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Summary
e The fate of tropical forests under climate change is undlgguin part,to uncertainty in
projected changes in precipitation and in the ability of vegetation models to capture th

effects of drought-induced mortality on aboveground biomass (AGB).

e We eyaluatedhe ability ofaterrestrial biosphermodel with demography and
hydrodynamicgEcosystem DemographiD2-hydro),to simulate AGBandmortality of
four trepical treeplant functional type§PFTs)that operat@long light-and wateiuse axes
Model"predictions wereompared to observations of candamesat Barro Colorado Island,
Panama. We thesssessethe implications okight hypothetical precipitation scenarios,
including. increased annual precipitation, reduced inter-annual variation, Et&é&ied

droughts,and drier wet or dry seasons on AGB and functional diversity moioithel forest.

e When forced with observed meteorologD2-hydro predictions capturaultiple BCI
benchmarks ED2hydro prelicts AGB will be sustained undkxwer rainfall via shifts in

the funetional composition of the fate except under the drier dsgason scenatrio

e Theserresultsupport the hypothesibatinter-annual variation in mean and seasonal
precipitation promotes coexistences of functionally diverse PFTs datatwedifferences
in mortality rates If the hydroclimatdecomeshronically drier or wetterfunctional

evenness related to drougbterancemaydecline.
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Introduction

There is considerable variation among climate model projeatag@sdinghow precipitation
patterns'maychange over tropical forestsrthis century (IPCC, 2014)Predictiondor the
neotropics vary'both geographically and by the type of drought, where some regions have
general dryingwhile other regions have a lengthening of the dry season or a reduction in
precipitation during either the wet season grskason (Joetzjet al, 2013;Boisieret al,

2015). More frequent El Ndirelaed droughts are also possiide some areaf.i et al, 2006;

Caiet al, 2014). Overpartsof Southeast Asia and tropical Africa, however, models predict an
increase in total precipitatigilPCC, 2014). Such uncertainty and geographic variatiake
predicting the fate of tropical forests challengiNet, predicting their fatés an extremely high
scientific prigrity because of their importance to the global C cycle and climate system (Bonan,
2008;Panet al;y2011), their exceptionally high species diversity (Dirzo & Raven, 2003), and the
precipitation theyecyclefor agriculture and hydropowekitma et al, 2014;Sumilaet al,

2017).

In addition to uncertainty surrounding changes in hydroclimate, our understanding of the
implications of different drought scenariostoopical forestC stocksand functional diversitys
limited. Ingparticular,it is uncleahow ‘relative, nondinear responses of individual trees to
environmentalvariation, whiamaintainsfunctionally and structurally diverse canopies
(Chesson; 2000puffers tropical forests against ahges in hydroclimateRelative non-linear
responses arthe, biologicaresponsege.g. photosynthesis, respiration, C-allocation, xylem
cavitaton,.etc.)individual trees have to fluctuating environmental condgi@tative to
competing.neighbors of differingjizes and plant functional typ@3FT3.

The relative nondinearbiological response® soil waterstress, temperature and
humidity offarger treesnd drought-intolerant taxa agvéo be more acute during severe
droughts (Condiet al,, 1995;Nepstacet al, 2007;Meir et al, 2015), thus suggestirag
significant risk to aboveground C stocks (Rowlat@l, 2015). However, the net effect of

drought-induced mortality on ecosystem C stocks appears to be rapidly offset by ingrowth of
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recruitsand survivingrees (Fausedt al, 2012; Meakenet al, 2017). Moreoverless severe
droughts or natural longerm climatic drying may causeany elevation iimortality to be more

evenly distributedcross siz&lasses ostrongest amongmallertrees(Fausett al, 2012).
Compensatory elevated growth during these brighter, yet drier periods, may help aboveground
biomass (AGB)yemain stable (Conddt al, 20173. Processhased terrestrial biosphere models
that represent.the relativeon-linear biological responses to variable precipitation inherent to
spatially'heterogeneoasd diverse foresarea promising toofor synthesizinghese
observationgind assessinpefate of tropical ecosystenagrossprecipitation projections
(Levineetal., 2016; Wenget al, 2015; Zhangt al 2015 Fisheret al, 2018.

ThesEeosystem Demography model (ED2) is one such tool that simulates ligint-drive
gapphase dynamics (Moorcradt al., 2001; Medvigyet al, 2009), thereby enabling it to
characterize presedayspatial and temporal patterns of tropical forest casachange and
canopy structuréPowellet al, 2013; Zhangt al, 2015). Recentmcorporaion of mechanistic
water transport througihe soil-plantatmosphere continuugED2-hydro) improveintra- and
inter-specifierceempetition for watgiXu et al, 2016). ED2-hydro encapsulates the hypothesis
that both the ‘relative (in terms of size and RFbn-linear demographic responses of competing
trees to periodic droughts and dengigpendent competition for light and water resources are
fundamental regakors of tropical forest AGB and functional diversityowever, ED2-hydro
(and otheterrestrial biosphere modeigth hydrodynamicstill requires further evaluation of
its ability to, capturediverse droughtesponse order to build confidence iits predictions of
tropical forestwulnerability taroughts In particular, mortality dynamics that arise from size
and densitydependent competition for light and water still remain largely untesteD2hydro
and terrestrial biospheraodels in general’he Smithsonian Institution’s S@a monitoring plot
at Barro Colorado Islan@Cl), Panama, is a rigorotsst case for evaluatimgyedictions of
AGB, mortality.and functional diversitlgy ED2-hydro. Detailed measurements of trees >1 cm
diameter at brest height dbh) have been made in the plot regularly from 1®8ke present
(Condit, 1998), a period that includéseemajor El Niio droughts (Condgt al., 1995, 2017)
and an unusually wet year.

Our overarching goakito understanthe riskthatprojected changes in global
hydroclimate pose for tropical forest C stocks and functioe.fisst confrontedED2-hydro
mortality and AGB predictionwith observationsrom BCI. Second, wsimulatedsix idealized
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drought scenarioand twoincreased precipitation scenaiall basd on climate model
predictionsto examire the responsef moistevergreertropical forest AGB and functional
diversity. Finally,we conducted a croskenario analysis to gaimsight intoemergent

relationshipg betweemmodeled drought responses aod moisture

Materials and Methods

Study site

The 50-ha longerm forest monitoring plot on Barro Island Colorado (BCI) in central Panama
(9.151°N, 79.85%BN) was the test case for this analysis. B@pportsa moist evergreetmopical
forest withmean annual precipitation of 2662+48Dj mm yr* (Fig. 1) and a 4-month dry
season (<100 mmpermonth) (Fig. 2a). The forest is predominantly evergreen: only 10% of the
canopyfractiondropsleaves during thdry season (Conddt al, 200Q. After establishment in
1981,the specieand dblof all living trees >1 cm have been systematicatlyentoried every 5

yr since 1985«(Condit, 1998). Data from these inventories are the basis for the benchmarks

describe below.

ED2-hydresmodel and grameterization

The Ecosystem Demography model version 2 with hydrodynamics (ED2-hydro; Medaby
2009; Xuet al, 2016)is a stateof-the-art terrestrial biosphere model tisanulates fast time
scale physiological and biogeochemical processes with closed carbon and energy budgets
Except wheresnoted belothis ED2-hydrotropical forest parameterization follows Powellal
(2013) (EDZ2, version 2.1rv76) for leaf, stem and root physiology, canopy biophysics, carbon
allocation, and soil physigsee alsdvoorcroftet al,, 2001; Medvigyet al., 2009), and follows
Powell (2015).for plant hydraulics and stomatal regulafse®e alsXu et al, 2016. In short,
ED2-hydro uses size, age-, and strategstructure to track the demographic rates of ensembles
of individuals; called cohorts, gramg togetherin spatially implicit patchesof different ags
since theirlast disturbanc&ach patch hasffierent structurahnd physicatharactesticsthat
together represent a mosaicveftically and horizontally stratifiedompetition for light and

waterresourceglLevineet al, 2016.
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All cohorts belong to one of four tropicede PFTs, each parameterized tepresena
particularcompetitive strateg The fourPFTssimulated in this study were
1. earlysuccessional droughterant,

2. earlysuccessional drouglmtolerant,
3. late-suceessional drougiterant and
4. late-suecessional drouglnttolerant.

In tropical forests,rees withlowerwood density fwood) have on averagehigher relative
growth ratesin high light and higher mortality rates in low light compared to tréesigher
Pwood (Muller-Landau, 2004; Kingt al, 2006; Poorteet al, 2010; Wrightet al, 2010).
ConsistentwithithisED2-hydro assumesarly- and latesuccessional PFTs differ their
intrinsic photoSynthetic anlanspiratiorrates parameterizethrough differences imaximum
stem hydraulic conductivitie¥¢ sa) (seelater), maximum carboxylation rates and stomatal
slopes(Powell;:2015; Powelkkt al, 2013) and through differences in background mortality rates
as a function-epwood (Moorcroftet al, 2001) (Table 1). Wood density was prescribed as 0.40
and 0.68 ¢ cifi for early and latesuccessional PFTs, respectiveline observed ran@¥ puwood
for canopy specieis 0.32 to 0.84 g cifi(Wright et al, 2010). The mortality algorithmfollows
the originalED.model(Moorcroft et al, 2001), but usgsarametes specific tothis study(Table
1). The model. prescribes fixeBFT-specificbackgroundnortality rates(mortality ,q(PFT)) of
0.055 and 0.014 rfor early and latesuccessional PFTs, respectively (Table 1). Cohorts can
also experienee an additional, negativealance mortalitymortality.p) thatemerges from
dynamicphysiological responses to densitgpendent competition for light and water (Table 1).
Background mortality encompassall modesof mortality not explicitly accounted for through
mortality ., Somatalregulation, in particulaigan lead to elevatedortaltiy, during vapor
pressurgMedvigy et al,, 2009) and soil moisture (Powell, 2015, described below) deficits,
where the"latter isaused by low precipitation and density- aimkdependent water-use.
Mortality associated with successiondlype packground and lightmitation) is largely
independendf mortality associate with droughttolerancgsoil moisture limitatioi
(Christofferseret al, 2016; Powelket al, 2017),as0wo0q iS NOt correlated with theydraulic
traits (excepKs sa; See lator(Table 1) except thaboth typef mortality aresensitive to

number-density.
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Reproduction follows the origin&lD parameterizatiofMoorcroftet al, 2001). All
PFTs convera setfraction (0.3) of positive net carbon productiom&w recruits Thereforethe
model assumes thafater and light availability doot affect seedling survivorship to 1 m—the
initial height for new recruits.

The_dreughtolerant andintolerant PF§ aredefined by a hydrodynamic
parameterization that tracks water potential through thepkmkatmosphere continuum
(Williams et'al;1996, 2001Xu et al, 2016). The formulation represents hydraulic conductivity
of the soil"and“stem, xylem vulnerability to cavitation, capacitance, and stonmetiivg to
leaf water potential Parameter values for each are given in Tdbl&he Xu et al. (2016)
hydrodynamies,formulavas adaptetiereto represendroughttolerancegbut not drought-
avoidanceas in Xat al. (2016) as astrategy betweeRFTs (Powell, 2015). The drought-
tolerant andintolerant PFTs diffem theirKs ¢ot values, andwo-parameteiVeibull cumulative
distributionfunctions(Bohreret al, 2005)thatrepresenkylem vulnerability to cavitation and
stomatal sensitivity to leaf water press(@iPewell, 2015) (Table 1). The Weibull functions,
which contrelreohortievel ‘relative noniinear responses’ to changes in soil moistuere
parameterizetb pass througRFT-specificstomatal and xyler®sy's—i.e. the pointwhere
conductanee _equals 50% of its maximum (TableStpmatal B values were assumed to equal
leaf turgorloss points (Brodribdt al, 2003). Turgor loss points and xyleryB (Table 1)were
obtained frondirect measurements of AmazonspeciesRRowellet al, 2017). In the
hydrodynamic formulation, thé/eibull functiors range from 0 to 1 and either constnaater
supply to the“laf ordownregulateleaf photosynthesis and transpiratassoil watecontent
decrease (Powell, 2015).

Stem capacitance was set to 2044« m°> MPa ™ across all PFTs, which is within the
observed rangef tropical speciewith our selected wood densities (Meine¢al., 2003;
Carrasceet.al,.2015). Ks sarwas tunedh priori to the BCI benchmarking analysis (described
below) to first, produce coexistence of the four PFTs, second have tisedatssional PFTs
comprise approximately twthirds of AGB, and third, have the AGB of the drought-tolerant and
-intolerant PEE.in equal proportions when rooting depth equals 3 m. The successional-type
proportions are based on the observation that BCI is largely comprised of ‘gasefialie-

successional) compared to ‘pioneers’ (eatgcessional) (Condét al, 1995). Edy-
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successional PFTs were given higKek,: valuesthan latesuccessional PFTs (Campanedto
al., 2008) to facilitate higher growth rates via higher water sujpilye leaf

For all PFTs, maximum tree heights and rooting depths were set to 38 nmand 3
respectively Root biomass follows a power function truncated at 3m (Tabl&Hg.soil
hydraulic prepertiefollow Clapp &Hornberger (1978)Soil textures (70% clay, 10% sand,
20% silt) are fronmobservations of the top 2.5 m of the upland fosedtat BCI (Ben Turner,
personal communication)\ll model simulations were of the slopes and upland portions (47.5
ha) of the 'BCI"monitoring pldla seasonawamp was excludedModeled soil moisture does
not transfer between patchasce adjacentout structurally differentropical forest patches can
have contrasting samhoistureprofiles (Miller et al, 2011). Thus, the simulated patches have
explicitly different light and water environments across the successional grafliBah rooting
pamameterization was also tested to evaluate the sensitivity of model predictions and the

robustness _of our conclusions wharailablesoil wateris increased

Model benechmarking
Previous studies have shown that EfaPcredibly predictcarbon fluxes andGB of tropical
forestsunder current climatéPowellet al, 2013; Knoxet al.,2015; Zhanget al, 2015; Levine
et al, 2016)"andaptue water fluxes and leaf area dynamics of a seasonally dry tropical forest
(Xu et al, 2016). This studgvaluate€£D2-hydrosimulaions oftotal ecosystem AGBstand
structure, ‘and mortality rateshich have not previously been evaluated, for BCI upland forests.
ED2:hydro wadorcedusinghourly measurements tifical meteorology obtained
between 20087and 201Rowellet al, 2018). The meteorologyQA/QC protocolinvolved
removing Spurious data, stepanges, and sensdrift trends and then statistically géfling
missing data. Shoktrave radiation, wind speed, atmospheric pressure, air temperature and
relative humidity were measured above the canopy. Precipitation was measamezpening
adjacent to.the/50a plot. $ort wave radiation was split into four components: direct Msib
(29.2%), direct near-IR (38.8%), diffuse visible (16.6%) and diffuse near-IR (15.4%)
(Goudriaany1977). Atmospheric G@as held constant at 385 ppm for all simulations.
A potential forest was spun up for 700fggm a neatbaregroundinitialization using

repeated cycles of threeteorological datantil total AGB, stand sizestructure and soil carbon
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pools reached equilibrium. The 70gear of the spinyp was used to initialize alenchmarking
andprecipitation scenario simulations.

Model predictions from the 38(/ear of the baseline precipitatisimulations(BASE,
seelater)werecompared to total ecosystem AGB from the 1985 to 2000 inventories of the 50-ha
plot (Chaveet.al, 2003) andasal area and mortality siz&ass distibutions from the 2005 and
the 2005 t0.2010 censuses, respectivedyd sourceConditet al, 2012adata mortality
equations:*Condiet al, 2014a). Because the model does not simulate understory specialists
(i.e.,all PFTscan attain anaximum heighof 38 m), the inventory data were first screened to
only include ‘canopyspecies—i.e. speciehavingat least one measured individual >20 cm dbh
(Supporting Infermatiorrig. S1). Forhe ske-class distributiorcomparisons, data were binned
by 10 cm dbh €lasses apdrtitionedby pwooqinto earlysuccessional (<0.49 g étnand late-
successiongd>049 g cm™) groups. The tree species observad| were also binned into
guartiles along.the relative growth rate versus mortality continuum (Weigiit 2010), with
mean ¢standard erronnortality andowoeod Values calculated for eacjuartile The alignment of
the observedpwood VEersusmortality continuum was compared to that of the modakges$oth
oura priori usé of 0.40 and 0.68 g Eor pyood Of the early and latesuccessional PFTs,

respectively;and thgeneralapplicability ofthe mortality algorithn{Table J to BCI.

Drought sensitivitysimulations
We raneightprecipitationexperimentglus the BASEScenario as a contrflable 2 NotesS1,
S2). The primary analysis using a 3 m rooting depth and the sengitaitysis using & m
rooting depth followed the same protocdhe BASE scenariavas simply acontinuation of the
spin-up. Annual (Fig. 1) and mean monthly (Fig. @a&Xcipitation for the BASE scenario
reasonably represents the precipitation pattertise long-term observations (1930-201Ajl
scenarios'used'months drawn from BA&SE meteorologyn order to retain as mugctatural
structure (ivevdiel to seasonal variation) and covariationong variables as possible.
The"average scenario (AV®& acomposite of 12 monthselected fron2008to 2014
thatare nearestito tHeng-termmeanprecipitation for that month, therebgtaining seasonality
but removingnter-annual variation (Fig. 2b). The Iger dry season scenarios extéme dry
season of the AVG scenario thiyeemonths 6 wk at the beginning and endyery yea(DRY1)
(Fig. 2b), every other year (DRY2), and evefly@ar (DRY3) For DRY-WS, BASE wet
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seasn (Mayto Decembej precipitation $ reduced by 40%@(estandard deviatiohelow the
longterm meah ForDRY-DS, BASE dry seasn precipitation (Jarto Apr.) is reduced by
75%, whichreflectsthe most extreme dry season drougtitservedrom 1930 to 2014 WET
persisterly increass annual precipitation by 30% lging only2010 and 201df the BASE
meteorologysThe effects of extremél Nifio-related droughtseresimulated by insertingto

the BASE recycled loop once every 20 yr (the approximate occurrence at BCI, e.g. 1982-1983,
1997, 2016)a'synthetically derived El Nifio meteorology based on the observeitaireniat
BCI from the1982/83 El NifdSYN-ENSO)(Fig. 2c, S2, SANotes S2 Table S). Adjacent

dry days were substituted for days with precipitation in the extended dry season (ORW2,, D
and DRY3).and El Nifio (SYN-ENSO) drought scenarios, thus resulting in highesiteeage
radiation and loewer than average humidity during the drought peridgdese scenarigsvhich

we assumeds generally the case for these types of drougBiscontrast, only precipitation was
manipulated in the DRY-WS and DRI¥S scenarios.

Analysis
We used plant-available soil wat&AW) as an explanatory variable for predictihg
relationship.between forest functional diversity and water availabH®8W was calculated as
the difference between the simulated total soil weda@tent (mm) through the rooting zone and
soil watercontentatthe wilting point (1.5 MPa). Canopy throughfall (i.e., precipitation minus
canopy interception) was the upper soil layer input.

We caleulated a metric gklection for droughtolerant functional strategi€the drought
tolerance ratiogsthe ratio of AGB of the droughitlerant PFTs to total AGB, where a value of
oneindicatescompletedominance by droughtlerant PFTsandzeroindicates dominance by

droughtintolerant PFTs:

AGB drought tolerant PFTs
Total ecosystem AGB

drought tolerance ratio = Egnl

The ShannonWiener evennesmdex E) wascalculated as an index tuftal functional

diversity of the ecosystem
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= o Egn 2(a)

H = Y[P; X In(P;)]. Eqn 2(b)

H is the ShannoiVienerdiversity indexSis PFTrichnessfour in all cases andP is the
proportion oftotal AGB comprised oPFTi. Valuesof E range from zero to one, where zero
representgompletedominance by a single PFT and oapresents equaloportions ofll
PFTs.

The'source cod@arameterization fileand meteorological forcings used in this study are

available inNotesS3 and S4.

Results

Model evaluation

The performance of the EO®#¢dro parameterization was evaluated in five wéy/sAGB
predictions, 2) establishment and coexistence of PFTs that compete along light and water
resource.axe$3) ecosystem and PFT level mortality dynamics during normal and drought years,
(4) sizeclass distributions of basal area and mortality rates(8nhlidity of the assumed
relationship“betweep,,oq and mortality. Under baseline meteorologip2-hydro predicts the
equilibrium AGB to be 13.5 kg C fawhich agreewiith an inventorybased estimate df.0 +

1.0 kg C nf for 1985—-2000 (Chavet al, 2003) (Fig 3). The model redicts that the four PFTs
come into coexistence and reach a dynamic equilibriuma@f880 yr with the latesuccessional
PFTs jointlyeemprising approximately twthirds of AGB (Fig 3). As expected, the early
successionalPFTs are first to colonize lgamind or newly formed gaps (Fi§4); but he
droughttolerant PFTgboth early-and latesuccessionaldominate the next 150 yr (Fig. 3).
Droughttolerant PFTslominateearly becausd&D2-hydroinitializes patches with a very high
density of recruits (data not shown), which when coupled théhr shallow roots, quicklyeads

to watekstress during the initial stagespEtchdevelopment. Once all of the PFTs occupy their
equilibrium space, thAGBs ofdroughttolerant andintolerant PFTs are antorrelated (i.e.
years 300-1000 in Fi®). Althoughcoexistence of the four PFTs was part,achievedhrough
tuningKs sa; beforethis study it was unclear if coexistenmeuld occur and henci,is a

significant result. Alsathe order of PFT establishment, time to equilibrium, and the chaotically-
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fluctuating anti-correlation of drought-tolerant anatelerant PFTs (Fig. 3mergdrom the
internal dynamics (i.e. physiological and demographic functions) of the model.

Predicted mortality dynamics were evaluated using the EMISO precipitation
scenario because the first sefamkstobservations in théme series includethe 1982/8FI
Nifio. Mortality dynamics for the nol Nifio years in the SYNENSO scenario are similar to
the mortality dynamics in the BASE scenario. A selectegr3ieriod from the $N-ENSO
precipitation‘scenarishowsthatwhole ecosystem mortalifgr trees >10 cm dbh ranges
between 3:3%rin relatively wet years to 6.8% Vin relatively dry years and reaches high
as 10.0%in El Nifio drought years (Fig. 4a). The lower range of the mortality predigfiers a
well with the gbserved range ahortality ratedor canopy trees (Fig. 4a) (Conéit al, 2012a).
Modeled nortality rates of the eardguccessional trees are more than double thhedate
successional trees, and they are considerably more responsive to precipitatioicsigRigm
4b).Because earbguccessional trees have highwrinsic transpiration rates compared to {ate
successional trees, their leaf water potentials drop more quickly duringribgipavhich leads
to stomatalelosure and cavitation, and ultimately dnwesgtality., higher (Table 1).Modeled
mortality oftboth the ady- and latesuccessional PFTs markedly increased during the simulated
El Nifio dreughts (Fig. 4b)The mortality dynamics that emerbetween wet and dry years
create sufficient niche space for each PFT to periodically outcompete its drolegat or -
intolerantcounterpart (Fig. 4c). Thigflectsthe hypothesized trad#f between growth and
droughttoleranceparameterized though the hydrodynamic and mortality functions in the model.
As expectedpredictedmortality rates of the lateuccessional drouglmtolerant PFT are always
higher thanithese of the late-successional drotajtant PFT during the El Ro droughts.By
contrast, predictedhortality rates of the eadguccessional drouglttolerant PR areonly
sometimegighe. than the earhsuccessional droughdlerant PFTduring El Nifio droughts (Fig.
4c).

The.model captures the rigbitewedbasal areaizeclass distribution of early
successional;latseuccessional arall canopy trees at BCI (Fig. 5a—c). The model also partitions
the basal area.distributions in correct proportions between the early-eaadde¢ssional PFTs
as compared to observations, thus suppottiegoredictions of the relative distributions of AGB
(Fig. 3b). Two notable exceptions to the strong agreement are in the largedbszétrees
>100 cm dbh) of the earlsuccessional PFT (Fig. 5a) and thve smallest sizelassegtrees

This article is protected by copyright. All rights reserved



<20 cm dbh) of the latsuccessional PFT (@ 5b). In the case of the former, the model fails to
capture the observed occurrence of very large, but relatively rare, canopy rarghtge
demanding species (exampl€ziba pentandrdlL.) Gaertn. Dipteryx oleiferaBenth;

taxonomic source: Condit al, (2017b); SJ. Wright, persobs.).

The.medel oveestimatesanopytreemortality rates across all sizdasses for the early
successional PFTwiith the greatest deviations between model predictions and observations
occurring in'the'smallest sizasses (Fig. 5d). The excessively high bias in mortality rates of
the smallersizeclassexancels oua highbias in recruitment rates for the easlyccessional
PFTs; hence the basal area distributioof ife correct magnitude in all sizéasses below0
cm dbh (Fig. &). On the other hand, the high bias in mortality rates of the largesiasze
prevents the model from capturing the aforementioned large artessional canommergent
trees.

With the exception of the smallest trees (<10 cm dinloyel predictions agreeith the
observed sizetass distribution of mortality rates for the lstieccessional trees (Fig. 5e). When
aggregatedstorthe ecosystem, model predictions agree with observations ierthediatte size
classes, but ovestimatemortality rates for the smallest and largest sized treesgHigrhis
overestimation is accounted for by #erly-successional PFT&ig. 5d).

Predicted total mortalityates(i.e. mortality,q + mortality,, Table 1)of the early and
late-successional PFlarealigned withthe observeg,.oq versusmortality continuumfor
species aBCl (Wright et al, 2010) (Fig. 6), noting that both observed and modaledality
include allimodesThe model alignment with the observed continuum indicates that the four
mortality parameters (Table 1) are of the correct magnitlitie py00q and predicted mortality
rates of the latsuccessional PFTs agree strongly with the data quartile most analogous to them
on the observed continuum, thus supportngprescribedowood (0.68 g crit). By contrast,
predicted mortality of thearly-successional PFIis at theextremeupper end of the continuum
and beyond-the standard error of their most analogous data quartile, thus indicatimgdlal

prescribedto the earuccessional PFT®.40 g crit) may be too low.
Model projections of AGB under different drougitienarios

ED2-hydro predictghatthe longterm AGB dynamics of the individual PFTs will respond
differently toalternative futurdnydroclimates (Fig. 7)For the SYNENSO and DRY3Kig. S§
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scenarios, the AGB dynamics of the four PF8mainsimilar to the BASE scenario (Figs 7a,d).
The AVG and WET scenarios resuita significant increase in AGB of droughtelerant PFTs
with acommensuratdecrease in the drougtadlerant PFTs (Fig7b,c). By contrast, thd®RY-
WS, DRY-DS and DRY1 scenarios resuft an almost complete loss of the drougtiblerant
PFTs, with.a.commesurate increase in the droudgblerant PFTs (Fig. 7). Similarly, a loss

in AGB of the droughtntolerant PFTs and increasethe droughtolerant PFT®ccur under the
DRY2 scenario, busrecomparatively smaller in magnitude (Fig. 7h).

ED2-hydro predictghatthe longterm equilibrium of totaécosystem AGBemairs
within thelcurrenbbserved range for all precipitation scenarios except the more skyere
season scenariDRY-DS (Fig. 7i). UndeDRY-DS, the model predicts equilibrium AGB of the
ecosystem«(12:0 kg C Hhwill decline by 11%conpared to tk baseline scenario (BASE) and
15% compared to observations (Fig. 7By contrast, the model prediatgjuilibrium ecosystem
AGB is highest under the AVG scenarib4(5 kg C rif) (Fig. 7i, upper grey line).

Equilibrium total AGBacrossrecipitation scenargis largely controlled by the lorg
term (i.e. >20wr) mean stabé PAW in the late dry season (i.e. March and April, Fig. 8);
whereas AGBis poorly rated to mean annual PAW (Fig. S6). The madsbpredicts thathe
ratio of drought-tolerant PFTs to droughtelerant PFT®f moistevergreerropical forests
similar to.BClis controlled by the mean annual state of PAW (Fig.8&)he severity of the
dry seasoms fortotal AGB (Fig. 8). For example, the precipitation scenarios AVG and WET
resulted inirelatively high mean annual PAW values and drdnggierant PFTs accoted for
>70% of AGBwhereas drought-intolerant PFTs accounted for <20% of AGR iDRY1,
DRY-WS, andDRY-DS scenariogFig. 99. Interestingly, only the latsuccessional PFTs were
affected by the AVG scenariwhile all four PFTs were affected by tNEET scenariaFig.
7b,c).

The Shannon-\énerevenness index showed tlfiatctional diversity immoistevergreen
tropical forests.is strongly controlled by the mean annual state (i.e., for periods > GDBAW
(Fig. 9b). _Amintermediate level of drought frequency (84.SE, SYNENSO, DRY2 and
DRY3 precipitation scenarios) prometthe highest level of functional diversdfthe four PFTs
(Fig. 9b). By contrast, scenarios with more rain and less4atgrual variation (AVG, WET), or
with very frequent droughts (DRYDRY-WS, DRY-DYS) leads to reductions evenness across
the four PFTs (Fig9b).
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Model predictions araot qualitatively differentvhenPAW isincreasedy changing the
maximum rooting depth to 5 mMNfOtes S5; Fig. S7S10.

Discussion

We evaluate the predictive abilityof ED2-hydroto capture forest structussnd dynamics of
functionallydistinct treesvithin amoistevergreen tropical forest; and examined the effects of
various manifestations of drought on functional diversity and aboveground C stocks.

Our benchmarkingnalysisdemonstratethat coexistence of fol®rFTs competinglirectly for

light andwaterresources mchievable withn a terrestrial biosphere modermulatedwith a
density; size, and strategyfi.e. PFT) @pendent structureThe model also producesedible
predictions of AGB and mortalityCoexistence of the four simulated PFTs occurs as a result of
the intersection betwedhe modeled notinear biological responses and variation in
precipitation whichcreates a multidimensional niche spaceoss the simulated g=itnat
comprise thesferest mosai€romthe droght scenario analysisze demonstrated that)
variation in“precipitationand thereby PAWegulaesfunctional diversity in this model
structure2)imost drought scenarios lead to shifts in functional diversity with@atuction in
AGB, and3)0only a shift towards a more severe dry sedeark to a reduction in both
functional diversity and\GB. Therefore, we proposkat environmental factorontroling

total AGB differ from thosecontroling functional diversity, due in part to thelative non-

linear, biolggicalresponses to drought bijffering PFTsthat lead to compensating growth and

mortality.

Model formuhbtion and benchmarking

ED2-hydro.isastateof-the-artterrestrial biosphere mod@tisheret al, 2018 thatexplicitly
representslensity, size andPFT-dependenprocesses hypothesized to govAmBB and
coexistencenttropical forest§Chesson, 2000; Leviret al, 201§. ED2-hydro has performed
well againsttbenchmarks from a seasonally dry tropical forest in Costa Ried £K12016) and
three different moist tropical forests, one in BCI (this study) and two in the eastern Amazon
(Powell, 2015), which supporiis applcationhere. Notably, e soil and meteorological
boundary conditions used in this studg &omBCI; but, the biological parameterization
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largely based on tropical forest metaalyses or studies from Amazonian tropical forests
(Moorcroftet al, 200, Powellet al, 2013). Only theyooq aNdKs sarparameters wereined in
this study before benchmarkinthe agreement betweemodelpredictionsand observed BCI
benchmarkgFigs 3, 4a, 5)mplies thathe ED2-hydrohypotheses related tensity; size, and
PFT-dependence generaiacross moist evergretropical forestavith similar soil propertieas
BCI andare.importanecological processés include in terrestrial biosphere models when
assessg drought effects on tropical forest®urresults specificallyndicate that modsl
formulated as suctanlargely capture botmortality of moist evergreen tropical foregt&gs

4a, 5d-f) and niche partitionirmptween PFTs that seated by differential mortality rates under
variableprecipitation (Fig. 4c).

Observed ige-distributions are criticabenchmarksor size structured modeb ensure
they correctly account for ndmear sizedependent physiological and demographic responses.
Theover-estimation of basal areachmortality in the smaller sizelasses (Fig. 5¢,Predicted
by ED2-hydro.is understood: it is caused by a poorly constrained transfer t#e€ tecruitmen
(Moorcroftetal, 2001) that results in the numlsnsity of new recruitbeing too high. This
problemarisesfrom a compromise that enables EBro to satisfy a fundamental condition of
terrestrial*biosphere modeltbiey mustconserve carboand energyn order to serve aslawer
boundarysfor Earth System Models. This compromise does not preclude ELfioydbeing
informative for drought analyses such as digsause it makes robust predictions of biomass a
mortality insizeclasses>30 cm dbhwhich account for the preponderance of ecosystem biomass
and function (Meakematal., 2017). Future work on threpresentation of @llocation and
recruitmentshould aim to diminish this bias.

The ED2hydro parameterization largely captures the-$&siv axis of competition
characteristic of successional dynamics (Reich, pat#rethe earlysuccessional PFTs
colonize high-light environmenftsst (Fig. S4), but eventually become less dominant (Fig. 3)
due to higher.mortality ratesf mature trees and recruits growing in the understory (Figs 4b,
5d,e). Thesigher mortality rates difie earlysuccessional PFTs are, in part, directly
parameterizedithrough a phenomenological relationshipayighy (Table 1). The nortality
calculationalsorepresentsarbon starvation resulting frooompetition for light and water with
other individuals sharing a patdhusyielding dynamic mortality abovéhe fixed background

rates of 0.055 and 0.014yof the early and latesuccessional PFTs, respectively (Fig. 4be

This article is protected by copyright. All rights reserved



ED2-hydro approach of making Balancemortality additive to PFAdependent background
mortality (Table 1) is supported by the strong alignment between the BCI observations (Wright
et al, 2010) andnodel predictions of total mortality for earlgnd latesuccessional PFT\s

Pwood (Fig..6).

In terms. of drought, per capitse ofPAW is not just a function of the PAW pool.
Rather, per.capita use of PAWailsoa function of thecharacteristicef theindividuals(number,
size, and typejirawing on thd®AW pool(Younget al, 2017), which in tursets a cardinal
constrainton the carrying capagiof treesin the forest Many terrestrial biosphere models use
alternative approadsfor representing mortalitihat, for example, either apply a single turnover
rate to total ecosystem NPP or biomass (Galbedith, 2013) orspatially scaléurnowerto a
prescribedyradient (Castanhet al, 2013), butheydo not explicitly account for density-
dependent mortality related light limitation orPAW. These alternative hypotheses about the
ecological controls over mortality have had limited success in reproducing tropést drought
responsesy(Powett al, 2013). Our benchmarking results lend supgor includingdensity-

dependentimortalityn terrestrial biosphere modealsed tasimulate drought responses.

Coexistene@and climatic variability

Sakschewsket al, (2016)recently demonstrated with a terrestrial biosphere nbdeél

functional diversity irtropicalforests confesresilience to climate change because it increases
the number, of combinations strategieshatinfill newly created niche space. Our
parameterization of EDBydro is consistent with this conclusion in that it includes functional
diversity in“both light and water resource dimensioompared to the light-only dimension of
the original ED2 modeglMedvigy et al, 2009), whichstruggled to capture experimental drought
responses observed in the Amazon rainforest (P@wall, 2013). Our results, however, differ
from Sakchewsket al (2016)in one interesting way: here resilience is predicted with relatively
few PFTsand.hence, trait axeJhis difference may arise from the explicit representation of
plant hydredynamicand its interaction with successional dynanimceur study, which was not
explicitly considered in Sakschewdd al. (2016). In highly diverse tropical forests, species
certainly arrayalong functional continua (Fig. 8uch as earkwvs latesuccessional (e.&ing et

al., 2006;Wright et al, 2010)and droughtelerant versusintolerant (e.g., da Cosé al., 2010;
Conditet al, 2013). ED2-hydro’s success in reproducing the benchmarks (Figs 3, 4a, 5, 6) and

This article is protected by copyright. All rights reserved



simulatingreasonable mortality dynami¢Big. 4c) suggestthat the tradeffs associated with
light and water acquisitiom highly diversgorestscan collapseénto relatively few functional
groupsand still captur@rought responses in hypothetipagcipitation scenariosee also Sterk
et al, 2011)

The_ple of climaticvariability in promoting coexistence and functional diversity in old
growthtropical forests has been difficult to demonstrate empirically because kv@dadtoring
plots that covesufficienty-long temporal scake(Clark et al,, 2017). Our benchmarking
analysis demonstrates tHelD2-hydrois suitable forexploring how dferent manifestations of
drought regulate coexistenaad alter functional diversiiy tropical forests The independent
patch strueture,of the model leadsatcangeof soil moisture environmentnd hence, facilitates
coexistencelt is, however, unclear how predicted changes in coexistence may be modified by a
patch structurethat retains independent light environments but greater soil moisture connectivity
aaoss he successional gradienAlso, many other processes aside from variation in
precipitation likely play an important role in the maintenance of tropical forest diversity (Wright
et al, 2002;Caonditt al 2012b); but they are beyond the scope of this analysis.

A key result from thisnodeling study ishatthe precipitation scenarios contaig high
internrannualvariation— e.g. thdBASE, SYNENSO andDRY 3 scenarios-facilitate stable
coexistene@nd promote diversity (Figs 7a,d, 9b, SBpexistence occurs because the
hydroclimates of eackcenarigoroducea mortality dynamic that opens favorabigt and water
nichespacesfor eachPFT to periodically outcompete the other thileig. 4c). The frequency of
strong El Nifie=related droughts over many tropical forests is predicted taseaoger this
century (Caetsal, 2014). At BCI, strong El Nifieelated droughts often manifest a4-ao 8-
wk increase In the dry season length, followedddgtively heavy rains during treaibsequent La
Nifia phase (Ropelewski & Halpert, 1987). Accordinghg DRY3scenario isnostanalogous
to an increase.in the frequency of stréidNifio-related droughtsED2-hydro predicts that such
an increase,in El Nb-related droughtwill have a minimal impact on the functional diversity
andAGB ofimoist evergreen tropical foregtsg. ).

The'stability inpredictedtotal AGB (Fig. 3) arises fronfiast recoveries.g.c. 2-3 y)
following disturbances through both heavy recruitment pulses and elevated growth leading to
infilling of the survivingtrees as istypical inmoist evergreen tropical foreg@mmermanet
al., 2014, Condiet al, 2014, Meaken et al, 2017). Similarly at BCI, the 33-yr observation
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period (1982—-2015) containéao major EINifios, 1982-1983 and 1997-1998, &ntdl AGB
remainedelatively stablgdConditet al, 2012a). Yet,tahe species leveit BClthere were
differential demographic responses to the 1982 drought where many mdstoagding species
experiencegbrolonged (10-15 yr) reductions in abundances and then subsequentiescover
(Conditet als:2017a).While AGB may remairrelatively stable over timén moist tropical
forests disturbanceelated recruitmenpulses and infillingcan set the trajectory of species
composition‘forrmany decades (Lugbal, 2000),which is consistent with theD2-hydro
predictionthaPFT-specific fluctuationsre not tightly coupled to intemrnual fluctuations in
precipitation.

If the hydroclimateshifts toward beingchronicallydrie—e.g, theDRY1, DRY2,
DRY-WS, andDRY-DS— ED2-hydro predicts a reduction in functional diversity (Fig. 9b)
characterized by significant and compensatoshift toward droughtolerantspeciegFig. 7e—

h), whichis linearly proportional to the reduction in PAW (Fig. 9&)terestingly,  the shift is
towarda chronically dier dry seasoriD2-hydropredicts that the compensatory infillj of
droughttolerant speciewill be moderatedKigs7i, 8). On the other hand, if droughts become
very rareortheshydroclimatbecomes wettde.g. AVG or WET scenariosas may be the case
for regions.of Southeast Asia (IPPC, 2014), ED2-hydro predicts a reduction in functional
diversity (Fig.9b) thatarises froman increase in drougltolerant PFTs (Fig. 9a).

This version of ED2-hydro defines hydraulic functional diversity through two contrasting
levelsof droughttolerance.However, trees use numerous strategies to compete for light and
water resources not explicitly representethenmodel which may produce different dynamics
in other tropical forestskFor example, drougtdvoidance throughyliraulic trait plasticity
(Campanelleet al, 2008), root niche separation (Ilvaretval, 2012), and drought-deciduousness
(Xu et al, 2016).are prevalent in tropical systems that experience routinestr&ss. Also, the
effects of severe drought may be underestimated in this baghuse all drougirelated
mortality arisesthrough Cstarvationand not through hydraulic failure. Therefore, incorporating
mortality that'derivesndependently from hydraulic failure and drought-avoidaareemportant

nextstes for fully predictingthe effects of drought on tropical forests.

Conclusions
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The strong agreement between model predictions and observed benchmarks in this study
supports using sizstructured forest models with hydrodynamics to make assessments about the
consequences of drought on tropical foreQsr results show that the representation of

functional diversity along only two trait axes allows total AGB of moist trdfgarasts to be

resilient to vasiations in the precipitation regime despite changes in the functional composition of
the forest. ., Accordinglyperiodicsevere droughts, such as those related to il Bivents, can

havea stabilizing effect on coexistencedafunctional diversity, but highly-frequent or
infrequent'droughts may destabilize the commur@wr results also identify climatic thresholds
beyond which functional diversity is unable to maintain biomass stability. Téwexes
reductionssindhe amount of soil water available to plants during dry seasgriacrease the

vulnerability'of‘moist tropicaloress to significant eductions in AGB
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this article:

Fig. S1Basal area and mortality sizéass distributions of all observed species and canopy-only
species eompared to model predictions.

Fig. S2 Example of how the meteorology of August 2013 was modified to reflect August 1982.
Fig. S3Example of how the meteorology of April 2008 was modified to reflect April 1983.

Fig. S4Initial 4 yr of the bare ground spin up of aboveground biomass at Barro Colorado Island,
Panama.

Fig. S5Simulated aboveground biomass dynamics for Barro Colorado Island, Panama, under the
DRY3 precipitation scenario.
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Fig. S6 Simulated otal aboveground biomass for equicipitation scenariplotted against the
mean annual plant available soil water

Fig. S7 Simulated aboveground biomass dynamics of Barro Colorado Island, Panama, with a
prescribed 5 m rooting depth.

Fig. S8 Simulated aboveground biomass dynamics for Barro Colorado Island, Panama, under
each of the precipitation scenarios with a prescribed 5 m rooting depth.

Fig. S9Total"aboveground biomass for each precipitation scenario plotted againsithe pla
available soil'water using a prescribed 5 m rooting depth.

Fig. S10Ecosystem diversity under each precipitation scenario plotted against mean plant
available seilwatersing a prescribed 5 m rooting depth.

Table S1Menths selected to create the synthetic 298883 EI Nino period at BCI, Panama
Notes S1Description of meteorological drivers for precipitation scenarios.

Notes SDescription of El Niflo meteorological devs.

Notes S3Barro Colorado Island Meteorological Drivers for 2008 to 2010.

Notes S4ED2=hydro source code and parameter files.

Notes SBDesecription of model sensitivity to an increase in plant available soil water.

Please nete: Wiley Blackwell are not responsible for the content or functionality of any
supporting information supplied by the authors. Any queries (other than missing material) should
be directed to thBlew Phytologis€Central Office.

Fig. 1 Longterm (1930-2014) annual precipitation recorded at a nearby weather station (LT-
obs, gray).compared & 7-yr record of locally observed precipitation at Barro Colorado Island,
Panama. _Ihelocal precipitation was used for the spin-up and baseline sim(BASasred).
Solid horizental line indicates the loitgrm mean (2662 mm) of LT-obs. Dashed lines indicate
+ 1 SD (479"mm).

Fig. 2 Mean monthly precipitation from the baseline meteorological driBASE, red)
compared to (a) longerm (1936-2014)observed mean monthly precipitation dObs, grey)
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and (b) monthly precipitation for the years representing average precipifatiGh (hagenta
stars) and the-Bhonth extended drgeason@RY1, blue triangles). (c) Observed lotgm
(1930-2014) monthly ecipitation (LTFObs, solid grey circles) compared monthly precipitation
from the observations during the 1982-1983 EI Nifio (obs-enso, open black circles) and the
synthetic ELLNiio meteorological drivers ¥a-enso, open red triangle). In all panéi® syniols
mark the means and the grey and dashed-red polygarkst1l SD.

Fig. 3 Simulated aboveground biomass (AGB, kg €) mlynamics of Barro Colorado Island

(BCI), Panama, for 1000 yr from a bare ground spin-up using the baseline (BASB)alogpe
Simulated.totahAGB (black curve) is compared to a measured estimation of 14.0 + 1.0g C m
(red symbol) for the 50a plot (Chavest al, 2003). AGB of the four tropical tree ptan

functional types arearly-successional droughiderant (earlydt, darkblue), earlysuccessional
droughtintolerant (earlydi, light blue), latesuccessional drougltwlerant (latedt, dark red),
late-successional drouglmtolerant (latedi, light red). The arrow indicatéle initialization

point for thewrought scenario simulations.

Fig. 4 Mortality rates (yr') of trees > 10 cm dbh on Barro Colorado Island (BCI), Panama, over
30 yr. (a).Simulated (black solid line) verghe observed range (grey dashed lwigptal
ecosystem mortality rates from the Skyr census intervals between 192010 (Condiet al.

20123. EI'Nifio, dry and wet years are noted for the meteorological forcing of the model with
arrows. (b)*Mertality rates of theur plant functional types aearly-successional drought-
tolerant (edy=dt, dark blue), earkguccessional drougimtolerant (earlydi, light blue), late
successional droughdlerant (latedt, dark red), late-successional droughtletant (latedi,

light red). (9 Simulated differences\] in mortality rates (yt) for droughttolerant versus
droughtintelerant (e.g\ = droughttolerant— droughtintolerant) within the earhguccessional
(blue) and-latesuccessional (red) plant functional types. Horizontal line indicates Oedtitie,

above theszero line favors drought-intolerant, below favors draotgrant.
Fig. 5 Sizeclass distributions of observed (open circles) and modeled (grey bars) bagai‘area

ha') and mortality rategyr™) in the 50ha plot at Barro Colorado Island, Panama. Basal areas

per sizeclass for (a) earlyand (b) latesuccessional trees and (c) for the total ecosystem.
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Mortality rates per sizelass for (d) earlyand (e) latesuccessional trees and (f) the total
ecosystem. Observed basal area and mortality rates are from the 2005 and 2005-2010 censuses,
respectively, (Condiet al, 20123. Model predictions aret he end of the 1000 yr spin-up.

Sizeclass bins are noted by théower boundaries.

Fig. 6 Modeled/(open square) and observed (closed circle) relationship between the wood
density"f em®yrand mortality rate§% yr?) of canopy tree species. Each observed data point
represents canopy tree species binned into quartiles that operate along thenagitiae to

shade tolerance cantium reported in Wrighet al. (2010). Observations are reported as mean *
SD.

Fig. 7 Simulated aboveground biomass (kg €) mlynamics for Barro Colorado Island (BCI),
Panama, under each of the precipitation stesnafhe four plant functional types are shown are
early-successional droughtlerant (earlydt, dark blue), early-successional drougttblerant
(early-di, light-blue), latesuccessional droughdlerant (latedt, dark red), latesuccessional
droughtintolerant (latedi, light red). (a) BASEbaseline precipitation scenario. (b) AYG
monthly average precipitation. (c) WETQ% increase in precipitation. (d) SYBNSQ includes

a severd&l:Nino drought every 20 yr. (RY-WS, 40% reduction in wet season precipitation.
() DRY-DS, 75% reduction in dry season precipitation.h)grhreemonth lengthening of the

dry season every year (DRY1) and every other year (DRY?2). (i) Total aboveground biomass
across all preeipitation scenarios (grey lines) WRY-DS emphasized (black line) compared to
observations«(red symbol, mean = 95% CI, Chetval., 2003). All simulations were initialized
from year(700 of the 1000 yr spup of BASE.

Fig. 8 Total.aboveground biomass (BGkg C m?) at the end of the 400-yr simulation for each
of the precipitation scenarios plotted against the tengr mean of plant available soil water
(PAW, mm)sin the rooting zone (3 m depth) during the late dry-season (i.e. PAW df ktaat
April). Preeipitation scenario8ASE, baseline precipitatigrAVG, longterm average
precipitation of each montliENSQ includes a severe El Ao drought every 20 yDRY1, 3
month increase in the dry season each y2&i 2, 3 month increase in the dry season evéfy 2
year, DRY3, 3 month incease in the dry season evef{y@ar DRY-WS, 40% decrease in the
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wet season precipitatipPRY-DS, 75% decrease in the dry season precipitatdaT, 30%
increase in precipitation. Red symbol den@&sY-DS, which is significantly lower than the

observed AGB. All black symbols are within the error of observed AGB.

Fig. 9 Ecosystem diversity at the end of the 400-yr simulation for each precipitatitarisce
plotted againstthe mean plant available soil water (PAW, mm) for the last 10 yr of the
simulation:"(a)'Ratio between drougbterant plant functional types (PFTs) and total ecosystem
abovegroundbiomass: 0, droudblterant PFTs dominatéd, droughtintolerant PFTs dominate.
(b) Shannon-Wenerevenness index for the four simulated PFTsllTpar PFTs are completely
even 0, ecesystem is completely uneven and one PFT dominates. Precipitation scenarios:
BASE, baseline precipitatigrAVG, longterm average precipitation of each morEhNSQ
includes a severe EIl fb drought every 20 yDRY1, 3 month increase in the dry season each
year DRY2, 3 month increase in the dry season evé‘i‘y@ar, DRY3, 3 month increase in the
dry season.every®year DRY-WS, 40% decrease in the wet season precipitaBiyY-DS,

75% decreaseiin the dry seasoecpitation WET, 30% increase in precipitation.
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Table 1 Explanation of plant functimal type symbolsnodel parameteysnd equations usedtinis study

Symbol Definition Value Units Source code name Source
Plant funetienal type (PFT) definitions:
early Early-successional
late Late-successional
dt Droughttolerant
di Droughtintolerant
Model parameters:
Cieaf Leaf capacitance 3.0e-3 kg H,O  Cap_leaf This study
m3MpPa’
Cstem Stem capacitance 204 kg H.O Cap_stem Based on Meinzest
m3MPa? al. (2003);Carrasco
et al. (2015)
Hmax Maximum tree height 38.0 m hgt_max This study
Ks.sat Integrated roeto-shoot earlydt: 1.6 kg H,O m water_conductivity Tuned in this study.

maximumconductivity _ st mpat
early-di: 3.5

when woody tissue is
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Initial values and

relative differences



TLP

VC

Pwood

Y/Ieaf

Y/xylem

%Oxylem

saturated late-dt: 0.7

late di: 1.4
Turgor loss point dt:-2.5

di:-1.5
Vulnerability curve: range: 0—1

scaling factor representing
xylem vulnerability to

cavitation.

Scaling factor represent range: 0-1

stomatal sensitivity t&ear

Wood density early: 0.40
late: 0.68

Leaf water potential

Xylem water potential

Xylem pressure at 50%  dt:-2.2

loss of conductivity )
di: -1.2

This article is protected by copyright. All rights reserved

MPa

gcm

MPa

MPa

MPa

TLP

vuln_curve

fsw

rho

psi_leaf
psi_stem

psi50

based on Campanell
et al (2008)

Powellet al (2017)

Powell (2015)Xu et
al. (2016)

Powell (2015)

Based on Cond#t
al. (2012)

Xu et al. (2016)
Xu et al. (2016)

Powellet al (2017)



Weibull equations for xylem cavitation and stomatal closure :

c2

Powell (2015)

_(wxylem)
VC=e \ @ (Egn 3)
_(wleaf)c4
p=e \ ¢ (Egn 4)
cl Empirical xylem dt: -2.55 MPa cl Powellet al (2017)
vulnerability curve )
di: -1.47
parameter
c2 Empirical xylem dt: 2.45 c2 Powellet al (2017)
vulnerability curve )
di: 1.8
parameter
c3 Empirical stomatatlosure dt:-2.83 MPa c3 Powellet al (2017)
curve parameter _
di: -1.67
c4 Empiricalstomataiclosure dt: 3.0 c4 Powellet al (2017)
curve parameter ,
di: 3.5
Rooting depth equationmaximum rooting depth = b1 * (tree height)P? (Eqn 5) Powellet al (2013)
bl Rooting depth parameter -0.815 m b1Rd This study
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b2 Rooting depth parameter 0.365 unitless  b2Rd This study
Mortality.equations: mortality, . = mortality., + mortality,,(PFT) (Eqneg Moorcroftet al
(2001)
mortality,, = ::;dactual (Eqgn 6b)
[1+em2<Pr0dfull_sun>l
. _ __p(PFT)
mortality,,(PFT) = m4 + [m3 * (1 —p(PFTlate))] (Eqnch
mortalityfotai Total cohort mortality rate yrt mort_rate
mortalitycp Numberdensity dependen yrt mort_rate(2)
negative carbon balance
mortality rate
mortalitypg(RFT) PFT dependent yrt mort_rate(1,3)
background mortality rate
Prodactal Actual net productivity of kg-C cb_act
a cohort constrained by its cohort*
environment. yrt
Prodsui_sun Net productivity of a kg-C cb_max
cohort if it were in full cohort*
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ml

m2

m3

m4

sunlight, high humidity yr

andwell-watered.

Carbon balance fitting 7.5

parameter

Carbon balance fitting 14.0

parameter
PFT dependent fitting 0.1 yr
parameter
Treefall disturbance rate 0.014 yr

mortl This study
mort2 This study
mort3 This study

treefall _disturbance_rat Moorcorftet al
(2001)

Note:unless.individual PFTs values are provided, single values apply to all PFTs.
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Table 2 Explanation of pecipitation scenariogsed as model experiments to examine effects of

hydroclimate variation on forest biomass and functional composition

Scenario

code name  Description

BASE Baseline meteorology. Recydl@008-2014 local meteorology.
AVG Singleyear recycledvith longtermaverage monthly precipitation.
DRY1 3 month lengthening of dry season every yetative toAVG.
DRY2 3'month lengthening of dry season every other yaative toAVG.
DRY3 3 month lengthening of dry season everrdwﬁarrelative toAVG.

DRY-WS Prier wet seasoMay-Decembe). 40% reductiomelative to BASE
DRY-DS Drier dry seasoiiJanuaryApril). 75% reductiomelative to BASE
SYN-ENSO Included a strong El Nifio once every 20 yr.

WET 30% increase in total precipitation (all monthshative to BASE
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