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THESIS ABSTRACT

The Coastal forest of southwestern British Columbia is examined
at three levels of interpretation:_the Biogeoclimatic Subzone level,
the plot level, and the single tree level. These levels correspond to
the three major strata of the population: the geographic range, the
community, and the individual. The data base consists of 40 years ofl
observations on 730 Permanent Sample Plots describing over 70,000 trees.

The highest level of interpretation, the Biogeoclimatic Subzone
level, covers several thousand square kilometérs of extremely varied
topography and climate. The total study area is subdivided into five
main low elevation‘Biogeoclimatic Subzones. The age structure of each
subzone is analysed on an average span of 80 years and forest-type
succession dynamics is described. The very nature of forest succession
from one type to another, with a finite number of possible forest-types
over the time horizon, seems admirably suited for a finite-state Markov
process. However, the Markov models cannot fit gdequately the observa-
tions at the subzone level because transition probabilities are not
entirely time-homogeneous and because there is a wide range of communities
and origins of perturbation within a subzone.

The sample plot offers an intermediate level of interpretation and
is considered sufficiently homogeneous to represent larger units of
forest. The entire forest can be describedvby the agglomeration of fhe
fundamental units. The growth of a given species is likely to be

different in a pure forest than in a mixed one, and between different
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types of mixed forests. Tree species constitute the pool of biotic
variables with the highest biomass and are estimated to have a high
biotic impact on each other's growth.

Each Biogeoclimatic Subzone is divided into several plot-types
which represent fundamental units of forest composition.. The growth of
any given species shpws, indeed, significant variation from one plot-
type to another. The trends in succession at the plot type level coincide
closely with those observed at the Biogeoclimatic Subzone level. Thﬁs it
is hypothesized that succession at the subzone level is a consequence of
variation in species growth rate between plot:types, due to site condi-
tions and competition.

At the lowest stratum of the population, the growth,'mortality,_and
regeneration of a single tree are investigatedf The growth rate of a tree
is dependent on its past history, on the climatic and geographic compo-.
nents characterizing a Biogeoclimatic Subzone, and on the other trees
growing in its immediate neighborhood. These variables have a very
significant effect on whether a tree lives or dies in any time period.

The analysis.indicates that recentl? dead stems appear to have a history
of sub-standard growth when compared with the population. Moreover, the
immediate neighborhood of dead stems corresponds to a specific composition
and structure of the vegetation.

On the other hand, new stems show large interspecies differences in
their preference for forest composition and structure of their immediate
surroundings. The habitat composition and structure leading to the

mortality of a stem of one species may constitute a good habitat for the
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regeneration of a stem of another species. This is viewed as a mechanism
which gives rise to plot type succession, which in turn leads to forest-
type succession. The levels of the individual, of the community, and of
the geographic range display consistent population dynamics. Succession
appears to be explained by simple mechanisms involving competition for

light and space; it is not necessary to postulate more complex synergistic

or antagonistic mechanisms of species interaction.
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GENERAL INTRODUCTION

Succession appears to be a central concept in both animal and
plant ecology. In its broadest sense, succession can be defined as a
repeatable sequence 6f dominant species in an ecosystem. This concept
is, however, perceived with a different flavor -according to the scale
at which the ecosystem is observed. On a very small scale, large areas
of vegetation can appear to be rather homogeneous, while on a large
scale the heterogeneity of the communities and the variability among
individuals become obvious.

The problem is then to evaluate how perspectives about the forces
acting during secondary succession change with the level of interpretation.
The coastal forest of southwestern British Columbia is large enough to
offer observations from a very small to a very large scale. The general
hypothesis of this study is that, although the perception of succession
might be quite different at the scale of the Biogeoclimatic Subzone,
at the scale of the forest stand, and at the scale of the individual
tree, each level of interpretation must be consistent with the others.
Furthermore,; there must be some underlying mechanism responsible for
the population dynamics observed at each level.

The Biogeoclimatic Subzone level is stﬁdied in Chapter I, the
plot level, in Chapter II, and tﬁe individual tree level, in Chapter

ITL.
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CHAPTER 1

A Markov model
of forest-type succession after disturbance

in Coastal British Columbia.



ABSTRACT

Succession models were built for five Biogeoclimatic Subzones of
the coastal forest of British Columbia from a data bank of 730 plots.
Each plot was characterized by a forest-type every five years and prob-
abilities of moving from one type to another over the next five years
were calculated. The models tested the hypothesis that the future
state of the forest, given past and present states, is not fixed, but
is determined by a set of transition probabilities based only on the
present state of the forest.

P. menziesii stand-types showed a very slow decrease in the
Dry Douglas-fir Subzone to the advantage of T. plicata, this decrease

being faster in the wet subzone where T. heterophylla stand-types

succeeded after 100 years; this succession occurred after 50 years in
the Dry Western Hemlock Subzone. In the wet part of this subzone, T.

heterophylla stand-types always stayed prominent with minor succession

possibly occurring from P. sitchensis stand-types to A. amabilis. In
the Fog Subzone, T. plicata stand-types were more abundant soon after

disturbance, but T. heterophylla stand-types would progressively take

over.
The models did not adequately replicate the observations and failed

to produce realistic long-term predictions. Transition probabilities

~ were not entirely time-homogeneous and the models were too general in

relation to the diversity of communities, types . of disturbance, and

- patterns of invasion. Using this type of data, it is concluded that

forest succession is not a Markov process.



RESUME

On a construit des modéles de succession pour cing sous-zones
biogéoclimatiqﬁes de la forét cotidre de Colombie Britannique i partir
d'une banque de données de 730 placettes. Le type forestier de chaque
“placette a été déterminé i tous les cing ans et les probabilités de
transition d'un type 3 un autre durant les prochaines cing années ont
6té calculées. Les mod&les ont testé l'hypoth&se selon laquelle 1'état
futur de la forét, connaissant ses &tats passé et présent, n'est pas
figé, mais plutSt déterminé par un ensemble de probabilités de transition
basées seulement sur 1l'état actuel de la for®t.

Le type forestier P. menziesii a diminué trés lentement dans la
sous-zone sé&che du sapin de Douglas au profit de T. plicata et plus rapi-

dement dans la sous-zone humide ol le type T. heterophylla lui succéde

aprés 100 ans; cette méme succession se produit également dans la sous-
zone séche de la prdche de l'ouest aprés 50 ans. Dans la partie humide

de cette sous-zone, le type forestier T. heterophylla est demeuré pro-

éminent tandis qu'une succession mineure pouvait se produire du type P.
sitchensis au type A. amabilis. Dans la bande brumeuse de la zone, le
type T. plicata était le plus abondant immédiatement aprés perturbation

mais le type T. heterophylla pourrait lui succéder.

Les mod&les n'ont pas reproduit fid&lement les observations et
n'ont pu produire de prédictions réalistes & long terme. Les probabi-
1ités de transition ne furent pas rigoureusement constantes et les modéles
furent trop imprécis quant 4 la variété des communautés, des types de per-
turbation et d'invasion des esp&ces. On a conclu que la succession fo-

restiére n'est pas Markovienne, selon les observations analysées.



INTRODUCTION

There exists no pfecise theory to predict the response of disturbed
ecological systems. Yet very large ecosystems subjected to natural and
man-made disturbances are routinely exploited and a better understanding
of their biotic responses is required. The Pacific. Coastal Mesothermal
Forest (Krajina 1969) of British Columbia (Canada) has been exploited
for over a century and recently collated data permit the study of
succession after disturbance for a time range covering the forest rotation.

Raup (1967) pointed out that most forests have a constant history
of fires, disease, insect pests, and windfalls. Cooper (1913) showed how

Abies balsamea (L.) Mill. was preponderant soon after windfall and was

then out-competed by Betula papyrifera Marsh., althouéh this species never
became abundant due to low germination performance. Henry and Swan (1974)
reconstructed forest succession for 300 years and found that disturbance
was more important in creating compositional changes than was autogenic
succession. Morris (1963) and Holling et al. (1975) showed that'the
spruce budworm can cause up to 100% mortality in stands over hundreds of
hectares. Kilgore (1973) and Viereck (1973) found that wildfires were

a key factor in the generation of new successions and in the contrél of
species composition. Flaccus (1959) studied the revegetation and the
succession of species on 29 landslides in the White Mountains of New
Hampshire and showed the gradual replacement of pioneer species by
transitory species by age 70. Recently Horn (1976) has studied the

effect of different patterns of devastation on succession, Slatyer and

Connell (1976) have documented the patterns of colonization after
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perturbation, and Shugart et al. (1973) have looked at the feedback
effect of disturbance on pioneer species.

Man is the major biotic agent affecting the forest (Kimmins 1972).
Bartos (1973) has shown how fire and cutting cause the daspen (Populus
tremuloides Michx.) community to revert .to early successional stages.
Likens et al. (1970) have made a detailed study on the effects of clear-
cutting and herbicides on soil nutrient contents and cycling. They
showed that clearcutting can produce high nutrient losses from soils
before the rate of nutrient utilization by early successional species
reaches the rate of supply. Cole and Gessel (1968) and Gessel et al.
(1973) studied the impact of clearcutting and even-age management on
forest productivity and mineral cycling. They found a 54 to 60% increase
in the amount of water in the soil after clearcutting. There is abundant
literature on other examples of human disturbance to the forest.

Early stages of succession including mosses, liverworts, annuals
and short-lived perennials, shrubs and tree seedlings were studied by
Mueller-Dombois (1965), Kellman (1969), and Dyrness (1973). The present
daté set did not provide observations on understory vegetation and its
inclusion in the models was not possible. In his study covering all
vegetation strata, Kellman. (1969) found that no prediction could be
made as to floristic organization at different stages of succession
because of the highly stochastic prdcess of propagule dispersal in minor
vegetation. For the purpose of predicting later stages of forest suc-
cession, it appears to be safer to wait until after the apparently hap-
hazard stage of early competition among minor vegetation and tree

saplings.
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The purpose of this paper is to provide a synthesis of the succes-
sion dynamics of the coastal forest of southwestern British Columbia
after disturbance, at the scale of the Biogeoclimatic Subzone. As a
first approach a small-scale analysis is judged necessary to encompass
the general behaviour of this large ecosystem (1.3 x 105 km?2). The time
horizon (the period of time over which modelling is applied) required to
perceive the dynamics of the system must be kept rather short, by neces-
sity, since the cutting rotation is assumed to be sixty to eighty years.
Under these conditions, an adequate_model of succession should be general,
synthetic and dynamic; general, due to the size and variability of the
study area and because details are useless at this level of interpretation;
Synthetic, because integration over several levels of response is neces-
sary; dynamic, because growth processes of a community generate constant
changes in environmental conditions and because forecasting techniques

rely on an orderly flow of events from one time period to the next.

DATA SAMPLING

The data base

The data for this study were collected by MacMillan Bloedel Limited,
Forestry Division, on their Tree Farms and Tree Farm Licences in coastal
British Columbia. Some of the oldest plots were established by Powell
River Company and by the British Columbia Forest Service. The plots are
part of the Company's Permanent Sample Plot and Spacing Assessment Plot

programs. They are located mainly in the Powell River region, on a few
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islands of the Johnstone Strait, and at many locations oﬁ Vancouver Island
and on the Queen Charlotte Islands. The plots are grbuped in clusters of
variable -size in the different Biogeoclimatic Zones (Packee 1974). The
position of the clusters on Vancouver Island and the adjacent mainland,

and on the Queen Charlotte Islands are shown (Figures 1 and 2).

Study area

The study area is classified into four Biogeoclimatic Zones: Coastal
Douglas-fir, Coastal Western Hemlock, Subalpine Mountain Hemlock, and
Alpine. The study plots are restricted to the first.two zoneé, the lower
elevation zones (<1000m.), each of which is further divided into a dry
‘and a wet subzone (Krajina 1965, 1969; Packee 1974, 1976). Packee (1974)
also recognizes a Fog Western Hemlock / Sitka Spruce Subzone at low
elevation along the west coast of Vancouver .Island and on the Queen
Charlotte Islands, within the Western Hemlock Zone. The main climatic
parameters forming the basis for classification of these five subzones
are listed in Table 1. The distribution of major tree species in each sub-

zone appears in Figure 3.

Description of the data

The Forestry Division of MacMillan Bloedel Limited has established
the Permanent Sample Plot program as a comblement to its inveﬁtdry system
to assess timber production, forest rotation, and annual allowable cut,
and the Spacing Assessment Plot pfogram as a tool for experimenting with
stocking, thinning, fertilization, and planting. The plots are rect-
angular or sqﬁare, and vary from 0.04 to 0.8 hectares in area. They are

grouped in clusters of 2 to 10 plots, in several management blocks in



FIGURE 1

Lccation of the sample plcts cf Vancouver Island
and the adjacent islands and mainland. The Bio-
gezoclimatic Subzones after Fackee (1974) are
indicated by the wmap texture, The size of %the
cluster marker indicates the aprreximate number
c¢cf fplots per cluster, The subzones without any
sample rlots have not been included.
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FIGUKE 2

Lccation of the sample plcts on the Quesan
Charlotte 1Islands. The Biogecoclimatic Suktzcnes
after Pack=e (personnal cc¢mmunication) are indi-
cated by the map texture, Thas size of the
cluster marker indicates the approximate number
of plots per cluster, The subzonas without any
samrle plots have nct been included.

The dinsert =shcws the relative pesition of Van-
couvsr Island and the Queen Charlctte Islands.



54°

- .
. . -
- . . .
ce'vee Nee. .
e = » .
o * 1. s
v % T e e .-.‘
S, e . . o
.. .« e ] .
e, . .
. L Y .
. . * e
P BCR
" e
" ol®
A o) *° .
. .

o -GRAHAM. "+
1SLAND - <" .

53°

WET WESTERN HEMLOCK

5 2 o)

FOG WESTERN HEMLOCK

l34°' 133° 132° 131° 130° _ i29° W.



12

r

Bt - s L}
 BICGECCLIMATIC | Coastal | Coastal B
| ZONE 1 Douglas-fir | Western Hemlock |
- -t -—+ ————— + - 1
JEIOGECCLIMATIC | 1 . | } | | -

- SUEZONE | Dry i Ket | Dry | F&et { Fog |
- - + -t ————— o ————— 1
] PRECIPITATION | | ] | | |
| (cm) | | : | | | |
| . - t | | [ |
{ Annual Total | 66-102 | 102-15Z | 16E5-280 | 280-665 ' <165 |
| Moist, Deficit!} 13.4 | 9.3 { 6.2 | 2.7 1] O.4 }
l ’ I ———d ——t————— 4 . e
} DRIEST MCNTH | 1.5-4.8 { 3-16. 5 |
| WETTEST MONTH | 12.7-26.4 | 28-117 {
j ANNUAL SNCWFALL] 25-107 | 13-750 |
| SNOW IN % GCF | 4-10 } 1-38 {
| ANN. PREC, . i | |
g : e e +— - —— |
} climate |CSB (+DRIEST CFB) | CFB (+MILDEST DFB) }
| {KOPPEN) 2 | | : |
3 - S ——+ e :
} *temperature |} | |
| (°C) | 1 |
}] MEAN ANNUAL } 9-11 { 5-9 {
| ANNUAL RANGE | 12-18 | 9-21 1
| (MEAN MONTHLY) | | |
| MEAN JANUARY | 1-4 i -4 10 5 }
§ MEAN JULY | 1€-19 | 13-18 {
{ NUMBER CF | | |
| FROST-FREE DAYS| 150-250 | 120-250 |
p— + —————— —+ - - ~t=—————q
| elevaticn | | i }
I (M) _ I | : ! -

- WINDWARD } 0-150 { ¢-900 { 0-150 1
i LEEWARD ] 0-450 ] 450-1050 ] - |
L A e O -4 -3

TABLE 1
The main climatic parameters which are used +tc
classify the Biog=2oclimatic Zcnes (Krajina 19€5,
1969, Fackee 1S74).  The Fog Westarn Hemlock /
Sitka Sgruce sukzone 1is after FPackee (1974) .
Kncwledge of the climax spaciess is also ne=ded
to correctly assess the zone and the subzcne,
! Mean Annual Moisture Deficit with 200 mm of scil water storage

capacity
2 Koppen

{Packee 1576) .

‘s classification can be found in Strahler (1969).



13

DRY
DOUGLAS-FIR
" Subzone

WET
DOUGLAS-FIR
Subzone

DRY ' »
WESTERN HEMLOCK 0 -
Subzone '

]

o .
WET
WESTERN HEMLOCK 0
Subzone -

0-

FOG _
WESTERN HEMLOCK 0-4 ¢
Subzone B

' .0

Th Pm Tp Ps Ag Ar Pc

FIGURE 3

Frequency distribution of the seven most abundant
tree species in each Biogeoélimatic Subzone based
on immature plot data. The subset of unthinned
plots only was used in the computation. Species
marked in a dashed line have a frequency of less
than 0.01. Th: T. heterophylla, Pm: P. menziesii,
dp: T. plicata, Ps: P. sitchensis, Ag: A. grandis,
Aa: A. amabilis, Ar: A. rubra, Pc: P. contorta.
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- each Biogeoclimatic Subzone (except in the Alpine and Subalpine Zones).

The total forest area managed by the Company is approximately 1.4 x 108
hectares. The program was startéd during the 1930's, and oldest plots
have yielded observations over a period of more than 40 years. Plots
are remeasured at five-year intervals. An initial pool of 730 natural
regeneration plots, with over 70,000 trees, was available for this study.
1) Tree parameters

The following variables are taken or measured for each tree at least
4 cm in DBH (Diameter at Breast Height, 1.4 m from ground level): tree
number, species name, DBH, stem and butt characteristics, tree defects,
- crown class, and pathological factors. Breast height is marked on the
tree and DBH is measured with a diameter tape to the nearest 0.25 cm. In
addition, the age and the height.are measured on enough trees to assess
the plot age and height. These trees are chosen randomly in each of the
canopy strata: dominant, cd—dominant, intermediate, and suppressed.
2) Plot parameters |

The slope angle, slope aspect, position on slope, and plot area are
determined. The following are calculated from the tree data: forest-type,

plot cover, site height, site age, site index (for Pseudotsugd menziesii

(Mirb.) Francol!, and Tsuga heterophylla (Raf.) Sarg.). The Biogeoclimatic

Zone is assessed, based on the climax species and plot location. For
each tree species, the number of stems and basal area are calculated on

a per plot and per hectare basis, for each DBH class. -Between measurements

! English species names are given in Appendix A.
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population parameters such as ingrowth (realized regeneration), mortality,
and thinning are calculated on a five year -basis. All changes in tree
size and basal area, and the rates of change are also computed. The dis-

tribution of sample plots is shown in Table 2.

Assessment of the data

Since large bodies of data similar to this one are increasingly
available, it is important to carefully assess their merits and 1i-
mitations for ecological studies.. The main advantages of this data
assemblage are:

1. The availability of a data set rich with the expertise of
several thousand man-days is invaluable to the ecologist.

It allows him to focus on theoretical ideas and on ana-

lytical aspects rather than on time-consuming data

acquisition.

2.  The large sample size, the long range of observations and
the uniformity in the field procedures assure a high level
of statistical reliability for most parameters.

3. The geographic area sampled is on a Biogeoclimatic Region
level - the Pacific Coastal Mesothermal Forest (Krajina
1969). This allows elaboration of generalifies pertinent
to the whole region, and also concentration on between-
zone variation.

4. The data were obtained from MacMillan Bloedel Limited
in a form prepared for computer analysis, already

verified and edited.



r - T T T b Zanbmbahadach et - _—=TT h
J BICGECCLIMATIC | Ccastal | Coastal | |
i ZONE | Douglas-fir | Western Hamlock ! {
t +- =+ + —---% t fm——— : |
| BICGECCLIMATIC | | | | | i |
| SUBZCONE | Dry | wet | Ity | Wet | Fog {TCTAL}
b t——— + - t -—+ + 1 -
|% Total Areal ! 5.5 . 9.0 | 13.0 | 40,0 } 2.2 168.72}
b————————————— tom B - + -4 ———1 -—4
}- ALL PLCTS | | ! | | { |
| ~ - 1 _ | - | S ]
| Number of Plots { 100 | 198 | 157 285 |+ 23 I 730 |
I % cf Tctal i 14 | 27 | 21 | 35 | 3 ! 100 |
| ! | | | | | |
} Sampling Period }1955-71]1946-7311935-7211632-72{1967-72% -~ |
| Sampling-Range | 16 1 27 i 37 | 40 | 5 Po-
Il (years) 1 I | | | { {
2 - + + -———=% - = t———
 UNTHINNED FLOTS | | | i | | -}
| | 1 | ! | | o
| Number of Plcts | 71 | 167 '} 142 { 248 | 19 ] 647 |
| % cf Total | 11 { 26 | 22 | 38 | 3 i 100 |
i ] | : | 1 | | -
| Number of trees | 4070 | 12964 | 1007€¢ | 21774 { 1154 |50038]
i | | - | | i |
| Average | { | ! | | |
jnumber of trees 1 57 |77 1 70 | 87 | - 60 | - 1
{ per plct i l ! ! ! | |
| ! | | | | | I
L - A 5 I, A A hR —_—— AL . |
TABLE 2

Distribution of the sample plcts per Biogeocli-

matic Subzone, The complete sample consists of

730 plots, scme of which have been thinned for

experimental ©purposes. Some analyses use the

complate sample, and others usz ths subsample cf

€47 unthinned rlcts.
1 pAfter Fackse (1976). :
2 The Mountain Hemlock, Alpine, and Urbane Biogeoclimatic Zones

cover the remaini

ng 30.3% ar=a.
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)

There are however some noteworthy limitations in using inventory-
type data for ecological analysis:

1. Some parameters such as height and age are not systematically
measured for each tree, but only for a random subset of the
plot. As a consequence, species with a‘low frequency are
sometimes not measured and a significant age variation in
this>case bould suggest artificial patterns of éuccessionf

2. Environmental variables (micro-climate, pedology, fauna,
etc.) are usually lacking from inventory sampling, and
their absence makes it impossible to relate the forest
structure to environmental variation between plots. (This
kind of information is, however, being incorporated progres-
sively into the sampling procedures of MacMillan Bloedel
Limited.)

3. Uﬁderstory flora is not recorded. This seems to be the most
sérious lack in the data set since it is widely recognized
.that understory vegetation is a better indicator of site

potential than early seral tree composition.

METHODS

The analysis of succession

Various. studies on succession in relation to disturbance were men-
tioned earlier. Several other studies on forest succession are published
and some authors have reviewed the matter. Harbo (1972), in his thesis,

reviewed at length the pre-1970 work on succession. Shugart et al. (1973)



18

used a set of differential equations based on stand dynamics to model
large forest areas. Their approach takes advantage of the concept of
rate of change and gives some insight into management. Vitousek and
Reiners (1975) analysed the nutrient retention towards climax in re-
lation to the importance of each nutrient-to plant growth. They de-
veloped and refined the concept of biomass accumulation (Rodin and
Bazilevitch 1967; Odum 1969) and they discussed other nutrient cycling
studies. Whittaker (1953, 1957, 1970), Odum (1969, 1971), and Drury and
Nisbet (1971, 1973) have discussed successional patterns quite throughly.
Four elements are essential to a complete definition of succession.
(1) Succession is a property-of a system. None of the elements of the
system considered separately can give a valid picture of succession. (2)
Succession consists of a change in the net rate of increase of species.
As Horn (1974) pointed out, this is the condition without which one could
not perceive succession. (3) The controls over succession are either
extrinsic to the system: fire, flooding, climatic changes etc., or in-
trinsic: competition, predation etc. Finally, (4) there is a certain
convergence of the system towafds a relatively steady state, the so-called
climax, where species composition seems to change over a much longer time

scale than in earlier stages of succession.

The Markov»approach'tp sucqession

From the essential characteristics of succession emerges the general
concept of transition of the forest from one 'state' to another. Two
conditions bound the choice of states: their number must be finite and

they must describe the conditions of the forest at any time. For the
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study of large regions, Shugart et al. (1973) used a finite number of
cover-states or forest-types. Waggoner and Stephens (1970) and Stephens
and Waggoner (1970) classified the forest into five types "according to
which of the five classes had the most stems on the tract". Once the
forest-types are identified, repeated observations at regular time in-
tervals on several sampling plots show transitions from one type to
another during the course of succession.

MacArthur (1958, 1961) suggested that succession could be viewed
as a plant-by-plant replacement process amenable to the Markovian approach.
This approach views state transitions as a probabilistic phenomenon,
where the future of any site is not fixed, but is determined by a set of
probabilities of moving to another state over time. Anderson (1966),
Olson and Cristofolini (1966), and Horn (1974, 1975a, 1975b, 1976) have
all used this method in their studies of succession. -Recently Horn (1975b)
and Noble énd'Slatyer (1976) have reviewed .this approach for plant suc-
cession. Mathematical treatments of the Markov process are found in
Bharucha-Reid (1960), Kemeny and Snell (1960), and Hillier and Lieberman
“(1967).

As Waggoner and Steﬁhens (1970) point out, sets of extensive obser-
vations in time and space necessary for the verification of the transition
probabilities are rare. However the data for this study seem suitable
for the task. Due to the absence of data on understory flora, a forest-
type classification was used and each plot was characterized on the
basis of the tree species with the largest number of stems and, alter-.

natively, with the largest basal area. This was done for each measurement
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on a five-year interval basis and the stand-type ( a stand of a given
forest-type) frequencies were plotted across stand age, for each
Biogeoclimatic Subzone in tefms of stems and basal area.

The sampling period varies for each Biogeoclimatic Subzone and
the maximum is 40 years (Table 2). Since young and old stands were
sampled, data were plotted across stand age to show variations in stand-
type frequency as- a function of stand age rather than as a function of
an arbitrary time -scale such as calendar year. This permits the re-

- construction of a long-lived ecosystem from observations of plots of
different age measured over the same period of time.

However, this approach has one implication that complicates the
extraction of transitions from the data. Consider two.adjacent forest
stands 25 and 70 years of age resbectiVely, observed at five-year inter-
vals for 40 years. If a transition is observed within any of the two
stands, this is recorded. Additionnally the last observation of the
yoUngeStIStand, taken at age 65, can be merged with the first obser-
vation of the oldest stand, taken at 70, .as an implied transition.’
Historically, most work on forest succession in North America is based
on implied transitions (Drury and Nisbet 1973). Ecologists have
measured forests of different ages and have assumed that the oldest ones
represented the state towards which the ydung forests were progressing.
This approach has been proven adequate in ol&er forests of'Euroﬁe and
in short-lived ecosystems.

When hundreds of stands of different ages are pooled together, the
total age 'span -is increased, but imflied transitions cannot be determined.

Therefore, some transitions are bound to be missing from a transition
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matrix generated from the observed transitions alone. - However, prior
biological knowledge of the system and published work can contribute

to produce prior estimates of the transitions. A subset of the observed
transitions can then be used to modify the .prior estimates through the
use of Bayes' rule (see Thompson and Vertinsky 1975) and to yield the
final transition probability matrix. If E is the prior estimates matrix,
and O the observed matrix, the function f such that f [E,Cﬂ = T, the
‘final transition matrix, is simply: f [E,O] = (E(i,3j) - 0(i,j3)) /

(E total(i) - O total (i)) for all i's and j's, where i and j represent
rows and columns respectively. The same weight is given to the observa-
tions and to the estimates by setting each column total of the estimates
equal to the column total of the observations. Therefore, this simply
makes the transition matrices a little more likely to succeed in
modelling the data. Figure 4 gives an -example of the calculation for
the transitions in stems in the Dry Western Hemlock Subzone. Matrices
are documented in Appendix B.

From the ecological viewpoint, the meaning of a transition pro-
bability matrix is as follows. All observations of a given forest-type,
the P. menziesii type for instance, represent plots which may belong to
different communities on the basis of their understory vegetation, and
which may have different origins depending on the source of perturbation.
Some of these plots may have the potential to remain the P. menziesii

type, while others might progressively become the Thuja plicata Donn

or the T. heterophylla type for instance. Therefore, all the possibi-

lities are implicit within the transition matrix and the observed and

assumed_possibilities are included in the matrix in terms of probabilities.
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Transition prokability matrix evaluation.

The

estimated matrix (E) is modified by the observed
pro-
The
transitions are expressed from the column stand-
tine
t+1. Probabilities have been multiplied by 1,000
for presentaticon in the table. The column stand-

matrix (0) to produce the final transition

bability matrix (T) wusing Bayes' rule.

type at time t, to the row stand-type at

types are the same as the row stand-types.

0 MATRIX | E MATRIX
Observations Estimates
P. menziesii 100 1 0 0 0 98 1 0 0 0
A. rubra , 0 5 0 0 0 0 5 0 0 0
T. heterophylla 4 0 129 0 0 6 0 129 1 0
" T. plicata 2 0 3 2 0 2 0 3 1 0
A. grandis 0 0 0 0 3 0 0 o0 3
TOTAL 106 6 132 2 3 106 6 132 2 3
T MATRIX
~Transitions
P. merziesii 533 167 0 0 0
A. rubra 0 833 ¢ 0 0
T. heterophylla 48 0 977 200 0
T. plicata 19 0 23 800 0
A. grandis 0 0 0 0 1000
TOTAL .1000 1000 1000 1000 1000
FIGURE 4
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This makes the Markov process very powerful and very general.

Once the transition probability matrix of a system is determined,
the Markov process allows the compufation of the steady-state of the
system, if it exists. In other words, if forest succession is to reach
a state of climax where there is virtually no change in forest-types
over a long period of time, this staté can be predicted. This assumes,

of course, that the system is truly Markovian.

The underlying assumptions to the Markov process

The coastal forest succession could be'treated as a finite state
Markbv process if it shows the following four properties (Hillier and
Lieberman 1967)

(1) The system can take only a finite number of states. Clas-
sifying each sample .plot into forest-types gives a theoretical maximum
number of 24 states over the entire study area. A maximum of eight
forest-types were found in any Biogeoclimatic Subzone.

(2) - The transition probabilities of the system must be the same
for each time interval, i.e. they must be time-homogenous. This was
‘tested by comparing the probability matrices from five-year period to
five-year period for the time»horizon considered in each Biogeoclimatic
Subzone. The number of five-year time periods is 8 for the Dry Douglas-
fir Subzone, 16 for the Wet Douglas-fir Subzone, 18 for the Dry Western
Hemlock Subzone, 15 for the Wet Western Hemlock Subzone, and 5 for the
Fog Western Hemlock Subzone. An adapfed chi-square statistic for Markov
matrices (Billingsley 1961) was used to test the similarity of the

transitions for all the time periods, for each subzone, in terms of stems
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and basal area. The expected matrix was computed from a weighted
average of the complete sample. Twé matrices out of 16 in the Wet
Douglas-fir Subzone were significantly different (p = 0.01) from the
expected matrix, 2 out of 18 in the Dry Western Hemlock Subzone, 1 out.
of 15 in the Wet Western Hemlock Subzone, and none in the two remaining
subzones. So time-homogeneity is not rigourous in 3 subzones out of 5,
although the departures from homogeneity are small.

(3)‘ The system must have the Markovian property. A system is
said to have the Markovian property if the conditional probability of
any future state, given any past and present state, depends only on the
présent state of the system. This is an hypothesis that will be tested.
If a model based on the Markov process fits the observations well, it
suggests that the system might\be Markovian; if the model does not fit
the observations, it is very likely that the system is simply not Mar-
kovian.

(4) A set of initial probabilities for all states must exist. The
probabilities of the forest to be in any state is theoretically unknown
at the origin of the observations. However the frequency distribution
can be taken as representative of the probabilities. Table 3 gives the
initial frequencies of each stand-type for all the Biogeoclimatic Sub-

zones.

RESULTS AND DISCUSSION

The Markov simulation

- Simulation runs were made from the transition matrices and the
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25

WESTERN HEMLOCK

basal area.

Dry Wet Dry Wet  Fog
STEMS .
Pseudoifsuga menziesii 92 78 65 0 -0
Tsuga hetercphylla 0 -8 26 67 33
Thuja plicata 0 9 0 8 67
Alnus rubra 4 5 9 4 0
Picea sitchensis 0 0 c 21 0
Pinus centorta 4 0 0 0 0
Abies grandis 0 0 0 0 0
Abiss amabilis 0 0 0 0 0
TCTAL 100 1C0 100 100 100
BASAL AREA
Pseudotsuga menziesii 92 77 68 0 0
Tsuga heterophylla 0 18 28 75 33
Thuja plicata 0 ‘A 0 0 67
Alnus rubra 4 5 L 0 0
Ficea stichansis 0 0 0 25 0
Pinus ccntorta 4 0 0 0 0
Abies grandis 0 0 0 0 0
Abiegs apabilis 0 0 0 0 0
TCTAL 100 100 100 100 100
TABLE 3
Initial stand-typs frequencies fcr each Biogeo-
climatic Subzone in percentage., The stand-type
is defined as the spezcies with the absclute ma-
ximum number of stems or absclute . maximum
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results compared with the observations. The Markovian nature of the
simulation has two important features. First, the whole system of stand-
types is simulated simultaneously and the rate of change of frequency in
each stand-type is dependent on all other stand-type. behaviour. Secondly,
the frequencies change asymptotically to a steady-state. The Markovian
process emphasises the interrelationships between species rather than
their frequency distribution. Figure 5 (A to J) shows the simulated
frequency curves and the observed data points in number of stems and in
basal area alternatively for each subzone. A two-tailed Kolmogorov-
Smirnov statistic (K-S test) was used to test the goodness of fit between
observations and predictions. Most frequency curves were found to fit
the data well (p = 0.05), with some exceptions that will be discussed for

each subzone.

Dry Douglas-fir Subzone

Although some observations fall off the predicted curve of P. men-
ziesii, none of the curves are rejected by the K-S test. The probability
of P. menziesii stems dominating the stand is.very high in young stands
(0.92) and declines slowly with stand age to reach 0.61 at age 75 (Figure-

S5 A). Alnus rubra Bong. and Pinus contorta Dougl. each have a probability

of 0.04 in young stands and A. gggzgidecreases to 0.02 while P. contorta
increases to 0.16 by age 75. T. plicata does not dominate any stand at
early stages but increases progressively to 0.21 by ége 75.

There are two major differences in this pattern when the proba-
bilities are calculated in terms of dominance by basal area (Figﬁre 5 B)
ratﬁer than by number of stems. The probability for P. menziesii does

not decrease as fast: 0.92 at age 35 and 0.72 at age 75. This means
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FIGURE 5

The results
alternatively in number of stems
tasal area for each sukzone:

Markovian simulation of succession,
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that there are 11% more P. menziesii stand-types that dominate in terms
of basal area than in terms of stems at age 75. At this stand age,

T. plicata shows, to the contrary, a lower stand-type frequency in terms
of basal area (0.09) than in number of stems (0.21). Therefore, even
though T. plicata is increasing its number of stems due to its ability
to regenerate in the shade, P. menziesii displays a.better basal area
growth rate per stem. A. rubra shows the same kind of behaviour in both
units of measurement; its frequency of dominance is 0.04 at age 35 and
0.02 at age 75. Packee (personal communication) believes that A. rubra
can dominate more commonly on certain sites, and he argues that lack of
sufficient sampling on those sites might.explain the low observed fre-
quencies. No other tree species‘in this subzone have been found able to
dominate the stands either in number of stems or basal area.

Krajina (1969) points out that P. menziesii is shade tolerant in
this subzone; except on hygric edatopes. As the subzone in general is
xeric to mesic, it leaves little room for hygric species to dominate
the wettest sites, and this is the role that T. plicata plays. Its
increase in frequencvaith stand age might be attributed to its ability
to reproduce in the shade on both wet and dry sites. Packee (1976)
reports that T. plicata is commonly found on relatively dry sites, often

in association with Arbutus menziesii Pursh, but only in the Dry Douglas-

fir Subzone. P. contorta has a chance to dominate on the most xeric sites

and Krajina (1969) mentions that it would be overtaken by shade tolerant
T. plicata at about 50 years in terms of stems. Packee (1974) classifies
P. menziesii and T. plicata as major climax species, A. rubra as a minor

seral species, and P. contorta as a major seral species. The results of
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the model seem to contradict his classification of P. menziesii. Al-
though this species is dominant in more than 90% of the stands after
disturbance, the proportion of P. menziesii stand-types decreases
steadily thereafter. P. menziesii‘should be classified, on this basis,
as a piloneer.

Long-term projections based on the model show T. plicata and P.
contorta to become climax species (Table 4). This is likely to cast
serious doubts on the validity of the model. ‘Indeed, it is argued that
the decrease of P. menziesii, and the consequential increase of T. plicata
and P. contorta, is an artefact generated by a higher species diversity
in the oldest plots (above 55 years in the Douglas-fir Zone) originating
mainly from natural disturbances: wind, fire, insects, disease (Packee,
personal communication). The youngef plots are nearly pure P. menziesii.
Therefore, the model is based on biased data and cannot be used for pre-
dictions of the steady state. 1In the light:of this bias, Pakee's (1974)
classification mentioned earlier appears to be exact. Packee also

mentions that Abies grandis (Dougl.) Lindl. can be a major climax species

on suitable soils, but this species did not dominate any of the stands.
The lack of A. grandis plots in this data set might be due to the past
sampling procedures of the Company, which did not focus on this species

(Packee, personal communication).

Wet Douglas-fir Subzone
Three species curves failed the K-S test of fit in this subzone:

P. menziesii, T. plicata, and Acer macrophyllum Pursh. The latter did

not -fit well because it usually does not constitute a forest-type-in this

area (with two exceptions in the original data), and was not included in
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COUGLAS-FIR WESTERN HEMLCCK

Dry Wet Dry Wet Fo

g

EXFECTED TIME: : 400 430 400 1000 10
Pseudotsuga menziesii 2 30 0 0
Tsuga hetercphylla 0 35 90 33. 10
Thuja plicata 58 22 10 0
Alnus rubra 0 0 0 0
Picea sitchensis 0 0 0 0
Einus ccnteorta 40 0 0 0
Abies grandis _ 0 13 0 0
Abies amabilis ) 0 0 0 67

o

QOOOOOOO

TABLE 4

Expected time c¢f theoretical steady-state and
probability distribution of stand-types for each
subzone at time o©f steady-state in terms of
stems,
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the graphs. Here P. menziesii dominates clearly and decreases steadily
with stand age from a probability of 0.78 at 20 years to 0.34 at 100

years (Figure 5.C). Again, the decrease is smaller in'basal area (Figure

5D). T. heterophylla has a probability of 0.08 at age 20, and slightly
overtakes P. menziesii at age 100 with a level of 0.38. However P.

menziesii is still well ahead of T. heterophylla in basal area. Krajina

(1969) stresses that P. menziesii achieves a higher forest production

here than in the dry subzone while T. heterophylla grows rather poorly.

The discrepancy between the predictions and the observations for P. men-
ziesii, between age 45 and 75 (Figures 5 C and D), has a twofold expla-
nation.” The oldest plots were first measured in the 1930's and were
located as a function of road accessibility, i.e. in valley bottoms, where
higher;moisture content favored T. plicata over P. menziesii. Thus the
observations show an abrupt decline for P. menziesii after about age 70.
This is compounded by the bias mentioned earlier whereby the higher
species diversity of the oldest plots produces an artificial decrease of
P. menziesii at older ages. The Markov model reflects this decrease ‘by
converging asymptotically towards a steady-state, starting from a high
frequency at early stand age. This results in a smooth and steady decline
corresponding closely to the observations in the early and late stages,
but departing greatly in the middle stages.

T. plicata increases its dominance in stems with stand age and even
at a faster rate in basal area. This suggests a better moisture availa-

bility and a higher soil nutrient content than in the dry subzone, and

a better uptake by T. plicata than by T. heterophylla. According to
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Krajina (1969), T. plicata needs richer soils than T. heterophylla, and

the oligotrophic edatopes required for T. heterophylla are very rare in

this subzone. Packee (1976) attributes the lower frequency of T. plicata
to moisture deficit. The simulation failed to replicate-the three peaks
observed at age 80, 85, and 90 -on the graph in stems for T. plicata. It

is noteworthy that Picea sitchensis (Bong.) Carr. never appears to domi-

nate in stems in any stand, yet its basal area dominance increases stea-
dily with time, seemingly taking advantage of the moisture. The absence
of dominance in the stem model agrees with Krajina's (1969) remark that
P. sitchensis is very rare'in this subzone. Its presence in the basal
area model agrees on the other hand with Phelps' (1973) contention that
P. sitchensis may dominate on .sites where the soils are well drained,
fairly rich in nutrients, and continuously moist. As far as number of
stems goes, Packee (1974) does not mention P. sitchensis either as a seral
or as a climax species. A. grandis increases its frequency of stem do-
minance from nil at age 20 to 0.08 by age 100, but has no chance to
dominate in basal area in this area, within the studied time horizon.
Krajina (1969) showed that eutrophic conditions are necessary for A. gran-
dis to attain a good growth, while Packee (1976) argues that soil moisture
‘is a more important factor. As in the dry subzone, A. rubra may dominate
in few young stands, but not in older 6nes.

Packee's (1974) classification for this subzone is: P. menziesii
and T. plicata are major climax species, A. grandis is an edaphic major

climax species, T. heterophylla is a minor climax species, and A. rubra

is a major seral species. The results agree qualitatively with that,
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with the exception of T. heterophylla which tends to become a major climax

species on moist sites of older stands. Kellman (1969), working in an
area mid-way between the Wet Douglas-fir Subzone and the Dry Western
Hemlock Subzone, found species frequency similar to these at age 13, 42,

and 100, with an expected T. plicata - T. heterophylla climax. However,

due to the bias in the data, it is likely that P. menziesii does not
decrease as much as shéwn here, and consequently T. plicata and T. hete-
rophxllaA would both have a lower frequency at higher ages; this makes
the use of the model for extrapolation unsafe. The theoretical steady-
state in stems would be reached in this subzone at about 430 years of age
(see Table 4), if the forest were truly Markovian.

Dry Western Hemlock Subzone.

No curve was rejected by the K-S test in this subzone, although the

curves for P. menziesii and T. heterophylla do not visually seem to fit

the obsérvations: the test is not very robust. There is a remarkable shift
from a high frequency (0.66) of P. menziesii and low frequency of T. hete-

rophxlla (0.26) at age 20 to 0.22 for P. menziesii and 0.68 for T. hetero-
phylla at age 10 (Figure 5 E). This shift also occurs in basal area, al-

though much more slowly (Figure 5 F). -Discrepancies between observations

and predictions of frequencies of T. heterophylla and P. menziesii are
likely caused by an oversampling in the valley bottoms, 30 and 40 years
ago, because of better road accessibility (Packee, personal communication).

Valley moisture overemphasized frequency of T. heterophylla plots over

“P. menziesii plots. Since plots were not sampled before 20 years of age

T. heterophylla plots now 50 years or older are overrepresented in the

observations. This might slightly.exaggerate the upward trend of
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T. heterophylla in the older ages, although there is no doubt that T.

heterophylla is taking over P. menziesii in terms of stems. Again

A. rubra may dominate young stands only, and T. plicata more frequently
dominates older stands, with a maximum probability of 0.10. Here

P. menziesii can be a major climax species, but edaphically controlled
(Packee 1974), or else a major seral species; T. plicata is a major
climax species, and A. rubra is again a major seral species.

Graphs show T. heterophylla to become a major climax species, and

this agrees with Packee's contention, although present results give more

information concerning the definite succession to T. heterophylla. There

is a threefold explanation for this shift. (1) The fact that P. menzie-
sii is edaphically controlled and is competitively superior on xeric
sites favors its appearance just after disturbance. (2) The seedlings

of T. heterophylla are sensitive to heat and their establishment succeeds

better in the shade of P. menziesii. Thereafter T. heterophylla is able

to continue regenerating in the shade. (3) Unless there are frequent
openings in the canopy, the seedling survival of P. menziesii is
threatened. Krajina (1969) describes P. menziesii as a definite pioneer

species in the subzone, and T. heterophylla as a climatic climax species.

There were two isolated observations of A. grandis that were not possible
to simulate and were deleted from the graphs. It is expected that the
Markovian steady-state will not appear before 400 years, with probability

distribution of 0.90 for T. heterophylla and 0.10 for T. plicata (see

Table 4). For the same reasons as above, long térm extrapolations are

certainly unsafe.
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West Western Hemlock Subzone

All curves in this subzone fit the observations according to the
K-S test. This subzone exhibits very slow changes and no significant
differences between the evaluations in numbex of stems and basal area

(Figure 5 G and H). The dominance of T. heterophylla is practically

constant within the time horizon at a frequency of about 0.7 while

Abies amabilis (Dougl.) Forbes succeeds to an early dominance of

P. sitchensis in about 0.20 of the stands. T. plicata may dominate in-
frequently (0.08) in early ages, but is soon succeeded by A. amabilis.
No stand dominated by P. menziesii was found here and Krajina (1969)

points out that P. menziesii is indeed strongly outcompeted by T. hete-

rophylla, T. plicata, and A. amabilis. He also stresses that the climax

T. heterophylla has its best production here. The frequency of stands

dominated by A. amabilis is very low in younger stands. Krajina (1969)
states that it is shade requiring in mesic and drier edatopes. Macbean
(1941, in Packee 1976) points out that its regeneration is very poor in
stands following clearcutting, which is the case in the younger plots.

P. sitchensis might be outcompeted by A. amabilis since the former is
shade intolerant in dense stands (Krajina-1969), although it will persist
on fluvial bottomlands where its growth is best (Packee 1976).

Packee (1974) assigns species as follows: T. heterophylla, A. ama-

bilis, and T. plicata are major climax species, A. rubra is a major seral
species, and P. sitchensis an edaphic minor seral species. Since the
changes in frequency distribution are so §low, it would theoretically take

a very long time (about 1000 years, see Table 4) to reach a steady-state.
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Fog Western Hemlock Subzone

T. plicata and T. heterophylla share. the dominance of the young

stands with a probability of 0.67 and 0.33 respectively in number of
stems and also in basal area (Figure 5 I and J). Very soon T. hetero-
phylla succeeds in all the stands, and dominates everywhere. But this
subzone has the smallest number of plots (see Table 2) and the shortest

period of observations, and the data do not represent well the exact

situation. Packee (1974) assigns T. plicata and T. heterophylla as
major climax species; the results agree with his classification of T.

heterophylla, but show T. Qlicata to be a pioneer. He also assigns A.

amabilis as a major climax species, which was never observed in the few
stands of the study area in this subzone. He also classifies P. sitchensis
as a major seral species and Phelps (1973) reports that Bj‘sitchensis
occurs more frequently in mixture than in pure stands, and that the asso-
ciated species usually assume ddminance, which the results seem to

confirm.

It ‘is obvious that there are too few plots in this subzone. Krajina
(1969) states that P. sitchensis .has its best growth along the ocean in
the Wet Coastal Western Hemlock Subzone, which correspbnds to Packee's
(1974) Fog Western Hemlock / Sitka Spruce Subzone. This is also supported
by Phelps (1973) and Packee (1976). The»ébsénce of P. sitchensis stand-

types is, therefore, very surprising. On the other hahd, Packee (1976)

reports that this species is usually associated with T. heterophylla which

often dominates the stand. Hence the high frequency of T. heterophylla
stand-types would reflect the presence of P. sitchensis.
The data and the model show T. plicata strictly as a pioneer and

Packee (1974, 1976) states that it is definitely a major climax species.
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- There are too few plots in the data set to make a better assessment of

the situation and the extrapolation to an exclusive T. heterophylla

climax is unlikely.
CONCLUSION

Forest 'succession

The general trendslof the succession in each subzZone are clear
within the period of observations, although the rates of change are
eXaggerated by a certain bias in the data set. Over the whole study area,
only P. menziesii shows a large difference between its abundance in stems
and in basal area. Its stand-type frequency is always higher in terms of
basal area than in terms of stems. A. rubra always appears as a pioneer
which may dominate up to 10 percent of the stands in all but the Fog
Western Hemlock Subzone, and 'is always progressively outcompeted. T.

plicata behaves like a pioneer species in the Wet Western Hemlock Sub-

zone, and is slowly succeeded by A. amabilis and T. heterophyllaf The
data show the same behaviour in the Fog Western Hemlock Subzone, but in
this case the behaviour is an artefact since T. plicata is climax in this
region. In other subzoneg, the frequency of T. plicata stand-types in-

creases with stand age.

In the Dry Douglas-fir Subzone, the slow decrease of P. menziesii

from a high initial frequency, and the equivalent increase of T. plicata
and P. contorta are in fact much smaller in terms of basal area. P. men-
ziesii behaves like an efficient pioneer and maintains its supremacy well

over the rotation period. Xrajina (1969) notes that P. menziesii is shade
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tolerant in the drier climates, which might explain the low frequency of
T. plicata and P. contorta stand-types. In the Wet Douglas-fir Subzone
on the other hand, P. menziesii appears also as a pioneer, but T. hetero-
phylla overtakes it rapidly. A large proportion of the habitats of this
subzone are moist and P. menziesii is shade-intolerant on these edatopes.
Yet its basal area is the highest of all species throughout the forest

rotation. P. sitchensis and T. plicata show a basal area progressively

larger than the basal area of T. heterophylla despite their lower
number of stems.

P. menziesii also occurs abundantly at the early stages of succession
in the Dry Western Hemlock Subzdne but the number of stems of T. hetero-
‘phylla predominates by age 55. Here again the decrease in basal area of
Bﬁ'menziesii_follows its decrease in stems at a much slower pace and its

basal area maintains predominance over T. heterophylla. T. plicata in-

creases its frequency up to nearly ten percent of the stands by age 110.
In the Wet Western Hemlock Subzone, P. menziesii is never seen to consti-
tute a stand-type. The trends observed for all species in this subzone

are similar in terms of stems and basal area. T. heterophylla dominates

over the rotation with a constanf frequency of about 70 percent. The

P. sitchensis stand-type has a higher frequency at early ages, and A. ama-
bilis is more frequent after 40 years. In the Fog Western Hemlock Sub-
zone; the T. plicata stand-type predominates at early stages and is large-

ly overtaken by T. heterophylla after 35 yeafs of age; this is an artifact

and T. plicata should remain up to the climax stage.



49

The Markov model

The Markov model is not satisfactory for any subzone except the
Wet Western Hemlock Subzone, which is the one where the fewest changes
occur. The model fails to fit the observations and does not produce
realistic predictions. It -shows what would happen if the forest were
Markovian and its long-term predictions are sufficiently unlikely to
suggest, for the following reasons, that forest suc;ession is not
Markovian: (1) the transition probabilities were not found to be en-
tirely time-homogenous. (2} The mb&el is much too general as far as
diversity of communities and origins of perturbation are concerned. A
different model would be necessary for each kind of disturbance, each
type of community, and each kind of site. (3) The model does not
allow species invasion. This could be rectified by making it a multi-
step model with as many transition probability matrices as life-history
strategies ‘identified within the life of the forest. (4)' Even if
succession were Markovian over the period of observations, the transition
probabilities are unlikely to stay constant after forest maturity. Noble
and Slatyer (1976) have pointed out that time homogeneity of transition
probabilities is counter-intuitive, at least over long periods of time.
This precludes any:extrapolation or any prediction of a steady-state if
it occurs outside the-périod of observations.

Using this particular kind of observations, it is concluded that
forest succession is not Markovian. The future of a given forest-type.
cannot be determined solely on the basis of its present state, and its
prediction necessitates a sound knowledge of how the forest got there

in the first place.
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" "ABSTRACT -

Relative abundance and relative basal area of each major tree species
were plotted against stand age and compared with stand-type succession data
for five Biogeoclimatic Subzones of British Columbia. Forest héterogeneity
within each subzone was broken down by classifying sample plots into statis-
tically defined plot types in which tree composition was assumed to give an
image 'of site conditions and competition regimes. The basal area growth
variation of tree species was compared among plot types by analysis of
variance and its correlation with stand age and site index was tested.
Finally, the site index distribution of each subzone was analysed and cor-

related with subzone characteristics.

The time series of species relative abundance revealed the same type
of species behaviour as the stand-type succession data of the previous
chapter but gave more details about less abundant species. Two to seven
plot types per subzone were sufficient to classify all plots. Tree
species occurring in more than one plot type showed significant differences
in their basal area growth which could not be entirely accounted for by
stand age and site index. The response of co-occurring species was found
to vary between subzones and mean subzone site index was highly correlated
with soil moisture deficit. It was concluded that the variation in growth
rates due to differences in site conditions and competition regimes is one

of the agents generating succession.
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" RESUME

On a tracé 1'abondance relative et la surface terriére relative des
principales espéces arborescentes en fonction de 1'age des stations et 1'on
a comparé ces courbes avec les données de succession des stations-types
dans cinq sous-zones biog€oclimatiques de Colombie Britannique. L'h&téro-
généité de la forét 4 l'intérieur des sous-zones a été& réduite en classi-
fiant les places-&chantillons en places-types ol la composition arbores -
cente donnerait une bonne idée des conditions du site et du régime de com-
pétition. La variation dans la croissance en surface terriére des essences
arborescentes a &té comparée entre les places-types par analyse de variance
et sa corrélation avec 1'adge des stations et avec 1l'indice de site fut
testée. Enfin, la distribution de 1'indice de site de chaque sous-zone

fut analysée et corrélée avec les attributs de la sous-zone.

L'évolution de 1'abondance relative des espéces a ré&vélé le méme genre
de comportement que les données sur la succession des stations-types du
chapitre précédent, avec plus de détdils sur les espéces moins abondantes.
De deux 3 sept places-types par sous-zone furent suffisantes pour classifier
toutes les places-échantillons. Les espéces retrouvées dans plus d'une
place-type ont montré des différences significatives dans leur croissance
en surface terriére inexplicables par seulement 1'dge des stations et 1'in-
dice de site. La réponse des espéces en coexistence varie entre les sous-
zones et l'indice de site ﬁoyen est corrélé au manque d'humidité du sol.

On a conclu que la variation des taux de croissance due aux différences de
conditions du site et des régimes de compétition est 1'un des agents qui

engendre la succession.
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INTRODUCTION

In the previous chapter, secondary succession was analysed at the
level of forest stand-types in the Coastal Douglas-fir and the Coastal
Western Hemlock zones and subzones of British Columbia. Markov models
failed to adequately fit the observations and it was concluded that
forest succession was seemingly not Markovian. It appeared that the main
reason for the inadequacy of the Markov approach was that it necessitated
pooling together plots that belonged to different communities, since
understory vegetation was not available to distinguish them. However,
variation in tree composition might be suitable to distinguish plots into
broad catégories. Species occurring: in more than one'category are likely
to respond and to compete differently. These sets of conditions under
which competition takes place will be termed "competition regimes'.

" The objectives of this chapter are: (1) To monitor the composition
of each subzone for the rotation period, in terms of relative abundance
and relative basal area for each major tree species. (2) To compare
these observations with the stand-type succession data mentioned above.
(3). To separate each subzone into major competition regimes. (4) To
analyse the growth variation of each species among the different competi-
tion regimes within each subzone at the level of the forest stand. (5) To
test correlation of tree growth with stand ége and site index. (6) To
analyse site index distribution for each subzone and to test its correlation
with subzone characteristics.

Achievemenﬁ of these objectives should permit to test the following

two hypotheses: (1) The growth of a given species is influenced by the
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nature and abundance of other species growing in the same stand. (2) The
. difference in net rate of population growth of different tree populations
is sufficient to trigger transition from one plot type to another, and

hence to generate succession.

DATA AND METHODS

. Heterogeneity within subzones

The data set used for this study is part of the data bank of
MacMillan Bloedel Limited, Forestry Division, and was described in the
previous chapter. -It consists of 730 Permanent Sample Plots and
Spacing Assessment Plots, all located within the Coastal Douglas-fir
and Coastal Western Hemlock zones of British Columbia.

In the previous chapter, each forest plot was assigned a stand-
type, depending on which species had the absolute maximum stem count
and basal area. That approach had the advantage of categorizing the
whole forest into different states and permitted monitoring and simulation
of the succession from one state to another through a finite-state Markov
model. However, it concealed a lot of information about species whose
abundance was always too low to constitute a stand-type. The relative
abundaﬁce of each tree species was therefore plotted against stand age
to show its dynamics within the various subzbnes. The species relative
abundance (in percentage) was chosen over absolute abundance on the
basis of the unequal total number of observations at each five-year
measurement. The comparison of these results with stand-type frequency

distribution will be discussed later.
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The main goal is to find if one can detect whether the growth of
a given species is indifferent to species composition in the stand at
the same time. Several cases may occur. A subject species may cover a
wide range of abundance in the stand, from a unique seedling to absolute
predominance. The rest of the stand may in turn be distributed among
virtually any number of other species, with varying relative abundance,

" thus constituting several competition regimes. The difference in rate
of growth can be monitored at the level of each individual stem, and at
the level of the species. Only the latter case is considered in this
chapter.

Each Biogeoclimatic Subzone as defined by Krajina (1969) and
Packee (1974, 1976) has a theoretically homogeneous séet of geoclimatic
conditions. However, various vegetation patterns reveal a mosaic of
habitat types within each subzone (Daubenmire 1968, Daubemmire and
Daubenmire 1968). Since most species can occur wifhin several vegetation
patterns, it is necessary to distinguish typical patterns which might
offer completely different situations from the viewpoint of competition.
Packee (1976) has reviewed four major vegetation classification schemes
which apply to southwestern British Columbia.

Rowe's (1972) classification, based on the previous work of Halliday
(1937), is essentially a geographic description of the different.forest
"regions of Canada. Southwestern British Columbia lies entirely within
the Coast Forest Region of Subalpine Forest Region, and Rowe (1972) sub-
divides it into 4 Forest Sections. These Sections are defined quite
arbitrarily “from above" (Rowe 1972), i.e. following conspicuous geo-

-

~graphical entities, for the purpose of convenience, and represent broad
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cover types of rather stable associations. Rowe (1972) mentions that a
classification "from below', i.e. based on ecological knowledge of
vegetation, would be desirable, but would require information not available
on a large scale.

The Society of American Foresters (1954) has described forest
types and forest cover types for Canada and the United States. Packee
(1976) has identified 16 of these cover types relevant to southwestern
British Columbia. The cover types are defined on the basis of present
vegetation, regardless of the potential climax. The tyﬁe name is based
on the species which constitutes at least 50% of the stem composition, or,
if more than one species predominates, the type 1s given a binomial or
trinomial name. The composition of each type is described without any
quantitative assessment.

Franklin and Dyrness (1969, 1973) published an ecological study of
the plant communities of Washington and Oregon. Their classification is
based on the zone, defined as the area covered by the climatic climax
association. The associations found in each zone are described in quali-
tative terms -- rare, occasional, common, and abundant -- based on the
presence of species. Seven of Franklin and Dyrness' (1973) zones occur
in southwestern British Columbia (Packee 1976).'

Krajina (1969) classified the forests of British Columbia into
Biogeoclimatic Zones and Subzones. ' Packee (1974) followed this classi-
fication scheﬁe for the coastal forests in defining detailed boundaries
at the level of the subzones for Vancouver Island and the adjacent main-
land and islands, and recognized a new subzone within the Coastal Western

Hemlock Zone, the Fog Sitka Spruce - Western Hemlock Subzone. Packee (1976)
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- made some additional modifications to his classification, based on his
findings that moisture deficit with 200 mm of soil water storage capa-

city was a good climatic variable to differentiate zones.

Definition.of the classification scheme

For the purpose of this study, the classification scheme must be
able to distinguish between vegetation patterns which present different
competition regimes, where a competition regime is defined by the number
of tree species present in a plot and by the abundance of each species.
The measure of abundance should be based on an index as representative as
possible of biomass. The assessment should be made on the basis of
present vegetation, without reference to the assumed climax, nor to under-
story. Finally, the method should be quantitative and objective so that
plots.could be categqrized by comﬁuter and groups be statistically des-
cribed. Since none of the classification schemes mentioned above satis-
fies all these requirements, a suitable scheme was developed.

Strictly speaking no two plots in a subzone are alike, and each
plot can constitute a category of its own. This is useless since it yields
as many categories as there are plots. At the other extreme, all the
plots can be considered similar since they all belong to the same subzone.
Somewhere between these extremes, plots with similar composition should
constitute a similar competition regime. It is argued that, from the
competition viewpoint, the single most important parameter relevant to
any species' growth is the nature and abundance of competitors, assuming
that environmental attributes are homogeneous within the plot boundaries.

If the maximum number of major potential tree species is 8 for instance,
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this gives 255 potential species combinations. - In practice however,
since certain combinations of species are biologically impossible, it
was found that a maximum of 7 groups was sufficient to conveniently sub-
divide each subzone, provided less abundant species were grouped together.
The obvious choice of a measure of abundance is tdtal volume per
spécies, but since the data set lacks tree height information for certain
species, the next best choice is basal area. For each plot, basal area
was calculated for every species at each five-year measurement on a per
hectare basis. Species occurring in all observations, with a basal area
representing at least 5% of the total of each observation are referred to
as "major species” and were included in the name of the plot type. Species
with smaller basal area and which do not occur in all observations are
referred to as 'minor species". The presence of minor species was indi-
cated'in the name of the plot type by a plus sign ( + ) in suffix. For.
all species occurring in -a number of plot types within one subzone, one-
'way analysis of variance was used to detect variation in growth variables
among plot.types.' The variables analysed belong to two groups: age
attributes and basal area attributes. The first group consists of the
mean age of the plots and the mean site index for P. menziesii and

T. heterophylla. The second group contains the mean five-year basal area

increment and the mean basal area of the subject species, the mean ratio
of the two previous variables, the mean total basal area (all tree species),
and the mean ratio of basal area increment over total basal area. The si-

te index distribution was further analysed at the subzone level.
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RESULTS AND DISCUSSION

Dynamics of forest stands

The changes in mean species relative abundance against stand age
are presented in Figures 6 A to J. Results are shown as stem count
percentages and basal area percentages. As expected, these graphs are
very similar to the graphs of the stand-type frequencies presented in
the previous chaptef (Figure 5). Stand-type was defined as the species
with the maximum number of stems (or basal area) in a stand. Therefore
the previous set of graphs (Figure 5) showed the proportion of stands of
each type at each five-year measurement and this set shows the proportion
of stems of each species at each measurement. Obviously if 90% of the
stems are Ej“menziesii at age 35 for ‘instance, chances are that a high
proportion of tﬂe stands will be of the type P. menziesii. However
species representing a low proportion of the subzone total stems in the
speéies relative abundance graph might never constitute a stand-type, and
would never appear in the stand-type graphs. A brief description of the
species behaviour is given for each zone, and the relation to growth

variation will be discussed later.

Douglas-fir Zone

The Dry Douglas-fir Subzone is dominated by P. menziesii, but
I,'plicata increases significantly after 70 years (Figures 6 A and B),
although this trend is exaggerated for reasons explained in the previous
chapter. A. rubra appears as a pioneer and nearly vanishes at approxi-

mately 60 years, while P. contorta and T. heterophylla seem to be
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FIGURE 6

. Mean species adbundance at five-year mesasurements The re-
sults are presented alternatively in numLer of stems and in
kasal area for each subzcne:

Cry Douglas-fir Sukzone (stenms)

Pry Douglas-fir Sukzone (kasal area)

Wet Douglas-fir Sutzone (stems)

Wet Dcuglas-fir Subzons (tasal areca)

Lry Western Hemlock Subzone (stems)

Dry Western Hemlock Subzone (basal arsa)
Wet Western Hewmlceck Subkzone (stems)

Wet Western Hemlock Subzone (basal area)
Fcqg Western Hemlcck Subzone (stens)

Fcg Western Hemlock Subzons (bazal area)
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increasing to reach 10% relative abundance by age 90. The recent work of
Packee (1976) describes the succession from early invasion by herbs

and shrubs up to the tree stratum climax. Although he gives no quanti-
tative assessment, these results generally agree with his description.

He recognizes the increase of T. plicata in the approﬁriate forest type,

and he points out that Quercus garryana Dougl. and Arbutus menziesii

Pursh. may be locally important. These last two species were extremely
rare (<< 1%) in the data set.

The Wet Douglas-fir Subzone is also the domain of P. menziesii, but
T. heterophylla may locally be abundant at early stages, and T. plicata
at later stages (Figures 6 C and D). The decline of P. menziesii after
agé 60 is exaggerated for reasons mentioned above. A. rubra invades

early and tends to decrease, P. sitchensis, A. grandis, and A. macrophyllum

are few. Packee (1976) contends that P. sitchensis is seral and suggests

a climax of P. menziesii -- T. heterophylla and locally on the moister

sites, T. plicata -- T. heterophylla -- A. grandis.

Western Hemlock Zone

T. heterophylla is generally more abundant in the Dry Western
Hemlock Subzone, even though P. menziesii may reach a relative abundance
of 0.68 (Figures 6 E and F). A. rubra is low and decreases fast, while

T. plicata increases steadily. A. grandis and A. macrophyllum are barely

perceptible. Packee (1976) recognizes that both A. rubra and P. menziesii
are early invaders and he describes the climax as mainly P. menziesii

(on dry sites) and T. heterophylla, with T. plicata locally.
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In the Wet Western Hemlock Subzone, T. heterophylla is the most

abundant, A. rubra and P. menziesii are not very abundant invaders,
P. sitchensis is seral and A. amabilis may form a local climax with

T. plicata and T. heterophylla (Figures 6 G and H). These results agree

with packee's (1976) description, with the exception of P. sitchensis
which he seems to place later in succession (although he gives no time
scale).

The Fog Western Hemlock Subzone is not very well described by the
data set, since there are only 19 observations, all between ages 35 and
60 (Figures I and J). It shows an early invasion by T. plicata, T. he-

terophylla, and P. sitchensis. After 45 years, T. heterophylla reaches

a relative abundance of over 80%. P. menziesii and A. rubra show a

relative abundance of about 1%. Packee (1976) assesses A. rubra as the

main pioneer, followed by either P. sitchensis or P. sitchensis -- T. he-
' terophylla (and occasionally P. menziesii), and a climax dominated by

T. hétefqphylla, locally associated with T. plicata, A. amabilis, or

P. sitchensis.

Plot type classification
| The results of.the classification described previously are presented
for each subzone in Tables 5 to 9. The tables show tﬁe number of plots
in each plot type, all the tree species accounting for 1% or more of the
mean basal area, the mean basal area (and standard deviation) and the
relative basal area fofbeach species.
The Dry Douglas-fir Subzone is suﬁdivided into four plot types

(Table 5): Pm, Pm+, PmTp+, and PmTpTh+ . In all plot types, P. menziesii
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Flct Type N Species mean B.A. (s) mean E.A.

(>1% B.A.) {m2/h) (%)

1) Enm 61 P. menziesii 41.6 (9.8) 99.2
2) Pm+t 34 P, menziesii 23.4 (13.0) 64,6
P. ccntorta 7.4 (11.9) 19.6

A, fubra 4.2 (7.1 14,0

3) emTr+ 23 P, menziesii 23.8  (9.2) 79.9
I. rlicata 3.7 (3.5) 10.8

A. rubra 1.3 (2.4) 4,3

T. beterophylla 0.7 (0.9) 1.7

P. ccrntorta 0.7 (1.8) 1.4

4) EmTpTh+ 7 2. menziesii 32.4 (14.6) 65.7
' ) T. plicata 10.8 (6.2) 21.3

I. hetsrophylla 4.8 (2.3) 9.3

A, rukra 1.6 (1.1) 3.8

TABLE 5

Forest plot types of the Dry Douglas-fir Subzone.

The mnemcnics for the plot types are derived from the
first 1l=tter of the genus and srecies of each spscies oc-
curring in each observation with an abundance c¢f at least
€% of the basal area for the ¢bservation. A plus sign (+)
indicates that other species are present with an atundance
cf at least 1% of the btasal area, but not necessarily in
each cbservation. Values in brackets are the standard de-
viations of the basal area.
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accounts for at least 65% of the basal area. P. contorta is typical of
the Pm+ plot type, and T. plicata is typical 6f both PmTp+ and

PmTpTh+ plot types. T. heterophylla is slightly abundant (9.3%) only

in PmTpTh+¢. The Wet Douglas-fir Subzone has six plot types (Table 6):
Pm4, PmTh+, PmTp+, PmThTp+, PmThAgTp+, and ThTp+ . P. menziesii occurs
in all but- the last plot type, with at least 41% of the basal area in

each. T. heterophylla with 20.5% to 56.5% of the basal area is a major

species in four plot types and T. plicata accounts for at least 14% in
" the last four plot types.
There are six plot types in the Dry Western Hemlock Subzone
(Table 7): The, PmTh, PmThArf,_PmTth, ThTp+, and Pms, P. menzie;ii is
the most abundant species in four out of six plot types, with at least 51%

in basal area, and T. heterophylla is the most abundant in the two other

plot types, with a minimum 6f‘75%'in basal area. A. igng!and T. plicata
are the only other two species which can qualify as major species.' The
Wet Western Hemlock Subzone is subdivided into seven plot types, the
highest number of all subzones (Table 8). They are: Th, ThPs+, ThAa,

ThTp+, ThPsTp+, ThTpPm+, and ThPm+. T. heterophylla is the predominating

major species in all plot types, T. plicata is major in three, and P. men-
ziesii and P. sitchensis in two. Only two plot types were found in the
Fog Western Hemlock Subzone (Table 9): ThPst+ and ThTp+. There are only

19 observations in this subzone and this is insufficient to reveal its

full diversity. T. heterophylla is by and large the most abundant in

both plot types. P. sitchensis is also found in both. P. menziesii

occurs in ThPs+ only, and T. plicata in ThTp+ only.
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Flct Typ= N Species mean B.A. (s) nmean E.A.

(>1% B.A,) . (m2/h) (%)

1) Pm+ 110 P. menziesii 36.6 (11.3) 95.5
' A. rubra 1.2 (3.2) 3.1

2) PwTh+ 57 P. menziesii 26.7 (13.1) 73.9
T, heterophylla 8.3 (11.8). 20.5

A. rubra 1.7  (4.5) 4.5

3) EmTp+ 38 P. menziesii 28.4 {8.9) 73.3
T. plicata 6.6 (6.6) 13.9

P. sitchsnsis 2.6 (8.7) . 3.6

A. grandis 1.8 (6.4) 3.2

A. rubra 1.4 (2.7) 2.6

A. pmacrophyllum 1.1 (3.0) 2.2

T. heterophylla 0.6 (0.8) 1.1

4y PmThTp+ 61 P. menziesii 26.8 (17.6) 54,4
I. heterorhylla 12.6 (10.0) 27.1

T. plicata 8.3 (8.5) 16.5

A. macrcphyllium 0.8 (2.8) 1.3

5) PmThAgTp+ 16 P. menziesii 26,0 (17.5) 41.0
T. bhetercephylla 11.7 (11.8) 21.5

A, grandis ‘ 117.9  (8.4) 20.0

I. plicata 8.4 (4.1) 16.5

A. macrophyllum 0.8 (1.5) 1.2

6) ThTp+ 27 T. hetercphylla 22.8 (19.9) 56.5
' T. plicata 15.6 (16.7) 29.3

P. sitchensis 7.2 (11.5) 10.9

A. rubra 1.7 (1.7) 1.8

TABLE 6

Forest plot +types of the Wet Douglas~-fir Subzone.

S=2e Table 5 for exrlanations.
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Specisas mean B.A, (s) mean E.A,
(>1% B.A.) (m2/h) (%)
TI. heterophylla £2.1 (11.6) 98.1
A. Tubra 0.5 (1.3) 1.0
D. menziesii 24,6 (14.7) 61.6
T. hetsrcpiylla 18,6 (17.3) 37.0
P. menziesii 21.3 (13.5) ‘'50.8
I. heterophylla 17.71 (15.8) 35.1
A. rubra 4.2 (3.7) 10.3
A. grandis 1.1 (2.0) 3.2
P, menziesii 31.1 (18.9) 51.5
T. bheterophylla 17.6 (12.5) 32.4
TI. plicata 8.7 (6.0) 14,7
T, heterophylla 37.2 (10.2)  75.3
T. plicata 10.6 (7.5) 21.6
A. rubra 0.5 ({1.2) 1.2
A, grandis 0.8 (3.2) 1.2
P. menziesii: 30.7 (14.6) 92,2
A, Tubra 1.7 (4.5) 5.0
A. pacrophyllum 0.7 (2.5) 1.7
T. heterophylla 0.4 (0.6) 1.1
TABLE 7

Forest plct types of the Dry

Western Hemlock Subzopne,

See Table 5 for exrplanaticns.
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Fcrest plcoct types of ths Wet

Flct Typ= N Species mean E.A, () mean B,A.
(>1% B.A.) (m2/h) (%)
1) Th 70 T. hetercphylla 61,6 (12.2) 97.7
2) ThEs+ 56 T. hetercphylla 34.5 (17.7) 52.5
P. sitchensis 28.8 (20.7) 41.0 -
A. rubra 3.4 (6.8) 5.7
Thha 65 T. heterophylla 36.4 (21.14) ‘57.4
A, amabilis 26.8 (21.0) 42.0
4) ThTr+ 16 T. heterorhylla 28,5 (16.0) 57.7
T. plicata 21.2 (23.7) 31.4
A. amabilis 6.1 (11.9) 10.5
5) ThEsTp+ 32 T. hetercophylla 23.7 (14.0) 38.2
P. sitchensis -  21.8 (19.4) 32.3
T, plicata 12.4  (7.8) 21.2
A. rubra 4.9 (4.9) 8.3
6) ThTpPm+ 17 T. hetercophylla 29.2 (13.2) 58.1
T. plicata 9.7 (6.4) 20.8
P. menziesii 9.2 (7.8) 17.2
A. rubra 1.3 (2.7) 3.6
7) ThEm+ 40 T, heterophylla £52.1 (14.7) 4.4
‘ P. menziesii 16.4 (12.5) 22.0
P. sitchensis 1.0 (3.0) 1.5
T. plicata 0.6 (1.0) 1.0
TABLE 8

Wastern Hemlock Sukzone.

See Table S for explanations,
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1) ThEs+ 12

2) ThTp+ 7

Forest plct

Species mean B.A. (s) mean E.A.
(>1% B.A.) (m2/h) (%)

T. hetercrhylla 60.9 (8.4) 83.2

P. sitchensis 1.7 (7.9) 14.3

P. menzissii 1.6 (4.9) 1.9

T. hetercphylla 40,8 (24.,7) 63.6

T, plicata 16.8 (15.2) 29.4
P. sitchensis 2.9 (4.5) 5.0

A. rubra 1.1 (2.8) 1.7

TABLE 9
types of the Fcg Western Hemlock Subzone,

See Table 5 for exrlanations,
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There is one important comment to make about this classification
method. The major species were used to build its skeleton, since, by
definition, these species occur in all observations. To avoid an
infinite number of classes, minor species were grouped, and each one’
does not necessarily occur in each observation. For example, in the
Dry Douglas-fir Subzone (see Table 5), the name of the second plot type,
Pm¢, indicates that each observation has to contain P. menziesii, and
either P. contorta or A. rubra, or both. This, unfortunately, inflates

the standard deviation of the minor species in Tables 5 to 9, but the

advantage of a limited number of classes far outweighs this inconvenience.

In any case, minor species account for, at most, only 5% of the total

basal area.

Analysis of basal area growth variation

There are five species that occur in more than one plot type and

in all plots in each case, within one or more subzones: P. menziesii,

T. heterqphylla, T. plicata, P. sitchensis, and A. amabilis. Since they
are major species, i.e.‘they occur in all observations of the plot types
where they are found, it is possible to study the variation of their
basal area growth among various plot types as described previously.
Different plot types are assumed to represent different competition
regimes. Since minor.species do not occur in all observations, analysis
of variance can be performed only on the subset of plots in which they
do occur. This explains the discrepancies in mean basal area for these
species between the set of tables describing the plot types (Tables 5 to

and the set of tables of anova results (Tables 11, 13, 15, 17, and 19).

9)
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A1l data shown in this analysis represent means for all plots of
a plot type, or overall means when indicated. The stand age is given in
case it might be correlated with growth variables; a positive correlation
with growth increment could override the treatment effect. Site indices

are mentioned for P. menziesii and T. heterophylla, wherever both species

occur; site index is used as a general indication of site productivity

and could also override the effect of the treatment (plot type). Since
the forest is immature, the five—yéarvincrement in basal drea should be
proportional to basal area, so a ratio of the five-year increment over
basal area is also given (as a percentagé). This percent. five-year in-
crement is the most critical variable, since it is independent of the
abundance of the species, and is feasonably linear over the period of

time considered in this study. A significant difference in the basal area
itself among plot types would be indicative of the fitness of the species
to each plot type. Finally the ratio (in percent) of thé basal area
.increment of a species (DBA) over the total basal area (all species)
indicates a rate of change of a species over the whole community.

The results of this analysis are discussed .separately for each
subzone. When there is a significant difference among treatments (plot
types), the extremes are given, otherwise the overall mean is used. Where
age attributes vary significantly, their correlation with basal area
growth attributes is givén, if relevant. It is assumed that significant
differences in growth attributes are due to treatments, i.e. difference
in competition regimes, only when there is no significant difference in
age attributes or no significant correlation between age attributes and

growth attributes.
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Since minor species occur on fewer plot types than major species,
and in fewer observations, very few significant differences among plot
types were féﬁnd for either their age attributes or growth attributes.
For minor species, only results with some relevaﬁce to succession will

be discussed.
Dry Douglas-fir Subzone

Major species (Table 10)

Four plot types constitute this subzone, and P. menziesii occurs
in all of them (Table 5 and 10). Stand age ranges from 46.0 to 57.9
years, and P. menziesii site index has an overall mean of 25.9 m. The
five-year basal area increment of P. menziesii shows no significant
difference among plot types, its basal area shows a significant diffe-
rence (23.4 - 41.6 m?/h); and the ratios of these two variables vary
significantly from 6.4% to 14.6%. The percent rate of increase shows no
significant correlation (p = 0.05) with age or with basal area. Assuming
that the difference is due to the competition regime, the data show that
the rate of increase (DBA) of P. menziesii is the smallest in the plot
types (Pm, PmTp+) where P. menziesii is the most abundant species, and the
greatest in the plot types (Pm+, PmTpTh+) where é:.EEEEE shows it highest
decrease. This suggests that P. menziesii growth is favoured by the
opening of the forest when the mortality of A. rubra becomes high, after

40 or 50 years. As P. menziesii takes over A. rubra, P. contorta and

T. plicata increase concurrently, thus preventing P. menziesii from being

the absolute dominant, except in the Pm plot type.



+and Em Th Total "CBA/
Plct. Tyre hge SI 56 SI 50 DRA BA DBA/BA BA Tot BA
(years) (m) (m) {(m2/k/5y) (n2sh) (%/5y) (m2/h) (%/5y)
P. mepziesii
1) Pm 46,0 26.6 - 2.0 41,5 6.4 41,9 6.3
2) Pm+ 50.0 24.8 - 3.6 23.4 14.6 35.8  10.4
3) PnTp+ 50,5 26,0 - 1.8  23.3 8.1 30.6 6.5
4) PmTpTh+ 57.9 24,4 - 3.7 32.%  12.7  49.7 8.8
Overall 48.6  25.9 - 2.5  32.9 9.3 38.6 7.6
F-ratic 3.1 €.9 - 0.7 26.6 2.6 9,5 0.8
# K NS - NS Aok %k * * ok NS
I. plicata
1) PmTp+ 50.9  26.0 - 1.2 3.7 53.6 30.6 4.4
2) PmTpTh+ 57.9 24,4 - 2.8 10.8 29.1 49,7 5.9
Overall  52.5 25.6 - 1.6 5.4 47,9 35,0 .7
NS NS - A dok ok K NS LEE NS
TABILE 10

One-way analysis of wvariance of the majcr species across
different plct types ¢f the [ry Douglas-fir Subzone.

Data represent means for all observations of a particular
plot type. Charactaristics of plot types are given in Table
S. Fm = P, menziesii. Th = 1. heterophylla. 'SI 50' = site
index at base age 50, 'DBA' = Delta BA = first difference
in tasal area betuwe=zn two chservations at 5 ysars interval.
'BA' = Lkasal area of the subject species. *Total BA' =

total basal area of all the species in each cbservation,

Frobability levels are as follows: * = p<0.10, ** = p<0,05,
*%% = p<0,01, NS = nct significant.
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T. plicata occurs in two pldt types where stand age averages
52.5 years, and P. menziesii site index, 25.6 m. The five-year increment
varies significantly (1.2 - 2.8 m?/h/5y), but is proportional to basal
area (3.7 - 10.8 m2/h), and their ratios are not significantly different.
The very high rate of increase of T. plicata (47.9%/5y) indicates a
gradual succession of T. plicata over P. menziesii, resulting in a tran-
sition from the Pm plot type to PmTps+.. The same conclusion was reached
in the stand-type succession data presented in the previous chapter. The
graphs of species relative abundance across age (see Figures 6 A and B)
show in fact that T. plicata increases at the detriment of P. menziesii.
In some stands, the transition goeé from Pm to Pm¢ where P. contorta may
reach a relative abundance of 20%. %his trend is also in agreement with
the succession data (previous chapter), and with the graph of species

relative abundance across age (Figures 6 A and B).

Minor species (Table 11)

A. rubra shows a significant difference in rate of increase over
total basal area (-0.5 - 1.6%/5y) correlated with stand age (r =-0.98,
p = 0.1). This fall in the relative basal area rate of increase confirms
the pioneer role of A. rubra in the community. Its rate of increase re-
lative to the community becomes negative (-0.5%/5y) in PmTp+, where P.
menziesii attains 6.5%/5y and T. Eliéata, 4.4%75y. P. contorta is found
more abundantly in the plot type without T. plicata (Pm+) than in the one
with this species (PmTp+). This suggests different basic requirements for
these species, and Krajina (1969) points out that T. plicata prefers

eutrophic soils and hygric conditions, whereas P. contorta cannot tolerate



Stand

- 88

Pm Th Tctal DBA/
Plct Tyge Age SI 50 SI 50 DBA  BA DBA/BA BA Tot BA
: (y=ars) (m) (m) (m2/h/5y) (n2/k) (%/5y) (m2/h) (%/5y)
A. rubrs
1) Pm+ 46,0  26.8 - 0.4 7.6 -5.1  34.7 1.6
2) EunTp+ 61. 1 29.5 - -0, 1 3.4 -2.7 37.8 -0.5
3) Pm‘Ip‘[h"' 57.9 2“0’4 - 0‘2 1.6 "606 149.7 003
Cverzll 52.3  27.0 - 0.2 5.3 -4,8 @ 38,5 0.8
F-tatio 5.7 1.8 - 2.5 2.9 0.0 3.7 2.7
4ok % NS - % * NS %k *
BP. contorta
1) Pm+ 55,0 21.9 - 0.6 14, 8 7.4 36, 8 1.4
2) Pm’IP" 6808 30.5 - -Ot1 u.2 1.8 5001 -001
Cverall 57.6 23.5 - 0.4 12.8 6.3  39.3 1.1
F-ratio 306 8.” - 1.2 2.5 005 7.0 1.0
: * %% Xk - NS NS NS %* % NS
T. hetercphylla
1) PmTp+ 55.0 27.7 - -0.1 1.2 1.2 36.6 -0.1
2) PmIpTh+ 57.9 28,4 - -0.9 4,8 -9.,5 49,7 -0.8
Cverall 56.0 26.5 - -0.4 2.4 -2.6 41. 4 -0.3
F-ratio 0.2 1.9 - 1.1 27.0 0.3 3.3 0.4
NS NS - NS %%k ¥ NS * NS
TABLE 11
Cne-way analysis of variance of the nminor speéies aCross
different plct typss of the Lry Douglas-fir Subzone.

Data represent
species in a given plct type.

neans

for

all occurrences of the subject

Characteristics of plot types
are givan in Table 5, For abbreviations, see Table 10.
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eutrophic soils and requires drier conditions. T. heterophylla is analysed

as a minor species here although it is a major one in the PmTpTh+.plot
type. No significant differences were found between the two plot types,

except, of course, that T. heterophylla is more abundant in the plot

type where it is a major species. Figures 6 A and B show a decreasing
proportion of A. rubra basal area, previously observed in the succession

data, and a low and stable relative abundance of P. contorta and T. hete-

rophylla.

Wet Douglas-fir Subzone

Major species (Table 12)
P. menziesii is found in 5 out of 6 plot types within which stand
age ranges from 40.9 to 71.3 years, P. menziesii site index averages

26.7 m., and T. heterophylla site index varies from 18.3 to 27.4 m. The

five-year basal area increment has an overall mean of 2.3 m?/h/Sy, basal
area ranges from 26.0 to 36.5 mZ2/h, and the rate of increase shows no
significant difference among plot types, with an overall mean of 10.6%/5y.
In addition, the rate of basal area increase as a ratio of the whole
community shows no significant difference. The situation is similar for

T. heterophylla, but here basal area increment shows a significant differ-

‘ence (0.02 - 2.5 m2/h/5y) as well as the basal area (8.3 - 22.8 m2/h), yet
their ratio is not significantly different and has an overall mean of
5.9%/5y. On the other hand, the ratio of basal area increment over total

basal area is significant and T. heterophylla reaches the highest rate

of increase in the ThTp+ plot type, the only one where there is no P. men-

ziesii, suggesting mutual site incompatibility.
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. Stand Pm Th Tctal DBA/
Plct Tyre Age SI 50 SI 59 DBA BA DBA/BA BA Tot BA
(years) (m) (m) (m2/h/5y) (m2/h) (%/5y) (m2/h) (%/5Y)
P. menziesii _
1) Pm+ 46.0 26.6 - 2.5 36.5 9.1  38.4 8.4
2) PmTh+ - 40,9 27.5  23.9 2.4 - 26.7 13.5  37.1 8.8
3) PmTp+ 57.0 25,2  18.3 2.6 28.4  10.5  42.4 7.3
4) PmThTp+ 61.1 26,2 22.4 1.7 26.8 10.7 . 48.8 4.8
5) PmThagTp+ 71.3  29.5 27.4 1.9 26,0 9.4 59,1 3.3

Overall 51.1 26,7 23.4 2.3 30. 8 10.6 42,1 7.3

F-ratio 16.9 1.9 4, 2 0.5 8.6 0.8 11.8 1.6
Aok " NS Aok K " NS Aok %k NS *ok NS

f. hetercrhylla
1) PmTh+ 40.9  27.5 23.9 0.6 8.3 7.2 37.1 2.2
2) PmThTp+ 61.1 26,2 22,4 0.02 12.6 3.2 48,8 1.1
3) PmThAgTp+ 71.3 29,5 27.4 0.5 1.7 1.5 59,1 1.0
4) ThTp+ 55.6 21.3  22.9 2.5 22.8 11.9 47,2 8.1
Cverall 54,0 27.1 23.4 0.7 12.7 5.9 45,4 2.7
F-ratio 12.9 1.5 2.6 6.3 7.8 0.6 8.2 7.6
: * ¥k NS * *okk . kkk NS EEK ok ok

I. plicata
1) PmTp+ 57.0  25.2 18.3 1.5 6.6 40.0 42,4 3.6
2) PmThTp+ 61.1 26.2 22.4 1.2 8.3 22.8 48.8 3.3
3) PmThAgTp+ 71.3  29.5 27.4 1.3 8.4 15.9 59,1 2.5
4) ThTp+ 55.6 21.3 22.9 1.4 15.6 10,9 47,2 3,1
Cverall 60, 1 26.3  23.1 1.3 9.2 24.4 48,0 3.3
F-ratic 2.1 2.0 3.4 0.2 4.9 3.3 3.1 0.2
NS NS * % NS % 3% %k o A %* % NS
TABLE 12

One-way analysis of variance of the wajcr species across
different plot types of the Wet Douglas-fir Sulkzone.

Data represent means for all observations of a particular
plc*t type. Characteristics of plot types are given in Tatle
6. For abhreviations, see Table 10.
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T. plicata has a very significant difference in rate of growth
among plot types, from 10.9 to 40.0%/5Y. Its lowest rate of increase is

in the ThTps+ plot type, exactly where T. heterophylla exhibits its highest

rate of increase. The highest rate of increase for T. plicata appears
in the PmTp+ plot type, where P. menziesii is the most abundant among
all plot types in which these two species coexist, and in which T. hete-
rophylla is practically absent. Moreover, there is a significant corre-
lation of 0.99 (p = 0.05) between the rate of increase of T. plicata and
the relative abundan;e (% BA, Table 6), of P. menziesii in the 3 plot
types where these species co-occur (PmTp+, PmThTp+, PmThAgTp+), and the
rate of increase is consistently 2 to 4 times higher for T. plicata than
for P. menziesii. These observations indicate that the conditions which

favour P. menziesii do not favour T. heterophylla, and that T. plicata has

some potential to succeed P. menziesii, at least locally, where T. hetero-
phylla is infrequent. This can also be observed in the graph of the
species relative abundance (see Figures 6 C and D), and this trend was

revealed by the succession data of the previous chapter.

Minor Species (Table 13)

No significant differences were found in rates of increase of minor
species. A. rubra deserves a comment. The stand age varies greatly among
plot types, and is negatively correlated with the rate of increase in
basal area (r = -0.92, p = 0.1). Although the difference in rate of
increase in basal area is not significant, it is noteworthy that it shows
successively an increase (5.6%/5Y) and then a decrease (-6.4%/5Y) with

time. This suggests that the pioneer role of A. rubra observed in the
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Stand Pm Th Tctal CBA/
Plct Type Age SI 50 SI 50 DBA BA DBA/BA BA Tot BA
(years) (m) (m) (m2/h/5y) (m2/h) (%/5y) (m2/h) (%/5y)
A. rubra
1) Pn+ 42,4 28.6 . - 1 ~0,05 b.6 6.2 39,4 0.4
2) PmTh+ 38,6 31.4 29,0 0.5 6.9 5.6 40,3 1.4
Overall 53.5 29,4 22.5 -0.02 4,6 0.7 45, 3, 0.3
F-ratic 23,1 1.2 7.0 1.4 1.9 1.4 7.5 2.1
' % % % NS ok NS NS NS %ok ok NS
P. siichensis
1) PmTp+ 77.5 28,2 18, 3 3,2 25,0 12.2 67.9 4,4
2) ThTp+ 83.6 - 20,0 1.7 17.7 6.7 60,0 2.4

Overall 82.0 28,2 18.6 2.1 19.6 8.2 62.1 3.0

F-ratio ' 0.9 - 0.

3 1.0 1.0 0.7 0.6 0.9
NS - NS NS NS NS NS NS

A. grandis
1) PmTp+ €5.0 31.0 - 0.7 11. 5 7.8 51. 8 1.2
2) PmThAgTp+ 71.3 26,5 27.4 1.1 11, 14,2 59,1 2.1
Cverall 69.5 29.9 27. 4 1.0 11. 8 12.5 57.1 1.8
NS NS - NS NS NS NS NS

1 Missing values for Fir or Hemlock Site Index are dus to the absence
of the species in the plot typs.

Table 132...,
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(Cont'd)
Stand - Pnm Th Tctal . DEA/
Plct Typs Age SI 50 SI 59 DBA EA DBA/BA BA Tot BA
(years) (m) (m) (w2/h/5y) (m2/h) (%/5y) (m2/h) (%/57Y)
A. macrophyllum
2) PmTpTh+ 69.1 25,8 23.7 0.1 4,7 29.0 48, 2 0.5
3) PmThAgTp+ 67.5 33.5 36.6 0.2 3.0 7.9 58.5 0.4

Qverall 67.6 28.5 26.0 0.2 4,5 18.7 50.4 0.6

F-ratio 0.1 3.9 22.1 0.8 0.2 0.8 0.4 0.6
NS ¥ % ook NS NS NS NS NS
TABLE 13

Cne~-way analysis of varianca of th2 mincr species across
differ=snt plot types of the #Wet Douglas-fir Subzone,

Lata represent means for all occurrernces of the sukject
spacies in a given plct type., Characteristics of plot types
are given in Table 6. For abkreviations, see Table 10.
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Dry Douglas-fir Subzone is similar in the Wet Douglas-fir Subzone. The
graph of species relative abundance agrees well with this view (Figures
6 C and D), and the succession data showed the same behaviour. P. sitchen-

sis, A. grandis, and A. macrophyllum do not show significant difference

in any of the growth variables.
Dry Western Hemlock Subzone

Major species (Table 14)

T. heterophylla is the most important species in this subzone and

occurs in 5 out of 6 plot types. Stand age (37.8 - 67.6 y), P. men-

ziesii site index (26.3 - 39.6 m), and T. heterophylla site index (24.3 -

-28.0 m) are all significantiy different. Basal area increment (0.9 -

4.3 m?/h/5y) and basal area (17.1 - 52.1 m?2/h) also vary significantly,
and are correlated (r = 0.94, p = 0.05), yet neither one shows any signi-
ficant correlation with stand age, or site index. ' The percent rate of
increase-is highly significantly different among plot types, with the
highest values in the two plot types where T. plicata is absent and P.
menziesii present (PmTh, PmThArt), and the smallest values where T. he-
terophylla is either forming pure stands (Th+) of where T. plicata is
abundant (PmThTp, ThTp+). This indicates that P. menziesii does not offer

much competition to T. heterophylla, and that T. heterophylla and T. pli-

cata compete strongly with T. heterophylla.

All variables for P. menziesii are significantly different among
plot types. The mean stand age goes from 33.2 to 67.6 years. The basal

area increment is negatively correlated with stand age (r ==0.96, p = 0.05)



Stand Pm Th ’ Tctal DBA/
Plct Type  Ages SI 50 SI 50 DBA BA DBA/BA BA Tot BA
{vyears) {m) (m) (m2/h/5y) (m2,h) (%/5y) (n2/h) (%/5Y)

T. heterorhylla

1) Th+ 56,0 39.56 27.4 b.3 52.1 9.1 53.1 8.9
2) PmTh . us5.4 30.6 25,5 2.2 18.6 21.9 43.9 = 6.4
4) PmIhTE 67.6 26.3 24,3 0.9 17.6 6.2 58,2 2.2
5) ThTp+ 49,7 27.4  26.9 3.0 37.2 9,3 . 43,4 6.8
Overall 51.7 29.6 26.0 2.1 24,2 14,1 42,3 5.3
F-ratio 9.6 6.9 2.9 1.2 32.2 6.8 5.0 5.4
% A ¥ # Ak %k %* Xk ¥k ok %ok ¥ 3 # k ek 3 3k

P. menzizsii
1) PEmTh 45. 4 30.6 25.5 3.3 24.6 - 20.1 43.9 13.2
2) PmThAr+ 37.8 32,1 28.0 3.6 21.3 21.3 44,2 11.2
3) PmThTgp 67.6 26.3 24,3 1.2 31.1 7.3 58.2 2.6
4) Pm+ 33.2 27,72 - 5.2 30.7 22.3 33.5 20.9

Overall 47,5 29.0 25.5 3.2 27.1 17.4 45.5 11.7

F-ratio 18.8 10.0 3.7 6.5 3.5 7.4 12.0 15.1
* ok % 3Ok * % % %k * % Kk % 3 K % %

1) PmThTp 67.6 26.3 24,3 0
. 1

Cverall 62.9 26,3 . 25.2 0.8 9.2 1.4 55.9 1.9

F-ratio 8.7 0.0 0.2 0.3 1.2 0.3 4.1 0.3
* Aok NS NS NS NS NS * % NS
TABLE 14

Cne-way analysis of varianc2 of ths majcr speciss across
different plot types cf the Dry Western Hemlcck Sulzone,

Data repr2sznt m2ans for all observations of a particular
rlct type. Characteristics of plot types are given in Table
7. For abreviations, see Table 10.
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and shows its lowest value (1.2 m?/h/5y) in the oldest plot type (PmTh
Tp). The percent rate of increase is also the lowest in the oldest

plot type. However, this plot type (PmThTp) is also the only P. men-
ziesii plot type with a large proportion of T. plicata (14.7%), and

T. plicata is at its best rate of increase (12.1%/5y). It seems apparent
in the older plots that the conditions favour a rapid basal area growth
for T. plicata reflecting both a large diameter increment and good rege-
neration of this species, while P. menziesii grows much slower than in
other plot types. The consequences can be seen on the graph of species
relative abundance for the Dry Western Hemlock Subzone (Figures 6 E and

F).
Minor species (Table 15)

A. rubra and A. grandis are minor species in the Dry Western
Hemlock Subzone (Table 15). Both basal area and basal area increment
over gasal area are significantly different for A. rubra. Even though
stand age is not significantly differenf among plot types, there is
a significant negative correlation between stand age and basal area
(r ==0.97, p = 0.05). Moreover, the two oldest plot types show a very
high mortality for A. zghzg_indicaﬁed by a rate of increase of -31.6%/5Y
in the Ths plot type, and -73.4%/5y in the PmTp+. This again reflects
the pioneer behaviour of A. rubra whose relative abundance is decreasing
constantly when plotted against age (Figures 6 E and F), as previously
shown in the stand-type succession data. A. grandis covers a very small
basal area in the PmThAr+ plot type (2.5 m?/h), and slightly more in

PmTp+ (6.6 m2/h); this difference is not significant.
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Stand Fm Th Total DBA/

_ Agse SI 50 SI 50 DBA EA DBA/BA BA Tot BA

(years) (m) (m) (mZ/h/5y) (n2/h) (%/5y) (m2/h) (%/5y)
50.0 - 29,7 -0.8 3.0 -31.6 55. 3 -1.7
38.3 32.3 28.0 -0.1 4,9 4,9 44,1 0.8
51.3 27. 4 26,7 -1.0 2.1 -73.4 46,7 -2.4
24,0 33.5 - 0.6 12.9 4.0 34,5 1.9
39.0 32.4 28.0 -0,2 5.5 -8.0 44,3 0.3
1.9 1.0 0.5 0.9 12.1 6.8 1.4 1.5
NS NS NS NS % % % ¥ k% NS NS
49,2 29,1 27.8 0.5 2,5 14,6 49,2 2.0
50.0 - 30.5 0.7 606 5.3 6106 1.1
49,3 29.1 28,3 0.5 3.0 13.3 51.0 1.8
0.¢ - 0.7 0.1 2.4 0.U 0.6 0.2
NS - %k % NS NS NS NS NS

TAELE 15
Cne-way analysis of variance of the minor speciss across

different plot types of the Lry Western Hemlock Sulkzone.

Data

repressant

means for

all occurrences of the sukject

species in a given plct type. Characteristics of plot types
are given in Table 7. For abtreviations, see Table 10.
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Wet Western Hemlock Subzone

Major species (Table 16)

T. heterophylla is found in all of the 7 plot types, and accounts

for well over half the total basal area, except in ThPsTp+ where it is
only 38.2% (Table 8). The stand age varies from 42.8 to 60.6 years, and

the T. heterophylla site index, from 21.5 to 29.9 m. The only correlation

worth mentioning indicates a slowly diminishing percent rate of increase

with stand age (r = -0.70, p =-0.1). T. heterophylla basal area increment

as a ratio of total basal area has an overall mean of 4.8%/5y, but as a

ratio of T. heterophylla basal area, it varies among plot types. ‘It has

its highest rate of increase (13.7%/5y) in the ThPs+ plot type, where

P. sitchensis also reaches ité highest value. This high rate of increase
for both species is probably due to the youth of this plot type, and to
high fitness to site conditions, but it might also reveal a lack of

intense competition between T. heterophylla and P. sitchensis. Among

5 plot types, Th, ThAa, ThTps+, ThPsTp#, and ThTpPm+, the rate of increase

of T. heterophylla is very stable (circa 7.5%/5y), the lowest rate of

increase (3.5%/5y) is found in the ThPm¢ plot type, where P. ﬁenziesii
is the most abundant. This indicates either mutual site incompatibility
or strong competition between these two species, and this. hypothesis is
reinforced by the observation that P. menziesii shows its lowest réte of
increase (3.0%/Sy) in this same plot type, and its highest (14.2%/5y) in

the ThTpPm+, where T. heterophylla is significantly less abundant (see

Table 8).



Stand Pm Th , Tctal DBA/
Plct Type Age SI 50 SI 50 DBA BA DBA/BA BA Tot BA
(years) (m) (n) (m2/h/5y) (m2,/h) (%/5yY) (m2/h) (%/5Y)

©. heterorhylla

63.0

1) Th 5”‘06 - 29.0 302 6106 601 6.0
2) ThEs+ 42.8 - 28.3 3.0 34,5 13.7 67.2 6.0
3) ThAa 57.1 - 26.5 2o7 360“’ 7.3 63.5 5.0
4) Tth+ 60.6 - 21'5 1.3 28.5 709 56.0 3.6
5) ThESTp+ 43, 3 - 26. 1 1.6  23.6 8.6 62.9 2.7
6) ThIpPn+ 47,6 - 29.9 1.6 29.2 7.4 49.4 4,4
7) ThEm+ 59.3 - 29.8 1.6 52.1 3.5 70.8 2,2
Ooverall 52,2 - 27.7 2.5 41.9 7.9 63.8 4.8
F‘Iatio 6.2 - 7.3 2.0 32.14 2-6 3.6 1.7
% % - ok %k * LEE %% ok % " NS
T. plicata

1) Tth“’ 6006 - 21.5 018 21-2 10.5 56.0 2.3
3) ThTpPm+ 47.6 - 29.9 0.6 9.7 2.6  49.5 1.4
Overall ug8,7 - 26,0 1.2 132.8 9.4 57.7 2.6
F"I‘atio - qu - 8.6 3.6 3-5 3.5 2.1 1.5
. ¥ %ok - %%k %k ¥k %k % %k NS NS

P. menzisgii
1) ThTpPm+ 47.6 - 29,9 1.1 S.2 14,2 49.5 2,2
2) ThPm+ - 59.3 - 26.8 0.5 16. 4 3.0 70,7 0.7
Overall 55.8 - 2¢,8 0.6 14,2 6.4 64,4 1.2
F‘I‘atic 3.5 - 0-0 1.2 uoe 3-8 26.8 3.“
* - NS NS % % * Aok ok *

o —— . — e . et S . S - . e S i e o

Table 16...
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(Conttd)
Stand  Pnm T : Toctal  DBA/
- Plot Type Ags ST 50 SI 50 DBA BA DBA/BA BA Tot BA
(years) (m) (m) (m2/h/5y) (m2/h) (%/5y) (m2/h) (%/5Y)
P. sitchensis
1) Thps+ 42,8 - 28,4 3.9 28,8 17.9 67.2 6.9
2) ThEsTp+ 43,3 - 26. 1 3.3 21.8 15.3 62.8 5.1
Cverall n3,0 - 27.5 3.6 26.3 17.0 65.6 6.3
F-Iatio 0.0 - u-6 0.7 2-“ 0.9 Oog 1.2
NS - * % NS NS NS NS NS
TABLE 16

One-way analysis of variance of the wmajcr species across
different plct types of the #Wet Western Hemlock Sukzorne.

Data repres<nt mzans for all observations of a particular
Flot types., Characteristics of plot types are given in 7Table
8. For abreviations, ssz2 Table 10, :
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T. plicata occurs as a major species in 3 plot types, where stand

age goes from 43.3 to 60.6 years, and T. heterophylla site index, from

21.5 to 29.9 m. Basal area rate of increase, basal area, and percent
rate of increase all vary significantly among plot types. There is no
significant correlation between any of these variables. Total basal

area and T. plicata increment over total basél area do not vary signi-
ficantly. The lowest basal area rate of increase (2.6%/5y) for T. pli-
cata is. found in the ThTpPm¢ plot type, the only plot type where P. men-
ziesii coexists with T. plicata, and where P. menziesii achieves‘its best
rate of increase (14.2%/5y). This can be interpreted as a superior com-
petitive ability of P. menziesii over T. plicata in this plot type, or

by better response of P. menziesii to the site conditiéns. P. sitchensis
is found in two plot types, but none of the growth variables reflect any
significant difference.

There is a strong predominance of T. heterophylla over all plot

types. T. heterophylla can either form the climax by itself or by asso-

ciation with A. amabilis or T. plicata. This is also what is suggested
by the graph of species relative abundance against stand age (Figures

6 G and H), where T. heterophylla accounts for 60 to 70% of the total basal

area at all ages. P. sitchensis and A. amabilis fluctuate around the 15%
level, and P. menziesii, T. plicata and A. rubra, around the 5% level.
The succession data of the previous chapter showed much the same, with
emphasis on the possibility of A. amabilis taking over the low frequency

stand-types at older stand ages.
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Minor species (Table 17)

A. rubra appears again as a minor species, and its bésal area and
basal area increment display no significant difference among plot types.
Although its basal aréa is slightly larger in older plot types, its
rate of increase becomes negative (-2.1%/5y), and A. rubra is deemed to
be outcompeted by seral and climax species, as in all previously consi-
dered subzones. 1Its behaviour is shown in Figures 6 G and H. A. amabi-
‘1lis is a major species in ThAa, but a minor one in ThTp+; for this rea-

son it is discussed as a minor species. Only the T. heterophylla site

index shows a significant difference between the two plot types, but
no significant correlation with other variables can be established. It
was found that A. amabilis occupies 42.0% of the total basal area in the

ThAa plot type (Table 8), and constitutes a climax with T. heterophylla.

Packee. (1976) points out that A. amabilis will become a climax dominant
in the colder portion of the subzone, provided no major disturbance
.occurs, but will be of lesser importance-in more maritime (lower eleva-.

tion) portions of the subzone.
Fog Western'Hemlock Subzone

Major species (Table 18)

T. heterophylla is the only species found in all observations. All

variables show significant differences between the two plot types, but

there are too few observations to detect any significant correlations.

‘T. heterophylla has a rate of increase of 0.3%/5y in the ThPs+ plot type,

and 12.8%/5y in the ThTp+ plot type. This indicates that T. heterophylla
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vStand Pm Th ' Tctal DBA/
Plct Tyge Age SI 50 SI 50 DBA EA ‘CBA/BA B2 Tot BA
(years) (m) {(m) (n2/h/5y) (m2/h) (%/5y) (m2/h) (%/5Y)
A. rubra
1) ThPs+ 46.0 - 27.9 0.3 S. 1 -2.1 67.9 0.7
2) ThPsTn+ 40,0 - 25,6 0.6 7.9 6.7 60,1 1.2
3) ThTpPa+ 26.7 - 35. 1 0.6 3.7 14,9 40.8 1.7
Overall 41.0 - 27.8 0.5 7.9 3.8 61.1 1.0
F-ratio 10,2 - 10,5 0.5 1.6 2.4 8.7 0.8
ok - %% % NS NS NS %ok % NS.
A. amabilis
1) Thia 57.1 - 26,4 2.1 26.8 9.2 63.5 3.6
2) Thip+ 53.3 - 19.8 1.4 16, 3 12.8 69.2 4.0
Overall 56.8 - 25.9 2,1 25.9 9,5 64.0 3.6
F-ratio 0.2 - 7.0 0.7 1.4 1.1 0.3 0.1
NS - *¥x%x NS NS NS NS NS
TABLE 17

Cne-way anralysis of variance of the mincr species across
different plct types of the Wet Western Hemlock Subkzone,

Cata represent means for all cccurrences of the sukject
species in a given plct type. Characteristics of plot types
are given in Table B, For abtreviations, see Table 10.



Stand Pm Th Tctal DBA/
Plct Typs Age SI 50 SI 52 DBA BA DBA/BA BA Tot BA
(vyears) (m) (m) (m2/h/5y) (m2/h) (%/5y) (mZ2/h) (%/5Y)
T, hetzrophylla
1) ThPs+ 51,7 - 36.3 0.2 6C. 9 0.3 74,0 0.3
2) ThiTp+ 43,6 - 29,2 3.3 40.8 12.8 61.8 5.6
Overall 48,7 - 33,7 1.3 53.5 4.9  69.5 2.2
F-ratic 12,2 - 20.0 13.6 6.8 18.0 8.0 16.1
% % %k - %k % %k ¥ ok * ok 3% %ok % % % 3 %k
TABLE 18
Cne-way ahalysis of variance of major species on different

rlct types of the Focg Wastern Hemlcck Subkzone,

Data rapresent

me2ans for all ohservations of a particular
plot type. Characteristics of plot types are given in 1Table
9, Ffor abkr=sviaticns, see Table 10,
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might outcompete T. plicata, and P. sitchensis might later interfere

with the progression of T. heterophylla. Since T. plicata was found

only in the ThTps plot type, it is impossible to compare its perfor-
mance, but the graph of species relative abundance (Figure 6) indi-

cates that the high rate of increase of T. heterophylla allows it to

overtake T. plicata later. T. plicata then falls to the level of 10%
relative abundance (Figures 6 I and J), and P. sitchensi; increases
slightly to reach a level under 10%. P. menzies%i and A. rubra are
merely traces (< 2%). The stand-type data showed that in fact P. sit-
chensis was never abundant enough to constitute a stand-type and that

T. heterophylla overtakes T. plicata by age 45. In the previous chapter,

the unlikeliness ‘of the rarity of T. plicata was discussed and was attri-
buted to insufficient sampling in this subzone. The role of major climax

species as stated by Packee (1976) was agreed upon.

Minor species (Table 19)

P. sitchensis is considered a minor species for the same reason
given for‘éf amabilis in the Wet Western Hemlock Subzone. Its basal
area is significantly larger in ThPs+ where it is a major species,
13.3 m?/h, against 5.1 m?/h in ThTp+ where it is a minor species. However,
its rate of increase is smaller, though not significantly in the ThPs+

plot type, where T. heterophylla is more abundant. This reflects anta-

gonism between T. heterophylla and P. sitchensis. Figures 6 I and "J

indicate that the proportion of its basal area over all the plots of the
subzone fluctuates very little around the 10% level. The stand-type

data showed that P. sitchensis was never the most abundant species in
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Stand Pm Th Tctal DEAy
~ Plot Type Age SI 50 SI 5¢C DBA BA DBA/BA BA Tot PBA
(years) (m) () (m2/h/5y) (n2/h) (%/5y) (m2/h) (%/5y)
Sitchensis
ThPs+ 52.0 - 36.9 0.8 13.3 6.0 75.7 1.0
ThIp+ 40,0 - 1.2 1.0 5.1 1.7 60,4 1.7
Overall 48.6 - 35.3 0.8 10. 9 7.6 71.3 1.2
F-ratio 23.5 - 10.0 0.1 5.0 2.2 8.4 0.8
%%k % - %k NS %k NS #* % NS
TABLIE 19

Cne-way analysis of variance of the wmincr species across
different plot types of the Focg Western Hemlock Sulbzone,

Data represent means for all occurr=nces of the subijzct
species 1in a given plct type, Characteristics of plct types
are given in Table 9, For abbreviations, see Table 10,
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any stand.

Site index variation

Site index variation was never significantly correlated with
basal area growth. Although site index of even-aged stands is con-
sidered an expression of site quality (Curtis et al. 1974), its
evaluation takes only age and height into account. The absence of
correlation between site index and basal area growth does not invali-
‘date site index as a measure of site productivity since height is as
important as basal area in the computation of productiyity. It seems
-rather to suggest, as is generally.accepted, that basal area growth
and height growth are controlled by different site factors. Perhaps
height growth is more sensitive to physico-chemical site factors
while basal area growth is more sensitive to biotic factors such as
composition and density of vegetation,

The distribution of site indices in 10 feet (3.03 m) classes, at

age 50, are given per subzone, for P. menziesii and T. heterophylla

(Figure 7 and 8), and the subzone means and standard deviations are listed
(Table 20). There is a significant difference (p = 0.01) among the

subzone means for P. menziesii and T. heterophylla site indices, showing

an increase in site index from the driest to the moistest subzone.

Packee (1976) demonstrafed that the mean annual moisture deficit with

200 mm of soil water storage capacity was the most suitable variable

for differentiating subzones. Moisture deficit (Table 20) has a
significant correlation with P. menziesii site index (r = 0.95, p = 0.05),

and with T. heterophylla site index (r = 0.82, p = 0.1). This strongly
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FIGURE 7

Site index distribution per 10 feet (3.03 m) classes for
P. menzipsii at ags 50. The computation is based ocn a re-
gression <curve developed by MacMillan Bloedel Limited
(1975 Internal Report).,
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FIGURE 8

Site index distributicn per 10 feet (3.03 m) classes for
TI. hsterophylla at age 50. The ccmputaticn is based cn a
regression curve developed by MacMillan Blozadel Limited
{1975 Internal Report),
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Pm STIE INDEX

SUBZCNE Th SITE INLEX MD
n mean s n mean s mean
(m) (m) (mm)
Dry Douglas-fir Sulkzone 71 25.9 (5.6) 10 25.3 (5.6) 134
#et Dcuglas-fir Subzone 143 27.1 (6.4) 74 23.9 (6.6) 93
Dry Western Hemlock Subzone 82 29.1 (6.2) 96 26.2 (4.8) 62
Wet Western Hemlock Subzone 36 34.2 (5.2) 229 28.0 (5.0) 27
Fog Western Hemlock Subzone 2 38.1 (2.2) 19 33.7 (4.8) y
TABLE 20

Mean site indices and mean annual moisture deficit per

sukzcne,

Site indices for P. menziesii and

storage capacity (Packee 197

6)0

I. hetercphylla

standard deviations of site indices.

at
50 (MacMillan Bloedel Limited 1975 Internal Report).

the mean annual mcisture deficit with 200 mm of scil water
Values in brackets are the

age
ML is
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suggests that moisture availability is one of the main determinants in

height growth for P. menziesii and T. heterophylla, and likely for the

other species in this analysis.
CONCLUSION

Biogeoclimatic Subzones can be objectively subdivided into plot
types which are statistically defined on the basis of present canopy
vegetation. Differences in plot types are assumed to modify the
dyhamics of competition and the basal area growth performance of
species. Quantitative differences among plot types were found in the
rate of basal area growth of species which cannot be solely attributed
.to site index as a measure of productivity nor to site age. Results
of analysis of variance are particularly conclusive for the major

species, P. menziesii, T. heterophylla, T. plicata, and P. sitchensis,

and for two minor species, P. contorta and A. rubra. No significant

effect of P. menziesii and T. heterophylla site index on basal area

growth could be detected at the plot level. Significant differences in
site index appear at the subzone level and seem to reflect the soil
moisture regime.

Biotic and abiotic site factors vary greatly within one Biogeocli-
matic Subzone. The data did not allow testing for exact site factors
that favor the growth of a species while inhibiting the growth of another.
At early stages of secondary succession, species invasion and parti-

cularly, species establishment are controlled by abiotic site conditions.



114

Later on, tree composition creates a situation where species, just be-
cause they -grow, have to compete for resources. Therefore, tree compo-
sition is an image of both abiotic site factors allowing or not the
presence of various species, and biotic componénts allowing or not
their coexistence. The inferences on succession drawn from these
results agree with the species relative abundance observed throughout
the rotation period and with the stand-type succession data of the
previous chapter. Moreovér, species performance might vary from one
Biogeoclimatic Subzone to another, within similar plot types.’ The
presence of P. menziesii in the Wet Douglas-fir Subzone, for instance,

seems to correspond with a poor growth of -T. heterophylla. No such

observation was made in the Dry Western Hemlock Subzone, whereas the

opposite for T. heterophylla was found in the Wet Western Hemlock Sub-

zone. The relationships between these results suggest that the overall
forest succession observed and modelled at the subzone level is partly
due to the dynamics of interspecies competition observed at the plot
level.

This study has brought forward some evidence that basal area
growth of a species'varies according to tree composition as characterized
by plot types. It was not meant to assess the relative contribution
of the variation due to abiotic factors with that due to competition;

however, it is very -likely that both are equally important.
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ABSTRACT

The effect of interspecies competition was examined on a single
tree basis. The data consisted of over 2,000 observations from 12
Permanent Sample Plots where the coordinates of each tree were known.
Indices of competition representing horizontal and vertical forest
structure were computed for each tree. Regression models of yearly
diameter increment were built to evaluate the contribution of diameter,
age, site index, subzone location, several competition indices and inter-

actions of some of these terms, for P. menziesii, T. plicata, and

T. heterophylla. The most significant variables affecting tree growth,

mortality, and regeneration, were determined by analysis of variance.
The results of>the regression models showed tﬁat estimates based
on present site conditions were significant only when used alone, with-
out variablesbindicative of the past history of the tree. It was found
that the relationship between the competition regime and the present
state of a tree seems to be cause and effect applied over the entire
life-span of the tree. The most powerful indicators of the impact of
competition were found in the tree itself, and were evaluated by its
diameter and long-term diameter increment in comparison with the whole
population. Mortality and regeneration of each species were found to
vary through time in response to the immediate neighborhood of the in-
dividual tree; this seems to be the mechanism which generates succession

at the population level.
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7 7
RESUME

On a examiné 1'effet de la compétition interspécifique au niveau
de 1'arbre. Les données forment plus de 2,000 observations provenant
de 12 parcelles permanenfes ol 1l'on connait les coordonnées de chaque
tige. On a calculé des indices de compétition tenant compte de la
structure horizontale et verticale de la foré&t pour chaque arbre. On
a construit des mod&les de régression de l'accroissement annuel en dia-
métre pour évaluer la contributioﬁ du diamétre, de 1'age, de 1'indice de
site, de la location de la sous-zone, de plusieurs indices de compétition

et des interactions de quelques-uns de ces termes pour P. menziesii,

T. plicata et T. heterophylla. On a déterminé les variables les plus si-
gnificatives pour la croissance, la mortalité et la régénération par
analyse de variance.

Les résultats des modéles de régression ont montré que les prédic=
tions basées sur les conditions actuelles du site sont significatives
seulement si utilisées seules, sans l'inclusion de variables réflétant le
passé de l'arbre. On a trouvé que la relation entre le régime de compé—
tition et 1'état actuel de 1l'arbre en est une de cause a effet durant la

3

vie entiére de l'arbre. C'es; dans 1l'arbre lui-mé@me que 1'on a trouvé
les meilleures indications de l'impact de la compétition qui est révélé
par son diamétre et son accroissement en diamétre en comparaison de la
populatioh. On a trouvé que la mortalité et la régénération de chaque
espéce varient selon le voisinage immé&diat de chaque arbre; il semble

que ce soit 13 le mécanisme qui engendre la succession au niveau de la

population.
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INTRODUCTION

The effect of interspecies competition on succession is often
taken for granted, on the basis of biological common sense (Dansereau
1957, Horn 1974), and many conclusions about its importance are based
on speculation (Miller 1967). The lack of knowledge about interspecies
competition obscures the mechanisms which lead to .the inhibition of
growth as population density increases (Stewart and Levin 1973). Compe-
tition, as a process of plant population dynamics, has been concealed
by more obvious processes, like succession, and has therefore been ne-
glected by investigators (Pickett 1976). Fluctuations in population -
density should be explained by processes acting at the community level
(Decker 1959).. The attempt to elucidate the mechanism of -succession
at the physiological level of the plant represents a step below the
population level and leaves partly unexplained the events observed in
the community.

The importance of interspecies competition in population dynamics
has been stressed by many investigators, yet statistical evidence is
lacking to confirm the hypothesis of underlying mechanisms by which
competition would lead to succession. This hypothesis requires a
demonstrated modification of the response of an individual plant to the
presence of different competitors in its immediate neighborhood. More-
over, it should be shown that particular combinationé of plants can inhibit
the growth of a specific plant and induce its mortality.

This chapter attempts to test the following hypotheses for a forest

community of Coastal British Columbia. (1) The growth, the suppression,
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and the regeneration of a single tree are related to the forest compo-
sition in its immediate neighborhood. (2) The decrease in rate of growth
of a tree is progressive and can be used to predict its mortality. (3)

The relationship between rate of growth and forest composition is species-
specific. (4) The replacement of dead trees by trees of the same or
different species can be predicted by the neighborhood composition. (5)
Dead trees are frequently replaced by trees of other species and this
mechanism generates the succession observed at the level of the forest

stand.

DESCRIPTION OF THE DATA

The data consists of a set of 12 Permanent Sample Plots from the
data bank of MacMillan Bloedel Limited, Forestry Division. The plots
belong to the four major Biogeoclimatic Subzones of Coastal British
Columbia; two plots are in the Dry Douglas-fir Subzone, six in the Wet
Douglas-fir Subzone; three in the Dry Western Hemlock Subzone, and one
plot is in the Wet Western Hemlock Subzone. Niné plots have an area of
0.04 hectare and three, 0.08 hectare. Plot parameters were measured
three or four times at five-year intervals. Their forest density ranges
from 1,317 to 1,947 stems per hectare, and the site index (base age 50)
varies from 14 to 38 m for P. menziesii, and from 12 to 33 for T. hete-
rophylla. The age of the plots ranges from 15 years at the first mea-
surement to 114 years at ﬁhe last measurement. Standard inventory-type

parameters, described in Chapter I, were measured for each tree. In
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addition, the position of each tree was calculated and recorded on stem
maps.

Since the main goal of this study is the analysis of forest inter-
species competition, sample plots were chosen on the basis of tree species
diversity. The number of tree species per plot varies from three to six;

a total of nine species were found: P. menziesii, T. plicata, T. hetero-

phylla, A. rubra, A. grandis, and less abundantly, A. macrophyllum, Pinus

monticola Dougl., Cornus nuttallii Audubon, and Prunus emarginata Dougl.

THE CHOICE OF AN APPROACH

Literature Review

There are a variety of deterministic models for single species:
Pinus taeda L. (Clutter 1963), P. menziesii (Newnham 1964, Paillé 1970,

Goulding 1972, Bella 1971, Mitchell 1971, Arney 1972), Picea glauca

(Mitchell 1969), P. contorta (Lee 1967), T. heterophylla (Lin 1969). These

models use either a tree-distance dependent or tree-distance independant
approach (Munro 1973), and they all deal with intraspecies competition.

The main feature common to these models is the concept of "zone of influen-
ce'" (Krajicek et al.1961, Vézina 1963, Opie 1968j. The zone of influence
of a tree is defined as an area on the ground representing the vertical
projection of the crown or of the roots. It is, therefore, the assumed
‘horizontal extent to which a tree can gather light, water and nutrients.
Pertinent reviews of forest stand simulation modelling are numerous

(Jaquette 1972, Honer 1972, Franklin et al. 1972, Smith 1973, Munro 1973).
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Plant physiological modelling (Hesketh and Jones 1976, McKinion
et al. 1975), although extremely rich in details about the mechanics of
a plant, reveal little about plant to plant interaction, and even less
about a multi-species situation. Agricultural plant modelling is also
concerned primarily with monocultures (Stern 1965, Mead 1967).

There are several models concerned with forest multi-species
modelling (Nelson 1965, Duncan et al. 1967, Waggoner and Reifsnyder
1968, Botkin_gg al. 1970, Whittaker et al. 1974, Stout et al. 1975). In
these, the investigator is usually faced with a number of parameters
varying together to determine, at any instant, part of the behaviour of
a group of species. Multiple regression techniques are therefore widely
used, and have proven to be quite powerful. However, multi-species
models are mostly developed at the level of the whole stand, using a
tree-distance independent approach. This approach is sufficient for
growth and yield studies, but inadequate to examine plant to plant inter-
action. |

In view of -the objectives of this study, a tree-distance dependent
approach seems to be necessary to investigate the response of a single
plant to a number of biotic parameters. Multiple regression and analysis
of variance can then be applied to evaluate the variability and relative

importance of various parameters.

Methods
Height growth and diameter growth show different physiological res-
ponses. The latter is more sensitive to the density of the forest

(Kramer and Kozlowski 1960) and is of the greatest interest for
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competition studies. The hypothesis that the rate of growth of a
single tree is related to competition from different species in its
neighborhood implies a precise measurement of competition due to each.
Two main types of competition index are found in the forest literature.
The first type is based on individual tree competition and usually
evaluates intraspecies competition. The second type .deals with inter-
species competition, but is generally calculated at the species level.
For this study, an index of competition based on single trees was
derived from the idea of intraspecies competition indices by extention
of the concept from one to several species. The-classical approach is
presented by Bella (1969) and Moore et al. (1973).

If the subject tree is denoted S and its diameter DS, there exists
a zone of diameter ZS, proportional to DS, defined as the zone of in-
fluence of S (Figure 9 A). Similarly, each competitor j of species i,
denoted C(i,j), has a diameter DC(i,j) and a zone of influence of diameter
ZC(i,j). When ZS is overlapped by ZC(i,j), it is assumed that S and C
(i,j) compete for the same resources within the area of dverlap 0 (i,j).
The summation of overlap of trees of species 1 is Sum (0(1;j)), for
j = 1...n, where n is the number of competitors of species 1 with subject
tree S. The ratio of the area of overlép of species 1 to the area of S
is Sum (0(1,j))/AS, for j = 1l...n, where AS is the area of the zone of
influence of S. The ratio of the overlap due to all species is therefore
Sum (0(i,j))/AS, for j = 1...n and i = 1...m, where m is the number of
species competing with S. The computation of the area of overlap was

adapted for multi-species from Arney (1972).
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FIGURE 9

A, Geometrical repres2ntation of the areas of cverlap
between a sukjsct tree and its competitors., DS = D3H of
the subject tree. 2S5 = diameter of the zone of influence
of the sukject tree, DC{i,j) = DBH of the jth tree of the

ith competing species., 2ZC(i,j) = diameter of the zcne of
influence of the jth tree cf the 3ith cocmpeting species,
‘C(i,j) = area of overlap between the jth tree of the ith

compe+ing species and the subject tree. Refer to text for
fcrmulae.

B. Geometrical representation of the height ratio of the

competing trees over the sukject tree., S = subject tree.
c(i,j) = 1jth tree of the ith ccmpeting species, HS =

height of the subject tree, HC(j) = haight <¢f +the Jth
tree. Refer to text fcr formulae. .
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The potential area of overlap due to unknown competitors located
outside the plot borders creates a bias (Monserud and Ek 1974, Martin
et al. 1577). The method of mirror image from the border was used, with
the reflection line passing through the border, and the calculated over-
lap was weighted in proportion to the distance of the subject tree from
each of the two closest borders. Since sample plots'are rectangular,
this procedure performed satisfactorily when compared with evaluation
using distance and size of trees outside the borders.

A simple index of vertical compétition was also calculated. The
height of the subject tree-is denoted HS, and the height of a competitor
HC(j) (Figure 9 B). No species distinction was made for the competitors'
height. The average height of the competitors is Sum(HC(j))/n, for
j = 1...n and the height ratio of competitors over subject tree is Sum
(HC(j))/n/HS, for j = 1...n.  The purpose of this index is to indicate
whether the subject tree is taller than its competitors (index<1) or is
under their shade (index >1), and in what proportion.

The DBH (diameter at breast height) of each tree was measured at
five-year intervals and the average yearly DBH increment was calculated.
The age of each tree was evaluated from regression equations based either
on measured age, for canopy trees, or on DBH, for ingrowth trees. The
status of the tree was recorded as ingrowth (DBH<4 cm at last measurement),
live, or dead. - The subzone to which the plot belongs was recorded as a
presence-absence factor.

To evaluate the influence of the presence of n different species

on the diameter growth of a subject tree, regression equations of the
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following form were built:

INCREMENT (i,j) = £(Sum (0(1,i), Sum (0(2,i))... Sum (0(n,i)))
for each subject tree i of each species j. Other predictors such as
DBHZ and DBH/age were also used in some models. The purpose of the
exercise was not to reach a high coefficient of determination (R2), but
to determine the contribution of various predictors in the equation.
Predictor contribution was tested by analysis of variance of the addi-
tional sum of squares due to the predictor. Finally, the statistical
significance of interactions between predictor '"species overlap ratio"

and predictor '"subzone' were tested.

RESULTS AND DISCUSSION

Regression models

- To find out the usefulness of distinguishing between the overlap
ratio due to each competing species, as opposed to the total overlap ratio,
two simple regression models were built. (Table 21, Model 1 and 2). Model
1 pools all competitor species into overall overlap (SUMOR); Model 2
separates overlaps by competitor species (OPM, OTP, -etc). Both models
include DBH, age, and subzone location as additional independent variables.
The analysis of variance (Table 22, Model 2 versus Model 1) confirms the
significance of additional sum of squares due to additional factors
considered in Model 2, with the exception of T. plicata model. It is,
therefore, useful to know exactly which species is competing against

- P. menziesii and T. heterophylla. T. plicata-appears less sensitive to




1) Y = (K, DBH, AGE, SUMCE, LCLF, WDF, DWH, WWH) B
E2 (Pm) = 0.645 (Tp) = 0.508 (Th) = 0.410

2) Y = (K, DBH, AGE, OPM, CTP, CTH, OAG, OAR, OAM, DDF, WDF, DWH,
: WWH) B

R2 (Pm) = 0.656 (Ip) = 0.513 (Th) = 0.430
3) Y = (K, DBH, AGE, OFM, CTP, CTH, DDF, WDF, DWH, WWH) R
| RZ (Pm) = 0,655 (Ip) = 0,510 (Th) = 0.425
k) Y = (K, DBH, AGE, SUMCR*HR, OEM, OTP, OTH, DLF, WDF, DWH, WWH) B

EZ2 (Pm)

i

0.655 (Ip) = 0.510 (Th) = 0.425

5) Y = (K, DBH, AGE, OFM, CTE, OTH) B
K2 (Pm) = 0.630 (Ip) = 0.486 (Th) = 0.413

6) Y = (K, DBH, AGE, OEM, CTP, OTH, DDF, WDF, DWH, WWH, OPM*DDF,
CTPF*DDF OPM*WDF, CIP*WLF, OTH*WLF, CPM*DWH, CTP*DWII,
OTH*DWH, OPM*WWH, CTIP*WWH, CTH*WWH) B
R2 (Pm) = 0.664 (Tp) = 0.508 (Th) = 0.427

7) Y = (K, DBH, DBH2, DBH/AGE, SUMOK, OFM, OTF, OTH, FSITE, HSITE;
“LLF, WDF, CWH, WWH) B '

R2 (Pm) = 0.765 (Tp) = 0.684 (Th) = 0.506

Table 21...
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(Cont*d)

TABLE 21

in this study. R2 is given for

Regressiocn mcdels ussd
es: P, menziesii, T. plicata, and
cti

three subjact spec
I. hetercphylla res
lous:

AGE: Lkreast age cf the treze (years)

B: vector of regressicn coefficients

CBH: diameter at breast height (mm)

DLF: Lry Douglas-fir Sukzone (0 or 1)

DWH: Dry Western Hemlcck Subzone (0 or 1)

FSITE: site index for P. manziesii, (age 50) (m)
HSITE: site index for T. heterophylla, (age 50) (m)
HR: height ratio

K: the ccnstant 1

CAG: overlap ratio due to A. grandis

CAM: cverlap ratio due to A. macrorhyllum
CAR: ocverlap ratio due to A. rubra

CPM: cvarlap ratio due to P. mgnziesii
CTH: overlap ratio due tc T. hetercphylla
OTP: cvasrlap ratio due o T. plicata

SUMCEF: *tctal cverlap ratio (all species)
WDF: Wet Douglas-fir Subzone (0 or 1)
WWH: Wet Western Hemlcck Sukzone (0 or 1)
Y: average yearly diameter increment

in the last five years (mm)



MCDEL 2 versus MODEL 1

T. heterophylla

MODEL 3 versus MODEL 1

P. menziesii

. s o i . i o

T. heterophylla

MODEL 4 versus MODEL 3

—rm e e e

i. heterophylla

Errer

Table 22...

Source af MS F-ratio

Additicral Regression 5 12.15 4,04 *xx*

Error 657 3,01

Additicnal Regression 5 4,10 0.80 NS

Error 377 5.16

Additicnal Regressicn 4 4,58 3.55 %%x

Errer 400 1.29

additicral Reqression 2 26,92 8,94 ##x

Errcr 660 3.01

Additicnal Fegression 2 4,82 0.93 NS

Errocr 380 5.15

Additicnal Eegression 2 6. 44 4,99 **xx

Error 402 1.29

Additicnal Rzgressicn 1 1.05 0.35 NS

Error 659 3,01

Addi+icral Regression 1 C.17 0.03 NS

Error " 379 5.16

Additicnal Regression 1 0,12 0.09 KNS
' 401 1.30
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 F-ratic

MODEL 3 versus MCLEL 5

o a-flpu il

T. heterophylla

MODEL 6 versus MODEL 3

P. menzi

lo
itn

I. plica

It
I

ii

T. heterophylla

MODEL 7 versus MODEL 3

P. menzies

. plicata

T. hetercphylla

ii

sourcs af MS
Addi+ticral Regression 4 343,75 11.54 ***
Error 660 2.01
Additicnal Regression 4 24,61 4,78 *xx
Error :380 5.15
Additicnal Regression 3 3.51 2,72 XXk
Error 402 1.29
Additional Regression 11 4,62 1.55 NS
Errcr 649 2.58
Additicnal Regressicn 11 0.78 0.15 NS
Error 36§ 5.32
Additicnal Regression 8 .21 0.23 NS
Frrer 394 1.32
rdditicnal Regression b 158.7 T77.03 *%x%
Error 656 2.06

" Additicnal Ragression 4 177.7 51,68 **xx%
‘Errcx 37¢ 3.36
Additional Regression L 18.49. 16,51 ***
Error 398 1.12

TABLE 22
Analysis of variance table on regressicn mcdsls. The ana-

lysis

the

ky the seccnd model,

acccunted

significance of the variation acccuntead
for by the first model over and abecve that

for
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this level of detail in this model. The large number of predictors in
the models, and the low occurrence of some species made the solution of

the models possible only for three species: P. menziesii, T. heterophylla,

and T. plicata. Model 3 (Table 21) shows that it is possible to delete
the low frequency species as predictors in Model 2, and still obtain a
more powerful model than Model 1. Model 4 tests an agglomerate index
of competition, defined as total overlép ratio times the height ratio.
The underlying hypothesis is that the average yearly increment should be
inversely proportional to the total overlap ratio, as well as to.the
height ratio, since the overlap on both the horizontal and the vertical
plane of the crown is assumed detrimental to diameter increment. Analysis
. of variance shows that this predictor does not add significant information
(Table 22, Model 4 versus Model 3).

The necessity of including the Biogeoclimatic Subzone from which
each observation came was tested by removing this information from Model 3
(Table 21, Model 5). The analysis of variance supports the hypothesis
that the additional information provided by the éubzone location is
highly significant (Table 22, Model 3 versus Model 5). Model 6 was
derived from Model 3 to test a possible interaction between the overlap
ratios and the Biogeoclimatic Subzones. It was hypothesized that P. men-

ziesii, T. plicata, and T. heterophylla might have a totally different

impact as competitors from one subzone to another (Table 21, Model 6).
The analysis of variance indicates, however, that these interactions are
not significant (Table 22, Model 6 versus Model 3). Some predictors were

added to Model 3 to test their significance. DBHZ? was included as a
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reflection of the geometric increase of basal area; DBH/Age as an indi-
cator of the average growth over the life of the tree; P. menziesii and

T. heterophylla site indices, as indicator of site productivity; and

finally the total overlap ratio was reintroduced in the model to repre-
sent the residual bits of information due to competitors other than

P. menziesii, T. plicata, and T. heterophylla (Table 21, Model 7). As

expected, the inclusion of these four predictors was very highly signi-
ficant (Table 22, Model 7 versus Model 3). This model gives high
multiple correlation coefficients (R = 0.87 for P. menziesii, R = 0.83

for T. plicata, and R = 0.71 for T. heterophylla), and is well 'suited to

estimate the yearly DBH increment for these species over a large diver-
sity of situations. Interestingly enough, predictors like partial and
total-over;aps, and subzone location are not significant in this. model
(Appendix C, Model 7), while they were significant in models where DBH2
and DBH/Age were not introduced as predictors. Site indices were signi-
ficant in only half of the cases. The highest predictive power, achieved
by DBH2 and.DBH/Age, has a clear biological meaning. DBH? is directly
proportional to basal area and represents the cumulative growth of the
tree over its entire lifespan. DBH/Age gives the average DBH increment

- over the life of the tree and reveals the history of its failures or
successes. The predictors carry so much of the past growth history of
the tree that other predictors representing only present conditions are
insignificant in comparison. When the strong predictors are not included
in the model, weak predictors become significant since they describe the
present conditions through subzone location, site index, and competition

regime.
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Mortality and regeneration analysis.

All dependent variables mentioned above were submitted to one-way
analyses of variance to test for possible differences among species and
among status (ingrowth, live, dead) of stems within each species. Two
useful types of indicators were found. Mortality indicators are variables
that show significant differences between live and dead stems of the same
age and species; since some measurements were made just before the death
of trees, it is possible to compare each variable, DBH for instance,
between live and dead stems and to predict the probability of-moftality
of a live stem whose value for that variable approaches the average
value of dead stems. Regeneration indicators are competition indices
that show significant differences between species in the .category of the
~ingrowth stems; they indicate the conditions under which a given species
does and does not regenerate.

Mortality indicators

P. menziesii is ‘the only species whose dead stems show a DBH
significantly smaller than the average for live stems (Table 23). The
overlap ratio due to T. plicata is significantly smaller on dead stems

than on live ones while the overlap ratio due to T. heterophylla is

significantly larger on dead stems. This indicates that a surrounding of

T. heterophylla is generally assSociated with the suppression and death of

P. menziesii stems. The average yearly DBH increment over the five years
preceding death is significantly smaller, indicating a progressive growth
reduction before death. The average growth rate over the total lifespan
of the tree, DBH/Age, is also significantly smaller for dead stems, which

. strongly suggests a long and progressive accumulation of the effects of



"INDICATOCR STATUS Pm Tp Th Ag Ar
YINC Live 2.7 2.5 1.8 1.8 . 84
Dead 093 13.1 0.9 -.5
F-ratio T1*%%. 2,1 NS 8, 1%%% - 4, 0%k
DBH Live 234 178 165 274 244
Dead 175 178 182 266 200
DBH/AGE Livse 3.8 2.9 2.5 4,8 4,0
Dead 2.5 2.2 2.4 4.8 243
F-ratio 11*%% (0,5 NS 0.2 NS 0.0 NS H.Q ¥ K
OEM - Live . 36 +49 U2 « 25 « 17
Dead 3¢ « 51 .63 .67 .07
F-ratio 0.0 NS 0,0 NS 3,9 ** 1,8 NS 0.2 NS
OTP Live .18 « 30 .20 .05 .02
: Dead .0d .28 <17 .01 « 11 ,
F-ratio 3.7 ** 0,0 NS 0.7 NS 0.7 NS 2.2 NS
OTH LiV‘E 018 316 018 - 010
Dead 0“0 Ooo 010 - .23
SIZER Live . S4 1.6 1.3 1.1 .95
Dead 1.1 2.7 1.9 2.5 1.5
F-ratio 1.5 NS 2.4 NS TO%%%k  J2%k %k 3.8 x
TABLE 23

Cne-way analysis of variance of mortality indicatcrs Let-
ween live and dead stems., Refer to Table 21 for definition
of indicators. Pm=P. menziesii, Tp=T. plicata, Th=T. hete-
rophylla, Ag=A. grandis, Ar=A. rubra.
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the neighborhood competitors.

No moftality indicator shows any statistical significance in the
case of T. plicata. However, there were only four dead T. plicata stems
out of 377 observations. The low number of observations in this class
indicates clearly that the mortality in T. plicata occurs later than in
P. menziesii, since the average age of IS plicata is not significantly
lower than P. menziesii.

Three indicators are significant for T. heterophylla. The average

yearly increment in the five years preceding death is only half of the
value for live stems. The overlap ratio due to P. menziesii is signifi-
cantly larger on dead stems. The height ratio of the competitors is also
significantly higher around dying stems. Therefore stems which are over-
lapped and are shorter than the average, and with a DBH increment smaller
than the average, die.

The height ratio is the only valid indicator for A. grandis. Yet
the overlap ratio due to P. menziesii, although not statistigally signi-
ficant, is an indication that P. menziesii overlap is correlated with
mortality in A. grandis.

The dead stems of A. rubra show that the average DBH increment over
their entire lifespan, DBH/Age,vis significantly smaller than for live
stems; this indicates that the competition effect of surrounding stems
was acting for a long time. In the five years preceding mortality, the
average DBH increment becomes nil. The competitors around dead stems are,

on the average, 1.5 times as tall, as opposed to 0.95 around live stems.
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Regeneration indicators

One-way analysis of variance among species indicates that A..rubra
regenerates a new stem only when the total overlap ratio is near zero
(Table-24). This confirms the pioneer role of A. rubra which was already
demonstrated in the two previous chapters. The height ratio further
indicates that the competitors are shorter, as would be expected during
early stages of succession.

P. menziesii also requires low total overlap ratio to grow a new

stem.. The overlap ratio due to P. menziesii, T. heterophylla, and T. pli-

cata, respectively, reflects the order in which these species will compete
against P. menziesii. The height ratio larger than 1 means that other
‘stems were present before or concurrently with P. menziesii; it is only
logical to suggest that A. rubra was preceding it.

" The next less tolerant species in regard to total overlap is T.

‘heterophylla. Yet the overlap ratio due to P. menziesii suggests that
this latter species was present first and surrounds the new stems of

'T. heterophylla. The height ratio of 2.0 indicates the head start of

early invaders, either preceding or growing faster than T. heterophylla.

T. plicata is less abundant as a neighbor of the new stems of T. hetero-
Ehxl;a, and will play its role-later.

Next in overlap tolerance is A. grandis, which occurs only in the
Dry Douglas-fir Subzone. P. menziesii is therefore its main competitor

and no co-occurrence with T. plicata nor with T. heterophylla was observed

in the sample. The height ratio classifies A. grandis as a late invader

likely to succeed P. menziesii locally.



INCICATCR Pm Tp = Th  Ag  Ar F-ratio
SUMOR .53 .94  ,76 .S3 .02 20.0 %%
oPHM .37 .46 .45 ,93  ,001 10.5 *%x*
OTEF .18 .38 .16 - .02 9,7 k%%
HR 1.2 2.2 2.0 1.7 .85 50,0 *%%
TABLE 24
Cne~-way analysis of variance of rag=2neration in

betwsen species.

cators.
P. menzi

dicators

Refer +to Takle 21 for definiticn cf indi-

Ingrowth data only were used in this analysis. Pm=’

esii,

grandis,

Ar=A.

Tp=T.
rubra.

licata,

Th=T.

heterophylla, A

g=A.
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The most tolerant regenerator in regard to overlap is T. plicata.
which can regenerate even when 94% of its zone Qf influence is over-
lapped. The most severe competitor on a new stem of T. plicata is

P. menziesii, followed by T. plicata and finally T. heterophylla. The

very high height ratio for T. plicata indicates that all competitors are,
on the average, 2.2 times as tall as the ingrowth of T. plicata. This
height ratio is the largest of all species, which suggests that T. plica-
ta is the species able to regenerate the latest in the stand. This is

an indication of a very high shade tolerance, and therefore, of the
presence of T. plicata in the older vegetation. The capacity of T. plica-
ta to tolerate a broad spectrum of moisture conditions is also a selective

advantage for regeneration under dense cover.

Succession .trends

A typical dead stem of P. menziesii has a smaller DBH than the
average stem; its life average DBH increment is smaller than live stems;
its DBH increment in the five years preceding death is very small; its

most severe competitors are T. heterophylla and P. menziesii stems, and

the competing stems are taller. P. menziesii ingrowth requires good sun-
light exposure as indicated by its low tolerance to total overlap ratio,
which makes -it a typical pioneer to be sécceeded by more shade-tolerant
species. The requirement for good sunlight exposure further suggests
tolerance to drier sites.

For A. rubra, the typical dead stem has a life average DBH increment
smaller than live stems; the DBH increment is highly reduced during the

five years preceding death and the dead stems are much shorter than the
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average. The ingrowth stem does not tolerate any overlap and is only
slightly shorter than the surrounding stems. Therefore, among the sample
plots, A. rubra .is an early invader which is rapidly replaced by seral

or climax species. It competes with other pioneers such as P. menziesii.
It was shown, in Chapter I (Figure 5), that A. rubra can hold out P.
“menziesii in a small proportion of the stands (< 5%), until about age 60.

The dead stems of T. heterophylla do not show a life average DBH

increment any smaller than other stems; their DBH increment preceding
mortality is very reducéd; their most severe competitors are P. menziesii
stems, and the dead stems can be much shorter than their competitors. The
ingrowth can tolerate a large amount of overlap, usually provided by stems

of P. menziesii and older T. heterophyllia stems, and grows in deep shade,

with high surrounding competitors. T. heterophylla is therefore a seral

species likely to remain in the climax vegetation, and is preceded, on

these sample plots, by A. rubra or P. menziesii, or both. T. heterophylla
can also,bé present as a pioneer if conditions are unsuitable for, or
there is no seed source of P. menziesii.

The dead stems of A. graﬁdis, on the sample plots, have only one
characteristic which distinguishes them from the average live stem: they
are very much shorter than the surrounding stems. The ingrowth can
tolerate a large amount of overlap, all coming from P. menziesii in this
case, and from stems which are much taller. A; grandis was found only
in the Dry Douglas-fir Subzone among the sample plots and was found

locally with P. menziesii in the older vegetation.
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Within- the sample, there were only four dead stems of T. plicata
and they showed no significant characteristic (Tables 23). Yet this
low mortality on plots 114 years old is itself an indication that
T. plicata will persist during later stages of succession. The ingrowth
shows a very high tolerance to overlap (Table 24); its main competitors
are P. menziesii and other stems of T. Eiicata; the height of the average
competitor can be very much higher than the ingrowth. T. plicata seems
the most shade tolerant among the five speciés analysed at the stem
level and it occupies a place in the older vegetation in plots dominated

by P. menziesii or T. heterophylla.

CONCLUSION

There is strong evidence that the growth of a single stem is
affected by forest composition in its immediate neighborhood. Diameter
growth increment is a result of site conditions and competition regimes,
both past and present. The contribution of present site conditions was
studied through tree composition, subzone location, and site index. Pre-
sent competition regime was estimated by competition indices which took
into account the horizontal distribution of the crowns and roots and the
vertical-disfribution of the crowns of all tree species. It was found

that three species - P. menziesii, T. heterophylla, and T. plicata - were

most indicative of competition from crown and root overlap since they
represented 92% of the total stem abundance in the sample plots. Cumu-

lative effects of past site conditions and past competition regimes over
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the lifespan of a tree were reflected by DBH, DBHZ, and DBH/Age, which
were the best predictors for diameter increment. Estimates based on
present conditions were found significant only when used alone, without
the predictors DBH? and DBH/Age.

No matter how small the competition indices were, and therefore
sometimes statistically non-significant, it was the everyday impact
created by detrimental competition which, in the long run, cumulated in
terms of small DBH and small DBH increment. Although subzone location
and overlap ratios were significant, in the absence of stronger predictors,
their interaction was not significant. This indicates that the mechanism
of competition might be the same in all subzones, and that differences in
vegetation between subzones would be due to other factors, such as soil
and climate of the subzdne regulating the availability of solar radiation,
water, and nutrients.

Regression models revealed that DBH, DBH?, and DBH/Age were the
best predictors of present diameter increment; the analysis of mortality
showed that a high competition index, a DBH below average, and a diameter
increment below average were good indicators of mortality. These results
are similar to those of Monserud (1976) whovfound that DBH, diameter
increment, and competition index were the best variables to distinguish
between live and dead stems, although the mortality function he derived
from them was not species-specific. Mortality and regeneration indicators
were strongly correlated with forest composition and structure (geometric
position of each tree and distributions of DBH and height), and were

species-specific. Pioneer and seral species could be recognized on
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the basis of their tolerance to forest composition and structure in
their surroundings. The correlation between high competition indices
and mortality, and betweeh low competition indices and regeneration in
a species-specific manner points out a mechanism more likely dependent
on the local competition regime around each stem than on site factors.

Starting from an assumed equal seed distribution, site conditions
allow only some species to grow at first, and since competition is very
severe on these early invaders, their density decreases qﬁickly. Si-
multaneously, shade conditions (sef by forest composition and structure)
determine probabilities of regeneration of these species and invasion by
other species. This mechanism applies to the lowest level of the forest
population, a single tree, and its effects produce succession as can be
observed at the plot level and at the Biogeoclimatic Subzone level. A-
biotic characteristics of the subzone determine forest composition from
which competition shapes the trend of succession by a mechanism indepen-
dent of the subzone. It is, therefore, unnecessary to invoke more com-
plex explanations to link together significant interactions from the

single tree to the entire subzone.
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The perception of succession at the»Biogeoclimatic Subzone level
required observations over a long period of time. The level of
resolution was rather broad and the observations revealed trends
rather than details. Pioneer and seral roles of species could be
identified in each subzone, although the rates of change might have
been exaggerated due to unequal sampling intensity over space. Markov
models were unable to duplicate the observed changes in tree species
composition in adequate detail. The major problems that were unsolved
~at this level were linked with‘the variability in the kinds of distur-
bance which initiated succession, in.the types of communities, and in
the kinds of sites, and were further linked with tHe probability of
species invasién. Therefore, this level of inﬁerpretation appeared
essentially global and descriptive and did not suggest any specific
population dynamic mechanisms. Its main value was the overview provided
for each subzone and the comparison of patterns of succession among
them.

Observations at the plot level made the community structure
immediately obvious, no matter what scheme was used to classify
communities. Tree composition was used to discriminate between communi-
ties since it was the only possible way to do so in the absence of
data on understory vegetation. In addition, this way of defining
communities offered the advantage of simplicity and field practicability.
The growth of any given species could be clearly seen to vary from one
community to another; this performance appeared to be subzonefspecific.

Trends in species succession could be inferred only indirectly at this
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level, but they coincided closely with those observed at the
Biogeoclimatic Subzone level. The long-term overview provided by

the Biogeoclimatic Subzone level was, however, lost at the plot level.
On the other hand, some mechanism of species replacement through
either faéilitation or inhibition emerged more or less clearly, since
growth was affected by tree composition which, in turn, was affected
by site factors and by intra- and interspecies competition. The plot
level of interpretation was superior to the Biogeoclimatic Subzone
level in ifs ability to reveal the structure of communities and the
role they play in promoting species replacement.

Unfortunately, due to the absence of appropriate data on site
factors, it was not possible to test whether or not abiotic factors
such as.microclimate, soil heterogeneity, and local topography played
a more important role than plant to plant interactions. It seemed that
this problem could be solved either by field -experimentation or by
observations at a level of interpretation where site factors could be
kept relatively homogeneous.

With present inventory techniques of vegetation sampling,
.sample plots had to be chosen to be relatively homogeneous to represent
typical communities and to maximize differences between them. This
offered the invaluable advantage of ensuring a certain constancy of
the site factors within any sample plot and made it reasonable to assume
that all trees of a plot were subject to the same abiotic conditioms.

It was shown that suppression and mortality of trees was strongly

dependent upon the composition of the surrounding trees. Dead stems"
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showed a history of sub-standard growth which was correlated with
competition from its neighbors suggesting that the accumulation of
detrimental effects prodﬁced a stress which, 'in. the long run, led to
below-average growth. The conditions for regeneration were also
determined by the neighboring vegetation and those conditions which
were associated with the mortality of a tree of a given species could
be associated with the regeneration of another species. At this level
of interpretétion, it was also possible to show that the best growth
predictors reflected the past history of the tree, which is, not
surprisingly, a non-Markovian conclusion. This general mechanism of
selective suppression and selective replacement of stems seemed,
furthermore, the same from one subzone to the other. The differences
in yegetation between subzones should then be due to other factors,
such as the a&ailébility of solar radiation, water, and nutrients.

The interpretation at the individual tree level was the only one
which suggested a mechanism, broadly described as inter-tree competition,
which was able to account for changes in the net rate‘of change of
populations through mortality and regeneration. This mechanism is
responsible for the repeatable sequence of dominant species observed at
the two higher levels of interpretation. Whether competition can be
qualified as a "mechanism" is debatable. If one looks at it from a
physiological viewpoint, concepts such as nutrient cycling, ion exchange
capacity, and allelopathic substances would suggest more hypotheses

on the chemical mechanics of inhibition and facilitation. This,
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however, is beyond the scope of this study which meant to investigate
the forest from the population dynamics viewpoint. From this view,
competition is indeed a mechanism since it accounts for part of the
forces behind mortality and regeneration of species. It was not
possible to demomstrate that facilitation mechanisms rather than
inhibitory mechanisms such as comeptition are necessary to explain

secondary succession.
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Spacies names usad in the analyses (after Krajina 1569)

CCDE EOTANICAL NAME . ENGIISH NAME

Aa Abies gmébili§ (Dougl.) Forbes .Amabilis fir

Ag Abies grandis (bougl.) Lindl. | Grand fir

Am Acer macrophy11Umqursh : Broadleaf maplz

Ar. Alnus rukra Beng. Red alder
Arbutus menziesii Pursh Pacific madrora
Cornus nuttallii Audukon Western flcwering dcgwood

Ps gisgg sitchensis (Bcng.) Carr Sitka spruce

Pc Pinus contorta Dougl, Lcdgepcls pine
Pinus menticcla Cougl. Western white rpine
Prunus emarginata Dougl. Bitter cherry

Pm FPssudotsuga menziesii (Mirck.) Franco Dcuglas-fir
fuercus garryana Dougl. Garry oak

Tp Thuja plicata Donn ‘ Western redcedar

Th Isuga heterorhylla (Raf.) Sarg. Western hemlcck
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Transition matrices used in the Markov models.
Rows and <olumns represent stand types in the
order of the species list. Observations and es-
timates are counts. Transitions are
probabilities of moving from the column stand-
type to the row stand-type in a time interval of

five years. The transition matrix has been nul-
tiplied by 103. :
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SPECIES:

THUJA PLICATA

ALNUS RUBRA
PSEUDOTSUGA MENZIESII
PINUS CONTORTA

STEMS BASAL AREA

OBSERV ATIONS:
g 0o .1 0 1 0 0 0
0 3 0. 0 0 y 1 0
0 0 103 0 0 0 111 0
0 0 0 9 0. 0 0 8
9 3 104 9 1 4L 112 8

ESTIMATES:
g9 1 5 0 1 3 0 0
0 2 0 0 0 0 2 0
0 0 95 0 0 0 106 0
0 0 4 ) 0 1 3 8
9 3 104 9 1 4y 112 8

TRANSITIONS:

1000 115 30 0 1000 400 0 0
0 885 0 0 0 500 15 0
0 0 950 0 0 0 970 0
0 0 20 1000. 0 100 15 1000

1000 1000 1000 1000 1000 1000 1000 1000
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1. DRY DOUGLAS=FIR SUBZONE.
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SPECIES:

PSEUDOTSUGA MENZIESII
TSUGA HETEROPHYLLA
THUJA PLICATA

ALNUS RUBRA

ABIES GRANDIS

ACER MACROPHYLLUM
PICEA SITCAENSIS

STEMS BASAL AREA
OBSERV ATIONS:
214 -3 0 0 1 0 O 248 0 0 O 0 0 0
5 53 1 0 0 0 0 1 %2 1 0 0 0 0
2.2 38 0 1 0 0 1 0 20 0 0 0 0
o 0o ©0 3 0 0 0 o 0 0 3 0 0 ©
o -0 1 0 3 0 0 o 0 0 0 2 0 0
o 0o 0 0 0 2 0 o 0 o 0 0 1 0
o o o0 o o0 o0 1 o o o0 0 0 0 7
218 58 4 3 5 2 1 25 42 20 3 2 1 17
ESTIMATES:
18 3 o0 O 0O O O 222 0 0 3 0 0 0
30 5 1 2 0 0 0 1 29 1 0 0 0 0
8 2 24 0 1 0 0 24 0 20 0 ©0 0 0
o 0 0 2 0 0 0 o 0 ©0 06 0 0 0
0 o0 15. 0 4 0 0 o o0 0 0 2 0 0
o 0o ©0 0 0 2 0 o 0o ©0 o0 0 1 o0
o 0o o0 ©o 0 o0 1 o 13 0 ©0 0 0 7
298 58 40 3 5 2 1 250 42 24 3 2 1 1
TRANSITIONS:
86 52° 0 0 100 O O 952 0 0 500 0 ©0 O
80 914 25 250 0 O O 4 80 5 0 ©0 0 0
24 34 775 0 200 O O w4 0 950 0 0 O 0
0O 0 0 7% ©0 0 0 0O 0 O0 50 0 0 0
0 0 200 0 700 0 . 0 O 0 0 01000 O 0
O 0 0 ©0 01000. O 0O 0 O 0 01000 O
0O 0 ©O0 0 0 01000 0 150 0 0 0 0 1000

1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000 1000

3 e et b e e e e e e A 2 P e e - e - -

2. WET DCUGLASwFIR SUBZONE.
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v
SPECIES:

PSEUDOTSGA MENZIESII
ALNUS KUBRA

TSUGA HETEROPHYLLA
THUJA PLICATA

ABIES GIANDIS

STEMS BASAL AREA
OBSERV ATIONS:
1100 1 0 0 0 145 0 2 0 0
0 5 0 0 0 0 3 0 0 0
y 0 128 0 0 5 0 89 0 0
2 0 3 2 0 1 0o 0 1 0
0 0 0 0 3 0 0 0 0 4
106 6 132 2 3 151 3 91 1 i
ESTIMATES:
98 1 0 0 0 145 0 & 0 mn
0 5 0 0 0 0 2 0 0 0
6 0 129 1 0 5 0 87 0 0
2 0 3 1 0 1 0 0 1 0
0 0 0 0 3 0 1 0 0 0
106 6 132 2 3 151 3 91 1 4

TRANSITICONS:
933 167 0 O 500

0
0 833 0 0 0 800 0 o 0
0

0 960 0 32

0 :
48 0 977 200 0 » 33 0 968 0

0

0

19 0 23 800 7 0 0 1000 0
0 0 0 0 100 0 200 0 .0 500

1000 1000 1000 1000 1000 1000 1000 1000 1000 1000
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3. DRY WESTERN HEMLOCK SUBZONE.
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 SPECIES:

TSUGA HETEROPHYLLA
THUJA PLICATA
ABIES AMABILIS
PICEA SITCHENSIS
ALNUS Ri/BRA

STEMS ' BASAL AREA

CBSERV ATIONS:
9 0 0 1 0 23 0 0 0 0
O 10 ©0 1 0 0 13 1 0 0
0 0 39 0 0 0O 0 3% 0 0
1 0 0 21 0© 3 1 0 33 0
o 0 0 0 & o 0 0 0 &
250 10 39 23 n 237 414 35 33 y
ESTIMATES:
9 0 0 1 1 236 0 4% 0 0
o 6 0 1 0 0 13 1 0 0
0 4% 33 -5 0 O ©0 30 20 0O
1 0 0 -16 O 3 1 0 13 0
o 0 ©0 0 3 o 0 0 0 &
250 10 39 23 4 237 14 35 33 &4
TRANSITIONS:
996 0 0 43 100 987 0 50 0 O
0 800 0 43 0 _ 0 929 29 0 0
0 200 1000 100 0 0 0 921 300 O
4 0 0 814 0 13 71 0 700 O
©o 0 0 0 900 O 0 0 0 1000
1000 1000 1000 1000 1000 - 1000 1000 1000 1000 1000
3::3::2:::3:::8::::::::===:=========3233:’.:::::::::::2:::3:#::::::3::::::

4, WET WESTERN HEMLOCK SUBZONE.
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SPECIES:

TSUGA HETEROPHYLLA
THUJA PLICATA

STEMS BASAL AREA
OBSERV ATIONS:
17 0 17 0
o 3 0 3
| 17 3 | ’, 17 3
E’STiMATES:
‘ 1'} 3 17 3
0 0 | 0 0
17 3 17 3
TRANSITICNS:
1000 550 : 1000 550
0 450 0 450
1000 1000 ' 1000 1000
sz=zaz=sssz=zzszzzssssscssssIsIssosssasssssscssszsassIssSssssssssssassas

5. FOG WESTERN HEMLCCK SUBZONE.
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Partial regression coefficients {B) and F-ratios
for Model 5 and Model 7. In all cases F{0.05) =
5.02 and F(0.01) = 7.88

=
[

MCDEL 5

f = K + DBH + AGE + OPM + OTP + OTH

P. menziesii ' Rz = 0.631 d4df = 1, 664

B: 4.7 .014 =-.075 -.65 0.26 .083

F: 253 628 454 25 3.3 .670

T. plicata ' Rz = 0.486 4f = 1, 384

B: 2.3 .019 -.044 -.30 -.58 .290

F: 44 310 g7 2.5 11 1.1
heterophylla R2 = 0.413 d4f = 1, 405

g: 2.7 .009 ~.032 -.42 0.085 -.32

152 176 142 18 0.6 5.1

APPENDIX C...
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+ FSITE+HSITE+ LDF + WD¥? + DWH

P. menziesii
B: "a_33
-.03
F: 0.42
1.2
I. plicata
B: 1.80 0.017
-.09
F: 4.6
4.1

TI. heterophylla.

ii

-004
-.03
5.03
1.8

-.12
26
6.3

B: .079
-.09

F: .04
19

-009
.059
8.9
7.2

-.001
~-.25
7.0
.38

—.002
0.27
17
.22

-.002

14

JAGE
R? = 0.765
104 -.28
0.4 =—.29
529 5.4
.13 .57
R2 = 0.684
1.1 =-.27
.4 -1.1
219 1.9
7.3 3.9
RZ = 0.506
.91  ~-.06
~.19 -.146
169  0.16
.81 6.1

+ WHWH

df = 1, 656
--19 0.07
0. 40

2.3 .32
1.0

df=1, 376
0.18 =-.11
~.6

0.58 .43
1.1

af = 1, 398
-.36 ~-.03
1.1

4.0 - .05

+ DBH + LCBH2+ DLH +5UMOR+ OPM + OTP + OTH

~.03

0. 10

-.02

-007




