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Abstract
Equations that predicl sile irdex lbr wenem henlock (Tst!ld h?trroplt|lkt (Ral.) Sarg.) ircnn $e site inder oi we\lem redcedar
(Thujd t)licatdDa]|r'exD. Don) (or !ice vena) are reeded to make lood fbresl namgement decisions ir the Pacilic \ofth \!'est.
Site irdex data lbr hemiock ard rcdcedff $erc collcctcd liom sanplc plots locatd in r\o major ccological subzones ir sourhern
coasul Bitish Coluilbia. Ccorlctric ilcan rcgrcssion was uscd io cslinalc thc parailclcrs of a ljncar modcl rclating lhc site
indiccr of hcmlock and rcdcedar. Thc conelalion bcr$ecn thc site indices \\'as high. indicating a sood fit to lhc lincar nrodcl. In
gencral. thc silc indcx of hcmlock is highcr than ihc silc jndcx of rcdccdar. indicating that hcinlock js morc productilc than
redcedxr m a gi\'an si|c. ,{ !alidalion proccdurc sho$cd lha! onc sct of conrcrsion cqlralions !!as adcqualc ior bolh ccologici]
subzones. The conversion equatiors can be applied in mixed species slrnds or in stmd con!ersior situ.rtiors. although caution is
feouired fbr both aDDlic.rtion\.

lntroduction

Westem henlock ( 7i uga hete rophy ! la (Raf .) Satg.)
and western redcedar (Thuja pli.ata Donn ex D.
Don) commonly grow in mixtures on the coast
of northwestem Nofih America. There are many
similarit ies between these species (Burns and
Honkala 1990). Their ranges cxtcnd from Cali-
fomia to Alaska on the coast. and both species
also grow in interiol Brit ish Columbia. Washing-
ton. Idaho, and Montana. Redcedar and hemlock
are very shade tolerant and both are considercd
to bc latc succcssiorl species. As their ranges are
quite similar, their sites have similar climatic and
edaphic charucteristics, aJthough redcedar can grou'
on dricr sites than hemlock. When grown in nixed
stands, hemlock wil l usually oveftop redcedar

Westem redoedar and westem hemlock arc oficn
tbund in mixcd stands, making gnrwth and yield
information on redcedar and hemlock mixtures
irnportant. Site index, u,hich in British Columbia
is top height at brcast hcight agc 50, is a particu-
la r l )  impof lJn l  p ieLe o f  in fo rmat ion  becuuse i t  i '
a measurc of sitc quality. Sitc index is used along
$'ith stand density to estimate volume yields.
Therefore. sitc indcx cstimales for both species
are lequiled to estimate their yields when they
both occupy the same site.
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Site index may not be estirnable for both spe
cies when redcedar and hemlock are growing in
a mixed stand. This would be the case when height
and age data are nrissing tbr one species, or if the
lrccr of onc :pciie\ ha\ u \omc c,rrl) \upnrc.\i,\n
or arc not in the dominant or upper co-dominant
layer Situations may also arise where a stand is
h l r re : ted  and r  t l i f fe ren t  \pcc ie .  l cckrn{  . r r .  in -
dex data is regenerated on the site. In these cases,
site index convelsion equations may be used to
estimate the site index of one species from the
sitc index of another spccics (Carmcan 1972,
Hligglund 1981. Nigh 1995).

This paper describes the development of sitc
index conversion equ tions lbr westem redcedar
and westen hemlock on the southem coasl ol'
Brit ish Columbia.

Study Area

The study area was comprised of two subzones
in the Coastal Western Hemlock (CWH) bio-
geoclimatic zone in British Columbia (Meidinger
and Pojar 1991). The study plots u,ere locatcd
nonh an , . l  eu . t  r ' l  V rn . , ru , ,e r ,  B .C.  in  tu , r  ra r i r -
t ions of the CWH zone: the dry marit imc (dm)
subuone rnd  in  the  'ubmont rne  req  ue t  mr r i -
t ine subzone (vml) (Grcen and Klinka 1994).
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The dm subzone has relatively dry summers,
u'hereas the vm I subzone has relatively wet cool
sunmers. The dn subzone has a similar climate
tothe Pseudot\ugu tnen:ie.sii Tsuga hete r ophtlla
forest. and the vn I subzone to the Pftrca sllr.,4c'sis
Auga heterophtllatorest as delineated by Franklin
and Dyrness ( 1973) tbr Washington and Oregon.

Methods

Study Plots

Sixty-three 0.0:l ha plots were established in stands
rvith both wcstcrn hcmlock and westem redcedar
trees. Nineteen of the 63 plots were located in
the dm subzone and 4.+ plots werc in the vnrl
subzone. The samples were establishccl in stands
that had been logged and bumed in the early 1900s.
The emerging natural rcgcncration after buming
cortained extensive areas of even-aged western
redcedar stancls with minor components of Dou-
glas-fir (.P seutlotsu ga nen.:i:sli (Mirb.) Franco var.
men-:iesii) and westem hemlock.

Within each study plot, llve dominant trees of
elch spccics wclc sclcclcd as the sample trees.
The height and breast height age of the sample
tccs wcre measured and recorded. The heights
and ages u,ere averaged and the height-age mod-
els 1br western redcedrr and westem hemlock
(Nussbaunl 1996) wcrc uscd to estinate site in-
dex. This resulted in site index pairs tbr the 63
plots.

Data Ana yses

ln a prelirrinarl analysis, the site indices of westem
hemlock were plotted against the site indices of
western redcedar This grrphical analysis suggested
that a l incar model relating the site indices ofthe
two species $as appropriate, r 'here:

\ l -  - r r '  \ l  t h  r '  r

S l ( . , ,  =  m )<s1, , "  +b+€.  (2 )

SI,,* is thc sitc indcx at brcasl height age 50
for westem hemlock, SI.,, is the site index at breast
height age 50 lbr u,estern redcedar. m is the slope
parameter. b is thc intcrccpt paramctcr, and t is
an enor tenn.

The parameters. nr and b. of thc sitc indcx
conversion equation werc estimated usrl]g geo
metdc mear regrcssion (Leduc 1987. Nigh 1995.
R icker  1973.  1984) .  Th is  mcthod was choscn
bccausc we required a system of two invertible

linear regression models. that is. t\\,o models
whereby one regression rnodel can be produced
from the other by mathematically inverting it.

The parameters ofthe geonretric mean regres-
sion line, m and b, were estimated from the fol-
lowing equations (Leduc 1987, Nigh 1995), where:

f r=ssn( r )x \  ( - l ). S \

6 = v  r n r x

fr and 6 are estimates of m and b. respectively, r
is thc conclation cocfficicnt liri thc sitc indcx pairs.
sgn(r) is: +1 ifr is positive. I ifr is negative. and
0 if r is 0, S, and S, are the standard deviations
of the dependent and independent variables. re-
spectively, and Y and X are the means of the de-
pendent and independent variables, respectively.
For model (1), Y - SIH* and X = SIc,,, and for
model (2). Y = SI... and X = SIu*. Note that the
parameters ofnodels ( 1) and (2) can be estimated
fton] the data or the parameters can be estimated
fbr one model and derived by algebraic manipu-
lation for the other nodel. Both methods give the
same results.

Fonnulac fbr thc 95% confidence intervals fbf
the geometric mean regression parameters. d-r and
I are given in equations (5) and (6) (Leduc 1987
lbut note thc crrors in cquations [10] and [ 1j in
this afi iclel, Rayner 1985). respectively.

['",ffi.,,ffi]* (5)

s,,

2 + X  . .
S*r

(61

where t,, ..0 n.. is thc 0.9751h quandlc ol'thc Studcnfs
t distribution with n-2 degrces of freedom. n is
thc numbcr of obsclvations, Syy and Sx_\ are the
variances ofthe dependent and independent vari-
ables. respectively, and

( / )

Models (l) and (2) were fit to the whole data
set (the combined models) and to the data lbr the
dm and vnrl subzones individually (the dm and
vnl models). Cross-validation was donc to
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TABLE L ltesulls ofthe geontcric mern rcgreseon analysis.

Parameter

Dl ta set
Eninate 95% contidcrce inrerral

Lo$er bound Upper bound

Combinei l S I  , = m x S l . ,  + b

S l . " = n x S l H , , + b

S I , , . = m x S I . , . + b

S l c . , = l n r s l H " + b

S I " " = m x 5 1 , , * L ,

S I ( , = r r x S l H , . + b

6
ir
6

liir
b
rn
6

1.0,18
1 .256
0.95,15
L i99

0.8,131
7.,178
1 .185
8.86,1

l.  r  6,1
-2.011
0.8588
1 .782

0.8111
-3.502
0.76E8

-5.9,1.1

0.65,19
2.591
0 .9198

16.50

0.9065
'/.190

0.6688
2.195

r .101
6 .011
1 . 1 8 5
1.5,16

L087
12 .36
1.521
|.229

1..195
1.6.12
l .  t 0 3
6.:169

ft
6

b

0.90

delcrmine if thc combined model $,as adequate
or if wc require a scparate model for the dm and
vml subzones. Each observation was sequentially
renroved from a dataset. models (l ) and (2) were
re-fit, and the error in the estimated cedar and
hemlock site index was calculated for thc removed
obselvation. The erors were testcd tbr nomal-
ity wirh the W rest (Shapiro and Wilk 1965) and
lbr bias with a r-test. The F_. - stit istic (Hanley
1950. Nelcr er al. 1990) wasli i ied to tesr wherher
thc dm atld vml models resuited in a signiticantlv
differcnt variance in the enors in estimatcd site
index lbr thc dm and vml data.

Results

Table I shows the lesults of the gcometic mcan
regression for nodels (l ) and (2) f it to the com-
bined. dm. andvml data. The mathematical equiva
lence ofthe tltted nodels (l) and (2) can be cas-
ily dcmonstraled by i l lverting one model and
neticilg that the parameters are the same (with
tolerance for rounding enors) as the parameters
ln the complementary model.

Figures I and 2 are plots of the data poinrs
overlaid on the combined and dm/vrn I modcls,
respcctively. These ligures show a strong rela
tionship bctween the site indiccs of \\ 'estern
rcdcedar and westcm hen ock when they arc grow
ing in a nixcd stand. This observaLion is verif ' icd
by the high correlation coetTicients (Table l).

The rcsults of the model testing are given in
Tablc 2. The W statistic indicates thal the enofs
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rn estimated site inder are normally distributed.
This result is important because the t-test for bias
and the F,,,, test both assume that the data are
nonnally distdbuted. The t-tests show that all
models are unbiased, that is. the mean enors fronr
the models are not statisrically significantly dif
ferent from zero. The critical value fbr the F
test at a significance level ofa = 0.05 is approi'il
mately 2.62 and 1.90 for two populations u,ith
18 and 43 degrees of freedom, respectively. For

westen redc€dlrsit€ inder (m @ bh' 50)

Figure 1. $tslem hemlock and \iestern redcedrf srrc indi-
ccs hom the d subzone ( ,  and v ln l  subTone ( . )
$ i !h the f i t ted gcomelr ic  mean regfession l ine
(-) e\timared lron all the dau.
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Western redcedar site inder (n @bba s0)

Figure 2. Western henrlock and \!.estern fedcedar site indi-
ces fioln the dln subrone (.) and \ml subzone (O

wirh the litled geometric mean regression lire es
tinared lioln the dln subzone dr|a ( ) and liom
fie \nl subzonc dau ( ).

the cedar data, F,,,* = Ll0 (,1.84-,1.39) and 1.1I
(.1.27+3.83) for the dm and vml subzones, re-
spectively. For the hemlock data. F,,,"_ = I 46
(4.98+3.,10) and l. I 2 (5.2 I +4.66) for the dm and
vn1 subzones, respectively. These results indi
cate that the variances ofthe errors from the com-
bined and the dm,/vm I models arc not significantly
different. We conclude fiom the t-test and the F',".
tests that the combined model is not biased. nor
does it have poorer precision when compared to
the dm and vm I model s. and therefore is adequate
for both subzones.

Discussion

This study clearly shows that the site inder of
wcstern redccdar can be estimated fiom the site
index of westem hemlock, and vice versa, with
the following models:

SIr* = 1.0,18 x SIc" + 1.256, and (8)

sl..- = 0.95'15 x s1,," Li99. (9)

Site index con\ersion equations (8) and (9), de-
veloped with data ftom both the dm and vml
subzones, are adequate for both subzones. Thc
equations ffe applied by obtaining the site index
for either westem hemlock or western redcedar
The known site index is then input into either
equation (8) or (9), depending on whether the site
inJe\ ol redr'edar ur hemltlLL i\ Lno\rn, lo eit i-
mate the site index of the complementary spe-
cies. The conversion equations are designed spe-
cifically for mixed species stands. However, they
can also be used fbr stlLnd conversion situations,
that is, when a stand of one species is harvested
and regenerated with another species. In this situ-
ation, species interactions will rot be present so
the estimated site index may be biased.

The use o [  the  conr  e rs ion  equat ions  is  cont in
gent on the availabil ity of an unbiased site index
estimate for one of the species in the stand. This
site index can be obtained from trees whose height
growth has not been impeded by non-site lactors,
such as suppression ordisease. or from some other
method such as soil-site relationships. Ifa biased
site index is used in the nodel. then the convefled
site index wil l be biased as well. Even when a
good site index estimate is available, the convcr-
sion equations must be applied judiciously. For
example, the species tbr which a site index is being
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TAB LE L Resu lts of the model testirg. The dn and ! m I datasets have 19 and 44 observations, fe spectively. The p-value s for the
t rcst and W slalislic arc in brackc,",

We\ lem rer l .edr r . r . r $'enen hemlock effor
Mean VariaDce t-test W

a o m h i n e d - 0 .719

0.103

-0.05'17

-0.00295

0.163 .1.98

0.309 ,1.66

0.037.1 3.,10

0 .0100  5 .21

\ I

:1.19

1.21

1.8.1

3 .83

-1 .50  0 .959
(1.1s2) (0.ss3)
0.911 0.971

(0.337) (0.6s 1)
-0.108 0.9,19
().91s) ().382)
-0.0100 0.981
0.992) (0.783)

1.,19 0.961
(0.1sr) (0.629)
0.951 o.91',7

(0.3.17) (0.650)
0.088,1 0.94.1

(0.9:r l)  (0.119)
0.0290 0.980

().977) (0.750)
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cstimlted Inay not attain the potcntial height im
plied by the sitc index because of, for examplc,
suppression. Practitioners should also be aq'are
that there is an crror associated \\"ith the site in-
dcx estimate tiom any conversion cquation. There-
fore. the prccision of the site ildex estimatc is
degraded when conversion equations are applied
sequentially. This may bc the case when a site
index conversion fiom species A to C is desired
but a conversion equation is not available. There-
fore. a practitioner may have to coDvert the site
index of species A to B. thcn fronr species B to
C.  hu l  lh (  ( r , . t  u  i l l  be  reduced pree i r ion .

The site index of the weslcrn hemlock was
consistenlly higherthan the site index of the westem
redcedar. This is in agreenrent with previous ob-
ser!ations that indicate that redcedar is otien over-
topped by henlock whcn gro*n in mixed stands
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(Bums and Honkala 1990). This result also dem
onstrates that site index is a species specific con-
cepr .  t \en  (huuph the  two.pcc ic : . r re  p rou ing
on the same site. they do not grow at the sanle
rate and hcnce do not have the samc productivity
on a glven slte.

Conclusion

Thi \ . lud l  make.  s i te  in , - le r , . , ' n \e r \ ion  equat ion \
accessiblc for western hemlock and western
rcdcedar. These conversion equations $,i l l  be
impofianl in good fbrest management because
hemlock and redcedar are common species on the
coast of northwestem Nonh Anrerica. The data
for the cquations uere collected liom two najor
eco log ica l  .ub /one. .  und one conrer r io r r  t .qu l -
tions is adequate for both subzones.
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