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Abstract: Live fuel moisture conterft. FMC) plays a critical role invildfire dynamics butlittle
is known aboutesponses dfFMC to multivariateclimate changee.g., warming temperatyre
CQ; fertilization and altered precipitation patterns, leading to a limited prediction ability of
futurewildfire risks.Here we usea hydrodynamicdemographivegetatiormodelto estimate
LFMC dynamics othaparral shruhsa dominant vegetation tyje fire-pronesouthern
California We parameterizene modebased ombservedhruballometry and hydraulic traits,
andevaluatehe model accuracy through comparisons betwebservedandsimulated.FMC
of three plant functional types (PFTs) under current climate conditorgover, we estimate
thenumber of day per year of LFMC below9% (which is a critical thresholtbr wildfire

danger ratingf southern California chaparral shryifi®om 1960to 2099 for each PFT, and

compareghenumber of dagbelow the thresholtbr medium and high greenhouse gas emission

scenarig (RCP4.5 and 8.5)\Ve findthat climate change couldad to more dayger yean5.2-
14.8% increaseyvith LFMC below79% between théistorical(19631999 andfuture (2080
2099 periods implying anincrea® inwildlife danger for chaparral shrubs in southern
California.Underthe high greenhouse gas emission scenduitng the dry seasowe findthat
the future LFMC reductions mainlyesultfrom a warmingemperaturewhich leads t®.1-
18.6% reduction irLFMC. Lowerprecipitationin the sprindeadsto a 6.3-8.1% reduction in
LFMC. The combined impacts of warming and precipitation change on fire seasondeangth
equal tothe additive impacts of warming and precipitation change individu@liy. results sho
thatthe CQ fertilization will mitigate fire riskby causinga 3.5-4.8% increase inLFMC. Our
results suggest thatultivariate climate changmuld causea significantnetreductionin LFMC

andthusexacerbatéuture wildfire dangem chaparral shrub systems
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enrichment, climate change

1. Introduction

Historicalwarming and changen precipitationhavealreadyimpacted wildfireata
global scalde.g.Stockset al.1998;Gillett et al.2004;Westerlinget al.2003,2006 andit is
expected that accelerating future warming will continugidaificantlyinfluenceglobal wildfire
regimeg(e.g.Flanniganret al.2009;Liu et al.2010;Moritz et al.2012. So far,prior studieshave
mainy focused on impacts afead fuel moisturduel load, and weather conditioren wildfire.

Limited studies have appligmoxiesof live fuel moisturan globati r e mbBod exdnple,

dead fuel moisture is found to be related to fire ignition and fire spread potential (or potential

area burntfAguadoet al. 2007), specific weather conditidwgh as increased vapor pressure
deficit (Williams et al. 2019xan lead to a vast increase in fire activiBoéset al.2020) and
wildfire fuel loads are projected to increas@der climate chang®Matthewset al. 2012Clarke
et al. 201%. In globatfi r e  mstulieshasveusel proxies of live fuel moistureB(stinas et al.
2014; Kelley et al. 2019s well asexplicit representatioof live fuels (Hantson et al. 2016;
Rabin et al2017) While previousstudiesprovidegreat insight into fire risks with changin
climate deadfuel moisturefuel loads andrepresentation dive fuel moisturethereis still
limited undestanding of how climate chang#luenceslive fuel moisture content FMC) and
the consequent wildfire risk¥ his isparticularlytrue for the combinedmpacts of warming
temperature, altered precipitation, and increasingf€@ilization (Chuviecoet al.2004;

Pellizzaro2007; Caccameet al. 2012ab; Williams et al. 2019Gosset al. 2020.

A measure ofvater content withitiving plant tissuen relation totheir dry weight

LFMC has beeroundto beone of themost critical factos influenang combustion, fire spread,

3
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and fire consumptiofe.g. Agee et aR002;Zarcc Tejadaet al.2003;Bilgili & Saglam2003
Yebraet al. 2008Pennisonret al. 2008 Anderson& Anderson2010;Keeleyet al.2017). This is
because lowLFMC leads tancreased flammability anahigher likelihood of ignition
(Dimitrakopoulos& Papaioanno@001). For instancel. FMC was foundo be a significant
factorcontributing tothe occurrence afildfires in Australia(Plucinski2003 Nolan et al2016;
Yebra et al2018;Rossa &-ernande®018;Pimont et al. 2019 Spain(Chuviecoet al.2009
andCalifornia(Santa Monica Mountain®ennisoret al.2008 Dennison& Moritz 2009;

Pivovaroffet al.2019. Dennison& Moritz (2009 foundstrongevidenceof a LFMC threshold

(79%) for southern Californiachaparrakhrubs whichmay determine when large fires can occur

in this region

Vegetationmoisturecontentis dependent obothecophysiologicatharacteristics of the
speciesandenvironmental conditiongncludingbothclimatic variables andoil water
avdlability (Rothermel 1972; Castro et a2D03 Castro et al. 20Q3ellizzaro2007 Pivovaroff
et al. 2019; Nolan et al. 20R@o far little is knownaboutthe relative importance alifferent
climatevariablesto futureLFMC dynamics On theone hand, warming could contribute to a
higheratmospheric demand and higlemapotranspiratio(Rind et al. 1990 and thus lead to a
lower LFMC. Onthe other hand, higher G@oncentration will decrease stonmlatanductance
(Wullschlegeret al. 2002 andplant water loss, antthuslead to a higher LFMCThe impacts of
COz and warmingcouldbe complicated biocal changes in precipitation patterand humidity

(Mikkelsenet al. 2008.

Thesensitivity ofLFMC to climate changes likely to be affectedby plant hydraulic
traits the plant properties tha¢gulatewater transport and storage within plant tissyagjch

affectplant wateregulation(Wu et al. 202Q. Variations inhydraulictraitsreflectcontrasting
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plantdrought adaptation strategies when respondimgyt@onditions Two contrasting overall
strategies arel) water stress avoiders andwater stress toleratorsgbinet al. 1999Wei et al
2019). The'avoider$ aregenerallycharacterized bg more conservativieydraulicstratey
under water stredsy either clogng stomata earlydroppingleaves olccessingleep wateto
avoidmore negative water potentials and therekylem cavitation Meanwhile, thétolerator$
typically build xylem and leavethat are moreesistanto cavitationso that they catolerate
more negative water potegl andcontinue to conduct photosynthesis under water stress.
Therefore, compared with the tolerators, @veides normally have dower sapwood density
andhigher plant water storage capacitytheir tissue$o avoid cavitatiorfMeinzeret al. 2003
2009 PinedaGarciaet al. 2013 Becauseheavoiders rely on water storage capaeisyone way
to avoid cavitatiorthereby maintaining a relatively high LFM@ndwater loss from storage
should increase with warmingFMC couldbe moresensitiveto climate changén avoiders

relative to tolerators

While over half of terrestrial landscapes on Earth are considereatdéine (Krawchuk et
al. 2009) Mediterraneastype climateregionsare routinely impacted by fire, often on an annual
basis.This ispartly becaus&lediterraneartlimateregionsare characterized by winter rains
followed byannual dry seasarwhenlittle to no rainfall occurgor several months. Multiday
periods of extrembightemperatures, as well katabatichot, dry, and intense winds, often
punctuate the annual drought, leading to sontbefvorst fire weather in the wor{@chroeder
et al.1964).This can result invildfires thatarelarge,high-intensity,andstandreplacing
(Keeley1995;Keeley& Zedler2009;Balchet al.2017). Globally, Mediterranean climate
regions are characterized by evergreen sclerophyléayed shrubland3he Mediterranean

climateregion in California is dominated by chaparral, whichdapted tdhe periodic fire



117  regimein California(Venturaset al.2016) Previousstudies hav@roposed a variety of

118 relationshipdbetween chaparral LF®and fire dangein soutern CalifornialDennisoret al.

119  2008; Denniso& Moritz 2009, but less is known about how climate changes caliéd LFMC
120  and fire dangein chaparralLFMC is usuallyhigh during the winter and sprirffgret season)
121 and then gradually declinésiring the dry seasosimmerand fal), whichleads to a typical fire
122  seasorapproximatéy six monthdongin souhernCalifornia(Pivovaroffet al. 2019. One key
123 risk is thatseveredrought conditions are becoming exacerbaieder climate chang®hich

124  mightlead tothe occurrence ofarger and higheintensityfiresin chaparra(Dennisoret al.

125  2008; Dennison &Moritz 2009.

126 There has been a long historyafdfire modeling with threetypes of models: Ifjne-
127  scalefire behavior modelge.g.FIRETEC byLinn et al. 2002, 2) landscapescalefire

128  disturbance mods(e.g.LANDIS-II by Sturtevanet al. 2009, and 3)globalscalefire dynamis
129 modek (e.g.Hantsoretal. 2016;Rabinetal. 2017 SPITFIREby Thonickeet al. 201). While
130 these models focus on simulation at different scéilesmeasuresf thesimulation are mainly
131  calculatedrom climate and dead fuel moistuaed currently lack prediction of LFM@ynamics
132 One key limitatioris that most previous models havat yet considexd plant hydrodynamics
133  (Holmet al. 2012Xu et al. 2013 Seileret al. 2014, which is integral to LFM@rediction

134  Recently, therdavebeen important improvemesio global dynamicand demographic

135  vegetation modelby incorporatingplant hydrodynamicaMcDowell et al. 2013Xu et al. 2016;
136  Fisher et al. 208; Mencuccini et al. 2009 Thesemodelshave beemsed tostudy the interaction
137  between elevated G@nd drough{Duursma& Medlyn, 2012) the impact of hydraulic traits on
138  plant drought response (Christofferson et al. 20tb@),ole ofhydraulic diversityin vegetation

139  response to drought (Xu et @D16)andhydroclimatechange (Powell et al. 28}, and
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vegetation water stress and root water up{&lemnedyet al. 2019)While the main purpose of
the newhydraulic componestis to improve the vegetation response to droulgatfact that
hydrodynamicmodels consider tissue water content as a prognostic vapiablieles an

opportunityto assess the climate impsaonh LFMC.

The objective of this study is tuantifyLFMC dynamicsand associated changes in fire
season duratiofor a chaparrakcosyste in souhern Californaunder climate changesing a
vegetation demographic mod#hat resolves the size and agjecedisturbance structure of
plant populations(Xu et al. 2016Fisher et al. 200)&hat incorporates plant hydraulié&'e test
oneoverarching hypothesifuture climate change will decreaseMC andconsequentlyesult
in a longer fire season astérmined by a critical threshotd LFMC (Ho). Specifically, we test
the followingfour subhypothesesl) warming has a stronger impawt LFMC thanCOz
fertilization (Hu); 2) the reductions in spring and autumn precipitaléad to a longefire season
asdetermined by LFMGH3); 3) the combined impacts of warming and preciptaion fire
season lengthreequalto the additive impact®f warming and precipitation change individually
(Hs); and4) plants with more conservative tigaulic strategieé “ a v o iwill bernsore )

vulnerableto warming (Ha).

2. Materials and Methods

To understand climate change imgamt LFMC for thechaparrakcosystemwe applied
the Functionally Assembled Terrestrial Simulator (FATESheret al. 2015Massoucet al.
2019;Kovenet al. 2020 coupled with a hydrodynamiegetatiormodule (FATESHYDRO,;
Christofferseret al. 201%in the Santa Monic&lountains in CaliforniaWevalidatedthe model
using the observeld=MC for threechaparrakhrubplant functional type PFT9. Then, we

applied FATESHYDRO to estimate longerm dynamics olieaf water content.(WC) during
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19602099 for each PFUisingdownscaled Earth System Model (ESM) climate scenafes
convertedsimulatedeaf water content.(NVC) to LFMC within leaves and shooBased on the
simulated LFMC, we evalated wildfire danger based dhenumber of days per year bFMC
belowthecritical valueof 79% from1960to 2099 for each PFT under RCP 4.5 and Bisally,
we assessed the relative importance of changesdividualand combinedlimate variables
including CO, temperature, precipitation, and relative humidityl testdthe corresponding

hypotheses

2.1 Study site

The study site ifocated at the Stunt Ranch Santa Monica Mountains Reserve, in the
Santa Monica Mountains in California, USA @4 ° VO 51’ 1, 8 ° StuBt Ranghs dominated
by chaparralvegetationwith anelevationof approximatey 350m, a westfacing slopeanda
Mediterraneartype climate Thestudy siteharbors an abundance of fauna, particularly birds and
reptiles.The mean annual temperature is 18.IP@k neanannual precipitation is 478 mm,
occurring mostly during the wet seasae.(NovemberMarch) with almost no rainfall during the
dry seasonife. April-October).Stunt Ranch last burned year1993but has recovered wellvVe
focused orPFTs representingl study specieéFig. 1), including chamise Adenostoma
fasciculatum Af), red shankAdenostoma sparsifoliumAs), big berry manzanita
(Arctostaphylos glaucaAg), buck brush Ceanothus cuneatusCc), greenbark ceanothus
(Ceanothus spinosusCs), mountain mahoganyQercocarpudetuloides Cb), toyon
(Heteromeles arbutifoliaHa), laurel sumacNlalosma laurina Ml), scrub oak(Quercus
berberidifolia- Qb), hollyleaf redberry Rhamnus ilicifolia- Ri), andsugar bushRhus ovata
Ro). Detailed information abouhe study site and species characterizatiousd atStunt Ranch

can be found ivVenturaset al. (2016 andPivovaroffet al. (2019)
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2.2 FATES-HYDRO model

FATES is a vegetation demographic mo@esheret al. 201%, which uses size
structured group of plants (cohorts) and successional trajezased patchdsased orthe
ecosystem demography appro@etoorcroftet al. 2@1). FATES simulateshe demographic
process including seed production, seed emerggnawthand mortality(Kovenet al. 2020.
Because the main purpose is to assess LEMEcontrolled for variation in plant size structure
that could arise from plant traits or climate differences between model runs byausihgced
complexity configuration oftte modelwhere growth and mortality are turned affd ecosystem
structure is held constatfATES has to be hosted by a land surface model to simulate the soill
hydrology, canopy temperature and transpiration. These host land models thelbgascale
Energy Earth System ModeEBSM, Caldwell et al., 2019and model (ELM)as well as the
Community Earth System Model (Fisher et al 2015) and the Norwegian Earth system model
(NorESM, Tjiputraet al 2013. In this study, we used the D&ponsored ELM as otlnost land
model.The time step of FATES to calculate carbon and water fluxes is 30 minutes and it can

downscale the data frombl®urly climate drivers.

A key component of FATES, the plant hydrodynamic mgeMDRO, based on
Christofferseret al. 2018, simulates the water flolvom soil through root, stem and leaf to the
atmosphereln this model, water flow is calculated based on water pressure gradients across
different plant compartments (leaf, stem, transporting roots, absorbing roots and riipsphe

Specifically, flow between compartmerandi + 1 0 is given by

0 0 Yo, (1)
whelries the total dehdacttheebdugd@mPid pdndcompart

YQi s the potaht walt edi fference between the comg

9
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yQ " Qa a T (2)
whered is compartment distance above (+) or belepih{e soil surface (m), is the density of
water (16 kg nt3), g is acceleration due to gravity (9.8 mM)sand[ is tissue or soil matric
water potential (MPa) is treated here as the product of a maximum boundary conductance
between compartmeni@&ndQ p (0 ), and the fractional maxium hydraulic conductance
of the adjacent compartment®{) 6or"O0 6 ), which is a functia of the tissue water content.
A key parameter that contssO0 ds the critical water potential ¢§) that leads to 50% loss of
hydraulic conductivityThe tissue water potential is calculated based on pregslinae (PV)
theory Tyree &Hammel, 1972; Tyre& Yang, 1990; Bartlett et al., 200 ZFor leaves, it is
described by three phasescapillary water phase with full turgor, 2) elastic drainage phase
before reaching turgor loss point; and 3) gosgor loss phasé&or other tissues, it only has
phases 2 and &ompared t@ non-hydrodynamic modethis formulation allowshe simulation
of plantwatertransportimitation on transpiration. For the ndtydrodynamic version of
FATES, the water limitation factor for transpiratid4n) is calculated based on the soil
moisture potentialFisheret al. 201%. For the hydrodynamic versioByanis calculated based on

the leaf water potential () (Christofferseret al. 201§ as follows,
0 P — 3)

whered ~ is theleaf waterpotential that leads to 50% loss of storhatanductance and is
the shape parametétiease refer t€hristoffersenet al. 2016 for details of formulation$

"O0 dor different plant tissues

2.3 Allometry and trait data for model parameterization

10
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FATES-HYDRO has a large number of parameters (g@ Massoud et.&019 for a
complete lisexcept forhydraulic parameteysBased on a previous sensitivity analysis study
(Massoud et aR019), we focusedur parameter estimation eftsonthe most influential
parameter$or allometry, leaf and wood traits, atgydraulic traitsSrom observationsf 11
chaparral shrub speciésee Supplementaryable ), collected fromJacobsewt al. (2008nd
Venturaset al. (2016)For thisstudy, we assumed that the allometry of a shrub is analogous to
that of a small tred-lowever, we did make several important modifications to accommodate the
allometry of shrub as their height and crown area relationships to diameter could be different
from trees. First, instead of using the diameter at breast height as the basis for allometry to
calculate the height, crown area and leaf biomass, we used the basal diameter as the basis for
shrubs. Second, in the allometry of trees, the diameter for maximaight (d:
Fates_allom_dbh_maxheigfigble S1) is the same as the diameter for maximum crown area (d
Fates_allom_d2ca_max, Table S1). As our data showed:itaatidt aredifferent for shrubs,
we have modified the codes so that thartl & can be sefor different values. It is possible that
different branching and path length patterns for stems of chaparral species could impact the
hydraulics compared to trees; however, FATHEEDRO treats all the aboveground xylem as a

single pool and thus it shoufabt affect our model simulation results.

Based ora hierarchicatluster analysi¢Bridges 196pof allometry andrait datg there
are a clear separation among the shrub spd€iss, the dendrograms built and every data
point finally merges into a single cluster with the height shown on-thésy Then we cut the
dendrogram in order to create the desired number of clusters determined by a pragmatic choice
based on hydraulic traits of eleven chaplshrub specie@-ig. 1). R's rect.hclust function

(https://www.rdocumentation.org/packages/stats/versions/3.6.2/topics/rec).ivessised to

11



251  see the clusters on the dendrograthparameters of allometry, leaf and wood traits, and

252  hydraulic traitsnvere collected from observations shown in the Table S2 and S3 of the

253  supplementaryAccording tothe principle of model parsimony, we do not want to classify the

254  species into more than 3 PFTs. Meanwhile, we also want to differentiate the fundamental plant
255  growth and water use strategies that will determine plant transpiration rate and the corresponding
256 LFMC. If we choose to classify the species into two PFTs (based on théaoeidntalline in

257  Fig. 1), then we will not be able to differential speciehaiggressive and conservative

258 hydraulic strategy in the second group and not betalést H4. Thereforeghe chaparral shrub

259  speciesvere classifiednto three PFTgbased on the dottdwbrizontalline in Fig. 1and Table

260 S3), thatare able to differential plant growth and hydraulic strat@gnethreePFTs includea

261 low productivity, aggressiveérought toleranclydraulic strategy PFTPFT-LA) with a relative

262  low Vc¢maxes(the maximum carboxylation rate at 25) anda verynegative kv (theleaf water

263  potential leading to 50% loss of hydraulic conductlyisymedium productivity, conservative

264  drought toleranclydraulic strategy PFTPET-MC) represented by mediumV¢maxesandaless

265 negative By, turgor loss point andiater potential at full turgoanda high productivity,

266  aggressivelrought tolerancaydraulic strategy PFTPFET-HA) with a relatively highV ¢ maxzs

267 anda very negative 48. The mean ospeciedeveltrait data weighted by species abundaaice

268  the sitewereusedto parameterizEATES HYDRO.

269 2.4 Model initialization

270 Our model simulation is transient in terms of soil water content, leaf water content,
271 carbon and water fluxes. The forest structure (plant sizes and number density) is fixed and is
272  parameterized based on a vegetation inventory from Venturas et al. (PO&&)il texture and

273 depth information are parameterization based aationakoil survey database

12



274  (https://websoilsurvey.sc.egov.usda.gov/App/WebSoilSurvey,8gibte S1)The soil moisture

275  is initialized with 50% of the saturation and the tissue plant water content is initialized so that it
276 is in equilibrium with the soil water potential. We run the model for 10 years based on 1950
277 1960 climate so that the simulated soil nais, leaf water content, carbon and water fluxes

278 not depending on their initial conditions.

279 2.5 Live Fuel Moisture Content for model validation

280 In this study, we usedheasured FMC to validatesimulated LFMC FATESHYDRO
281  doesnot directly simulate theFMC. Thus, we estimatethe LFMC basedon simulatedLWC.

282  The LWCin the modeis calculated as follows,

z p mih (4)

283 , [ #

284  where,fwis the fresh weight andwis the dry weightwhich are simulated within FATES

285 HYDRO. Then, we estimateithe LFMC within leaves and shootsing theempirical equation
286  derivedfrom shrub LFMC and LWC datmcludingthe three regenerative strategies [se€8gr
287  resprouter (R) and seedegsprouter (SR)], in summer, autumn and winter flagn4 and 5n

288  SauraMas and Lloret study(2007)as follows(Fig. S4)

289 LFMC =31.091 + 0.491LWC (5)

290 Theclimate inSauraMas and Llorét s s tMeditgrranieasinorth-east Iberian Peninsyla
291  which is consistent witthe climate obur study ared FMC wasmeasurean our site

292  approximately every three weeks, concurrently with plant water potent20d5 and2016
293 LFMC measurement detaitan be found ifPivovaroffet al.(2019) For comparisorwith our

294  model outputs, wcalculatedhe mean LFMGQwithin leavesand shoot$or each PFT weighted

13
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by the species abundanséeturaset al. 2018. Species abundance was calculated by dividing

mean density of a specific species by the mean density of all species.

2.6 Climate drivers

We forced thdcFATES HYDRO modelwith 6-hourly temperaturerelative humidity
precipitation downward solar radiatiomndwind componentdHistorical climate data during
2012-2019 which wereused for FATESHYDRO calibration wereextracted frona local

weather statioifhttps://stuntranch.ucnrs.org/weatitxte). Historical and future climate data

during 19562099 which wereused for simulations dfFMC by FATES HYDRO mode| were
downloadedrom the Multivariate Adaptive Constructed Analogs (MACA) datas&bm{zoglou

& Brown 2012 http://maca.northwestknowledge.ndihe MACA dataset$l/24-degree or

approximately «m; Abatzoglou& Brown 2012) include20 ESMswith historical forcings
during195062005and future Representative Concentration Pathways (RREB 4.5 and
RCP8.5 scenarios durirg062099from the native resolution of tHeSMs The gridded surface
meteorological datastAETDATA (Abatzoglou, 2013) were used with high spatial resolution
(1/24-degree) and daily timescales for nsarface minimum/maximum temperature,
minimum/maximum relative humidity, precipitation, downward solar radiatiodwind
componentsThen we downscaled tnMACA daily data to éhourly based on the temporal
anomaly of the observed mean daily data to the hourly data for each day durir2020IPhe

model is driven by yearly CQlata obtained from Meinshausen et al (2011).
2.7 Hypothesis testing
To test H (future climate change will decrease LFMC aomsequentlyesult in a longer

fire season as determined by a critical threshold of LEM@)compared the simulatetean

14
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LFMC, derived from modeled leaf water contamtder the climate projections fro20 ESMs
under RCP 4.5 angl5. We then testlif the LFMC duringthe April-Octoberdry seasoin the
historic period 0fLl960-1999 is significantlyhigherthan thain the future period c2080-2099.
Forthe fire season duration, vestimatedhe number bdaysper yeambelowa critical threshold

of LFMC (79%). Similarly, we testdif the number of dayper yeatelowthe critical threshold

of LFMC during the historical period are significndlifferent fromthat duringthe future
period.We used dootstrapped approa¢hacksoril993 to test if the mean of LFMC or fire
season duration are significantly di#et between these two perio&@pecifically, we randomly
draw 10000 samples from the simulated residuals of LFMCs or fire season duzatinraed

by 20 ESMs for these two periods under the null hypothesis that there is no difference in the
mean. We then calculateevplues by comparing the simulated mean difference to the empirical
distribution of difference estimated from these 10000 $asnpee Supplementary sectibr

within Xu et al. (2019) for the detalils.

To test H (warming has a stronger impact on LFMC thare€@tilization), we
comparedneansimulated_.FMC andfire season lengtfor three PFTsvith/without COz
changs (fixed CQe at 367 ppm vs dynamic G@oncentrations from RCP 4.5 or RCP &by
warming. Toremove the futurgvarmingtrend future temperature asreplaced withistorical
(1986:2005)temperaturelatafor every 20year periodSimilarly, to test H(thereductions in
spring and autumn precipitatiégad to a longer fire season as determined by LEME)
compared the model outputsldFMC andfire season lengtfor three PFTsvith/without
precipitation change To test H (the combined impacts of warmingdaprecipitation on fire
season length are equal to the additive impacts of warming and precipitation change

individually), we compared model outputsldfMC andfire season lengtfor three PFTsinder
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340 threescenarios: 1) without warming; 2) without precipitation changed 3) without warming
341  and precipitation changeFinally, to test H (plants with more conservative tijaulic strategies
342 will be more vulnerabléo warming) we compared model outputs of LFM@dfire season

343 lengthacross théhreedifferentPFTswith different hydraulic strategies

344 3. Results

345 3.1 Comparison between simulated and measured LFMC

346 Our results showed that FATEHSYDRO was able to captureariation inthe LFMC for
347 different PFTsand soil water content ircm depth(Fig. 2andS3), also forChamisen 2018
348  (Fig. SH)although we hatimited observed LFMC dat&pecifically, the modekas able to
349  capture96%, 86%, and80% of thevariancein observedLFMC for the period of 2012016for
350 three PFTs, respectively (Fig. 2dyf). The modeivas also able to capture the seasonal
351 dynamics ofoil water content,FMC, and LFMC belowthe threshol@9%in comparison to

352  observediata (Fig. 2 ag,eand S3.

353 3.2 Changes in the LFMC and fire season length from historical to future periods

354 Using the validated model driven by climate projections from 20 BE8Msrgreenhouse
355 gas emission scenarios RCP4.5 and RCP 8.5, we found that the daily meardufiMChe

356  future period 00802099 was projected to become significantly lower than that during the
357 historical period 019601999 for all three PFTs (Fig 3, P<0.@0Q). Our results also showed
358 that the spread among models increase with time, suggesting a larger uncertainty in the
359  projection into the futureSpecifically, the histogram of daily mean LFMC during #peil -

360 Octoberdry season showed that there was a highavability of low LFMC under future

361 climate conditions (Fig. S1). The daily mean LFMC decre&sed 84.7%, 1013%, and B.4%
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362  during the historical period df9601999to 81.0-82.8%, 9%6.3-98.8%, and74.8-76.6% during the
363  future period 008032099 undeboth climate scenarios for PHIA, PFT-MC, PFT-HA,

364  respectively (Fig 3).

365 Based on the projectead-MC, therewas a significant increase in the fire season length
366  with thecritical thresholdbf LFMC from the historical period df960-1999 to the future period

367 of 20832099 for three PFT&Vith the critical threshold of 79% LFMC, the fire season length

368 was projected to increaby 20, 22, 19 daysunder RCP 8.%Fig. 4 and Table 8), and to

369 increasduy 9, 11, 8 daysunder RCP 4.%Fig. 4 and Table 8). Our results also showed that the

370  spread among models increase with time, suggesting a larger uncertainty in the projection into
371 the future.The above result®r meanLFMC and fire season length support hypothesithbit

372  future climate chiage will decrease LFMC armbnsequentlyesult in a longer fire seasaas

373  determined by critical thresholfiesr LFMC, for all three PFTs

374 3.3 Relative effects of individual climate changes on the length of the fire season

375 In order to better understand the relative contribution to fire season tHrditferent

376  climate variables, we ran FATH3$YDRO for three PFTsisingmeteorologicaforcings that

377 isolatedand removed@hangesn individual specificvariables Our results showed that the

378 increase in fire season lengttainly resultedrom warming,which ledto 16-23 days(9.1-

379  18.6%) per yeaiincreasen fire seasorengthfor thecritical thresholdf 79% LFMCunder RCP
380 8.5(Fig.5). This is becausearming is pushiny/apor Pressure Defic{t/PD) higher, resulting
381 inincreased fire season lengdor RCP 4.5, the warming contributéd 5-6 days (3.8-4.3%) per
382  yearincrease in fire seasdength(Fig. 5). We also foundhatelevatedCO:, concentrations

383 decreasefire season lengtiith 6-7 days 8.5-4.8%) per yeardecrease in fire season length

384 under RCP 8.%Fig.5). Under RCP 4.5, COncreasesed to 2-3 days (.5-2.2%) per year
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decrease in fire season lengfg. 5). Because the impact of warming on fire season lewgsh
stronger than the mitigation from G@nrichmentour results suppohypothesis h(warming

has a stronger impact on LFMC than £G€3tilization).

Even though total precipitatiomas projected tancrease in the futuréower precipitation
in the springand autumrfFig. S2 a, b) ledto 8-10 days 6.3-8.1%) per yealincrease in fire
seasonengthwith the critical threshold of9% LFMC under RCP 8.&-ig. 5). Under RCP 4.5,
the precipitationchangegontributedto 1-3 days (.8-1.6%) increase in fire seasdength(Fig.
5). This result suppoed hypothesis Hthatthe reductions in spring and autumn precipitation

lead to a longer fire season as determined by LFMC

Our results showed that tikembined impastof warming and precipitatioon fire
season lengtivereequalto the additive impacts of warming and precipitation change
individually. This suppordhypothesis Bl Specifically, the combined changes in temperature
andprecipitationcause®4-33 days per yearlb.6-26.8%) increasen fire season lengtwith the
critical threshold o79% LFMCunder RCP 8.%Fig. 5). Under RCP 4.5, the combined changes
in temperature and geipitation caused &-9 days per year4(8-6.1%) change in fireseason

length

3.4 Comparison of changes in fire season length among three PFTs under climate change

Regarding three PFTimder both climate scenaridse season length ¢tFT-HA was
thelongest(167-176 days per yearwhile fire season length 8fFT-MC wasthe shortes{l14
124 per yeay during2080-2099(Fig. 4). However theresponse of fire season lengbhwarming
was strongest foPFT-MC. Specifically, forPFT-MC, warmingunder RCP 8.fedto an increase

of 22 daysin fire seasomength(Fig. 5 b) and warming under RE 4.5led to an increase dfl
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daysin fire seasorength For PFT-LA, warming under RE 8.5led to an increase df9 days in
fire seasoength(Fig. 5 a) while warming under R€ 4.5ledto an increase & days in fire
seasonength Finally, for PFT-HA, warming under RCP 8IBdto an increase di8 days in fire
seasonength(Fig. 5 c) and8 days in fire seasdengthwith under RCP 4.8Becausd’FT-MC
has a more conservative hydraulic strateg less negativeds, turgorloss point and water
potential at full turgagrthisresult suppoddhypothesis Hthatthemore conservative layaulic

strategywill be morevulnerableto warming

4. Discussion

Low LFMC within shrub leaves arghootsincreases thBammability andlikelihood of
combustion making it vitallyimportant tomonitortemporalvariationsin LFMC, especially
during thedry season@ennisoret al, 2003. The strongrelationshipetweerobservedand
simulaed LFMCof all PFTssuggestdthatthe planthydrodynamianodel FATES-HYDRO,
could accurately estimate LFMC seasonal dynaimsca function of modeled leaf water content
and consequently be usefulgeedictfire risksin Mediterraneastype climate regionsalthough
only smallamount of validatiomlatawereusedandthe underlying assumption that a shves
analogous to a small treleuring the future period20832099) and the historical perioti960
1999), both perioddisplayed lower values ithedry seasonApril - October) which is
consistent with lower LFMC during the sumnrfal dry season, rather than the winggring
wet seasoifChuviecoet al, 2004Pellizzaroet al, 2007 Pivovaroffet al. 2019. Extremelylow
daily LFMC wasmore likely to occur duringhefuture period, which hadhigher temperature

thanthe historical periodFrom the historical to the future peridotle season length could

increasduy 5.2-14.8% under climate chander chaparral shrulecosystemm(Ho). Thefir e s eas on

lengthwas not validated, rathertas defined as number of. days
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Quantifyinginfluencesof climatic variableon LFMC is crucialto predictingfuture fire
risks Oennison& Moritz, 2009. Our results showed that future warmings the most
important driver of LFMGwhile relative humidity was the least importaniver. This finding
suggestedhatwarmingwould substantiallypushVapor Pressure Defic{YPD) higherand
decrease LFMC and strongly increase the fire season length, whigjreadlyincrease fire
risksin the future é.g.Dennisoret al, 2008Chuviecoet al, 2009Pimontet al, 2019. Relative
humidity would notstrongly affect LFMC under climate chan@O: fertilizationis expected to
reduce stomataonductanceRatakiet al 2000; Tognettiet al 2000) and thus could mitigate the
impacs of warming on LFMCOur resultsllustratedthat, even though the G@npact did cause
a 35-4.8% reduction in fire season length, the impact of warming on fire season length is about
5.6-13.8% larger than the C{effect (H, warming has a stronger impact on LFMC than.CO
fertilization). This result suggests that efertilization cannot offset the LFMC impacts from
warming. TheFATES-HYDRO model assumes@nsistenstomatal sensitivity to CO
concentratioracross Mediterranean shrub specWhile Mediterranearshrubfunctional types
in arid andsemtarid systemavould vary in their stomatal responsethereal world(Patakiet
al. 2000). Therefore, our model mayverestimatéunderestimatéhe CQ effect onstomatal

conductance and itsitigating influencemightbe smaller in realityor some species.

Previous studiesnplied that the tining of precipitation may hava strongmpact on
subsequent LFM@e.g. Veblen et al. 2000yesterling et al. 208 Dennison& Moritz 2009. In
this study, precipitatiowas alsoakey driver of LFMCunder future climate condition®ur
results showed that, even though total precipitatiasprojected to increas#e reduction in
springand autumprecipitation(Fig. S2)was projected to cause a longer fire sedsagth(Hz,

the reductions in spring and autumn precipitatead to a longer fire season as determined by
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LFMC; Fig.5). This resultwas in agreemenwith a priorstudy indicating thatming

precipitation, partiularly in the month of March, was found tothe primary driver ofiming of

LFMC changes@ennison& Moritz 2009. We also foundhat the combined impacts of

warming and precipitain on fire season lengthereequalto thelinearly additive impacts of

warming and precipitation change individuallys). Our results suggesdthat, when evaluating

future fire risks, it is critical that we consi@eithe seasonal changes in precipitation and its

interaction with the warming impact.

Modeled \egetation responses to environmeptangs is a function of variation in plant

functional traitfKovenet al, 202). Thethree PFTsepresented in this studiavesimilar

patterns in LFMC in respae to climate changiuring 19602099 butwe didseesome critical

differences. Specificallythe plant functional typdFT-MC with more conservativhydraulic

strategyhad the strongest resporsst® climate change (Fidp). This could be related to the fact

thatthe PFT-MC is amore conservativdroughttolerart PFTin terms of hydraulic strategyith

less negativeds, turgor loss pointand water potential at full turgor. TIRET-MC plants hd a

relatively high saturated water contéatsed on observed d4fig 2) and the water within plant

tissueghuschange more quickly in response to the environmental condition cls(iye plants

with more conservative layaulic strategies will be more vulneralbevarming. However the

three different PFTs wemexisting athe same locatioim model simulations;oexistence and

heterogeneity in LFMC might i mpact fire

behavi

Becausdghe moisture content dive fuels(~50-200% are much higher than that of dead

fuels 7-30%), leaf senescenaaduced by drought stressd subsequent mortality are

potentially vital factors to cause large wildfirégofanet al. 2016, 2020). Thudroughtinduced

canopy diebackandmortality could largely increase surface fine fuel loads aagetation
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flammability, which can increase thpeobability of wildfire (Ruthrofet al. 201%. Since growt

and mortalityare turned off in model runs by using a reducethplexity configurationif is

possible that vegetation density might decrease and LFMC could be conserved under future

scenariosln addition,potential vegetation transitions (e.g., shrubs to grassland and species

h

composition changes) might substantial/l

frequency In this study, we used the static mode of FATHEEDRO to simulate LWC dynamics

y

affe

under climate change. If we need to assess how the leaf senescence and vegetationvdyinamics

impact the fire behaviowe can use the same model with dynamic mode to aseessaripacs

on fire behaviors under future drought and warming conditions

Application ofa hydrodynamic vegetation model to estimate LFMC dynaodogd

potentiallybenefitwildfire modelingat thefine-scale landscapescale andglobatscale Thisis

becaus&.FMC is one of the most critical faate influencing combustion, firgpread, and fire

consumptiorwhile previouswildfire modelsmainly focus onimpacts of dead fuel moisture,

weather conditions on wildfirduel loads, andepresentation ofde fuel moistur§ Anderson &

Anderson 2010; Keeley et al. 2Q1Iblly & Johnson 2010)8The implications of thisrethat fir

potential will vary with plant water potential and uptake from soils, photosynthetic and

respiratory activity, carbon allocation and phenology with variability across species and over

e

time (Jolly& Johnson 2018)herefore futurework toincorporateLFMC dynamics inwildfire

modelscould potentiallyplay a vitally important role in the futurgtudiesof wildfire modeling

under climate change.

5. Conclusions

A hydrodynamicvegetatioomodel, FATES HYDRO, was usedo estimatdeaf water

status and thusFMC dynamics otthaparral shrub specie@ssouthernCaliforniaunder
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historical and future conditionEATES HYDRO modelwas validated usinghonthlymean

LFMC for three PFTsThe fire season length was projectegubstantiallyincrease under both
climate scenarios frorh960-1999 to 2080-2099 This could increaswildlife risk over time for
chaparral shrubs in southern Califorraur results showed that temperatwas the most
important driver of LFMC and relative humidityas the leasimportantamongfour climatic
variables including C&) temperature, precipitation, and relative humidity. The LFMC estimated
by theFATES-HYDRO modeloffered a baseline of predicting pldntdraulicdynamics

subjected to climate change gmivided a critical foundation that reductions in LF¥t@m
climatewarmingmayexacerbate future wildfirgask. Longerfire season might hawe significant

impact onoverall public health and quality of lifa the future.
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Fig 1. Hierarchical tuster analysis adllometry anchydraulic traitsor elevenchaparral shrub
speciesised to define three plant functional types at Stunt Rardplant functional types
with a low productivity and an aggressivdrought tolerancéydraulic strategyRFT-LA) was
defined based on traits tfd shank (Adenostoma sparsifolidAs), toyon (Heteromeles
arbutifolia- Ha), Chamise (Adenostoma fasciculatuf), big berry manzanita (Arctostaphylos
glauca- Ag); theplant functional typewvith a highproductivity and an aggressivdrought
tolerancehydraulic strategyPFT-HA) was defined based on traitsmbuntain mahogany
(Cercocarpus betuloide<b), greenbark ceanothus (Ceanothus spine€is}, buck brush
(Ceanothus cuneatu£cc), hollyleaf redberry (Rhamnus ilicifoliaRi); the plant functional
typeswith a mediunproductivity and an conservativérought tolerancéydraulic strategy
(PFT-MC) was defined based on traitslafirel sumac (Malosma laurindl), scrub oak
(Quercus berberidifoliaQb), sugar bush (Rhus ovat#®o).
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Fig.3 Temporal changes iaily mearive fuel moisture conter{black solid lineJand 95%
confidence interval (black dasiot line)from 1960to 2099 for three PFT{sefer to Figure 1 for
explanation of the PF) sinder climate scenario RCP 4.5 andBith 20 Earth System Modsl
considering all climatic variables chang€&he P values were calculated using bootstrap
sampling to test whether tlgaily mearlive fuel moisture conterdcross different models during
the future periodZ080-2099 was significanthyower than that during the historical period
(1960-1999). The gre horizontal dotted line represents the ensemble me&086-2099.
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Fig.4 Temporal changes mveragenumber of days per year Ibfe fuel moisture content below
79% (black solid line) and 95% confidence interval (black dashline)from 1960to 2099 for
three PFTgrefer to Figure 1 for explanation of the PlFlisder climate scenario RCP 4.5 and
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