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Abstract

Records obktableoxygen isotopeatios in tree rings are valuable tools to reconstruct past climatic
conditions and the response of trees to tluslitions So farthe use oftable oxygen isotope
signatures of tree ringbas not been systematically evaluateddynamic global vegetatio
models (DGVMs). DGVMs integrate many hydrological and physiological processes and their
application could improve proxsnodel comparisons and the interpretation of oxygen isotope
records.Here we presentnaapproach to simulatieaf water andstem cellulose *%0 of trees
using the LPXBern DGVM (LPX-Bern). Our resultdie within a few pemil of measured tree

ring ! *°0 of thirty-onedifferent forest stands mainly located in Europe. Temporal means over the
last five decades as well as iM@nnual variations for a subset of sites in Switzerland are
capturedA sensitivityanalysisreveals thatelative humidity, temperature, and the water isotope
boundary conditions have the largegtuenceon simulatedstem cellulose 0, followed by all

climatic factors combinedwhereas increasing atmospheric &0d nitrogendeposition exert no
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impact We conclude that simulations with LFBern are useful to investiga@gescale oxygen
isotope patterns of treing cellulose, toelucidatethe importance of different environmental
factors on isotope variations and therefoedp toreduce uncertainties in the interpretation of

1 80 of treerings.

1 Introduction

Stable oxygen isotope ratio$@/°0) are widely used to reconstruetsp climatic conditions and

to characterize the modern hydrological cydl€0 (*°0 =[((**0/*°0)sampid(**0/*°0)standary-
1]"1000 [&]) is routinely measured in various climate archives such as ice ¢Dassgaard,
1964 Johnsen et al.,, 2001Jouzel et b, 2003; Severinghaus et al., 2009%peleothems
(Fleitmann et al., 2004McDermott, 2004,) corals (Dunbar et al., 1994)ocean sediments
(Shackleton and Obdyke, 1978derfield and Ganssen, 200@nd tree ringéLibby et al., 1976
Treydte et al., 2006as well as in modern precipitation samplB®zanski et al., 199XKern et

al., 2014) Regarding the tree ring archive, recent efforts were directed to docurfiént
variability in stem cellulose from tree ring samples over the last millennium Negson
Delmotte et al., 20Q5Treydte et al., 20Q6Edwards et al.2008 and the industrial period
(Anderson et al., 1998Mliller et al., 2006) The spatial distribtibn of tree ring! **0 has been
characteded across largareas(e.g. Saurer et al., 2002; Herweijer et al., 2007; Treydte et al.,
2007) In addition, attempts have been made to unravel the processes that determine stem
cellulose! *°0 (e.g.Gessler et al2009; Offermann et al., 2011)

The cycling of water isotopes through the climate system including the transfer of water
associated with gross primary productivity on land was successfully implemented in atmospheric
general circulation and in Earth Systévodels (Joussaume et al., 1984¢uzel et al., 1987
Hoffmann et al., 1998Noone and Simmonds, 2003turm et al., 2005Werner et al., 20)1to
characterize the hydrological cyclModel results are used temonstrat that the El Ni—o
Southern Oscillatin imprints a pronounced signal on water isotopes (Hoffmann et al),1698
reconstruct past precipitation patteffssi et al., 2010Sjolte et al. 2011; MassofDelmotte et

al,, 2015, and to explairl **0 paleodata(Hoffmann et al., 2003)Model resuts areevaluated

against stable isotope ratios in pret@pon (Joussaume et al., 1984now(Jouzel et al., 1987)
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ground wate(Hoffmann et al., 1998)water vapo(Werner et al., 2011)gand ice coré **0 data
(e.g.Risi et al., 2010)Because none dhese models describe¥0 in stem cellulosga direct

modeldatacomparisonis not yet possible for tree rings and global scale mo8eldarprocess

modelsdescriling the transfer of isotopic signals from soil water and water vapor to leaf water,

andfinally stem cellulosewere appliedor single sites onlyRoden et al., 200@gZe et al. 2009;
Kahmen et al., 2011; Treydte et al., 201¥ét, theimplementatiorof such an approach in large

sale global land biosphere modésmissing.A large-scaleapproach would have the advantage

that many hydrological and physiological processes could be integrated and large spatial and

temporal patterns could be explored. Furthermore the importance of individual factors such as

rising atmospheric C£rould easilybe examined.

The goals of this study are (i) to describe the implementation of the stable water isotepe fl
and pools in the LPYBernDGVM, including! *?0 in stem cellulose for direct modptoxy
comparison, (iifo esimate the largescale spatial distribution of10 in leaf water and stem
cellulose, (iii))to quantify the drivers of spatiemporal trends and variability of stem cellulose
1 80 in the model contexdnd to assist in the interpretation of tree rifig!data and (v) to
assesthemodel performance for larggcale spatial gradients, muttecadal trends, andter-
annualvariability with a focus on extré&ropical forestsWe compiled timeveraged tree ring

| 80 datafrom thirty-oneboreal and temperaferest sites to capture spatial vailiy and use
five treering-! *°0 records from Switzerland to detéilcal temporalvariability. Soil water and
watervapor! 0 results from transient simulations with the model ECHAMBACH (Haese et
al., 2013)overthe past 50 years ansed as oxygen isotope input data (setopeforcing).
Factorial experiments at the site scale are performed to identify drivers of decadal trends and

interrannualvariability.

1.1 Isotope background

Evegporation and condensation are the two processepitbdbminantlyinfluencewateroxygen
isotope ratios in the climate system. Water molecules containindighier °0 isotopes
evaporate more readily compared to molecules containing the hé¥iefheefore moisture
evaporated fronthe ocean islepletedn *°0O compared to ocean watevhich has d **0 of near

zeroper mil. As air cools by rising into the atmosphere or mowimgard the poles, moisture
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begins to condense ardlls as precipitationWater vapor molecules containinfO condense

more readilyandrain is enrichedin *¥0 compared tdts vapor source As the air continues to
move pole-ward into colder regions (temperature effect) or further inland (continental effect) the
remaining moistureni the air as well as the water that condenses and precipitates become
increasingly moré®0 depleted. This is reflected in the spatial distribution of oxygen isotope
ratios in soil water and water vapdrhe ! 20 of surface soil water reflects thé®0 signal of
precipitation averaged over a certain amount of time and is further modified by evaporation of

soil water leading to evaporative enrichment and giatignby mixing with ground water

Plants take up water which carritss precipitation orsoil water! *#0 signature During transport
from roots b leaves isotope ratios are not modif{®dershaw et al., 1966)n the leaveswater
becomes enriched {0 relative to source water as a result of transpirgfiongmann et al.,
1974) The enrichment at the site of evaporation (the stomata)nmarily driven by the ratio of
the vapor pressure outside versus inside the leaf. Source water (i.e. soil watamettsttie leaf

via the transpiratioal stream, mixes with th&0-enriched water and dilutes the leaf wat&o
signal (a PZclet effecBarbour et al., 2004)This PZclet effect tends to reduce the signal of
evaporativeenrichment in bulk leaf wategfi.e. whole leaf waterand theeffect is large when
transpiration rates are higBucroseformed in the leaves iought to be27a enriched in *°0
compared to leafvater due to fractionation during the exchange of oxygen between carbonyl
groups in organic molecule amhte (Sternbeg et al., 1986)Sugars are then transported down
the trunk where partial exchange with xylem water occurs beforgingeellulose is formed
(Roden et al., 2000; Gessler et al., 20Bhsed on isotope theory, oxygen isotope ratios in tree
rings serve a proxy datafor relative humidity and reflect thegmature of soil wate(McCarroll

and Loader, 2004)The relative strength of thleumidity and soil watesignal, however, is
expected to varylue to thePZclet effectand oxygen isotope exchange duringns cellulose
formation (see below)and is often difficult to quantify, which somewhat hampers current

interpretation of treging results

Tree ring chronologies have been found to correlate with relative huni@link and Stuiver,
1981; An et al., 2014Xu et al., 2014)and ! *®0 of precipitation(Waterhouse et al., 2002)n

addition tree ring! *°0 archives are proxies for e.g. precipitation amo(iftsydte et al., 2006)
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the occurrence of drough{dassonDelmotte et al., 2005; Herweijer et al., 20@hnd trgical

cyclonegMiller et al., 2006) or leafto-air vapor pressure differencéahmen et al., 2011)

Regarding treaings, ! 0 in stem cellulosehas beerdescribedwith mechanistic modelso
characterize the transfer bt°O signals from sdiwater to stem celluloséRoden et al., 2000;
Cernusak et al., 2005; Barbour, 2007; Gessler et al.,, ZDgiBe et al. 2009 A formulation of

leaf water enrichment at the site of evaporation (i.e. the stomata) based on the model by Craig and
Gordon(1965)is common to all models, but additional processes relatetf@signals in leaf
water and stem cellulosare resolved at varying degrees of complexity. Some models include
boundary layer consideratisfFlanagan et al., 199Dy the PZclet effects that reduce leaf water
enrichment(Barbour et al., 2004Farquhar ad Gan, 2003)Othersaccount for variations in
isotopic exchange of oxygen with xylem waBarbour and Farquhar, 200@r weight diurnal
variations in leaf water emmtiment by photosynthetic rat@Sernusak et al., 2003 ere we use a
rather generahipproach with a singl@Zcleteffect and constant isotopic exchange with xylem
water, aswe aim to simulate stem cellulose across a large range of different spedeswe

lack detailed speciespecific information, e.g. on water flow and the PZcletatfOn the other
hand we move a step forward in that we integrate a mechanistic rfardsiem cellulosé %0

into a DGVM that allows us to cover large spatial and temporal scabelsthat explicitly

considers numerous hydrological and physiological gsses

2 Material and methods

2.1 Model description

Stable oxygen isotopes were implemented inLiA¥-Bern DGVM (Land surfacd’rocessesnd
eXchangesBern version 1.)0(Spahni et al., 2013; Stocker et al., 2013 X-Bern describes the
evolution of vegetatio cover, carbo (C) andnitrogen () dynamics in soiend vegetation, and

the exchange of watefO,, C isotopes, methane, and nitrous oxide between the atmosphere and

the land biosphere.

The model version applied heieaturesa horizontal resolutionf 3.75x 2.5 degreea vertically

resolved soil hydrologwith heat diffusion and an interactive thawifigezing scheméGerten et
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al.,, 2004; Wania et al., 2009) and features a daily time step for photosynthesis and
evapotranspiratianThe soil hydrology $teme is similar to aoncurrentiLPX version(Murray et

al., 2011;Prentice et al., 2011)There are ten plant functional types (PFTs) that have distinct
bioclimatic limits and differ in their physiological traits such as minimum canopy conductance
(Sitch ¢ al., 2003)(Table S2 inRuosch et al.2016. The distribution of fine roots in the soil
profile is also PF¥specific and leads to competition for watkight competitionis modeled
indirectly by assigning a higher mortality to PFTs with a simallement in fractional plant cover
and biomass compared to PFTs with a large increment (Sitch et al.,. 2D@8y
evapotranspiration is calculated for each PFT as the minimunplaht and soillimited supply
function Esypp,) and the demanfbr trarspiration(Eemana). Esuppiy 1S the product of roetveighted

soil moisture availability and a maximwwater supplyrate that is equal for all PFTSitch et al.,
2003) Egemana 1S calculated following Monteith'$Monteith, 1995)empirical reléion between

evaporation efficiency and surface conductance,

Edemand | ! eq' [1—exp<! ;! ¢)]! T A RN TR RN RN TR TER WA TG

whereE,, is the equilibrium evaporation ratg, and o, are empirical parametetsat are equa
for all plant functional typese. the canopy conductancand ¢ the fraction of present foliage
area togroundarea(i.e. projected leaf argaEquation (1) is solved foEgemangusing the non
waterstressedootential canopy conductanes calaulated by the photosynthesis routifer a
fixed ratio# between the COmole fraction in the stomatal cavity and the ambient#ais set
equal to 0.8 following Sitch et al. (2003) to approximate-waterstressed conditions and as a
starting vale for the iterative computation of carbon assimilation and transpiratiotase of
waterstressed conditions Whéefyemand €XceedsEsyppy, canopy conductancand photosynthesis

are jointlyand consistentlglownregulated EgemandS Set toEsuppy and Eguation 1 is solved for
8e-

Photosynthesis isnodeled following Collatz et al.(1991; 1992), which isbased on the
formulatiors by Farguhar et al(1980 andFarquhar and von Caemme(&882)generalizedor
global moeatling purposesThe N content andRubiscoactivity of leaves are assumed to vary
seasonally and with canopy position in a way to maximize net dasomiat the leaf leveFor

Cs plants assimilation is a function of the daily integral of absorbed phutetically active
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radiation. For a detailedescriptionseeHaxeltine and Prenticd 996b, a)

Canopy conductangg,, is linked to daytime assimilatiod,;, through

T +ﬁum!!!!! R NNy T N T TN TR TR T NN R R RN DY

whereg,.;, is @ PFT specific minimum canopy conductance ansl the ambient mole dction of
CO, and# the ratio between the G@nole fraction in the stomatal cavity and the ambienfTdie
equations forwater supply and demand, assimilation, and canopy conductaeceolved
simultaneously by varying #to yield selfconsistentvalues or #, g. assimilation and

transpiration

2.2 Leaf water and stem cellulose ! *¥0O model

To calculate! **0 in leaf water we use theZétet modified CraigGordon (PMCG) model as

describeck.g.in Farquhar & Lloyd (1993)

The evaporative enrichent of leaf water above the plantOs source water at the site of evaporation
($%0,), is based on the Crai@ordon formulation(Craig and Gordon, 1968ongmann et al.,
1974)

150 =1"+1 +(1 0," 1 )%
“, 3)
wheree' is the temperaturdependent equilibrium fractionatioadtor between liquid and vapor

water and is calculated as

. 10° 10 ..
£ =2.6441 3.206(—)+1.534(—) (@), 4)
T T

with T, the leaf temperature in KBottinga and Craig, 196@ Barbour, 2007)¢" increases with
decreasing temperature and is arouné 8#& 30C and around 11& at OC. & is the kinetic
fractionation factor for water vapor diffusion from the leaf to the atmosphere;(@2@pa et al.
2003, $'®%0y describes the oxygen isotoparichmentof water vapor in the atmosphere above
source water, andy/e is the ratio of ambient to fercellular vapor pressureshis ratiois equal

to relative humiditywhen leaf and air temperatures are similar amgla saturation pressunéd/e



193 assume that leaf temperature is approximated by air temperature (see also Disd¥ssiasg).
194  this formuldion in LPX-Bern for the comparison against published leaf waté® (West et al.,
195 2008)

196  All other results were derived with the expanded model that includ@slet Bffect The PZclet

197 number is defined as
198 p=—, (5)

199 andaccounts for the dilution dfO-enriched leaf water by unenrichsource water that enters
200 the leaf via the transpirational streaf (nol m? s') andis effective over a path length
201 (Farquhar and Lloyd, 1993). To keep the model as simple as possible iveo€£03 m for all
202 PFTs followingKahmen et al(2011), athoughZ can vary largely between species (Kahmen et
203 al., 2009) ¢ is the molar density of waté$5.5 # 13 mol m*®) andD the temperature dependent
204 diffusivity of H.'°O in water(Cuntz et al.2007, Equation A22Typo corrected10°® instead of
205 109):

1528 + 1554368

206 D=10"%exp(l 04+
PO T

) (m?s?) (6).

207 Bulk leaf water®O enrichment can then be calculated as

1%0,1" e”)

208 1Oy =

(7)

209 $OLwis smallerthan$*®0Ocand approaches'®0.for small transpiration rates In regionswith
210 high leaf transpiration rates such as high latitueseduction 0$*°0Ocdue to the PZclet effect is

211 most strongly express€Big. S1in the SupplemeitLeaf water 1°Ois

212 10, =! "0, +! "0y, 8)
213  where "®Ogy refers to soil water*®0. Stem cdlilose isotopic composition is calculated as
214 10 = p, p, (! ®Ogy + ")+ ! PP O, + ")

215  =06"0gy + (1= PoP)A Oy +Epe » 9)

216 wheree,. is the fractionation between®0 of waterand the! **0 of the primary products of
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photosynthesis of 27a(Epstein et al., 1977)p.. is the proportion of exchangeable oxygen in
cellulose formed from sucrose, apd is the proportion oft **Osy at the site of cellulose
formation(Roden et al., 2000}-or our simulations we used values of 0.4fQi(Cernusak et al.,
2005 Sternberg, 2009nd 1.0 fop, (Kahmen et a).2011)

Photosyritesis and plant water fluxes and thus changes in leaf water and stem célfi@oare
computedwith adaily time step Because stem cellulose formation is restricted to the vegetation
period in temperate and boreal regioms apply positive net primargroduction (NPP) as weight

to compute timaveragedstem cellulose and leaf watef’O and apply a cutoff of 1.0 § mi®
month'. This means thatnnual! *°0 of stem cellulose is calculated only based on months with a
NPP higher than 1.0 @ m? month* ard months with high NPP have a stronger weight. Effects
of C storage related to the incorporation pifotassimilates from previous years into current

year® cellulose is not accounted f{@essler et al., 2007)

2.3 Input data

Monthly griddedmeteorologicatlata (temperature, precipitatioztioud cover and number of wet
days(CRU TS v. 3.21Harris et al., 2014)annualatmospheric Ndepositionfields (Lamarque et

al., 2011) and atmospheric CGQEtheridge et al., 1998; MacFarling Meure et al., 2086
prescribed to LPXBern The meteorologicadlata are linearly interpolated to daily values, except
for precipitation where a stochastic weather generator is applied to compute daily precipitation
following Gerten et al(2004) Monthly soil water! *°0, water apor! *°0 and relative humity

data are from a simulation withe coupled atmosphetand surface model ECHAM3SBACH

for the period 1960 to 2@ (Haese et al., 2013)

Next, the CRU climate input data are briefly evaluakeat five treering sitesin Switzerland (see
section 2.5, we comparedthe CRU climate input data against relative humidity from
meteorologicaktations(SourceMetedSwiss) and homogenizedir temperature and precipitation
data for Switzerland (Begert et al., 2005)For the higkelevation site at DavosDAV)
summertime(JuneAugust,JJA) precipitation and relative humidity input data alighgly higher
than data from meteorological stations in th80s and 70s and similar thereafteir
temperaturs for the correspondy pixel from the gridded CRU data set are aroui@l lgher

than in the MeteBwiss data aDAV, as the CRU data represent averages for a large Hnea
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CRU data for the sites LOV and LOT compare relatively wath the meteorological station

datg except for higher precipitation (both sites) and higher air temperature (site LOT).

A first-order correction is applied to the relative humidity data from ECHARBACH to
account for the daily cycle.daf water'®0 enrichment is drive by daytime relative humidity
(when stomata are openlhereasthe available ECHAMSJSBACH data represent 2dour
averagesRelative humidityis reduced uniformlyby an absolute value of 10%aked on a
comparison of 2our against8:00-18:00 summertime average ative humidiy valuesin
temperateand boreal regiongKearney et al., 2014)This correction was evaluated for a few

summer days at the siBAV and found to be sufficient.

ECHAM5-JSBACH includesthe atmosphere model E@MS5 (Roeckner et al., 2003andthe

land surface scheme JSBACH (Jena Scheme for Biosplteresphere Interaction in Hamburg;
Raddatz et al., 2007The model comprises three surfaceavakservoirs: a snow layerater at

the skin layerof the canopy or bare spiind a soil watetayer. These three pools are each
represented by a single layer bucket model, and each of them hasridbedemaximum field
capacity.In ECHAM5-JSBACH there are no soil layers and the isotopic composition has no
vertical gradient. Any water taken up by gkhas thé *®0 of soil water. The soil layers in LPX
Berndo not affect the isotopic composition, but are exclusively used for quantitative assessment
of water pools and fluxe§.he drainageo groundwatein ECHAM5-JSBACH has theisotopic
composition of theal water. No fractionation during snowmelt is assumeaquid precipitation

and melt waterare added to the skin layer reservoir and the soil reservoir, respectively. After

these reservoirs are fillethe residual wateyieldsthe runoff.

In order to catulate evapotranspiration in ECHAMESBACH, each grid cell is divided into four
cover fractions: one covered by snow, one covered with water in the skin layer reservoir, one
covered by vegetation, and one covered by bare soil. The complete evapotransfiiratis
calculated by the weighted sum of these four fractidhs. skin layer is modeled as a thin layer

of water, which in general evaporates completely within a few model time steps.

10



272 2.4 Simulations

273 A spinup of 1500 years performed with LPXBern where an analytical solutiorfor the C
274 inventory in slow soil pools is applied after 1000 ydarsnsure that all C pools have established
275 equilibrium conditionsby the end of the spinugA\tmosphericCO, concentrations othe year
276 1900, atmospheribl depositon rates of 1901climate data from 19061931, and! *®0 input data
277 for 1960 are used duringhe spinup.Transientsimulationsare started in 1901 forced by
278 atmospheric Cg annualN deposition(Lamarque et al., 201,1and monthly climatésee section
279  2.3). For the years 1901960 we use monthlelative humidity,soil water! **0 and vapot °0
280 of 1960 and 196@012 data thereafteAll runs are for potential vegetation (no land use) and
281 feedbacks betwee@ and N cycles areenabled(i.e. potential limitation of growth by lowN
282 avalilability).

283 In factorial simulations, modgdarameter®r input dataare increasedndividually by 10% and
284 the impact isevaluatedor stem cellulose *®0 for the June, Julyand August 1960averagefor
285 the gridcell thatincludes the sit®AV. In anothersuite of sensitiky experimentghe influence
286  of 20" century trends and variability on simulatedO is explored (see section 3.3). Individual
287 input data are kept at initial conditions, while all others are prescrisen the standard
288 simulation. For these sensitivity experimentsntinly meansof 1901-1931 are appliedfor air
289 temperature, precipitatiojoud coverand number of wet daysand monthly means of 1960
290 1969 for relative humidity, soil water **0 and water vapor *°0O, and 1901 values for
291 atmospheric C® and N deposition.In a similar factorial experimenthe FZclet effectis
292 excluded Thetime seriesaresmoothed using Stineman functioR®r the siteDAV we cary out
293 an additonal series of experiments to evaluate the influenca 8f5C lower leaf than air
294 temperaturdbecausdahe 19662012 mean measured temperature isj@.5ower than the CRU
295 temperature used in LRRern), a temperature dependent biocheahicactionation as described
296 in Sternberg and Ellsworth (2011)

297 ln L oWy T'1 01T + 33."# (10)

298 and this temperature dependent biochemical fractionation with measured air temperature

299 prescribed instead of the default CRU dathile all other terms remaianchanged

11



300

301
302
303
304
305
306
307
308
309
310
311

312
313
314
315
316
317
318
319
320
321
322

323
324
325
326
327

2.5 Tree-ring ! **0 data

To validate our modekith regard to spatial variationsie compare meaft®0 of stem cellulose
for the years 1961996 (or until 2012 depending on availability of data) agawistervations
from 31 sites in temperate and boreal foreJteydte et al.2006,2007, 2009Kress et al.2010Q
HolzkSmper et al2011). The sites span an area fr@painto Pakistan in the eastest and in
the NorthSouth fromMoroccoto Finland but the majorityis located in EuropeMeasurements
were performed on different tree species. In most cHsesprrespondinglant functional type
(temperate broatbavedsummergreentemperate or boreal needémved evergreen, or boreal
needleleavedsummergreenis smulated by LPXBern at the location of interest and used for
modeldata comparisanOtherwise, we use simulatéd®0 values of the dominant tree plant
functional typesimulated by the modeThis is permissible as thdifferences in! **0 between

functiond types are rather mindgsee below)

Five sites in Switzerland were chosen for a comparison of time §€abke S1)DAV is a West
facing site at 1660 mbove sedevel (asl)Jdominded by the evergreeRicea abies (L.) H. Karst
near the village of DavosThe sites on the mountain LSgetAEA and LAEB), situatedon
similar altitudes of about 720 m asl, have a South aspattare on different soil typeSite
LAEA is on sandstone and is dominatedthy deciduous broatbavedFagus sylvatica L. and
the evergreen needleaved4bies alba Mill., the site LAEB is on limestone and is dominated by
the two deciduous brodeavedspeciesF. sylvatica and Fraxinus excelsior L. However,only F.
sylvatica is analysechere The Northfacing site in the LStschen Valley (N19) is at 2000 m asl
and is dominated by the evergreRrubies. Close byis an additional site LOE in the LStschen
Valley at 2100 m asl that hasSmuthNorth exposure and is dominated bydecidua (Kress et
al., 2010)

For two additional sites in the LStschen Valley at 1350 m asl and @i1@6l (LOV, LOT), a
complete set of input datat aboutbi-weekly resolutionfor the year 2008 including soil and
needle watet *°0 for Larix decidua L. was available(Treydte et al., 2014)The ste LOT isin
immediate neighborhood to the st®E but differenttrees were sampledt the two sitesin

contrast toall other siteswhole wood!*®0 was analyzed instead of cellulod&/e therefore

12
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increased the whole wood values by 4.0 a to convert them to cellulose, according to the constant

difference documented in larch for the last decé8atorova et al., 2008)

While mostof these measureeering ! *°0O chronologies were deed from pooled samplings

of 4-5 dominant trees (Treydte et al. 2007, Kress et al. 2Qh6)dataset of the sites DAV,
LAEA, LAEB and N19 was based on measurements of individual trees, sampled within the
framework of the present studyHere, the sampig design covered not only dominant but also
smaller trees within aircular plot of abouB0 min diameter in order to account for the full
range oftree ringisotopic signaturewithin a standBabst et al.2014) From about 10 trees per

site stableoxygenisotope ratios were measured separately for each selected tree and each year
over the full length of the sampled cor@seering cellulosewasextractedprior to measurement

of 10 via pyrolysis (PYRO-cube, Elementar, HanaGermany)and analysed for! *°0 by
isotope ratio mass spectrometrpefta Plus XPIRMS, ThernoFinnigan MAT, Bremen,
Germany) as described in Weigt et 42015).Mean values of the individual trees per yeare

used for sitespecific! *°0 chronologies

3 Results
3.1 Large scale, global patterns of ! 'O in soil water, leaf water, and stem
cellulose

We first analyz the large scale, global patterns dfQ in soil and leaf water and in stem
cellulose to identify caracteristic features and to evaluate the plausibility of simulated results.
Annual mean soil water'fO values simulated bECHAM5-JSBACHrangebetween-1 and-21

4 (1960-1990; Fig. 1) and ardn the same range as reconstructions @ lin precipitatio from

the Global Networkfor Isotopes irPrecipitation (GNIPHatabas¢Bowen and Revenaugh, 2003)
For precipitation Haease et al(2013) estimatesthat the root mean square error between
precipitation! **0 simulated byECHAM5-JSBACHand the GNIP datis 1.784 . The simulated

soil water!*0 pattern represents major features as identified T in precipitation (e.g.,
Bowen and Revenaugh, 2008)amely, a decrease if®0 from mid-latitudes to high latitudes,

lower signatures at high elevation, andexrease from coastal regions towards the continental
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interior. The simulated soil watef®D pattern generally agrees with the pattern interpolated for

precipitation from the GNIP dat@owen and Revenaugh, 2003)

Simulated leaf water'fO averaged acrosal plant functional types range from aboeli#a at

high latitudes to about 284 in the Middle East (Fig. 2, upper panel). Thus, the simufd@d !
values in leaf water at the gribll and climatological scale span a range of ~404%Q values in

leaf wakr resultfrom the combination of soil watet0 and evaporative enrichment. There are
also substantial regional differences in the evaporative enrichmehiirl leaf water mainly

due to large differences in air humidity, i.e. higher enrichmentithragions than high latitude
regions (Fig.3a). These differences are much larger than the differences between annual mean
180 in soil water from ECHAMBISBACHand reconstructed'lO in precipitation discussed in

the previous paragraph. This suggesiat tsoil water 1?0 fields from ECHAMS5 provide a
reasonable input to force LPBern simulations and that evaporative enrichment is a major

process shaping the spatial pattern in leaf wafey.!

West et al. (2008) combined annual averal® data in pregitation (Bowen and Revenaugh,
2003) monthly climatology for air temperature and relative humidity, and elevation data with the
CraigGordon formulation for evaporative enrichment to estime#é water! 0. Our values
roughly agreavith the Geographiciformation SysteniGIS) model byWest et al. (2008kig. 2,

lower panel) but differences exist in many regio@ur estimates tend to tseibstantiallyhigher

in e.g. Western Amazoni&€entral Siberia and the Middle East, while they are significantly lower
for small regions in Central Africa and Chinaedf water %0 in Australia and Eastern Russia

agree comparatively well.

Differences in simulated leaf watef’© between the two approaches are much larger than
differences between annual medfQ in precipitation, used by West et al. (2008) as input to
their GIS approach, and annual medfiO! in soil water from ECHAM5-JSBACH Thus,
uncertainties in the source water input data do not explain the differences between the two
approaches. The mechanistic approach implemented irB&?X to model leaf watesaotopic
signatures considers seasonally varyiti!of both, source water and atmospheric water vapor,

and models explicitly daily stomatal conductance, transpiration, and assoéf@échhsport.
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Tree ring ellulose! *%0 is in the expecterhnge formostregions (Fig3b). Generally values are
higher inarid regions and lower at high latitudasd range between 15 andd3§Saurer et al.,
2002; Ferrio and Voltas, 20p5When comparindeaf water andstem cellulose *0 with the

1 180 forcing used (Fig 1, 2, 3b), it is obvious that soil wateteaf waterand cellulosé *20 share

a common patterms described abovéiowever, the simulated range of?® in cellulose is
comparable to the'fO range in soil water (or precipitation), but only half asdaag the 1?0
range in leaf waterDue to biochemical fractionation during cellulose synthesjg,(cellulose
1180 is up to 27 & higher compared to leaf watet?0 and cellulose depends linearly on leaf
water "®0. The difference between stem cellulosel deaf water *0 can be calculated by
combining equations 8 and 9 and this yields a simple linear relationship with leaf water
enrichment (**0sc - 1'®0Ouw = &y - pepx $%0Lw, Where p.p, is 0.4 ande,.=274). The
difference between cellulose and leafteval*°0O is thus highest in regions with very low leaf
water enrichment such as at higttitudes. Thesimulated enrichment of stem cellulose with
respect to soil water is also proportional to leaf water enrichm&asg- ! *Osw= $*°OLw (1-
Pex) t &wc). The slope of this relationship is with QB - peps pep:= 0.4 smaller than unity,

which explains the smaller spatial gradients in stem cellufS&ecompared to leaf water30.

3.2 Comparison of simulated stem cellulose ! 20 with tree ring data

Next, we quantitatively evaluate simulatedQ in stem cellulose by comparing modeled long
term (~50yr) averages at individual grid cells with measur&D!from local, sitespecific tree

ring data Table Slin the SupplemehtWe recall tlat LPX-Bernis run with a resolution of 3.75j

x 2.5j which implies mismatches between local site conditions (altitude, climadeardcgrid

cell averages as used to force the madelerthelesssimulatedstem cellulose *#0 agrees well

with measuredree ringdata from31 sites mainly located in European tesngte and boreal
forests (circles in Fig3b, Fig. 4. The model captures the observattmsed range in'fO for

these sites from about 26 to&832and the correlation between de and tree ring data is= 0.71

across all data points. In genetia model tends to underestimatéO values of stem cellulose.
Modeled grid cell values at five Swiss sites, that will be used to explore temporal dynamics, also

show somewhat lower'fO in stem cellulose (@4 ) than the tree ring*fO data suggest (Fid).
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This holds for the alpine, high altitude sitedD#&V (Fig. 5a)and in the LStschen Valley (N19,
LOE, Fig. §5,k) as well as for the loWying sites in the Swiss Centrala®au (AEA, LAEB,

Fig. 5h,i). The low bias ismost strongly expressed at sites where the model is forced by very high
relative humidity (annual mean 19@012weighted by NPP is >80%, Fig.green symbolgsites

FON, GUT, INA, LIL, MOT)). This biasat high humidity sites could potentiallyise from aias

in 180 of soil water, in *°O of water vapor, or in relative humidity, and thempor pressure
deficit, and could be related to differences in the spatial scale, i.e. local measurements at
individual trees versus averages over all trees of a filantional type and over a grid cell. We
note thatdaily-averageelative humidity is reduced by 10% for the simulation of leaf Wi

to account for thdower daytime vs. 2our humidity uncertainties in this correction have a
larger influence on #hwater vapor pressure deficit, the driving force for transpiration, at humid
sites.At a single sitd CAZ) where LPXBern simulatesextremelylow biomass of less than 30 g

C m?, because herbaceous plants dominate in this grid stelin cellulose! 0 is also
underestimatedopen symbol inFig. 4). Excluding this site and the very humsitesyields a
correlation coefficient of = 0.65 which is not higher than for all sited/e conclude that LPX

Bern is able to represent the magnitude and the spatiatolimgcal pattern of %0 in stem

cellulose in Europe, generally withinfew pemil of available observations

This conclusion is further corroborated by comparing {B¢n results with 1?0 data from two
Swiss sites (LOV, LOT) for whicldetailed! *°0 data are available for soil water, needater,

and stem wood (Tablé),1but for a single year only. Simulated enrichment of needle water above
soil water as well as simulated enrichment of stem cellulose alEmdienwater is within the
observedange at the two sites (Tablg We note that this comparison is somewhat hampered by
the large variability in the weekly samplésg., for leaf watet %0 at LOV 3.916.44 and at

LOT: -4.6-11.44 ) that LPXBerncannotreproduce because the model is driven by monthly data.

The interannual variability and decadatale trends of stem cellulos®® are analyzed for five

tree ring sites in Switzerland and for the period 1960 to 2012 for which temporally resolved input
data from ECHAM5-JSBACH are available (Fig5). Due to the coarse spatial resolutiontiod
griddedLPX-Bern version applied herall sites excepDAV lie within the same grid celind

model results aralmostidentical Slight differences in thenodel time series shown in Figuse
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are due to differences itree functional type (LAEA/LAEB: deciduous broatkaved N19:
evergreen needleaved, LOE: deciduous needéaved thin lines in Fig. B-k) selected for the

comparison with the e ring °0 data.

The simulated stem cellulo$é®0 time series capturdie measured evolutioand interannual
variability (Fig. 5a,hk). Based onvisual comparison, the correlation between simulated and
measured stem cellulo$é®0 is best in th 60s and early 70snd is weaker thereaftevliodel

values increase after 1990 probably due to higher temperature and soil ¥@tevHich is not
recognized in the tree ring dakor the entire time series the correlatioange between 0.48 and

0.73, with the highestvalue atLAEA in the Swiss central plateau (Figh) and the lowest value

at the alpine sit®AV (Fig. 538). The correlation coefficients are comparable to the correlations
between the four tree ring series in Bwiss Central PlateallAEA, LAEB) and the LStschen
Valley (N19, LOE) which range between 0.55 and 0.82. In other words, the correlation between
measured and modeled grid cell values reflectstaisite variability within the griecell. In
concluson, not only the reconstructed climatological mean pattern across Europe, but also the
reconstructed temporal variability in stem cellulo$& at individual Swiss sites is generally

well represented by LPBern.

An extreme heat wave hit Europe2003 (Fig. 5, 7, S2, and SBwith summertemperatures of
3iC above the 1961 thb990 mear(SchSr et al., 2004)nd one expect® find extreme values in
1 0. Indeed, simulated stem cellulosEO peaks in this year with record or neacord high
values for the analysis period (Fi§). Very low humidity and high air temperatunemst likely
lead tostrong leaf watet**0 enrichmentSurprisingly, the response iffO in the tree ring data
is different for different sites. Meamments at AEA, N19, and LOE show a strong peak O
(Fig. 5,j,k), DAV a small pealFig. 5a) and siteLAEB even lower values than during the
previous and following year (Fici). Apparently, local differences in conditions or diffiet
reactions of different tree species may mask the expected drought signal in stem ¢éfl0lose
well-known phenomaemn is that extreme conditions may not be captubetause growth is

stopped and the signal therefore not recorded (Sarris et al. 2013)
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3.3 Sensitivity analysis to expl ore the influence of individual drivers

Simulated variability in stem cellulosé®0 arises from various drivers and their influence is
guantified within LPXBern.In the standard simulation with the combination of all drivais,
temperature, soil watéf?0 and water vaporfO are positively correlated with cellulos€® as
demonstrated for sitBAV (Fig. 5b,d,q. In contrastrelative humidity and precipitation are
negatively correlated with cellulo$&®0 (Fig. 5c,f). The correlation is strongestth soil water

1 180 suggesting a high dependence of our results on the isotope input data.

The influence of various drivers on cellulos&Q is further investigated in transient factorial
simulations where individual drivers were kept at their clinogical mean values representative
for the early 20 century for the meteorological variables temperature, precipitation, cloud cover,
and number of wet days, and 1960 values for relative humidfty,soil water and water vapor
input data. The result§ig. 6) show that, in order of importance, variations in relative humidity,
temperature, O in soil water, and water vapbt®0 force decadascale and inteannual

variability in cellulose }?0. The simple sensitivity analysis for the bV, whee input data or
parameters were increased by 1@dpreveas that stem cellulose*®O is sensitive to changes in
relative humidity soil water andvatervapor! *°0 (Table 2. Precipitation had nmfluenceon

stem cellulosé'®0 in the transient simulatn (Fig.6a). In contrast, ecounting forthe PZlet
effect,resulted in consistently lower valuegth nearly nanfluence oninter-annual variation

(Fig. 6b) Atmospheric C@had a very minor effect arellulose! *°0 (<0.044 except for a

single year wit an effect of 0.184), whileN depositiorhadno influence(Fig. 6b) In years

when relative humidity and temperature had a positive effect, the combined effect of temperature,
precipitationnumber ofwet days and cloud cover (termed OdifectO in fig. 6a) was often
largeand also positive. In years whtte influence ofelative humidity and temperature had
opposing signs, thelim effectwasaround zeroThe 20" century trendén air temperaturenostly

led to higher stem cellulosé®D during the last five decades compared to the eafyc@tury
Theclim effectleads to kghtly higher decadaiveraged values in stem celluld$&0 (+0-24)
towardsthe end of the simulatiotHowever, these values are not unusual in the context of the

decadal variability simulated for the past five decades.
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Sensitivities of cellulosé *?0 to the input datare similarat all sites (Fig6c-e). Compared to
DAV, the magnitude of thelecadaiscale trendsnduced by EimateD and soil water 1?0
changesare somewhat smallext other sitegshough Conversb, changes irrelative humidity
have a stronger influencet LAEB and N19. At all sites, the prescribed changeselative
humidity (i.e. keeping values at mean representative for the edflg@tury)cause on average
lower cellulose "0 during the1980sthan compared tde end of the simulation. Decadalale
variability is also related to changes in soil wat®0! In particular, soil water'fO variations
caused an increase in stem cellulo$¥®!of about 0.3 to 0.5 & in the 1980s that persisted
thereafter (Fig.6e). A similar trend was simulated for OclimateO, but with more variability
between sites. At N19 the OclimateO effect was always lowest and there was no clear trend. In
brief, LPX-Bern simuates substantial inteannualand decadal scale variability in stenldese

1180 which is attributable to variability in relative humidity, temperature, df@ In soil water

and vapor.

West etal. (2008) assumed that leaf temperature exceeds air temperatungC by Sheir
implementation of the CraiGordon modelSince CRUair temperaturesre on average 3i&
higher than measured temperaturestfi@ Swiss sitdDAV (Fig. 7), we did notwant tofurther
increase themnstead we testetthe effect of reducintgaf temperature b8.5;C comparedo air
temperaturewhich improved the correlation of simulated and measured stem cellLfi@et
DAV and increased the simulated stem celluld&® compared to the original simulation (F&).
‘Tleaf' vs. LPX-Bern standard simulation27.0% vs. 26.47a (averagefor 19602012).
Similarly, accounting for a temperature dependent biochemical fractionation (‘ewcT') led to
consistently higher cellulos€®0 (27.218) compared to the standard simulafierith a nearly
idertical correlation coefficientcompared to the 'Tleaf' simulation. When the temperature
dependent formulation fore,, was combined with temperature forcing from a nearby
meteorological station (‘'ewcTmeteo'), stem celluldé® increased fuher and was everightly
higher than the measured data (28.47& vs. 28.024, averfmel9632012. The correlation
remained equally good though compared to the simulation with a temperature depgnaedt
CRU climate. We also evaluated temporal metamscellulose across a{European)sites.

Compared to the original simulations (F).the correlation between modeled and measured data
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was $ightly lower if ¢,. was allowed to depend demperature/{= 0.68 vs.r = 0.71, data not
shown). Since we kno that the CRU temperatures are too low for some sites (e.g7)Fiye
performed an additional test where we sgt to 31a to mimic the effect of low growth
temperatures on biochemical fractionation. This test should improve results for co@iNs#tes
GUT, ILO, CAV), which was indeed what we observédr these sitesthe modetobservation
differences decreasddesults not shown), while for sites with high mean annual temperatures

(e.g. REN, LIL) LPX%Bernoverestimated stem cellul®s'®O or left them unchanged.

4 Discussion and Conclusion

Formulations to describé%0 in leaf water and stem cellulose are implemented in the BEi%
DGVM and a compilation of tree ring data!dfO in stem cellulose, mainly for Europe, is
established. Ris allows us to model the large scale distribution of leaf water and stem cellulose
1 %0 on the global scale, to study spatmnporal variability in %0, to evaluate model

formulations describing the transfer!dfO signals within plants, and, last it least, to
investigate underlying drivers and processes. Further, the model pesrtotaddress how inter
annua) decadal and 20century changes in climate and environmental variables may have

affected! *°0 in stem cellulose, thereby contributirgthe interpretation of tree rindg®0 data.

The comparison of 59@r-averaged model results with tree ring data, mainly across Europe, shows
that the large scale climatologieaean pattern in stem cellulosB0 is well captured by the

model (Fig.4). The high correlation between modeled time seried Hi@ltree ring data from

five sites in Switzerlanduggests that the intannualvariability in stem cellulosé*0 is also

well represented by LPBern (Fig 5). Thus, the formulations descrilgj water uptake by plants

and transpiration, regulated by stomatal conductance and influenced by ab@ient
concentrationsand corresponding isotope fractionati@mpear consistent with tree rihfO

data. In an earliestudy(Saurer et al., 2014t is shown that LPXBern is also able to represent

the spatial gradients in3C and the temporal change T and intrinsic water use efficiency

over the 28 century as reconstructed from a Europesdte tree ring network. The good

agreement with treenij data suggests that LFBérn is suited to explore thé®0 signal transfer
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560 within forestecosystems and to study the relationship betw&nin stem cellulose and

561 meteorological drivers in a mechanistic way, at least within European boreal and temperat
562 forests This aspect may become particularly relevant in the context of global warming, with
563 more extreme conditions including heat waves and droughts exp€btethodel could be used
564 in future work in connection with tree ring data of growtiC}, and 0 to study the nexus

565 between flows of watgigoverning evaporative cooling and runjahdC as well a<C

566 sequestratiarin general, we expect any changes in seasonality that could potentially affect soil

567 water! *®0 suchas e.g. earlier snow melt to be translated to stem celluté@én LPX-Bern

568

569 Interannualvariability and decadal scale tremafsnodekd treering ! Y20 in Switzerlandare

570 predominantlydriven by the metological variables relative humidity and temgieire and the
571 variability in soil water and water vapb'®0 (Fig. 6, Table 2) In contrastN deposition or

572 increasing CQIleading to CQfertilization within LPX-Berndo not influence trends and

573 variability in stem cellulos&'®0 at the investigatedtsis. This is a novel finding that is important
574 for treering ! **0 interpretationand contrasts with respective findings fbiC, where CQ@is an
575 important factor (Saurer et al. 2014 strong influence of relative humidity and soil water on
576 stem cellubse! 0 is consistent with expectations from isotope thébtgCarroll and Loader,
577 2004) This is also in agreement with many treéey studies that found a significant effect of
578 relative humidity(Burk and Stuiver, 1981yapor pressurdifferencegKahmen et al., 2011and
579 1180 of precipitation(Waterhouse et al., 200Bjased orstatisticalanalyses. Precipitation

580 variationsin our study didchot influence inteannual variability nor longerm trends in stem
581 cellulose! Y0 in factorial simulations wire precipitation is kept constant at climatological mean
582 valuesHence, it seems unlikely thet°O as simulated by LPYernwill capture changes in
583 precipitation patterns that are not associated with changes in isotope $igvaldhelessjme
584 series 6 precipitationat DAV are correlated witmodeledtime series of *°0 in stem cellulose
585 (Fig. 5¢)in agreementvith observations (e.dgreynoldsHenne et al., 200Rinne et al., 2013
586 Hartl-Meier et al., 2015)albeit less than correlations for soil andter vapot 0 (Fig. 5b,d) air
587 temperature and humidity (Fige,f). This correlatiorikely arisesfrom the impact of

588 precipitation orother variables, e.gelativehumidity, and from the correlation of precipitation

589  with other driving variablesThere is clearly decadal variability in simulated stem celluld&®
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linked to variability in! 0 and climate input dat&.g. the effect of soil watér®0 varied around
zero in the 1960s and is consistently positive in the 1990s @ighé identificaion of potential
centuryscale trends is hampered by the lack of suitable input data for relative humiditf@nd !

of soil water and water vapor this study.

There are several sources of uncertainty that may explain the remaining deviations between
simulated and measured stem celluld&¥ for the Swiss and European sitrst, we run the
model at a coarsgpatialresolution (about 220 km x 320 km in Southern Eur@e) local site
conditions are expected to be different from grid cell average camsliClimate input datand
prescribed 1?0 in soil water and water vapor therefore only approximate local values at the site.
Sensitivity simulations (Table 2) and a comparison of soil wafi Wwith the 10 from the

GNIP precipitation network reveahdt uncertainties in the input data can indeed well explain
deviations between modeled and measurf® lin stem cellulose. Uncertainties in relative
humidity appear particularly relevant and are likely at the origin of relatively largentatal
discrepacies at humid sites. Only modest changes in humidity, and thus water pressure deficit,
do result in significant changes in stem cellulo$®! Daily variations and within canopy
variations in humidity (and other variables) are not taken into accounir iapproachSecond,

we assume that parameters suchihasfractionation between water and cellulosg, the path
length,L, for the PZclet effect dhe proportion of carbonyl ggen exchange with source water,

Pex, @re constant, although they may vdaeig. Wang et al., 1998Ripullone et al., 2008;
Sternberg and Ellsworth, 201$pong et al., 2014)The biochemical fractiaation factor ¢,. is
commonly assumed toe 274. Only recently Sternberg & Ellsworth (201Buggestedhat ¢,
increass up to abouBla at low growth temperaturesf 5;C. However, their experiments were
performed in a rather artificial system as they studibdat seedlings cultivated in the dankd

their findings are controversially discusg&lernberg, 2014Zech et al., 2014Application of a
temperature dependesnt. in LPX-Bern in combination with meteorological data from a nearby
weather station removed the modetasurement offset foine alpine sitdAV and improved the
modetmeasurement correlation compared to the standard setup. So far our results $gsm the
to indicate that a temperature dependgnmight perhaps also be relevant under field conditions.
Yet, uncertainties in other input data and model structure are too large to draw any firm

conclusionsThe path lengthZ() of 0.03 m for the PZcletumberagrees with previous studies
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(Wang et al., 1998Gessler et al., 2013although large variability has been report€dhmen et

al., 2009) Also theproportion of carboyl oxygen exchange with source water) of 0.4 seems
reasonableompared withpublished valueéCernusak et al., 2008essler et al., 200Gessler et

al.,, 2013;Song et al., 2014However, relatively small changes g have a significant impact

on !*®0 in stem cellulose (Table 2) and recent studies suggest this value could range between 0.2
and 0.42(Gessler et al., 200%o0ng et al., 2014)Third, in LPX-Bern, photoassimilates are
allocated to growing tissues instargansly andarenot stored e.g. as starchhe simulated tree

ring !*%0 is therefore exclusively affected by the current year's meteorology, and not by that of

previous yeas.

The fact that soil water'fO has a strong effect on stem cellulo$¥! calls br a very careful
evaluation of the source water input data. Unfortunately oxygen isotope ratios of soil water are
not systematically measured as is the case for precipitation (Global Nefvoldotopes in
Precipitation, The GNIP Databaddtp://www.iaea.org/watgr However,the comparison of the

soil water 0 data from theECHAMS5-JSBACHmodel as used as input to LABern with the

GNIP data reveal a good agreement and deviationé@nHetweenECHAM5-JSBACHSsoil and

GNIP precipitation 10 daa aregenerally less than tweep mill (Haese et al. 2013)

Our leaf watet *®0 results provide another global scale estimate of leaf w&i@rin addition to
the GlISbased approach by West et al. (200Bhere are several possible reasora ttould
explainwhy leaf water! *°0 simulded byLPX-Bernwasmostly highercompared to simulations
by West et al. (2008) (Fig. 2). First, th0 input data and relative humidity forcings were not
the same West and colleagues used annualgraged! **0 from the GNIP precipitation
network which obviously provides lower values than when summ# would have been used
The mechanistic approach implemented #X-Bern considers seasonally varyind® of both,
source water and atmospheric water vapor, and models explicitly daily stomatal aanduct
transpiration, and associated®® transport.Second, West et al.(2008) assumd that leaf
temperature is & higher than air temperatur®bservations support this fbroadleaved, but
less so for needle leaved spec{esuzinger and KSrner, 2007Because sites with conifers
dominate our observational data geis reasonable to assurtigat leaf temperature equals air
temperaturan our study We only have fewmeasurementto support thisand moe field data

would be needed for a meaningful evaluation of simulated leaf W&i@r Neverthelessthe
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650 LPX-Bern simulated mean value of leaf watéfQ for one grid cell is within the range of the
651 mean values measured at two sites ia d@iid cell (Table 1).Additionally, the good agreement
652 between measured and modeled stem cellul& in Europe appears to implicitly support the

653 LPX-Bern estimates ileaf water *%0 for this region.

654 We implemented routines to simulate leaf water and stem cellufi@én! the LPXBern DGVM
655 and successfully modeled the spagmporal variability in °0 as revealed by European tree
656 ring data.As treering isotope netorks are becoming more widgread, thé®0-enabled LPX
657 Bern model provides an ideal tdol explorelarge scale spatial and tempozatternsn cellulose

658 !0 and to help unravelnderlying processes and drivers.
659
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997 Table 1 Comparison of input data and simulationsUBX-Bern (Model) against measurements

998 (Obsrved performed at two sites (LOV, LOT) ithe LStschen Valley $witzerland) for

999 averages across June, July, and August 2008. Because the two sites lie within the same grid cell
1000 of LPX-Bern the simulated data are identical.

1001
Oberved Model
Parameter
LOV LOT LPX-Bern
Air temperature [;€ 15.4 11.1 16.5
Relative humility [%6] 75.6 72.6 78.5
Precipitation [mm] 251.5 294.8 387.0
Soil water! *°0 [4] -6.1 -8.6 -7.8
Needle watet *°0 [4] 10.6 3.0 6.5
Stem cellulosé *®0 [4] 29.2 29.0 27.3
Enrichment of needle wate
16.7 11.6 14.3
above sourcf]
Enrichment of stem delose
18.6 26.0 20.8
above needle wat]
Enrichment of stem cellulos
35.3 37.6 35.1
above sourcf]
1002
1003
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1004 Table 2 Effect of a 10% increase in parameter values/input data on simulated stem ceffi@ose

1005 at siteDAV for theJune, JulyandAugug 1960average

1006
Parameter Change in stem cellulogé®0 [4 ]
Air temperaturg/sC] -0.2
Relative humidity -6.7
& 1.7
g 2.3
Transpiration (E) -0.3
Path length (L) -0.3
PZlet number%) -0.3
Dex -1.9
1 %0 2.4
120 2.9

1007

1008
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20 -18 -16 -14 12 -10 -8 -6 -4
Soil water 8'°0 (*/,,)

-40 -36 -32 -28 -24 -20 -16 -12
1009 Water vapor 8'°0 (%,,)

1010 Figure 1.Simulaed nonthly soil water! *°0 (upper panel) and water vapdfO (lower panel)
1011 was used as input data for the calculation of leaf water and celllfi@eby LPX-Bern The
1012 presented data were simulated by the coupled atmosjametesurface modeECHAMS-
1013 JSBACH (Haese et al. 20).3Average values for 1961990 are shown.

1014
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1021
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28 24 20 -16 12 -8 -4 0 4 8 12 16 20 24 28
Leaf water 8'°O (°/,,)

Figure 2. Leaf water'fO (&) as simulated by LPXBern (upper panel) compared to results by
West et al(2008 using a GIS approach (lower pan&lPX-Bern esults are shown for the years
19611990 using the Craiordon formulation (i.e. no PZclet effefd) comparabilityandfor all

plant functional types including grasses and herbs.
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Leaf water-soil water 3'°0 (°/,,)
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Stem cellulose 5'%0 (°/,,)

Figure 3. Leaf water'®0 enrichment above soil watef®© (a) and &m cellulose 10 (b)
averaged over hltree plant functionatypesand over 19612012 as simulated by LP>Bern.
Coloredcirclesin panel bshow temporallyaveraged results from locée ring dataTable Siin

the Supplemeton the same color scale as model results

38



1028

1029
1030
1031
1032
1033
1034
1035
1036

1037

1038

y=0.78x+4.9, r=0.71**

N w w w
oo (@) N B
1 | 1 1 1 | 1 1 1 | 1 1 1 I 1
o

N
(o))
1 I 1 1

Modelled stem cellulose 880 (%o)
N
~
1 I 1 1

N
N
1 | 1 1

O low biomass

20 e
20 22 24 26 28 30 32 34 36

Mean measured stem cellulose 680 (%o)

Figure 4. Comparison of simulated and measured stem celluf§gefor 31 sites in temperate

and boreal forests (mainly in Europ&ach symbol represents the mean over the years 1960
2003(or up t02012 if availablefor a specific species (e.Quercus petraca (Matt.) Liebl, Table

S1) and the corresponding plant functional typd_PX-Bern Sites where the relative humidity
forcing has very high values (>80%) are Highted inlight green.The open symbol reflects a
single site (CAZ) where simulated above ground biomass is very low. See supplementary online
materal for location and descriptioof sites(Table S1) Pearson's coriagion coefficient £) and

the siguificancelevel ***, P < 0.001)were calculated including all sites

39



1039

1960 1970 1980 1990 2000 2010
T

1960

1970

1980

1990 2000 2010

Stem cellulose 8'°0 (%o)
N
oo
T

T T T T
data (Picea abies) '

model ' DAV

a r=10.48"*
1 1

T T
data (Fagus sylvatica)
model

'

-

o
T

Soil water 5'°0 (%0)
o
T

b = O.74*|**

model

! LAEB

Precipitation (mm)
P -
o o o
o o O

w
o
o

N
o
o

c r=-0.36"
1

1 1 L 1

14

Water vapor 8'°0 (%0)
o

d r=070""

r=0.57*** ]
P LR B

17
16

15

14

-
w

Air temperature (°C)

00—
anN
1

- r=0.70***
PRI S B RN T S S AN ST SN T S I SN SR SN S B

24
LAEA/LAEB
437
-1 36

135

(o]
o
1

Relative humidity (%)
~
(]
1

~
o
1

f =-0.62***
PRI PRI

N19 +
437

- 36

- 35

[*2]
a

w
ha

w
(&}

w
(&)

| Y

IR TS S SR TSR S S NS SRS Bt

3'%0 (cellulose - soil water, %o)

PR IS S S S N TR S SR SN SN TR S ST S (T S S ST S B
1960 1970 1980 1990 2000 2010

Year

1960

1970

1980

34
1990 2000 2010
Year

3'%0 (cell. - soilw., %o) 8'%0 (cell. - soilw., %)  Stem cellulose 3'%0 (%) Stem cellulose 3'°0 (%o) Stem cellulose 3'%0 (%) Stem cellulose 3'°0 (%o)

8'%0 (cell. - soilw., %o)

40



1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051

Figure5. Comparison of measured (data) and simulated (model) stem celltiospanes a, h-
k) for thealpinesites Davos PAV), andL3tschen Valley (N19, LOE)and sited Sgern (AEA,
LAEB) in the Swiss Central Plateastandard errorédashed linesare based on measurements
of ten treesPanels ki showinputdataasused forthe simulation of stentellulose! **0 in LPX-
Bern for site DAV (average of June, Jyland August is presented)he vertical dashed line
highlights theextremely hot summe2003. Pearson'sorrelation coefficientsr, with simulated
stem cellulose **O areshown.Significane levels for the correlations ar&, P < 0.05; **, P <
0.01., *** P < 0.001) Panels gard I-n showthe **0-enrichment instemcellulose above soil
water! 0. Note that in LPXBern sites. AEA, LAEB, N19, and LOHie within the same grid
cell but are represented by different tree functional types (Heaa®d deciduousLAEA,
LAEB), needleleaved evergree(9), andneedleleaved deciduous (LOE)).
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Figure6. Influence of forcing factors and the PZclet parameterization on simufd@af stem
cellulose Panels a and b show results for the alpine site in DEYAY) and for all factors
investigated. Panels c, d, and e each show the influence of one individual, major driier for
sites, located within the Swiss Central Plateau (LSgém®BA and LAEB, black, dashed line)),

and the higkelevation dies in theLStschen Valley(N19, blue, solid; LOE; blue, dashed) and in
Davos DAV, black solid). Each curve shows thiéetences in! *°0 of stem cellulose between

the referencesimulation(all forcings vary)and one sensitivity simulation (one forcirfgctor is

kept constant). Constant forcing factors include relative humidity (relhum effect), air temperature
(temp effect), precipitation (prec effect), soil wat&iQ (sw18 effect)water vapor ¥0 (vap18
effec), atmospheric nitrogen deposition (ndeffec), atmospheric C@ (co2 effech)) or a
combination ofconstant forcingsc{imate (clim effec), i.e., temperature, precipitation, cloud
cover, and number of wet days). An additional simulation is run without the PZclet effect (Peclet

effect). The curves are smoothed with Stineman functiompanels, d, and, e
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1071 Figure7. Comparison of climate input data for the alpine Big@os DAV). Solid lines show

1072 grid cellaverage datiom the CRU climatology (CRU TS v3.21) as used in our standard model
1073 setwp. Dashed lineshow data from a nearby meteorological station as used in a sensitivity
1074 simulation (run '‘ewcTmeteo’ in Fig).8Temperature is warmer and precipitation higher in the
1075 grid cell average data compared to the local data.
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1081 Figure 8. Effect of reducedleaf temperature and a temperature dependent biochemical fraction
1082 (&) on simulated stem cellulo$é°0 for site DAV (Davos).Leaf temperature was decreased by
1083 3.5iC relative to air temperaturel(eaf) because at sitbAV, measured ailremperature was on
1084 average 3. lower than temperature frol@RU TS v.3.21 used in the modgeLPX-Bern

1085 standard simulation’)The temperature dependent biochemical fractioas tested with the air
1086 temperature from CRU (‘'ewcT') and witteasured air tempature froma nearby meteorological
1087 station (‘ewcTmeteo'PearsonOs correlation coefficients, r, with measured stem celffosee

1088 shown. Significance levels for the correlations are (*, P < 0.05; **, P < 0.01; *** P < 0.001).
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