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Abstract
The objecrile of this studv \\ar lo .xirmine &e associarion of restern hemlock f./i!.gd lrkf"/,rrl/.r) gro\\!h to clim.rre rcros\
structural lcvcls in an old gro\rlh lbren. The canopy veftical gradient $as sectioned i.!o six l0 m hcishl classes \\'ith uestem
hcmlock growth ex.rnined ir the top five le\els. All trees in a.1.t) ha plot (n = 6,151. grcalcr lhan l5cn dianeter at breasr heighr
(DBH) $ere cored ibf the recent 20-!e gfo$th fecord. Groqlh chronologics rcprc scndng each height cl.rss were core lated to I 0
clinalic !ariables. The .10'50m height clll\s e{hibited lhe highest correlarions lo clinralc andlhe 10 20nheighr class e{hibited rhc
lo$esl .  whenmovir !  aver ges of3.rnd 5 yeax \ \ 'ere appl ied to the grol l th indcl  andcl i  at ic  \ar iables. lhe corelat ions ofheighr
clas\ onc (10 20m) bccume the strongest suggestmg that gro$th of canop,v domiDants is dctcrnrincd by shorr lelm cliDatic
condition s $ hilc undcrnory gr o$ th $ a s inll uerced b) longef tefm climatic cond itions. Ll nderstory grolrtlr al lhc 5 yexr temporal
scale ras strongl! ( 0.6 > R < 0.8) and nela(ively coneLrted to temperature r\hile irs correladon to precipitadon $as nrongb
posi!i!c. Thc annual dcpth of sno\r at the 5 year tine scrLle u as the onl) climaiic lariable I(r affcct gro$ rh sinil.lrl,"- lbr.rll height
classcs. indicatiig consecutive )eafs of deep sno\r had a negalive imlact upon !lestcm hemlock prcduc(ivit,"-.

Understanding effects ofcanopy srructurc upon thc rclalionships between clinate.rnd tfee gfo\lth can improve intcrprctalion
of past climaiic conditions and stand d!na rics liolt1 long lrcc corcs. The clinatic signal fbr strnd chfonolosies !ha! c\pcricnced
suppression or conpetition c(ruld bc adjustcd for rvpical chunges thar occur lvith tree ascension to canopy dominancc. Currenr
uses of  uni lersal  c l imate-gm$' th re lat ionships in iorcs!  ccosj l lcms (c.9. .  gap l imi ly  nodels) ,  especia l ly  in s i ructural l )  d i !cr \c
old-gro$th stands.  pfo\ ide a que\ I ionable picru.c of  iorc\ t  gro$t l  and dlnamics.

lntroduction

The relationship between the formation of tlee
rings and climate is well established and can be
used to investigate changing stand conditions rc-
Iated to disturbance. stand developnent or cli-
matic variation (Frins 1976. Hughes et al. 1982,
Fritts and Swetnam 1989. Brakel and Visscr 1996).
For examplc. the clinatic record of a drought is
connronly tbund in a tree fing series $'ith the
formation of relatively nanow rings (Fritts and
Swetnam 1989, Cook and Kairiukstis 1990. Lane
l99l). However. growth l imiting factols can be
interactive and complex depending upon the varia-
t ion  o fcnr i ronment  e rper ienccd b1  a  g i ren  t l c . '
lhrough spacc (canopy position) and time (matu-
rity or age). By measuring and comparing changes
in tree ring ch acteristics sampled along pafiicular
ecological gradients we can gain insights into the
interaction of climate and stand stmcture. AD old-
grorth stand provides the ideal vertical depth

required lbr a clear separation of ecological gra-
dients associated with stand structure. Howcvef.
the complexity of multiple canopy layers and the
scale of heterogeneity characterislic of a temper-
ate old-growth rain fbrest requires intense and lalge
scale tree sampling (Spies et al. 1990).

Most of the unique compositional and func-
tional attributes of old-growth are derived from
the i r . l r 'L rc lu ra l  chr rac le r i \ t i cs .  S I rnd  : l ru \  lu re  in
old-growth includes a wide ranges of Lree sizcs.
deep canopies. and abundant dead wood (Franklin
et al. l9U l , Smith and Long 1989, Franklin and
Spies l991. Tappeiner el al. 1997.). Crnopy gaps
arc a main leature of the canopy layers and con-
hibute greatly to thc horizontal and vertrcal com
plexity that is found in an old-growth tbrest stand
(Oliver and Larson 1990, Lefizman et al. 1996.
Song et al. 1997). Structural understory hetero
geneity is closely related to, and highly dcpen-
dent upon, the architecturc of the canopy layers
(Song 1998). Since complex structrual attdbules
u f lec l  ecos l  s te tn  [u  nc t ionr  .uch  r r .  g rou  ing  t  on
ditions. we hypothesized that radial growth re-
sponse would vary depending on the ve ical and
hodzontal position of tr tree in the canopy.
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Earlier dendroccological invcstigations into thc
role of climate on the radiai growth of the tbrcst
stand htve been limited to analysis of canopy
dominanls as it rvas believcd thitt these lrces ex-
hibit the clearest clintatic signals and contain thc
longesr rccords (Fritts 1976. Brubakcr 1980).
Dendroecolo-qical investigations into stand dynam-
ics hlve been avoided in closed canopy systenrs
because the climatic signal in undentory trees was
thought to be obscured or weakcnecl by the prcs-
cnc< o f  in tc t r .e , .  ompe l r l r r ,n .  ln ,  o r rec t  e : t imu l ion \
of the tuture eflects of climate change and the
past interpolations of climatic conditions may occur
by assuming a unitbrmresponsc to climate among
all height classes. Understanding the eflects of
stand slructure upon lrce gro\\,th at all levels of
the forest canopy wil l begin to unravel the corr-
plex naLure of old growth function. Given these
insights and the lack of research in this area, we
attempted to reveal the nature of growlh rate and
cJinratic relationships at vadous height levels.

The objectives of this study $,ere to: l)exam-
ine thc corelation of climatic variables to the
growth of wcstern hemlock lionr tive height classes
over r 20-year peiod. 2) construct predictive
rnodels of growth tbr each hcight class using cli-
matic variables.3) exanrine the conclations be
tween climatc and growtlt arnong height classes
at the lffger temporal scales of Lhree and five years.
We hypothesized that growth rates ofeitch heighl
class have urrique corelations to clinatic variables.

Methods

Study Site

The four-hectare stud)' plot is locared in the T. T.
Munger Rescarch Natural Area at the Wind River
Expcrimental Forcst near Canon, Washington. Thc
plot is in thc Wind River valle)' at 355 m cleva-
tion. dcep \\,ithin the southern Washington Cas
cade Range (.15..19' N, 1 2 1.58' W). It is located
on gentle topography neff the basc of Trcut Creek
Hill. an cxtinct volcanic cone. Soils are coarse
textured (Shotty loamy sands and sandy loams)
Inceptisols developing in two to thrce meters of
volcanic ejccta over basalt bcdrock. A seasonally
lntemrittent streanl runs through the ccntgr ofthe
stud), site from west to east. The region is char-
acterizcd bv a clinatc with wet wintcrs. and dry
sumnels. Annual precipittt ion is 2528 mrn uith
lcss than l0% occurring betwccn June and Sep-

tembcr Average annual snowfall is 2330 mm. Mean
annual tempcrature is 8.7' C. This 500-ycar-old
forest is dominatedby Douglas l ir (Psewbtsuga
men; ies i i )  and western  hemlock  (Zsuga
hetarop14lla). Other trcc species incJude wesr
cm redcedar (714n pllcata.l, Pacitrc silver fir (ADi,s
anabili.s), noble fir (Alies procera). ard grand
fn (Abies grandis).

Dendroeco ogica [,4ethods and Data
Ana ysis

A tree's canopy position or relative height defincs
its physiological matudty bctter than chronological
age (Fritts 1976. Kramel and Kozlowski 1979.
Cook and Kairjukstis 1990). Thcrefore. we de-
fined the ccological gradient 1br analysis along
height classes nther thiu diametcr at breast height
(DBH) classcs. We obtaincd estimares of heighr
l ro tn  l rc , . ' J i i rn re le l  u r ing  i r  non l in t  r r  regr< : r ion
model developed by Song ( I 998) (Figure I ). We
then sorted all trce species into six l0 n height
classes. Western hemlock u'as chosen fbr analv-
s i '  . incc  i t  $  a \  p re \en l  in  l l l  he ig  h t  c la . 'ev  Tuh le
l). Hcight class 2- 10m was not core sampled and
not included in any analysis. The ren]aining height
classes one. two. thrcc. four. and five represent
trees \\"ith heights ranging from l0 20m. 20-30n.
30-,10m,.10 50m, and 50-60n rcspectively. Height
classes one, two. thrce. firur. and five contarn n =
175. l24, 1 I I , 16,1, and 59 trees, respcctivelv.
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Figure L Non l incu regression rc la l ionship o l  $estern
henl lock DBH rnd height .  Nlodel  (Hei(r r  =
6 1 . 5 0 9 1 9 1 3 1
a rr  = 0.88.  Ntodel  dc\etoped b) So.g (1999).

We took one increment core fiom the ltorth
face ofeach live western hen ock trce >15 cm at
1.37m or highcr (n = 645) in the ,+ hectare study
plol. A second corc :15 degrees t'rom the first u'as
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TABLE l. ]l cighr c h\\ frequenc) dis rriburion (tree s per hcclarc ) of m.Uor tree specic s in an old-gr(\rth Douglas fi. f(rre st neaf

Ihe Wind Rrver CanoD! alrane research arca in s(rulh central \\A.

Heighi
Class Pacific siller fir grand tlr \\:e\tern rcd ccdar Douslas iir Pacilic ) elv \\cslcr. hcmlock
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taken from 26 trees thirt had obvious physical
danage to the bolc llce or a rotted corc. We took
core samples ,1 7 cnl in lenglh in order to capturc
at least the hst 20 annual growth rings. We sealed
the cores in lumbered plastic straws and stored
them frozen to prcvcntrotting, breaking. and crack-
ing. We nrounled thawed cores on grooved boards
for sanding and ease of measurement tbllowing
the techniques scl forth by Stokes and Smiley
( r961r).

CrossdatiDg is r proccdure thatinsures that each
rirg incremcnl is placed in its propertime sequencc
(Frirts 1976). A common crossdating technique
l \  to  In i l ch  r ing  u  r r l th  p r l le fn \  i r  r , r t (  r in !  \e t tes
\\"ith ring piittcrus in an establishcd site chronol-
ogy. This nethod was n()1 applied due to thc short
growth recofd collected. and lack of conspicu-
ous marker years or widfi pattems. Crossdating
techniques cnployed in this study consisted of
caref'ul inspection of thc core samples tbr signs
of false and missing rings (Stokes and Sniley
1968.). Samplcs exhibit ing the charactedstics of
a false ring were removed from the analysis (n =
12). Missing rings. usually due to stress from cli
mate or other factors. crn 1'ail to show an early-
late\\,ood prttern entirely and must be comparcd
to othcr samples lbr confirmation (Stokes and
Smiley 1968). Sincc a site chronology was not
established and direct comparison was not pos-
sible, missing rings nriiy bc present ard misrcp-
rcsenting the trui] Iing series. A recounl and com-
parison of20Q, ofthe corc sanples was pertbrntcd
in order to insurc proper neasuring tcchnique and
prevcnt neasuring errors such as misalignment
of ring widths. inaccuracy. and imprccision. It is
assumed thal the quantit) '  rnd intensity of the
sarnpling wil l average thc dating errors caused

by orly taking one corc pertree and notcrossdating
b a site chrorology.

Tree riog $ idths vary with lluctuations in the
environment and systematically with changes in
tree age and hcight. Standardization is required
to corrcct ring widths for thc changing age and
gconrctn of lhe tree: Iran.funned \rlue\ Jr( ring-
width indjces (Fritts 1976). Van Deuscn (1987)
introduccd a method of standardization, named
"differencing". that requires little subjcctivity and
can bc used to process largc numbers of cores
automatically.

I -oC lR0) l  -  Log fR( r  1 ) l= lLog l l t ( I ) l  (11

Where: R = gro$lh incfement. /= timc (lcari

This method creatcs a first diflerence by taking
the diflerence ofnatural log translbmration of the
growth increnrent of one year tiorn the prcvious
year. The log transformation puts the rlng series
on a rclative scale. The first difl'erencc is a first
derivrtivc that can be vie*ed as a growth rate.
The resulting index has a mean ofzero and is thc
relative rate of change in ring width from one

.yeilr to the ncxt (Van Deusen 1987). Comparing
t$o rees ofdif lering sizes, ages. and growth ratcs
belbre and after standardization indicates thatthese
effects are removcd (Figure 2a and 2b).

FoI the llnal step in the data transfbrmation,
we averaged the detrended tree ring indices in
each hcight class tbr each ycar to produce height
class chronologics. This averaging removes the
etlects of local disturbance. random error and
amplilies the climatic signal desired for analysis
(Frins 1976, Cook and Kairiukstis 1990. Van
Deusen 1990). To insure that the efl'ects of outli-
ers did not influence the variance and bias of the
mean a birveight robust nrean prccedure. with flve
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iterations. was used to obtain the llnal chronolo- the effects ofthe standardization and observc ring
gies (Cook and Kairiukstis 1990). The biweight characteristics within each hcight class (Figure
mean procedurc was also used to avcrage the raw 3). The comparison of transformed data or chro
rin-q series data for each height class to compare nologics (Figure 4) illustr;ites the resulting stan-
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TABLE l .  Chnat ic \af iables cho\ .n ibf . rnalvsis u i rh heighr c la\s g.o$lh dutu

l )cscr ipt ion Rrt io l ]J lu

PT9 1I

T 9  l l

P 9  l l

' 17  
9

Tt-.1

T1 Apr i l temperaturc

AT N{ean annurl temperatLrre

AP trlean nnual prccipitltion

AS \Ic.rn annual dcpth 0f snolv

P PT9- l l  Prc! ious veaf  mean lcmper i r
turc a.dpircipitati()n Seprcm
ber.  October and N0!ember
\ leans of  para rcters $,ere
nuhipl ied.

The\e rllo \rri|bles $,ere conbined to feveal an.- inreracti\,e eitecls rhrt Dra\'
not be relealcd in lnultiple regrclsion rechniques. C)thcr comhinarions ol tem-
per.rtufe rnd coflcspoDding precipitalion were also in!clrigaled but failcd ro
produce r  fesul t  of l l  lea\ t  intenncdjalc s l rengrh (  R >0. .1 i r :m) height  chssl .

\\'armef tempcralures dL[in! thjs pciod m.r], \er\e to cilend the gro$ing sea-
\on. especially $'hcn conbined $ith thc lcn nation ofrhc summef droughl\
season. An exknsion of ia\'orrble conditions lor growth should trrnslate inro
continued pho1oi--nthetic activitl and ctlnlbi:rl e. pansion.

l he sumncr df\ climate ofthc P|cific Norrhq c\l res u lts in lor soil noisrure ir
l r te \ummcr i lnd re lche\  i ts  cx l rcne in Augusi .  Whi le prel iminar)  invest ig l -
tion fevealcd poor correlation bcl$een summer (JLrh Lhrough Seplcmber) pre-
cipltrtron and growth. the latcr preciprtation dunng SepteDrber through No-
\enbef did corrchte with grorl th. Inprovecl soil watcr nalu\ late in the grc$ inc
sea\d1ln!\'lcl to extcnd fie !ro$ing season und eontinue cambill activirt and
gro!vth.

\lirmer te mpcralurc s acceleraie ca rbixlcelldivision andceli expansion is sell,
srh!e to \ \ i rmer!han u\er  ge temperatures dur ing thepcr iod of  cambial  act i !
it--. \{irm temperaturcs during this period should enhancc rhc rxdi.rl increncnl
by i rcreasing mles oi  cunbral  acr iv i ty .  cel l  exprnsion and photosvnthcsi \
(Brubaker er  u l . l992).

Pholoslnthetic fates incrdxse in fesponsc !o rising aif and sojt lemperatures in
the lprnig. Eurly spring tcmpcr. ure should combiDe the direc! ciGcrs of air
telnpefature on photoslnthesis as scil as the indirect cliects of \no$ ]lrclr on
lhc ph)siological acli\() of trees (tsrubaker et .r1.1992).

Scc T2'.1 .

Tlis \ ariablc $as relaired to pro!idc u baseline ofcomparison to the aibrcmen-
rioned !ariables |1nd because of its oll n signific.rnce ovcr lhe 20 year pcriod

T|is varilble u as rctaincd |o pfovide a ba\cline ofcomparison l|) rhe aforemcn
i ioned var iables and becaulc of i ts  o$n s igni t jcance o\er  the 20 vcar per iod.

Depth of sno\r is kno$n to negari\clt efiecr gro$1h ratcs of tfees in rhc Cas
cade t r lountr in\  (Brubrker et .  . r l .  19921 Et( l  and Peterson 1995).  Deep and t in
gcnns sno$\can dclay dreonset ofca rbial activrtv and hcnc. reduce the gro$

Sincc i t  is  usual l l  assumcd that  b io logical  proccsses cause growth in o l re )ef f
to inlluencc grcwlh in sub\equcnt years. a hg etiict liom an increascd gro\',,
in! sea\on should posiri!el) effecr rhc shoot and cambial predetefminisnl ol
Ih.  subsequent vcar (Fr i t ls  1976; Hughcs el  . r1.1982; Krancr and KoTlo\ !sk i
1979). IDcreased pholos,,-rfiesis lare in thc Sro$ing period mar not protong
cambial actiliN but may instertd be srorcd as simple carbon for rhe lirllowing
season. LaS el lect \  for  a l l  lar iable\  r \efe in\csr igared $ 'h i le ppT9 I l  was
besl conelatcd to t1ee groq'th rariabillty.

\4can lcnpenlure and prc
clpitatio]r Scptembef. Ocrobcr
.rnd No\embcr lvleuns of pa
f tmetef \  $crc mul t ip l ied

NIean tempcrrlure September.
October and No!cmber

\'lcan precipiration of Scpl,rm
bef. Ocbbcr and Novenrbcr

\ , lean rcmpcralure of  Jul ! .
Augu\I, and Scplelnbel

N,lean temperatrnc ol febru-
a.y. llItrch and Afril
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dardizalion upon the height class robust nreans.
All regressions and correlations were done using
thesc transformed chron()logies.

The choices tbr thc climatic variables (Trble
21 arc a conbination of pre-defincd models and
correlation analysis. Pre-dcfined models or vari-
ables that have demonslrated effects on gro\\'th
in past stuclics restdcted the variables cntcring
thc analysis to biologically rclcvant vadables that
are expectcd to affect growth (Brubakeretal. 1992).
The minimum daily tcmpcrature. maximum daily
temperalure, avelage daily precipitation and av
cr rgc  da i l l  .no$  l r l l  $c rc  oh t r ined lo r  c rx 'per . - r -
tir,e station #451 160 Carson Fish Hatchery (:15.541
\  - l 2 l . 5 l  \ \  t l c r . . r l : r n r r n J  ( r ' ( , l r r r l i \ c  \ l r
t ion #4593,12 Wind River (,15.:l8r'N 121.560w
Eler'. 35lrn.). The data fion the Carson Fish Hatch
er,r. covered 1917-1996 and data from the Wind
Rivcl station coveled 1975- 1976. To l i l l  data gaps
ofone ol two days, wc uscd averages ofpr-evious
and lbllorving days. Wt l i l led larger data gaps
($ holc mol]ths) $,ith regression oulpuls based olr
regional climatic data. Lcss than l% of the cli-
matic data was estimated. We constructcd clinatic
r,ariables by soding month(s) and paranreter(s)
of intcrcsl and averaging over 20 years. To ln-
vestigate lag eft 'ccts of the growth-climatc wc
correjatcd growth in.veu t with climatic variables
lfom year I l.

Thc relatire correlation strcnglhs of chronol-
ogy to each climatic variable were determincd
using Pearson's cor-relation analysis. Absolute
\alues of corrclations to each climrtic variable
ucre averaged to obtrin a nlean correlation for
each height class. Moving averages were applied
to the climatic variables ardused to examine longer
vavclcngths or lag eflects in trcc growth clinate
relations (Douglas 1936. Fritts 1976). The 3-),car
moving average remoles trends shorler than three

.vears and is uscd 1o detennire which climatic
variables have a Iong-tcrnl influence upon the
growth rate dif icrcnces. Used in a similar fash-
ion, the 5-ycar rnoving average allbrds a longer
pcrspecti\:e olr the chrono]ogy-climate relation-
ships. Pearson's conelation anrLl,vsis was pertitrmed
betwccn chronologies and each climatic variable
a l te r  rpp l iL ; r t i , ' r t  o l  lhe  lh re(  i t t t J . i - r t r t  tn  r in ! :
averages.

Mul t ip le  l iner t  r rg rc . : ion  lna l ) . j '  u r .  r ' , ' n -
ducted using SAS and the best f inal rcgression
modcls \\,ere chosen using trvo procedures (SAS

Institutc 1989). The "all possible regressions"
procedure was used b choosc thc best model for
growth prcdiclion. The best model or "gixrdness

of fit" was determincd with the adjusted coefli-
cicnt oi detennination (adj. r '). and a model bias
estimate based ul thc total nean squared error
r M r l l o u  s  C p t r N e t e r  e l  c l .  I q q 6 l .  S t e p u i s e  r c -
glcssion, with an entry/exit threshold oi P=0.15.
was the second techniquc for choosing the best
model. Fricdman's tesf u,as used to determinc
whether the correlations fol all climatic variables
wcrc equal across height classes. Sincc correla
tion data for height classes three, four and tive
lailed thc Shapiro-Wilks'W test tbr norrnality
(P=0.008.0.005, and 0.018, respectivcly). a non
paranetric test was uscd (StatSoft.Inc 1998). The
Wilcoxon matched pair sigoed rank test was used
to investigate significant dil'ferences in correla-
tion of grorth rate to climatic variables between
all pairs of height classes (StatSoft. Inc J998).

Results

Results of Lhe statistical analysis are separalcly
described in order of Pca$oD conelation tempo-
ral scales follorved by regression modcls selec-
tion and nonparamctric tests. Chronology corre-
l i r l i  n :  u i thout  rp f l i c r l i  n  l ' a  In . ' \ ing  r \e rage
is strongest in the40-50m heightclass with a nean
correllt iur ol ' lRl =0.37, and reaches its lowest
nrcan conelatior of Rl=0.l3 in the 10-20mheight
class (Table 3). Corrclation to "AS" reveals nega-
tilc corelation for all height classes with the high-
est corelations fionr the 50 60m height class (Fig-
ure 5a). Height class one shows no correlation
(lRl < 0.2) to tempcrature variables (T9'l l , T7-9.
Trt. T2-4. AT) and weak conelation (0.2 > R <
0.,1) to the relrainirg precipitation vuiablcs. While
the sign ofthe Pelrsql corrclations are evaluated.

TABLE L Ab\olule value nreans of al l Perrson coneltrlioi\
(lR )bc$een climatic \, i.Lbles rud \reslem hcm
lock chronologie\  br-  height  c la\s. l

l0 l0 30 ,10 50
Hcighl Clars 20ln 30ln -10m 50nr 60nr

0.1 1 0.23 0.17 0.37 0.1.1

0..1.1 0.t5 0. r1 0.19 0. l l

0.62 0.,16 0 25 0.15 0. l l

\lean co||elation ol
3 \eit| a\crugc\

\lean corclarion of

5 )car a\Lr-age\
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i ts strengths are considered as absolute values.
The 2(l30nr rnd the 30,10rr hcight classes are
most similar in their correlrt ion response to cli-
matic variablcs resulting in similar nlcans (0.23
and 0.27 respectively) (Fi-eure 5a). Height class
live (50-60m) is moderately corrclatcd (0.4 > Rl
< 0.6) to variablcs PT!)- I I, AT. and AS.

T h e  r p p i i c l t i , ' n  u i t h e  I  r e r t  t n , ' t i t t p r r e r r g e
dranratically increases correlation strengths lor
height class 1(120m $ ell into the modcrate range
(0.,1> lRl < 0.6) fbr all cl irratic r.ariables excepl
AS and P PT9- I I (Figure 5b). The negativc cor.
relation response by both thc l0-20m and the 20-
30m height classes are similar for all tempera
ture vi:Lriables. For rcnraininr height classcs three,
four. and five. correlation strengths decline lor
nearly all other conrpid sons of climale and grorth.
Means ofthe 3-year average climrtic corelatioDs
indicate that those lbr the l0-20m height class

are strcngcst and those for the 30-40m heightclass
are weakest (Table 3).

T l ru  j , ' f re l l l t i on .  f ron t  the .5- )e l r l  ruov ing  ur -
eri ige are strong (0.6 > lRl < 0.8) for the l0-20m
height class fbr all cl imatic r ariables except PT9-
11, T2 4. and P-PT9-11 (Figure 5c). Sinilar ro
the 3-)ear noving avcrage the l0 20m and 20-
30m height classes are ncgatively corelatcd to
all temperalurc varilbles and havc positive cor
relations to precipitation variables. Strong corre-
lations to AS are ibund for all heisht classes ex
cept at:10-50m. u'hich was of moderate strenglh.
AS is the only climatic variable which all height
classes are compaliblc in correlation sign and
sffenglh (Figure 5c).

MulLiple I inear regression models indicate thc
l0-20m height class is least correlated 1o climate
fot both nodel selection proccdures (Table,l).
Thc 40-50m height class hrs the highest coefl i-

TABLI .1. Coe*icient ol dctcn nrtion (r:) lbr each ulriple resression modeling appLorch by heighr clas\. Slep\\ i\e is an
.ruton.r tecl . r t f roach in SAS (SAS i rst i tu ie l99l) . 'Adjusled i /Cp is  sc lcc i ing the nxxle l$ i th thc conbined most
lr!orxble output total. Thc Full nodel'is the ourprx $ilh rll ren climatic \.'inabtc\ includcd.

H ( i ! h r  t  h \ \ 10 20m l0 -10rn -lU lurl .10 50lll 50 60nr

Stcprisc

Adiusred rr&Cf

Full Dr(xlel

0 .  t 9

0. i6 /  0.06',

0 .25

0.29

0 .22  /  0 . l 3 :

0.35

a. )1
0 . 2 r  / 0 . r 2 *

0.36

0.38
0 . t 8 / 0 . 3 r *

0 .51

0.,t5
0 .3 t  /  0 .30 '

: , \d justcd |  01 regression modcl .

TABI-E 5. The c[natic lariablc! included ibr No rpproachc\ lo multip]e fegression rrrodcling. step$ise sctcclion and an inte
gra(cd Adjusted I and Cp approach. are given fbfeach heighlcla\s ofwestefn henrlock. Cllilnatic vrfiab l!' dc iinrrions
can bc iouid ir T:rble L

Height  C lass

Clin.Ltic l0 20ln
!.rritrble Srep\\'isc Adj rrlcp

l0 -l0ln l0 -10m

Step\\ ise Adj. .r/Clp Step\rise Adj. rrl(lp

.10 5()]lr 50 60rr
Srep$ise Adj. i /Cp Step$ise Adj., . /Cp

PT9 I I

T 9  t l

x X

X
P9-11

r r 9
T.1

T2 -l

AT

A S

P PT9-1 I
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TABLE 6.  $ i lcoxon s igncdranl  tcs ls igni l icant  d i f ierence
(P-rr lue) for  each pair ing ofhcight  c l .sses.  Te\ t
ii hcight cl.rss pairing corelations io climalc arc
unique.

Heieh!  c la\s
Heighl class 10 20n 20-l0m 30.10m ,10 501n

0.06

0 .28

{1.l . l

0.28 0.06

20 30ln

30 -10Dr

-10 50ln

50 60n

0.9ri

0.2E

0 .58

0.05

0..15

cicnt of determinatior with the adj. rr & C. selec-
tion plocedurc while the 50-60m height cliss has
the best model using the stcpwisc procedure (Table
.1). The trvo sclcction procedures selected mosl
of sarne climatic vadables for thc bcst models
(Table 5). No singlc climatic variable was cho-
sen for all height classes. r 'egardlcss of selection
proccdur.'. r lthuur.:h lemperllure or precrpit.rt ion
variables during thc autumn months (PT9 I l. T9-
l l ,  P9- l l .  P-PT9 l l )  a re  p rcscn t  in  a l l  he igh t
classes.

The cofielations bctwccn chronologies and
climate arc signil icrntlv dil lelent (Friedman's
nonparametric test. P = 0.0003.) arnong the five
height classes. The Wilcoxon signed rank test
comparing all possible pairs of chronologics tirr
diff-erences in conelation to climate itdicate a few
pairs are signil icrntly different (Tablc 6). The
Wilcoxon test conparing thc 20-30m and 30 .+0m
height classcs indicate they arc the least diffcrcnt
(P = 0.98) in their correlation to the ren climatic
variables.

Inspection of law data statistics shows that the
:10 -50m hcight class contains the greatesl mcan

nng Inclemett. maxlmum Ilng lncremel]t. stan-
dard deviation, and variance (Table 7). Smallest
mean ring widths. standard dcr iutions, and vari
ances were all lbund in the lowest two hcight
cli lsscs.

Discussion and Conclusion

Our results show the growth rates ofwestem hen
lock trees present in each hcight class have a dif-
terent response to climate. Thc Wilcoxon test re
vcaled that adjacent height classes. u'jth the
cxception of height classes 1wo and three. were
signiticantly different in their corelation to cli-
matic variablcs. Significant differences in adja-
cent height class co[elations supporl the notion
thal cach hrs a unique relationship with climate
trnd represents a sepalate ecologica] gradient. The
Pea$on corelations rcveal the relativc differences
in correlation strength to each climatic variable
while the regression modcls determine rvhich
combination of clirnatic vrriables best predict a
change in growth. Strcngths of the climatic growth
conelations to crnopydominants in this study were
sinilar to those reporled by others in thc region
(Blubakcr l9ll0. Brubaker et al. 1992, Peterson
and Petcrson 1994. Ettl and Peterson 1995). The
raw data show diflerences ofgrowth rates between
height classes and are consistent with the notion
that unde$tor), lrccs lrrve reduced glowth lates
(Figure 3) (Tablc 7).

To understand the relationship of growth to
climate we can vieu'the results by height class.
!ariable season (spring. sunmcr etc.). variable
type (temperaturc and precipitation). ternporal scale
(3-year and 5-year moving averages) ol combi-
nations of thc above. For the suppressccl tfees in
heighl class one. the shiking rcsult of the mov

TABLE 7.  Sumnrary s la l is t ics ibr  ra$ rmg $ idths (mm) of  $cslcm h.nlock.  b)  height  c lass.

l lc ighl  Cl t tss

10 :0m 20 30,n ,10 50m 50 60nr

\  o i  r ing\

\ {can lc l l r )

\ {edian (cnr)

\ l in imu (cnr l

\'{a\inrum (crrt

Srlnple \ttrianre

SIrLndll|d de\ iation

1500

0.066

0.0.19

0.001

0..117

0.00-r l

0.0558

2,180

0.075

0.063

0.001

0.101

0.0025

0.t),196

::10

0 .108

0 .091

0.006

0.58.1

0.0059

0.0769

ll80

0 .120

0.10.1

0.006

0.8-18

0.0067

0.08t0

I lEr-)

0. r05

0.099
0.0r r l
o . / 1 1
0.0011
0.0582
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ing aleragc indicatcs that thcsc lrees were nost
affected by longerterm trends in the climate (Fi-qurc
5c) (Table 3). The presence of T,1 in only the first
two height class regression models indicates that
spring ten]peratures afe importart but the strong
negative relationship ol' growth to tcmpcrature
was only rcvcaled with longer titrre scale analSr
sis. The caropy doninaDts were most allected
bv short ter-m climatic trendsl con elation strength
decreased as the tine scale of analysis increased
(Table 3). The notable exception to this short-tcnn
cofielation ffend for height class llve $'as the cli-
matic variable AS to *hich ring widths wcrc
modcralcly or slrongly conclated for alltine scales
(Figure 5 ) . The amual depth of snow aft-ects growth
lol allheight classes at thc 5-ycar timc scalc showed
thut  conrecu l i r  c  )e r r ' . , r l  Jee f  .n t ru  h r re . r  ne ! . r t i r i
impact upon all western hemlock productivity.
The presence of autunnal climatic variables in
t l rc  rcgrcss ion  mode ls  (PTg-11.  T9  I  l .  P9  I  l .  P
PT9-11) of all height classes suggests thesc cli-
matic condilions also influence productivity across
the entire stand.

It appcars that as tolerant trees such as west
cln hcmlock pass through structural levels in the
canopy the) experiencc diftcrcnt rclationships 1o
cljmate. Hence. the resulting ring serics havc widths
rvith a complicated histof"v of causation. Current
dendrochronological practiccs avoid stands and
trees that expedenced suppression or treat the
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