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Abstract

Treemortality is a key factor influecing forestfunctions anddynamics but our understanding of the
mechanisms leading to mortalignd the associated changes in tree growth eatestill limited.We
compiled anew pancontinenal treering width database from sites whdveth dead and liing trees
were sampleq2,970 dead and 4,224 living treleem 190 sitesincluding36 species and compared
earlyandrecentgrowth rates betwedrneesthat died andhose thasurvived a givermortality event

We observed decrease imadial growth before deatin ca. 84% of the mortality eventsThe extent
and duration of theereductiors were highly variable(1-100 years in 96%f events)due to the cm-

plex intera&tions among study speciaad the sourds) of mortality.Strong and longastingdeclines
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were foundfor gymnospermsshade and droughtolerant species, artdeesthat died from compet-
tion. Angiosperms and trees that diddeto biotic attacks(especially barkbeetles)typically showed
relatively small andshortterm growth reductionsOur analysis did nabighlight anyuniversaltrade
off betweenearly growthand tree longevityvithin a speciesalthough this result may also refldagh
variability in sampling design among sites.

The inter-site @ndiintespecificvariability in growth patterns before mortaliprovidesvaluable info-
mation on the'nature:of the mortality progegkichis consistent with our understanding of the piwys
logical mechanisms leading to mortalibrupt changes in growtimmediatelybefore death can be
associated witlgeneralizechydraulic failureand/orbark beetleattack while long-term decrease in
growth may beassociatedvith a gradual decline in hydraulic performance coupled wlipletionin
carbon resenve®ur results imply that growthased mortality algorithms may be a powerful tool for
predicting gymnosperm mortality induced by chronic stress, but not negessafidlr angiosperms and
in case of intense drought or badr&etle outbreaks.

Keywords:

Tree mortality, growthring-width, drought, pathogens, angiosperms, gymnosperms, death

Article type:
Primary research article

Introduction

Acceleratingrates’ dfee mortality andforestdie-off events have been reported worldwigeg(, van
Mantgem €etal2009 Allen et al. 201D These trendbave beerattributed to direct and indireani
pacts of droughstressand higher temperaturés.g., higher cmpetitionintensity as a resutif growth
enhancemenn environments limited by low temperatuteuo and Chen 2015), and are expected to
continue as a result ddrther global warming and drying in amy regions Cook et al. 2014Allen et

al. 2015. Tree mortalityhas largampacst on both shorterm forest functioning (e.gforest proda-
tivity, waterand carbon cycle; Anderegg et al. 2@b) and longterm ecosystem dynamics (Franklin
1987 Millar et al. 2015, yet our physiological understanding of the mechanisasingto mortality
and our ability to predict mortality ants impacts over space and tinsestill limited (McDowell et al.

2013 Hartmann et al. 20)5As a result most dynamic vegetation models that aim to project future
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forest development are stilhsed on simple mortality algorithms despitarthegh sensitivity to mo
tality assumptions (Friend et al. 2014; Bircher et al. 20t5addition,reliable indicators that can be
used to predict individual mortaliiy the fieldfrom local to regional scalgare lacking(McDowell et
al. 2013).

In contrast tanostmortality eventscaused byhortiermexternal disturbances, such as windthrow, fire
or flooding, stressnduced mortality is usually preceded by changes inftreetion (e.g., hydnalic
conductivity,earben assimilationand structureg(g., individual leaf area) (McDowell et al. 2011; Seidl
et al. 2011, but-see Nesmith et al. 2015 for potential influence of pre-fire growth dirgposbrtality).

In this context, focusing on titemporal variations imadial stergrowth rateds pertinent as these-

flect changes_imdividual vitality, productivity, andcarbon availabilityBabst et al. 2014; Aguadé et

al. 2015; Dobbertin 2005Although the interannual variability in wood growth is primarily driven by
cambialphenologyand activity (Delpierre et al. 201,5K6rner 201% — thus by water availabilityair
temperaturend photoperiod several studiekave showrthe utility of radid growth datafor predid-

ing tree mortality probability (e.gRedersen 1998; Bigler and Bugmann 2004; Wunder et al.; 2008
Cailleret et al.»2016 Most studiesused ringwidth data asheyallow for a longterm (.e., > years)
retrospectivequantification of annual growth for numerous individuals, sites, and species (e.g.,
Anderegg ‘et.al. 2015a%uch dataffer thefurtheradvantage of combining a largample sizé€in con-

trast tq for example dendrometers) witla annuakemporal resolutiorthat is helpful toestimate the
yearof tree death and tdetect immediate reactions to intense stress such as drought or inseat defoli
tion (Dobbertin 2005), unlikéorest inventorieswith multi-year remeasurement periods. Moreover,
ring-width data-araisually available foalmostthe entire lifespaof a tree whichis valuablefor ex-
ploring longterm.and delayedffects of stress on mortalifgeeBigler et al. 2007Yhatwould not be

detected usingiethods such asarbon flux measurements @mote sensing

In most studiesydying trees showed lowaatial growth rates prior to death than surviving ones (e.g.,
Pedersen 1998; Bigler and Bugmann 2004; Cailleret et al. 2016). Despite this commoin pdige
variety of growth patterns beforaortality have been describedthe literature fronabrupt or gradual
growth reductios to increases in growth before deafhis variability is likely associateavith differ-
encesn species’ strategie® face environmentatressand in theircarbon dbcation patterns related
to growth, defenseand storagéDietze et al. 2014)for example stresgolerant species may survive
for many years with low growth rates unaentinousy stressfulconditions (e.g., ol®inus longaevi

while stresssensitive species cannot (eggpulus tremuloidedreland et al. 2014)There is also du
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stantial variability at the intrapecific level droughtinduced mortality events é¢tfinus sylvestrisnay
be preceded by fast declines (Herguidoaét 2016), or by slow and loAgsting growth reductian
(Bigler et al. 2006; Heres et al. 2012).

Growth patterns before deatire also influenced bythe type, duration, frequency, and intensity of
stress factorghat predisposed and triggered mortalfépr Piceaengelmannii dying treeshad lower
growth rates'than surviving trees when mortality was caused by dr(igter et al. 2007, while no
differences: were-observéd two pine specieshen trees died because of bark beett@né and Kolb
2010;Ferrenberg-et al. 201&anguesdBarreda et al. 2035In case olethal episodic defoliatigriree
deathcanevenbe preceded bgrowthincreass (e.g., onTamarix sppin Hultine et al. 2013)Similar-

ly, intra-specific tradeoffs between early growth rates (defined as the first 50 years of a tree’s life) and
longevity were/commonly but not consistently observed Bigler 2016; but see Ireland et al. 2014
highlighting the potential disadvantage of investment in growth instead of def@fiegas and
Mattson 1992; Rose et al. 2009).

Considering the multifactorial character of the mortghitgcesgMcDowell et al. 2011; Aguadeé et al.
2015; Allen et al. 2015; Anderegg et al. 20§, %mnd thdimited number of species and sites analyzed in
mostearlierstudies, wdack aglobal, comprehensivappraisalof the changes irgrowth ratesbefore
mortality. This iSespecially relevanto the detecion of variationsamong sources of mortality (e.g.,
drought, insect-outbreak), environmental conditiamslspeciesand to the simulation of tree mortality
using growthbased model¢Bircher et al. 2015)Moreover, theavailable studies applied different
methodologies talerive growthmortality relationships (see Cailiret al.2016, which reduces the
strength of metanalyss. Thus,we compileda new pan<ontinental treging width databasdrom
published and unpublished datas#iast includebothdead and livingrees growingat the same sites.
We compare thgrowth rates betweetnees that died and those that survived stress evansirtia-
lar, we addresssthe following questions:Aie thee characteristichanges in recent radial growth-pr
or to mortality?(ii), Did deadtrees have higher growth rateden they were younthan surviving
tree® (iii) To what extent are these growth patterns affected by stedciuction differencedetween
gymnosperms andhgiospermsand by theshade anfdr drought tolerancef a particular speci@sand

(iv) are these pattermdifferent depending othe main cause of mortalizy

We hypothesizeon the one hanthat shorterm {.e., <5 years)or nodecline in growth before death
will occurin case ofeverebiotic attack (especially bark beetlesjin case otdrought-induceeémio-

lism of xylem conduits thatnpedes watetransport to the canopy and leaddissue desiccatiofihy-
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draulic failuré hypothesis;McDowell et al. 2011; Rowland et al. 201®n the othehand, longterm
growth reductiongi.e., >20 years)before mortality will be mordikely in response to repeated and
gradually hcreasing environmental stressch as shading or parasiti¢elg., mistletog)wherea slow
deterioration of thewater andcarbonecanomy may lead to tree deathecause of lack of non-
structural carbohydrates (NS@) sustain metabolic processes like respiratioto dwuild defense cuo-
pounds carbonstarvation’ hypothesidylcDowell et al. 2011; Hartmann 201%Accordingly, we &-
pectlongerierm=growth reductions shade-and droughtolerant species than stresssensitive ones,
andin gymnasperms than in angiospermspeciallydue to the wider hydraulic safemarginsof con-
fers (Choat et .al. .2012)We also hypothesize thakes that died during a specific mortality event will

show higher juvenilgrowth rategshansurviving treegBigler 201§.

Materials and Methods

Treering width database

We compiledstreging width data(RW; mm)from 58 publishedand unpublishedtudiesdealing with
tree growth and'mortalitgnd thasatisfed the following constraints:1) mortality wasmainly induced
by stressand=not by abrupt abiotidisturbances such as windthrgfive or floodingthat may Kkill trees
irrespective.of‘their vitality and growtfbut seeNesnith et al. 2015)(2) both dying and surviving
treeswere growingtogether athe samesite; and(3) all individual chronologietiadbeen successfully
crossdated.Overall, the dataset analyzed here includ®¥@ dead and,424 living trees growingt
190 sites mostly“in North America and Europe in the boreal, temperate anénéedian biomes-(g.
1; Table 1; seexdetails in Appendsd).

The sampling approactiaried widely across studie$reering datawerederived from cores or cross
sections taken.at.different sampling heights, from the basighometersof height.At 30 sites (5.8%

of the site} treering data were only available for the eunost rings (i.e., partial data&stimaes of
cambial ge andmeasures of tree diameter at breast hdipBiH) at the time ofcoring were missing
for 58 (30.5%) an@1 (11.26) sites, respectively, whialendes these data inappropriate four an&
yses.Trees can die during the growing seabeforering formation iscomplete which induces amt
complete outermost ring. As the precise (k#rmual) timing of tree death was not available, we did
not consider the last ring of the dead tr@d® year of dath was defined as the yeafrformation of

the outermost ring, and considered as a pfokyBigler & Rigling 2013. At thesite scale, tree motta
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284 ity could besynchronougqall events occurring imneyear), or spread in time over many years (the

285 maximum range being > 100 years; Apperfsix

286 A total of 36 species were included in the database, wbateredseveralgymnosperm and anm

287  spermfamilies although our dataset mainly included gymnosperms (@tte specieand 86%of the

288  site9, with Pinaceadeingthe most representddmily in terms of the number of species and sites
289 sampled followed by FagaceaeSpecies lifehistory strategies were characterized using two sets of
290 shadeand droughttoleranceindices derived from Niinemets and Valimes (2006) and from the
291  ForClim dynamic vegetation modeBygmann 1996details in AppendixS2). In addition species
292  structuraltraits’ sueh as woodensity (Chave et al. 2009), total and axial parench{iR@driguez-
293  Calcerrada etal*201Morris et al. 2015 Huber value (ratio of conducting xylem area per supported
294 leaf area;Xylem Functional Traits Database; Choat et al. 20 well as speciesiydraulic safety
295  margin (differenee=between mimiom seasonal water potential eseired in the field and theater

296  potential causingg0% loss of xylem conductivityn the stem Choat et al. 20)2were used to

297  characterizespecies responsé&s drought $eeAppendixS?2).
298  Growthpatterns before mortality

299  We assumedhat all deaths observefibr each speciewithin a givensite and a givemortality year
300 were consequences of the samertality processyhile deathghat differedin time could be theesult
301 of separate process&onsequently, growth patterns were analyfoedeachcombination speciesite,
302 andmortalitygyear hereaftereferred toas a‘mortality event”.Because of theariable methodologies
303 used across sit¢see above)ye standardizedhe dateamong studiefo betterdetect consistergrowth
304 patterns Frst, for eachmortality event(m) we calculatedannual gowth ratis (@m) between trees that
305 died dying treeand conspecifictrees that survivethat specific mortality evensurviving tre¢ for
306 their entire“lifespamp to the mortality yeagBerdanier and Clark 201&ig. 2). A gm <1 for a given
307 yearindicatedthatdyingtrees had lower growth rates thsurviving ones. Analyzinthis variablewas
308 usefulto quantifyrelative changgin growth rate over time which are better linked with mortality
309 probability than absolute growth rat@as et al. 2015), but also to remove potentialdsdse to di-
310 ferences imamplingschemes among studi@Sailleret et al2016).Second,@ maximize sample size,
311  gm Were calculated using RW dath496mortality events RW datacapture geometric argize effects
312 (Bowman et al. 2013hat must be removed by adequate data standardizatios, We only consd-
313  eredsurviving trees witha DBH similar to the dying tree measured aa givenmortality year(x 2.5

314 cm). In cass wherenoneof the surviving trees fulfill ed this condition, the correspondingortality
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eventwas discarde123 events were not consideredjhen not measured in the original study, DBH

was estimated asvice the sumof all previous ringwidth measumments Direct age effects were not
considered here assuming that senescence only marginally affects tree function (Mencuccini et al.
2014).Finally, to assess théependencyf the resultdo the growth data used, valueswere also
cdculated using basal araeciement (BAI; mrf) for trees whose DBH was measufé@00mortality

events.

For each of thegg time-series, wecalculated(1) the growthratio for the year before deatty ; f for

final), and(2).the duration of the continuous period witlga< 1 before tree deathl{g<1m ; in case of

Orm < 1) or the duration of the continuous period witly,a> 1 beforetree deati(4¢g=1m ; in case of

Oim > 1 (cf. Fig..2).

Early growth'rate

At each site for.which tree cambial age was availablejm@stdad of focusing on growth patteiper

se we analyzed the ratio in mean RW calculatedthe first 50 years of each tree’s life between trees
that died and trees that survived a given mortality e(@pt,). A 50 years period has been used in
previous studies linkingongevity with growth rates during this period (see Bigler 2846 Ireland et
al. 2014. To standardize the data and remage effectspnly survving trees with an age comparable
to the ¢ying onewere sampled+ 2 year$. When nosurviving treefulfilled this criterion,the core-
spondingmortality-eventwasnot consideredThis approach has the advantage of usinggttosvth n-
formation fromsurviving trees. Howeverasspeciesspecific relationships between early growth rates
and mortality“risk"can be affected byethodologicathoices (Bigler 2016)we also asessa than (i)

by varying the number of years usemcalculate early mean R\(Appendix S3J, (ii) using different
age windows_to sampkurviving treesorresponding teach dead on@ppendix S4), andiii) with a
method that is_ more commonly used, i.e., by comparing ribetig rate and longevity ofdeadtrees

only (Appendix=S5).
Designation of the main factors that triggered mortality

Thetwo mger sources of mortality were determinkxl each site based on the expert assessment of the
authors of each study, normally combining climatic analyses, growth and mortalitamidthe pres-
ence/absence of biotic agenfor the present study, we grouped mortality sources into four groups:
‘drought’, ‘biotic’, ‘drought andbiotic’, and ‘others. The first group corresponde drought-induced
mortality caused by a single or several drought events without obvious impact of biotic. dd¢ents
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345  group biotic’ includes sites in which mortalitywas induced primarily by biotic factongicluding bark
346  beetle outbreak intense leaf or butierbivory by insectsand/or fungl infection In the third group,
347 the impact obiotic agentgincluding mistletos and woodborer3 wasassociateavith drought.Find-
348 ly, the group ‘othersincluded snowreak frost eventshigh competition intensity, anchses in which
349  mortality was_induced by a combination of causes without a clear preponderatingofactonply,
350 where mortality causes wenet specified.The proportion omortality eventsvasuniformly distribut-
351 ed among theserfour classesging from 31.4% to 22.2% for the groups ‘others’ and ‘drougét’, r

352  spectively (Table 1).
353  Statistical analyses

354  As thefrequencydistributiors of gr, andgsom Wereright-skewedand longtailed, i.e.,most of the vl

355 ues ranged betweenabd 2 but values exceeding 100rev@ossible when RW values of living trees ~
356 0.01lmm andasthe distribution ind¢,, was not normalwe analyzd median rather than mean values
357  for interpreting “average” growth patternBo explore how growth varialdeliffered amongspecies

358 groups (gymnosperms vs. angiosperarsd mortality sources (drought, drought dnatic, biotic, oth-

359 ers), wefitted ageneralized linear mixed model for,, andtwo linear mixed modelr gt m andgsopm,

360 considering. these. categorical components as fixed effects. The vamgphlesd gsom were log

361 transformed to better satisfy normaliy the residualsandwe used a Poisson modgith a loglink

362 functionfor dtmassthis response variablepresentsountdata(see Bolker et al. 2008)\s these vaa-

363 bles may change amomsgecies and sites irrespective of the fixed effects, random effectestenat-

364 ed for the intercept'withsite as grouping factor.

365 The variation among sites was moi@aminedtself as we lack specific information on their environten
366 (e.g.,climate, soll, forest type). dWever,aggregating the conditional means of the generalized and
367 linear mixed modeldy species allowedor estimatingthe variation ingrowth variables within and
368 among speeciege:g., with species drought tolerande®spective of theigroup and of the mortality

369  sourceAs data orife history andstructural traits weraot available for every species, these variables
370  were not included as fixed effects in the models to avoid loss of statistical power. Interactions among
371  speciegyroupsand mortality sources were not considerethe final modelsasmodelfit wasreduced

372 in their presencéhigher AIC, Akaike Information Criterion)ypedll chi-squaresand typell sum of

373  squaresvariance analysewere used to estimate the respective impact of spgoiegp and sourceof

374  mortality on 4ty as well aon gim andgsom, respectivelyCoeticients of determination were used to
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assess the percent contributiofixafd effects alone (R ? marginal) and botfixed and random effects

(R? conditional)for explainingthe variability ingrowth patternéNakagawa &Schielzeth, 2013).

Finally, resampling procedures were used to assess the dependency of mixed models estimeates to
properties of the calibration dataset and¢oountfor the heterogeneity in the number of mortality
events per site and per species. For each spe@asandomly sampled 21 or 17 mortality evente-(m
dians in the database for recent and early growth rates, respectivalygpldcement. Depending on

the species, thesinfermation from a given mortality event could be eitherateglizhen sample size
was lowe.g., forNothofagus dombelyior excluded (e.g., f@uercus rubra This sampling procedure
was repeated 500 times and mixeftects models were fitted to each of these 500 datasets. With this
approach, each _species has the same weight in the calibration dataset and contributes to the same exter
to the model @stimate8Ve also generated 500 different datasets with a bootstsgngling ap-

proach. h that casethe number of mortdy events wa identical to the original dataset but they were
randomly selected with replacement, irrespective of the site or spdoxesl modelditting and sele-

tion, and varianceranalyses wegrerformed using the paages Ime4 ImerTest MuMIn, andcar of the

opensourcesoftwareR (R Development Core Teag015.

Results

Change in‘growth-rates before mortality

In 83.9% of the mortality eventdying treesshowed reduced growth ratesor to deathcompared to
survivingtrees(@rm< 1). This reductiorwas frequenthsubstantial and lastifor many yeargFig. 3a).
On averaggegrowth of dying treesin the year before mortalitfg: ) was ca40% of thegrowth ofsur-
viving treeswith a similar DBH (median inRW g;m = 0.42), butg:» was highly variablemongmor-
tality events(Fig. 4. The distributionof g:m was rightskewed with highest frequencies between 0.1
and 0.3 (Fig4).anddid not significantly changwith the approach used to samplevivingtrees (A-
pendixS6). The. duration of the period with reduced growfldying trees {z74<1m) Was highly variable
from 1 to 100«years in 96% of the mortality evergad followed a exponentialike probability
density function.with a median of 19 years. Around 17% of the mortality esbotsed adtg<; < 5
years and 15%showed a decline period > 50 yea&milar results were obtained using BAI data
(Appendix S7), but medianvalues ofgsm (0.39) anddzyg<1m (18 yearswereslightly lower than with
RW data Finally, in 241 mortality event16.1%), dying trees had higher RW thaurviving ones the
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year before deatlg(m > 1). For these mortality eventsthe increase in growth wasuch morerecent

as the mediaof 4tg1 m Was4 years (Fig. 4).
Differences in growth patterns before mortality across spegi@gps andnortality sources

The variation ingsm and4¢, washigh within speciegroups andnortality groupswith the same order
of magnitudeasthe variation wihin species and sitgguantile coefficients of dispersion; Appendix
S8. As a consequence, the fixed effects considered imgéheralized and linear mixed models-
plainedonly a smallpart of the variance ig;m and4¢m (R* marginal= 0.06 and 0.03, respectivly
howeversignificant differences anmg species groupsnd mortality sourcesould bedetected Table
2). Intersite variability explained a larger part of the variafieé conditional= 0.18 and 0.26that
could be related with intespecific differences in shade and drought tolerance (wi@ties group
Resultsof thegeneralized and linear mixed modelsre consistentegardless ofhe data sourceRW
or BAI data AppendixS9), regardless of the properties of the calibration dataset in terths distr-
bution of mortality events per site angeies (Table 2 and Appendix §l@ndregardless of whether

dying treesweregroupedper mortality yeaor not (AppendixS1]).

In case ofdroughtinduced mortality the medianin RW g;m andA4¢, predicted by thenixed effect
models vas0:42and 19years, respectively (Figa} identical to the values obtained when considering
all sources of meortalityRelative to cases in which drought was the main source of mori&lityand
Orm did not significantly differ when droughtas associatedith biotic agents Growth reductions,
however, tended to be shorter and more intense (ldweand highery;m, respectively, when trees
were Killed bybiotic agentsalone (p<0.1Table 2)and particularly,when trees were attacked by bark
beetles 1§<0.05; AppendixS12. Trees that diedecause of other facto{scluding interindividual
competitior) showed thdongestand strongest period of reduced growth before demédictedmed-

an indty, ="24yearsand ing:,, = 0.29 Fig. 53 Table 3.

Considering all_sources of mortality, the period with reduced grevethlonger and the associated
reduction in growth was stronger fggmnosperms than fangiospermgpredictedmediansit, = 22
and 16 years,angt ,, = 0.41 and 0.53, respectiveljable 2 Fig. 5, and to a lower extentfor ‘non-
Quercus angiospermgelative toQuercusspecies (Appendix S)3interestingly, this trenaccurred
whatever the mortality sourcas there was nsignificant interacttn between the effects of sges

groupand mortality source (higher Al@f the mixed models when interactions were included).

Species characteristics associated with growth patterns before mortality
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At the specieslevel, long-term reductios in growth (high4¢,) were mainly observed foshade-
tolerant angiospermsshade-and drought tolerant gymnospermsgymnospermswith low wood
density, and species witha low amount of wood parenchyma dgspecially axial parenchyma for
angiospermstay parenchyma for gymnosperm@jable 3a). Results were similar when only drought
induced mortality swas considered. In this ¢aggmnosperms witha low Huber valuewere also
characterizedbylong-term growth reductions befooetality (Table D).

Strong reductions in growth beforeatle (low g:n) were detected fospecies with a low amount of
wood parenchymafor shadetolerant angiospermsndfor specieswith high hydraulic safety margin
(Table 3a).ln"case of droughhduced mortality gymnosperms with low Huber values had also
stronger growthereduction3 éble 3b) The relationship between,, and species drought tolerangas
inconsistentas opposite trends were found for gymnosperms and angiosaedmssults diffexd de-
pendingon whethertthe tolerance indicesisedwerederived from Niinemets and Valladares (2006) or
from ForClim«(Table 3).

Early growthrates

Dying trees teneldto have lower averaged early growth rate than conspecific survivingespesik
ly whena ghort'time periods usedto calculate meajuvenile growth rate Fig. 3b. Considering the
first 50 years_of-a tree’s lifetime as representativétojuvenile phasethis trend was observad
58.6% of themortality eventdgsom < 1; 361/617) but e mediann gsom Was around 0.9and was

not significantly different from one (p>0.1).

Significant differences among mortality groups wieighlightedby thegeneralized linear mixed rde
els. Early growthsratiowas highest when mortality was caused by drouglohe and lowest wherit
was induced bylrought combinedvith biotic agentsand by other factord hesedifferences were gt
nificant usinggsom(Table 2),andalso by averagingearly growth rate over different tirm@indows
(number of years. fixed across species or as a function of species lifappamdixS3). There was a
tendency towardbkigherearly growth ratidor gymnosperms than angiosperrat this resulivas not
consistentvhenscomparing different approaches to define the early growth ratio (Appendix S3).

Considering all sourssof mortality, gsom Showed a negative relationship wepecies shade tolerance
(both species groupsccording to ForClim’'s parametgrand withwood density andhe hydraulic
safety marginn gymnospermgTable 2). The same trends were observeaase of droughinduced
mortality, while for angiospermgsomwas positively related with their hydraulic safety margin, and
negatively linked with their wood density (Table 3b).
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Discussion

Based on a new traéng width databas&om temperate, boreal and Mediterranean forests anay-
sis shows that'tree mortality is preceded by a growth reductiondih €8 the mortality events, and
supportsour (initial hypothesis, i.e., the decrease in growth before death is most likahgest and
longerfor various stresgolerant gymnosperms than some angiosperms, and also lehgertrees are
affected byrepeatedmild, butgradually increasing environmental stress such as sheatimgrthanby

a severattack ofbiotic agents.
Generalgrowth patterns before mortality

Our synthesis supporthat dying treescommonlyshowlower growth rategrior to deaththan surviv-

ing ones @:m < 1). Considering almortality eventsthe decreasie growththe year before death ave
aged~60% (median irgs, ~ 0.4).This substantial growth reduction may have beesrestimated &

cause of the reduction in the competitive ability of dying {redsch may have benefited the growth of
surviving individuals Cavin et al. 2018 However this effect was compensatedt least partiallyby

the fact that'the“group of ‘surviving’ trees at a given mortality event may includewtitseseduced
growth that diedshortly after the eventAlthough growthreductiors before mortality are nearly
universal,our results show thahey can be abrupt or graduand the durationof the period with
reduced growth{4¢,) washighly variable rangingfrom 1 to 100 yearsn 96% of the case®verall,

62% of the mortality eventsshowedreducedgrowth 550 years preceding tree deatbnsistent with
previous studies (e.g-5 years irBondLamberty et al. 201,46-12 years in Wykoff and Clark 2002;

10-15 years gn~Ogle et al. 2000; ~15 years in Camarero et al. 2015; ~30 years in Macalady and
Bugmann 2014) These resultzonfirm that trees can survive a long time with low growth, and
emphasizeéhe role of accumulated stress or slagting processes (e.g., competition) in tree mortality
(Das et al. 2008However, it is noticeable that 18% of themortality eventstrees died after a fagt

5 years)growth decline incomparison to trees that survived, highlighting quick tree responses to
intense stresdn 19% of themortality eventstrees diedafter experiencing onlya slight decrease or

even ashortterm increaseén growth (g:m > 0.9) Similar observationsreratherrare in the literature

(but see Ferrenberg et al. 2014; Rowland et al. 2015; Berdanier and Clark 2016; Herguido e},al. 2016
and indicateeitherthatradialgrowth can be prioritized until the point of death irrespective of emviro
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mental stressor thd stress can bstrong enough to kill trees without any impact on the carbon budget

and its allocation to growth.

In addition to this general pattern, a wide rangegymiwth patternsAt, and gqm) within mortality
sourceswithin speciesand within sitesvas observedrhis variability likely reflects(i) the classifia-

tion of mortality=irto four broad groups, disregarding thmultifactorial characteof mortality in many
cases and the inherent complexity of mortality procegdé=n(et al. 2015; Anderegg et al. 20356i)

the difficult and somewhat arbitrary identification of the sources of nitgrtaid quantification of their
respective role unddield conditions, and (iii}he high spatictemporalheterogeneity imicro-climate,

soil andstandrdensitgonditionsand pressurdrom biotic agentswvithin somesites. Even thougimost

of the variability“in4¢,, andg:m was not explained by the categorical variables considered here (low
variance explained bghe generalized and linear mixed models), the high dimeastygrof the tree

ring databasesinsterms of sample size, diversitgpecies, and mortality causes allowed us to detect
differences ameng these grou@®nsidering that the outputs of theneralized and linear mixed tho
elswere coheremo matter whatnethodologywasused to calculate growth ratioddpendicesS6, S9

and S1), and what calibration dataset was used to fit them (Table 2; App8adijxwe are confident
aboutthe reliability ofour results.

Growth patterns,before mortality vary among sources of mortality

Although a stronger and longer decrease in gragsithr to deathcould be expecteddhendrought was
associated witliotic agentsgrowth patternsinder these conditionsere similarto those fromtrees
undergoing droughonly. This may be the result of two opposite influences of pathogens on the
growth-mortality relationshipsdependingon their role within the mortality spiral (predisposing vs.
contributing facter"Manion 1991). Orthe one handa recurrence omoderatebiotic attacks €.9.,
insectdefoliatorg-and pathogeinfection or parasiteinfestation(e.g., mistletoesr root fung) reduce
carbon, water and nutrient availability individual treesand thusmay reduce their growtlover both
short-and longterm periods and predispose theto subsequent stress factaaad finally tomortality
(Schwarze et al+2003; Hartmann and Messier 2008; SanBaessda et al. 2013vlacalady and
Bugmann 2014; Oliva et al. 201L9On the other handnassivensect outbreaks may lead fastertree
deaththat is largelydecoupled fromgrowth.Consistent with that interpretatipothe decrease in growth
before death was shorter and seralVhenmortality was related tdiotic agentshanby drought, and
was especially lovin case of barlpeetle attack (contributing factorAppendixS12).
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The slower growth signal associated with mortalilmduced bybark-beetle outbreaksnay reflect a
negative effectof carbon allocation to growth rather than defenseon tree survival(growth-
differentiation balancehypothesis; Herms and Mattson 19%hd could beexplaired by several
hypothesesFirst, the disruption of carbohydrate transport due to phloem feeding by bark baetles
xylem occlusion by the fungi they introduce (Hubbard et al. 2013) usuallynma@joe consequencésr
tree functioning, leadng to leaf sheddingand tree deathvithin a few yeargMeddens et al. 2012
Wiley et al. 202§ Secondin the endemic phasbark beetles may not preferentially attack trees with
sow growth Sangues®arreda et al. 201%ut seeMacalady and Bugmann 2014)ut rather trees
with specific size.and/or bark thickness, and with lower defense capacities (lestutgnoduction;
Kane and Kolb_2010; Ferrenberg et al. 20Ihird, considering thatree growthis frequently sink-
driven (Kérner 2019, and thatdefoliation does not increase water strdésg hay actually decreasi
due to lower wholdree transpiration)a single bioticdefoliation eventmay notstrongly affect tree
growth (but see Piper et al. 2015)

Finally, long and strong growth reductions before de@thefoundwhen mortality was caused -

ther drought norbigtic agentsor whenthe causevas notspecified This groupespeciallyincluded
trees that died becauselifih competition intensityconfirmingthat shading can suppress trees for a
long period-beforghey actually die (Abrams and Orwig 1996). However, the effects of shading (and
competition in general) and other stress factors frequently interact (Dag2@i@Myers and Kitajima

2007 and arelifficult to disentangle in field settings.
Low, shorttermgrowth reductiondefore death are momommonn angiosperms

As hypothesizedangiospernspecies and especiallfQuercusspeciesdid not commonly show long
lasting reduced-growth periods befateathbut rather died after a fast decline,emen after ahort-
term increase in"growth before death. contrast, gymnosperm speciesmmonlyshowed longerm

and slow growth reductions before dealimgiospermdaend torecoverquickly from extremeevents
whereas gymnospernisature substantideégacy effectde.g., after droughtAnderegg et al. 2015a)
which may revealthslow butchronicdeterioration otheir carbon balance atgydraulic performance
undergradual,or repeated environmergtess Dickman et al. 201%Pellizzari et al. 2016)This inta-
pretation is consistent with recefimdings showing that reduced NSC concentrations are frequently
associated with drougimduced mortality in gymnosperms but not in angiosperms (Anderegp, et
20163. Higher growth fluctuations in angiosperthsn gymnospermare likelyassociated ta num-

ber of attributes, including: (high growth efficiency (Brodribb et al. 2012) apdoductivity in fertile
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558  conditions (Augusto et al. 201 43ssociateavith lessconservativevater use and higher stomataheo
559  ductancgLin et al. 201%; (ii) higher amount of wood parenchyma thraty serve to increase storage
560 capacity ofNSC andsymplasticwater (Morris et al. 208, Plavcova et al2016),(iii) high capacity to
561 resproutunlike mostspecies irthe Pinaceae family (Zeppel et al. 201®) narrower hydraulic safety
562 margins (Cheat etyal. 2012and possibly, (v)potentialcapacityto refill embolizedxylem conduits
563 (Choat et al. 2012; 2015; but see Mayr et al. 2014 for passive hydraulic recovenyferg. However,
564 because of thesrather small number of angiosperm tree species swgladnowledge that mores
565  searchusing a larger number of species, includirapical angiospermss needed tovalidateour hy-
566  pothesis.

567  Similarly, growth*patterns before death differed among species accddadihgir stress tolerance and
568 resistance and thelatedstructural andunctionaltraits Because of the relatively lomumber ofthe
569  species studied-and the limitadailability of functionaltrait data, the arrelation among traits was not
570 captured bythesunivariate analysis we usétherefore, sufficient care should be taken while inteéfpre
571 ing these resultdNevertheless, wr findings provide some physiological explanationtor the diffe-
572 ences between angiosperms and gymnosperms mentioned &lomggerm, strongreductions in
573 growth before death were mofeequently observedor droughttolerant species- according to
574  ForClim's parameters- with wide hydraulic safety margina low amount ofwood parenchyma, and
575 low Huber valus_ ffor gymnosperms)Shadetolerant specieshowedonger and stronger reductions in
576  growth before“death than intolerant ones, as evident ¢amparing speciespecific tolerance indices
577  derived from_ForClim and Niinemets and Valladares (200&)firming their abilityto survive under
578 shading for a longeriod (Wyckoff and Clark 2002; Wunder et al. 2p(Bespite the probable link
579  between wood density and mortality risk of angiosperms (Anderegg et ak)2@1i6 trait was not

580 associated witlparticulargrowth patterns before death.
581  Noclearintra-specifictrade-off betweerarly growth ratesand longevity

582 Intra-specific tradenffs between growth rateduring the juvenile phase and tree longevity have been
583 observed frequentljor angiosperm and gymnosperm species, whdsitive relationshipfiave been
584 rarelyfounds@lack et al. 2008Ireland et al. 2014Bigler 2016. In our synthesis we did not find iev
585 denceof a consistentradeoff in gymnosperm&nd inangiospermsAppendix S9%. In 58.6% of the
586  mortality eventsdyingtrees had loweearly growth ratesthan surviving onesgéom < 1), especially
587 when mortality was caused by other agemt®y drought and biotic attadckan droughtalone Early

588 investment in rapid growth may provide a strong advantage undeflitigted conditions (e.g., in
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dense standsHowever, as highlighted by thregh gsom valuesin case of droughinduced mortality

and for species with low wood density may constitute a disadvantage under dry conditions, where
investmentinto mechanisms to increase water uptake capacityhgdchulic functionmay be favored.
Similarly, promotiry early growth instead afholetreedefenses may be a disadvantage in caseoef bi
tic attack oninsectdefoliation (Rose et aR009), but our analysis did not fully suppthis hypothesis.

As reported by Bigler (2016), methodological aspeelated tothe experimental design and tksem-
pling strategy may explain differences in the relationship between early grateth and longevity
among sites; species or studies. In our datalmasst, of thesamplesdid not cover large gradients of
early growth andlifespan (e.g. very old trees or very rapidly/slowly growing trees are issangy
because of theelatively lownumber of dead ¢&es ateach site and for each species (Apper&ix
Thus, the lack otonsistent tradeff between early growth rates and longevity, and the lackrohg
differences ameng species and mortality souotserved in ousynthesis likelyreflectshigh variabi-
ity in sampling=@esign among sites, and highlights the need for further research on thsnintppic.
Our results show thatdial growth reductions beforeee mortalityare nearly universal. However
their magnitude and the corresparglgrowtihmortality relationships variedmong sources of mortal
ty, between gymnasperms and angiosperms, and among species. These diff@gelgssipport our
initial hypothesis.angiospermsirees attacked bybark beetls or stresssensitive species (e.g., with
narrow hydraulic.safety margins) typically shemshoriterm growthdeclineprior to mortality while
longdastinggrowth'reductios tend to occur igymnospermsstresstolerant species anaday indicate
a longterm (chronic)deterioration of the carboand water economie©ur analyse show thatthe
temporal changes in growth level before deatly provide useful insightsito the mechanisms unde
lying tree martality, and itsomplex, multiscale process In addition, ourresultshave strong impi-
caions for the.use.of growth data as early warning signal of mortalityfanthe simulationof tree
mortality in.dynanic vegetation modelsSpecies or functional type specific gowth-based mortality
algorithmsmay“be powerful for predictingiortality induced by multannual stresfactors and fae-
castinggymnosperm death. Howevdor angiosperms and in case of intense drought or-lbeekle
outbreaksgrowth-based algorithms are unlikely to be predictive, and must be complemented by phys

ologicalandbr anatomical information.
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Appendix S13 Summary of the fittedhixed effect models fotzm, grm andgso m for which the class

‘angisperms’ was divided into two groups: ‘Quercus’ and ‘@arercus’ species.

Tables

Table 1 Main characteristics of the tremg databaséring-width data) compiled from 58 published
papers and unpublished data (Appendix S1), showing details about the number of species and si
studied, the number of mortality events and the number of dying and surviving trees by graump of m
tality source./Note that we also considered ‘surviving’ information from dying (vélesn they were

still alive); thussthe number of ‘surviving’ sets of information is larger thamtimaber of surviving

trees.
Drought + Biotic
Drought o Others
Biotic agents
_ angiosperms 6 3 2 3
species
gymnosperms 12 6 9
_ angiosperms 10 9 4 4
sites
gymnosperms 65 28 43 27
mortality angiosperms 31 93 25 103
events gymnosperms 301 252 318 373
_ angiosperms 151 160 86 191
dying trees
gymnosperms 564 455 570 793
surviving angiosperms 143 565 354 293
trees gymnosperms 646 629 658 936

Table 2 Summary of the fitted generalized and lingaxed effect model$or the duration of the per

od with reduced/increased growth before dedth)( the growth rate of dying trees relatite survi-

ing trees the'year before dedth), andthe growth ratio calculated for the first 50 years of each tree’s
life (gsom). All variableswere calculated using ringidth data (RW). A Poisson model was used for
Atm While linear models were fitted tog-transformed): ,, andgsom values.

Top For4tm, chissquare values and significance levai$he chi-squardestsof thevariableeffectsare
shown, which were derived from tylevariance analysisSum of squares and significance levefs
thevariableeffectson g: ,m, andgsom Were calculated usingpe-1ll variance analysis.
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914
915
916
917
918
919
920
921
922
923

924

925

926

927

928

929

Center Estimates of regression coefficients, fiigmice levels (in brackets), and 95% confidence i n-

tervals of regressionoeticients (in square brackets). The intercept corresponds to the reference spe-

cies group (angiosperms) and the reference mortality source (drought). Confitencas were da
culated based omixed effect models fitted t600 differentdatasets geneted using a random sample
of 21 or 17_mortality events per species with replacement (medians in the database for recent and early

growth ratiosgrespectively).

Bottom R? marginal-and Rconditional indicate the variance explainefixey effects and by bo th

fixed and random effects, respectively.
(ns)not significant; (*)P < 0.1; *P < 0.05; **P < 0.01; **P < 0.001

n: number of'mortality events considered in each model. d.f.: degrees of freedom

Duration of the period
with reduced/increase(
growth dty,; Chi Sq.)

Growth ratio the
] year before death

(9rm; Sum Sq.)

Early growth ratio

(9s0m; Sum Sq.)

RW, n=1496 log(RW), n=1496 log(RW), n=617
Species group (d.f. = 1) 9.33 ** 5.60 ** 0.25 (ns)
Mortality group (di.f. = 3) 9.67 * 19.26 *** 1.58 *
Intercept 2.43 *** -0.62 *** 0.02 (ns)

[2.09 — 2.52] [-0.70 — -0.38] [-0.08 - 0.11]
Gymnosperms 0.57 ** -0.28 ** 0.09 (ns)

[0.28 — 0.71] [-0.47 — -0.17] [-0.01 - 0.18]
Drought -Biotic 0.08 (ns) 0.13 (ns) -0.21 **
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930

[-0.21 — 0.47] [-0.14 — 0.29] [-0.29 — -0.07]
Biotic agents -0.30 (*) 0.22 * -0.10 (ns)
[-0.51 — 0.10] [0.02 — 0.44] [-0.17 — 0.01]
Others 0.31 (%) -0.28 ** -0.21*
[0.00 — 0.68] [-0.53 — -0.09] [-0.36 — -0.06]
R marginal 0.03 0.06 0.03
R? conditional 0.26 0.18 0.22
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931  Table 3 Summary of the relationships betweém, grm andgsom and species characteristics (sign in brackadjsted R andsignifi-

932 cance of the relationship) for angiosperms (A.) and gymnosperms (G.). For eaelsspedfic variable, linear models were fitted to the

933 condtional-means (random effect of the site aggregated by species) of the generalized and linear deked;maandgsom were log

934 transformed. Models were not fitted (NA) when data were available for fewer than 4 spbcEseties

935  Significant relationships are in bold. (*)P < 0.1; *P < 0.05; **P < 0.01; *P < 0.0Q01négative relationship; (+): positive relationship.

936 The hydraulic safety margin was measuredater potential corresponding to 50% loss of xylem conductivity. Drought and shade tolerance
937 parameters (DrTol and ShTol) were available from Niinemets\ailadares (2006; NV06) and from the ForClim forest model (Bugmann
938 1996; FC)
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Duration of the period

Growth ratio the year

Early growth ratio

(a) All mortality sources | nb. species | with reduced/increased before death nb. species
growth {t,; RW) (grm; log RW) (gs0,m; log RW)
A G. A. G. A. G. A. G. A. G.
Huber.Value 4 10 0.05 -0.01 0.04 (+)0.03 * 2 7 NA 0.01
Hydraulicisafety margin 12 0.01 -0.01 ()0.19* | (-)0.03* 5 8 -0.08 (-) 0.06 *
Wood-density 12 20 -0.05 (-) 0.07 *** -0.05 -0.01 6 14 0.01 (-) 0.03 (*)
Total parenchyma 7 12 0.02 (-)0.04* | (+)0.42**| (+)0.05 ** 4 8 0.13 -0.02
Axial parenchyma 7 3 (-)0.17 (*) NA (+) 0.48 ** NA 4 8 -0.06 -0.01
DrTol_NV06 10 20 -0.04 -0.01 (+) 0.30 ** -0.01 4 13 0.07 -0.01
DrTol=FC 12 15 -0.03 (+) 0.01 (* -0.05 -0.01 6 11 -0.08 0.00
ShTol™NV06 10 20 (+)0.20* | (+)0.01 (*)| () 0.32* -0.00 4 13 0.01 -0.01
ShTol FC 12 15 -0.01 (+) 0.02(*) | (-) 0.28 ** -0.00 6 10 -0.21 (¥ (-) 0.06 *
Duration of the period Growth ratio the year _
(b) Drought-related _ , ] _ Early growth ratio
moktality nb. species | with reduced/increased before death nb. species (Gsom —log RW)
growth @tm; RW) (g m; log RW)
A. G. A. G. A. G. A. G. A. G.
Huber Value 3 NA (-) 0.25 *** NA (+) 0.08 * 2 4 NA -0.02
Hydraulicisafety margin 5 -0.06 -0.00 -0.07 (-) 0.03 (* 4 7 (+)0.36* | (-)0.11*
Wood density 9 12 -0.06 (-) 0.12 *** 0.05 0.00 4 9 (-) 0.40* | (-) 0.26 ***
Total parenchyma 5 -0.06 (-) 0.29 *** 0.00 (+) 0.21 **) 3 4 NA -0.00
Axial parenchyma 5 (-)0.32* NA (+) 0.74 *** NA 3 4 NA (-)0.18*
DrTol_NVO06 7 11 -0.07 -0.01 (+) 0.27 * -0.01 3 8 NA (-) 0.05 (*)
DrTol_FC 9 8 0.04 (+) 0.15 **= 0.02 (-) 0.11 ** 4 6 0.05 -0.02
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Figures caption

Figure 1. Geographical distribution of the sites included in the-theg database. Sites with similar
species and mortality source in close geographic proximity (differenegitude and longitude lower
than 1°) were pooled to improve the clarity of the map; thus the number of symbols does nat equal t

the number of sites considered here.

Figure 2. Example of timeseries in growth ratidefore mortality (dying / surviving trees) calculated

for Quercus petraefrees growing at the site ‘Runcu’ (Romania; Petritan et al. unpublished dataset) for
three different'mortality events (1: 2009; 2: 2000; 3: 2010). The duration of the peitocediiced or
increased growth before deatifvd<; m and4zg-1m respectively,n arrows), and the growth ratio the

year before deatfu; ) wereused to quantify recent changes in growth rates.

Figure 3: (a) Temporal change in growth ratio between dying and surviving trees before tynatali
(b) ontogenetic change in growth rat@alculated using ringvidth data (RW) and considering all mo
tality events. Shaded areas represent the 95% confidence intervals of thesnfieain bootstrapping

(1000 re-samplings).

Figure 4: Distribution of theduration of the period with reduced or increased growth before death (a;
Aty<1,m anddtgssmprespectively), anthe growth ratio the year before deéthgrm) and both variables

(b) calculated using ringiidth data. Moving from blue to yellow to red indicates increasing density of
mortality events."Red dotted lines plotted on histograms represent median valued{ yearsg: =
0.42).

Figure 5: Differenges in the distribution of the growth ratio the year before dggtandthe duration
of the period with'reduced or increased grogth) predicted by th@eneralized and linear mixed oho
elsamong groups of mortality sources (Fig. 5a) and between angiosperms and gymnosjgershs. (Fi
50% of the values,are included in the convex polygons (bags) whose center (median) istegpbgse

the lage dots:
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