemodelsshowa significant
effectof precipitationon the strengthof theeCQ effecton GPP the slopeof theline is very
shallow,sothatwe canconcludethatvariationsin wateravaiability contributedittle to the
simulatedeCQ effectin our study.
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biomassC in %. Seelegendfor individual modelnamesC-only modelsarein shade®f grey,
CN modelsaredepictel in shade®of blueandCNP modelsaredepictedn shade®f green.
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Extended Data Figure 2: Ambient model conditions compared to in situ
observations. Individualmo d evhlieegaremeanconditionsovertheambientsimulation.
Horizontaldottedlinesindicateobservationsvhenavailable(seesourcesn ExtendedData
Tablel). Measurementmarkedwith a ?wereprovidedto modelerdeforehandC fluxes
(GPP,NPP)arein kg C myrM biomassC is abovegrounanly in kg C m™, andbiomassC
incrementin g C mMyrM, Theobservationakéstimatefor biomassC increments basedn the
Amazonwide estimaterom Brienenetal. 2015(64 g C mMyr™ for the2000s,C.1. 45789 C
mt2yrM), CUE is calculatedastheratio of NPPperGPP.LAI isin m?/m2. Leafandsal
stoichiometryareratiosof C, N andP contentin dry matter,respectivelyLeaf stoichiometry
wasparameterisednly in somemodels(seeExtendedDataTable?2). Fluxesof netN andP
mineralisatiorarein g N/P mMyr™, Soil mineralN pool andlabile P pool (bothconsidered
plantavailable)aswell assoil organicN andP pool, arein g N/P m™. Observationgor soil
nitrogencontentarebasedon top 10 cm, andfor labile P ontop 30cm.Modeledvaluesare
basedon a soil depthof 4m. Seelegendfor individual modelnamesC-only modelsarein
shade®f grey,CN modelsaredepictedn shade®f blueandCNP modelsaredepictedn
shade®f green.
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Extended Data Figure 3: Relative effect of eC&Qon GPP,NPP,leaf C,wood C,fine
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yearsof eCQ (meanof 13thto 17thyear),bothin %. Seelegendfor individual modelnames.
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Extended Data Figure 4: Ambient Callocation to plant tissues and the effect of eCQ
thereon. Meanandstandarddeviationof ambientC allocationto leaf, wood, coarseandfine




