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AbstiuEasdt mating ti mber volsime famdl aorernbad dtoaclkiilmwi
est i mantaitoi no noafl and gl Tagerariodels are itnpmnant bbolsdfay prédisting diameter at

any height alongtree boleMea n annual (MAfmpaenrda trmueraen anMAR) nbreenpe
tree growth butther precise effecten stem shapare still poorly understooand climatic factors argeldom

included in taper model3 o evaluate theffect ofclimateo n  ttregre ws ¢ o e MAMarntMAPa s

c o v a rin thee Kogak (2004)modelto improvemodel performance igoodnes®f-fit. The Kozak (2004)
modelwiththei nc o i p or a & nNIBRWasrefitted using nonlinear mixedffects(NLME) modeling
techniquego account fomwithin-sample tredeteroscedasticitg n d caouw tr cesl tart uicatnurr efsomd u al s
dat a meaisfpeadssndtta nhgea me 1 ntdristeefioaria gmelinii( R u Resul)s showed

that the predictive accuracy of thKozak (2@4) model was improved by nc or pMATanmMAPRy a s

c o v a t ThekKbzalks(2004)modeli nc or ploatdATami@APh ad t h eredictiogdtaimady

for stem diameterclosely followed bythemodeli nc or panly MA T ndgrh dhemodeli n ¢ aart g onrg
only MA PMAT effecton treestemshapewasstrongerthan that of MAPThe NLME Kozak (2004)model

i ncor pMATatnMdARQWi ek ponent i al vaanfdi-aséder fapati aonous a

correlati®@AR(sL)r)unedndddvidee(t er oscedasticity andhadt oco

t hbhet preplérctoromaiheereef or e, ismuucrhea@emmeareda abfdeead npd ama
ohat bgmeé Ifiorieist soncl usi on, i ncor paobrlaetsi ngn tshtee ne ftfaepc
could significantly i mprove ti mberhavreshhunmeaogsaadhbi o
as natural boreal forests.

Keywords: Variable taper functigrNor+linear mixedeffects modelMe an annual Md &ampaem rau al

preci p9tteam ifoonr m
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1. I ntroducti on

Ther fosft Grheeat er Khi ncgoavBedt M&th et aoifnask e s(tDFaPrReCa, 201 4)
andplay an important rolen China’snatioral carbon budge(Caiet al, 2016)Su d o r ¢ s t tsmee
sout hern boundarny eocafs wbeaime aAld o fadDmaehdute sl allmay rl i axr cghme(l i n i
(Rupr.EdiRueri al Committeea, f.A@8¥Egetiecde i ®mMmolwiket € hia n
20. 9% of t he t ot(aWa afgg raeks0tBeda@lunsat L. gnreliniddreststackis 0.51
billion m®*a nida ¢ ¢ sfuadd¥ o fhneat i o ntaiImbteoré (ad & P R @ ,. ToZe@dch 4uptem
volumeestimations,dper equation areusedbecauseéheseequatiors candescribelte shape of a tree stem
by predicting the diameter of the stem at specified heights dbegeound.Standing timber volume can
then be converted into carbon stoblausng carbon density factorherefore,carbon stocks estimated
from a suitable taperquatiorc an be used as a fedtasessindntiacd maragement f or
at different scaleander the context aghanagingcarbon flows and stocks

A welcomed group of taper modelsvigriableform taperequatios, whichusually havehreemain
advantagedq(i) they areflexible and easy to fit, which is important for practical purposesth@y providea
smoothcontinuous taper profile model; and (ilijey havdow multicollinearity (Kozak, 2004)In general,
datausal for building taper equatiaare hierarchical or longitudinal datiee( diameter measurements o
thesamestem at different heightsotaper data are not independent but are correlatielinear mixed
effectsmodels(NLME) includingthe fixed and randorreffects parameters have been usetidoelstem
taper becaustheyconsider heteroscedasticity and autocorrelation among multiple diameter observations on
each tree sterf¥anget al, 2009) As a consequengthe use of NLME can improvwelume and diameter
estimation accuracy relative to fixedfects moded (Ozgeliket al, 2011; Fonwebaet al, 2012)

Variations in tee tapeareaffectedby several factors, includingtand agéGomatet al, 2011) stand
density(Sharma and Parton, 2008yown variable (Li and Weiskittel, 2010andmanagement practices,
such aghinning treatmentéThomson and Barclay, 19843omatet al.(2011)found that dominant trees are
more impactedy standage than suppresdtrees For exampleSharma and Parton (200&udiedthe
impacts of stand density ahetaper equation fgrackpine (Pinus banksiandamb.) andolack spruce
(Picea mariana[Mill.] B. S. P.)in CanadaThese authors h e @ h teeés hd larger butt diameters and

more taper at lowestand density than they did higher stand densitincorporatingcrown variablesnto
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taper equatiasifor primary conifer species ithe North American Acadian regiaemonstratethatthese
variablescouldimprove predictioraccuracy(Li and Weiskittel, 2010)Unfortunately, the ability of crown
variables to improve the predictigecuracy of tree profile equations is speapscific(Valentine and

Gregoire, 2001)as it is directly related to crown architecture, and therefore generalizations cannot be made.
In addition, hinning has been identifiemsan effectiveforest treatment to altéree taper. For example,

Thomson and Barclay (198ported thatvhenstand density was reduced by heavy thinnthgre was

more spacéor thecrowrs of individual treedo expandand stem butt flare increasexbpecially in smaller

trees.

Climateis directly related to tremortality through extremevents thatan indirectlyinfluence stand
density.Previous tudies havesuggested that climate change (including temperatulgateravailability)
may affectthe growth of coniferous forests. Foxample,atglobal scalea positive impact of climate change
on forestproductivitywas found when water was rlimiting factor(Boisvenue and Running, 2006)

However, brest dieback of. gmeliniihas beemelated toglobal warming in Siberi@Kobaket al, 1996)

Chenet al.(2016 also showed increased mortalityro&tureforests $£40 years olflin Canada due to

warming and e d urwistdre availabilityGenerally, forest ecosystems in the nahigh latitudes mayp e

mo r e s wifutule tlimateechangen t etreaergsowtpahd expansiom i st ri buti on r ange
pri mary pr @d il faibsté@anget al, 2017)

In this line, esearchers have shown thia boreaf o r e s t&@eater Khingan &ouains whereL.
gmeliniiisthe dominanspeciesar e mor e sensitive Cbai oflosregabtaes ,cahlange
200 2; eWamg@ Oriezemperature in northeastern Chimpredicted tancreasen the future(Leng
et al, 2008) If thetemperature increase is AZthe populationof L. gmeliniimaydecling a n dmay ke
replaced by broadleaf specigfe et al, 2005) Bu et al. (2008)alsopredictecthat the coverage &f
gmelinii coulddecrease undewarming climatePrecipitatiorhas beershavn to affectthe growth ofL.
gmelinii, with precipitationinfluenceon L. gmelinii growth varyingseasoally at high altitudes ithe
Greater Khingan Mountair({8ai et al.(2019) Winter precipitatiorhad apositive effect on growth, whereas
summer precipitatiohadnegativeimpactson L. gmelinii growth atboth high- andlow-altitude sites.

Although some research has lookethat effects of temperature and precipitatiorttegrowthof L.

gmeliniiin the Greater Khingan Mountainfew studeshave examined thie effects orthe stentaper ofL.
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gmelinii. Knowledge on Wwether and howtemperature and precipitation influertbetaper ofL. gmeliniii s

ur glemjneged mmor e aceawutreamtell dyu me a n d saf la gmelimirin the Greatek

Khingan Mountainsinder future climate changing conditiomsh er efeohg powhesi ze t hat
and precipitation can affect amaddtexete ma s b HEemecdety u @
stem taper equations including climatic factors w
equations without <cl i mat iua fadeadsit Jesx.a nllion et etshteea seufcfhe c
annuaér aemMpE) maand annual( MAB) hterietea tsivokngmelindin the

Greater Khingan Mountaing?) to modify the variabléaper functiorto incorporatdM AT a n das MA P
independent variableand (3)to bui danonlinear mixeeeffeas (NLME) modelto account fomwithin-tree

heterosedasticityand autocorrelatioim residuals

2Materials and Met hods
21 Climatef e a t intheeGgeater Khingan Mountains

TheGr e &hirgan MountaingFigure 1)are an important climate demarcatiamelin China, with a
increasing temperature gradient (ctdthperate¢o mid-temperate) from north to south andiacreasing
humidity gradient (serrarid to humid) from east to weg¢Fu et al, 2018) The climate of th Greater
Khingan Mountains is a cold temperate continental monsoonaigting cold winter (more than nine
months),a short warm summeigssthan one month) and a short fréste period (only 70 to 100 days). The
frost sometimes occurs during the grogvgeason in the norffart of the mountain chaand at high
altitudes. MAT is-2.8°C and thenonthly mean temperatuhas historicallywaried from-52.3°Cin January
to 39°Cin July. MAP is 442 mm, in which 85% to 90% precipitation occur in summer sddsag to
August) and 10% precipitation occur from the end of October to the start of April nextigeally as snow
Annual average relative humidity is 70%. The annual snow accumulation period lasts for 5 months, and the
depth of snow in the foresits up to 3650cm(Xu, 1998)

<Figure 1 here>

22St edat a

Thetused i n twerecso Irleescepaar tclhigraelinist ands | ocated i n t
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B u r eaarosshe soutlkern middle and nortbrnsectionsof the Greater Khingan Mountsc over i ng t h
e Xi srtainmgdei aoniet er st athae i dd sk ieltrgmeliaiii @ r et gur & Lot al of
10,731me a anerne@esr e t aXk888f efl rl cerlr eter waeasbbtained from two sourceg§. 1 4 1 0
dominant and intermediate trees fr/jopmf 8t55e¢t beéetswavé
yeafd 9861 agd((d 4 4 8includingdominant, intermediate and suppressedfrees m 2 6
pl ots with ar ealsplfatommmblelddedh shape vatiabilitygh htea y2eOalr5 .o f
Al t hobngchasment s were taken B0y etdwal gdretnda tohdosd wuiastpera r uf po
measur eameertatw ne |Fgotrétectt.al of LOmelinit8r d eed I maednt i oned al
of the total data were selected at raQamm asFanevi
inwR,jle the remaining data (containing 1,486 tree
For eatcthe tdieeemeh eir B #Houtpidelear®ta (d di amet er out si de
heilgd@t were measured Too at hiegriite aditneds th el .glhtec imd ove gr
me as urpeoniemer e me & dnee &rde g to Ot. dpen mesdh@gr aowest measu
di ameutesi aver leaitdatkuermp bheetiwgehetn 0. 1 and 0.3 m above t
measutemwmas usually taken at 0.7 m before reaching
intervals above breast .I0ei @hde@adéd mahigng hen stt ean hweir ¢
trEeeglassheows t he vari at ihen (gbdn)awnede nr etlhaet (O/Dea cadtio avoee h g r
tohmeeasur ement tdha8tshaB pRelotinetbsight)fvalues were divided into ten clasggs
intervals of 0.1), within each r el atpiemedemeai ght eclc
other, which meet s tThenomality and gomogsenkity ef sariamdes wefd @exified

before ANOVA is carried out, respectively, by Shapiklk and Bartlett values >0.05.

<igwRhere>

2.3 Climate data

The climate vaables MAT and M\P wereo b s e to becidportanindicators of climate change this
region(Guoet al, 2013) Thus,MAP and MATw e rsatected as candidate climate variables in this study.
Val u eMAT &nd MAP were calculated frometeorological datr e ¢ o r d e metebrglogital v e

stationg[Eergunag EEGN), Genhg GENH), Yakeshi(YKS), Elunchun(ELC) and AershaitAEYS)) located
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nearest tahe 17 Forestry Bureaus (Figuig). The MAT and MAP datdor MoerdaoggMEDG) were
obtained from th&€ EGN meteordogical station; MAT and MARIatafor Deerbuel(DEBE), Mangui

(MG), Alongshan(ALS), Jinhe(JH), and GENH were obtained from tENH meteorologgal station;

MAT and MAP datdor Yitulihe (YTLH), Tulihe (TLH), Kuduer(KDE), andWuergihan\WEQH) were
obtaired from theYKS meteorological station; MAT and MAP ddtar Ganheg(GH), Alihe (ALH), Keyihe
(KYH), andJiwen(JW) were obtained from thELC meteorological statiorand MAT and MAP datéor
Chaoyuar(CY), ChaoerCE), andAES were obtained from th&ES meteorological station. The data were

downloaded from the China Meteorological Data Service Céniter//data.cma.ciy The MAT and MAP

statisticswere averaged faheperiod 1981 2015. Su mmar y s tDaH, MAA 8 hMdAPof osamp| e
trees usedvalni dattitnghgt mendmodel s are described in -

<Talher e>

We used the raw data of the MAT and MAP for each meteorological station to calculate their mean,
minimum, maximum and standard deviati@everal tine periods were used (5 t6 ¥ears)and potential
trends in MAT and MAP over the last 30 years were expldretas results were not significantly affected
by the period selected (results not shown), we decided to use the standard 30 years pertdor cli
normals.Considering these statistics and the actual climatic conditiahe Greater Khingan Mountains,
we classified thtMAT and MAP into three different classest00 mm, 400 to 450 mm, and >450 mm (for
MAP); and <13.0AC, OQ(fol0MAT)to afalfze @hitBer d/Dawerd statistially
different among MAT and MAP classes using the univariate analysis of variance (AN@%¥#Ajth relative
diametersnormality and homogeneity of variances were verified before ANOVA is carried out,

regectively, by ShapiidWilk and Bartlett values >0.05.

2.4 Model analysis and development

Wefirst compareden variableform taper modelsand evaluated their performandesedors t at | st i C
i ndi c ditandnesl iod ahe Kozak 2004) variableexponent modelwhich showed!| a ragdejrust e d

coefficient Ry, denc rsmoalalmeram KRdMSEMean eaboal Yt e er
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(MAE)anmdean percent agwP RE h @ eét enteirlg easddeelaes c t( uhdadiom t h e
modé in this study forfurther analysis n predi cting di ameters Bt any hei

gme |l.Tme i & thenmst accurat&ozak 004)model is:

[ o

63405,+%311é°5"“5' SR g B(UD) bH 8% U
=h D, Hy* x, e, (1)

si
wheredsj ( ¢ myliameteo ut si de bahsgf githheea stuaieghith r eiesi"nh e he
meteorological statigiDs ( ¢ mnkk( Mg rtene DBH o0 @ htdd tdeel btarnfekétthnee e g h n
t hsemeteorological statigrgs = hs fHsi s 1 e | a,ixsizVlegs YA/EH{1BMDH™): Gii aerr or
t eramdbgnartehe regression coefficients

Becausehe exponent of the height solely determitiesoverall shape of a tréBharma and Zhang,
2004) the originalkozak (2004)model can be mod#d to accommodatéhe effects otlimate onthetaper
of L.g me | by addingthe MAT andbr MAP to the exponertb furtherimprovemodel precision
Modifying the exponents fdd andH due toMAP and MAT would have a similar effect on taper along the
whoale stemwhile modifying the exponent for variableallows the effect oMAP and MAT on taper to vary
along the stem. We chotiee threeoptioral linear terms(1) bi1oMAT, (2) biosMAP, and (3)
bioMAT+b1:MAP in the exponent of because it allowed the great flexibility in capturing variability
along the sterPreliminary analyses showed that the interaction between MAP and MAT did not exert
significant effects oml, which can be expressed@sMAT*MAP, bioMAP+ bisuMAT*MAP and bio)MAT+
bi1MAT*MAP ( data noshown).Hence, thre&ozak (2004) moded with climatevariables included as a

predictorin the exponenivere defineds follows

/3
61340: +hgudsis an gl B Q) pHEH) by par, g
qD > H b3 -|esij ( 2 )
U3
> @Aosptsgué*’”s gt BuD) bR by war, g
= q D H )%u -Iesij (3)
Psi/Hsi .1 (- qél/lg) 2
aws,ﬂ%gu B gl B(1UR) bH by BT, AP
= QD > H bd XSI] +esij (4)

whereds; ( ¢ m)jliametero ut si de b ahg &f gthheea shueriegrhéth riere rst"h & e
meteorological statigiDs ( ¢ mnkk( Mg rtene DBH o @ htdd tdeel btanfekét'thndere g h t

t hsemeteorological statigmjs 7 hs [Hs, Xs 7 (1-0s ¥3)/(1-(1.3Hs)¥®); MATs a nMAPs a rn@an annual
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temperature anchean annual precipitaticcorresponding td hse{s=1, 2,3, 4, 5) meteorological station n

whiclittree i s | ocdAlieade r mr @ spdbaa ipsag laymet er s

25 NLME model
Usi mepnd i neaf fs@enil xMitlg deDavi di an andheéi ¢ ediesisatdnle d 1 9 9 ¢

(2004)modeli ncor por ati ngcand ibmatex pwragd sacdhd eass f ol | ows:
d=fbu,X) +¢ G~N(O,R) u ~N(0,D) (5)
whedies theflvameteird@ubhar kliheishba nittheXieé s the vector
ithependensitbishri aklce-efrf ppat a mexieedr she vector of randc
sampl ieNitsr etehe mul ti var iRits tn hoer iecamatianidsi trsr t ur ci t budditieis oma t r i
randomR,evhi eh;t medads speci fied ¢tto lead ecodaassta nfdoirt yany wi
autocorrel ati on iasmetinhgdh ime & s Waaeinssem dangacnéds Mp & s 8
foll ows:
R, =s°GGG°® (6)
w h esr’ie a scaling factor for error dispersion whislgiven by the value of residual variance of the estimated
model; G;is the diagonal matrix explaining the variance of wittiege heteroscedasticifyand G is a matrix
accounting forthe within-tree autocorrelationstructureof the errors. Th en et er 0 $ tegrdraasmd c
autocorrelatiore r reoxrivgs td & h yrtehpee at ed di amet er measurements or
Preliminarya njad es gshawediseler continuous aut or( € CArRdslygi v

modetapegnodel t he awi bbhonr elhaet i ampl e tree, whi

Cov(.9)=4%, whaov(ey)i s t henceovoaritawo mpaedforest doaalds am
val ues ¢ ampnl é& bisthe estimated parameter of CAR(l)jjj.=|q h}| , forj, j isthe

distancebetweerntwo observech on thes a m préeie(Pinheiro and Bates, 20Q0)he increasing withirree
heteroscedasticityith predictedd i a met er © abidsd mbdeledusimgkhexponential of the fitted
value(g) variance functionwh i ch examr ewar@y: S@&9(2 %7’], w h e s the value of

residual variance of the estimated modeh (daree st i mat e d. Thpea r aatneesteerrisb-g d o wp t hi
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corredtart u @R e mo)denlds wgrtohupn het er os c éxpanertial variahcg st r
functioni n t hi s st uydyyhowedsddattil eslay ua hiad nAkSriikiee roiramat i
criteriamBlaydasican infor mgtSichhrwaarzi,t eré8 hpall B8R mot o

Dis theicwariancematcei x f o ffsipat aawtdewnhsi ch w®wephraciens
random vgenabakbbwmgdhuenos threpotsurtaeadr e def evi preeosieaatreci hx
( Yaetg,2a010.9 \We owts e@ pdracafhisloe nlde s mal | e svih eAn DOm&aenrdi xB 1i CGs
consitdoetrieed unstrudedinmdktrgoxs.i ti ve

To determine t he epfafseacmeftiexre dt yppleuss t(hiNELhd&Odmm dedl & le,c t
di fferent combinations of tHKoek(@04hwaek he o r toelpiama thay r
variabl ebiwer et edwd Itunaet endet hodlira pilaideod almyd . Bier kbheasrtt
mo d e | was selected using AHJ,keBhZL,ondalhpdparameters € t h e
NL MHEno dsevkre estimatedi sirnegst ri ct ed ma with nhha mme functioe of ithe alroed

package in RPinheiroet al, 2018)
The sampleeretr efeaem:daosrmane&tveerrseal cdusimthgg empirical be

unbiased predict(iVome(shBlaWwRl) Crealthledhdeixdpd @lsb® @ 3)
& =6E (& E5E5) ¢ (7)

wh e Eé the estimated and o mpaf faehadtr&emp | ie Bis thesestimated varianoevariance

matrix foru; R is the estimated withitree variancécovariancematrixfor & &=d - f (X, h0) is the
residuals vectonwhich is calculatedby subtractingthe estimatedd; using the fixeeeffecs modelfrom the
observed of the sample treefor the subsampld( .is)a nonlinear function of the independent variatle

uf (b,u;,X,)
MU,

and f, is the design matrix of the partidérivatives of Z, = fuo-Det @iflameedrhect s

par anmeestteirmaotri drh e NLMMEf awedlsetlrryo dFuacnegd ainnd Baari@ad ya m@a2 0 O

and Montero (2004)

2.6 Model evaluation

To evaluate the fit andanpr endeixcttdicd rsseyercdferdaramnia n c e
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thestandardized residupll ot s weRF ahesepriteticgb e i daa dABQRE4t hteh efditcat or
Eq. (8)(kq. RMEIE), MAMPRE@nhd(Llil)and We iwsrkalsdcdlcaldted 2 0 1 C

for bothfitting and validationihdependentdatasets The corresponding expressi (

(-1 & &

Ry =1 (8)
(n- p ) gD(M Y
RMSEz\/é(y -B)%/ n ¢ 9)
MAE=i'aE_l|y -§|/n (10)
MPRB:é|y -@/iéy F00% (11)

wherwe s otbhseevakbde of t he itdoibasneertvdart gfcgur,eadddheval ue of

di amet eirbbservyﬁtasi wmeleea | u e yorfis tthltee numberi mie ofbistet iv

or valwuati pins dtah & seesitmbmantd@debher soir naes$ gampceirngnodel

3 Results

3 .Ifipacto MAPandMAT on stem taper

There were signifrelatvedit aciétf € erefhcebhei hrebse among
clesssal ong t he OgOilR=2122 and181ep<GO0leTable2and3) . rdldived i amet er
(dD) increhRisgka RTaleR) T helatvedi a met bter ecef bol e i MAP he st
| ar g ed4b0 ntmivasup to 1.2 timegreater than thse standwith MAPs ma | | 4 © 0 t. mla@verage
relatived i a meaterreeofbol e i n tl loevegit38dwhaEs665wi0.008 BADNniI fi cant |
than the otwidrh IMRIW&Q@aeniddod GndMAT | ar §20A GprtoaliT ab | e
3) Fort he MAPraenaed t h rcel eesstildel were significant differences for thgeragerelative
diameer amongten different relative height classeq intervals of 0.1) except for that 00.1<qO @ .and
02<qOB.(fort he MAPTé es)s,s exaen for that 00.2<qO B.and0.3<qO Gt (fort he MAT e e
c | es)sysh e r e formgweregenerallymodela geometricallyas acylindricalshapggr a n g e s. ifor om C

0..8) mi It deglindrical shapethere waso effectof MAPa n d bl AT @veragaelatived i amet er
11k o H



o fat r e ew Ib etrl reste@s were modeled asonical frusturs (0.9<g <1). Overall the A N O V Adicated
thatM A Pand MAT generallyhad significant effects on the tree stem diamép=0.00). Thus MAP and
MAT were incorporated into the Kozak (200ibdela s pr dod imptr@mrve t he accuracy |
for L. gmelinii.
<Table2 hee>

<Table3 here>

32Anal y sits epmofile etghueat noaripnogt @atmat es vari abl e
The parfaombkozak (8004 mo d, & h i welesignificantat t he 95% confi den

modeéelnc or pMA RolandM@T ( B4 m.rrep oirn eTdabd sed doinagtriiem o f
profile simulation(Fi g By e ahe evaluation statistics of thiereeanalyzedaper model¢E q si4 )Ta((b | e
5),t hKezak (2004) model wittMAP a n AT wa s mathed best among the thre
flol o we dhkmzak (2004) model wittMAT, andfinally by the Kozak (2004) model wittMAP. This
indicated that the impact efimate variable on the stem forndecreased in the order: addingthMAP a n d
MAT (r e d u c iEmn g¥) Maklding onlyMAT (r e d uMAE®.4%) >addingMAPonly(r e duc iEng MA
28%). The i ncorNAT aan dsnMAeld t a me ocokogakh{@004)modelled to the lowest
AIC (Table 4) whencomparedvith the Kozak (2004) modethati n ¢ o rdp oM Aalt cenMeA R | cande
the Kozak (2004)modelwithoutM AT a n d ThéfefoRe. we selectedhe Kozak (2004) model with MAP
and MAT (Eq. @)) as theoptimalmodel to develophe NLME tapermodels.
<Table4 here>
<Table5 here>

< Hgure 3 here>

3 3NLME taper modelsand their pa r a m edtineates

Amongp @d dciobnmbei noaft d mdadifse @atn de fffsexdEtd(r4th e best w©dmbi n:
t hceo n v emmogdesde ¢ ebgamddh s mi xed efd.ecTIhlsi P ac @nheibwestAlC on g a
value(25049.5 and BICvalue(25155.4, and the larg&tlog likelihood valuegi 12509.8. The final NLME

model(E q(. 1)2includingther a n ced fse tar awaet er s
12k o H



e N ) (1- g3y I}
éb40é'i;+t%glfé°s"Hs' 'S’l%gijl BLUR) (B Wy P By RMATG ARy |
- (0o +Uy) Lybsy, € i
dsij =h D™ Hg X B2 (12)

wh e @ nwgiartehe r-afmfd®aot s ppraordabngeetibéhraesnp | e biadl,e roenspect i v
Thenodmadr amend@rwsance dofg.d@deah cwn Tdahllle par amet er ¢

signiafti ctabnee 95 % clHowe vhemmgened i Ineadt @ hdde sofmi xed efd ects

(r andfofmeat amet atteldeamp | )e amrde eot hsa | xardavedstf enrot S e n 0 U C

eliminatethe heterosedasticityandautocorrelatiorbecause¢he AIC difference(up to 10%)etweerkE q(. 1) 2

andE q(. 1) ®ith exponential variance functions and CAR(1) maslas significan(Table4). Thelikelihood

ratio testsalso showedsignificantly improvementgo the performanceof E q(. ) u s i LrRgtio=2402.5

p< 0 . 0Q,@vbBehsimultaneouslyncluding theexponential variance functido modelthe heterosedasticity

andthe CAR(1)model toremove the autocorrelatiomi t hi n t h gt hieg mpWidt2h) r @exeponen

variance functi o0.M%eaed teddiR\ardancé’vadues delcreased from 1.389to

0.30491 (edudion of 77.6%) TheE q . wWilt2h) exponenti al vari ansheoweud ct

much better mgactheasthfe Dittheadhlfd ve model s

3.4 Predicted diameters andmodel calibration

The difference between f itxhemikeder d enmidserdqdire pribrf ect s
measured diameter information but f i x esld oe fnfoetc.t sl nmaotdhmildso nsl typ dsyed ref cot
me a anernd tshuapfp er st afmr d@ra edewereaisedo estimate the random effecs NL ME
mo dsalnal s @ al edir atseatnedlr c al cwd lau &t itohheotrsetea t NrhsMdEe Tthis
procedurevassuggestedy Fuet al.(2017) All the evaluation statistider the fitting and validatioatasets
forthef i x ed and tapermeddlsreeshdveic Talsle. TheEgs . 1 t o 4 expomahtiadEq. 1
variance functiom n @AR(1) modelexplainedmore than 98% oftheentires t ¢aper variationBa s e@md o
the fitting and v adiameten ouisiderbarlsstandardizediduatsplot (Fglrd),dhe t h e
Eq. 1 expowdnttalhvariance functicm n @AR(1) models h e  hbee st r @ s wil g t iwdnh
further r eEbu2c®%B@80% had BMIA0% 2f or t dmcbvalidatidndadtasets e s pe,ct i v e
when compared wi tehf ftehcet sotthaepre B) oeugu atiixoends ( Tabl e

T h differences RMSE amohigme cheel satwemods T hap.r2e d i fcaliOom= | at i \
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hei dlatsses wer e o @it théeaduatiorestaslics af valeation datasets r ,E q4a nld
Eq. 1 expoweinttaltvariance functian n @AR(1) modelT a b6). Eheéi amet er wperbeed t etr i o
f omi ddileemss t han | owefrold nacthhompe elthdéczakd203)mocel (Eq )wilt h
obseboteegMO (alndp p@FqO1)skt em di ameters perf oRNME&EH qui
MAEa nMP RBi1owe Egr , 1 8powdnttalhvariance functicen n @AR(1) modelpr o da d me
accurate itedi dotiiadme wefr s a hsdercrm{(Dddd<e. b7a)den evaluation
statistics(Ta b I6)eAs retliaambeenme ,geleatieve () beearmei ghhea!l | er
standar disnéd di &mniestlelecatli ons wi t hc Ireeslsantgivneg dfi raome tele.rl
r edufco&d . 12 with exponeanntd aCA R/(alp)a amd Easfeacntidyoinssn wi
rel ati vea adigd mgt drr(bimgThhes tt ®@ndaOdiswversél gk sl gugbhsei t i v
| owest oWwi t herdd laanmit & . Kozaki200d)maekel (E g ) andKozak (2004) model
with MAP a nMAT, butbecames | i gpletglay i £q. i b2t Wwet h exponam@ARa(lIl)var
mo d @&liug4) In s ummatrhye-e imi ee@etded d t hebi lbBeweusdpthber stem di @
pr edi,clasalydotosed by thé&Kozak (2004 model incorporating/lAP a nMAT and then by th&ozak
(2004)mockl.

<Table6 here>

< Hgure4 here>

4 . i Dcussi on

4.1. Influence of temperature and precipitation on stem shape

Taper models ameausedt o pr edi ct Hertewereen atttiioembsdaphi  pwe hand ¢ a
st o(ck®n wetb,aaP Ourkesults support ounitial hypothesis, as they indicate that climedtated
factors significantly affect tree shape. Owt uadlys b e @ h a tKozakh(2004)modeli ncor por at i
cl i watse si gbiet t eoatnhtehra fonpredietings t eiameter This resulis consistent with
that ofRojo et al. (2005) who evaluate the performance 081 well-known tapemodelk andfoundthatthe
Kozak (2004) modelvasmoreaccuatethan the next begterfornringmodelHe i H#ar sson and Puk
a n@o d-Riaveats( 210 & I7 uggested h a Kozaki(2604) modev 8 mb euitablefor predicting

diametersalong the steth or b ot h Sl Dieb liaaint dl ardgl@g oIin¢) o mit i gaenlda n d
14k 0 H



anotfhemspeci es armbal y ne Duirmnilbef MextCiawaklmz ak he2004
mo diedxt ensi vel gt hestedi a met &@midnodfi vtihdeu aslforehajortree speades u me
i British (@alglhmbainad 8 mAltetia,(Yayetial?2 2009) Thesteudiuggest t h
a t hoaumgehr tequat i ospexsiesspeciict gheen eKroazlalky ( 2004) model can
estedaamemamy different trée ghpe c(ifkkoszxaltkh T e2e0s@4 pirte ,
i mproving such -deopdeenl d eanitt hv acrliianbaltees coul d have applic

I'n addition, osutre m efsanrt mismfklhuoenn ictehda tg( yef .agc.t osry and d
age, tree species, sthawntdiadpsad iaddaondstclerfa@arcacllli onad tei
anglite chaf( Mengr.iAOB6gh the Kozak (2004) mo d e | |
predict stem di ameters, t he ef flegnelinidfs csliigmatfd cwal
shoul d be ionctohrep omoadteeld sitnrtuct ure as covariates to
Kozak (20Th4) chodwlt e factors (MAT amdt MA®), hakiec h mi
with theCHemdRiodgvtigof sddhwmt temperature ahflembeéedt uhe
bi omass fofr elsdrsedln Svelsnd eitdie2lDdiBddar eported that the
Betul a pveapysrhi.f)erdacicmermnsadi wg tfhummer temperatures
province ofdaQuebec, Cana

MAP and MAT should be considered as surrogates
interconnected among them. For example, MAT depen:
and neédratcd éfhgpeisng col delranan ¢ htordreef Qrrédwii a gc crelad ones
into stems growi,p@arsicwlwawrl g ,dndtndreEsctoonp nge entoir ean <

MAT coul d al so be related to topography,slacpé¢ » wteh ¢

could force Bwol ksatariulzgttutral t st abi |l i ty. Similarly,
increases, but in this regiaonnd tshtarto,nigachrf cwainnadgsat a dc i
a more conpecatlo sitreent eséhsae st abi lity against snow at

Th eMAT andweMdd mul t aneously incl ude(@q(idn) ptrheedsi Kd zoa k
whigadive bett emo dreelssutitohselrn b BMATED|(.2) ) oEq(.BA s (inma t
t rceieamet er s . ahe aadd Ihteinaythasi mpr babkbdenodel npoerfreaMAT ma n c e

t h MAFbY redukEbyhl§o BASH, rspecT kv efMATe wamaich € rhatce or
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i nfl ulegqme Inignpieir t heKiGrreqaarerMolhit i nessli Guetnt2l,1 9 h
who f ouMAdT twmast t he most sitmepmo rgtraomwtb bdreiav e®@ 6 bfacard b e s
showethe mp eer antallkee y c | i mat aetghfea cgtroorwtdhr iovf t r e(ePsaaitlni c o
al .2012;etSuwavdnltém)aé so found t Hatpdsimpiev atalfrfee dhta on
Wh etnhteepne r awwausrieg h e 72.0A Btame r el at 0.§08:0.GDPvaanseatregtesrh at o f
ot HVAIT ced(aTsash).lTévi s result corroborates the positive
di ameter Lemoltitagidirftore Gr eater bWhicemg@d0o.Mdlunt ai ns
Under warmer temper batrteaanddkeestrenlospei wobHecbbfl ealn
causing higher a n(nlueat| , add wih@)ttdra n gt atheb g n ingtdociatnit v e
rel ati onsthd rpp ebeed dwesetna me s h own . Suyc ho upro sri et si wlietashetmegre r
relationships are wi del ¢ adtleosce(artiacgehte, da 2i.0dh ldtemel r amtcH @ rm:
i nataevealwyedandr egrboa&bgdisrect!| y related ttd amordp etmiett
gr owknhd.er t hese cowairtiiadn®o,nst agrlosisglsti tes mainly
and tghtheraditionally serves(8koasgaaxyg &aodn ¥anec
nolreern | atitudes, it has been shown that boreal tr
being spring temperatures par (Bt elkamrally9 8 5n;f |Mdesnsta ca
Chen, . 20h&)yefore, our results showing a stronger
shapevhireeh consi stent with fporedoiwerser esaardechmetort|

cumul ative procesduwmifn@nmamay yaeaaremaentdst herefore

previous year s, our results should be interprete
generations wil|l have diff erlematr vsetset ne s leaappenr ft rKdem n
Mountains or the mature tree still standing.

4.2. Predictive performance of taper equations with climate factors

Therelative heigh{qg) was divided intd esactiondo evaluate the predictive performance of the models
along the whole ste. TheKozak (2004mocel (E g )wilt h ol @ te 0@ @)alnwp p(@7xg0OL.0)
stem di amettehresi bpeedr tdéRbIf &m ealAENH 0 we,v 8Beql. 2  wxponéntial variance

functiona n@AR(1)modelp r o dti hee st edi ct i vne m f d iugd podareerr sa Fdamii dalse
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(0.1<qO O")b adoen avaiuation statists (Ta b 6eenFiug4e S mi | a rwerreespud rt¥ge-de | biyk
et (&10.ada¥Ya negt (2a210:0nMi)ot h e, t hNiLME rdoslel showedthe highestprecision for the
| ower ansdt eamd dtdiloenpsawi dtdn e -¢ i Xedt s mowiel hother predictor
variablesThis result could bexplained atheN L ME e e pr of iwli eexpengniia variamce fanction
a nCAR(1)modelwe ser cscsdat| retmbei cgd ®s ®isdi syt oc mo dred :ais,d wal
whiarftecausendl by pl e mealsud iemie th¥ asehtp,tfa BE0 9 ; Li and Wei
Howev éNeL MEr edt as wiitdfnoegs t@immdith e r e | Gar¢qOlV)e nide i(agilr tg eo f
t he r el at0<g0®)rieeli ajimetersi.é.,.such | s sler@dpcdoaur! dpredi cti ve p
forupperboarmrsdbmm di amefegsarti cul ar i mportance for
forestsnvinr dmamemlt geme Isimcitihas Gr eat er. Khingan Mount a
Stem di ameter predictions were |l ess precise for
caused br edi cotvieorn of the calibracéads&U@mMet @s st i
| ocati ont hter ecel otsoepr wiot h f ai r [(yYasga kP00 qxamert clruss ii onn
wermre achhyerdi ncado and abhiz k édatr K210, v euds)itneg NL ME model |

t ec hmmiheue.oor predictions at the bottom section fo

criterion for model evaluati oby mehbtiyrnebees daute tthoa tt hree
cl a0sg®P, 1lwhen compar ebawéd hoplegptientiomedel s. Even
model owamarrtehmef heteroscedasticity and autocorrel af
to predict bdtnt sgpd dlee obfsttthaer,d gtr may be of | ittle
height, which corresponds cl osely to stump height
but | efFfFoowetbaaR01%)mil ar cases of fpamr pbDuedi cteicut

taper model i nd owevreshtahla.a hRadr rleeys 0 19.8t7 )md 8 eemrported
t hat harsh environnmemMamkspaD@l&lee shiomit eedtr @amsaur ce
alsbe needot peadaptdhnzeswi nter st olremsynwiwt Saleidbgh v
shorter tree stems have more taper to d@da&lvettropestag
winter (Stoems@al20Iba)efor e, such shorter trees te
(Danqgquecheitn al®drlveal

Sup p otrlairsggy nheaNQVA r esul t st eadht&b evaseoiopacbiteitharM AP
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o MAT bmevt rredalt amet er ech darl et he t(0.99<4)fThig réselt cauld e m
be becausthe verticalaxis system produces vigorous growthhe top of the treand therdore, the shape of
the bole showa sharp changeA | t e r nthigcould édcaused by anverestimationof d for that relative
height clas$0.7<qQL.0). Becausehis location is closer tthetopo f  t h with selatvetysmall diameters
in generalthe effecoft h e s a relves |t rfeesoddsimulebesmall.HowevertheKozak (2004)
mocel with MAP and MAT showed consistent performze for each section and exhdatonly moderate
variation in any sectigrwhich indicatedhatthe inclusion otlimatevariabkesimprovedthe performanceof
the stem formmodel in this studyOur results are also aligned with previous findings on theitapce
climate on stem shape in European foréststin et al, 2019) and follow Kimminset al. (2008) indications
that forest models should be simple, but include all the factors relevagstimating the targefariable
Our work indicates poskdéep |liintdresasiorug attet bst i ma:
vol ume, bi omass or carbon in standi ntherdgiomalelnats a s
differences exerted significant effects on the stem taper was explored. However, the appropriate temporal
frame for climate differences of that is most correlated with tree form during the monitoringgelar ot
be found as only data from two harvagtievents were available. flature work, the continuous observation
ofs t data(with dendrometers of dendrochronological samples) could beaisadry outo study potential
lag effects and therefodetermine the appropriate temporal frame of clirdéferences that is most correlated

with tree form at the time of measurement using the dynamic modeling.

5Conclssion
Theflexibility of the Kozak (2004inodeldemonstrateacceptablgredictive accuracfor stem diameter

and @n be adapted tgimulate the taper profile oL.. gmelinii in the Greater Khingan Mountains of Inner
Mongolia, northeast Chinal he Kozak (2004) model s hoveeaudsiimggi MAT
i mpr ovemeadi iemaiansetelTheN L M Bpproach wassed to fitthe stem taper equations.

Theh e t eerdaass andautodoryelation n  t h e wreenwiddedi & | axpgorential variance function
andCAR(1)model Based on dweNL MEeskudzask (t2004) modeli s ncl u
recommended fnoroft hde aensettiemsothigome psttosmen uppertstenn diameter

measurements are availabl® our knowledgeyery few previousattemps have been made to demonstrate

18 o H



the effect of climate on tapeand even fewer studies hadevelogd spedfic stem taper equationhat

included climate variableasc ovarfadrlagmel.i mi i hese boreal forest s, c
shape (through i mproving stem growth in height an
seloenctof trees well rooted antlr bmtotwermandbiwé nild U dgsi

i mp r o predicibrhaecuracy otreespecificdiametes at any height along the tree bole aneke upfor
the deficienies of previousregional tapeequatiosi n t he Gr eater, KhangiaoulMauln

context of changafnfgercetei matapeet hat coul d
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Table 1L Summary statistickor the fitting and validation data

VariatFitting dat a Val i dation dat a
Mear SD Mi n Max MeaI SD Mi n Max
No. of dagbt843,4p6dreer)t s = No. of d alt44d87treds)n
D(cm) 16.36.91.0¢68. 16..7.22.168. 3
H( m) 15.:4.12.043. 15.:4.33.241.9
MATAY 2.0 1.1-3.€0.4 2.01.1-3.€¢-0.4
MAP (r437 75 361558 437 75 361558
D: di ameter at br Hasttotheali ghhei ghutt,s i MAT :b aMeka, n

precipitation,

Mi

annual

m:m, miSDi: msm,anMax d mMaewiimti on.

Table 2. ANOVA of relative diameter (mean % standard error) for differaain annual precipitatiaiasse

(MAP¢300 mm, 400 450 m500 differemt ralative height classesifitervals of 0.1)
Relative <400 mnm 400 to 4 >450 mm F p
height d/D N d/D N d/D N
0<q0O 1 0.660+0.008 1493 0.767+0.006 2982 0.808+0.002 6256 213.2 <0.001
0<qgO 0 . 1.061+0.006 202 1.168+0.008 627 1.001+0.001 2049 625.4 <0.001
0.1<gO 0 . 0.972+0.007 172 0.967+0.002 353 0.99+0.002 486 4.4 0.012
0.2<g0 0 . 0.888+0.007 133 0.886+0.008 256 0.825+0.001 1054 255.8 <0.001
0.3<g0 0 . 0.812+0.007 135 0.833+0.008 264 0.762+0.002 438 123.0 <0.001
0.4<q0 0 . 0.726+0.007 139 0.761+0.0084 284 0.689+0.001 936 190.4 <0.001
0.5<g.6 0.626+0.007 150 0.685+0.005 264 0.598+0.002 638 186.9 <0.001
0.6<qO 0 . 0.521+0.008 127 0.589+0.005 267 0.496+0.008 445 140.6 <0.001
0.7<g0 0 . 0.398+0.007 150 0.460+0.006 260 0.430+0.003 200 27.1 <0.001
0.8<g0 0 . 0.250+0.006 162 0.283+0.008 250 0.365+0.017 10 11.5 <0.001
0.9<g<l1 0.136+0.006 123 0.137+0.006 157 - - - -

Note: The different sperscript letters in the same row indicate significant differeacesg MAPclasses
the same superscript letter in the same row indicate no signifilifferenceamong MAPclasseg Tu k ey 6 s

HSD, p < 0.05).
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T a b3. ANOVA of relative diameter (mean * standard error)dibfferent mean annual temperatatasses

(MATSs) (<1 3.0A O 3.0t D2.0A C a R.6XC) for different relative height classesgiftervals of0.1)

Relative <T13.0/C 13.0t 02.0/C > 2I0AC F p
height d/D N d/D N d/D N
0<qO 1 0.665+0.009 1361 0.767+0.006 2735 0.803+0.002 6 6 3 171.3 <0.001
0<gO 0 . 1.050+0.007 164 1.180+0.009 573 1.004+0.001 2 1 4 665.5 <0.001
0.1<g0 0 . 0.988+0.006 169 0.968+0.008 308 0.954+0.002 5 3 4 25.6 <0.001
0.2<g0 0 . 0.898+0.006 132 0.891+0.003 231 0.824+0.00%1 1 0 8 333.5 <0.001
0.3<g0 0 . 0.830+0.007 114 0.838+0.004 248 0.759+0.002 4 7 5 187.7 <0.001
0.4<g0 0 . 0.733+0.007 135 0.771+0.008 255 0.688+0.001 9 6 9 261.3 <0.001
0.5<g0 0 . 0.637+0.008 130 0.694+0.005 243 0.596+0.002 6 7 9 244.4 <0.001
0.6<g0 0 . 0.527+0.009 113 0.597+0.005 244 0.496+000Z 482 167.4 <0.001
0.7<g0 0 . 0.400+0.008 136 0.465+0.007 237 0.425+0.008 237 30.1 <0.001
0.8<g0 0 . 0.251+0.006 155 0.283+0.007 239 0.299+0.012 28 6.9 0.001
0.9g<1 0.133+0.007 113 0.136+0.006 157 0.166+0.008 10 0.9 0.413
Note The different aperscript letters in the same row indicate significant differeacesg MATclasses
the same superscript letter in the same row indicate no significant diffeeenoeg MATclasse4T u k e y 6 s
HSD,p < 0.05).
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Table 4. Parameter estimatesnd regression coefficientsasid a n d a (irdparenthesedy csr

modwilt hout

( E g mear{ ahnual precipitctiod(A P h

Koz ak

amedr/aonual temperature (MAT)

( E(q s2() 4, and with fixed and randorreffects parameters (with MAand MAT incorporated) (Eq. (12))

plus an exponential variance functigGna r Eardpautoregressive error structure CAR(1)

Eqg. (1var E

Eq. (1) Eq. @ Ea. G Eq. (4) Eq. (12) and CAR(1
Parameters
b1 0.9687(0.0084 0.9658(0.0082 0.9703(0.0083 0.9699(0.0082 0.9671(0.0142 0.9885(0.0179
b2 0.9759(0.0053 0.9771(0.0053 0.9750(0.005) 0.9752(0.005) 0.9612(0.0079Q 0.9471(0.008)
bs 0.0445(0.0074 0.0444(0.0073 0.0451(0.0073 0.0450(0.0072 0.0586(0.0095 0.0649(0.011)
b4 7.0916(0.1319 7.3330(0.131) 7.4603(0.130Q 7.4630(0.1300Q 7.0610(0.1119 6.7590(0.0979
bs -1.1192(0.2323  -2.3000(0.2409 -1.9573(0.229)  -2.0330(0.2385  -4.1566(0.3383  -3.2684(0.3179
be -10.4929(0.3488 -10.9100(0.348) -9.9827(0.3415  -10.0500(0.3473 -7.5452(0.3949  -6.6081(0.3580Q
b7 -0.6965(0.050§ 5.6300(1.114Q 3.9801(1.0489 4.3760(1.103Q 11.2876(1.272Q0  7.5478(1.2939
bs 0.0163(0.003§ 0.0556(0.0043 0.0353(0.003§ 0.0383(0.0045 0.0542(0.00%) 0.0168(0.010)
bo 15.14690.4142 13.5800(0.4217 14.5541(0.4059 14.4200(0.4217  12.0987(0.4863 11.3027(0.4309
b1o 0.0026(0.0002 0.1685(0.0080Q 0.1593(0.0115 0.2501(0.015% 0.2207(0.0153
b11 0.0003(0.000Q -0.0002(0.00®M) -0.0001(0.000Q
Variance components
a2 1.36189 1.32480 1.31077 1.29504 0.89750 0.30491
var(by) 0.00012 0.00004
var(os) 0.00154 0.00079
cov(bz, bs) 0.00032 0.00017
Variance structure
U 0.04227
Correlation structure
} 0.45594
Goodnesof-fit
AIC 27014.5 26784.8 26695.5 26596.3 25049.5 22651.0
BIC 27085.1 26862.4 26773.2 26681.0 25155.4 22771.0
logLik  -13497.3 -13381.4 -13346.8 -13286.1 -12509.8 -11308.5
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Table 5. Evaluation statistics afonlinear mixeekffects (NLME)models and models with and withauean
annual precipitationM A P ) nmeanadnnudemperature (MAT for analyzed variabléorm taperKozak

(2004) model

Model Fitting Validating

R? RMSE MAE MPRB(%) RMSE MAE MPRB(%)
Eq. (1) 0.9790 1.1667 0.7230 5.4828 1.0407 0.6969 5.2848
Eq. (2) 0.9795 1.1511 0.7028 5.3302 1.0176 0.6734 5.1068
Eq. (3) 0.9800 1.1385 0.6930 5.2559 1.0091 0.6684 5.0683
Eq. (4) 0.9813 1.1274 0.6829 5.1546 1.0037 0.6575 5.0521

Eq.(12wi t h v
. 1.0712 0.6652 5.0444 ) 62 4.681
and CAR(1) 0.9888 1.0 0.6652 5.0 0.9699 0.6256 4.6816

Table6.Rootanmesquared error ( RMSH) ,awedem np earbcseor tua gee ea fr
( MP R®0o) for the predictions of diameter outside bark for validatiama fornonlinear mixeeeffects
(NLME) models and models with and withguean annual precipiian (M A P ) meean@nnual temperature

(MAT) for analyzed Kozak (2004) model

Kozak (2004) Eq. (12)
with MAP and MAT with varExp and
RMSE MAE MPRB(%) RMSE MAE MPRB(%) RMSE MAE MPRB(%)

Relative N Kozak (2004)
height

0-0.1 578 1.2966 0.7455 4.0039 1.3231 0.7617 4.0907 1.3501 0.6825 3.6656
0.1-:0.2 187 0.5814 0.3676 2.5412 0.5871 0.3757 2.5969 0.5481 0.3664 2.5326
0.20.3 281 0.7602 0.5608 4.0495 0.7224 0.5400 3.8993 0.5161 0.4826 3.4851
0.304 160 0.9918 0.7499 5.4795 0.8854 0.6673 4.8762 0.8678 0.6046 44181
0405 295 1.0161 0.7078 6.0801 0.8938 0.6328 5.4364 0.8024 0.5907 5.0747
0.50.6 206 0.9542 0.7131 6.4540 0.8796 0.6283 5.6862 0.8050 0.6191 5.6032
0.60.7 184 1.2005 0.9059 10.0940 1.0858 0.7965 8.8757 0.9000 0.7411 8.2584
0.7-0.8 127 1.2064 0.8459 10.7765 1.2421 0.8722 11.1122 1.2746 0.9127 11.6278
0.809 84 0.9602 0.7279 18.8906 1.0094 0.7389 19.1756 1.0594 0.7386 19.1686
0910 44 0.8316 0.6223 40.1463 0.8897 0.6363  41.0484 1.0201 0.7055  45.5183
Ovemll 2146 1.0407 0.6969 5.2848 1.0B7 0.6575 5.0621 0.9699 0.6256 4.6816

Not e: Numbers shown in bol ditiiahdr c aheictthaofedtis®dn eenohs
relatiwe height
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Figure 3.Predicted diameter over heighn(exampléor Larix gmelinii(D=6 4 . H=8 ™, 2 m,2 AMBAT =
and MAP=4)Yusingahe Kaomak (2004) model (black lin&pzak (2004) model with mean annual
precipitation M A P (green line), Kozak (2004) model with mean annual temperature (MAT) (blue line), and
Kozak (2004) model wittM A PandMA T(red line)The f our <col or codes repres
mo d e ledallowlwt s represent t hugperstends ametdevahtuetbhe ther

along the tree bol e
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Figure 4. Standardized residuals of diameter for the Kozak (2004)eméabzak (2004) model with mean
annual precipitationM A P ) nsandnnual temperature (MAT) incorporated, and with figed random
effecs parameters(with MAT and MAP incorporate plus an exponential variance functicand
autoregressive error structuCAR(1), where four randomly selected prior measured upper stem diameters
above ground fromampletreewereused for estimating randoesaffects parameteendthen for making tree
specific diameter calibrationBox plots represent the meaed doj, median (middle line)the 25th (bottom

of box)and75th quartile(top of box), maximum (top whiskerninimum (bottom whiskerand aitliers(black

dot) standardized residual of diameter for each relative height class
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