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Abstract (250 words)

Management afixedwoodsds advocated as an effectisdaptation strategyp increasecosystem

resiliency in the contexif climate changeWhile mixedwood$iave been shown to have greassource

use efficiencyelative to pure standsonsiderable uncertaintgmairs with respect tahe underlying
ecological processe®e explored species interactions in Scots pine / European beech mixedwoods with
the processhasednodel FORECASTClimate. The model was calibrated for two contrasting forests in
the southwesterrPyreneesr(orthernSpain): a wet Mediterranean site626m.a.s.l. and aubalpinesite
at1335m.a.s.l. Predicted mixedwood yield was higher tte forbeech stands but lower than pine
stands. When simulating climate change, mixedwood yield was reduced at the Mediterraneg8¥&jte (
but increased at thmubalpinesite (+11%). Interaction effects were enhanced as stands developed
Complementarit dominatedhe Mediterraneastandbut neutral or net competitiadominatedhe
subalpinestand, which had highatanddensity and water availabilitiReduced water demand and
consumption, increased canopy interception, and improved-wseegfficiencyin mixtures compared to
beech standsuggest release of beech intspecific competitionBeech also facilitatedine growth

through better littequality, nonsymbiotic nitrogen fixation and abovand belowground stratification,
leading to higher folianitrogencontentand deeper canopies in pingsconclusion mixtures may

improve water availability and use efficiency for beech and light interception for pine, the main limiting
factors for each specig®spectivelyEncouraging pindeech mixturesouldbe aneffectiveadaptation

to climate change in drougptone sites ithe Mediterranean region

Keywords (8): Species complementarity, mixedwoods, ecological modelRimgjs sylvestrisFagus

sylvatica interspecific competitionintraspecificcompetition Pyrenees.
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1. Introduction

Climate is one of the main environmental factors determining forest ecosystems structure and function, as
it affects key processes such as tree growth and mortality, nuyidimg, andspecies interactian
Humaninduced climate change is expected to raaudscalatingatmospheric and surface temperatures
for the 2%' centurywith associated changes in precipitation regiaredexpectedncreasesn the

frequency and severity of extreme droughéntsn many parts of the worllPCC, 2013)lt is

anticipated that climate change will have bptisitiveand negative impacts on forest growth depending
on speciegsharacteristicandregional pattern€Expected psitiveimpactsincludeincreases in forest
vigour and growth fronimprovedwater use efficiencgssociated with elevated atmospheric,CO
concentrationsand longer growing seasoimstemperaturdimited ecosystemsKrner, 2000; Huangt

al., 2007. Expectechegativeimpactsincludegrowthreductionsand mortalityassociated witincreases

in waterand heat stresandelevatedmortality relatedto climatedriven changes in the dynamics of forest
insects and pathogens (Allehal., 2010).

The management of forests in a mixed condiigith two or more tree species) has bemmeasingly
recognizedas superior to monocultures with respect to the provision of a full range of ecosgstras
(Loreauet al, 200). Moreover silviculture is gradually moving towards forest mixtuassaradaptation
strategy designed to enhance ecosystem resiliency through the reduction ofsymifesisks

associated witlglobal changeJactelet al, 2009;Messieret al, 2013).The impacts of mixing species
standlevel productivityhave been aitsutedto changes imutrient and wateavailability, light-related
interactions (light absorption and light use efficiency), and resilience to biotic or mechanical disturbances
among othergJactelet al, 2009; Richardst al, 2010; Forrester, 2012015. Suchinteractions between
speciegend to be dynamim nature, changinglong spatial and temporal gradients in resource

availability and climatic conditions (Forrester, 2014).

Inter-specific differences in physiology, phenologymorphology cannfluence species and stand
production (Forrester and Bauhus, 2016). These processes are often grouped into the phenomena of
facilitation (i.e. one species improves the resource availability, climatic or biotic conditions of another
species) or competitévreduction (i.e. intespecific competition in the mixture is lower than irsg@ecific
competition in pure stands). However, the irtependence among ecological processes in mixtures
makes it extremely difficult to separate the effects of facilitadioth competitive reduction (Kelty and
Cameron, 1995; Loreau and Hector, 2001; Forrester, 2014). Alternatively, facilitation and competitive
reduction have been described collectively as complementarity (Loreau and HectorR2@ehj.

experimental studied-orrester, 2015), reviews (Forrester, 2014; Forrester and Bauhus, 2016) and
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modelling approaches (Wat al.2015; Forrester and Tang, 2016) have analyzed such complementarity

concept in forestcmystems.

In Europe, e lightdemandingscots pine Pinussylvestrisl.) andthe shadetolerantEuropearbeech
(Fagus sylvaticd..) arethemost widely distributedonifer and broadleafpeciesandtheir distributions
overlap oveam large areaf the continentKig.1). Although mixtures of beech and pinkavebeen
observed to providan overalincrease in yieldf 12 % in comparison witmonospecificstands
(Pretzsctet al, 2015), itis uncleaiif this relationship will be consistent under different stand conditions
(e.g. ages, densities and edaphic cond#fjcand under changing climate conditiots the climatein
continenal Europeshiftstowardswarmerand driersummersn the Southand warmer andietter
summes in the North(IPCC, 2013) there is a potential for the range of Scots pinexisandnorthward
and upwardén elevation In contrastbeechs expected to migrate towards higher elevatimunsto
decline inlower and mid altitudes, where it could be replaced by girather speciefPefiuelas and
Boada 2003).The Iberian Peninsula represts the southerand westerttimits of the range of botBcots
pine and Europearekch (Fig. 1). Accordingly, this region is likely to be highly sensitive to climate
changeHence an analysis of the potential impacts of climate changdbese reaedge forestsvill
provide valuable insighbwards understanding losigrm impacts of warmer and/or drier conditions

throughout the broader range of thepecies.

Giventhelack oflong-term fieldstudiesin mixed forest andhe uncertaintyri changingclimatic
conditions forestgrowth modelgprovide one othebest available methedo examine longerm patterns
of growth and development mixedwoods antheir potentiabehaviourunderalternativeclimate change
scenariosHybrid modelsombining ecological processand empirical data cde effective tools for
projecting development undentestedyrowing conditions,novelsilvicultural regimesand alternative

species combinations and proportions (Blaetal, 2015).

Theobjectivesof this studyare: ) to explore underlying causes edmplementarityand competitiorin
mixedpine and beecforestsin the southwesterPyreneesand?) to evaluatahe potential impacts of
climate change on forest nutrient and watygmamics andultimately on tree growtand complementarity
in two different study site€Complementarity was considered to occur when the mixed stand growth
exceeded from the weighted growth average of both monospecific ¢tamelau and Hector, 200)Ve
hypothesizehatpine and beecgrowingin intimate mixturewill experiencemproved water and
nutrientavailability, capture and/or use efficien@lative to pure stangdparticularlyunder warmer and

drier conditionsassociated with climate changgkewise,we hypothesizehatIberian mixed pindeech
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forestswill be more productivéhanmonospecific forestand that he complementarity effectwill vary

over time.

To testthese hypothesage haveemployedhe processhasedgecosystermevel modelFORECAST

Climate (Seelyet al,, 2015)to simulate the development of forest ecosystems under a reference climate
and different climate change scenarios derived fronglsizal circulation modelSZCMs) and two
representativeoncentratiorpathwayg RCPs) FORECASTClimateis able tosimulate the movemenof
waterthroughvarious forest layermcluding explicit representations tfe balance between inputs from
precipitation and seepage, and outputs by canopy interception, evapotranspiration, plant uptake,
percolaton and runoff. The model has been tested and appliedvide varietyof forest ecosystems
(Dordelet al, 2011 Blancoet al, 2015;Lo et al, 2015 Seelyet al 2015,and references thergin

2. Material and methods
2.1. Study sites

The study area is located in theuthwesteriPyrenees in the province of Nawa(northern SpainFig.1).
Using data from experimental platsonitored since 1999 (pine stands) and 2013 (beech stands),
FORECAST Climatevas calibrated to simulate two corgtiag pinebeechmixedwoodsa
Mediterraneamow-elevationsite (Aspurz) and asubalpinehigh-elevationsite (Garde)(Fig.1, Table J.
In thisregion management plans hafasoredthe presence ahonospecificstands ofScotspine, which
is a more marketable species. Howewaore recentlynmixed stands have been encouralggdacilitating
beechregeneration angrowth undematuringpine canopiefCondéset al, 2013).

Historical climate data were obtained from the nearestheeatations to each study site. Due to the
elevation difference betwedhe subalpineexperimental plots and the closest weather stésibaut600

m), climate datavere adjusted usindgpe MounTain microCLIMate simulation modeMT-CLIM;

Runninget al 1987) Maximum and minimum temperature lapsesaied precipitation isohysheeded

for the extrapolation were calculated from regional climate data. Missing data were calculated by
interpolating values from nearby weather stations. For the period2l®45mean growing season (May
October) temperature was 16.8 °C and 14.5 °C and precipitation amount was 402 mm and 74tBenm for
Mediterraneamndsubalpinesites, respectivel@Fig. 2). Summer droughts are frequent in the

Mediterranearsite. Soil characteristics are summarized in Table 2.
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2.2. Model description

FORECAST Climatés anecosystentevel, nonspatial,standscale forest growth simulator. ihcludes
the lasicFORest and Environmental Change ASsessifieal (FORECAST Kimminset al.,1999)and
thenew hydrological module based on fferest Water Dynamianodel(ForWaDy; Seelet al.,1997)
As the model has been recently described in d&8atitlyet al. 2015) only a basic description is provided

here
2.2.1. Thdorest growth modeFORECAST

TheFORECASTmodel was designed to accommodate a wide variety of harvesting and silvicultural
systems in order to compare and contrast their effect upon forest productivity, stand dynamics and a series
of biophysical indicatorsf nontimber values. Tree growth is limited by available light and nutrients

(Fig. S1A) and the modeises a mass balance approac$inwilate nutrient cyclingRatesof key

ecosystem processes are calculated at an annual time step from a combination of historical bioassay data
(biomass accumulation in component pools, stand density, etc.) and measures of certain ecosystem
variables (e.g., decomposition rates, photdsystt i ¢ saturation curves) by rel
biomass components (foliage and small roots) with calculations of nutrient uptake, the capture of light
energy, and net primary production. In this way the model generates a set of growthgarégrestich

tree and plant speciegich includes, among others, ghotosynthetic efficiency per urf foliage

biomass based on relationships between foliage biomass, simulatellagtifg, and net primary

productivity after accountingof litterfall and mortality, 2 nutrient uptake requirements based on rates of
biomass accumulation and nutrient concentrations in different biomass componefferentdite

gualities, and Blight-related measures of tree and branch mortality derived from staaidydaput data

in combination with simulated light profileshe model simulates the dynamics ofralijorforest carbon

stocks (aboveground biomass, belowground biomass, litter, dead wood and soil organic carbon). It
complies with the carbon estimatiorethods outlined by the IPCC (Penman, 208&gthe

Supplementary Material akkimmins et al. (1999) for further details.
2.2.2. The forest hydrology mod&drWaDy

ForWaDy(Seelyet al, 1997 is a twadimensional forest hydrology modilatsimulates the

hydrologial dynamics of a forest stand on a daily time step under a given set of climatic and vegetation
conditions. It has been validated against fimeasured soil moisture data (Tietsal, 2006; Dordekt

al., 2011).In theFORECASTClimatemodel,ForWaDyis dynamically linked t-ORECASTto

facilitate an explicit representation of water availability and competition for limited water resources on
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tree growth anather ecosystertevel processedkeconciliation between the different tgonal

resolutions otachmodel is made through the usage of anmgites(calculated from the daily

ForWaDy output) as inpub FORECAST (Seelet al., 2015).Conversely, FORECAST provides

annualy updated input to ForwabDy in the form of speesgecific estimates of leaf area index, canopy
radiation interception, and soil occupation by fine root biomass. It also provides information regarding the

formation of soil organic matter and its distribution within specific soil layers.

ForWabDy calculates potédat evapotranspiration (PET) usingt shortwave solar radiation interception
and anempirically based energy budget appro®IET is estimated separately for the canopy, understory,
and forest floor. Hydrologi dynamics in the forest floor and rooting zone are simulated using a multi
layered approach (Fi&1B). Water storage and vertical movement through each soil layer are regulated
by its physical properties that dictate moisture holding capacity, permaifiémg woint moisture

content, and infiltration rate. Water stress is calculdtgly for each species separately as the relative
difference between potential enefgyited transpiration demand and actual transpiration. This is
represented by a dimensless transpiration deficit index (TDI; Eg):

YOO h h (Eq. 1)

where, Canfemang, i diS the energyimited transpiration for specieé®n a dayd, depending on leaf area
index (LAI), intercepted shotvave radiation, canopy albedo, and canopy resistance; and&andis
the soitlimited transpiration, calculated as a function of Gapl.g, i« r0Ot occupancy, and available soil
moisture. A higher TDI value indicatesegiter moisture stress. A detailed description of the ForwaDy
model is presented in Seayal (1997,2015).

2.2.3.Climate impacts on productivity, decompositiand mortality

The impact otemperature and water availabilidy plant growths representech FORECAST Climate

with speciesspecific curvilinear response functions (F&2).A daily growth response index is calculated

as theproduct ofthetemperature and moisture effeahd summed over the year to generate an annual
growthresponse indeXA similar approach is utilized to represent the impact of temperature and moisture
content on decomposition rates. Reference values for the annual cligpatesesindices are determined
from a series of climate calibration runs in whichtbiical climate data from a 20 30 year reference
periodare useds model inputsDuring climate change simulations, curkgear climate response indices
are compared against mean reference values to determine the degree to whicls ppeiticsase

growth ratesand littertype specific base decomposition rates should be adjusted to account for climate

effects FORECAST Climatealso includes a representation drought mortality associated with prolonged

7133



Gonzélez de Andrét al. (2017) Climate change increases complementarity in pine/beech mixedwoods

periods of water stregséllen et al, 2010). Watr stress mortalitis simulatedas afunction oftwo-year
running averagwater stress based upobI (Fig. S3).Further explanations are providedlie

Supplementary Material.
2.3. Model calibration and simulation
2.3.1.FORECAST Climatealibration

Calibration data fron®cots pine and European beech sited to parameterize the b&@RECAST

model are provided in the Supplementary Matdiiables 2 and S). In addition, he forest hydrology
submodel ForWabDy requires data describing charactesisti the soil profildrom each site. These data
wereobtained bydiggingsoil pits in eaclsite (Table 2) Parameters regulatirigydrological processes

such agranspiration rates, soil water uptake and water stress development for simulated treetand pla
species are provided Trable 3 A detailed summary cgmpirical and literatureosircesfor model

calibration data and input parameters is providdtie Supplementary Material.

2.3.2. Simulating climate change impacts on forest ecosystem

Performance ofmnonospecifiaand mixed pine and beech forests ingbhathwesterPyrenees under
differentclimate changscenariosvas assessebatural regeneratioof both speciewas simulated as
occuriing at year 1 of simulatigrwith no further regemationevents Seedlingregenerationlensitesin
themonospecific standserebased on regiongrowth andyield tablesfor these specigdladrigalet al,
1992; Puertas, 2003yondésetal.( 2013) observed that <seeechnd density
mixedwoodss usually divided between pine and beatb0%50% species proportion&milar average
proportionswerereported by Preztsadt al (2015) for thevhole natural range of both speciaong
Europe. Thereforeseedlingdensityfor each specieis mixed standsvas set upathe50 % ofthe density
of each specieim monospecific stand3.his procedure allowed comparisons of species performance
when growing alone and together with tither specieslo obtaingrowth predictionsmeaningfulfor
forestsalready established, climate change impacts were simuddihg onyear51, which was the

averagdreeagein theexperimental plotsised to obtaiempiricalcalibration valueg¢see Take 1).

Three climate change scenarios were simulated: historical, modachgeverdn the case of the
historical scenario, atmosphefl©, concentratiorwere held constant 2004levels(377 ppm)to
approximate a nchange baselinélistorical climate datérom the perid of 19752004 (see section 2.1
were cycledive times to generate 150 years of daily dateepresenthe historicalno-changeXlimate
scenarioThe moderate and sevellarate change scenarios were derived frixd&CMs included as
part of the Intergovernmental Panel on Climate Change AR5 analysis (IPCC 2013;4)ableEC0O,
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emissions pathwaythat generateadiative forcing of 4.5 Wii(RCP 4.5) and 8.5 WA(RCP 8.5)were
selectedcorresponding to moderaddd severe scenarios, respectif@ginshausewt al, 2011; Fig.
S4) GCMs were downscaled using the Statistical Downscaliodel (SDSM; Wilby and Dawson,
2013) The projections of five weather stations néerstudy sitegFig. 1)were averaged to gerate
climate change scenarios. The resulting datspetnned 109ears(2015 2114).Under these scenarios,
mean growing seasdemperaturén the Mediterraneaandthe subalpinestudy sitesverepredicted to
rise from &out16.8 °C and 14.2 °C in 2015 to 19.7 £ 0.2 °C and 15.2 + 0.2 °C (RCP 4.5) or 24.2 + 0.4 °C
and19.6 + 0.4 °C (RCP 8.8y the beginning of the #Zentury respectivelyHowever, there is a great
variability among the precipitation predictions among mgdeid no common trends can be derived.
Detailed descriptionsf themodeledclimate change scenariase provided in the Supplementary
Material (Figs. S5Aand S5B.

2.4. Evaluation of standlevel performance through complementarity

Complementaritywhich appears when the interactions between species have a net positive influence due
to resource partitioning or facilitation (Loreau and Hector, 20043, assesseat species and stand levels

with Eq. 2 and Eq. 3, respectivebt, each time stefyear)for eachsimulationconducted

YA QOSBRI N 6 Qd Qg PO D ——— (EqQ.2)

0D QORBOGDG N & QA QEB & ip R . i i - P (Eq 3.)

whereYniedijis thestemwood yield of species (Scots pine or European beeah}he mixed standt year

J andYmenij is thestemwoodyield of species at yearj growingin amonocultureSp is the species
proportion calculated as the species denaityearj (numberof stemsper hectare) in mixtusdivided

by thespecies density ia monospecific stand of the same speicgsulated under the same climate
scenaridor the same yegr ThePsandFs subscripts indicate pine and beech, respectively. Negative
values of complementarityereinterpreted asompetition.Both equations are based on the selection and
complementarity effects calculatiwproposed by Loreaand Hector (2001) and adapted by Forrester
(2014). Alternative approaches to quantifying complementarity are also available (FoX\2086al.,

2019 but are not used in this study.

Two additional metrics of species performance were assessed includingwatanalsesfficiency
(WUE) and nitrogen usefficiency (NUE) WUE wasdetermined as th&tio of net primary production
(NPP, which was estimated as the sum of biomass incretitearfall and mortality, to canopy

transpiration (Sinclaiet al, 1984) NUE was calculated as the ratio betw@#PPandthe net uptake of
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nitrogen by each species (Lodhilal, 1995) The above metrics weresed to compare performance
of: 1) monosgcific and mixed stands undee historical climate scenario, a)l mixtures with both

historical and climate change scenarios.
3. Results
3.1. Species interactiomn historical climate simulations

In the case of thhistorical climate simulatigfFORECAST Climateredicted a total yield ipine and
beech mixtures of about 870 Mg hia the Mediterranearsiteand 550 Mg héin the subalpinesite. In

both sites, mixturebadhigher yield thanmonospecifideech stands but lower thparepine standsAn
increasingemporaltrend instandlevel complementarity as stands developedfaasdfor the
Mediterranean sitdHowever interaction effectbetween specian the subalpinesite were weaker
starting withinitial net competitive effecthegative complementaritgvolving overtime towards
facilitation (slightly positive complementaritysig. 3A). Annualstand productivity was greater in mature
mixtures (over 100 yearg} both sites (Fig4A). Yield complementarity and productivipattensmay be
explained by improved nutrient status in mixtures comparebtwospecifigine stands (FigiB), lower
water demand for transptian (Fig.4C), and higher NUE (FigdD) for mixtures tharfor beech stands$n
fact, nitrogenleachinglosses decreased 40%tlre Mediterranean sitnd 75% irthe subalpinesite for
mixturesrelativeto monospecific stand€anopyprecipitationinterception of mixtures was close to that
of monospecifigpine stands while it was always lovteanbeech stands (Table 4)here were no
differences in maximum rooting depth between the stands in either site. However, combined tree root

occupancy of all soil layers was higher in mixtures than in monospecific stands.

Speciesspecific results show thabmplementarity waalsogreaterin the Mediterranean sifer both
specieskig. 3B; Table S%. Foliar nitrogen content per trée pineswas higher in mixtures than in
monospecificstandgFig. 5A). In mixedstandsgcrown lengthwas 1.0 and 3.3 mreaterthan inmature
pure pinestandsatthe Mediterranearandsubalpineslevation sitesrespectivelyAlthoughaverageine
transpiratiorper treewas higher in mixturedue to increased productivi{ffig. 5B), no changes in WUE
werepredicted(Fig. 5D). In contrast foliar nitrogen contenper treen beechwaslower in mixed stands
due to competion from pine (Fig. 6A) Thereforesimulatedpositive mixing effects on beechtine

Mediterranean siteere not lightrelated but associated with improvexource use efficiendyig. 6D).
3.2.Impacts of climate change on ecological processes in mixed stands

Stand biomass accumulatiander climate changealculatedasthe averageof moderate and severe

climate change scenarios relative to the histodgcaharid wassignificantlyreduced in mixed stands in
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the Mediterranean si{e33%) andnoderatelyincreased ithe subalpinesite (+11%). Thisis consistent
with the trends predictedr stand productivitywhich decreasdin the Mediterranean signdremained
steady (or rising for the severe climate change scenariibg subalpinesite (Fig. 7A). Climate change
had only minor impacts astand complementarityvith the notablexception of the50-yearperiodat
the subalpinesiteunder severe climate changé this site andime, complementarityncreased
substantiallyFig. 3A) following a periodof droughtinducedbeech mortality. Predicted warmer
temperatureted toacceleated decompositioaf litter at both sitegFig. 7D), but onlyatthe subalpine
sitethenet nitrogen balancacreasedFig. 7B). Standlevel canopy transpiratioratesshowed a minor
increase in the climate changeenarioselative to the torical scenariatboth sitegFig. 7C). In
contrast warmer conditions anidcreasediitrogen mineralizatioatthe subalpinesiteled to increased
growth rates for botkpecies. Moisture availability was not a limiting factor on growth in this site.
Simulation results for thgrowth response indg)GRI), TDI and droughtelated mortality athe species
level areshownfor mixed stand& Fig. S6.

Complementarityor beechstemwood biomasscreasedis temperature and rainfall variabilaiso
increasd in the Mediterranean sité~ig. 3B). Relative tomonospecificstandspeech growing imixtures
under climate changghowed increases foliar nitrogencontentandWUE, and concurrent reductions in
water stresg¢Fig. 6). In contrastcomplementarityor pinedid not varyconsiderablyn the climate
change scenarios relative to the historical climate simulafihiie theeffectsof mixing on foliage
nitrogen content declined with climate chang®&JE was greater fguinesin mixturesrelative to
monoculturegFig. 5). The relatively minor effects ghixing on light, nutrient and waterelated
processem thesubalpinesite areconsistent with limited complementarity levelso estimatetbr this

site.
4. Discussion

The prospect oflimate change for thieiture survival and sustainability of beech has become of greater
concern due to its high sensitivity to drought (GeBtaal.,, 2007).Pure pine stands also appear to be
increasinglyvulnerable to climate changarimarily becausef the increased ris&f insect outbreaks and
fungal diseas& such stand§Allen et al, 2010).Inter-specific differences in physiological and
morphological traitprovide advantage fgine-beech mixtures terms ofresourcesfficiency and

overall resilience relative to monospecific stands (Pretegsah, 2015), particularly in the conteat

climate changeAlthough our modellingpproach hasomelimitations (see below)it also has

advantages that facilitatee analysisof potential impacts of climate change key ecological processes

includingnutrient and wateavailability, and efficiency otheiruse as well as the effects of different
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levels of speciemixing, includingproportiors and total standensity (Ricet d., 2014a; Blancet al,
2015).

Differencesbetween species growth rateeretoo large and mixing positive effects rmg enough for

stand biomass in mixtures to be greater than biomass in both monospecificistaediheless,
complementarity effectgositive interactionyverepredicted at standnd specietevelsfor both sites
Facilitation, competitive reduction (considered jointly as complementarity) and competition in
mixedwoods occur simultaneoushangs in the importance of each factave an influencen NPP

When species interactions improve the availability, uptake, or use efficiency of a resource that is
becoming more limiting along the spatial or temporal gradient, complementarity also tends to increase
along thaigradient Binkley et al,, 2004; Forreste2014).Thestress gradient hypothe¢Bertness and
Callaway, 1994has been recentiyonsidered as a special case that fits within the general

6compl e rme o ma e itfranyewank(6rrester and Bauhus, 201Blowever there aresome
differences beveenthed c o mp | e e oma et 1 y i o andithefstreasrgmdieat hypothesis.
One difference ishe nature ofagronomic studiesaditionally used to test the stress gradient hypothesis
whereas the “complementariticompetition” framework haseen applieanoreoftento forest
ecosystemsAnother difference ithe consideration of facilitation and competitive reduction instéad
justfacilitation, or the difficultyto distinguishboth processesccurringsimultaneouslyn foress

(Forrester an®auhus, 2016)n spite of these difficulties eseralrecentstudieshavesuccessfully

appliedthe stresgyradienthypothesigdo forest ecosystems in permanent environmental gradients or under

episodic severe conditions.§.Pretzsclet al., 2012;Forrester, 2014Rioet al, 2014).
4.1. Understanding pinebeech interactions in thesouthwesternPyrenees

Beech is known to have high drought sensitivityensive summer droughtan significantly limitits

growth and competitive ability (&ker et d., 2007). Thusgreater complementarity effects on this species

atthe Mediterranearsite comparedvith thesubalpinesiteare consistent withth@c o mp | ermient ar i t vy
competi ti o,adlond asawerengider vkater to exert a higher limitationrtharens on beech

growth Supporting this assumptio@ondés and Rio (2015) found that water resources are of greater
importance ér beech thafor pinein this regionincreasinghe effect of competitiorfor nutrients and

light with higher precipitatiorin the sameegion Such is the case tifie subalpine sitavhere higher

densitymight alsopromotecompetitive interactions

Stress release of beech whaixed withdifferent speciebasbeenreportedn several studies (Pretzseh
al., 2012; Condést al,, 2013; Ricet al., 2014, b. Similarly, our results suggettiat given the low self

tolerance of beech, complementarity may arise from processes that releasgeaifia competitiorior
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waterin mixtures. Transpiration is one of tkey processes that influereeater availability (Forrester,
2015) Thus, the improvement in WUIB mixed stands suggeghat beech may better tolerate drier
conditions if grown in mixed stands relative to pure staBdsh result is in line with observatiofisid
observations at the Mediterranean site by Primicia et al. (2013), who repeetel radial growth during

the water stress seas@hen mixed with pine.

In addition totranspirationthere areseverakimultaneougrocesses that could influence water
availability anddroughtstress in mixtures (Forrester, 2015)FBRECAST Climatgetranspiration
demand decreasas crown evaporation increasesienergy is consumed in the process of crown
evaporatior(Seelyet al., 2015) Thus the simulated increase in thoportion of precipitation intercepted
by the canopwf mixed standscompared tdoeechmonospecificstandamaypartly explaintheincrease in
WUE. Theincrease ininterception rates mixed stands is likelgaused by the combination: df) higher
LAI in coniferous forestthan in broadleaveg) the contrasting canopychitecture of the two species
thatcombined produce a more complete use of the canopy space than each specieatgyasebd) the
winter/early springseasorwhen beech is defoliatduiit rainfall is important which can therefore be
intercepted by pine in mixed stands but not in fogech woodgFig. 2). In addition, belowground

competition release could also improve water supplypé&ch in mixtures.

Water did not exert important limitation for pine growth, which seemed to be more dependent on light
availability. Contrary to beeglpine growth and transpiratiarould have increased in response to

processes that improve light and it availability or uptake (Forrester, 2015uch mechanisnisave

been proposed to occur in the presence of beech for this species mithisgegion(Rio et al, 2014b;

Condés and Rio, 2015)he estimatedspatial gradient in complementarltgtween our site@vhich

increased as nutrient supply improveslplsoconsistent withthé c o mp | emeomaeit i yi onod
framework whenlight is considered thgrowthlimiting resource for pineBlancoet al, 2008;Forrester,

2014 Forrester an®auhus, 2016

Beech presencedacedabovegroundntra-specific competition and improved nutrient supfalypine
Improvements innutrientavailability for pinein mixtureswere more pronounced the Mediterranean
siteandlargely related to input frorbeech leaf litter. Gmpared to pine littetbeech litter hakigher
nutrient content, lowe€/N ratio andessrecalcitrant compoundsesulting inhighe activity of soil
microfauna andherefore highelitter decomposition rate, reducedil acidity andaricherhumus type
(Kelty and Camergnl995;Pretzsctet al, 2015). Non-symbiotic nitrogen fixation associatedth beech
litter alsoincreasedhe available N content in mixedes relative to pure pine siteShe resulting deeper

canopies improved pine light interception in mixtutaghe subalpinesite, nutrientavailability ismore
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limiting than inthe Mediterranean si{@lancoet al, 2009, 2011and,therefore light-related
complementarity was of lesser intensity. Competifammutrientswasalsoprobably encouragkby the
hightreedensity predictefbr the subalpinesite, in accordance tdata reported from similar sites in this
region(Condést al., 2013).

Inter-specific differences in resource requiremeatduptake abilitieoften resulin niche differentiation
and resourceise complementaritfRichardset al., 2010).The hypothesis of more complete betpaund
exploitation Rioet al, 2014b;Pretzscket al., 2015) was supported loyr simulations through higher
combined root occupancy in mixturaghich led to reduceritrogenleaching losseandimprovedNUE
atthestand levelA more efficientuse of crown spaadue to contrasting light compensation points and
light-use efficiencies (Preztseh al, 2015),phenological differencess¢hwendenmanet al.,, 20155) and
contrastingpatterns obtomata closurander drought conditiortsetween species (Forrester, 201aydn

also been proposed as causes of complementarity in mixtures.

Recent studiebased in the same regiddndéset al, 2013 Rioet al, 2014k Condés and Rj®015)
similarly found water and light to be tipeimarylimiting resource factors for beeemd pine

performance, respectivellidiowever, our resultdlustratethe importancef also accounting fospecies
interactions withrespect to the dynamics of nutrient availability and uptake. This is particularly important
for predictingfuture growthandecosystem resiliendyendsunder different silviculture systems and

climate scenarios
4.2. Mixed stands projections under climate change

The temporal patterns griation in complementaritgbserved in this analysigghlight the importance
of using a longerm approach whegvaluatingree interactions undelifferentstress gradient§ his
variationis likely derived fromtemporal changes in climatic conditions or disturbances and modification
of availability of light and soil resources by stand development (Forrester, 2014). Our resultse guent
enhancement of interaction effects as stands dewstaptime In the Mediterranean sitencreasing
standcomplementarity was predictéor both speies in mixtures.r the subalpine sitencreasing
complementarity and competition effeetserepredictedfor pine am beech respectivelyrhe pojected
trend ofrising temperatures and increasing frequency of drought e{lB@€, 2013)n souttwestern
Europe suggest thaeech will increasingly benefit from associations in mixtupasticularlyin areas
with Mediterranean climateshere it is expected to suffer growth reductions related to declining soil
moisture and reduced nitrogen supply (Ge8teal, 2007). Messieret al. (2013) observed similar
benefitsfor beech growing in mixtureas terms of increased forest resilieringhe context of climate

change.
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Although pine is better adapted to dry conditions than beecthanthin interspecific interactions were
nutrient and lightrelated the climate change simulations conducted here suggest that piaésalibve
better WUEwhen grown in a mixedwood condition. Redass, water stress at the spedmel was
notably increasednder climate changbecaus®f the increased frequency of drought events, leading to
higher droughtelated mortality rates in thdediterranearsite.In any casepine wouldalsolikely obtain
greateradditionalbenefisin mixtures from the mitigation of the susceptibility to sedary stress made

by insects, fungi or windthrow damagaused byirought(Allen et al, 2010; Pretzscht al, 2015).All

our resultgogether pointo the advantage of mixtures for both species at dtared to face warmer

environments with more frequedrought events
4.3.Model advantages andimitations

All models have strengths and weaknesses that should be taken into consideration when evaluating model
results. One of the strengths of #®RECAST Climates tool for examining species interactions in

mixed stands is that dfoes not useompetition indices as proxies for specigeiactionsRather it

includes explicit representationsatfove andelowgroundccompetition for availableesource including

nutrients, light and watetherefore allowing foan examination ofhifts in interspecific interactions

along spatig¢emporal environmental gradients (Rifioal, 2014a) While suchfeaturessnhance the

capability ofsimulatingspeciesnteractions (Blancaet al.,2015 Pretzsctet al.,2015, they also come

with the cost ofncreasedalibration data.

Some of thdimitations of FORECAST Climatwith respect to its application in mixed species stands
include the following. The is neitherrepresentation of mycorrhizal relationships sionulation of
hydraulic redistributiorin the model. Both of these can be important factors regulating ecosystem
function in mixedwood forestdNeumann an€ardon, 2012; Simaret al, 2012. In addition, draght
related mortalitys empirically estimatedased oimonospecificstands, sthe ability of the model to
predictinter-specific interactionsouldbe limited Forrester (2015) showed that in mixtures not every
tree of a given species present compleangtyteffects but only some of them grow faster than trees in
monospecificstandsand other trees grow at similar rates, and stawel patterns will reflect the mean
treelevel responselhus,standlevel predictions could ignongotentiallyimportantindividual tree
responsesAdditionally, the wayin whichdensity and species proporticar®estimated could influence
the calculation o€EomplementarityTo addresshis issue, &pecies proportion definition that considers
the different potetial densites between speciegas chosen as it was refertediensity inmonospecific
standsThis might provide more reliablestimation ofmixing effects when there are differences in

species potential densities (Stedbal, 2014).A further limitationin our modelling approachbouldbe
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attributed tahe fact that the onlgutrientconsidered wasitrogen.This assumption was based on
previous research reporting that nitrogethis mainlimiting nutrientat both sites (Blancet al, 2008
2009; 201). However,recent findings suggest thaltosphorousouldalsobecome limitinguner some
conditionsat least irthe Mediterranean sifer pine growth (Primiciat al, 2014).Hence, further work is
needed at conceptual, modelljmgd empirical levels to include muttutrient limitations and
interactions with other factors in the context of the “complemeniadtynpetition” theoretical

framework.

In spite of theaforementionedimitations FORECAST Climatdand its predecessoORECAST)have
been successfully applied to a wide variety of situationsBEaeoet al, 2015,Lo et al, 2015; Seelgt

al., 2015 and references thereingluding studies on complementarity and facilitation in tropical mixed
plantations (Wu edl., 2015; Weiet al.,2014) This model has also been highlighted as one diilne
more promising ecological models for its application in mixed for@st recent review encompassing
202 ecological modeldBlancoet al.,2015). Suchacts provideconfidence in its suitability to simulate
complex forest ecosystems.

5. Conclusions

In this studywe provideinsight towards &etter understanding ofter-specific interactions in pine/beech
mixedwoodggrowingclose to their range limit3 he resultare alsaelevant across Europe similar
climateconditions may develop further northrimorecentral distribution areas with climate change
(Hampe and Petit, 2005)he study provides support for increasing éstablishmenpine-beech
mixedwoodsas aradaptatio strategy taclimate change in drougiprone sitesOur results suggest that
theexpected beneficiaffectwould beweakerhigh elevation sitewherewateravailability is not a key
factor limiting growth Complemerdrity of beech increased agteravailability (major limitationfor this
species) declied. In the case of pinénteractions in mixtures wetght-related andcomplementarity
was higher as nutrient supply improvaad competition for belowground resources decreasétus,
climate chage was predicted to have a relatively smaller impagtinegrown in mixtures compared to
beech Our results are consistent with thee o mp | e e o ma e ifranyewoskragong as the

limiting resourcs consideredarewater for beecland light forpine.
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TABLES

Table 1.Site characteristics (medrstandard error) in 2014. Stands descriptors from Puertas (2001) andainPeiertas (2003).

Site Mediterranean site Subalpinesite
Name ofthe closestown Aspurz Garde
Latitude 42048650060 N 42U4263160 N
Longitude 526300606 W 10864006060 W
Altitude (ma.s.l) 625 1335
F.A.O. il type Haplic Alisol Dystric Cambisol
Climatetype (Papadakis, 1970) Cold wet Mediterranean Cold wet continental

Pine stands Beech stands Pine stands Beech stands
Slope (%) 7 37 40 45
Other overstory tree speci&8 Fagus sylvaticd.. Pinus sylvestri&. Fagus sylvaticd.. Pinus sylvestris.

Quercus humilid..  Alnus glutinosdL.) Gaertn

Site Index at stand age 80 years (n 29 21 23 18
Age (yearg 47 72 51 38
Density (stems hj ° 1456° 140 700° 115 2747° 328 783° 118
Dominant heigh¢m) ¢ 20.4° 0.3 17.3° 0.8 17.3° 0.9 13.2° 0.5
Mean DBH (cmy 18.9° 1.0 14.2° 0.7 14.8° 0.2 9.5° 04
Basal area (fha?) 41.2° 0.9 13.5° 6.6 47.8° 1.6 15.0° 4.0

@Scots pine plots: eighteen and ten tree species identifted Mediterraneaandthe subalpinesites respectively

® European beech plots: seven and two tree species identifieel Mediterranean and tsebalpinesites respectively
¢ Trees with a diameter 7.5 cmat breast height (1.30 m, DBH).

4 Measured averaging (n = 100) the height of the thickest dominant trees per hectare.

®Measured by double cross measurement.
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Table 2.Soil chemical and physical properties in the study sites. Parameters in bold aeypilafiie water related valuasedto calibrate tk
hydrological submodel

SitgHorizon Texture Coarse  Depth? pH1:2.5 Density” CEC O.M. Sall Maximum
fragment (cm) H,O (g.cm®  (cmol+.kgh) (%) C/N  field capacity
content (%) (%)

Mediterranean site

Horizon O - 0 9.7 - 0.24 - - 43.1 32.0
Horizon A Sandy loam 20 20.0 6.25 0.38 18.6 10.41 233 38.8
Horizon B Sandy loam 20 50.0 5.32 1.89 6.6 1.63 205 38.8

Subalpine site

Horizon O - 0 8.8 - 0.24 - - 56.5 32.0
Horizon A Loam 30 25.0 5.83 0.76 26.6 9.07 15.6 38.8
Horizon B Loam 30 60.0 5.76 1.27 18.2 2.71 9.4 38.8

® The startingdepthfor the organic horizon (% shownas measure on the experimental sikegit can change over tima the simulations
depending on ratesf litter production and decomposition.
® Organic horizon (OYlensity: estimated bulk density; mineral gbibrizons A and Bylensity: apparent density.
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Table 3. Parameter values in the hydrological submodel specific to the simulation of evapotranspiration and water stress farrtdesgstand
vegetation.

Species Canopy parameters Permanent Wilting Point # Maximum rooting depth (cm)

Albedo  Resistanc@ Humus Mineral soil
(Med. /subalp sites)

Pinus sylvestri§ 0.09 0.2 0.13/0.13 0.10/0.15 40
Fagus sylvatica 0.13 0.15 0.15/0.15 0.12/0.18 80
Rubusspp 0.12 0.15 0.12/0.12 0.13/0.13 25

% Relative volumetric moisture contefpiroportion of total volume) at which soil water uptake is suspended.

® Reference relative canopy resistance to water loss through stomata. Higher values indicate greater resistance
‘ Tree species.

4 Understory species.

Table 4.Percentage of precipitation intercepted by the canopy (mean + SE) for standl&gey&@rsDifferent superscripts meastatistically
significantdifferences among stands typ&satistical comparison weperformedwith univariate ANOVA.

Mediterranean site Subalpinesite
Historical RCP 4.5 RCP 8.5 Historical RCP 4.5 RCP 8.5
Pine stands 15.77+0.58 11.17+2.45 1245+277 5.05+0.27 420+1.14 487+1.33
Beech stands 11.33+0.43 7.96+1.98 858+208 3.78+0.28 274+090 3.07+0.99
Mixed stands 15.99 +0.54 11.19+2.35 11.98+242 4.64+0.26 388+1.1% 463+1.36
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Figure legends

Figure 1. Natural European distribution &inus sylvestrisFagus sylvaticdEUFORGEN, 2009) and the
commonarea between both species. The left upper inset shows the location of experimental plots
(circles) Mediterranean site (Aspurz) and subalpine site (Gawkgther stations providing historical
climate (triangles) and weather stations averaged for cliohatiege scenarios projection (stars). Lower
pictures show imagdsom experimentapine (upper) and beech (lower) stands.

Figure 2. Climatic diagrams for the study sites for the period 12064for the Mediterranean site
(Aspurz) and the subalpine site (@a). y representeiumber of years considerell;mean annual
temperature (°C); P: mean annual amount of precipitation (@bfigue striped area shows months with

an absolute minimum temperature below 0 °C.

Figure 3. (A) Stand complementarity effects on stemwood yield calculated as in Eq. 3. (B) Species
complementarity effects on stemwood yield at age 150 calculated following Hue Borizontal axis sus
up resources gradients that occur between the twonsiteslifferent elevatior{(Mediterranean left side,
subalpine right side)

Figure 4. Stand level descriptors monospecifidPinus sylvestrimndFagus sylvaticatandsand pinelbeech
mixtures simulatedinder historical climate scenario. (A) Total stand gropeh year(Mg ha' year'). (B)

Soil nitrogen net balancgékg ha') calculated as the difference between nitrogen released from litter and
humus and leaching losses. (®tual stand canopy trapgation (mm ha'). (D) Ecosystertevel nitrogen
useefficiency (Mg kg™ N).

Figure 5. Differences betweeRinus sylvestrigutputparameters imonospecificstandsand mixed stats
Positive values indicate higher values in monospecific stands relative to mixthigslines represent
average and color areas represent 95% and 5% percentiles; the purpesents the overlap between
themoderatgblue)andsevergred)climate change scenarios. (A) Amount of nitrogen accundiiate
foliage biomass per tre&g N stem’); (B) actual water transpired per tree (mm ster(C) transpiration
deficit index (TDI) as a measure of water stress experienced by the species; (D) antsavatéciency
(WUE; Mg mmrih).

Figure 6. Differences betweeRagus sylvaticgparameters imonospecificstandsand mixed stands
Positive values indicate higher values in monospecific stands relative to mifthiaslines represent
average and color areas represent 95% and 5% percentiles; the purple area represents thetweeriap
the moderate (blue) and severe (red) climate change sceajidsnount of nitrogen accumulated in
foliage biomass per tree (kgstem'); (B) actual water transpired per tree (mm ster(C) transpiration
deficit index (TDI) as a measure of wastress experienced by the species; (D) and wateefficiency
(WUE; Mg mmih).

2533



Gonzalez de Andrés al. (2016) Submittedto ECOHYDROLOGY

Figure 7. Stand level descriptors PRinus sylvestrisndFagus sylvaticamixtures simulated in FORECAST
Climate under different climate scenarios: historical, moderate (RCP 4.5) and severe climate change (RCP
8.5). Thick lines represent average and color areas represent 95% and 5% percentiles; the purple area
represents the eviap between thenoderateandsevere climate change scenarios. (A) Total stand growth per
year(Mg ha' year’). (B) Soil nitrogen net balandkg N ha') calculated as the difference between nitrogen
released from litter and humus and leaching lossgsI ¢@lactualstand canopy transpiratigmm ha’)
determined in the forest hydrology model ForwabDy. (D) Impact of climate on decomposition processes in
the soil layer®r Climate Decomposition Fact¢€DF, dimensionless
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: oy
Pinus sylvestris distribution

=
Fagus sylvatica distribution []
Shared distribution of P.sylvestris and F.sylvatica [l

Figure 1.
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ASPURZ (Mediterranean site)
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GARDE (subalpine site)
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Mixed stands
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Figure 4.
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Pinus sylvestris
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Figure 6.

32/33



