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Absw~ce: R study was conducted to chscracte~ze ternpod and spsbtid v~~ah i f i t y  in the 
growth response of four major hadwmd species (white oak, chestnut oala, northern red o&, 
rand yellow-poplar) to climatic fluctuations, md to evaluate the role of envhnmental factors 
associated with differences in response among individuals. The study incorpomted tree-Ping 
data collected by the Tennessee Valley Authority f m  a system of pemment forest inventoq 
plots. Results of the dendrwlimatic n~dellinng indicated that there is a p a t  deal of terslpord 
v&ability in the climatelgawoh =lationship for the species and sites included in this study. 
StatisticaUy significmt trends in growth show& a decrease in sensidvity to climate occ 
in the tree-ring series. Changes in tree sensi~viity did not appear to coincide with changes in 
climate. Environmenrd factors were effective in explainhg goupings of me core series as 
long as interactions between variables were considered. These factors indicate that 
a f f e ~ n c e s  in growth response to climate magi. be a function of' changes in stand structure, 
compePitive interactions and soil moisture hol&ting capacity. 

Climate is often considered one of the nmst prominent and consistem factors affecting year to 
yeax va~ability in tree growth and, depen&ng on the existence of ~ t h e r  groweh lidting 
factors, may be one of the most difficult to undesstarmd (Fritts 1976). In m a s  such as the arid 
sou&west United States where moisture is the Ihiting growth factor, response to r ~ n f a l l  
fluctuations is srmng and prdictabie, esgecidly at the forest - desenz interface where 
con&tions are marginal ftct r e  sunrivaI (Fxdtas et al- 1865, Stahle "1987). However, moving 
towwds more rnesic sites, where: moiwure is less limiting, response to climate becomes less 
prdictable due to the effects of factors such as n u ~ e n t  av~lability and stand competirion and 
their ineractions with climate. The dynamic nature of these factors along with their inherent 
v&ability further obscures direct climaeic effects ~suleing in a great deal of tempord and 
spatial variability in tree growth hesparase. As these rela~onships incxase in complexity from 
the moistme limited "sensitive" trees of the arid southwest to the "connplacent" @ees growing 
0x1 more mesic sites, the level of derail of investigaeisn of other factors and the sophistication 
of' manaBy~cal eccl~niques must also increase if tree growth aesponse to climate is to be 
u n k r s t d .  
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As moisttare becomes less limiting, orher growth-limiting factors increase in relative 
inaagowance, particulzly in rhzt stress due to some other factor may p~dispose a tree to i n j v  
a ~ b u t a b l e  t;s climate. Site qqtsatiity changes over dme as a result of the naturd agmg 
praesses of ecosystems, as well as stmhastie events &at cause significmt dsturbances. 
These ckmges bring about both abrupt and gadua1 changes in sail proprties md species 
c~9mpcssition before a constant vegeta~on cornpsitiora asswiated with a mature soil is =ached 
(filchen am~d Fisher 1987). Over the life of a forest stmd, ehanges occur in I) soil physical 
md chemical pro~perties as well as soil biota (Cnrmean et J. 1976, 'V$rfaitt&er and W d w e l 1  
1972); 2) tine physicsiogy of individual mes md their sensitivity to sthesses (Boyce 1961, 
Daubenmire 1974, Kim md Siceama B987, Kozlowslki 1979, W&ng md C l e w  1967); md 
3) s m d  structure and competition among trees (Haines a d  CleveHmd 1981, Hombg:ck. et aB. 
1986, Van Deusen 1987, 1988). In addition, ~ c r o s i r e  Wferenccs within a stmd modify 
individual tree response to various stresses. 

V ~ a b i l i t y  in tree gowth response to climate across geopaphical gradients can be anticipated 
due to: 1) varying site ~yuirements for different species @owells 1965); 2) cBifferemces in 
soils reflected in moistum availability and nu~enlt  content (Bassett 1964, Grn and Siccama 
1986, firchett and Fisher 1987); 39 local fluctuations in climate not account& fur In 
available data fIE)aubenmire 1974, Haines and Cleveland 1981); 4) i n a a ~ p c ~ c  genetic 
veability as a result of species daptaticsn to a pmicuHx site; and 5) innerac~sns wish other 
sees (Doyle 1983)" Spatial vkability is, of course, a function of scde. However, v~ab i l i t y  
in forest ecosystems can bc extreme, as concfiaions influencing tree growth can change 
substaintidly over a small area. 

The objective of this study was to c h m c t e ~ z e  temporal and spatial variabiliq in tree growth 
response to climate for fonar major h a s d w d  species that mcur within the Tennessee Valley 
region: white oak (Quercm ufh~a), chestnut oak (Q, grs'nw), northern red oak (Q. rabra), md 
yellow-poplar (Liriodedmn lalipifera). Temnporal v~ab i l i t y  was examined using a time- 
variant response function, the Kalman filter (Kdalmim 1960), to model the relationship between 
climahc variables and annual incremnt. The hypothesis that envkonmentd factors could 
explah differences in growth response in terns of spatial vrariability was tested using 
cmPHq site infom'iation and multivariate statistics. 

In I986 the Tennessee Valley Autho~ty (TVA) initiatd a study to assess factors con~bueiwg 
to k s t  condition with regard to the possibb impact of amospbeaic depositim. The research 
kseribed here utilizes data colilectd in &rat study. The study was design& to detersrPine 
gowtta trends in uneven-aged, mixed species, second-pwth naturd h a k d w d  stmds 
occhlrring in the Tennessee Vdley region and was built on m existing fnimework of 
pemment forest inventoq plots. Since she abjecdves of the study were to dcgmine the 
effects of natural factors on gmwtka, plo~s were s e l ~ k d  to atepxsenr a vacriety of sites and 
s t e x h g  levels. T h e  study sites (G~uI-e 1) were selected based on geographic &s~busicsn, 
spahal distribution of plots, and number of Rmesaslllaememts: 1) the Emory River Lmd 
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F i g w  I.. Map showing lmatisn of study sites. 
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Company, a 14,770 ha p~vate: land c~wne~h ip  lwated in Morgan County in no&east 
Tennessee; 2) "Land Between The Lakes" (LBL), a 68,79";8ha na~onal  demo~smbon area 
managed by TWA and Ima td  in northwest Tennessee and southwest Kentucky; and, 3) 
Way= County, located in southwest 'Tennesse, encompasskg a total area of 191,903 ha. 
Together, these sites are corasife~d representarive of the forests of h e  Tenraessee VdIey 
region. Plots ir1ciudet.d in the study were seHected from the total inventony based an farest 
type (white oak--black olik--noahern red oak forest cover type and v ~ a n t s ,  E p  19801, size 
of m s  @redominantly Iarge sawtimber size trees -- w a t e r  than or equd to 28 cm dbh), and 
lack of substantial recent disturbarzee. A total of 267 0.08 ha pbts were actually r e m e a s d  
in the spring and stnrnmer of 1987 after p ~ l ~ n q  screening. 

Ilnaement cores were collected from every living dominant md cdominana m e  on the plot 
(regadless of health). Core mes were not selected to Epea;sent site condbon strata as the 
intention was to assess growth for a population a ~ d  the aeialtive inmpomce of each of the 
many candidate site descriptors was unknown. Addi~ond cores we= ecrflwted from trees off 
the plot but in the imediate  vicinity to increue cuke me s a ~ H e  s ix ,  Idedly, five samples 
per species were cdlected but because of d m  cons~aitats the totah number of cored 'rsees did 
not exceed 15 (unless more: than 15 do~nanat  and cdo~nmumk m s  occund on the plot). 
Dimeter at breast height (dbh) was r eco fd  for &?a% core trees to facilitate later age 
estimation. A prism count was rnadc around every cored nee as a measrue sf individ~d 
competitive pressure. Nates rega~ding injury or other conditions dfecting growth were also 
recorded for each core tree. 

Tree cores were mounted according to the prscedures described by Phipps (1985) and sorted 
by species. Crassdating was done by s t a n w  den&mhronoBogi@aX technique and was 
v e ~ e e d  by a computer proFam C0H;IECHA (Holmes 1985). Measurement sf mnnd radial 
inmemefit from individual sees was done using a Bannister increnaen&I m a s ~ m g  device 
li&& 80 an BM-XT micrmomplater. Tree-~ng series from a total of l 843 trees were 
malya~d in this study (table 1). A wide range of ages was mp~sentda in each species 
sample with rhe youngest tree being a yellow-popla at LBL with an eesbmatd age s f  34 
yean up to a total eslimated age of 319 years for an hdividud chesmut oak at Emory River. 

In compl;feent species p w i n g  in closed-cmopy forests, the natwa1 growth &end is often 
confounded with stand dynmics such as csmpe~tion. This can complicate stancPar&zation d 
@m-Hjng series as la: is &fficult to d e t e ~ n e  what godon of the yesreat-ts-ye= tr&a~on in 
growth is due to climate and what portion is dne to other factors. merefore, in this study 
@%-Ping series were s t a n h d i z d  using f i t  &fferewes of natural BogElpitkms, resuleng in 
values that represent relative annual p w t h  mtes (Van Deusen 1990a). ?This tehnique avoids 
subjective decisioxss about what type s f  growth curve to use to remove the natwd gkoweh 
trend, or how stiff a spline is necessary to =move the Iow hquency vakiihtim due to 
endogenous djisturbances white maintaiining the high &w&uency v&ance assosiaw with 
exogenous disturbances or climate* 

Next* series from each sgales-site eombiwariun were scanned ?a identify a perid for which 
there were measurements in ceennmon (table 2). A cluster analysis was run on s m & & a d  
data for this c o m o n  per id  to identify trees that bad sianllu goatsvirth patterns. The 



Tabk 1 .--Number of trees and range of ages by site and spies ,  

Noffhern 
Wte oaks Chestnut oaks reB oaks Yellow-pplm 

E m q  River 228 trees 276 trees 143 trees 237 trees 
(48-206 YS.) (49-319 m.) (48- 185 p.) (34-1161 p,) 

LBL 384 trees 123 trees 15 trees 26 m s  
(39-214 ~ss.) (5 1-267 yrs.) (65- 136 p.) (34 130 p.) 

Wayne County 193 m s  106 trees 62 m s  49 &ees 
(47-256 FS.) (42-157 F.) (60-151 p,) (42- 127 ys. )  

Total trees: 806 505 220 312 

Table 2,--Common masure;ment period used f a  clustering gee-ring data. 

Site and Species r~reasumment perid number of yem 

Emory River white 11949 - 1983 35 
oak 

LBL white oak 1952 - 1986 35 
Wayne Co. white oak 1956 - 1986 38 
Emory River 1951 - 1986 36 
ehesmut o& 

LBL chestnut oak 1947 - 1986 40 
Wayne Co. chesmut 1955 - 1986 32 
oak 
Emory River 1956 - 1986 31 
northern red oak 
LBL northern red 1942 - 1986 45 
oak 
Wape  Co. northern 1948 - 1986 39 
red oak 
Emory fiver yellow- 1968 - 1986 19 

PP~Z 
LBL yellow-poplar 1948 - 1986 19 
Wayne County 1960 - 1986 27 
yelliow-poplat 

FASTCLUS procdllse in SAS was pun itemtively to group m - ~ n g  series ian clusters with 
Mgh vYilhk-cluster correlation. F A S T W S  perfms a asjoint cluster mdysis on the basis 



of Euclidean distances computed from one or rime veuiables, wbch in this case wexe 
itldlGdual measu~s of annual inmment for the m m a n  measurement perid FASTQLUS 
utilizes nearest centroid sorting (SAS 1985). h this p d m ,  n clusters rare specified md at 

set af n points known as clmier seeds ase selected as a fist guess of s of he clusters. 
Each observation is then assigned to the nearest cluster and the cluster seeds are 
$ c d n g  to these tempary cluster groupings. The process is repeated until no 
changes occur in the ciusters. 

Xnitial sizes of clusters were &te&d based on the computer Wa8ions d ohe 
software used in the following analyses; each cluster could have a marrimurn of 87 series with 
91 years of data per series (to be used with climate data available from 1895-1986 &us one 
year for the differencing). After working with the w ~ e  oalk; data, a ~rim-ion was esmbEslh4 
of cluster sizes having a maximum distance from seed to observa~on equal to or less than 
approximately 2.5. The initialization method used by FASTCUS makes it sensitive to 
outliers; clusters that contained four or less series were disc&& as outlien. The resdtirng 
number of clusters and associated statistics are given in table 3. 

Table 3.--Cluster statistics for each species at the study sites. 

Percent of Number of Mean Cluster Csefficiena of 
Species/ Plots with Resulaing Size Variation for 
Site Species Clusters (@'=s) Cluster Size 

Whits: oaks 
ER" 
LBL 
WC 

Chestnut oaks 
ER 

LBL 
wc 

- N h e m  1-4 oaks 
ER 

LIBL 
wc 

'Ilellow-poplafs 
ER 

EBL 
we 

EW = Emory River, LBL = 'Land Between the Lakes, and WC = Wayne County. 

CEmte &a, consisting of monthly werages of tempraralahe md mon&ly tods for 
pmipita~on, for the period I895 &rough 19626 were m& rav&labBe b r n  Oak Ridge Nagand 



Labora to~ (ORNL) for state climatic divisions in which the study slres mclmn^~l, Tliesc: data 
were dso standardized lasing the first diffemraces of she natual logarithm so that 
subsequem analyses would assess the relarionship between rates of chmge in ~ e f :  growah and 
rates of change in the climate data. Due to the large amount sf data p rxes sd  in this study, 
climate varxablcs wcm selected for each cluster using multiple re~essioin techniques rather 
Bhm fitting a Kafrnan filter model onc puameter at a time because dse latter is a very time- 
intensive technique. 

A stepwise regression was pedomed using: mnud values from a cluster mean chronology as 
the dependent variable with climatic vhables for the e m n e  year through the end of the 
p w i n g  season and variables lagged one year as indepencfent variables, To enter the model, 
v*abfes had to be significant at the 0.15 level, md to remain in the model the parameter had 
to be significant at the 0.05 level. Coincident with fitting the ~ g e s s i o n ,  tolesmce values 
were calculated for the variables used in each of the modelis to determ'ine if there was a 
~ t e n r i d  problem with collinearity. Tolerance values me def"med as 1-It2 for a variable with 
respect tol all. other regressor variables in the model (SAS 1985). Cot l ine~ty  did not appear 
to 'be a problem with the selected variables. 

Chce ~Bin~ate variables were seleccd from the stepwise regression, dendrwlimatic ~ ~ ~ d e l i i n g  
using the Kdman filter prwwded using the softwae package DYNACLIM (Van hfeusen and 
Koretl; 1988). The KalmCtn filter has been pmposd to address problems in me-ring analysis 
arising fmm temporal nonstationarity in the =lationship between annual increment atad 
climate (Van Deusen 1987, 1988; Visser 1986; Visser and Molenaar 1987, 1988). Tfie 
fornulation used here, described by Van Deusen md Kore-az: (1";28), is a generalization of an 
~ P d i n i q  regression equation that allows h r  d y n d c  pmmeters which are estimated using 

imum likelihood. Mdels were specified using a ncjrs-vaqing intercept while regression 
cwfficicnts for all clin~are v'rriables were: alllow& to v i q  &rough tin=. DYNACLBM 
softwarn prociuctd snlcmthed parrra;neter estimates for each of the climate variables for every 
year and their associated variances. 

Ve~fication of dendrmlimatic models m&fionallly involves demonsurtbon of time stability by 
compGng a modcl developed from data from one time p e i d  (hewn as the cdibration 
period) with data from mother (known as the vefificadon period). By using the Kdmm filter 
to cfevelop dendr(~:limatic mdeHs we are allowing the relationship between climatic variables 
md wee gcawth to be non-stable through time because of the dynmic nature of the trees' 
g o G n g  environment. Therefore, other means of vefifica~ora must be used. Van Deusen 
( 1 W b )  suggests a number of sratisticd tests to assess the possibility of model 
~ssgecification or the absence of a systemanic component in the msulting model. These 
inelu& observation of the cumulative sum of the prec%iction enom and their confidence 
i n e e ~ d s  according to Brown et al. (1975), assessment of recursive ~sidarals using the 
m d f i d  Yon Neummn mtio (Harvey 1981), and use sf the C" stadsdc cdcullated from Ihe 
cumulative sum of px&ction e n o ~  for time r m m e y  1981). E x h  of these tests were 
appGd to the nx#ieBs pr&ucd using DYNACLXM and no evidence was found of either 
m&l misspecification or missing componenas. Aat iondly,  each ~ee-E-ing dam set was 
tested for remaining autoco~elatiun up to a five-year lag. Alhough &ere was evidence of 
some autocornlation, it occurred in amounts sma11 enough (generally less rhm 0.18) ;tg be 



considered anixnpofi;rnt. Verification was dso provided thmugh replicatio~n of results, 
Mdels  developed Itor clisste~s within a species generally colasistd of the sane cHixnatr;c 
parsmeters, alelno:igh cmfficient values d2ffered. Once model testing was completed, a 
mmd Bf.sfri&urion for the vaiance mong  in&vidud ~ e e s  was assumed anal ninety-Gve 
percent confideierpce: intemds were cdculated for each of the climate pBmeters to assess if 
these values were significantly different from zero. 

Observed trends in pxmeter cmfficienrs were rested using a mns test (maper and Smith 
1981) to deren~~ine if changes in coefficient values followed a pattern that might be assmia~ed 
with a change In sensitivit-gr to climate or if they mcmed rmsndcamlgr and therefore did not 
reflect m e  changes in sensitivity. The runs rest was pdosanedl far in~vidui-ia ~Iusten by 
cafculating a mean cmfficient over time for specific climate pwmeters &at we= common to 
a large plrago~eion of the clusters over each sire. Deviations from the mem were cAculiatd 
on a y e a  by year basis md assigned a vdue of '%+" if they we= @eater than wro and "-" if 
less &an zero. Changes in sign within a sequence of pluses and &nuses denote the 
kginning of a new run. The fe stanistic desclabed in kape r  and S ~ t h  ((1981) was used to 
d e t e h n e  if the number of runs is an "ex@emeV anmgemena as oppowd to one which would 
occur rmdomly. A small number of mns (the minimum would be 2) indicates a mnd in 
cmfficient value. while a large number of nnns indicates lack of a trend or a random pattern 
s i ~ l z  to white noise. The climate: data, shandarrgized and nsn-s~andadized~ were dso  tested 
for trends using the runs test. 

The lase part of the analysis was to deternine which envkonmental factors could be 
aass~iated with different elusterings and might therefore affect sJifferences in response to 
climatic fluctuations. This was accomplish& using a cPisc~minant malysis on a set of 
envif-onmntaf factors that was associated with each indivir2ud incpernent c m  me. Each me 
wds identified with a cluster number mb the environmentat factors jqumtiative vmiables) 
were used to discriminate the trees into cluster gssupings (classification variables). 

Envisonmental factors consisted of variables asswiated with in&vidud mes  and site v&abPes 
cBepemined for each plot. IndividuJ tree data consisted of the dbh of the core See, an 
estimated age based on average annual inmemenat and tree radius, md the prism count 
collected for each xree. Site infomation incluM descrdpaivk: variables such as ekvation, 
s l a p  percent, topo~aphic classificadon, aspect, and f i e  and grazing codes. Infomation 
calculated from the inventov data included: 1) a prductivity index calc.clalated as average: 
mnud basal area increment for b e  plot; 2) relative fquency  of each. of the four core tree 
s p i e s ;  3) an iimpoBtmee value for each cvf the core m e  species calculatd as that species" 
basal area per acre &vi&d by rota4 basal area per acre; 4) mean age of all cored trees; 5) 
basal area of mortality tn=es; 6) basal area of cut trees; and 7) percent of trees in the stmd 
affected by the different injury classifications. Soils data consist& of h o ~ z o n  depth and 
texture far each plot. Horjizons were aggegate$. into an A and E horizon and a B koPizon -- 
delpeh horizon dlhda were nor included. Soil textures were assign& a catego~cd name in the 
field. These data were r d e d  accor&ng to a ~ a & e n s  reiPecrbng change in texture f~om fine 
to coarse and assigned a nllnnericd value aep~scntativs of this ~ f i e n t .  Resence of atn 
agil1ic zone (Bt horizon) car a fragipan (Bx h o ~ ~ o n )  was in&cated with a presence code of I 
or m absence code of O for a variable representing each type of horizon. 



Cmonicd discnimina~t andysis was applied to the data using the SAS proeedurt., CANDLSC. 
This prwedure is a &.mension-mductian technique related to PCA md cmo:nical ca~elatisam. 
CAPJLfISC cdculates 1iner;fr combinations of the quantitative vxiables (known as cam3nical 
variables) that sumar ize  between-class va~aeions and that have the highest possible mul~ipde 
conrelation with the gsoups, then tests the h p t h e s i s  &at resulting cmoanical canelat.ions me 
zero in the population. A v&able's impoflance in detemining gougings can be evaluated by 
observing the value sf the sandardized canonical caefficients associakd with it. ln 
conjunacnion with CANDISC, u n i v ~ a t e  s~t is t ics  in the form of one-way analyses of vlbximce 
were calculated for each environmental variable. 

A elassificato~y discriminant analysis was also p d o m e d  on oke data using the SAS 
pswdure DISCRIM. This prcrcedure generates a linear discriminmt function for each group 
of data as well as probabili~es of misclassification (emr ratesj. This provided an evaluation 
of how well the environmntd factors explained the cluster groupings of tree growth. 

CIaste~ng of see-ring series by species and sites hesulted in a total of 54 goups. A11 clusters 
incqorated frees of different ages and sizes. Series from trees in close p r o x i ~ r y  to one 
mother sometimes gc~uped in the same cluster but oftera did not. Cluster groupitlgs were 
observed on a plot-by-plot basis to k t emine  the degree of spatial hetemgeneity that occurred 
for each species-site combination. A count was made of the number of plots with more than 
one sample tree on which all of the trees of a species were grouped into a single cluster. 
This revealed a great deal of spatial varjiability with a range of values showing plot 
fasmogeneiay on only 2% of the plots with chestnut oak at Emory River, up to a high of 39% 
for noahem red oak at Emory River (table 4). Piots with rndily cluster groupings were 
compared to those with a single cluster grouping to see if any differences were apparent to 
explain the degree of heterogeneity. Exmina~on  of soils &amms  made in the field showed 
&at the number of cluster p u p i n g s  could not be explained by &fferences in soils. 
Distwbmce history accounts were also cornpard. Pbts that were very homogeneous in tree 
powah msponse included histordes that indicated no apparent asturbmce, &saurbance by 
Timber Stand Improvement (TSfi), insects, disewe, fire and widespread adjacent mondity. 
Spatid homogeneity &d appear to relate to the percent of the stand that was occupied by the 
inahividud species. Plots that consisted of only one species generdly had c o ~  trees that 
clustered together, whib plots with a number of species often exhibited heterogeneity in 
gowth response for each species. 

For white oaks, June tempemture was ovemll the most important viif;iable selected in the 
stepwise regression, exhibiting a negative r la ti on ship with growth. Later variables that 
enmted the climate mdels  differed somewhat by site -- at E m r y  River, generally past 
August r:ainfal1 (a positive relationship) was h e  next most impoaant vkable, while at LBL 
p s t  December rain (a positive relationship) usladly entered the model second, md at Wayne 
County, each cluster h d  a different vwiable enteging in nhe second gldce posieion. 
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Figure 2. Percent of Emory River clusters with June temperature coefficients 

that are significantly different than zero by year. 

Figure 3. Percent of Emory River c:wters with past August rain coefficients 

that aee si&ficmtly different rhm zero e?y year. 



Rgure 4. Percent of [,and Bemeen the lakes clusters with June 
temperature coefficients that ape significantly different than zero 
by year. 

Figure 5. Percent of &ad Between the Lakes dusters with past 
Augmt rain coefficients that are significantly different than zero 
by Yea. 
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Figure 6.  Percent of Wayne County clusters with June: temperature 
coeScients that are silgtificantiy different than zero by year. 
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Figuxe 7. Percent of Wrryne County clwters with past August rain 
cwfficicnts tfiat are significantly different than zero by year. 



A runs test was done on June temperatuE and past August n& for those cierrsters in which 
these variables ccara~bukb to the explaatioxt sf v~it. t ion in growth. Dec~ased sensitivity to 
June temperaruire is in$icated by a change towards less negagve c~fficierats (&not& by a 
plus sign), while a chmge towxds more negative cmfficients (&noted by a &nus sign) 
indicates increased sensitivity. At Emory River, d l  clusters that exhibin tempor4 v&adon in 
cmfficient vdue showed a Bend towards decreasing sensidvity to June temperarm that was 
significantly different &m random changes in  the xlactisnship (&gm 8). One yellow-poplar 
cluster (number 3) shewed a reversal in this trend, towmds increasd gnsigvity. Similm 
Wends were observed for mU species at LBE, except where there was no temp~ra8 vra9iabilis)l 
in June temperature cmfficients. At Wayne County, the pattern was mofli: colafased. Ail 
white oaks again showed a trend towards decreased sensitivity. Two clusten, chestnut oak 
number 1 and nofibem red oak number 1, showed a reversed mnd, towads inc~ased  
sensitivity. 

Changes in sensirivity to past August rainfdl we= not as appmrent, although generd patterns 
did exist (figure 9). Decreased sensitivity to past Augalsr rdn was signifid by a less psidve 
coefficient (denoted by a minus). A more positive cmfficient (&not& by a plus sign) 
in&cated increased sensitivity. No reword  v~a t io s i  was ~paesented by m s ,  64f the 14 
clusters at Emory River, four showed no temporal .v&a~on, five showed a significant trend 
towards decreased sensitivity, and seven sh.uwed a trend towards i n c ~ a s d  sensitivity. At 
LWL, all clusters except white oak number 9 showed s signiFncanr mad towads decreased 
sensitivity. En whiee oak number 5 there was a recent chmge towmds increased sensitivity. 
CBlF the five clusters incorporating past August; rain at Wayne County, two showed no tempord 
variability, and the ~maining three showed inc~ased sensi~vity to this variable. 

Analyses of variance provided tittle insight into which envirsnnnentd factors were inilponant 
in &ffereneiating growth responses to climatic variables. Albhough a number of 
environmental variables were significant (Pc0.81) in explaining &fberences among goupings, 
the amount of variation explained by individual factors was very b w  @able 5). This result 
was expected because of -'the nature of the clata and its collection. The data base consisfng of 
~ee-ring series fPom 1843 individud trees selected from 267 sites Isc;nted over a large 
geographic area was created to represent the forests of the Tennessee Vdl\i  a d  the~fore  
incogparates a wide variety of site condifons and ptenfid stresses. Trees were not selected 
to represent a specific suite of envircdnmental v ~ a b l e s ,  but m&er to ~ p ~ s e n t  the population 
of each of these species within the region. 

Disckinant analysis basd  on environmentd variables collected in the study was genedly 
successful in reclassifying tree-ring cl~1sters. Total enor count esdmtes ranged from 0% for 
noflhem red oaks at EBL, up to 75% for chestnut oaks at Emory River (cable 6). Overall, 
site statistics outperfomed individual m e  statistics in &sc r i~na to~y  power, and when 
analyzed as multiv;iriate dam, presence and p~dominance of cornpeeing specks was the most 
imponant fzctor influencing tree-ring groupings (table 77). B&er facton that cornonly had 
high canonical coefficient values irrcBuded vaiables rehted to soil moisture condiBions such as 
soil depths and textures, topographic position, and aspect; and vdables re8ated ta changs in 
stand density, includng cumrat basal area, and basd meas of cut and m u ~ d i t y  trees, 
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Table 5.--Results of one-way analyses sf er~arace - average R's weighred by va~ance  for 
environnaentaf variables, by site uad species. 

ERWO~ 
LBLWO 
WCLVO 
ERCO 
LIBLCO 
WCCO 
EWNRO 
LBLNRO 
WCMRO 
ERYB 
LBLYP 
WCYP 

'Site/Species identification consists of a combinaGon of letters designating site: EW = Emory 
River, LBL = Land Between the Lakes, WC = Wayne County; followed by letters designating 
s p i e s :  WO = white oak, CO = chestnut oak, NW6) = northern r d  oak, and YIP = yeyellow- 
poplar. 
2 LBL had only one goupiimg of yellow-popla series, 

Hr~dividud tree age was only impoPtmt for Wayne glounty yellow-poplar, indicating that 
vdabiliay in growth response was not s@ongiy influenced by chmges in tree physiology. 

DISCUSSION AND &IOECLBJ%1[C;8NS 

The results of this study indicate ;that, for the 4 h a n P w d  species stladiced within the 
Tennessee Valley region, reladonships between climahc variables and tree p w a h  change 
ova  time. Maximum sensitivity to monthly values of temperat= md precipiaaeion did not 
coincide with extreme vdues of these v~abBes.  Earnstead, mmucimum sensitivity generauy 
occurred at the beginning of the time series and decreased over time, Patterns of change in 
seimsitivity (plrrameter coefficient values) were significantly &ffesent (B<B.WE) firom random 
indcatiasg a trend in the relationship. However, sta~secal tests incriieatd only random 
v ~ a t i o n  in the climatic data. This implies that me vowth sens i~viq  to climate is not 
merely a function of climte:, or that other factors work to m ~ f y  the influence of climate. In 
naturd, mixed-species h a d w d  stiids in the Tennessee Vdliey, hese faetors are appxently 
dynamic. 
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Factors that could md i fy  climatic effects include hose ~ l a t e d  to chmges &at mcuk wihin 
the in&vidud or within h e  forest stand. h&vidud or physiolo@cd chmges a c d n g  withh 
a single tree should be Aighlly conelated with age or size. Howevers except for yellow-pplu 
at Wayne County, both of these vdables lack& sta~stkca5 signi6cmce in &fferesndaderg 
~ o w t h  response paatems when andyzd  as eihes uraiv&ate or mHnGv~ak datra. However, 
factors representing changes in stand density were impoamt PkBr some cfassters. Changes that 
occur within the forest stand may affect a t ~ b u t e s  assmiated with cBima& such as moisture 
avarailabiEty which would appear as a ch'mge in sensiriviq to climate in this mdysis. Tir is 
well h o w n  that climatic exf;H%,mr,s z e  buffer& wi&h a Bia4ly-deve10@ forest s ~ n d  though 
shading md the wind-breaking effect of sst;and smctme (Dauben 1974, HTdines and 
Chveland 1981). Site conditions have also k e n  shown to irnprovt: over time with stand 
development (Whittaker ;end Woodwe11 1972, Cmxtean et al. 19766). The trend towmds 
decreased growth sensitivity to climatic varirp$Bes over time is sgmc%ar8n4pus with a period of 
increased forest protection and improved foresk management wi&in this?: T e n n e s ~ e  VdoBley, In 
general, ehis has resulted in a frmsi~on froam pmxp1y-stwk&, cutover stands to m o z  
prduictive forests with Encreased stocking levels. Thus, it appess that decreases in in&vidud 
tree se~lsitivity to climate are associated with stmuad development as he changes in stmd 
stnacture and sire quality buffer climtie v k a ~ o n .  

Spatial va~ation in s ee  growth response to cllimatrr: is more &fficetlt to cchaacte~z;e. 
U n i v ~ a t e  statistical andyses (one-way andyses of v&arace) were ineffective in idendfying 
e~virsnmental factors impostant in prdaiicing the different patterns of growth sesponse 
i&nti.fied through cluster analysis. However, muleivdate analyses of eahvhnmen5ak Pdctcrrs 
were, in most cases, very effec~ve in discsiminating ddifferences in patterns of mnud 
increment. Unfofizenately, these results we more &fijcult to intel-gret, as they indicate that 
interactions between envimnmental factors can sigmMcmt8y alter a me's pow& msponse. 

StmdxGzed coefficient values for cancmical csmpaments in&caee the aela~ve impoamce of 
each environmental factass as it impacts the relagionship beewen climate md p w t h .  OvemE, 
the most impofiant factors were relative Exquency and inrapomce values for the prdominmt 
species. This indicates that &fferenees in size and species composi~on of taeighbsAng trees 
is associated with differences in pattern of gmwth response. This could reflect compedtive 
hintgractions, signifying that trees behave aferendy accor&ng to the compmy they are ia, 01- 
it may denote a digecence in site qualiv m some type of ecoloacd mdient. E m i ~ h  et al. 
(1976) suggested that homgeneity of free gowth paaems was related to site qudiq. Theis 
premise was that bw site cftaality results in increased suscegrtibiti~y to &&tion& stresses &at 
increase the vaiabaity in mnud inc~ment  among inn&vibds. The results of the cment 
study indicate: that spatjial heterogeneity increases as the pdomiinaance of a species on a site 
decreases, a fact that may be due to site qudity, compItiaive interaceons, or $a&. 

Factors typicdly asswiatd with soil moistwe ec8n&tims were &so identified as ~ l a e v e l y  
impocant in pradlueing d'sferences in vow&. As expect&, there were identifiable &fferemes 
in growth pattern between xnesic and xeric sites. Trees on drier sites generally appeaedi more 
sensitive to climate (i.e. cwfficient values were of greater magnimde). However, interactions 
wim other, often more subtle, environnmenmlr factors exhibited the potentid to dter 
characteristic growth patterns. For example, insect infestagon on a mesic site was obsenred 



t~ Increase tree sensitivity to climate prducing a response rnwe typical of a tree 1cxated at a 
drier site. 

The literature on forest tree gowrh indicates &at the= is a great deal of both lmreralporal aad 
spatial vanability irr me  growth respanlse to climate, and that reasons for ehe vxiabiEey a e  
nor obvious. The results sf this study weE similar to those rcpomd in the lit~ratme. 
Tenaporal variability in powth response to climate can1 be characlefized as a. mnd towards 
decreased sensitivity to climate that apigpaenely mcms p ~ m ~ l y  as a result of stand 
development rather than as a function of chmges in individud trees. Spaaid vGabiEty was 
profound, occurring in part as a result of changes in site conditions anad pokntialiy as a 
function of competitive interactions among individual trees of different species. 
Envionmentsl hcbsrs were generally useful in explaining siannil~ties in p w h  response to 
climate among indvidual. trees, as long as inksations between factors were incoqorated into 
the analysis. Use of additional site vaxiables, i n foma~on  specific to iradividud Bees, md 
more derailed climate data might provide a better undersan&ng af what response to climate 
night be expected under various combinations of envkonmental factass. 
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