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Abstract

Plant species‘aboveground allometry can be viewed as a functional trait that reflects the

evolutionary tradeff between aboveand belowground resources. In forest trees,
allometry_is related to productivity and resilience in different environmemg it is
tightly connected witta compromisebetween efficiencygafety and competitive ability
A betterrunderstanding on how this trait varies within and across speciesca to
determine the potential of a species/populationptform along environmental
gradients. We) followed a hierarchical frameworkto assesstree heightdiameter
allometry variationwithin and acrossfour common Europearinus species Tree
heightdiameter allometry variation was function of solely geneticcomponents —
approximatedby either population effects or clinal geographic responsesf the
population’s _site of origin, anddifferential geneticplastic responsesapproximated by
the interactionbetween populations and two climatic variables of ghewing sites,
(temperature angrecipitation}-. Our results suggest thait the species levellimate of
the growing site setthe tree heightliameter allomeyr of xeric and mesic species
(Pinus halepensis, P. pinaster and P. nigapartfrom theborealspeciesP®. sylvestri},
suggesting a weak signal of their phylogenies in the tree haigimeter allometry
variation. Moreoveraccounting for intepopulation variability within speciefor the
four pine specieaidedto: (i) detect genetic differences among populatiorelometry
variation, which inP. nigraandP. pinastemwere linked tagene poolsgenetic diversity
measurements (ii) reveal the presence of differential genetigriation in plastic
responsestalong two climatic gradients in tree allometry variatidh. $glvestriandP.
nigra, genetic variation was the result of adaptive patterns to climate, whiBt in
pinasterand P. halepensisthis signal was either weaker or absent, respectiaig
(i) deteet alocal adaptatiorresponse in thexponent of te tree heightliameter
allometryrelationship in two out the four specidx gylvestriandP.nigra), as it was a
function of populations’latitude and altitude variable®ur findings suggest that the
four species have been subjected to diffetastorical and climatic constraints that
might have driven their aboveground allometry and prechdifferent life strategies.
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| ntr oduction

Aboveground: allometrys considered a functional trait thiiks the changes in total
height to those Istem diameteandreflects the evolutionary outcome ant species
dynamics for abovand belowground resources (Hallé, Oldeman & Tomlinson 1978;
King 1996) Both height and stem diametaretightly associatedavith species foraging
and resource allocation strate@hilman 1988; Poorteet al. 2012) while tree height
reflects/astrategy for securing carbgnmofit via light capturgMoleset al. 2009),stem
diameter is_closely related to mechanical support and wabsorbing capacity
(McMahon 1973; Niklas 1993; Bullock 20004 finite set of allometric outcomeis
then expeectable, due to tradfs in plant allocation strategies along resource gradients
(sensuTilman,(1988) or biomechanical and hydraulic constraifésg.Ryan & Yoder
1997; Chavet al.2005; Makela & Valentine 2006)

Tree heightdiameter allometry has profound effects on species fithess and
consequently on ecosystem structureoltrelateswith bioclimatic variablege.g.Aiba
& Kohyama 1996; LopeSerrancet al. 2005; Kinget al. 2006), anccan change along
biotic and abiotic gradientsuch aghose fortemperature, aridity and competiti¢e.g.
Banin et al., 2012; Lines et al., 201Bpwever, ntraspecific variation in allometry has
usually been neglected and most studies have focused either on the species level or on
the broad geographical scal@dpez-Serrancet al. 2005; Chaveet al. 2005; Dietze,
Wolosin&=Clark 2008; Poortest al. 2012; Lineset al. 2012 but seeVieilledentet al.
2010;.Pretzsech & Dieler 2012hat considered individual variabilityYhe extent and
patternsof-variation ininter-population genetién tree heighidiameter allometrstill
remains unclearThose patterns could kes a result ofadaptive or neutral genetic
processessuch as past events e.g. migration, bottlenecks, drift,agtdifferent scales
(species, population or individuabf plastic responses to the environment, orahy
combirationsw of them Consequently, aboveground allometry emerges as a
comprehensive and integrative trait in which the patterallotationvariation within
speciescould be driven byclimate and intepopulation genetiovariation. A deep

understandingf thes interconnected levels of variability (species and populations) in
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tree heighidiameter allometry is necessary to forecast the full potential of tree species
to adaptandbr evolve under climate change conditions (Begnito-Garzénet al. 2011;
Valladareset al. 2014).

Common gardem experimentsare established foresing genetic differences
among=populationgrown under similar environmealtconditionsand generatealuable
informationfor.the study ointraspecific genetic variatiofe.g.Matyas 1996; Albertet
al. 2013)."Multi=locality common gardensadditionally, allow studyng phenotypic
plastic responses along environmental gradiesmsl toidentify genetic variation on
them(i.e._populatiorenvironment interactiorgndthe adaptive valuef those responses
as well(i.e. correlations between the growing environments and local environments of
population’sarigin).

In“this"study,we usedotal height andstem diameterover bark- measured in
multi-locality common garden teste assessllometry relationships fothe four most
planted Europeapine speciesPinussylvestrisL., P. nigra Arnold, P. pinasterAiton
andP. halepensidMiller. The first two specied?( sylvestriandP. nigra) belong tothe
Pinus subsection that corresponds to Eurasian piaadithe last two specie® the
Pinastersubsectiornwhich relatesto Mediterranean pinesAccordingly, hese species
displaydifferentiateddemographic backgrounds and genetic compositiesultingn a
predictablepattern along temperature and water availability gradients across Europe
(Richardson 1998; Tapiad al.2004; Sotaet al. 2010).We implemenéda flexible log
linear modeltaking into consideratioeachspecies’populationorigin and associated
geographic characteristicko account forintraspecific genetic variatior), and the
climatic'characteristicof the growing site (to account forthe amongsite variation.
Correspondingly we testedthree hypotheses (i) the patterns of dightdiameter
allometry variationin pinesare driven by boththe species anthe iner-population
variation (i) at the species levelree allometry will vary depending on the climatic
characteristies of the species, and spbcigith marked differences amorigurasian an
Mediterranean specig§ii) inter-populationvariation in allometrycould be the result of
adaptatien’ tolocal environments-namely climateandbr geographical variables of
populations’,site of origi— orhistoricalevents that took place in the past of the species
Testing these hypothesedl allow us to understandhe underlying abiotidrivers that
shapeallometry variationat two interconnected levelspecies angopulationsand to
identify the class ofadaptive responses if existentUnderstanohg phenotypic
integration of tree species responseafong abiotic conditions could then assist
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forecasing the performanceof forestspeciesand populationsn the context of global

warming

Methods

Plant material and common garden provenatests

Aboveground allometry was measured nmulti-locality common garderprovenance
testslocated«in Spairor four pines species?inus sylvestrisP. nigra P. pinasterand

P. halepensisPopulationdrom the distribution range of the species, mostly from the
Iberian PeninsulgSpain and Portugalyvere sampled by collecting seed |atsm at
least 25 mother treesith a 50-meterseparatiordistance. Plants originating from the
seedotswerecollected in different populatior{®2 for P. sylvestris23for P. nigra 52
for P. pinasterand 56 forP. halepensis and established in comparativeommon
garden jprovenanceests for each speciesF{g. 1 and see Table S1 in Supporting
Information).

Measurementeere collected at 11 + 1 years of agepending on theommon
garden (tesisfor two variables height (total heightin cm, measured with a pole) and
dbh (diameter at breast heigft30 cm] in mm, measured with aalipel). A common
age was"chosen to minimize species differences along their ontoeipez-Serrano
et al.2005) and avoid confusion of allometric changes due to size, known as ‘passive
or apparent plasticity(Wright & Mcconnaughay 2002)NVe alsoselected a young age
to minimize inter-populationcompetition effects in the experimental design. A previous
studyusingrthe samexperiment setups in the present reseaid na find eitherinter
or intra pepulation competitioaffects in anyof the two variablesneasuredh{eightand
dbh) in 32yearold P. pinasterindividuals (Alia, Moro & Denis 2001).

Intotal, we used data from853P. sylvestridrees from 22 populationdanted
in 6 sites; 3,644°. nigratrees from 23 populations in 8 sites; 9, ¥ 6pinastertrees
from 54 populations in 4 sites; adgP28P. halepensisrees from 56 populations in 3

sites.

Climatic and geographical data
Each site was characterized by a se#tokclimatic variables: minimum, average and
maximum mean monthly tem@gure minimum and maximunaverageemperature of

the coldest and warmest months and total and seasonal precipiatioe. lacked real
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climate data from weather stations, we estimated these varizsed uporGonzalo-
Jiménes (2010) climatic model for the Iberian Peninsula, with a-kin® spatial
resolution from climate data gathered between 1951 and 1868 Appendix text S1
for further information).

According to both literature and explorat@galyseswe selectedhe subset of
climatic/variablesat the growing sites most relevant to plant allometryor the four
speciesThe selected variables wekdMT (minimum averagetemperature of coldest
month, 2C), and\P (annual precipitation, mm). BoMMT andAP affect physiological
and growth processes of plant species in the Mediterranean region (Thompsgn 2005)
and havebeenconsistently used in previous stud{esy. Wanget al. 2006; O’'Neill &
Nigh 20115 Leiteset al. 2012). Moreover, thee variablespresentedsubstantial
correlationwith heightanddbh variables $ee Tables3). Geographical variablesf the
populations’site of origin, such as latitude, longitude and altitudee surrogates for
environmental conditionse.g.the amount of heat energy received relative to the sun
angle temperature, humidity, arablar radiationandthey carusuallyreflect adaptation
patterns_to.local conditionseeAlberto et al. 2013). dimatic variables of theyrowing
sitesand,geographic variables of the populatiagite of originwerethenstandardized
beforeanalysedo easecomparison amongariablesin the model.

Although the number of growing sites is low (ranging betw&eand8), they
cover most of the naturatlimatic range associated with each species distributional

range, includingontrasting climates (RuiBenitoet al. 2013), 6eeFig. S1).

Statistical models
We estimated tree height as a function of diameter by using three classic allometric
functions_(Linear, Power, and Gompertand two link functions (normal and leg
normal)rand implemented generalized linear models (GLMs). The best allometric model
fitting thesdata was selected using the Deviance Information Criteria(3pi€gelhalter
et al. 2002)-A power function with a lognormal link function was the best model for
two out.ef'the four species, and the second best model for the otherduiesgpee
Table S2)We selected a common allometric model, power function with sdomal
link, for the four species to facilitate parameter comparisons.

Based on this allometric model, we constructed a hierarchicalel (Clark
2005, 2007) These modelaremoreappropriatdo connect and represethe biological
hierarchy of the datae.g.populations within specie3o build the best final model, we
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consideed several variations of thieasicmodel (i.e.in Eq. 1), wherea and ¢ scaling

parametersvere constant and they were estimatedth different combinationsof the

variables associated withe growing site and the origin of populatiaThe best final

model structure was selectedsed on bothiological relevance anithe DIC criterion.
Thefinal modelestimated tree height allometry as a combination of climate at

the growingsite ) and geographic characteristiasthe origin site of the population

().

Considering an individual, from populationp growing in growing site s, its height

diameter allometryvas modeled as:

Likelihood: height~ logNormal Hi, ¢°)

and thefollowing process model:

H =In(a )+ ¢, xdbh Eqg. 1

Ringi) Ri)

where thesealing coefficienin(a, . ') was estimated as:

In(ap(i)ﬁi)):alp"'apr MMT5+ a3pXAPS Eq. 2
and the/scaling exponenq, , was estimated as

Cou=B1 + o X LAT + B3 x ALT, Eq. 3

Tree heighidiameterallometry, therefore,is the outcome result gbopulation
genetic effect on the basal heighparameterized im1p,; plusa genetic(population)
clinal geographical pattern dhe scaling exponent datitude and altitud€s, x LAT,
P3 x ALTp), and of geneticdifferential plastic responge alongtemperatureand or
precipitation gradient®f the growing site @2, x MMTs, a3, X APs). Because all
explanatory_variables were standardized, paramefgrwas the allometric curve’s
intercept.at average climate conditions of across all growing Aitesmmary of model

parameters;.significancand insights that can be assessed on each one is shown in

Figure 2.

Model parameters estimati@nd posthoc comparisons
Parametersawere estimated following a Bayesian approach highly suited for hierarchical
analyses(Gelman & Hill 2007). Each of the population level parametess, was

estimated from a specisvel prior normal distribution, with hyperparametersand

Gur, oc*p~ N (U, 6,+2), estimated from noimformative prior distributions 4+ N (0,
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226 1000) ando.-~Uniform (0, 100). These specikvel parameters spand c.+> would

227  correspondsensustricto to aninter-populationaverage among the studied populations.
228 However, we refer to these parameteegsu latcasrepresentative of a species proxy

229 responseNote that for the scaling coefficient we have referred in Eq. 2 to populations’
230 parametersto enhancemprehension of the full scope of the relationsimgtead of

231 including the species’ parameters

232 Parameterg: were also estimated from namformative prior distributionsg-

233 ~N (0, 1000). Variance associated with the individual random effects was estimated as
234 1/ ~ Gamma (0.01, 0.01). As standard deviation of residual errors around a fitted
235 power function might increase with diameter, we tested whether the residuals were a
236 linear function of diameter, as recommended in Lines et al. (2012). Howawer,

237  residualddid not show this trendso we considered unnecessary to account for diameter

238  size in the estimation of the variance.
239 We-formally testedmarginalsignificantintraspecificgeneticdifferences inoc*p

240 for each speties by computing all pairwise combinations of population differences
241  accountingfori,the 95%credible interval Cl, of the estimated parameter distribution

242  (e.g. intraspecific genetic differences in oc*p = a¥p —o*, . being A and B two

243  populations.of a specific pine specieghile the rest of variablesvere keptto their

244  mean valuesn the range thatis why we refer to these differences ‘agarginal’. Two

245  populations wersignificantly differentif zero was not included in th&edibleinterval

246  around theirdifferenceAdditionally, we quantified théevel of marginalintraspecific

247  genetic/ differencesas the percentage of the total number of significant pairwise
248 comparisons relative to the totaumber of pairwise comparisons within species.
249  Finally, to end the characterization of intraspea@neticvariability within specieswe

250 provided therange of variability among populationgithin speciesas the standard
251  deviationsefe®p, i.€. the set oparameters estimated for each population.

252 Models were run in OpenBUQG@gersion 3.2.2 rev 1063)Thomaset al. 2006).

253  Three chains wereun for ~50,000 iterationsnd parametergonvergence was reached
254  after ~25;000iterations After the burnin period chains were thinned (every 100) to
255 reduce autocorrelatignthen posterior parameter values (mean and 95% credible
256 intervals) were calculated. Plots of predicted vs. observed values were alsto use
257  evaluatemodel fit (unbiased modehaving a slope obne andR? values indicating

258 goodness-ofit). A slope parameter was considered to be statistically significiaern
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259  the 95% credible intervg[Cl) did not include zero. Population level parameters were
260 considered significantly differewhentheir 95% CI did not overlagor the 95%CI

261 around their difference did not include zero).

262

263

264  Speciesadaptive patterns in heigldiameter allometryariation.

265  We testedwhethervariation in theo, parameters wathe result ofneutral and/or
266  adaptiveresponses ttocal environmentsby using two different approachdsirst, to

267 assess the influence of neutral responses*poparametersaf allometry we tested the

268 influence, ofspreviouslydefined gene poolgroupsfor each speciesn o, parameters.

269  Gene pools are proxies of genetic relationships among populations, indicating common
270 demographicior evolutionary factors. Fh sylvestris P. pinasterand P. halepensis

271  gene poolgroupswere defined using molecular markers RobledoArnuncio et al.

272 (2005) and in Bucci et al. (2007) In P. nigra, we lacked information based on

273 molecular.markerdhencepopulations were grouped IsybspeciesOneway ANOVA
274  was used to.detect the existence of association betm*/peparameters and groypnd

275  posthec,comparisons with a HSD Tukey’s tesre employedWhen homogeneity and
276  normality-assumptions were not reachednparametric KruskaWallis test and post
277 hoc comparisons with a Nemenyi tesbrrectedfor ties if necessarywere used
278  Secondyto identify the influence of local environmentsiamely climate and/or
279  geographicalposition of populations’ site of originon tree allometry variation;we
280 tested the existencef climatic or geographical clinedue to local adaptationm

281  phenotypiesplasticityMore specifically, we computed Pearson correlation coefficients

*

282 (p) betweenwa, parametersand climate and geographical characteristick the

283  populations’ site of origin.

284  Results

285  Patterns of Bight-diameteallomety variationacrossand withinspecies

286 Thefour. final models produced unbiased estimatekaightwith high R? of observed
287  vspredicted values(90 inP. sylvestris0.91in P. nigra, 0.85 inP. pinasterand 0.89
288 in P. halepensis

289 Pinus pinastethadthe lowestinterceptvalue,measured byypeparametei,

290 and it did not overlap with the other three specksnigra and P. sylvestrishad
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intermediate but overlapping valueghile P. halepensi®iadthe highest valuanddid
not overlap with any of the othgrine specieg¢Table 1).The intraspecific variability
standard deviationf a1,, also varied among specid¢s. pinasterdisplayed the greatest
valug followed byP. nigra P. sylvestrisandP. halepensigTablel). This intraspecific
variability=ecan also be visualized in Figure S2. Moreovéeré was significant
intraspecific genetic variation in aip in all species, measured bhe number of
significant”pairwise comparisongthin speciegelative to the total numbeP. pinaster
was the species with the highest percentage of significant differeB0ez4 (%;
followed byP. nigra(40.32%),P. sylvestrif31.17%) andP. halepens (17.21%).

TemperaturdMMT) of the growing site influencedtree heightallometry, being
this hypeiparameter i, statistically significant and positive in three out of the four
species and 'significantbut negative inP. sylvestris(Table 1).Moreover we found
evidence of inter-population geneticdifferentiation in phenotypic plasticity to
temperature NIMT) in three outof the four speciegexceptP. halepensis The four
species ' showed some degree of intraspegéieticvariability, P. sylvestridhaving the
greatest._standard deviation, followed By pinaster P. nigra and P. halepensis
Specifically, the levebf significant intraspecifigenetic variatiorvariedaccording to
eachspecies:"ThusP. sylvestrisdisplayed the greatest level of genetic differences in
plasticity in.response t&/IMT (38.10 %)among the populations testddllowed by the
othertwo species?. nigra(9.88%) andP. pinasten9.57%).All these resultshould be
consideredased on th&tal of populations tested:his intraspecific genetigariability
can also be visualized in Figure S3.

Annual precipitation AP) also influenced tredneight allometry.Values for
hypeparameteruys were statistically significant and negative three out the four
species,but positive in P. sylvestris The estimated values fd?. sylvestrisand P.
halepensigdidnot overlapbut the pairs composed . nigraandP. pinaster andP.
pinasterand:P. halepensisdid (Table 1) Similarly, we foundintraspecific genetic
differeneces=in phenotypiplasticity to rainfall (AP) in three outof four speciesthe
exceptionragain being. halepensisFurthermore, the four pine species presented some
degree ofintraspecific variability. P. sylvestrisand P. pinaster presented similar
degrees, followed byr. nigra and P. halepensis(Table 1).The level ofsignificant
intraspecificgenetic variationwas greatest ifP. sylvestris(29.87%),followed by P.
pinaster (3.60%) andP. nigra (2.77%). This intraspecific variability can also be
visualized in Figure S4.
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In three out the four speciedieteffecs of AP on the tree heigkdiameter
relationship and also the intraspecific genetic variabilityvere smaller than those
reported in response tdMT, specifically, betweenca. 2 and 3.5folds greater forP.
nigra, P. halepensiandP. pinaster-in an increasing orderInterestindy, the opposite
effect was-found i. sylvestristhe effect ofAP wasca. 2.5 folds greater thadMT-.

Speciesadaptive patterns in heiglttameter allometryariation
Overall,gwe found that tree height allometry variationwas the result of adaptive
responses to either local environmentSmate and geographical sites of origimr to
past historical events in the demography of spedist, we found a significant
geographicatline, i.e. anassociation between the scaling exponent parangearid
the latitude of origin for twaof the four pne species®. sylvestriandP. nigra), but not
for theothertwo, more xeri¢ species . pinasterandP. halepensis(Table 1).Second,
gene poolgroupsweresignificantlyassociated with;, values just irP. pinasterandP.
nigra (p'<.0.001 and p < 0.0Bespectively)but not in théwo others (Table 2).
Thirdswwe found chiefly stronger local environmentnamely climate and
geographical/position of populations’ site of origiassociations withu,, parameters
compared taxy, andagp. Interestingly,P. halepensisvas theonly species that lacked
any type.drelationship suggesting thenexistence of climate adaptive responsesee
allometry variation Specifically, a1, valueswere significantly correlatedp(< 0.05) to
different climatic variable®f population’ssite of origin (Table 3). P. sylvestriswith
altitude p.=.0.56) and annual precipitatiop € 0.54); P. nigra in general,with
minimum averagemonthly temperature (ranging from= 0.45 to 0.6 and weaker
than the=previous twoP. pinasterwith spring precipitation = 0.28) and mean
temperature=of the warmest month € -0.28). Parametersa,, and oz, were
significantly correlated to climatic variablesmdpulatiors’ sites of origin p < 0.09; P.
sylvestris P. nigraandP. pinasterdisplayingsignificantcorrelationsbetweena.,, and
climate althoughthe associationavere weaker in the last specidsnally, we only
found significant and positive correlationsetween oz, and related temperature
variables inP. sylvestrigTable 3)
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Discussion

We addressedinter-population tree heigkidiameter allometry variation across
precipitation and temperature gradieatgshe four most planted pine species in Spain,
I.e. tree heightliameter allometry variation was accounted at two interconnected levels,
species and-populatioAdditionally, we found thatlocal adaptatiorand past historical
events of the speciegere associated to intpopulation allometry variation, except for

P. halepensisthe most xeric species among the four. We employéikerrchical
approach to better understand tiotributions of the species’ genetic variation, their
demographic_genetibackground and their phenotypic plasticity,their responseso

environmental variability.

Patterns of Bight-diameteallomety variationacrossand withinspecies
This is the first time, to our knowledge, thae patterns of aboveground allometry
across climatic gradientsavebeen described includingtraspecific variation frona
geneticperspective The speciedevel parameters related allomety (hyperparameters
K+ and S« igure 2 did not overlap among specigsmost comparisonseflectingthe
existence okvolutionaryspeciesspecific allocation strategige cope with the current
environment although revealingn unclearassociatiorwith their phylogeny because
P. nigrabehaved more lik€. halepensigandP. pinasterthanlike P. sylvestris
In"general P. sylvestrisshowedthe opposite patterim regardsto aboveground
allometry variation across precipitation and temperature gradieiits respectto the
other three specieé&boveground variation waasomore responsive to changes in the
minimum averagetemperature of the coldest monMMT, than to changes in annual
precipitation, AP (excluding again P. sylvestriz This is contrary to expectation as
Iberian forests are strongly constrained by wadsailability (GémezAparicio et al.
2011; RuizBenitoet al. 2013).We hypothesize that mesic and xeric pine species could
be more=limited by low temperatures than by water shortage, since they may have
developedadaptive mechanism® cope withdrought stress, such usght stomata
controlorspecific wood anatomyraits such ashick cell walls, thick pit membrane,
narrow lumens or different root hydraulic resistandastrebov 1996; Tyree &
Zimmermann 2002; Garcia Estebetral. 2009; Zuccarinit al. 2015) Yet our data did
not allow us toexploreall potential interactionse.g. toocool4too wet; too warrtoo

wetthat are likely to shape evolutionagsponses in thespecies angopulations.
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388 Consisterly with previous studies, in three out of the four pine species, taller
389  heights atgiven sizeare foundunderwarmer conditiongLineset al. 2012) excep for

390 P. sylvestris Warmer conditions during the cold season might allow a higher
391  photosynthetic capacity, resulting in a higher rate of carbon assimi(&@tan & Oren

392 2010)=and=hencealler heightsYet P. sylvestrisshowed the opposite trensljggesting

393 a lack of responsiveness to warmer wintérsimilar result was reported eich &

394 Oleksyn*(2008)n aregional studyin Northern Europe (latitude from 46° to 68). N

395 They observed tha®. sylvestrisresponses to climate differed between northern and
396  southern_populations: while in southern populations height decreased as temperature
397 increased, the opposite was observed in northern populations. It was suggested that, at
398 least for'this)temperafeoreal species, warmer temperatureat its warmer range

399  might ratherenhance heat stress and-imelatced moisture stress than alleviate cold

400 stress.

401 Treesheight allometry variation across the precipitation gradient resulted species
402  specific;and.diverse?. syvestrisis expected to decrease its height at given size under
403  drier conditions, a common pattern found in many parts of the world M&dez

404  Alonzo et al%(2008. Thisvariation has oftetveen attributed to the changing hydraulic
405  structure,of vessels in drougbtoneareasThe @posite however, was observed Br

406  halepensisPeriods of soil moisture saturation and flooding may act as stressors-in arid
407 climate forests by reducing tree heidRibdriguez&onzalezet al. 2010) Also higher

408  precipitation levels in some regions could imply poorer soil quality, because of
409 increased..runoff and nutrient leachinglowever, as we do not have these
410 measurements, we cannot confirm its potential influelmtermediate p&trns in tree

411  allometry=variatiorwere shown foP. pinasterandP. nigra, which displayed negligible

412  variatienaleng the precipitation gradig¢asted. Line®t al. (2012) foundaclear pattern

413  of allometricvariationacrossspecies along thstudiedprecipitation gradientlthough

414  not within species. That finding together with owsggest that tree heighliometry

415 variation could havea very conservative performance across precipitation gradients
416  This latter would be in agreement thesults presenteith Table 1.Here,the estimated

417  credible intervaldor the hyperparameters 1 pinasterandP. nigrawerevery close to

418  containingzera This issomehow reflectinghe almost lack of influence of precipitation

419 on tree heightliameter allometry variation.

420
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Species’ daptive patterns in heigldtiameter allometryariation

According to our findingsjnter-populationtree height allometry variation wathe
result oflocal adapétion (Table 3). In addition, for Pinus nigraand P. pinaster the
demographic historpf the speciesassociated to distinct neutral gene pools was also
important @s they reflect past events along the species’ histasych asgenetic
bottlenecks, founder effects, drittc; Bucci et al. 2007 Sotoet al. 2010; Jaramille
Correaet al. 2015) (Table 2). Thus, inthese two species, gene pool signals correlate
with its allometry—its phenotype, and thereforesuchgene pools could be further used
for the studyyofdifferent evolutionary processes phenotype variatignalthough the
delineated=groups were appreciablifferent comparedto those basedn DNA data
(Afzal-Rafii & Dodd 2007; Buccit al. 2007). Asence othis signal inP. sylvestris
could bepartly explainedby a greater influencéom local environments relative to
species historical backgrounas it is reflected bygignificant correlations between oy

and localpoepulation climate In contrast P. pinasterand P.nigra presented weak
signals ofsadaptatioto climate, specifically in plastic responses to temperakinally,

P. halepensisepreserdd a different casets null degree of genetic variatiom any of

the parametarof the model agrees with the fact that the speciBsiropeanwestern
populatiens are genetically unifor(®otoet al. 2010) due to a relatively recent long
range colonization from its ancestral range in the eastern Mediterraneari@asbet

al. 2009).

The clear latitudinal variation in thecaling exponenparametein P. sylvestris
andP. nigrareveas a consistent regionabrrelation intreeallometryand phdoperiod
Previous'studies along latitudinal gradients have also found a genetic cline otiadapta
(e.g. narthermpopulations sebuds andhardenedearlier, and presentedower growth
ratesthan the southern oneseeAlberto et al. 2013and references therginin any case
the lack of latitudinal clines iR. halepensisandP. pinastercould be explained teither
insufficientspan in our datar to a real lack ofatitudinal variability Interestingly, this
is the first time thaadaptive patternsavebeen shown for a composite trait sashree
heightallometry Our results confirm that thisdit and its confined variation may be
under natural selection control and consequéynt@hy an important role in both the
adaptation and acclimation potential of tree species to future conditions.

In conclusion, these foupine speciesare a heterogeneous group with a

recognized ability to adapt to extremely variable environments. Our finsupgsrithe
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454  ecoevolutionary knowledge we already have abitgm, but nonethelesgvealthat

455  heightdiameer allometry variation patterns have developed under different natural
456  selection pressuredespitethe study speciesharing a sizeable part of their distribution
457  area in the studied region. This might hagsulted in speciesuch asP. halepensis

458  wherepheneotypicplasticity is more important than genetic variation; wide others,

459 e.g. P. /pinaster genetic variation and local adaptation might be more relevant.
460  Togetherjocal'environments at the origir- andcurrent growing conditionsutlinethe

461 likely passible outcomes of integrated phenotypes.

462 The full potentialof forestresilience and resistance along new temperature and
463  aridity gradients,.e. climatechange driven, wuld depend orlocal adaptation and
464  levels ofrphenotypic plasticity of the populatio@sir results pointhatconsidering both

465 the species specific and populati@tological and historical background is ky

466  assessing likely population responses to environmental variation
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Table 1. Parameter estimates from the selected best model. The table gathers
informatien=ef two interconnected levels of hierarchy, species and populations. The
parametersus and B~ make reference to the species, anglto populations within
species: The overadipecies response, i@ andp+ posterior mean estimates and 95%
credible intervals in square brackets [, ] are given. The range of parameter values among
populations within species, i.e. posterior mean estimates,pfare shown in square
brackets, théowest value is separated from the highest one by three dots Bold].
numbers indieate that fixeeffect coefficients were statistically significant (i.e. 95% CI
does’ not include zero). Letters indicate comparisma different letters indicate

differences among species for each of the parameters when statistically significant.

P. sylvestris P. nigra P. pinaster P. halepensis
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Intercept: 4 4143 b 4121 b 3.056 ¢ 4344 a
[4.123,4.126]  [4.093,4.148]  [3.023,3.088]  [4.302, 4.385]
In(ap.9) o1p [4.107 ... 4.229] [4.047 ... 4.198] [2.907 ... 3.170] [4.281 ... 4.396]
sd@ip)  0.028 0.039 0.054 0.024
MMT: e -0.030d 0.037c 0.086 b 0.158 a
[-0.049,-0.011] [0.026,0.049]  [0.072,0.100]  [0.143, 0.172]
02p [-0.120 ...0.026] [0.014 ... 0.063] [-0.002 ... 0.169] [0.143 ... 0.174]
sd2p) 0.032 0.011 0.026 0.007
AP b 0.080 a -0.0184 b -0.023 bc -0.049c
[0.070,0.095]  [-0.028,-0.009] [-0.036,-0.009] [-0.064, -0.035]
a3p [0.043 ... 0.128] [-0.032 ... 0.000] [-0.059 ... 0.032] [-0.053 ...-0.043]
sd@s,)  0.019 0.007 0.018 0.002
Intercept: g, 0.426 b 0.412 bc 0.700 a 0.397 c
[0.416,0.431]  [0.405, 0419] [0.691,0.707]  [0.375, 0.409)]
LAT: i3 0.016 a 0.010 ab 0.005 0.003
Cp [0.007,0.026]  [0.002,0.017]  [-0.001, 0.012] [-0.003, 0.008]
ALT: B, -0.006 -0.004 -0.007 -0.002
[-0.015, 0.004] [-0.011,0.004]  [-0.013,0.000]  [-0.007, 0.004]
649
650 Table 2. A) Summary of onavay ANOVAs to test gene pool effects or,. When a
651 nonparametric test was usei is shown by the symbdl B) Posthoc comparisons
652 among gengools adjusted by Tukey’'s HSD f&. nigra and P. pinaster Different
653 letters. indicate differences among gene pools.
654 A) P. pinaster  ayp 12.43 ***
: a2p 14237 n.s.
Species Parameter F/K P-value ~
: a3p 384 n.s.
P. sylvestrisaria, 0.60 n.s. :
P. halepensis a1, 1.07 ns.
a2p 0.57 ns.
02p 0.44 n.s.
a3p 0.57 n.s.
: aszp 0.08 n.s.
P. nigra aip 6.95 **
. 655
azp 7207 n.s.
a3p 2.53% n.s.
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656 B)

Gene pools alp

P. nigra
spp.laricio 4.15 0.04 a
spp.salzmannii 4.12 0.01 ab
spp.dalmatica 4.08 * ab
spp nigra 4.06 0.02 b

P.

. Morocco 3.11 0.00 a

pinaster
Atlantic Iberian 3.10 0.02 a
Eastern Spain 3.06 0.03 ab
Southern Spain 3.06 0.05 abc
Corsica 3.05 0.00 abc
Central Spain 3.02 0.03 bc
Italy 295 * cd
Eastern Nortt
oo 291 0.00 d

657 * only ope“datum, standard deviation was

658 not estimated.
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659 Table 3. Heat map for Pearsontorrelationcoefficients p, betweena+, and climate
660 variables from the populations’ sites of origin. Dark grey indicates high positive
661  correlation coefficientslight grey indicates high negativand whitecolor indicates

662 low. Bold numbers mean significant correlations at p < 0.05.

663
P. sylvestris P. nigra P. pinaster P. halepensis

ap axp a3z ap axp a3z ap axp A3z ap axp A3z

Latitude 0.14 0.19 -0.05 -0.24 -o.ogi 0.03 -0.07 0.20 0.17 -0.04
Longitude -0.02 0.11 -0.29 0.22 -o.oo 0.09 0.08 0.03 -0.04 0.00
Altitude -0.17 -0.29 0.06 -0.23 -0.31 0.16 -0.33 0.01 0.01 0.02 0.07
MMTJan [-0.03 0.23 0.16 -0.07 | 0.27 0.01 0.03 -0.05 -0.17
MMTFeb |/0.00 0.20 - 0.13 -0.05 0.25 0.02 0.02 -0.06 -0.17
MMTMar_|-0.21 0.17 -0.06 0.25 0.00 0.02 -0.06 -0.15
MMTApr 0.14 -0.07 0.20 -0.01 0.06 -0.01 -0.16
MMTMay 0.14 -0.13 0.18 0.00 0.06 -0.06 -0.18
MMTJun 0.12 -0.16 0.13 -0.03 0.06 -0.07 -0.22
MMTJul 0.10 -0.20 0.05 -0.04 0.06 -0.11 -0.22
MMTAug 0.11 -0.22 0.04 -0.07 0.09 -0.06 -0.20
MMTSep 0.17 -0.19 0.16 -0.04 0.06 -0.04 -0.16
MMTOct 0.19 -0.16 0.21 -0.04 0.07 -0.01 -0.14
MMTNoyv 0.18 -0.09 0.24 0.00 0.09 -0.01 -0.15
MMTDec 0.18 -0.06 |0.27 0.01 0.06 -0.04 -0.18
MWTJan 0.07 0.10 0.16 -0.02 -0.07 -0.13 -0.14
MWTFeb 0.07 0.01 0.14 -0.04 -0.15 -0.16 -0.13
MWTMaf 0.08 -0.06 0.06 0.01 -0.25 -0.20 -0.08
MWTApr 0.05 -0.13 0.04 -0.02 -0.16 -0.10 -0.05
MWTMay -0.05 -0.20 -0.09 0.02 -0.18 -0.12 -0.10
MWTdun -0.09 -0.15 -0.14 0.01 -0.25 -0.11 -0.04
MWTJul -0.13 -0.15 -0.21 0.03 -0.25 -0.10 0.02
MWTAuUg -0.14 -0.14 -0.15 0.01 -0.25 -0.08 0.02
MWTSep -0.06 -0.14 -0.06 0.01 -0.24 -0.16 -0.06
MWTOct. 0" . .04 0.01 -0.15 0.11 0.00 -0.17 -0.08 -0.09
MWTNGW,-0. 0.16 0.05 -0.05 0.20 0.00 -0.06 -0.05 -0.11
MWTDec 0.11 0.06 0.23 -0.03 -0.01 -0.13 -0.17
MTJan |-0.02 0.13 0.01 [0.23 -0.01 -0.02 -0.09 -0.17
MTFeb |-0.10 0.10 -0.03 0.21 -0.01 -0.06 -0.12 -0.17
MTMar -0.37- 0.18 0.21 0.13 -0.07 0.18 0.00 -0.11 -0.13 -0.15
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MTApr 0.09 -0.12 0.14 -0.02 -0.03 -0.05 -0.13
MTMay 0.03 -0.20 0.06 0.01 -0.05 -0.10 -0.17
MTJun -0.01 -0.19 -0.02 0.00 -0.10 -0.11 -0.18
MTJul -0.06 -0.21 -0.13 0.00 -0.15 -0.16 -0.16
MTAug -0.06 -0.22 -0.08 -0.03 -0.11 -0.11 -0.15
MTSep 0.05 -0.21 0.06 -0.02 -0.07 -0.11 -0.16
MTOct 0.11 -0.18 0.18 -0.02 -0.02 -0.04 -0.13
MTNov 0.12 -0.08 0.24 -0.01 0.03 -0.03 -0.14
MTDic 0.15 0.00 0.26 -0.01 0.03 -0.08 -0.18
AP -0.20 -0.13 -0.17 -0.07 | 0.23 0.06 0.19 0.21 0.20
WintP -0.33 -0.22 0.27 -0.20 -0.22 0.24 . 0.05 0.09 0.26 0.17
SpringP -0.36 -0.31 -0.12 -0.17 -0.06 0.28 - 0.06 0.09 0.18 0.25
SumP 0.00 0.11 --0.04 0.17 0.18 0.07 0.03 0.12 0.01 0.08
AutP -0.27 -0.14 0.16 0.04 -0.08 0.21 -0.05 0.24 0.08 0.02
MAT . 025 0.17 0.07 -0.14 0.13 -0.01 -0.04 -0.11 -0.17
WT - 0.08 -0.02 -0.06 -0.28 -0.03 -0.01 -0.09 -0.15 -0.17
MWT -0.15 -0.16 -0.13 -0.14 -0.19 0.04 -0.22 -0.13 0.00
MT 0.00 “ﬁ 0.12 -o.osi-o.oz -0.01 -0.12 -0.17
MMT -0.01 “ 0.15 -0.07  0.27 0.01 0.03 -0.07 -0.18

MMT# Is_the mean minimum temperature of the monthMANT# is the mean
maximum temperature of the monthMT# is the mean temperature of the month #;
WintP is\total winter precipitationSpringP is total spring precipitationSumP is the
total summer, precipitationAutP is total autumn precipitationAP is the annual
precipitation;M AT is the mean annual temparee WT is the mean temperature of the
warmest monthMWT is the mean maximum temperature of the warmest mémih
is the mean annual temperatuedd MM T is the mean minimum temperature of the

coldest month.
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Figurelegends

Figure 1. Common garden sites (Site, filled symbols), and population’s sites of origin
(Population, unfilled symbols) are represented in the map. Each pine species is
represented in a dérent symbol PsP. sylvestris and it is represented by a circle; Pn:

P. nigra,it is represented by a st&p: P. pinasteiby a square, anéh:P. halepensidy

a triangle.
Figure 2=Summary information of the estimated parameters in the finalhieght-

diametenallometry model. We have described each parameter attending to its hierarchy,

its significance and the set of research questions that can be addressed.
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Figure tion of common gardensS{te, filled symbols), and population origin

d

(Pop filled symbols). Each pine species is represented by a different code and

symbol: P estris Ps, circle); P. nigra (Pn, star):P. pinaster Pp, square), ané.

Ve

halepensigPh, triangle).
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Model Hyperparameter Model Parameter Insights from parameter
-assessing genetic differences among
_ _ populations on their basal height.
Scaling VB Scaling A1p .
- - = — , A and B are any two
Coefficient Coefficient %1p (.llpA %1pg y
populations
Hierarchy: Hierarchy: . - g
-quantify % of genetic differences based in ©
In(a Species* In(a Population . .
( p“%SW) P ( pmvsm) P -quantify the range of genetic variation,
sd(a,,)
P - -assessing adaptive values resulting from
Meaning: Meaning: .
eaning vieaning past demography of the species (gene pools
-allometrie curvie’s -allometric curve’s  allows for testing neutral patterns). One-way
intercept at average intercept at average ANOVA
growing conditions. growing conditions. . _ .
-assessing adaptive values resulting from
climatic or geographical clines due to local
adaptation. Pearson correlations (p)
-assessing genetic differences among
_ . populations on their response to
Scaling M2 Scaling Q2p temperature.
Coefficient Coefficient Gop = Gy, ~0lgp, ° A and B are any two
Hierarchy Hierarchy: populations
iag* i -quantify % of genetic differences based in °
ln(apm.s(i) ) Species ln(apm,sm ) Population q fy 9
-quantify the range of genetic variation,
Meani Meani sd(a,p)
eanings eaning: . . .
~veaning vieaning -assessing adaptive values resulting from
-responsiveness of -responsiveness of ~ Past demography of the species (gene pools
a species to low each populationto  allows for testing neutral patterns). One-way
temperatures where low temperatures ANOVA
it grows where they grow . . .
-assessing adaptive values resulting from
climatic or geographical clines due to local
adaptation in plastic responses to
temperature. Pearson correlations (p)
-assessing genetic differences among
_ _ populations on their response to precipitation
Scaling U3 Scaling Q3p .
- - = - , A and B are any two
Coefficient Coefficient “3p = %ap, "%, y
populations
-quantify genetic differences % based in ©
In(a, < ) Hierarchy: Ina, ) Hierarchy:
Ry i) RinSi . : .
-quantify range of genetic variation, sd(oc3p)
Species* Population
-assessing adaptive values resulting from
past demography of the species (gene pools
Meanina: Meanina: allows for testing neutral patterns). One-way

-responsiveness of

-responsiveness of

ANOVA

-assessing adaptive values resulting from
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Model

Hyperparameter

Model Parameter

Insights from parameter

a species to annual
precipitation where
it grows

each population to
precipitation where
they grow

climatic or geographical clines due to local

adaptation in  plastic responses
precipitation. Pearson correlations (p)

to

Model

Parameter

Insights from parameter

Scaling, exponent

Py

yost
Hierarchy:
Species*

Meaning:

-intercept of c,; on average
conditions on diameterg,?

Scaling exponent

Cpm

B2
Hierarchy:
Species*
Meaning:

-responsiveness of the species to
latitude

-if statistically significant, assessing the
existence of a latitudinal cline This will
suggest the existence of populations’
adaptation to their local environment.

Scaling exponent

CP(\)

B3
Hierarchy:
Species*

Meaning:

-responsiveness of the species to
altitude

-if statistically significant, assessing the
existence of an altitudinal cline. This will
suggest the existence of populations’
adaptation to their local environment.

*In thissstudyithe species terms approximated as the average response from the set of

populationsassessed.

Figure 2#°Summary information othe estimated parameters, hyperparameters and

parameterspin the finatee heightdiameter allometrynodel. We have described each

one attendinga its hierarchy, its significance and the set of research questions that can

be addressed.
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