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A field study was established to explore stand structure and development patterns of

mature, mixed-species forests in the Interior Cedar-Hemlock (ICH) zone: moist cold

subzone of northwestern British Columbia. The species of interest in the study area

were: western hemlock (Tsuga heterophylla (Raf.) Sarg.), western redcedar (Thuja

plicata Donn), lodgepole pine (Pinus contorta var. latifolia Engelm.), hybrid spruce

(Picea glauca (Moench) Voss x sitchensis (Bong.) Cart), subalpine fir (Abies lasiocarpa

(Hook.) Nutt.), and paper birch (Betula papyrfera Marsh.). Eighty stand structure plots,

150 to 600 m2 in size, were used to assess the species, size and age variation within the

study area. Three representative plots, 1,000 m2 in size, were then selected for

destructive sampling. Stand reconstruction techniques were used to: 1) characterize the

existing species, age and height / diameter structure, 2) describe and quantify the

historical height development pattern, 3) describe the development stage and spatial

pattern of the stand and it's different components and 4) determine the influence of the

above characteristics on the current stand composition and structure.



The study stand is 135 years old and originated after a stand destroying wild fire.

The resulting mixed-species stand had a very long recruitment period and is currently

near the end of the stem exclusion stage of development. Because of the variety of

growth patterns exhibited by the different species, neither individual tree height nor

diameter were good indicators of stand age structure. The age structure and stage of

development were much better defined by direct measures of age, stand density, the

diameter distribution / mortality relationship or the overall spatial pattern.

Although partially influenced by age structure and spatial arrangement, the

developmental pattern of the mixed-species stand was most strongly related to individual

height growth characteristics and inter-tree competition. While lodgepole pine, hybrid

spruce, western redcedar and paper birch developed in height along characteristically

predictable lines, western hemlock exhibited a number of different growth patterns.

Subalpine fir followed an atypical, aggressive height growth pattern, developing more

like a pioneer species. The variety of height growth patterns frequently allowed younger

trees to overtop older individuals, both within and between species. This resulted in

numerous shifts in height dominance by different species during the first 80 years of

stand development.

Forest structure is intimately related to disturbance type and intensity, site quality and

the availability of seed or propagules for regeneration. This study examined the structure

and development pattern of one type of mixture of tree species common to the ICH zone

of northwestern British Columbia. Any difference in the factors listed above would

likely produce a different species mixture and therefore a different structure and

development pattern. Because most silvicultural operations are tied to the different

structures at various stages of stand development, a more complete understanding of

these patterns will allow managers to better predict the growth impacts of a variety of

treatments and work with, rather than against the natural system.
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The Structure and Development Pattern of Mixed-Species Forest Stands in the Interior
Cedar-Hemlock Zone: Moist Cold Subzone of Northwestern British Columbia

1 GENERAL BACKGROUND

1.1 Introduction

British Columbia is a large and diverse province, more variable physically and

biologically than any comparable region in Canada (Meidinger and Pojar 1991). The

province covers approximately 950,000 km2 that include extensive plateaus, plains and

basins as well as several mountain ranges. Generally speaking, British Columbia's

climate is cool and moist, however, there are also areas with Mediterranean-type, semi-

arid, subarctic and alpine climates. Forests are the dominant vegetation complex in most

areas, covering over 85% of the province's total land base. The B.C. Ministry of Forests

currently recognizes 14 biogeoclimatic zones within the province, each representing areas

of distinctly different climate, dominant vegetation type and general ecological conditions

(Meidinger and Pojar 1991).

Although predominantly single-species stands can be found in all forested areas, most

of the natural stands in B .C. can be classed as mixed-species. In the extensive Coastal

Western Hemlock zone, for example, hemlock (Tsuga heterophylla (Raf.) Sarg.) is

usually the most common species in the forest cover. Depending on the location,

however, stands contain a mixture of two and often several of the following species:

western redcedar (Thuja plicata Donn), Douglas-fir (Pseudotsuga menziesii (Mirb.)

Franco var. menziesii), amabilis fir (Abies amabilis (Dougl.) Forbes), grand fir (Abies

grandis (Dougl.) Lindl.), Sitka spruce (Picea sitchensis (Bong.) Carr.), red alder (Alnus

rubra Bong.), bigleaf maple (Acer macrophyllum Pursh) or black cottonwood (Populus

balsamfera ssp. trichocarpa (Torr. & Gray) Brays) (Banner et al. 1993).
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In the Sub-Boreal Spruce zone, which dominates the landscape of the central interior,

pure lodgepole pine (Pinus contorta var. latifolia Engelm.) or trembling aspen (Populus

tremuloides Michx.) stands can develop after fires. In most stands, however, mixtures of

lodgepole pine, interior spruce (Picea glauca (Moench) Voss x engelmannii Parry ex

Engelm.), subalpine fir (Abies lasiocarpa (Hook.) Nutt.), trembling aspen and paper

birch (Betula papyrfera Marsh.) can be found (Banner et al. 1993).

In British Columbia, the dominant silvicultural system over the last 20 to 30 years has

been clearcut harvesting and artificial regeneration, usually dominated by one or two

conifer species that were favored for timber production (Douglas-fir and Sitka spruce on

the coast; interior spruce and lodgepole pine in the interior). This timber-oriented

management regime led to a research program that concentrated on the growth and

development of single-species stands. While there has been extensive research into the

structure and development of mixed-species forests in other areas of North America

(Newton et al. 1968; Day 1972; Wierman and Oliver 1979; Knowles and Grant 1983;

Harcombe 1986; Ketly 1986; Larson 1986; Clatterbuck and Hodges 1988; Morris et al.

1988; Oliver and Larson 1990; Deal et al. 1991; Cobb et al. 1992), the mixed-species

forests of B.C. have received little attention. Currently, we lack a qualitative

understanding of stand development for most mixed forest types within B C

In British Columbia, like many other timber producing regions in North America,

there is a great deal of concern surrounding modern forest harvesting practices and

whether their use is altering site quality and productivity and creating ecosystem

conditions different from those that exist today. Most forest agencies now recognize the

importance of managing their land base for other aspects of the forest besides timber or

fiber production (Crow 1989). Maintaining some of the original biological diversity

across the landscape is now generally regarded as being vital to the continued health and

productivity of the forest. Biological diversity (biodiversity) includes species, genetic



diversity within species and ecosystems (Burton et al. 1992; Steventon 1994). When

considering a forest ecosystem, biodiversity includes seral stages (forest ages), stand

structures and sizes (Steventon 1994).

Management of a forest ecosystem for timber and other resource values such as

water, wildlife habitat or aesthetics, is facilitated by an understanding of how that

ecosystem develops through time (Kuiper 1988; Morris et al. 1988; Deal et al. 1991;

Cobb et al. 1992; 0' Hara and Milner 1994). Since most silvicultural operations are tied

to different stages of stand development, knowledge of development patterns and their

associated structural attributes (vertical as well as horizontal structure), can help

managers predict how different management systems will affect future growth and alter

the development of a forest stand.

In terms of tree species diversity, the Interior Cedar-Hemlock (ICH) zone, where my

research is located, is one of the more complex biogeoclimatic zones in the province.

The zone is divided into two portions, northwest and southeast, that together occupy

almost 50,000 km2. Mixed-species forests are typical throughout the entire zone and, in

the northwestern portion, forests commonly contain up to nine tree species: western

hemlock, western redcedar, lodgepole pine, hybrid spruce (Picea glauca (Moench) Voss

x sitchensis (Bong.) Can.), subalpine fir, paper birch, trembling aspen, black cottonwood

and willow (Salix spp.). To date, there has been no formal research done on the stand

structure and development patterns of these mixed-species stands.

1.2 Objectives

Within the Prince Rupert Forest Region (Fig. 1), mixed-species stands are prominent

throughout the Interior Cedar-Hemlock (ICH) zone. The main purpose of this research is

to develop a more thorough understanding of the structure and development patterns of

the mixed-species forests common to the ICH zone of northwestern British Columbia.

3
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Figure 1. Location of the Prince Rupert Forest Region (shaded) in British Columbia.
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My study is one component of a large research project designed to aid in the

development of silvicultural systems for maintaining biological diversity, wildlife habitat,

timber and fiber production, hydrological integrity of watersheds and aesthetic quality.

The specific objectives of my study are:

To characterize, through stem analysis, the existing species, age and heightf

diameter structure of mature, mixed-species stands in the ICH zone of northwestern

British Columbia (Prince Rupert Forest Region). The species of interest in the study area

include: western hemlock, western redcedar, lodgepole pine, hybrid spruce, subalpine fir

and paper birch.

To describe and quantify by detailed stem analysis, the historical development

patterns of these mixed-species stands, with particular emphasis on the relative height

growth.

To describe the development stage and spatial patterns of the different species

using stem mapping techniques.

To determine the influence of species composition, recruitment pattern (age

differences), spatial structure and growth rates on the observed structure of the study

stand.



2 THE INTERIOR CEDAR-HEMLOCK ZONE

2.1 Classification System

Biogeoclimatic ecosystem classification (BEC) is a system of ecological classification

commonly used in British Columbia to group and classify similar portions of the

landscape to form hierarchical categories. Climate is considered to be the most important

factor influencing the development of terrestrial ecosystems. The BEC system uses the

more stable, late successional vegetation complexes, which best reflect the influence of

regional climate, to define the first level: zones. Zones are named after one or more of

the dominant old-growth tree species found on mesic sites and are further subdivided by

climatic (subzone) or geographic (variant) modifiers. A more complete description of the

classification system can be found in Pojar et al. (1987). Background information on

climate, soils and vegetation presented in this report is summarized from Haeussler et al.

(1985) and Banner et al. (1993).

2.2 Location

The Interior Cedar-Hemlock (ICH) biogeoclimatic zone in the Prince Rupert Forest

Region is considered transitional between true coastal and interior forests. It lies just east

of the Coast Mountains in the drainages of the Skeena, Nass and Iskut rivers (Fig. 2),

encompassing most of the Nass Basin and the adjacent parts of the Skeena and Hazelton

Mountains. Valley floors and lower to mid-mountain slopes ranging in elevation from

100 to 1100 meters are included within the ICH zone. The ICH zone has a latitudinal

range extending from 54° 40' N on the Skeena River to 570 30' N on the Iskut River and

covers approximately 11,197 kin2.

6



7

Figure 2. General location map of the Interior Cedar-Hemlock (ICH) zone (shaded) in
the Prince Rupert Forest Region.



2.3 Climate

The climate of the ICH zone is intermediate between the cool, wet conditions on the

North Coast and the cold, drier, more extreme conditions of the Interior Plateau. Moist

coastal weather systems that cut through the Coast Mountains in wide valleys such as the

Skeena, Iskut and the Nass, gradually lose their warmth and moisture, creating the

transitional climate that characterizes the ICH zone. The climate of the ICH zone can be

described as warm and moist in the summer, cool and wet in the fall and cold in the

winter. Average annual precipitation ranges from 500 to 1200 mm Snowfall varies from

moderately light to very heavy, depending on the location, and snowpacks can last from 4

to 7 months.

2.4 Disturbance History

Within the ICH zone, wild fires have a significant impact on the species composition

and structural development of the forests. Surface or combination surface and crown

fires of low to medium-high intensity are typical throughout the zone. Mean fire return

intervals are 150 -250 years but can be as low as 100 years or as great as 350 years

(Parminter 1990). Without any control measures, fires average 150 to 500 ha in size,

however, smaller fires ( < 5 ha) are common, particularly in the wetter areas of the zone.

Very large fires exceeding 25,000 ha in size have occurred in drier areas of the zone.

Small scale disturbances caused by blowdown, insects (Dendroctonus ponderosae, D.

rufipennis, Dryocoetes confusus) and fungi (Phellinus pini, Fomitopsis pinicola,

Phaeolus schweinitzii, Inonotus tomentosus) can be found in virtually every stand within

the zone (Banner et al. 1993).

8



2.5 Forest Cover and Associated Vegetation

The transitional nature of the ICH zone climate is reflected in the vegetation of the

zone, combining species typical to both coastal and interior zones. Fire has also had a

major influence on the development of most plant communities in the zone. Except in

the wetter portions of the zone, on north-facing slopes, it is difficult to find a stand that

has not been disturbed to some degree by fire in the last few centuries (Parminter 1990).

Old-growth forests are dominated by western hemlock which can occur together with

subalpine fir, hybrid spruce and western redcedar. Younger stands are composed of

western hemlock, western redcedar, hybrid spruce, lodgepole pine, subalpine fir,

trembling aspen, paper birch and black cottonwood (Hauessler et al. 1985; Banner et al.

1993).

Banner et al. (1993) summarize the typical understory floristic community found on

zonal ecosystems (intermediate in soil moisture and nutrients within a biogeoclimatic

unit). Over most of the ICH zone, zonal ecosystems have a thick layer of moss

dominated by red-stemmed feathermoss (Pleurozium schreberi), step moss (Hylocomium

splendens), knight's plume (Ptilium crista-castrensis) and electrified cat's tall moss

(Rhytidiadeiphus triquetrus). The shrub and herb layers are poorly developed and are

typified by scattered oval-leaved blueberry ( Vaccinium ova1folium), Alaskan blueberry

(V alaskaense), or black huckleberry (V membranaceum), bunchberry (Cornus

canadensis), five-leaved bramble (Rubus pedatus), one-sided wintergreen (Orthilia

secunda) and prince's pine (Chimaphila umbellata). In areas subject to higher

precipitation, usually in the form of snow, and with a less frequent fire regime, the zonal

ecosystem has a well-developed Vaccinium spp. and false azalea (Menziesia ferruginea)

shrub layer. Wetter sites are characterized by devil's club (Oplopanax horridus), black

gooseberry (Ribes lacustre), highbush cranberry (Viburnum edule), oak fern

9
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(Gymnocarpium dryopteris), lady fern (Athyriumfihix-femina), and leafy mosses (Mnium

spp.) [nomenclature follows Douglas et al. (1989-1994)].

2.6 Soils

The soils of the ICH zone are developed mainly from morainal parent materials

(glacial origin) with textures ranging from loamy sand to clay loam. Areas of fluvial and

colluvial deposits are also common throughout the zone. Mesic soils are Orthic Humo-

Ferric Podzols with relatively thin (5 - 15 cm) Hemimor humus forms (Agric. Can.

Expert Committee on Soil Survey 1987). Brunisolic or Podzolic Gray Luvisols are

commonly found on finer textured morainal materials in the drier portions of the zone

and Dystric Brunisols are found on coarse-textured colluvial or fluvial materials. Wet

sites and productive alluvial ecosystems have Gleysols and Regosols and Organic soils

are uncommon (Clement and Banner 1992; Banner et al. 1993).

2.7 The Moist / Cold Interior Cedar-Hemlock subzone (ICHmc)

Within the ICH zone, there is considerable climatic variation which corresponds

primarily to differences in longitude, latitude, elevation and surrounding topography

(Banner et al. 1993). This variation is recognized by a division of the zone into three

distinct biogeoclimatic subzones: moist cold (ICHmc), wet cold (ICHwc) and very wet

cold (ICHvc). Variation in local climate within these subzones is represented by a further

division into variants. Variants are generally recognized for areas that are slightly drier,

wetter, colder or warmer than other areas within a subzone. My study is located in the

Date Creek area (55° 22' N, 127° 50' W), which is found in the Hazelton variant of the

Moist Cold subzone (ICHmc2) (Fig. 3).



Figure 3. Location map of subzones and variants within the ICH zone.
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The climate of the ICHmc2 is considered the most favorable for tree growth of the

entire zone. Annual precipitation averages 630 mm and snowfall is usually quite light,

averaging less than 115 cm. Summers are warmer and sunnier than anywhere else in the

zone and periods of drought can occur, often resulting in wild fires. Because of its

position in the lower portion of major river valleys, the ICHmc2 is often affected by

surges of warm, moist air from the coast or cold, dry air from the interior. This variant is

therefore subject to greater climatic fluctuations than the other variants of the ICH

(Haeussler et al. 1985). Eluviated Dystric Brunisols with thin Hemimor or Mormoder

humus forms are the most common soils in the study area. The general vegetation

description of the ICH zone (section 2.5) applies well to the ICHmc2 at the Date Creek

study area.



3 METHODS

3.1 Methodology Overview

The study of forest development is a complex process, made even more difficult by

the longevity of the trees. There are three main types of forest development studies in

use: 1) permanent sample plots (PSP's), 2) chronosequences and 3) stand reconstruction.

Depending on the intent of the study, one, or some combination of all three of these

techniques is used.

Permanent sample plots are preferred by many researchers because the actual

development of the forest can be followed through time and all changes can be

documented as they happen. No estimation or interpolation of data is required and

information on small, rapidly decaying material is not lost. Unfortunately, the

establishment of PSP's is costly and requires a continued, long-term commitment to

maintain and remeasure the plots. In addition, the questions of interest may not be

answered for long periods of time, a situation usually unacceptable to many operational

research agencies.

The chronosequence approach to studying stand development relies on the basic

assumption that, given similar environmental conditions (biotic and abiotic), different

stands of trees will develop in a similar fashion. This method, also called the 'Space-For-

Time' substitution (Pickett 1989), assumes that time is the only variable and that stands

within the chronosequence will be the same at the same age. Using this method,

researchers can "look" back or ahead through time to track stand development. The

validity of assumptions drawn from this approach rely solely on the concept that all sites

under consideration are ecologically similar and have the same history. Many researchers

have recognized, however, that this is rarely the case. The same site can follow several

13



different successional pathways depending on the timing, type and intensity of

disturbance, the level of vegetation competition, seed source, availability of propagules

and numerous climatic and microsite factors (Franklin and Hemstrom 1981; Franklin

1982; Zasada 1986; Oliver and Larson 1990).

In temperate regions of the world, both deciduous and coniferous trees produce

annual rings that provide a continuous record of their growth and development.

Examination of these growth rings is the third method of research and is known as Stand

Reconstruction. This direct tracking of tree growth eliminates many of the problems of

the previous two methods and is relatively straight forward to implement over a short

period of time. The main disadvantage of this method is the availability of data for

smaller stems that have died and been incorporated into the forest floor. While some

information can be obtained from recently dead stems, data cannot be obtained from

those that have rotted completely away. Non-destructive stand reconstruction involves

taking an increment core from the sample trees and is usually limited to studies interested

only in diameter growth. Destructive stand reconstruction involves cutting disks from the

sample tree at numerous, predetermined locations which provides additional detailed

information on height growth.

The destructive technique of stand reconstruction is the method used in this study to

examine height growth patterns and relationships, age distributions and growth increment

trends. The larger research program discussed in section 1.2 will see similar work

completed on a variety of different aged stands on similar sites. Stand reconstruction

analysis on these different age classes (chronosequences) will provide data to confirm

trends and relationships noted in this initial work and will be used to provide a better

understanding of how the complex mixed-species forests of the Interior Cedar-Hemlock

zone develop.

14



3.2 Measurements and Procedures

3.2.1 Study Area Mapping

Following an extensive examination of the ICH zone, a single representative area

(approximately 4,000 ha) was selected for study. Color aerial photos (1:10,000) were

used to pre-type the area into preliminary ecosystem units based on successional stage,

dominant plant community and stand structure/development (Table 1). Field transects

were made through these typed areas and a total of 156 vegetationlsoils plots were

established. The plot data were used to refine the original photo typing and used as the

base for the ecosystem map (Fig. 4).

3.2.2 Stand Selection

Stands in the "Mature Forest" classification (100 - 200 years) were identified

throughout the study area using the 1:10,000 ecosystem association map described in the

previous section. Only stands that were predominately (>70%) mesic and of fire origin

were considered as possible candidates (all mesic stands examined contained inclusions

of wetter or drier ecosystems). Fire origin was confirmed by the presence of living, fire-

scarred western redcedar or western hemlock in the stand. Four stands were selected that

met these basic criteria. In order to determine their suitability for more detailed

measurement, tree species, total height, diameter at breast height (DBH) and breast height

age were recorded in 10 to 15, 500 m2 plots randomly located in each of these stands.

One stand, approximately 260 ha in size, was chosen as representative of the mesic

ecosystem association.

3.2.3 Stand Structure Plots

A series of 80 systematically located circular plots were used to assess the general

variation in species composition, size and age structure within the stand. Plot size was

15



Table 1. Definition of secondary successional stages in the Interior Cedar Hemlock
(ICH) zone'.

Modified after Clement and Banner (1992).
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1. Non-vegetated:
initial stages of secondary succession: little or no vegetation
present.

2 Herb early successional stage dominated by herbaceous vegetation;
some invading or residual shrubs and trees may be present.

3. Shrub:
early successional stage dominated by shrubby vegetation;
tree cover less than 10% but seedlings and advance
regeneration may be present.

4. Pole-sapling:

trees have overtopped shrub and herb layers, stands are
typically dense; younger stands are vigorous, usually 10-35
years old; older pole-sapling stages, composed of dense
'dog-hair' stands of stagnant hemlock, up to 125 years old also
occur. This stage lasts until self-thinning becomes evident.

5. Young Forests:

self-thinning has become evident and the forest canopy has
begun differentiation into distinct canopy layers; vigourous
growth and a more open stand than in the pole-sapling stage

.
charactenzes forests at this phase of development; this stage
begins about age 35 and extends to 80 to 100 years depending
on tree species.

6. Mature Forests:

trees that were established after the last stand-level
disturbance have matured and a second cycle of shade tolerant
trees may have become established; trees in the lower canopy
(suppressed) may be released as 'gaps' form in the upper
canopy; these stands are generally older than 100 years and
exist for 50 to 100 years.

7. Old Growth:

very old (200 to 350+ years), all-aged, structurally complex
stands comprised mainly of old-growth tree species, although
seral renants may still be present in the upper canopy;
standing snags and rotten logs on the ground are typical and
understories are patchy.



DATE CREEK
SUCCESSIONAL STAGES

Scrjle 1:55 000

Figure 4. Ecosystem map of the Date Creek study area.
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chosen to obtain approximately 30 dominant or co-dominant sample trees per plot and

ranged from 150 to 600 m2 (6.9 to 13.8 m radius). In addition to a description of the

ecosystem, species, diameter at 1.3 meters (DBH, nearest 0.1 cm), stem form, stem

condition and any pathological indicators were recorded for all trees greater than 1.3 m in

height. Trees between 1.3 and 0.3 m (saplings) and below 0.3 m (seedlings) were tallied

by species. The two largest diameter trees in each plot were measured for total height

using a clinometer and cored at breast height to determine age.

3.2.4 Reconstruction Plots

Using the data obtained from the stand structure plots, three preliminary

reconstruction plots were located to provide for more detailed sampling of the in-stand

species and structure variation. These test plots were established in the spring of 1990 to

asses the practicality of field procedures, measurement techniques and data handling

methods. These plots were 20 x 20 m (400 m2) and all trees within the plot were

measured, mapped and cut at 0.0, 0.3, 0.7, 1.3, 2.0 m and then every 1 m to the top of the

tree. Revisions to the field and office methods were made based on the data obtained

from these initial plots. Final plot size for the three main reconstruction plots was fixed

at 31.62 x 31.62 m (1,000 m2). These plots were measured, mapped and cut during the

summer and fall of 1992 and the spring of 1993. A total of 1,070 trees were measured

and 271 were dissected for stem analysis. The sampling procedures is as follows:

Mark out plot boundary using a staff compass and fiberglass tape.

Mark all standing trees (live and dead) and down logs with number tags.

Map location of all numbered trees and logs using an Alidade Plane Table.



Record the species, DBH and condition of all standing trees.

Fall all standing dead trees and cut a sample disk at the base and 1.3 m. Record tree

number and disk location on each disk and store in burlap bag for transport to lab.

Separate living trees into groups by: 1) species and 2) 5 cm diameter class. Randomly

select 5 trees from each group for stem analysis. For those groups with less than 5 trees,

sample what is available. For those with more than 30 trees, randomly select 10 trees.

Mark selected sample trees at 0.0, 0.3, 0.7, 1.3 and 2.0 m in height.

Fall tree.

Mark out stem at 2 meter intervals from 2.0 m to top. If interval occurs on or just

below a branch whorl, move the point at least 5 cm above branch to avoid a ring

sequence impaired by the branch node. Record height of each marked disk.

Measure total height, height to lowest live branch and height to live crown (3/4 of

whorl alive) to nearest 1.0 cm.

Measure crown width and branch length at the base of the crown and at each of the

marked 2 m intervals to the top of the tree (nearest 1.0 cm).

Record occurrence of forks, crooks, broken leaders and pathological indicators which

might have influenced normal height growth patterns.

Measure diameter outside bark (DOB) of each marked point.

Cut disks at root collar (0.0 m) and all marked points. Record tree number and disk

height directly on each disk.

Measure and record average bark thickness of each disk (minimum of 4 points).

19



Store all disks in burlap bags for transport to lab.

Measure total height and height to base of live crown of all remaining, uncut trees in

the plot.

3.2.5 Laboratory Techniques

Once the sample trees had been sectioned in the field, they were brought into the lab

for analysis. The radius to be measured on each disk corresponded to an angle selected

from a table of random numbers between 1 and 360. This method has been shown to

provide the most unbiased measurement of radial growth in trees (Matern 1956). The

total age was counted and the width of each ring was measured (0.01 mm) on each disk

of all sample trees using the Ringmaster2, digital ring analyzer and a high resolution color

video camera connected to 40X stereo microscope. Data collected with this system are

processed directly into ASCII format. Diameter inside bark (DIB) can be calculated for

any period using equation 1.

[1] DIB1 = MRI * [MRI / 0.5*(DIB)]

where Dffi1 diameter inside bark in year i, MRI1 = sum of the measured radial incre-

ments to year i, MRIJ = sum of the measured radial increments to the year the tree was

cut and DIB. = the measured diameter inside bark at the time the tree was cut.

Although many of the sample trees had some form of stem rot and/or staining, very

few had centers that were completely missing. For those few disks that did have rotten

cores (mostly the base disks of large, older hemlocks), total ages were estimated by

filling in the missing portion with data obtained from adjacent trees of the same size class

and species. Radial increment measurements were not used from these disks.

2 Patent pending. R. Klassen, 1991.
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Counting the ages of the paper birch disks presented some serious problems because

of "missing rings". The phenomenon of missing rings is a normal consequence of

restricted growth (Larson 1956) and they are commonly detected in suppressed or older

trees (Kramer and Kozlowski 1979). If a tree is not growing well or is under stress for

any number of reasons, a complete sheath of xylem is not produced over the entire bole

of the tree, resulting in missing rings (Bormann 1965). Since the xylem sheath is formed

from the top down, missing rings are less likely in the top portions of a tree and more

likely in the lower portions (Larson 1956; Kramer and Kozlowski 1979; Waltzig and

Fischer 1987). The validity of all conclusions drawn from stem analysis research rest on

the accuracy of the tree ring counts and their subsequent dating. If rings are missing,

ages will obviously be underestimated.

The procedure for estimating the number of missing rings, briefly described below,

was patterned after those described by Monserud (1986) and completed for this project

by I. Cameron3. The procedure involves the comparison of the ring patterns observed on

adjacent disks within a tree. The comparison starts at the uppermost disk which was

assumed to have a complete ring series. If the ring pattern on the first disk was

synchronous (matching ring widths) with the next disk down, it was concluded that no

rings are missing. If the patterns are not synchronous, then some rings are missing. In

order to determine the exact number of missing rings for each disk, comparisons were

performed statistically with cross-correlation of lagged series. The lag value associated

with the highest correlation coefficient is the number of missing rings. The graphical

equivalent of this procedure would be to superimpose the graphs of two ring series and

then shift one of the series to the left and right to find the most synchronous alignment.

The statistical approach is less subjective and much faster when dealing with large data

sets.

Ian Cameron (B.C. Ministry of Forests) is a co-worker on the Date Creek studies.



" John Parminter is the Regional Research Fire Ecologist with the B.C. Ministry of Forests.
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The stem maps produced in the field with the Alidade Plane table were transferred to

a digital file using TERRASOFT ver. 10, Geographical Information System software.

This file contains the X and Y coordinates of all stems in the plot. The data was used to

produce stem maps of the plots and to calculate the spatial distribution of the trees.

3.2.6 Dating Time of Disturbance

As stated in section 3.2.2, the stand being studied originated after a wild fire. In

order to determine the age of the stand (date of disturbance), a series of living, fire-

scarred redcedar were selected for analysis. Twelve trees from across the stand were

felled and a section was removed from each that included both the fire scar and the living

tissue outside the burn. Using a 40X stereo microscope, the number of growth rings after

the fire scar were counted along 3 different radii. All of the samples yielded a count of

between 132 and 135 years since the fire (1855 - 1858). For simplicity, the date of the

fire was placed at 1855. In addition to the visible surface fire scars on the sampled trees,

five had a prominent interior fire scar present at 156 years, indicating a fire in the area

around 1834.

In consultation with John Parminter4, it was decided that the 1834 fire was likely a

moderate to high-intensity crown fire that destroyed almost all of the existing forest

cover. The second fire, only 21 years after the first, had less fuel to utilize and was

therefore likely a light to moderate-intensity surface fire. Both of these fires destroyed

most of the existing forest cover, however, a few individuals (veterans) did survive.



3.3 Descriptive Data Analysis

3.3.1 Age, Diameter and Height Histograms

Bar histograms were used to examine age distributions with a focus on the time after

the stand destroying fire. The selection of class width can affect the shape of a histogram

(Scott 1979). If the width is too large, the histogram will be too smooth and impart a

large bias. If, on the other hand, the width is too small, the histogram will be too rough

and imply a large variance. Several class widths were examined to determine how they

would alter the distribution. The class width selected for these histograms was 10 years.

Bar histograms were also constructed to describe the stem densities for different

diameter and height classes within the stand. A base reference date of 1990 was chosen

for all analyses on the reconstruction plots. This removed the possibility of any growth

differences being noted that were simply the result of differences in sampling date.

Diameter inside bark at 1.3 meters (DIB) was calculated from the ring measurements

made on all sample trees using equation 1 (sect. 3.2.5) and total height was calculated for

every year of each tree's growth using a formula based on work by Carmean (1972), Dyer

and Bailey (1987) and Newberry (1991) [Equation 2]. The selected width of the

histogram classes was 5 cm for diameter and 5 m for height.

[2] H1 = h. - 0.5*[(h11 - h1)/(r1 - r1)] - (Q - 1) * [(h.1 - h.)/(r. -

where is the estimated total height for growth ring j based on section point i, h1 is the

height of the jth section point, r. is the number of growth rings at the ith section point and

Q is the difference in the number of growth rings in sections i-i and i [Q = 1..
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3.3.2 Spatial Pattern Analysis

The spatial pattern, or the arrangement of trees in a forest reflects the complex

interaction of environmental factors (moisture, temperature, light), microsite

characteristics, seed or propagule availability and the morphological characteristics of the

species. As a result, spatial pattern plays a major role in the structural development of

the forest (Oliver and Larson 1990). The stage of structural development at any time can

therefore be inferred from the spatial pattern of the forest. While the determination of

the spatial arrangement of trees within the study stand will provide valuable information

for the growth and yield analysts currently developing mixed-species growth models for

the ICH zone, this report will only use the spatial pattern data to provide an indication of

the stage of structural development.

In order to determine the overall pattern as well as the pattern and influence of the

different species, the spatial analyses were conducted on all living trees, regardless of

size, in each of the three plots for: 1) all species considered together and 2) each species

as a separate component. Two different methods of spatial analysis were tested. The first

is referred to as the Refined Nearest Neighbour Analysis which considers trees as point

locations in a closed plane (the sample plot) and tests whether a given point pattern

departs from randomness towards clustering or regularity as a function of scale (Ripley

1977). This procedure uses only tree-to-nearest-tree distances, summarized across all

trees in the population being analyzed. A graphical comparison of the theoretical or

'Poisson' forest distribution (i.e. one in which all trees are randomly located) with the

distribution of the actual forest is the simplest way of assessing whether the spatial

pattern of trees in the sample plot is clustered, random or regular. The significance of the

maximum separation of the two distributions is indicated by the p-value of the test

statistic.
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The second method is known as Ripley's K(d) Analysis and, unlike the Nearest

Neighbour method, considers the distances between all pairs of points in the plane

(Ripley 1977). This expanded resolution makes possible a more detailed analysis of

interactions among points, both within a class of points (i.e. a single species) and also

between separate point populations (i.e. between species). Once again, a graphical

comparison of the theoretical forest and the actual forest distributions is the simplest

means of determining the spatial pattern. A more complete description of the functions

used in this analysis can be found in Ripley (1977) and Moeur (1993).

3.3.3 Height Growth Analysis

The height growth development of the study stand was examined in two different

ways. First, overall height growth patterns were determined for each species in each of

the crown classes. In order to produce "representative" curves, the mean annual height

growth was calculated for each of the species present in each crown class. To provide a

common base for comparison, trees used in these calculations were all selected from

within the same 10 year age class. This mechanistic approach to forest stand

development tends to simplify stand structure, however, it permits valuable insights into

some of the complicated processes involved (Oliver and Larson 1990, Oliver pers.

comm. May, 1994). Line graphs are used to present the data.

Second, the overall forest height structure at different periods during the stand's

development was examined. This approach utilized measured as well as predicted values

of tree size. Five different periods were selected for analysis. The 1990 data set was

used as the first period and represents the current, mature forest condition when the stand

was 135 years of age. The total height of all trees in the study plots was known for this

period. Each of the next four periods move backwards through time in 25 year

increments (1965 : 110 yrs, 1940: 85 yrs, 1915 : 60 yrs and 1890: 35 yrs). Using the
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stem analysis data from all the sample trees, a regression model was developed to relate

total height in 1990 to total height in each of the other four assessment periods (see Sect.

3.3.1, equation 2). The regression parameters from this model were then used to predict

total height for the non-sample trees in the study plots during the same four periods

[equation 3].

Y.=a+(b*X)

where Y1 is the predicted total height in period i, X is the known total height in 1990 and

a and b are parameters estimated by the regression of total height in 1990 against total

height in period i.

This method of analysis allowed examination of the variation present in stand height

structure and evaluation of how that structure changed through time. Comparisons

during each period were based on Mean Percent Top Height by species (MPTH)

[equation 4]. Top height normally refers to the mean height of the 100 largest diameter

trees per hectare, regardless of species (Mitchell and Cameron 1985). For this analysis,

however, since the height of all trees in the study was known (either measured or

calculated), top height was defined as the mean height of the 100 tallest trees per hectare.

Top heights were calculated separately for each plot during the five periods and are

presented in Table 2. Box plots were used to examine and display the structural data

(Tukey 1977). To avoid the influence of outliers (> 1.5 x interquartile range), the top

height range referred to in this analysis is based on the difference between the 1St and 3rd

quartiles (Q3-Q1) (McGill et al. 1978).

MPTH = ± (HTJ I THJ) * 100] / n

where MPTH is the mean percent top height, HT1. is the height of sample tree i during

period j, TH is the top height during period j and n is the number of sample trees.



Table 2. Top height (meters) of study plots by assessment date (age).
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Top Height (m)

Date (Age) Plot 1 Plot 2 Plot 3

1890 (35) 7.79 13.03 10.29

1915 (60) 15.65 19.26 19.11

1940 (85) 22.46 24.78 25.23

1965 (110) 27.04 28.69 28.20

1990 (135) 30.40 31.42 29.96



4 DESCRIPTION OF STAND STRUCTURE IN THE ICH ZONE

4.1 Age Distribution and Species Composition

The majority of the trees in the stand being studied became established after a wild

fire in 1855. Eighty-eight percent of trees sampled in this stand spanned an age range of

over 90 years, indicating a long period of recruitment following the fire (Fig. 5). Eight

percent of the trees sampled survived the 1855 fire, with the remaining 4% surviving

both the 1855 and the 1834 fire (see section 3.2.6). The largest proportion (85%) of trees

developing after the 1855 fire became established on the site within the first three

decades. This recruitment pattern gives the all-species age distribution a left-skewed

shape (majority of the individuals in the right-most, older age classes with a long, drawn

out tail into the younger classes, Fig. 5).

Western hemlock is very shade tolerant and is usually considered a late-seral or old-

growth species. In some cases, however, hemlock behaves more like a pioneer species,

dominating a stand earlier, rather than later in the development process (Oliver and

Larson 1990). In the study stand, hemlock invaded rapidly after the fire with 78% of

individuals originating within the first 20 years. The remaining hemlock stems filled in

over the next 50 years. This recruitment pattern provides an age distribution that is left-

skewed (Fig. 6a). Hemlock dominates the present (1990) stand with 55% of the total

stems per hectare (sph) (1018 sph).

Western redcedar currently accounts for 26% (496 sph) of the existing stand. The

majority of the trees (65%) originated in the first 30 years with the period of greatest

recruitment occurring between 20 and 30 years after the fire. The remaining trees

became established over the next 60 years, giving the distribution a strongly left-skewed

shape. In addition, there is a sharp increase in the number of seedlings that established

70 years after the fire (Fig 6b). Lodgepole pine, a shade intolerant species, developed
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Figure 5. Age distribution of mature (135 years) stand by species.
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Figure 6a. Age distribution of mature (135 years) stand for western hemlock (Hw).
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relatively early on in the stand but at fairly low numbers (Fig. 6c). Only 9% (163 sph) of

the current stand is pine and these individuals are usually restricted to the drier areas.

Eighty five percent of the pine originated within the first 30 years after the fire with the

majority (74%) establishing within 10 years. This gives the age histogram of pine a more

normal distribution (Fig. 6c).

Figure 6c. Age distribution of mature (135 years) stand for lodgepole pine (P1).

Both hybrid spruce and subalpine fir originated soon after the fire. All spruce

germinated within the first two decades and all subalpine fir within the first three,

resulting in a narrow distribution (Figs. 6d,e). Spruce and subalpine fir currently account

for 2% (27 sph) and 1% (16 sph) of the stand, respectively. Paper birch became

established in the new stand very rapidly following the disturbance with all sampled

individuals originating within the first 10 years. This gives the distribution a single,

narrow spike (Fig. 60. There are currently an average of 130 sph ofbirch which

accounts for 7% of the stand.



Figure 6d. Age distribution of mature (135 years) stand for hybrid spruce (Sx).

Figure 6e. Age distribution of mature (135 years) stand for subalpine fir (B!).
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Figure 6f. Age distribution of mature (135 years) stand for paper birch (Ep).

4.2 Diameter Distributions

Figure 7a shows the 1990 diameter distribution (DIB @ 1.3 m) of the stand by 5 cm

classes for all live stems. The histogram shows a 'reverse J' distribution, however, the

number of stems in the smallest diameter class (2.5 cm) is lower than expected for a

typical curve. Most of the recent mortality associated with this stand is found in the

smaller diameter classes. If these stems are included in the data set, the histogram even

more closely resembles the classic reverse-J curve (Fig. 7b). Trees less than 1.3 m in

height (seedlings and saplings), normally included in the smallest diameter class, were

not present in this stand and therefore do not influence the histogram shape.

33

150 -

125 -

100

75

25 -

0

55 65 75 85 95 105 115 125 135 145

Age Class Midpoint (years)



Figure 7a. Diameter distribution by 5 cm diameter inside bark (DIB @ 1 .3m) class
for all live stems.
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Figure 7b. Diameter distribution by 5 cm diameter inside bark (DIE @ 1 .3m) class
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Figures 8a and 8b show the diameter distribution (DIB @ 1.3m) of the stand by

number of stems per hectare and basal area per hectare, respectively. Western hemlock

are found in all diameter classes from the smallest to the largest and dominate all but the

lower two classes in terms of numbers of stems. The basal area distribution is similar

with hemlock dominating the majority of the middle to large size classes (12.5 - 47.5

cm). Over 82% of the species' basal area is present in the middle size classes (12.5 - 32.5

cm) (Fig 8b). Western redcedar has a similar spread of diameter classes to hemlock,

however, the majority of stems ase found in the lower two classes (Fig. 8a). The majority

(74%) of the species' basal area is found in diameter classes less than 22.5 cm (Fig. 8b).

Lodgepole pine and paper birch are most numerous in the middle size classes, however,

pine basal area is concentrated in the larger classes while the birch basal area is

concentrated in the smaller ones (Figs. 8a, b). Hybrid spruce are restricted to the upper

middle and large size classes (27.5 - 42.5 cm) and the basal area distribution is fairly

evenly spread among them (Figs. 8a, b). Most subalpine fir stems are found in the

smaller classes (2.5 to 17.5 cm), however, the majority (94%) of the species' basal area

results from the relatively few stems in the middle and upper size classes (Figs 8a, b).

4.3 Height Distributions

In mixed-species stands, height stratification usually results from differences in

growth patterns and levels of shade tolerance. Height strata are commonly divided into

five layers or crown classes: 1) emergent - individuals that extend far above the main

canopy, 2) dominant - trees with crowns that extend above the general level of the main

canopy, 3) co-dominant - trees with crowns that form the main canopy, 4) intermediate

- trees that are shorter than the main canopy but with crowns that extend up into the co-

dominant layer and 5) suppressed - trees with crowns that are entirely below the general

level of crown cover (Oliver 1980, Smith 1986, Oliver and Larson 1990). This vertical

stratification is evident in the mixed-species stands being studied in the ICH zone.
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In the study stand, hemlock exists in all but the emergent crown classes and in terms

of number of stems, dominates all but the suppressed layer (Fig. 9). Hybrid spruce are

found only in the emergent, dominant and upper portions of the co-dominant canopy

layers. Lodgepole pine are located primarily in the dominant and co-dominant crown

classes. A few individuals are still present in the upper portions of the intermediate

stratum, however, their crowns are very small and they appear to be dying out. Paper

birch occupies a similar canopy position to the pine with the majority of the trees in the

co-dominant layer and a few individuals in the upper portions of the intermediate

stratum. Although only a few subalpine fir are present, they are vertically well dispersed

and can be found in all but the emergent canopy class (Fig. 9).

Western redcedar dominates the lower crown classes with over 87% of the trees

located in the suppressed class. The remaining redcedar are distributed throughout the

intermediate and co-dominant classes with a few individuals reaching the dominant level

(Fig. 9). Scattered redcedar veterans occur across the stand that fall into either the upper

dominant or emergent crown classes. Only one of these large cedars was sampled in the

reconstruction plots. Because the core of this tree was completely rotted out and no

useful information was obtained, it was excluded from the data set.

Although none were sampled in the three reconstruction plots used in my study,

trembling aspen and black cottonwood are common in the ICH zone and can be found

scattered throughout most mature forests. Aspen are usually found in the upper co-

dominant and lower dominant layers, similar to pine and birch. Cottonwood, usually

restricted to wetter micro sites, are found only in the dominant and emergent classes.

When viewed from the ground, the height stratification within this stand is visually

clouded by the presence of western hemlock. As mentioned earlier, hemlock occurs in

all stratum, from suppressed up to dominant, and their deep crowns provide a virtually



Figure 9. Height distribution by 5 m height size class for all live stems, by species.
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continuous canopy cover. Most of the other species are found primarily in one or two

crown classes, however, the wide range of hemlock heights obscures this vertical

separation and distinct layers in the forest canopy are not easily recognized (Fig. lOa).

When hemlock are removed from the picture, the layering becomes much more apparent

(Fig. lob).
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Figure lOa. Scatter plot of 1990 total height versus diameter inside bark (@ l.3m) for
all sample trees.
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Figure lOb. Scatter plot of 1990 total height versus diameter inside bark (@ 1 .3m) for
all sample trees excluding western hemlock.

4.4 Size and Age Relationships

Figures 1 la and 1 lb show the relationship between height, diameter and age by

species for the trees sampled in this study. Numerous examples can be found for all

species where taller and I or larger diameter trees are younger than shorter and / or

smaller diameter trees of the same species. This variation is most prominent in western

hemlock. Within a single age class (10 year width), sampled hemlock were found to

differ in height by 418% and in diameter by 513% (Table 3). Western redcedar also show

a wide variation in height (270%) and diameter (334%) of trees within the same age

class. Same-aged paper birch showed a narrow variation in height (161%), but a wide

variation in diameter (314%). Although the lower proportion of stems of subalpine fir,

pine and spruce reduced the number of available samples (Sect. 3.2.4), this type of

variation, though less dramatic, was still detected (Table 3). This variation in tree size
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Figure lib. Scatter plot of 1990 diameter inside bark (@ 1.3m) versus age for all sample
trees.

0



Table 3. Height (Ht.) and diameter inside bark (DIB @ 1.3m) variation of sample
trees within the same 10 year age class, by species.
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within an age class has been noted in all of the mixed-species stands surveyed for this

project, as well as those surveyed for other aspects of the concurrent research program in

the Date Creek study area.

The variation in size and age is also illustrated by the differences in mean age of the

various canopy layers. Table 4 shows that, on average, the trees in the dominant layer are

younger than those below them in the co-dominant layer. This difference is even more

pronounced when the species are examined separately. As indicated earlier, western

hemlock shows the largest variation with the dominant layer averaging 12 years and 4

years younger than the co-dominant and intermediate layers, respectively (Table 4).

Hybrid spruce, subalpine fir and paper birch also have upper canopy trees that are

younger than those in the lower, subordinate canopy positions (Table 4).

Species
Age Class
(midpoint)

Number of
Samples

Ht. Variation
(m)

DIB Variation
(cm)

Subalpine fir 125 0

Subalpine fir 135 3 21.7-33.1 13.4-39.0

Western redcedar 125 16 8.0 - 21.6 7.3 - 24.4

Western redcedar 135 5 18.7 - 28.8 19.4 - 37.6

Paper birch 125 0

Paperbirch 135 39 16.8-27.0 10.1-31.7

Western hemlock 125 34 7.3 - 30.5 6.8 - 34.9

Western hemlock 135 31 12.8 - 29.0 10.9 - 30.1

Lodgepolepine 125 11 24.6-31.2 15.0-32.2

Lodgepole pine 135 3 25.9 - 28.2 19.7 - 32.9

Hybrid spruce 125 5 29.3 - 35.4 29.1 - 40.7

Hybrid spruce 135 3 28.5 - 30.1 30.2 - 33.0



Western redcedar is the only species in the stand that shows an increase in age with an

increase in canopy position (Table 4).

Table 4. Mean age (years) of study stand by canopy layer and species.

4.5 Current Spatial Pattern

Of the two different methods of spatial analysis tested (Sect. 3.3.2), Ripley's and

Refined Nearest Neighbour, the former provided more consistent and reliable results for

the three stand structure plots examined. This is primarily attributed to the ability of

Ripley's to consider the distances between all pairs of points in a plane. The Nearest

Neighbour analysis, which considers only tree-to-nearest-tree distances, tended to

produce widely varying results, particularly when examining species that are represented

by only a few individuals in any one plot, such as subalpine fir, hybrid spruce and paper

birch. For this reason, Ripley's spatial analysis was selected for presentation. Results are

considered significant at a < 0.05.
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pecies
Suppressed
(0- lOm)

Intermediate
(10-20m)

Co-dominant
(20-30m)

Dominant
(>30m)

All Species 99 121 128 125

Subalpine fir 113 135 133

Western redcedar 94 121 129

Paper birch 133 128

Western hemlock 106 122 130 118

Lodgepole pine 101 122 124

Hybrid spruce 134 128
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Figures 12a, b & c are stem maps of the three plots under study. The plot area is

1/10 ha (31 .62m x 31 .62m), plotted at a scale of 1:220 and the size of the circle is

proportional to the tree's diameter, plotted at 1:110. Figure 13 shows the results of the

Ripley's K(d) spatial analysis done for the 'all species' component in each of the three

plots. The results show the sample functions lying just above the Poisson distribution

(random) which suggests that there is a slight tendency towards clustering, however, the

analysis indicates that the degree of clustering (departure from random) is not statistically

significant in any of the plots (Table 5).

Table 5. P - values of Ripley's K(d) spatial analysis. Results are considered
significant at P <0.05.

Group Plot P - value

All Species 1 0.16

2 0.57

3 0.8

Western redcedar 1 0.71

2 0.28

3 0.08

Paper birch 1 0.005

2 0.015

Western hemlock 1 0.07

2 0.51

3 0.18

Lodgepole pine 3 0.08

Hybrid spruce 2 0.08
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Figure 12a. Stem map of all live stems in study plot #1. Plot scale = 1:220, stem scale =
1: 110. Subalpine fir = purple, Western redcedar = orange, Paper birch =
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Figure 12b. Stem map of all live stems in study plot #2. Plot scale = 1:220, stem scale
1:110. Subalpine fir = purple, Western redcedar = orange, Paper birch =
black, Western hemlock = green, Lodgepole pine = red, Hybrid spruce =
blue.
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Figure 13. Ripley's K(d) spatial analysis results for the 'all species' component for
plots 1 (top), 2 (middle) and 3 (bottom) from the data (solid line) and the
Poisson distribution from the 500 random simulations (dotted line).
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Because redcedar and hemlock dominate the stand, the overall spatial pattern is

heavily influenced by the patterns of these two species. In plot 3, the redcedar are more

regular at inter-tree distances less than 1.6 m and more clustered at greater distances,

indicating that the trees tend to form small clusters that are more widely spaced (Fig. 14).

The opposite pattern is shown for hemlock in the same plot where trees tend to be

clustered at distances less than 2 2 m and more regular at larger distances (Fig. 14).

When examining the stem map of the plot, this pattern of small, tight clusters of hemlock

is quite apparent (Fig. 12b). Despite these visual variations in the graphic analysis of the

spatial pattern, Ripley's statistical analysis reveals that both redcedar and hemlock do not

differ significantly from random (Table 5).

Lodgepole pine and hybrid spruce show similar spatial patterns; being more regular at

small inter-tree distances and becoming more clustered as the distances between

individuals increases (Fig. 15). Despite the apparent visual departure from a random

distribution, particularly for spruce, Ripley's analysis indicates that the clustering of both

these species is not significant (Table 5). Paper birch is the one species in the stand that

departs from this random spatial pattern. Figure 16 shows that birch tend to be clustered

at virtually all inter-tree distances and that the clustering is highly significant (Table 5).

This clustering, most likely a result of trees developing from stump sprouts, is apparent in

the stem map of plot 2 (Fig. 12b).
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4.6 Height Growth Patterns

4.6.1 Suppressed Canopy Layer

As discussed in section 4.3, the suppressed canopy layer (0 - 10 m) is composed

almost exclusively of western redcedar and western hemlock with the redcedar being

most prominent. Height development in the suppressed canopy layer is extremely slow

with the hemlock taking an average of 28 years to reach breast height (1.3 m) and the

redcedar taking an average of 26 years (Fig. 17). Both of these shade tolerant species

continue this slow growth pattern for approximately 80 years, averaging only 8 cm/yr.

Over the next 40 years, the poor canopy position of these trees resulted in heavy

competition for light and other resources, further reducing annual height growth to an

average of less than 4 cm/yr. At the current point of stand development (135 yrs), trees

in the suppressed layer have a mean crown depth of only 1.4 meters (22% crown) and are

over 22 meters below the main canopy.
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Figure 17. Mean height growth pattern, by species, of trees in the suppressed canopy
layer (CW = redcedar, 11W = hemlock).



4.6.2 Intermediate Canopy Layer

The intermediate canopy layer (10 - 20 m) is also composed primarily of western

redcedar and western hemlock, however, the species dominance is opposite to the

suppressed layer with hemlock now being the most numerous. Both the redcedar and

hemlock developed slowly in height, taking an average of 23 and 20 years to reach breast

height, respectively (Fig. 18). Height growth began to improve after approximately 30

years and continued at an average of 16 cm/yr until the stand was approximately 90 years

old. From this point on, increased competition from trees in the main canopy suppressed

average height growth to less than 9 cm/yr. Currently, trees in the intermediate layer are

an average of 16 m below the main canopy and have a mean crown depth of 4.6 m (31%

crown).

Date (year)
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Figure 18. Mean height growth pattern, by species, of trees in the intermediate canopy
layer (CW = redcedar, HW = hemlock).

4

2

0

1850 1870 1890 1910 1930 1950 1970 1990

34

32

30

28

26

24

22
E 20

18

bll 16
14

12

10

8 -6



4.6.3 Co-dominant Canopy Layer

The co-dominant layer (20 - 30 m) is the most complex of the canopy layers because

all six of the tree species in the stand are present. Once again, hemlock dominates the

stratum in terms of numbers, however, they are intimately mixed with subalpine fir, paper

birch, lodgepole pine and hybrid spruce. Height growth patterns are more variable in the

co-dominant layer than in the ones below, however, some trends are apparent. Paper

birch, a very light demanding species (Haeussler et al. 1990), developed the fastest,

taking an average of only 3 years to reach breast height. This rapid growth continued for

approximately 30 years, at which point increasing side shade began to slow the height

growth. As the other species grew up around the birch and competition for light

increased, the growth rate continued to decline, from an average of 30 cm/yr during the

first 30 years, to less then 8 cm/yr during the last 40 (Fig 19). At the present stage of

stand development (1990), the birch have a mean crown depth of less than 8 meters (32%

crown) and are 5 to 10 meters below the level of the main canopy. Most birch are in poor

condition and falling out of the stand as a result of overhead competition by the conifers.

Hybrid spruce and lodgepole pine, species that both grow best in open conditions,

also developed quickly, taking an average of 6 and 8 years to reach breast height,

respectively. The spruce grew very well for almost 100 years, maintaining maximum

average annual height increments of over 40 cm for more than 20 years. The pine grew

at a similar rate, however, competition began to slow height growth 10 to 15 years

sooner. Although spruce and pine currently occupy good canopy positions (upper co-

dominant layer), their live crowns are receding and the height growth rates are slowing.

Spruce now has a mean crown depth of 7.0 meters (25% crown) and the average annual

height increment over the last 35 years has declined to 10 cm. Pine has a mean crown

depth of only 3.6 meters (14% crown) and the average height increment has declined to 6

cm/yr over the same period (Fig. 19).
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Figure 19. Mean height growth pattern, by species, of trees in the co-dominant canopy
layer (BL = subalpine fir, CW = redcedar, EP = birch, HW = hemlock, PL =
pine, SX = spruce).

Subalpine fir accounts for only 1% of the present stand (see sect. 4.1.1) and although

the sample size is relatively small, height growth trends are still apparent. Initial growth

was quite rapid, taking an average of 9 years to reach breast height. Growth improved

over the next 50 years, reaching a maximum height increment of over 50 cm/yr for more

than 20 years. Height growth began slowing after this and has dropped to less then 7 cm!

yr during the last 50 years (Fig. 19). These subalpine fir in the co-dominant layer are

generally in only fair condition and have an average crown depth of only 6.0 meters

(21% crown).

In the co-dominant layer, the hemlock and redcedar developed more rapidly than their

counterparts in the lower strata, taking 14 and 16 years to reach breast height,

respectively. These trees took advantage of their relatively superior canopy position and

increased their growth rates accordingly. Hemlock responded quickly, growing an
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average of 25 cm/yr over the next 50 years while redcedar responded more gradually,

taking an additional 7 years to reach the same height (Fig. 19). The height growth of both

of these shade tolerant species has slowed in the last 30 to 40 years, however, their vigor

is excellent. Western redcedar currently has an average crown depth of 8.6 m (36%

crown) and western hemlock an average of 9.8 m (40% crown).

4.6.4 Dominant and Emergent Canopy Layers

In this stand, growth patterns are very similar for both the dominant (30 - 35 m) and

emergent (35+ m) canopy layers and will be considered together. The dominant layer

contains an almost equal mix of pine, spruce and hemlock (Fig. 9). The pine developed

very quickly, taking only 6 years to reach breast height, followed by an excellent average

34 -
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Figure 20. Mean height growth pattern, by species, of trees in the dominant canopy
layer (HW = hemlock, PL = pine, SX = spruce).
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growth rate of 42 cm/yr for the next 40 years. Annual height increment began to decline

after this, from 26 cm/yr for the next 40 years down to only 5 cm/yr for the last 20 years

(Fig. 20). The live crowns of the dominant pine are very narrow and receding rapidly as

the lower portions are shaded out by other species coming up from below. Despite the

high mean crown depth of 9.2 meters (29% crown), most pine are in poor condition and

beginning to fall out of the stand.

Spruce in the dominant layer also developed rapidly in height, taking an average of 9

years to reach breast height and growing an average of 31 cm/yr for more than 55 years.

The mean annual height increment of the dominant spruce has dropped to 10 cm/yr over

the last 20 years, however, they still have a good mean crown depth of 10.1 meters (32%

crown), are in excellent condition and are still growing well (Fig. 20). Western hemlock

in the dominant layer reached breast height more rapidly than it did in any of the other

canopy strata, taking an average of 12 years. Once past breast height, growth greatly

accelerated, reaching a maximum of 35 cm/yr for more than 40 years, a rate that

surpasses the dominant spruce and equals that of the dominant pine. The mean crown

depth of the dominant hemlock currently exceeds 11 meters (36% crown) and a mean

height increment of 18 cm/yr over the last 20 years is the greatest of all the species

present in the dominant strata (Fig. 20).

4.7 Height Structure Over Time

As discussed in section 3.3.3, the heights of all trees in the study plots were measured

in 1990. The heights of all non-sample trees were calculated using linear regressions for

the other four assessment periods. Table 6 lists the parameters, r2 and p-values for each

species and assessment period for the equations predicting previous height from current

height. The regression relationships are strong (r2 > 0.6) for all species in 1965 and 1940

and all species except hybrid spruce (r2 = 0.52) in 1915 (Table 6).



Table 6. Regression equation parameters (a and b), r-square and p-values by year
(Age) and species for 1990 vs 1965, 1940, 1915 and 1890 total height of
all stem analysis sample trees.

In the 1890 assessment period, the regression relationships are good for redcedar (r2 =

0.59), fair for pine and birch (r2 = 0.43 and 0.32, respectively), poor for hemlock (r2 =

0.16) and nonexistent for subalpine fir and hybrid spruce (r2 = 0.06) (Table 6).
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Year (Age) Species a b r-square p-value

1965(110) Subalpine fir -1.089517 0.943142 0.99 0.0001

Western redcedar 0.11264 0.8615 0.99 0.0001

Paper birch -0.624606 0.930765 0.92 0.000 1

Western hemlock -0.167247 0.898115 0.99 0.0001

Lodgepole pine -0.2895 0.95485 0.97 0.000 1

Hybrid spruce -0.160695 0.910652 0.99 0.0001

1940 (85) Subalpine fir -0.528486 0.787705 0.96 0.000 1

Western redcedar 1.027187 0.615538 0.87 0.0001

Paper birch 0.3 16344 0.759979 0.67 0.0038

Western hemlock -0.288378 0.745863 0.93 0.000 1

Lodgepole pine -2.580309 0.931341 0.88 0.0001

Hybrid spruce -1.476789 0.8 12635 0.94 0.0001

1915 (60) Subalpine fir -5.766915 0.736916 0.9 0.0088

Westernredcedar 0.411391 0.411391 0.77 0.0001

Paper birch -4.460153 0.820074 0.63 0.0064

Western hemlock -0.960292 0.530969 0.77 0.0001

Lodgepole pine -10.11592 0.986758 0.62 0.0001

Hybrid spruce -0.55766 0.568614 0.52 0.0079

1890 (35) Subalpine fir 2.212006 0.173358 0.06 0.5214

Western redcedar -0.278279 0.200 147 0.59 0.000 1

Paper birch -7.4 19622 0.707465 0.32 0.0858

Western hemlock 0.580755 0.18714 0.16 0.0001

Lodgepole pine -13.47618 0.788508 0.43 0.0004

Hybrid spruce 2.577092 0.176472 0.06 0.4457



Figure 21. Box plot of 1890 height structure, by species. See appendix for
description.
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Figure 21 shows the height structure of the forest in 1890, 35 years after the stand-

destroying fire. Examining the mean percent top height (mpth) of the stand from the top

down, subalpine fir are the tallest trees (89.8 mpth) and have the widest range in heights

at 57%. Lodgepole pine, paper birch and hybrid spruce, all shade intolerant species, are

ranked second (72.6 mpth), third (70.2 mpth) and fourth (61.1 mpth) and have narrow

ranges (29%, 21% and 14%, respectively). The shade tolerant species, western hemlock

and western redcedar, occupy the lowest portion of the canopy and are ranked fifth (40.7

mpth) and sixth (15.6 mpth) with narrow ranges of 20% and 14%, respectively (Table 7).
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Table 7. Mean percent top height (MPTH), top height range (spread of middle 50%
of observations), top height rank (HR) and height range rank (rr) by
assessment date (age) and species.

The height structure of the forest during the next period is shown in Figure 22. In

1915, the subalpine fir remain the tallest trees in the forest at 97.8 mpth, however, the

range of heights has decreased slightly to 51%. Hybrid spruce has grown rapidly during

the last 25 years and has moved from fourth place to the second highest position (88.0

mpth) with a marginally increased range of 17%. Lodgepole pine and paper birch have

each dropped one level in the ranking to third (82.4 mpth) and fourth (73.5 mpth),

respectively and both species show considerable reductions in the overall range in

heights: pine down to 21% and birch down to 11%. Western hemlock and western

redcedar remain at the bottom of the ranking in the fifth and sixth positions, however, the

range of both has increased to 28% and 17%, respectively (Table 7).

Date (age)

1890 (35) 1915 (60) 1940 (85) 1965 (110) 1990 (135)

Species
MPTH
(range)

HR
(rr)

MPTH
(range)

HR
(rr)

MPTH
(range)

HR
(rr)

MPTH
(range)

HR
(rr)

MPTH
(range)

HR
(rr)

Subalpine fir
89.8 1 97.8 1 98.8 1 97.8 2 96.5 2
(57) (1) (51) (1) (19) (3) (22) (3) (20) (3)

Western redcedar
15.6
(14)

6
(6)

24.0
(17)

6

(4)
28.2
(22)

6
(2)

29.5
(24)

6
(2)

30.7
(26)

6
(2)

Paper birch
70.2
(21)

3

(3)
73.5
(11)

4
(6)

70.4
(8)

4
(6)

70.9
(6)

4
(6)

74.4
(9)

4
(6)

Western hemlock
40.7
(20)

5
(4)

47.2
(28)

5
(2)

53.0
(31)

5

(1)
55.7
(35)

5
(1)

56.8
(36)

5

(1)

Lodgepole pine
72.6
(29)

2
(2)

82.4
(21)

3

(3)
87.2
(14)

3

(4)
88.2
(12)

3

(4)
88.0
(11)

3

(4)

Hybrid spruce
61.1
(14)

4
(5)

88.0
(17)

2
(5)

96.3
(9)

2
(5)

99.4
(9)

1

(5)
100.0
(9)

1

(5)
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Figure 22. Box plot of 1915 height structure, by species. See appendix for
description.

Over the next 25 year period (1915 - 1940), the height ranking of the six species in

the stand remained unchanged: 1st = subalpine fir, 2nd = spruce, 3rd = pine, 4th = birch,

5th = hemlock and 6th = redcedar (Fig. 23). The main alteration in the stand structure

during this period is the change in the height ranges of the different species. Subalpine

fir showed the largest change with the range dropping from 51% in 1915 to 19% in 1940.

Spruce, pine and birch also showed reductions in their overall range of heights, dropping

to 9%, 14% and 8%, respectively. Hemlock and redcedar remained in the lowest potions

of the canopy and the range of heights occupied by each continued to increase to 31%

and 22%, respectively (Table 7).
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Figure 23. Box plot of 1940 height structure, by species. See appendix for
description.

By 1965 the height structure of the stand was fixed with hybrid spruce taking over the

highest ranking (99.4 mpth) and subalpine fir moving back into second position (97.8

mpth) (Fig 24). The range of heights of these two species remained virtually unchanged

at 9% and 22%, respectively. As in the previous two analysis periods, lodgepole pine,

paper birch, western hemlock and western redcedar maintained their relative rankings

from third to sixth position. The height range of the pine and the birch continued to

decrease while the range of the hemlock and redcedar continued to increase (Table 7).

The final period of analysis is 1990 and represents the current stand conditions or the

'Mature Forest'. The height structure ranking in this time has not changed from the

previous period. Spruce, subalpine fir and pine occupy the top three positions, followed

by birch and hemlock in the mid-canopy and redcedar in the lower canopy (Fig. 25).



Figure 24. Box plot of 1965 height structure, by species. See appendix for
description.

Figure 25. Box plot of 1990 height structure, by species. See appendix for
description.
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The range of heights of all the species in the stand remained similar to that of the

previous period (Table 7). Figure 26 provides a summary of data from figures 21 to 25

showing how the height structure of the stand developed, indicating the changes in mean

percent top height and relative rankings during the five assessment dates.

Over the different periods examined, this stand showed a considerable variation in the

height growth rates and height ranges of the different species. When the stand was young

(1890), subalpine fir had a wide range of heights (57%). As time passed, however, the

range continued to decrease with the mature stand showing only a 20% variation in

subalpine fir top height (Table 7). This pattern is also readily apparent in hybrid spruce,

lodgepole pine and paper birch (Table 7.) The opposite pattern exists for western

redcedar and western hemlock. These species began with fairly narrow height ranges (14

and 20%, respectively), and ended up at the mature stage of development with quite wide

ranges (26 and 36%, respectively. Table 7). An example of the effect of this variation in

growth rates and shifting height dominance is given in Figure 27 which examines the

percentage of the largest stems in 1890 that remained the largest through to 1990.



Figure 26. Mean percent top height of study stand by assessment date and species.

BL CW EP HW PL SX BL CW EP HW PL SX BL CW EP HW PL SX BL CW EP HW PL SX BL CW EP HW PL SX

1890 I I 1915 1940 1965 1990

Assessment Date
BL=Subalpine fir CW=Western redcedar EP=Paper birch HW=Western hemlock PL=Lodgepole pine SX=Hybrid spruce



1890 I I 1915 1940 1965 1990

Figure 27. Percentage of 1890 largest 100 stems / hectare (by species) remaining as
largest 100 stems / hectare in successive assessment periods.
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S DISCUSSION

The development pattern of forest stands has typically been discussed in terms of one,

or a combination of; age distribution, diameter distribution or species composition.

Stands developing after major disturbances have been described as even-aged, since the

trees have been assumed to regenerate shortly after the disturbance (Oliver and Larson

1990). Smith (1986) defines even-aged as stands where all trees are of the same age or

age class (where the difference between the oldest and youngest trees does not exceed

20% of the rotation length). Uneven-aged stands are those that have at least three age

classes intermingled intimately on the same area (Smith 1986). In addition, these stands

are often described by their diameter distribution, ideally taking on a reverse-J shape.

These terms, however, can often be misleading where there is a wide range of ages

following a single disturbance. With the exception of the most catastrophic events, most

fires leave some of the original stand intact, either in small patches or as scattered

individuals. In these stands, the majority of trees will develop after the disturbance but

they will also include some survivors or veteran trees.

In an attempt to clarify terminology, Oliver and Larson (1990) proposed the term

single-cohort to describe stands where the majority of trees originate after a single major

disturbance. The age range can vary from as narrow as one year to as wide as several

decades. Deal et al. (1991) refers to such stands as single generation. Stands where

component trees establish after two or more disturbances (often one major and several

minor ones), are referred to as multiple-cohort (Oliver and Larson 1990). Height

structure can also be used to classify or describe forest stands. Stratified stands refer to

those that are separated into distinct height layers or classes; emergent, dominant, co-

dominant, intermediate and suppressed (Oliver 1980; Smith 1962,1986; Oliver and
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Larson 1990). Stand composition is usually described as either single-species or, where

there is more than one species present, mixed-species.

The stand examined in my study was composed of western hemlock, western

redcedar, lodgepole pine, hybrid spruce, subalpine fir and paper birch, clearly making it

mixed-species. The vast majority of this stand developed after a major wild fire,

however, a few individuals did survive the disturbance. Those trees that established after

the fire show a very diverse age structure, both within and between species and exhibit a

wide range of diameters in a classic reverse-J diameter distribution. With the exception

of western hemlock, which exists in all canopy strata, the study stand exhibits vertical

stratification by species. The dominant stratum is composed of spruce and pine, followed

by the co-dominant layer which contains spruce, subalpine fir, redcedar, pine and birch.

The intermediate and suppressed layers are dominated by redcedar. Although this stand

differs in some aspects from the textbook version by Oliver and Larson (1990), the study

site can be described as a single-cohort, stratified, mixed-species stand.

There are several factors which could account for the stratification or layering present

in this stand: 1) differences in ages of the various layers, 2) differences in competitive

interaction of the various species due to their density and spatial arrangement and 3)

differences in growth rates of the various species. Each of these factors and their

influence on stand development will be examined in the following discussion.

One of the more interesting features of the study stand is the diversity of ages. While

the majority of seedlings (85%) established within the first three decades of the 1855

fire, recruitment continued for an additional 60 years (Fig. 5). The shade tolerant

redcedar (58%) and hemlock (33%) account for most of this late in-growth. Most studies

of single-cohort or single-generation, mixed-species stands have found that the majority

of stems initiate during a relatively short period following a disturbance, usually less than
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50 years (Henry and Swan 1974; Oliver and Stephens 1977; Oliver 1978; Stubblefield

and Oliver 1978; Wierman and Oliver 1979; Oliver 1981; Harcombe 1986).

Some studies have found very wide age ranges, however, the age class distributions are

broken, indicating the presence and influence of minor disturbances and, therefore, multi-

cohort stands (Knowles and Grant 1983; Aplet et al. 1988; Zoladeski and Maycock 1990;

Fajvan and Seymour 1993). Although the 90 year recruitment period of the study stand

is very long, the continuity of the age distribution gives no evidence that any minor

disturbances influenced the recruitment pattern following the 1855 wild fire (Fig. 5).

Although the recruitment pattern of the study stand is very long, the continuity of the age

distribution gives no evidence that any minor disturbances influenced the development

pattern following the 1855 wild fire (Fig. 5). By refining the terminology used by Oliver

and Larson (1990), this stand could best be described as an extended single-cohort.

The regeneration ecology and early growth characteristics of the different species

found in the study stand help to explain the age-class structure within the stand.

Hemlock and redcedar, which dominate the current stand, are frequent and prolific seed

producers (Minore 1990; Packee 1990) which helps the species rapidly take control of a

site by sheer numbers. Both hemlock and redcedar seed is quite light and readily

disseminated by wind over considerable distances, although most falls within 100-120

meters of the parent tree. Although somewhat sensitive to temperature, provided

adequate moisture is available, hemlock seed will germinate on a wide variety of

materials under a wide range of light and temperature regimes. Redcedar germination is

best on disturbed mineral soil, although germination on rotten wood is quite common

(Minore 1990). Hemlock and redcedar that survived the fire (veterans), in addition to

those in the surrounding forest, could have provided abundant seed for regeneration. As

the stand developed and the available growing space became occupied, competition

increased and the number of annual surviving seedlings of both species decreased.



This gives the age class distribution of these species a left-skewed shape (Figs. 6a,b).

The sudden increase in the number of established redcedar seedlings 70 years after the

fire is possibly due to a combination of a very good redcedar cone crop and favorable

growing conditions at some point during that 10 year period.

Although pine is considered a regular and prolific seed producer, it forms only a

minor component of the study stand (9%). There are three probable factors that

contribute to this structure: 1) because pine typically dies out of these types of stands by

200 years, if the original stand was old (>150 yrs), then low numbers of pine would have

been available to provide seed, 2) the serotinous nature of interior lodgepole pine cones

(Illingworth 1970), would limit the annual seed fall from the surrounding unburned forest

and 3) as time progressed, the large number of rapidly invading hemlock and redcedar

seedlings would have shaded available seedbeds, greatly reducing pine germination and

survival. The third factor likely contributes significantly to the relatively short

recruitment period of pine, giving rise to a more regular age class distribution (Fig. 6c).

Paper birch, another minor species (7%), is considered an excellent seed producer

with good crops on at least some trees every year (Fowells 1965, Haeussler et al. 1990).

The seed is very light and easily spread long distances by wind. Exposed mineral soil or

rotting wood are the best for germination and survival is usually high, provided adequate

moisture is available. Birch does, however, require full overhead light at all stages of

development so, if initial stocking is high, many germinants do not survive more than a

single year. The single spike in the age distribution shows that only those seedlings that

became established very soon after the fire were able to survive (Fig. 61). Birch is also

known to produce numerous stump sprouts after cutting or fire (Haeussler et al. 1990).

Within the sample plots, several clumps of birch were recorded, and are most likely a

result of this regeneration method.
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Hybrid spruce and subalpine fir form a very minor component of the ICH zone

forests being studied (2 and 1%, respectively). In mesic stands, these species are usually

restricted to small, slightly wetter depressions. Both of these species are considered

moderate but irregular seed producers with the viability of hybrid spruce and subalpine

fir rated as moderate and fair, respectively (Alexander et al. 1990, Coates et al. 1994).

Spruce and subalpine fir are both capable of germinating on a wide variety of seedbeds,

provided adequate moisture is available (Alexander et al. 1990, Coates et al. 1994),

however, hybrid spruce is more light demanding than subalpine fir for optimal early

growth. Once established, spruce is considered moderately shade intolerant so only those

seedlings that originated within the first 20 years were best able to survive and compete

effectively for resources, giving the age-class distribution a very narrow range (Fig. 6d).

The more shade tolerant subalpine fir show a slightly wider age distribution, covering 30

years (Fig. 6e).

Relationships between age, tree diameter and tree height are common in forestry and

have been used for years to aid in the development of such management tools as growth

models, yield tables and site index curves (Mitchell 1975; Goudie 1980; Bruce 1981;

Mitchell and Cameron 1985; Mitchell and Polsson 1988). In addition, many silvicultural

prescriptions are based on tree age and size, including thinning, spacing and pruning

References to this relationship between tree age and size are common throughout

silviculture and mensuration texts (Husch et al. 1972; Smith 1962, 1986).

Mixed-species stands commonly contain a wide range of diameter classes and often

have a reverse-J shaped distribution. The assumption that tree diameter is a good

indication of age has led to the acceptance that these types of forests are all-aged (Oliver

and Stephens 1977). The mixed-species stand in my study exhibits an excellent reverse-J

diameter distribution, however, despite the wide range of ages present, it can not be

described as all-aged (Figs. 5, 7a,b). Smith (1986) states that in a mixed-species stand,
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large differences in diameter within a species normally denotes truly different age classes.

The mixed-species stand examined in this study, however, shows considerable variation

in diameter within species in a single age class (Table 3). The greatest variation occurs in

hemlock, redcedar and pine. This large, within-species variation creates an age /

diameter relationship in which numerous examples can be found of older trees being

smaller than younger ones (Fig. 1 ib).

The relationship between tree height and age in mixed-species stands has also been

used to infer stand structure (Oliver and Stephens 1977; Oliver and Larson 1990, Fajvan

and Seymour 1993; Larson 1992; Oliver 1992). These studies all indicate that even a

small difference in age can result in a height advantage and the taller trees are therefore

older. In the mixed-species stand in my study, this relationship is not accurate. The study

stand is generally well stratified by species, with each species, except for redcedar and

hemlock, occurring in only one or two crown classes (Fig. 9). The variation of height

within a species and single age class is most prominent in hemlock, redcedar, pine and

spruce, again providing numerous cases where taller trees are younger than shorter ones

(Fig. 1 la, Table 3). Examples can also be found for subalpine fir and birch where older

trees are shorter than younger ones (Fig. 1 la).

When the average age of all the trees in the various canopy layers are examined, a

significant difference (22 - 29 years) is found between the suppressed layer and the other

canopy layers (Table 4). There is, however, little difference between the ages of the

intermediate, co-dominant and dominant layers (4 - 7 years, Table 4). Therefore, despite

the wide range of ages of the various species examined in this study, the distinct layering

of the stand can only be partially attributed to age. It is because of this variation in size,

both within and between species, that mixed-species stands in the ICH zone should not

be classified solely on the basis of their size structure (diameter and height distributions).
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Direct measurements of age structure, therefore, appear to be a more appropriate method

of determining the developmental stage of ICH stands.

The developmental stage of a stand can also be characterized by stand density, canopy

stratification and the spatial pattern of the trees. The high density of living trees (1850

sph), in combination with the large numbers of dead stems in the smaller diameter classes

(1320 sph < 10 cm) and the absence of any seedlings or saplings in the understory,

suggest the 135 year-old stand is in the 'stem exclusion' stage of development (Oliver

and Larson 1990; Fig. 7b). In this stage, all available growing space has been occupied

and new individuals do not readily become established. Those trees that have a

competitive advantage, in size or growth rate, expand into the growing space of their

neighbours and either reduce their growth rate or kill them. According to Oliver and

Larson (1990), the stem exclusion stage exists until the canopy begins to open up, either

through individual mortality or small patch disturbances, and the understory begins to

develop again. Although the crown closure of this mature stand is still above 80%, small

openings are occurring as the birch and pine continue to die. This indicates the stand is

near the end of the stem exclusion stage and will soon enter the next phase of

development known as understory reinitiation (Oliver and Larson 1990).

Another indication of the stem exclusion stage of development is the differentiation

or stratification of the canopy into layers within the single cohort. Stands entering the

stem exclusion stage, where most trees are in the same layer, are often referred to as

'brushy' (Oliver and Larson 1990). As the trees grow and the foliage layer rises, the

different growth characteristics of the species manifest themselves and layers develop.

Those trees in the upper canopy layers intercept more sunlight and usually grow at a

superior rate to those below them. In the mature stand most subalpine fir and pine are

located in the upper canopy, yet their growth is slowing down, again suggesting the final

phase of the stem exclusion stage of stand development (Figs. 9, 19, 20). In this stand,



shade tolerant redcedar and hemlock are in the lower and mid-canopy positions and,

despite their slow growth rates, they are in good condition (Figs. 9, 17, 18, 19). Paper

birch, a shade intolerant species, are now an average of 5 to 10 meters below the main

canopy and rapidly dying out (Figs. 9, 19).

The spatial pattern of trees in the study stand also support the characterization of it

being in the stem exclusion stage of development. Studies of spatial pattern have shown

that as forests develop through time, they move from an initial clustered pattern, through

a random distribution, towards a more regular arrangement (Getis and Franklin 1987;

Kenkel 1988; Moeur 1990; Moeur 1993). This occurs as trees within the stand compete,

primarily with their immediate neighbours, and self-thinning increases the distance

between individuals. In the study stand, mortality has eliminated sufficient stems from

the early 'stand initiation' stage (Oliver and Larson 1990) to move the overall spatial

pattern away from clustered, however, not enough trees have died to put the stand in a

more regular pattern where fewer, larger stems dominate (old growth). The random

nature of stems in the study stand further indicates that the forest is in the stem exclusion

stage of development (Fig. 13) where vertical layering or stratification becomes more

evident. Because the spatial distribution of trees in a stand changes with time, the direct

impact of their arrangement on this layering is difficult to assess. It is important to note,

however, that in a mixed-species stand the inter-tree competition, regardless of spatial

arrangement, is complex and stratification is often the end result.

This study has shown that the wide variation in height growth rates, both within and

between species, is the primary factor influencing the development of the existing, multi-

layered stand. Understanding the stratification patterns of a mixed-species forest is

greatly facilitated by a knowledge of the life history (growth patterns) of the species

involved. Competition between individuals is the primary mechanism driving stand

development (Oliver and Larson 1990; Larson 1992). In the study stand, two of the most
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important attributes affecting this competitive interaction are the characteristic height

growth patterns and shade tolerance of each species. There are four basic height growth

patterns recognized by most silviculturists: 1) rapid juvenile growth followed by a

slowdown (pioneer species), 2) slow initial growth followed by a 'grand period' of

growth and then another period of slow growth (sigmoidal), 3) good growth during all

stages of development (fast linear), and 4) slow growth during all stages of development

(slow linear) (Larson 1992).

Western redcedar and western hemlock are both considered very shade tolerant

species (Minore 1990; Packee 1990), and capable of surviving for extended periods of

time with minimal growth. When given adequate resources, however, their growth rates

can improve significantly. The redcedar and hemlock in the suppressed and intermediate

canopy classes are subject to high levels of competition for all resources and tend to

follow the slow linear growth pattern (Figs. 17, 18). Those trees that are able to grow

into available space in the canopy are subject to less competition, have more available

resources and grow at much superior rates, typically following the sigmoidal growth

pattern (Figs. 19, 20). The height growth patterns of the co-dominant redcedar and the

dominant and co-dominant hemlock show that they are still in the 'grand period' of

growth and have not yet begun to slow down.

Subalpine fir is also considered to be very shade tolerant and can grow in the

understory as highly suppressed advance regeneration for periods exceeding 100 years

prior to being released (Henderson 1981). Following this typical height growth pattern,

subalpine fir have been found in the ICH that exceed 350 years of age. In the study

stand, however, where subalpine fir established soon after the disturbance, initial height

growth was rapid and subsequent growth remained excellent for almost 100 years before

slowing down (sigmoidal pattern, Fig. 19). This type of growth pattern has been

previously noted in amabilis, grand and noble fir (Abies procera Rehd.) but not in
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subalpine fir (Harrington and Murray 1981). Although most subalpine fir still occupy an

upper canopy position, their height growth rate has slowed considerably in the last 40 to

50 years.

The shade intolerant species, such as birch, spruce and pine (Haeussler et al. 1990;

Lotan and Critchfield 1990; Banner et al. 1993), are currently found only in the upper

canopy layers (co-dominant and dominant) The high numbers of dead stems of these

species in the stand indicate that those individuals unable to keep up to or above their

neighbours soon died out. The height growth of birch followed the pioneer pattern,

developing rapidly but slowing around 40 years of age as the other species in the stand

reached the same height and reduced the amount of available light (Fig. 19).

The remaining birch in the stand are now well below the main canopy and continuing to

die out.

The height growth of pine in the co-dominant and dominant layers also follows the

pioneer pattern (Fig 19). Initial growth was very rapid but has dropped off in the co-

dominant layer over the last 50 years as the neighboring trees grow up and increase light

competition causing the lower portions of the crowns to die back. In the dominant layer,

the pine follows the same pattern, however, growth has only begun to slow down in the

last 20 years (Fig. 20). Spruce in the co-dominant and dominant layers show similar

pioneering growth patterns to the pine with rapid initial growth and subsequent

slowdowns (Figs. 19, 20). The co-dominant spruce have been above the other species in

the layer for the last 40 years while those in the dominant layer are still growing

alongside the dominant pine.

In mixed-species stands there is more variation between individuals in height growth

patterns and shade tolerance than in single-species stands. Because of this variation,

changes in the height dominance between species can occur during stand development.
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Many of the studies that report this pattern of changing dominance have involved either

eastern mixed-hardwood stands (Oliver 1978; Kittredge 1988; Oliver et al. 1990) or

mixed-conifer stands that have only two or three different species (Wierman and Oliver

1979; Alaback 1984; Aplet et al. 1988). The pattern of changing height dominance with

time is readily apparent in my study stand and, because there are six species involved, is

quite varied. The competitive interaction and different growth patterns that causes the

changing dominance is indicated by the numerous shifts in percent top height ranking

during the five growth periods examined (Table 7). In this study, only 30% of the largest

100 stems I hectare of hemlock in the immature forest were still in that group 100 years

later in the mature forest (Fig. 27). Similarly, only 60% of the pine and redcedar

maintained their size dominance from 1890 through to 1990 (Fig. 27). The variable

growth rates of the different species found in these types of stands could have a major

impact on size-based silvicultural decisions, such as crop-tree selection during spacing, if

they are made at an early age.

It is also interesting to note the change in the range or variability of heights of the

different species over time. Although their height rankings changed, the intolerant

species either maintained or improved their relative canopy position (Table 7). As the

stand aged, this led to a decrease in the range of heights. The opposite pattern occurred

with the tolerant species. Their ability not only to continue growing under poor

conditions (heavy competition for essential resources), but also to take advantage of any

improved growing conditions, widened the range of heights over time (Table 7).



6 SUMMARY

This study is the first to examine in detail the structure and height development

patterns of mature, mixed-species forest stands in the ICH zone of northwestern British

Columbia. The results have shown that a very long recruitment period is typical of these

mixed-species stands and because the majority of the trees established after a single

major disturbance, they are best described as an extended single-cohort. As a result of

the variety of growth patterns exhibited by the different species, neither individual tree

height nor diameter are good indicators of the stand age structure. The age structure and

stage of development are much better defined in these stands by direct measures of age,

density, the diameter distribution I mortality relationship and the overall spatial pattern.

Despite the wide variation, age does not appear to play a major role in influencing the

development of the multiple layers within the stand.

The developmental patterns of mixed-species ICH stands are best related to

individual height-growth characteristics and competitive interaction between those

individuals. The extensive variation in growth rates, both within and between species,

has been shown to be the main factor influencing the development of distinct canopy

layers within the stand. While lodgepole pine, hybrid spruce, western redcedar and paper

birch developed in height along characteristically predictable lines, western hemlock

followed a number of different growth patterns and could be found in all canopy

positions, thereby visually obscuring the stratification patterns. Subalpine fir is usually

considered a slow-growing, shade tolerant species that comes up through the canopy after

long periods of slow growth. In the study stand, however, it established rapidly after the

initial disturbance and exhibited a very aggressive, pioneer-like height growth pattern.
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Tree stratification or layering was not obvious until the stand was more than 80 years

old. During this initial period, height dominance changed frequently between species.

Other studies have indicated that temporal (age) differences in establishment period can

be a major factor in either the maintenance of, or shift in height dominance between

species. Even a small difference in age has been shown to provide a significant height

growth advantage to the older individual (Larson 1992). In my study, however, older

trees that established soon after the disturbance were frequently overtopped by younger

individuals, both within and between species. Once again, this demonstrates the

importance of the variety of growth rates of the different species and their competitive

interaction on the development of the stratified mixture.

Forests commonly have structures that reflect their disturbance history (type and

intensity), site quality and the availability of seed or propagules for regeneration. While

the stand chosen for study in this project is typical of many of the zonal ecosystem

associations found in the interior cedar-hemlock zone of northwestern British Columbia,

differences in any of these factors would likely produce a different mixture of species and

therefore a different structure. The detailed examination of the development of the study

stand has provided an insight into the variety of growth patterns within one type of

mixed-species forest. Since the possible variety of species mixtures is virtually endless,

the data from this project will provide valuable information to other researchers

developing growth and yield models for any mixture of the studied species.
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APPENDIX

Explanation of abbreviations and structure of box plot figures.

BL Subalpine fir (Abies lasiocarpa (Hook.) Nutt.)

CW Western cedcedar (Thuja plicata Donn.)

EP Paper birch (Betula papyrfera Marsh.)

HW Western hemlock (Tsuga heterophylla (Raf.) Sarg.)

PL Lodgepole pine (Pinus contorta var. latifolia Engelm.)

SX Hybrid spruce (Picea glauca (Moench) Voss x sitchensis (Bong.) Carr.)

The box plots (or box and whisker plots) are used to graphically summarize the data

from each of the 5 assessment periods (Figures 21 - 25). The features of the boxes are as

follows:

Plus (+):

Top bar:

Middle bar:

Bottom bar:

Mean value of the data set.

The 75th percentile or the 3rd quartile (Q3), half way between the

maximum and median values.

The 50th percentile or the 2nd quartile (median).

The 25th percentile or the 1st quartile (Qi), half way between the

minimum and median values.

90

Whiskers: These vertical lines extend from the top and bottom bars to a value

1.5 times the Inter Quartile Distance (IQD, Q3 - Qi).



Circles (o): Mild outliers - individual observations between 1.5 and 3.0 times the

Inter Quartile Distance.

Stars (*): Extreme outliers - individual observations more than 3.0 times the Inter

Quartile Distance.

91

For a more detailed explanation of the box plots and their use, refer to McGill et al. 1978.


