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Trembling Aspen Height-Age Models for Brit ish Columbia

Abstract
Trenbling aspen, a common h.rrdwood specic\ in thc inlcrior of British Columbia. is becoming an increasjngly important tiinber
crop species. especiall) in thc norlhcast comcr of the province. Better gro$th and ,vield information for aspen is required to
mrnagc this spccics propcrly. \\'e provide height-age models for estimating site height and site index. One-hundred and thift)-five
stcm analysis plots were established in six biogeoclinatic zones. Three trees ir the 0.0,1ha plols \'ere selected and sten anal]red.
and scological data rl ere collecied rt each pkx. The stem anallsis data were split inlo a nodel c,tlibration and len data ser. Two
models \ere fit Io the calibration data: a base model and an extended nodel lhal is calibraled ibr the six biogeoclimadc zones.
Bolh nodels adcquatel,v estlmate the height oftrembling aspen in British Columbia. The base model $as corlpared to trvo models
ibr aspcn jn Albcrta. $hich showed that there r\ ere no lafge differences in the height growth of aspen, except on lower productiv-

lntroduction

Trernbling aspen (Poprilrs /feridolde.r) is the most
widespread hardwood species throughout North
America (Perala 1990). Its range extends across
Canada to the northern tree l ine. In the United
States, it is found mainly in the \\"estem moun-
tains. and around the Creat Lakes east to thc At-
lantic Ocean. As might be expected for a species
with such a broad geoglaphic range. it grows in a
wide variet.v of climatic and soil conditions.

ln British Colunbia, aspen occurs throughout
most of the interior of the provincc and, to a mi-
nor cxtcnt. on the southeast coast of Vancouver
Island and along the mouths of the Fraser and
Skeena l i \e r .  (K i inka  er  a l .  2000 ' .  A \pen i .  mo. l
fiequent in the Borcal Whitc and Black Spruce
(BWBS), Sub-Boreal Spruce (SBS), and Interior
Douglas-fir (IDF) biogeoclimatic zones, and lcss
tiequent in the Montanc Spruce (MS) and lnte-
rior Cedar-Hemlock (ICH) zones (Klinka et al.
20{  l {  ) , .  A  Jc :c r ip r ion  o f  the  b iogeoc  l imr t i c  zone.
can be found in Meidinger and Pojar ( 199 | ).
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Aspen otten grows in pure, even-aged stands.
Jt associates tiequently with white spruce (Plcec
glnuca), mainly in the BWBS and SBS zones,
iurd is frequently tbund u,ithlodgepole pine (Phls
corlora) and Douglas-l1r ( P s e udo t s u ga me nai e s i i)
(Klinka et al. 2000). It is a shade intolerant spe-
cies that typically regenerates by root suckering.
especially after fire or clearcutting. Aspen has
bccome an imponant timber species in Brit ish
Columbia. It is used for lumber, pulp, and ori
ented sfand-board, and also provides valuable non-
commercial resources such as wildlife habitat,
forest biodiversity, and livestock folage areas
(Peterson and Peterson 1995. Klinka et al. 2000).

A. lhc impoflffee oflrembling: aspen increa.es.
better growth and yield infbrmation wil l be re-
quired for this species. The only growth and yield
model available in Brit ish Columbia that is cali-
bratcd for aspcn is the Va ablc Dcnsit), Yicld Pre-
diction (VD\?)system (Ministll' of Forests 1997).
The Mixedwood Growth Model (MGM) (Titus
1998) is in the process of being adapted for Bril
ish Columbia fbrests. Both MGM and VDYP use
site index models developed tbr aspen in Alberta
(AlbertaForestSen'ice 1985). Evidence suggests
that these models may be biased when estimat-
ing aspen heightgrowth in Brit ish Columbia (Chen



et al. 1998). Therefbre, recommendations for de-
veloping MGM includc new site index models
forBritish Columbia (Harper 2000). The purpose
of this project is to develop site index models for
trembling aspen with data collected in the
biogcoclimatic zones in which aspen is mainly
tbund. In this project, we develop models that
provide reliable estimates of height and site in-
dex for growth and yield, and tbr other manage
ment purposes.

Methods

He ght-Age Data

The data for this project were collected as pa.rt of
a study to develop thc classilication ofaspen eco-
syslcnrs in Brit ish Columbia and aspen produc
tivity (Krcstov et al. 2000). Additional infbrma-
tion about the data can be fbund in Krestov et al.
(2000). One-hundred and eighty-six plots were
established in the BWBS (88 plors), SBS (25).
Sub-Boreal Pine Spruce (SBPS) (7), IDF (23),
MS (19). and ICH (2,+) biogeoclimalic zones. Of
these plots. 135 were available for developing site
index models. Trees ffom the other 5l plots were
cither too young (they must bc at least 50 yr old
at breast height so that tbe site index is known)
or u'ere supplessed or damaged (often decayed)
in some way that precluded their use. Trees with
damage or suppression would bias the site index.
The plots were located to cover a wide range in
climate. topography, soil moisture, and nutrient
conditions.

The 20 m x 20 m study plots were located in
naturally established. unmanaged, fully stocked
(the cover ofthe tree layer was >75 7r,), even-aged
stands. Each stand had a unifbrrn canopy of trem-
bling aspen, understory vegetation, and site. Site,
vegetation, and soil wcrc described according to
Luttnerding et al. ( 1 990). Three largest diarneter
dominart aspen tlees werc selected fromeachplot
for stem analvsis. At the time of selection, these
trees had no yisible signs of damage or suppres-
sion so that their height growth adequately re
llected the productivity ofthe site. The trees were
cut dewn and sections were taken at 0.3 m,0.8
rn, 1.3 m. and at 1-m intervals above 1.3 m. The
dngs on each section were counted in two direc-
tions under magnification. Suppressed growth was
checkcd at this time and suppresscd trees were
deleted from fu her analyses.

The section height-dng count data were con-
vertcd into height breast hcight age data by stan-
dard methods (Carmean 1972, Dyer and Bailey
1987, Newbeny l99l). Individual tree height tra-
lectorier uere plolted to detect dlmage. errors in
r ing  cuunts .  and as  r  f ina l  che(L  lb r  suppresr ion .
Errors in ring counts were corrected and dam-
aged/suppressed trces were deleted. If more than
one tlee in a plot was rejected. then the whole
plot was excluded fiom the analysis. The indi
vidual tree height-breast height age data were
averaged by age within plot to get site heighr-
breast height agc data. The site height at breasr
height age 50 is site index by definitron.

Heig ht Age lvlode s

The data were split into a model calibration and
a model testing data set by first softing thc plots
by biogeoclimatic zone. Every second plot was
put into a calibration data set and the remaining
plots were put into a test data set, which created
balalceddata sels with respectto zone. Wc u,anted
to have an approximately equal number of plots
from each zonc in the calibration and test data
sets because we tested for differcnces in growth
pattern between zones. The calibration and test
data scts consisted ofheights at 5 yrintervals staft-
ing at age 5, except the test data set excluded the
height at breast height age 50 because the model
i. conrlit ioneJ to be eracr ar lh.rl i t!e.

Two models were developed: a base model and
an extended model to test for differences in height
g[owth patterns across biogeoclimatic zones.

Base Model

The functional forrn tbr the base height-age model
is the logistic lunction (1).

.  a  + x  ! l n ( 1 9  5 l ' ! . r l D ( J l  I  i l

H l  -  L J , r 5 l  l . l r ^  + c  -
,  ' L l H \ t "  l ' ( s l  I

wherc HT is site height (m). SI is site index (m).
BHA is breast height age (yr), e is the base for
natural logarithms, ln is the natural logarithm
operator, and ao, al, and a2 are model pammeters.
This function has been used successfully in other
height growth modelling projects, and ir seems
to work quite well across a broad range of spc-
cies (Thrower and Goudie 1992: Nigh 1997;Chen
and Klinka 2000).
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Equation (l) with an AR(l) errortelm was fitted
to the calibration data using weighted nonlinear
regression. Thc AR(1) model is a flrst-ordcr
autoregressive modcl lhat accounts for se.ial cor-
relation that usually exists rlith stcm analysis data.
The AR( I ) rnodcl is given in (2).

(2) t .nn^ = Q X €'."".r 'u * O,.n,,o

rvhere €, "". is the error term tbr plot i at BHA. 0
is the autocorrelation coefficient (-l < 0 < 1),
and the oi tsH"'s are nomlally distributed indepcn-
dent random errors with nlean zero and constant
vaLriance. The *'cighting was done to stabilize thc
variance. Both sides of the model were divided
bv a weight (wt) as given in (3).

r i  
r B H A  "  '  i t  B H A  < 2 5 .

I  uh '150 BHAl  " '  o lherw i .e

wherc abs is the absolute value operator.

Extended Model

The extelded model was created by introducing
indicator variables into the basc model that allow
the value of the parameters a0. al, and a. to vary
across zoles. as shovn in (,1).

(.1) a, = a,,, + r-,r r lc'll + a!. x lDF + uo. x r'ls + a, x SBPS

+ a,). x SBS

a  =  a  0 + a , L  ) (  l C H  +  a  -  x I D F + . r , r  N l s  + r , r r S B P S
+ a , . ) (  sBs

a , = r , , , + r t .  x  I C H  +  a . .  x  I I ) F  +  a . ,  x  M S  +  a . r  x  S B P S

+  a . ,  :  S B S

where ICH is 1 if the plot is in tbe ICH zonc, 0
otherwise, IDF is 1 if the ploL is in the IDF zone,
0 otherwise, MS is 1if the plot is in the MS zone,
0 otherwise, SBPS is I if |he plot is in the SBPS
zone, 0 otherwise, SBS is I if the plot is in the
SBS zone.0 otherwise. Parametcrs were deleted
if they wcrc not significantly ditlerent fiom 0.
Term. u ere comhined if thcir prlatncter <stimate.
were similar. that is. if the confidence interval of
one parameter enveloped the cstimate ofthe other
parameler, and vice versa. Although this method
is not optimal, it is easy to implement and wil l
lead to zoncs being incorrectly deemed as being
different (Schenkcr and Gentleman 2001). which
complicatcs the model but does not crruse bias.
As before, an AR( l) error tell. was added and
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weighted rcgression was used to estimate the pa-
rameters. but using (5) as a weighting function.
' 5  

t  B H A  "  i f  B H A  < 2 5 ,

I  rh . t50  BHA)  '  '  o lher$  i .e

It was critical to meel thc regression assump-
tions fbr both the base and extended modcls. A
violation of one or more of the Gauss-Markov
conditions (the lesiduals are uncorfelated. havc a
nrean of zero, and a constant \'?Ldance) generally
does not bias thc paran-Ieter estimates. but it will
bias the variances ofthe parameter estimates (Sen
and Srivastava 1990). Biased varianccs wil l lead
to biased t tests and perhaps wrong conclusions
when testing fol differences between zones, al-
though moderate hetcroscedasticity does not se-
riously impact the results of lests on parameter
estimates (Mason et al. 19t]9). Non-nomrality of
thc residuals may also lead to wrong conclusions
because the t-test is based on notmally distrib
uted populations. However, the t-test is robust
against slight deviirtions from nomality (Mason
ct  r l .  l98ar .  The regre 's i . rn  u \ \unrp l ion \  \ \ c rc
chcckcd with the follo\\,ing tests:

1. cxpected value of the residuals is zero: a t-
test:

2. normality: W test (Shapiro and WiJk 1965);

3. constant variance: plots of residuals against
breast height age and sitc index, and the Fuu
test (Endrenyi and Kwong l9ii I );

,+. correlated rcsiduals: plots ofresiduals against
breast height age. by plot, and conelatlons
between the residuals and their lag, by plot.

The weighting functions (3) and (5) affected all
of the above tests. Much effbrt $'as cxpcndcd in
meeting all the regrcssion assumptions.

The base model and the extended modcl wcre
tcstcd by using the models (and the breast height
age and site indcx in the test data) to estimate the
heights in the test data set. The errors in thc hcight
estimates wcrc calculated by subtracting the es-
timated height from the actual height. The mean
error and its standard error rlere calculated fbr
all the observations. and for the observations for
each age and within biogeoclimatic zone. We
conducted t-tests on the mean crrors to detect sta
tistical bias. that is. to check whether the mean
error was significantly different fiom zero.



Results

Thc distribution of the calibration and test data
sets is even, vith approximately equal nreans.
rninimums, and maximums ibr both data sets (Table
l). The balance betwccn thc two data sets means
that thc calibration and testing procedures equally
u eight the range of site indices, heights, and ages.
This balance $,iis not found across biogcoclimalic
zones (Table 2). The MS and ICH zones have the
highest mean and maximum site iDdices of all
the zones (Table 2). Note, however. that the sam-
pling rvas not random so that statistically based
conclusions cannot be drawn.

TABLE L Sunnnaf) st.rtistics lbr the trembling aspen slen
.rnaly\i\ clat.r (b) drtr \ed.

TABLE 2. Summary statisiics for the tfembling aspen \lenr
anal)sis dat.r b) biogeoclnnatic zone.

Number N{ inr- Mar i

Calibralion dala scl
Hcight  (m)

Breast  height  age (yf)

Si te index (m)

Hcight  ( rn)

Agc (,,''.rl
S i te index (m)

Both drtr set\
Helght  (m)

Age ( ]0

Sile inder (m)

\umber Minl Maxi-
l\,lean

16.65 26.25
19 111

11.69 25.1.1

25.73 37.50
75 99

21 .15  29 .56

21 .30  29 .37
7 : l  119

17 . l 8  23 .99

25 .16  31 .20
61 11

22.19 29.21

17.63 l '1.51
'/) 

l t+
15.07 22.33

:1.20 30.02
92  r53

r 6 . 5 1  2 3 . 1 0

6E
68
68

61

l l 5
1 3 5
135

37.50
t1'7

29.56

16.00
1 5 9

28.73

1 .21 10.12
50  78

6.81 16.12.

5.1: l  20.61
50 76

5 .60  16 .61

7  1 1 . 3 3
7 5t)
7 9.21

20 16.69
r0 53
20 10.35

Borer \ \  h i |e i rd Black Slruce Tnne
Heieht  1rn) 56  s .71
Bre3\t  heieht  rge r)  f l  56 s0

S ite index (n, 56 5.60

Inref ior Cedar-Hemlock zone
16  15 .31
1 6  5 5
16 12..16

18  9 .25
18 5,1
18  8 .71

l 8  l t  6 5
1 8  5 3
i 8  r 2 . l l

Sub Br,r ( r lPinc Spru((  zone

Heishr (m)

Age ( t  r )
Sire index hn)

Interiof Douglas-fi | Tone
Height  0n)
Age (yr)

Site irder (m)

Nlonunc Splucc /onc
Heieht  (m)

Ase (.vt

Sirc indcx (m)

Heighl (nt

Sire index (n l )

Sub-Boreal  Spruce zone
Heisht (m)

^ge {  l r l
Si tc  indcl  0n)

5.1,1 20.51 37.50
50 77 111

5.60 t6.66 29.56 TABLE 3.  Resul ts of  the analvsis of the base rrnruer.

95t; conlldcncc
Srandard enof inter,al

Estim.rte (or P-!alue) Lo$er UppefThis study presents two new models for esti-
n l r t ine  lhe  he i lh l  u l  t renrh l ing  r 'pen  . i te  t rcc .  in
Brit ish Columbia: a basc modcl and arl extended
model. The base rnodel is a general nodel that
could be used anywhere in Brit ish Cdumbia. or
when thc biogcoclirnatic zone is unknown.

,  1 1 l l  I  1 5 0 : l n r l q 5 l l 9 6 l l : l i r s l  l . - r l

H l  l . l ,  r : l  l . r  ̂
' -  r '  . 0  |  l \

The paraneter estimates and their standard er-
rors. the mean error and P value of the associ
ated t test fol bias. the W statistic and P-value
fbr norrnality. and the Fkk test and P-valuc 1br
constant variance are used to evaluate the model
(Table 3). These statistics show that the model is
unbiased and has normall), distributed,
homoscedastic residuals. In addition, only live
plots had statistically signilicant correlation in the
lagged residuals. Therefbre. we concludc that thc

Parameler au 1.123
Parameter a -1.150

Parameter a.  -0.9611

Parameter 4) 0.9891
Mcan crror 0.0091J,17
w 0.9805
F, L1,13

0.t758 6.881 1.965
0 .0232 ,1  -1 .196  -1 . l 0 . t
0.09335 - 1. l , l5 '0.7780
0.02151 0.9,170 1.031

(0.rJ153)
(0.0169)
(0.1206)

regression assumptions were adequately met. The
residuals plotted against breastheight age and sitc
index demonsffate the constant variance and, to
some extent, the low correlation betwgen residu-
als (Figure l). Although the variance of the re-
siduals appeals to be declining with age. a small
number of data points at older ages can give the
appearance of heteloscedasticity (Carroll and
Ruppert l988).

Aspen Height Age Models 205



eI

Figure 1. Residuals iiom thc basc model ( l) plotted against bfeastheight age (pafta) and sieindex (par!b). \olc lhalthccrrors

are weighed.

0 l5 50 ?5 t00 r25 r50 l?5

Brosi neidr ry.(yr)

2 { 0 0 5 l o 1 5 2 0 2 5

sit inder (n)

TABLE,I. Resuits of fte analvsis ofthc cxtcndcd nrodel.

95% confidence
Srandard elTor incrval

Statistic Enimrte (Lrr P valucl Lowcr Lppcr

The extended model is calibrated specifically
to six major biogeoclimatic zones where trem
bling aspen is the major species.

t r - . , + a  
: l n i . l r . 5 r + a . ! l t r r s r  I  l r

H t _ t . . i r S T  t r j .  -  . , B h \ r  " . . J

where a,, = 7.31.1 (for the BWBS. IDF, MS, and
SBPS zones) or 8.363 (for the ICH and SBS zones),
ar = 1.074 (for the BWBS. IDF. and SBS zones)
or -1.446 (1br thc ICH rone) or 1.243 (for the
MS and SBPS zones). and ar = -1.011 (for the
BWBS. lCH, and IDF zones) or -0.9080 (tbr the
MS and SBPS zones) or -l.267 (fbrthe SBS zone).
The results of thc regression analysis of the ex-
tendcd model are in Table 4. Not all parameters
in pammeter set (,1) are included in the cxtended
model. The parameters in the final extended modcl
are the result of testing many different combina-
tions of parameters to determine which could be
grouped together Thc statistical tests (Table :1)

show that the model is unbiased and the residu-
als are nomally distributed and homoscedastic.
Only tive plots had lagged residuals that were
co[elated. Graphs of the residua]s fiom the cx-
tended model plotted against breast height age
and site index support our conclusion that the
rcgression assumptions have been met (Figure 2).

The model testing shows that the both models
are generally good at estimating height. Although
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some biogeoclimatic zones show statistical bias.
it is probably insignificant in practice (Table 5).
The mean error in height across age is also small
(Figure 3), except at exremely old ages, which
is l ikely a result of only having a few plots at
older ages.

We graphically compared the base model to
thetrembling aspcn model cunently used in British
Columbia (Alberta Forest Se ice 1985) and the

Parameter a,! 7.31.1

Prraneter aor L0,19

Parrmeier ar,j -1.07.1

Parameter a r -0.3723

Parameter a.: -0.1694

Para ctcr  a. !  1.01 1

Parameter a. 0.1010

Parameter ar. -0.2562

Para'neter Q 0.99,12

\4ean error -0.00.116

w 0.9832

Fr r .059

0.2878 6.',719 1.819

0.1806 0.69:t1 1.404

0.02161 1.128 1.020

0.06981 0.5095 0.2352

0.05'108 -0.2157 -0.06319

0 .101 I  -  1  . 213  -0 .8081

0 .043 t5  0 .0 t821  0 . r878

0.07059 -0.39'18 -0.1175

0.02065 0.9536 1.035
(o.9261)

(0.26831

(0.371,1)
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Figure 2. Residuals lioln lhe extended model plotted agairst breastheight age (pafi a) and site nrdex (paft b). Note that the enorr
are wcightcd.

TABLE 5. Analysis oferrors in height e\timates by biogeoclimatic zone, and for alldata combined for both ulted inodcls. Mcan
e||o|s that are \ignificantly different frcm zero afe indicated b) asierisk.

Biogcoclimalic zonc
Number of Base model

I ledn  ( f loL(m) S1d. dev.
Extended model

Mean error 0n) Std. dev.

i . l

Boreal White and Black Spruce

Inlcrior Ccdar Hcmlock

I erior Douglas+il

Montane Spruce

Sub Boreal Pine Spruce

Sub Boreal Spruce

AI

lE,l

l l l

t ) 2

102

32

176

921

t . 2 l l J

0.926t)

1 . 1 2 9

0 .6127

0.6235

0.6579

1 .013

1 .119

1.06,1

t . t  / 1

0. /024

0.5109

0.6212

L061

0.120,1

0.163s
-0 . l 29 l

0 .05180

0.2628'

0.09701

0.08565'

0.04979

0.6279'
-0.2579'

-0.00007

0.2,130'
-0.12.16'

0.0,1659

provinciai model developed by Huang et al. ( 199,1).
Because the upperrange ofthc data for theAlbena
Forest Service model was 90 yr, and the Huang
et al. (1994) data did not extend much past 100
yr, we discontinued the comparison at 100 yr The
three models are plotted lbr site indioes 10, 15,
20, and 25 m fbr comptrison (Figure 4). We also
plotted the mean error in estimated height and its
95cl. confidence interval by site index class (<
17.5 m and > 17.5 m) for the three models (Fig
ure 5). The errors in estimated heights were cal-
culated from the complete stem analysis data set
at 5 yr age inteNals from breast height age 5 to
100. There is little difference in height growth
pattems to breastheight age 100 forthebase model

and tlte Alberta Forest Seruice model (Figures 4,
5). Although the errors are significantly dillerent
tiom zero at some ages. in practical terms the
dillerence is small. The Huang et al. (1994) model
underestimated height below age 50 and overes-
timated height above age 50 at lower site indices.
All three models lit well at higher site indices.

Discussion

Two new models are now ar'ailable for cstimaC
ing the height of bembling aspen growing in British
Columbia fron site index and breast height age.
One model is a generic base model and the other
is extended to be specifically calibrated for six
biogeoclimatic zones.
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Breast h€ishi 8ge (r_r)

Figure 3 . Nlcan crror in thc test dala sel pldted against brean

h . r l n  x . ' ' c  l o r  l h c  s .  f r r e d  I n , ' J e  .

Brerst height sge (y.)

Figufe .1. Graphical cornpanso. of the base model. the cur'
rent nodcl for British Colurbia (Albeta Foresl
Ser! ice 1985 ) .  and lhc provincia l  modelb)  Huang
et u l .  (199,1) .  Cur\ ,cs ibr  s i le indices 10.  15,  10.
and 25 ln are sho\an.

The tlends in the site indiccs for the six
biogeoclimatic zones (Table 2) sampled in this
study correspond to the trends in their climate
(Table 6). The ICH zone is the sccond-most pro
ductive zonc in Canada (Meidinger and Pojar
1991), so rhar the high site indices are not sur-
pdsing for that zone. In fact, the maximum height

208 Nlgh. Krestov. and Klinka

Br.$r heiebt .se (rr)

Figufe 5(a-fl. Mean erors and L\eir 95% conlidencc inlcnals lbr

of 37.5 m recorded in one study stand in thc ICH
zone rT . rb le  2 '  i r  g rc r tc r  rh rn  Ihc  36 .5  rn  p rc \ i -
ously obscrved on the best sites (Perala 1990).
Compared to the other stud1, zones, the ICH zone
is influenced by the warmest and wettest cool
temperlte climatc. Aspen site iDdex gradually
increased tiom 13.7 m in the BWBS zone 10 15.1
n in the SBPS zonc to 16.5 m in the SBS zone to
17.2 m in the IDF zone and to 22.2 m in the MS
zone (Table 2). This trend is reflcctcd in thc tcm-



!h.  base model ,  ihe Albef ia Fofest  Ser! ice model .  nnd thc Huang ct  a l .  (  l9c)  1)  Nrdel .  b)  \ i te c la\s (< 17.5 m, > l l .5 m).

perature and growing season duratlon (rncreas-
ing potential evapotranspiration), i.e., thc num-
ber ofmonths with the nean temperature >1OoC,
which increases fromtheBWBS zone to the SBPS
zone to the SBS zone to the IDF zone. The MS
zone. however. has a lower nrean annual tcmpera-
ture and more months with a mcan lemperature
>10'C than the IDF zone. but has higher mean
annual precipitation, which could compensate tbr
lower tcmperature and result in higher actual

evapotranspiration. Although thc MS zonc has a
lower mean annual precipitation. it has a higher
mean annual tempcraturc and slightl)' longergrow-
ing season than the SBS 7one.

The base and extended models are graphed for
site indices at 10. l5, 20, and 25 m (Figure 6).
There were only I 3 plots oldcr than 120 yr brcast
hcight age. so the curves in Figure 6 are not well
supported above this age. For sorne biogeoclimatic
zones. the data are cxhaustcd wcll bclow this a-sc
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TAUI-E 6. Enlironrncnul characGristics of the srx biogeo-
climatic z|)l1es.

that for the extcnded model. but the difference
was a matter of a few centimefes. Both models
have about the same error across the range ofbrcasl
hcight ages (Figure 3). In fact, the base model
appears to have a smaller mcan error in the 50-
100 1r rge runge. u hich ma1 bc the nro.t impor-
tant ages because the rotation age for aspen can
be between 60 and 90 yr total agc (Peterson and
Peterson 1995).

The SBS culves arc conspicuous by their con
tinued height growth at dder ages. which could
be attributed to a combination ol climatic and
edaphic factors. First. most of the aspen stands
sampled in the SBS zone were associated with
fine-textured, base-rich Luvisols (Krestov ct al.
2000). which support productive aspen growth
across its range (Perala 1990). Second. decay in
relatively short lived aspen is generally slower
in cooler (boreal) climates, such as in the SBS
zone. than warmer (temperate) clinates (Perrla
1990). More data are required to confirm whcther
the height -qrowth pattern in the SBS zone is in-
deed dift'erent liom the other zones. Onc plot in
the SBS was older than 120 yr breast height age.
so that the model is not well supponcd at itges
above l20 yr for this zone. Howcver, the differ-
encc in the height growth trend starts before agc
120 where the modcl is suppo(ed by more data.
There is no evidence of bias in the model below
agc 120, indicating that the trend is not necessar-
ily an atifactofone plot causing bias in the model.

In contrast, the plots from the ICH and thc MS
zones were the most productive. that is. they had
the highest site indices. The plots from these two
zones. however, had the lowest height trujecto
rics, which could be due to perhumid (water sur-
plus) and warm clinrate, especially in the ICH
zone (Penla l990). or perhaps to the low age range
ofthe data fron thcsc zones or to solne unknown
biological lactor In the early growth stages and
in closed canopy stands, aspen develops a rela-
tively narrow. short. pyranidal crown with a dis-
tinct apical dominance. In the late growth stages,
crowns become domed. We hypothesize that the
devclopment of a 1lat. domed crown 1s associ-
ated with the onset ofdecline in height growth that
may be environmentally or genetically triggcred.

Four groups ofbiogeoclimatic zones had similar
height growth patterns: SBS. BWBS/IDF. ICH,
and MS/SBPS. It appear that, to some extent.
these patterns could be related to climate, such

En\.'ironnrenlal
characterirlics

\IAP MAT T>10
(cl11)r ('C1' ono)l

Boreal While and Black Spruce
lntcrior Ccdar Heniock
Interior Douglas llr
N{ontane Spruce
Sub Borcal Pine Spruce

Sub-Boreal Spruce

80

.18

65

- l . , l
6.9
,1.3
1 .2
0..1
3 .1

l
5
5
+

3

rtrlAP mean annual precipitation
rNt,{I - mean annual temperaturc
T>10 nunber ofmonths $'ith mean temperature > l0'C

Bdrrt h.lglt ,g. (y4

Figure 6. Heightcstimatcs liom the base and exrended nod-
el,i flotted againstbreasthcightagc tbr \ilc indices
10. 15.  20.  and l5 n.

(Table 2), which must bc considered when com-
paring and using the models. The largest differ-
ence in the height estimates betwccn the models
are above age 120. The base model, therefore, is
adequate lbr all the zones. but the extended model
would be preferr€d if the situation allows for its
use. The adequacy ofthe base model is also bome
out by the error analysis, where it performcd about
the same as the extended model (Table 5). The
base model had a smaller mean error than the
extended rnodel infourofthe sixzones. The overall
error for the base model was slightly largcr than
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as for the SBS and ICH zones. but not the pat
tems of BWBS/IDF and MS/SBPS zone groups,
which are climatically dissimilar. Given the un-
balanced nature of the data set u,ith respect to
age. the similarity of all the curves (except for
the SBS zone ), and the inconclusive nature of
the model testing, we are hcsitant to conclude that
we detected real difl'erences in growth pattems,
even though they wcrc detected statistically in the
model calibration.

The ertended height-age model spccillc to the
six biogeoclimatic zoncs should be used for sites
in those zones. If the zone is unknown. or the site
is in another zone, then the base model should be
used. The diff'erenccs between the zones when
using the extcnded model can be signil icant. de-
pending on the application. even though the curvcs
look quite similar (Figurc 6). As an example, we
conpare the nrodtrls lor the ICH and the BWBS
/on( \  \ \ r lh  lhe  lo l low ing  lh ree  rLenar i r r . .

l. At breast hcight age 15 and site index l0 m,
the estimatcd heights are 3..13 n (ICH) and
:1.23 m (BWBS). At site index 20 m. these
estimates are 9.55 m and | 1.53 m. Thelefore.
$ith the extcnded model, the diff-erence in
heights can be betu'een I and 2 m.

2. In Brit ish Columbia, a haruested stand usu-
ally has to reach green-up height Oticn 3 m)
beforc an adjacent stand can be hanested. For
site index l0 m, the green-up trgc for aspen in
the  ICH zone i .  l . l  r  r  r rnd  thc  [ r reen up  age in
the BWBS is 9 yr. At site index 25 m, the
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