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Abstract
Age and dirmeter drra $sre collected tioln 720 sound stumps {dianclcr >l.5 .n) of thuit pliLatu (westefn redcedur) lrcc\ lronr

t5 old-g()\,,th submontarre cunrlef sites. $ ithin three r\ rtersheds ncar Vancoulef. B.C. The rcislionship bet$een rge and dbl ras

quantified by regrcssion anrh\i\. The.rgc nructlrre on difierenl sit|\ $as compared usirg agc iiequency distribulions.

Regres\i( nodeh irvealed $eak, bur slill significant. relalionships betreen age and dixmcler a! breasl height. Agc dinnbu

rim curres sho$ed rh.rL tIc ft,jd \iands had bccn unelen-rged. The prcdo inance ofpeak ugc classes indicated thrt eslablish

ncnl tad been efi\odic.rnd the popul.rri(ms werc noiin demogfaphic equilibrium. \\re hr-pothesizc lhal $ind md fire disturbrnccs

a n d l o n g r c r m c l i m a t i c \ a r i r d o r i l l u e n c e d t h e p o p u l a l j o n d i n a m i c s r n d c a n c x p l a i n t h e p e a k s o b s c r v c d j n t h e r g e s t r u c t u f e s .
Withir lhc lrudl afe.r. Tlar1a population'i are p|obably in a continual srate ()1 discquilibriur.

lntroduction

7'ltuj.t plicr'tlDonrlex D. Don (westem redcedar)
is a valuable species with commercial importance
and ecological and aesthetic values. To manage
the species rcquires knowledge of its population
dynanics and the proccsses aflectjng regcnera
tion and gto\lth. Evaluation of strnd strucnue yields
infirnlation about regencmtion and development
(Lorinrer 1985), but jts vtluc in undentanding
the dynamics of I/raja rcmains under-used (Olivel
ct al. l98E). Past studies have otten bccn linited
to interpreting diameter- distributions (Schmidt
1955, Gregory 1957. Franklin and DeBell 1988.
Kcenan 1993), sincc age determination is diff i-
cr.rlt because oflarge size and fuequent heaftwood
decay. Size can be used to interprct the popula-
tion dynarlics, but only when the relationship
bclweeD tree age and size is strong (Lorimcr 1985.).
Moreovel the agc-size relationship has been shown
to vary with site for some spccies, complicating
intcrpretation of thcir dynamics (Veblcn 1986.
Ste$'art 191i6). Of the studies citcd, only Keenan
(1993) leported the rclationship betwecn tree age
and size. The value of diamcter distdbutions lbr
evaluating the dynlmics of 7'ftrla have yct to be
crit ically rssessed.

In this cxplomtory study. wc provide the lirst
rcplicated age analysis of Thujl tn old-grorvth
submontane tbrests of coastal Brit ish Columbia.
Trec ages were determincd from held c0unts of
sound stumps tionr rccently cut stands. we found
the relationship between age and diameter at breast
height (dbh) to be highly variable, making dbh a
poor predictor of tree age. We derivcd age class
distributiol'rs tbr 15 sitcs liom which \\'e gencr-
ated three hypotheses regarding Il,rga population
dynamics and disturbance.

Methods

Study  S tes

The study was conducted in the Capilano,
Coquitlam, and Seymour u,atersheds, collectively
57.791 ha. located north of Vancouver, Brit ish
Columbia. The study sitcs were in the Very wct
Maritime Coastal Wcstem Henlock biogcoclimatic
subzone, within the perhunrid. cool mesothermal
climatic type ( Klinka et al. l99l ). Soils were stccp-
slope. coarse skeletal. Feno-Humic Podzols (Ag-
liculture Crnada Expert Committee on Soil Sur
vey 1987) derived lrom colluvium and glacial t i l l ,
and underlain by granitic rocks.
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Filieen study sites (A to O). five in each wa-
tershed, were selectedfbr snrdy. Each*as acutover
arc rbe tueen-1  lnd  l3  h l lT rb lc  I  r .  fhc . i te .uere
various aspects at elevations from.+00 to 825 m.
but all were on midslopes and had liesh to moist
soil moisture regimes and medium soil nutdent
regines (Klinka et al. 1989). Thc stands had been
cut since 1986. but were not slash bumcd. Ac-
cording to tbrest inventory, each had been domi
nated by Tlzi4a >250 years old. but contained m -
ture Trrga heteroph.rl lu (Raf..) Sarg. (western
hemlock), ard Abies amabilis Dougl. ex Forbes
(Pacitic silver fir). Pseudusuga menliesii (Mtb.)
Franco (Douglas-tlr) had been present in tbur of
the stands (E. J. M, and N). We considcrcd these
sites representative of l/rrila dominated stands in
the three watersheds, becluse the cutovers were
continuous with extant stands typical of thc
submontane fi)rest.

Sampling l\,4ethods

We sampled both sound and dccayed stumps at
each study site. Decayed stumps had pafiially rctten
herrtwood. but had been alive when thc stand was
cut. The decaycd stumps were neasured to test
the assunption that specific size classcs were not
missed in our analysis of sound stumps alone.
Age counts on sound stumps ensu.ed that full ages
of trees were determined.

Two sampling designs were uscd: the first on
four sites (A, C, D, and E)l the other on the re
maining sites. For the first design. two ptrrullel
l ines on cach study site divjded the cutover area
into three equll pon rt \n:. Si\ .ampling points \\ ere
unitbrmly distributed along each linc. The four
sound Thuja stumps closest to each point wcrc
sampled, for a total of.18. At each of three ran
domly selected points, decayed stumps wcrc

'IABI-1_- 
l. Sitc dcsciptions.rnd agc summrries lLr Thu.tl t)licdta i\rhe .ree layeron l5 stud,v siles (ibr cach silc. n =:18) and fir

sitcs nntilicd b) localion und rspect (fbf erch location and rstect. n = 2,10)

Ase ()eart
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(nr)  (ha)
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B
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G

H

I

J

L

N{

N

o
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E
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1 t . 5
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6.1
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t56
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363
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353
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8,10
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6,10
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892
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500 9./
,100 .r.3
700  l l . t
500 l2. i l
,150 5.8

CapilanL)
16,1 121
150  291
t /1 , t91

151  256
18'1 163
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196 116
1 .15  l 5 l
t65 3.16
115 28.1
157  162

Cbquitlam
llJ I 37.1
118 213
120 ,131

r  16  109
109  331

Locaiion

182  157
ll5 -167
l]3 -r39

175 .105

t 6 l  t 3 l
16.1 t51

816
121

1051
151
9 1 5
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E75
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E l . l
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n06
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l05 l
985
9 1 5
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sarnpled within a circular plot with a rrdius equtrl
to the distancc to thc outermosl souDd stump. A
mean of 17.8 decayed stumps (S.D. = 1 l.:15) were
mcasurcd rvithin each plot but ftis desigD was
tine-consuming. It wrs replaced with the second
design. in which we located all sound Truj.i stunps
within each study site, lrom which .18 were ran-
domly seJected liorn the entire cutover area 1br
measurement. From thc 48 sound stumps. two
stunps were randomly selected around which
circular plots of 12 m radius were established.
All decayed stumps within each circularplot were
sampled.

Sampling was restricted to thc trcc laycr, since
the study was conducted on cutover areas. Stumps
with a diameter27.5 cm were assumed to be pi:Lrt
ofthe tree layer, normally defined as trees ofheight
>10 m (Luttmerding et al. 1990). At all stumps.
we measured the diameter including thc bark (cm)
and the uphill and downhill vetical distances (cm)
liom the upper surtace of the stump to thc ground,
to calculale mean stump height. Field counts of
the annual dngs on sound stumps determined the
ages. For weathered stumps er those with pq)rly
distinguishable rings, a V gouge was cut into the
stump to expose a tiesh surface and a 10X hand
lens was used to count the dngs.

Data Analys s

Wc calculated dbh fron mean stump height and
diameter measurements using conversion tables
(Demaerschalk and Omule 1978). Thc dbh of
decayed stumps were evenly distributed and ranged
from 18 cm to 312 cm, indicating that decay was
not dependent on tree ' ize. W< did not mi\\ tree\
of specific sizes by considering only sound stumps.
Given thcbroad rangc in sizc olidecayed stumps.
we assumed no age cohorts wele missed and the

survcy of sound stumps alone was an unbiased
representation of the structure of ZrrU.r in the origi-
nal stands. Further analyses were conducted on
data from sound stunps.

Age at stump height was corrected to total
agc (in 1991) by using thc agc ofseedlings from
the understory of extant stands nearby (Daniels
1994). Stumps were grouped into 50 cm height
classes, then we added the mean seedling age lbr
each height class to the stump age count to give
the total tree age (Table 2).

To quantify thc rclationship bctwccn age and
dbh ue  der i led . i te  spec i l i c  recre .s ion  equat ions
and a general equation, tbr all sites combined.
Both age and dbh werc lo-qarithmically transformed
to provide a function describing the relationship
between age and siTe of 7ltla trees (loglglagel=
b11 + b1 x 1og16[dbh]) which met the assump
tions ofregression analysis (Zar l9tl. l). The stan-
dard enor of the estimate (SEE) for each trans
tbrned model was back-translbrmed to present
its variation in original units (years). For all sta-
l istical tests. significance was set at o- = 0.05.

Age frequency distributions (50 year classes)
were prepared fbr each study site and tbr all data
combined. All trees )900 years old were included
in a single class. The mean class frequency and
its standard deviation was calculated for each dis-
tribution. We delined "peak" age classes as those
with class fiequencies greater than the mean fie-
quency plus one standard deviation, and comparcd
lhe  occur rcnce o l  perk '  lmong . i te . .

Results

The ages of sound stumps )7.5 cn dbh ranged
liom 75 to 1051 years; mean ages for sites ranged
from 29:l to 50,1 years: and median agcs fronr

TABLF.2. Th jo plkat r sccdling agcs by hcighl class. To calculate total age oftrees, tle nrean seedling age co.re\ponding ro
stu rp Icigh! was addcd to the ileld counr of rlump age.

Height No. of
stumps

No. of
seedl ings N{in imum

Seedlinq ases (!ear\)

<50

-s I t00

101  -  150

15 l  -  200

201 , 250

6.76

8.18

10.71

8 .56

15 .97

t12

361

112

l1

li

1 1 9

1 l

5

,l

l l

l5

3 l

33

11

5

l l

23

24

1)

62
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256 to 491 years. The mean ages within Capilano,
Seymour. and Coquitlarn watenheds were 363,
390. and 36,:[ years, respectively. Means lbr nofth,
east/$est. ancl south aspects vere 399.353, and
365 years, respectively (Table l).

The runge and standard deviation ofmean ages
tirr all study sites were high (Table l). The vari
abil i ly in agcs was also ref' lected in the age-si7e
leglession models. Although these modcls indi-
cated that size explains a statistically significant
proportion of the variation in age, thc rclation-
ships were rveak. The R2 values of age on dbh
langed from 0.32 to 0.?9 and the corresponding
SEE's ranged lron 67 to 137 years 1br the site
spce i f i t  r r r , , . le l ' .  t  he  pener i l l  re l re : \ i , ' n  equ l t ion
$'as statistically signil icant (R2 = 0.65. p < {).001):
however, its SEE of age on dbh of 109 years was
high (Figurc l).

100 200 300 400 500 600 700 800 >900

A  g  e  ( y  e  a  r  s )

figure 2. Age liequency distfibutions of 710 Th je phdkl
in the tree layer oD l5 \lLrd) sires. l he x a\is llrow\
thc upper l imi ls  of50 yearclasses.  The bfoken l ine
narks thc mean class fteLluency + I standard de
\ialion ofthe me:ml cl.Lsses $ ith frequencies aborc
this hre are perk 'c la, ises.

peaks in the 200 year class; eight sites (D. R G.
H, 1, K. N, and O) to have had peaks in the 350
year class; ud ten sites (A. B, C. E. F, G, H, I. J,
and M) to have had pcaks in one or both of the
.150 and 500 year classes. Ten sitcs (A, B, D. E.
F, C, H. I, J. and N) had nore than txc peak.
with up to 350 years betu'een peaks. Nine sites
(A, B, D, E, I, L, M, N. and O) had three or fewer
7hi4a older than 600 years.

Discussion

Age-Size Fe at onsh p

The age and size of thc trees we observed agleed
$ ith those reported previously (Franklin and
Hemsftom 1981. Beese and Santirrd 1992. Keenan
1993). Although ther.e was a general trend of in-
creasing agc with tree size. dbh was a poor pre
dictor of tree age and thc accuracy of predictions
decreased with increasing tree size (Figurc I ). Tree
diamelers provided general intbrmation about the
range of tree ages on a site, as suggestcd by Keenan
( 1993). but diameter distributions did not clearly
depict changes in Iftlla populations with tinre.
Inconsistcnt rclationships between age and size
have been shown for other species (e.9., Stervarr
1986) .

124

: 8 0

60

E

0

1 0 0 0

800

o 600

o 400

Diameter at breast height (cm)

Figufe L Relatio nsh ip bet\r'een age and dbh for 7rr4.r pli(lt r.
' Ihe 

middlc cLrr \c r rark\  rhc rcgrcssion l ine
lloglo(age) = 1..135 + 0.568 lc,g I o(dbh) I. Upper and
lo\\'cr cur!cs mark rhc rcgrcs\iol1 lire t1.96 SEE,
rncl  d ing 95t i  o i  obscr\a l ion\  (n = 720).

The age class distributions showed the llrrl.r
in thc trce layer \r,ere uneven-aged with ranges
from :157 to 891 years on cach site. The age class
clistribution fbr all Iftula trees combined showed
the highest class l'rcqucncies between 150 and 500
years. Peak classes were the 200 (200 = upper
limit of class from 151 to 200 years). 350, 450.
and 500 year classes (Figure 2). Examination of
agc class distributions by stud)'site (Figure 3)
showed five sites (A, D, E. H, and L) to have had
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Age D str  but ions

The low fiequency of hees <100 yean old re-
sulted from the arbitrary mininum diameter of
7.5 cm used to deflne the tree lryer of the sites
and did not indicate a lack of regeneration on the
sites. Delayed recrujtnrent to the tree laler is con-
sistent $ ith Trrra's tolerance ol shrcle (Carter and
Klinka 1992) and the slow replacement ofcanopy
trees in old growth tbrests in the coastal region
(Lertznrrn and Krebs 1991. Spies ct al. 1990).

The peaks in the age class distribution (Fig
ures 2 and 3) indicated that establishment and
nlorlality withiD L4rjd populations have been
variable during 800 years. From diarnetel distri
butions. it has been intened that 7&n7c has lorv
rccruitmcnt, but high survival in all sizc classcs
(Franklir and DeBell 1988, Keenan l993). Theo-
rctically. thc concsponding agc distributions should
shorv high adult (canopy tree) survivorship with
incrcascd chancc of dealh al thc cnd of Lhe life
span. This theoretical distribution assumes that
recruitment and nofiality have been constaDt over
time. l.e. that the population *'rs at demogrtrplric
equilibrium (Harcombe l987). But. Zliirlrr is evi
dently not at denrographic equil ibriunr within thc
study area.

The age distributions of individual study sites
(Figurc 3) rcflcct sportrdic mortali ly and rcgcn-
eration episodes. They suggest the influence of
disturbances of various nagnitudes and extents.
F , ' r  e rurn f lc .  J i . lu rh i rn (e .  , ' l ' h reh  in tenr i t )  c r rn
reduce structural complexitl' by eliminating ex
isting a-sc classcs in parts or all of a stand
(Hemstrorn and Franklin l9E2). At least nine sites
(A. B. D. E. I. L, M, N, and O) in the study area
appeared to have been affected by such distur-
bances. Disturbances aftecting stands ca. 600 to
700 years ago could explain the lack of Thuja
trees greater than 600 years of age, although the
lite span of 7ln7c can be greater than 1 000 years
(Franklin and Henstron l981, Keenan 1993).

In contrast to high intensity stand level dis
turbances. small scale disturbances. such as
rvindthrow, can facil i tate continueus establishment
and result in a spread of ages among trees (Beese
and Sanlord 1992) similar to those observed here.
The predoninant ilfluence olwind in coastal old
growth ti)rests in the region is beconring widely
recognized (Lertzman and Krebs 199l. Spies et
al. 1990). Moreover. the broad, flat. discontinu'
ous distributions ofdiameters for 7/r@ t'rcm plots

of0.25 to 0.4 ha (e.9. Gregory 1957, Keenan 1993)
indicate the influence of small scalc disturbances
on T/rirja dynamics. From these diameter distri
butions we can assune that the establishment of
trees is intermittent (although exact years of es
tah l i .hment  c i lnno l  be  p fcd ic tcJ  u  i th  cc r l i rn t \  ' .
even at relatively snall spatial scales.

Age C lass  Peaks

The iregular age class stluctures and occurrcncc
ol distinct pcaks indicate that the conditions tbr
Iftula regeneration within stands is variable tluough
time. lnterestingly, peaks occured during the same
-50 year classes at different sites and within dif-
terent watersheds. This suggests that the condi-
tions conducive to Illllja regeneration u'ere ef
fective at a local level and influenced a number
of sites during the same periods. We ofler three
hypotheses relating these peakage classes to pulscs
of f ire disturbance and clirnatic variation of the
past.

F/rr. We hypothesize that fire has inlluenced
the study sites. altering stand structure and fi i-
cllit:Jting ThAa regeneration. The three periods
of peak llaqa regeneration. 1 :19 1 - 1 -59 1, 1 6,1 1 - I 69 1.
and 1791-1841 are synchronous uith high fire
periods identihed in the Pacific Northwcst (Fig-
ure 4). During 1491-l59l, "t ire episodes," peri-
ods of high tire fiequency (rcnsl Monison and
Swanson 1990). occuned in thc Oregon Cascades
(Cook-Quentin and Deer sites in Morison and
Swanson 1990) and major t ires burned in mrin-
land Brit ish Columbia (Eis 1962), Varcouver ls
land (Schmidt 1970), Desolation Pcak (Agee et
al. 1990) and Mount Rainier National Forcst
(Hemstrom and Franklin 1982). The 1450 15,+0
firc cpisode ofthe Olympic Peninsula (Henderson
et al. 1989) overlaps with this period. During 16,11
to 1691. fires burned in all of the cited areas. ex
cept the Deer site iD Oregon. One major firc and
three significant l ires burned in the Bittenoot
National Forest, and three significant fires burned
in Yellowstone National Park during the samc
period (Table 2 in Heinselman 1978). The most
recent peak in Thiga age distributions concurs $,ith
high lire periods in the Oregon Cascades (Morrison
and Swanson 1990). Mount RainicrNational Forest
(Hemstrom and Frlinklin I 982). Vancouver Island
(Schmidt 1970) and the mainland of Brit ish Co-
Iumbia (Eis 1962). The presence of charcoal in
the soil, fire scarred trees. and the codominance

l l l0 Daniels. Marshall, Carter, and Klinka



Thula tegenetationi
lruF age p€aks

0h6 srudy)

Fire Episodes:
0 ymprc Peiinsula wA
(N€ndNi er al 1939)

Deer Site OF
(Moni$n dd straneo 1990)

cookauenlin Sib0n
iMqis aid swan$ 19s0)

Fire Events:
Mainland BC

(Es 19621

Vancower s and BC
(s.hn dl 1970)

DesolalioD Feak WA
lA@e er ar 1990)

MN Bainis WA
{Hemslon od F anklr 1932)

1600

Calerdar Y€ars

Fieure.l. Chronolog) ()1 Irrydtlir1r.r age peak\ and fire disru$anccs in lhe Pacific Nofthlvesl. The leli colunn idcnlilrcs snrdy
areas and soutccs. Peak periods of 7furld pli.dtJ rcgcncration are represented by solid bars boundcd by the vertical
broken lircs. Firc cpisodes greatef thrn 1 year arc rcpresented by solid bars. Open squ,lres sho$ single years during
which lirc! burned.

of j nttrlerant Psr:rrlo1s ttgtt menziesii in Thuja stands,
provides stfong evidence tirr our asseftion that
fire has afTected the study area. However. we
cmphasize the need to documcnt the fire history
and flre regimes in the study area.

Climttte. An alternate hypothesis to explain
thc observed age structures is the influence of a
variable climate (Hendcrson and Brubaker 1986).
Climate reconstruction from the Cascadc Range,
Washington (Graumlich and Brubaker l986) show
three periods ofcooler than average sumnler tem-
peratules (1600-1650, 1700-1760.and 1860-19fi)),
each punctuating the periods of high T/rga es
tablishment (Figures 2 and 4). Ctxrlcr climate night
have reduced the success of Tlzljo establishment
and recruitment. resulting in relatively low tic-
quencies in corresponding age classes. It is evi
dent trom the currcnt elevation distribution of Thrrd
rnd  i t s  decrea ' ing  r  i ! , ru r  r rnJ  : rbunt lance in  mon-
llne l i 're\l\. th.rt coolcr c j imllc rnd \h( 'ner ero$ ing
scasons are not conducivg to Trird establishment
and growth (Minore 1990). Moreover, dendro-
ecological f indings from the study area show di-

ameter growth of Thuja is significantly allected
by temperature (Dobr! et al. in press). As the cli-
natic variations identif ied by Graumlich and
Brubaker (1986) probably affected a large rcgion
(Bmbaker 19110). including our study area. we
cannot discount the intluence ol historic climate
vadation on lluja demographics.

Clhnte Fire Interqcllor. A third hypothesis
is that climate and fire interact and have aflected
Tlraja denographics, now reflected in age struc-
tures. A relationship between climate and firc
cpisodes in the Pacilic Northwest has been pos
tulated by Franklin et al. (1988). Hemstrom and
Franklin (19821. Henderson et al. (1989), and Agee
(1993). But the naturc of the climate-fire rela
tionship remains unclear. For example, high in-
tensity fircs ca. 600 to 700 years ago have been
aftdbuted to the warmer dricr climate of the Me
dieval Optimum (1000-1300, Henderson et al.
1989), r'hile other truthors repof cooling trends
associated with low sunspot activity u'hich are
synchronous with l ire periods (e.g. Agee 1993.
Henderson et al. 1989).
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Conclusions

From age frequency distributions, we have
shown that the populations of flirJa in the study
area were uneven aged but were not in demo-
graphic equilibrium. We conclude that single-tree
to stand-level disturbances were mlLnifest in the
age distributions. Considering the longevity of
ThuSr and the spatio-temporal scales at which wind,
flre and climate affect the fbrests within the Pa-
cific Nofthwest, it is improbable that Thuja wlll
arrive at demographic equilibrium within the study
area, even after long periods. Better knowledge

l clisturbance hi.tory lnd di\lurhrnce reAimes
within Brit ish Columbia's coastal forests are
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