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The tree species and size structure of9l old-growth forests dominated by Douglas-

fir in central western Oregon was characterized using complete inventories of all trees

larger than 20cm dbh over a mean area of 17. iha at each site. Douglas-fir accounted

for over 75% of the total average basal area (39.1 of 49.2 m2/ha) at each site.

Conventional and multivariate analysis indicated that the non-Douglas-fir component

accounted for most of the structural variation between sites. Multivariate analysis

characterized six groups based on the similarities and differences among sites in basal

area of small (20-50cm dbh), medium (50-100cm dbh), and large (> 100cm dbh)

western hemlock, western red cedar, incense-cedar, grand fir, red alder, and bigleaf

maple.

The hypothesis that large-diameter, old-growth Douglas-fir in central western

Oregon developed at low stand densities was supported by patterns of long-term

diameter and basal area growth of trees, wide mean within-site age ranges (95% CI for

mean = 134-214yr), and stem and crown characteristics. The diameters of the old-

growth trees at ages 100 to 300yr were strongly, positively, and linearly related to



their diameters at age 5Oyr and, more importantly, to their basal area growth rates as

young, 50 year-old trees. Rapid and sustained growth by age SOyr was strongly

correlated with large diameters at older ages, particularly at ages 100-200yr. Average

periodic basal area increments (PAIBA) of all trees increased for the first 30-4Oyr and

then plateaued, remaining relatively high and constant from age 50 to 300yr. Over a

third of the trees> 300 years old had not reached culmination of mean annual basal

area increment (MAIBA) by age 300yr. Low heights to live and dead meristematic

branches suggest that many of the old-growth trees grew at low stand densities. Live

branches occurred on over 50% of the bole, on average. Average height to diameter

ratios of the old-growth trees were below 50 (unitless), indicating high mechanical

stability. Compared to young-growth trees in high-density stands, young-growth trees

in low-density stands have crowns and height-to-diameter ratios more similar to old-

growth trees.
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Structure and Development of Old-Growth Douglas-fir
in Central Western Oregon

Chapter 1. Introduction

Few temperate old-growth forests exist around the world, largely as a result of

human-related activities such as felling trees for construction materials, fuel, and pulp,

as well as land clearing for agriculture and pasture (Perlin 1991). As a result, much of

the research on older temperate forests world-wide has focused on the conifer-

dominated old-growth forests of the North American Pacific Northwest. A great deal

of work in the Pacific Northwest has focused on describing current old-growth

structure in terms of numbers of live and dead trees/ha in relation to tree size, amount

of dead wood on the forest floor, species, and age distribution (Juday 1977, Franklin

and Waring 1980, Means 1982, Spies and Franklin 1991, Hershey 1995, Poage 1995,

Bailey 1996, Goslin 1997, Bailey and Tappeiner 1998, Schrader 1998, Winter 2000).

These studies have used a limited number of small (e.g., 0.lha) plots to characterize

forest structure in various ways at multiple sites (e.g., tree size and/or species

distributions; Juday 1977). However, scaling-up data from finer, plot-level scales to

the coarser, stand- and landscape-level scales typical ofmanagement activities in the

Pacific Northwest (e.g., scales> lOha) may prove misleading if only the closed-

canopy portions of old-growth forests are sampled.

The first of the three main chapters in this dissertation, Chapter 2, addresses this

lack of basic infonnation by using 100% inventories and multivariate analysis to

characterize the species and size distributions oftrees in old-growth forests dominated



by Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) at scales typical of

management (i.e., >lOha). Not only does this offer a unique perspective on old-

growth forest structure, it capitalizes on a vanishing source of information, namely

timber cruise records from the USD1 Bureau of Land Management (BLM) in western

Oregon. The value of such records in terms of both basic and applied forest ecology

(i.e., silviculture) has been overlooked, a consequence of which has been that an

enormous number of potentially valuable records on old-growth forest structure have

been destroyed or otherwise lost.

Succession is, in the broadest sense, change in ecosystem structure and function

over time (Kimmins 1996). Theories of succession have ranged from viewing

ecosystems as "super-organisms" that develop toward a single, definite climax state

(Clements 1936) to more mechanistic (e.g., Oliver and Larson 1996) and stochastic

views in which, to paraphrase Gleason's (1926) essay on plant associations, an

ecosystem "is not an organism, . ..but merely a coincidence". Although most plant

ecologists have formally abandoned Clements's concept of the climatic climax, the

hypothetical concept of a single climax forest type eventually dominating a landscape

in the absence of disturbance often forms the basis of plant association guides in North

America. Much of central western Oregon, for example, is characterized as belonging

to the western hemlock (Tsuga heterophylla (Raf.) Sarg.) vegetation zone (Franklin

and Dyrness 1973). However, the dominant tree species across much of the region is

Douglas-fir, a fast-growing, pioneer species capable ofattaining great size and

longevity (Franklin and Hemstrom 1981).
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In studying successional changes within forests, often it has been convenient to

focus on the stands within them. Spies (1997) defines a stand as "a unit of trees that is

relatively homogeneous in age, structure, composition, and physical environment".

Forest stand dynamics (or stand dynamics), "the study of changes in forest stand

structure with time" (Oliver and Larson 1996), is the sub-discipline of the study of

succession that focuses on forest stands.

The general model of stand development proposed by Oliver (1981) and

elaborated on by Oliver and Larson (1996) describes changes in stand structure that

might, in a very generic way, be expected to occur following a major disturbance.

Four generic stages of stand development are described in the general model: stand

initiation, stem exclusion, understory reinitiation, and old growth. Similar, although

not identical, terms for these four phases are: establishment, thinning, transition, and

shifting mosaic (Spies 1997). Oliver and Larson (1996) elaborate on variations of this

general model (including variations due to minor disturbances) and, echoing Gleason

(1926) some 80 years earlier, caution that "changes in stand structures are not the

result of obligatory laws which forests stands must follow [and that such changes] are

simply the result of interactions of plants and are emergent properties of the tree

interactions".

Oliver's (1981) general model of stand development has been accepted widely,

although not without criticisms. Despite a sometimes popular interpretation to the

contrary, Oliver's general model does not reflect a Clementsian view of stand

development as a predeterministic process leading, in the absence of disturbance, to a

single climax community. Stand development is a mechanistic process, tempered by



stochastic events (Perry 1994, Kimmins 1996, Oliver and Larson 1996). Although a

Clementsian perspective of stand development is conceptually simple and may reflect

deep-seated philosophical beliefs, stands do not develop along predetermined

trajectories.

fromcaily, it may be misleading in parts of the Pacffic Northwest to use

contemporary young-growth and old-growth stands to illustrate the hypothetical

passage of a young-growth stand through the four stages of Oliver's (1981) general

model of stand development. Unless explicitly stated otherwise, such a description

rests on the Clementsian assumption that the young-growth stands (and the trees

within them) will develop into old-growth. Such an assumption can prove misleading.

Tappeiner etal. (1997) recently reported that dense young-growth stands of

Douglas-fir in the Oregon Coast Range were not following the same developmental

trajectory as the old-growth stands they replaced. Tappeiner et al. (1997) provided

compelling evidence that the large-diameter old-growth trees they examined

developed at stand densities lower than those typical for young-growth stands at

present. Tappeiner etal. (1997) further suggested that, unless stand densities were

reduced (e.g., by silvicultural thinning), trees growing in the higher-density, young-

growth stands would require longer periods than the old-growth trees did to develop

the structural characteristics considered typical for old-growth Douglas-fir trees in

western Oregon (e.g., large diameters and long and complex crowns; Franklin et al.

1981, Spies and Franklin. 1991).

It is important to note that the old-growth definition of Franklin etal. (1981)

reflects structural stand characteristics while Oliver and Larson (1996) define old-

4



growth--a stand "composed entirely of trees which have developed in the absence of

allogemc processes"--from a developmental perspective. Large-diameter overstory

trees (e.g., Douglas-fir) are a structural element common to virtually all structural

definitions of conifer-domjnated old-growth forests in the Pacific Northwest (Franklin

et al. 1981, Franklin and Spies 1991a, Franklin and Spies 1991b, Marcot etal. 1991).

Understanding how individual old-growth trees grew is important for both the

ecologist interested in forest development and the manager interested in accelerating

the development of late-successional characteristics within young stands. However,

very little research has been done on the development of individual old trees over time

(Assmann 1970, Tappeiner etal. 1997, Winter 2000). Studies of older forests

typically have addressed structural developments within 70-150 year-old stands, often

following an identifiable disturbance such as partial cutting (Berntsen 1960,

Williamson and Price 1971, Williamson 1982, Graham etal. 1985, Newton and Cole

1987, Acker etal. 1988, Oliver 1988, Doiph et al. 1995, Bailey and Tappeiner 1998).

The second two main chapters in this dissertation, Chapters 3 and 4, focus on the

development of individual old Douglas-fir trees from old-growth stands in central

western Oregon and address the suggestion by Tappeiner etal. (1997) that large-

diameter old Douglas-fir trees developed at relatively low stand densities. Chapter 3

uses measurements made on the stumps of over 500 recently cut old Douglas-fir trees

to characterize the long-term patterns of diameter and basal area growth of individual

old-growth trees. To my knowledge, this dataset is the largest in existence on the

long-term growth patterns of individual old Douglas-fir trees. Because cut stumps

decay, it may well be impossible to acquire such a record in the near future. Chapter 4

5



characterizes the stem and crown characteristics of more than 150 individual old

Douglas-fir trees in central western Oregon and concludes by comparing the structural

characteristics of the old trees to those of young-growth trees growing at different

stand densities at age 5Oyr (observed) and age lOOyr (predicted).
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Chapter 2. Tree Species and Size Structure of 91 Old-growth Forests
Dominated by Douglas-fir in Central Western Oregon

Abstract

The tree structure of 91 old-growth forests dominated by Douglas-fir (Pseudotsuga

menziesii (Mirb.) Franco) in western Oregon were characterized using data from

recent (1985-199 1) old-growth timber sales in the Eugene and Salem Districts of the

United States Department of Interior (USD1) Bureau of Land Management (BLM) in

western Oregon. These data were unique because they were complete inventories of

all trees larger than 20cm dbh over a mean area of 17.lha. Both conventional

measures such as basal area (m2/ha) and density (trees/ha) and multivariate techniques

such as cluster analysis and ordination described the coarse-scale structure of old-

growth forests in terms of diameter class distributions by species. To our knowledge,

this study represents the most comprehensive description of old-growth forest

structure in western Oregon to date.

The 91 BLM old-growth forests examined were dominated by Douglas-fir, with

Douglas-fir accounting for over 75% of the total basal area at each site, on average.

Although species other than Douglas-fir comprised an average of one-quarter of the

total basal area at each old-growth site, it was this non-Douglas-fir component that

largely accounted for the structural variation between sites. Cluster analysis and

indicator species analysis identified and characterized six structural groups of old-

growth sites in terms of species other than Douglas-fir.
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Geographic information systems (GIS) analysis and non-metric multidimensional

scaling (NMS) indicated that significant compositional and environmental spatial

patterns and gradients were present in the old-growth forests. Almost 97% of the

structural information was captured by the first (r2 = 0.841) and second (r2 0.128)

NMS ordination axes. Axis 1 was negatively correlated with red alder (Alnus rubra

Bong.) and significantly and positively correlated with incense-cedar (Libocedrus

decurrens Torn) and grand fir (Abies grandis (Dougi. ex D. Don) Lindi.). Axis 2 was

positively correlated with western hemlock, western redcedar (Thujaplicata Donn),

and western white pine (Pinus monticola Doug!. ex D. Don). Axis 1 represented a

general climatic gradient of moist and cool (-) to dry and warm (+) summers, while

Axis 2 corresponded most strongly to elevation and variables associated with elevation

(e.g., minimum winter temperatures). Analysis using GIS indicated that historical

fires during the mid-to late-i 800s and early-! 900s had a significant impact on the

forest structure of some old-growth sites, particularly those with a strong component

of red alder.

Introduction

Tn the most extensive study of old-growth Douglas-fir (Pseudotsuga menziesii

(Mirb.) Franco) forest structure to date in the Pacific Northwest, Spies and Franklin

(199 1) examined old-growth stands at 50 sites in the western Oregon Cascades and 25

sites in the Oregon Coast Range. Tree structure within each old-growth stand (4.0 -

20.Oha) was characterized using five, 0. iha sample plots located to avoid stand edges

8



and recent disturbances such as large gaps (>O.O5ha; Spies and Franklin 1991, Spies

2000, personal communication). The majority of the 75 old-growth sites sampled by

Spies and Franklin (1991) occurred in the Western Hemlock Zone (WHZ; Franklin

1979). Although western hemlock (Tsuga heterophylla (Raf.) Sarg.) is considered

climax in this vegetation zone, true old-growth or climax forests are largely

hypothetical because of the dominance of large, long-lived seral species such as

Douglas-fir (which can attain ages of more than 750yr; Franklin and Waring 1980)

and periodic -- although not necessarily regular -- major disturbances such as fire or

windstorms (Franklin and Hemstrom 1981, Oliver and Larson 1996).

The old-growth stands investigated by Spies and Franklin (1991) were dominated

by Douglas-fir. In western Oregon, for example, 63 - 97% of the trees with diameters

at breast height (dbh, diameter measured at 1 .4m above the ground)> 100cm were

Douglas-fir. Well over half of the total basal area (m2/ha) was comprised of Douglas-

fir. Consequently, variables involving species other than Douglas-fir (e.g., basal area

of shade-tolerant tree species and basal area of broad-leaved species) were key in

discriminating between structurally different old-growth stands. However, Spies and

Franklin (1991) did not describe the species responsible for the structural variability

observed in the old-growth stands they examined.

Most prior studies of old-growth forest structure in the Pacific Northwest have

used a limited number of small (e.g., 0.lha) plots to characterize tree structure at

multiple sites (e.g., Juday 1977, Hershey 1995, Spies and Franklin 1991, Tappeiner et

al. 1997). However, scaling-up from finer, plot-level scales to the coarser, stand- and

landscape-level scales typical ofmanagement activities in the Pacific Northwest (e.g.,

9
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scales lOha) may prove misleading if only the closed-canopy portions of old-growth

forests are sampled. A few intensive studies in the Pacific Northwest have examined

the structure of older forests at a limited number of sites, typically one or two, using

somewhat larger plots (e.g., 0.5 -3 .3 ha; Means 1982, Poage 1995, Goslin 1997, Winter

2000).

Expanding on the work of Spies and Franklin (1991) and others, a unique

inventory approach was taken in the present study to characterize the tree species and

size structure of old-growth forests dominated by Douglas-fir in western Oregon at the

coarser scales typical of management units and across a broad geographic scale.

Forest structure was characterized by analysis of data from 91 recent (1985-1991) old-

growth timber sales in the Eugene and Salem Districts of the United States

Department of Interior (USD1) Bureau of Land Management (BLM) in western

Oregon. These data were unique because they were complete inventories of all trees

larger than 20cm dbh over a mean area of 17. iha (4. 1-69.2ha); the total inventoried

area was 1556.lha, or 15.6km2. Both conventional measures such as basal area (i.e.,

m2/ha) and density (i.e., number of trees/ha) and multivariate techniques such as

cluster analysis and ordination described the coarse-scale tree structure of old-growth

forests in terms of species-diameter classes (SDCs; e.g., small western hemlock).

Three general diameter classes were analyzed in the present study: small (20cm < dbh

<50cm), medium (50cm < dbh < 100cm), and large (dbh> 100cm). Data from 56

historical timber records were used to make an independent estimate of the density of

large Douglas-fir in the study area during the early 1900s, prior to significant cutting

of old-growth forests.
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The primary objective of this study was to characterize the coarse- and broad-scale

structure of the 91 BLM old-growth forests in western Oregon in terms of the basal

area and density of diameter classes by tree species. Following from this primary

objective, the hypothesis that Douglas-fir comprises a relatively high and constant

fraction of total stand basal area (e.g., > 70%) at the BLM old-growth sites was tested.

A corollary to this hypothesis was that the structural variability observed between

groups was due to species other than Douglas-fr and that these other species

comprised a relatively small fraction of the total stand basal area. The second

objective of this study was to identiIy and characterize old-growth structural types or

groups of old-growth sites. The third objective was to characterize the broad-scale

spatial variability observed in these old-growth structural groups. The fourth objective

was to characterize the relationships between the different groups and environmental

variables such as seasonal and annual precipitation and temperature. The final

objective was to characterize the spatial relationships between the structural groups

and historically documented fires. Forest structure can be influenced by disturbances

such as fire (Oliver and Larson 1996); in flict, fires have influenced large portions of

western Oregon, particularly during the early- and mid-i 800s, (Morris 1934, Juday

1976, Morrison and Swanson 1990, Agee 1991, Teensma et al. 1991, Impara 1998,

Weisberg 1998).



Methods

Objective I: Characterization ofcoarse- and broad-scale structure of the 91 BLM old-
growth forests

Complete inventories of all trees > 20cm dbh were used to characterize the coarse-

and broad-scale structure of 91 old-growth forests in western Oregon. These

inventories were recently conducted (1985-199 1) by the Eugene and Salem Districts

of the USD1 Bureau of Land Management (BLM) as part of the BLM's old-growth

timber-sale program. These 91 old-growth sites will be referred to as the BLM sites

throughout this paper. A mean "coarse-scale" area of 17. iha was completely

inventoried at each of the BLM sites, for a total "broad-scale" inventory area of

1556.lha, or 15.6km2.

The inventoried trees at each site were assigned to one of three general diameter

classes: small (20cm < dbh < 50cm), medium (50cm < dbh < 100cm), and large (dbh

> lOOcm). A given species and diameter class combination comprised a single

species-diameter class, or SDC. For example, small western hemlock (20-50cm dbh)

and large western hemlock (>100cm dbh) comprised two different species-diameter

classes (SDC). Total basal area (m2/ha) and numbers of trees/ha in each SDC were

calculated for each site from the raw inventory data. Mean values and other statistics

for all 91 sites were calculated using the SAS statistical software (SAS 1996).

The broad-scale spatial variation in species across the 91 BLM old-growth sites

was analyzed using the Arclnfo and ArcView geographic information systems (GIS;

ESRI 1998 and ESRI 1999, respectively). Of the 91 sites, 65 were comprised of

12
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single spatial management units. The point locations for these 65 sites were located at

the geographic center of each unit. The remaining 26 of the 91 sites were comprised

of two or more spatially distinct units; it was not possible to determine from the

inventory data which trees occurred on which unit at these 26 sites. The point

locations for these 26 sites represented the average latitude and longitude of the

spatially separated units.

Because the inventory data were from BLM old-growth forests that had not been

clearcut or partially cut prior to 1985, the question arose of whether they could

represent structural anomalies relative to the historic range of structural variability

observed in old-growth forests. In other words, were the 91 BLM old-growth forests

not harvested prior to 1985 because they were, for example, understocked in terms of

large-diameter overstory trees?

Historic timber cruise records from the early 1900s were analyzed to address this

question in terms of the numbers of large-diameter Douglas-fir observed per hectare

(Brown and Brown 19 10-1930; these will be referred to as the Brown and Brown

sites). Fifty-six of the Brown and Brown sites, each representing an average inventory

area of 16.2ha, occurred in the same general area as the BLM sites in the Oregon

Coast Range. The density of large Douglas-fr (dbh> 100cm) was calculated at each

of the 56 Brown and Brown sites.



Objective II: Identification and characterization of old-growth structural groups in
terms of species-diameter classes

Multivariate analysis of old-growth tree structure at the 91 BLM old-growth sites

was done using the PC-ORD multivariate analysis software (McCune and Mefford

1999). The original main, or "species", matrix contained 91 sites (data matrix rows)

and 39 SDCs (data matrix columns; 13 tree species * 3 diameter classes = 39 SDC, or

"species"), with values in the matrix equal to the total basal area (m2/ha) in each SDC.

SDCs occurring at less than 2 sites were dropped from the original main matrix,

resulting in a reduced matrix with 91 sites (rows) and 25 SDCs (columns). Because of

the dominance of medium and large Douglas-fr across the 91 sites (see Results and

Discussion), the reduced matrix was relativized using the Beals smoothing function to

enhance the contribution of species other than Douglas-fir to forest structure (Beals

1984, McCune 1994). Elimination ofrare SDCs followed by Beals smoothing

reduced the coefficient of variation of sites from 0.21 to 0.04 and of SDCs from 2.90

to 0.85. Unless otherwise noted, the reduced and relativized matrix is referred to as

the main matrix throughout this paper.

Multivariate analysis to identify and characterize old-growth structural groups in

terms of SDC basal areas was performed on the main matrix. Cluster analysis (CA)

with Eucidean distance measures and Ward's group linkage method identified groups

of sites in terms of SDCs. Preliminary analysis suggested that six groups of sites (A-

F) gave the most interpretable results in terms of identiIring sites with similar

structural attributes. Group-level summaries ofbasal area and trees/ha (untransformed

data) in each SDC initially characterized differences between the six structural groups.

14



The SDCs characteristic of each group also were described by indicator species

analysis (ISA; Dufrene and Legendre 1997). Monte Carlo tests (1000 permutations)

assessed the significance of the observed maximum indicator values for each SDC.

Non-metric multidimensional scaling (NMS; Kruskal 1964a, Kruskal 1964b,

Clarke 1993) using Eucidean distance measures described both the dominant

structural and environmental gradients in the multidimensional SDC space along

which the BLM old-growth sites occurred. Environmental variables could only be

determined for the 65 BLM sites with single units (see Objective IV, below).

However, the structural gradients observed with NMS ordination of the 65 BLM sites

with single units were similar to those observed using all 91 BLM sites. Further,

Multi-response Permutation Procedures (MRPP; Biondini et al. 1985, Biondini et al.

1988) indicated no general structural difference between the 65 BLM sites with single

units and the 26 BLM sites with two or more spatially distinct units. Similarly, CA of

the reduced set 65 BLM sites with single units produced similar results to those based

on all 91 BLM sites, further suggesting that the 65 BLM sites with single units were

structurally similar to 26 BLM sites with multiple, spatially separated units.

Only the results for the NMS ordination based on the 65 BLM sites with single

units were presented in order to simplif,' the discussion of both the observed structural

and environmental gradients. One, two, three, and four axes were used to assess the

diinensionality of the 65 BLM sites, with two axes being selected with a final stress of

12.1 (as opposed to 15.2 for all 91 BLM sites). A Monte Carlo test (30 permutations)

was used to estimate the probability that a similar final stress could have been

obtained by chance. The degree of correlation between a given SDC and NMS Axis 1

15
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or Axis 2 reflected the association of that SDC with the sites associated with the same

axis. Overlaying the group membership (A-F) on the two-dimensional solution

allowed further characterization of the six structural groups in terms of SDCs.

Objective Ill: Characterization of the broad-scale spatial variability observed in the
old-growth structural groups

The broad-scale spatial variation of the 91 BLM sites in terms of old-growth

structural group (A-F) membership was characterized using the Arclnfo and Arc View

geographic information systems. Group membership was assigned to each of the 91

BLM sites. The sites were then overlaid in the ArcView GIS on a generalized

ecoregion coverage derived from Pater etal. (1998) in order to characterize the broad-

scale spatial variation in the structural groups; ecoregions are areas defined by

similarities in climate, geology, physiography, soils, and biotic communities. The

sites were located within three ecoregions: Coast Range (CR), Willamette Valley

(WV), and western Oregon Cascades (OC). The CR ecoregion, which encompasses

the Coast Range Volcanics and Mid-Coastal Sedimentary level IV ecoregions, is

characterized by moderately to steeply sloping mountains (0-1 740m), soils derived

from Tertiary volcanic and marine sedimentary rocks (andisols, ultisols, and

inceptisols), l525-5080mm of annual precipitation, 100-200 frost free days, mean

January minimum temperatures of -0.6°C, and mean July maximum temperatures of

25.0°C (Pater et al. 1998). The WV level IV ecoregion is characterized by rolling

foothills (5-455m), soils derived from Tertiary volcanic and marine sedimentary rocks

(affisols, ultisols, mollisols, and inceptisols), 101S-l525nmi of annual precipitation,
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165-2 10 frost free days, mean January minimum temperatures of 0.0°C, and mean July

maximum temperatures of 26.7°C (Pater etal. 1998). The OC ecoregion,

encompassing the Western Cascades Lowlands and Valleys and Western Cascades

Montane Highlands level IV ecoregions, is characterized by moderately to steeply

sloping mountains (24S-l800m), soils derived from Tertiary volcanic rocks (alfisols,

ultisols, moffisols, and inceptisols), 1525-3050mm of annual precipitation, 80-180

frost free days, mean January minimum temperatures of-1.9°C, and mean July

maximum temperatures of 24.7°C (Pater etal. 1998).

Objective IV: Characterization of the relationships between the old-growth structural
groups and environmental variables

The ArcView GIS was used to assign environmental variables to each of the 65

BLM old-growth sites with single units from precipitation and temperature maps

generated using the PRISM model (Daly etal. 1994). Variables assigned were total

annual and monthly precipitation, mean, minimum, and maximum monthly

temperatures, mean summer (May-September) precipitation (In(mm)), mean summer

(May-September) temperature, moisture stress (mean summer temperature / mean

summer precipitation), summer-winter temperature range (August maximum

temperature - December minimum temperature), and the coefficient of variation

December and July precipitation (generally the wettest and driest months,

respectively). The variables derived from the precipitation and temperature data (e.g.,

summer-winter temperature range) were adapted from Ohmann and Spies (1998).



Elevation from a 30m digital elevation model (DEM) was also assigned to each of the

65 sites (SSCGIS 1997).

As noted above, the dominant environmental gradients along which the 65 BLM

old-growth sites with single units occurred were described with NMS. The degree of

correlation between a given environmental variable and NMS Axis 1 or Axis 2

reflected the association of that variable with the sites associated with the same axis.

Overlaying the group membership (A-F) on the two-dimensional solution allowed

further characterization of the six structural groups in terms of the environmental

variables.

Objective V: Characterization of the spatial relationships between the old-growth
structural groups and historically documented fires

The 91 BLM old-growth sites were overlaid in the ArcViewGIS on a generalized

land cover map from the early 1900s (Effiot and Rowland 1914) in order to

characterize the spatial relationships between the structural groups and areas burned

during the 1800s and early 1900s.

Results and Discussion

Objective 1: Characterization of coarse- and broad-scale tree structure of the 91 BLM
old-growth forests

The 91 BLM old-growth forests examined were dominated by Douglas-fir (Tables

2.1 and 2.2). The total basal area of Douglas-fir (mean = 39.10 m2/ha, 95% CI of

18



Table 2.1. Basal area (m2fha) by species and diameter classes for all sites (n = 91).

Basal area (m2lha) of large trees (dbh> 100cm)

19

Basal area (m2lha) of medium trees (50cm < dbh < 100cm)

Species Mean SD Minimum Maximum CV Sites Occurring
Douglas-fir 20.31 9.93 0.86 45.26 0.49 91
Western Hemlock 1.03 2.48 0.00 17.37 2.42 51

Western Redcedar 0.80 2.22 0.00 16.90 2.77 49
Incense-cedar 0.25 0.70 0.00 4.93 2.83 21
Grand Fir 0.01 0.04 0.00 0.31 4.16 7
Other 0.02 0.15 0.00 1.34 6.76 3

All Large Trees 22.42 11.35 1.46 62.64 0.51

Species Mean SD Minimum Maximum CV Sites Occurring
Douglas-fir 15.91 9.46 0.03 45.11 0.59 91

Western Hemlock 3.83 5.72 0.00 23.78 1.49 77
Western Redcedar 0.96 1.56 0.00 8.39 1.63 67
Incense-cedar 0.21 0.56 0.00 3.00 2.71 23
Grand Fir 0.14 0.51 0.00 3.91 3.62 22
Red Alder 0.32 0.84 0.00 5.39 2.64 28
Bigleaf Maple 0.07 0.24 0.00 1.71 3.20 14
Other 0.05 0.22 0.00 1.67 4.88 9

All Medium Trees 21.48 7.90 8.84 46.61 0.37



Table 2.1. (continued)

Basal area (m2/ha) of small trees (20cm < dbh 50cm)

20

Basal area (m2/ha) of all trees (dbh > 20cm)

Species Mean SD Minimum Maximum CV Sites Occurring
Douglas-fir 2.88 2.83 0.00 15.65 0.98 86
Western Hemlock 1.54 1.90 0.00 9.41 1.24 75
Western Redcedar 0.36 0.65 0.00 3.73 1.82 63
Incense-cedar 0.08 0.24 0.00 1.62 2.86 23
Grand Fir 0.11 0.40 0.00 2.74 3.74 22
Red Aider 0.24 0.55 0.00 2.67 2.24 30
Bigleaf Maple 0.08 0.23 0.00 1.37 2.81 15
Other 0.03 0.21 0.00 1.78 6.46 5

All Small Trees 5.33 3.30 0.77 16.56 0.62

Species Mean SD Minimum Maximum CV Sites Occurring
Douglas-fir 39.10 11.34 6.89 69.78 0.29 91
Western Hemlock 6.39 8.81 0.00 32.42 1.38 77
Western Redcec]ar 2.12 3.83 0.00 24.18 1.81 69
Incense-cedar 0.54 1.33 0.00 6.55 2.45 23
Grand Fir 0.26 0.90 0.00 6.25 3.52 23
Red Alder 0.56 1.33 0.00 8.06 2.35 30
Bigleaf Maple 0.16 0.42 0.00 2.31 2.73 15
Other 0.10 0.63 0.00 5.35 6.46 9

All Trees 49.23 10.23 26.42 77.99 0.21



Table 2.2. Density (trees/ha) by species and diameter classes for all sites (n 91).

Density (trees/ha) of large trees (dbh> 100cm)

21

Density (trees/ha) of medium trees (50cm < dbh 100cm)

Species Mean SD Minimum Maximum CV Sites Occurring
Douglas-fir 16.65 8.02 0.52 38.15 0.48 91
Western Hemlock 1.07 2.53 0.00 17.71 2.36 51
Western Redcedar 0.73 1.94 0.00 14.12 2.64 49
Incense-cedar 0.20 0.58 0.00 3.88 2.86 21
Grand Fir 0.01 0.05 0.00 0.29 4.03 7
Other 0.02 0.14 0.00 1.25 6.64 3

All Large Trees 18.69 9.08 1.17 49.63 0.49

Species Mean SD Minimum Maximum CV Sites Occurring
Douglas-fir 42.15 26.83 0.13 122.23 0.64 91
Western Hemlock 11.24 15.85 0.00 64.83 1.41 77
Western Redcedar 2.62 3.90 0.00 20.98 1.49 67
Incense-cedar 0.57 1.48 0.00 7.41 2.57 23
Grand Fir 0.46 1.68 0.00 12.59 3.66 22
Red Alder 1.41 3.68 0.00 23.71 2.61 28
Bigleaf Maple 0.32 1.00 0.00 7.03 3.15 14
Other 0.13 0.65 0.00 4.40 4.93 9

All Medium Trees 58.90 23.26 21.84 146.83 0.39



Table 2.2. (continued)

Density (trees/ha) of small trees (20cm < dbh 50cm)

22

Density (trees/ha) of all trees (dbh> 20cm)

Species Mean SD Minimum Maximum CV Sites Occurring
Douglas-fir 33.35 35.13 0.00 208.50 1.05 86
Western Hemlock 18.43 23.61 0.00 114.40 1.28 75
Western Redcedar 4.40 8.76 0.00 56.13 1.99 63
Incense-cedar 0.96 2.73 0.00 18.05 2.83 23
Grand Fir 1.31 4.88 0.00 32.99 3.73 22
Red Alder 2.48 5.46 0.00 27.58 2.20 30
Bigleaf Maple 0.87 2.61 0.00 17.46 2.99 15
Other 0.38 2.57 0.00 23.02 6.83 5

All Small Trees 62.18 43.31 7.38 220.74 0.70

Species Mean SD Minimum Maximum CV Sites Occurring
Douglas-fir 92.14 49.95 5.94 273.24 0.54 91
Western Hemlock 30.75 37.17 0.00 156.94 1.21 77
Western Redcedar 7.75 12.33 0.00 61.07 1.59 69
Incense-cedar 1.74 4.38 0.00 25.25 2.51 23
Grand Fir 1.78 6.49 0.00 42.01 3.64 23
Red Alder 3.89 8.57 0.00 48.29 2.21 30
Bigleaf Maple 1.19 3.32 0.00 20.02 2.80 15
Other 1.13 7.72 0.00 69.07 6.83 9

All Trees 139.77 48.02 65.72 288.45 0.34
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mean = 36.74 to 41.46 m2fha) accounted for 79% of the total basal area of all species

(mean = 49.23 m2/ha, 95% CI of mean = 47.10 to 51.36 m2fha) on average, with over

92% of the total Douglas-fir basal area in the medium and large diameter classes

(Table 2.1). The remaining 21% of the total basal area (mean = 10.13 m2/ha) was

comprised primarily by western hemlock, western redcedar (Thujaplicata Donn),

incense-cedar (Libocedrus decurrens Torn), grand fir (Abies grandis (DougL cx D.

Don) Lindl.), red alder (Alnus rubra Bong.), and bigleaf maple (Acer macrophyllum

Pursh). Douglas-fir comprised over 70% of the total basal area at over three-quarters

of the sites. The percentage of total basal area comprised by Douglas-fir increased

from 54% of the small diameter class to 91% of the large diameter class. Conifers

other than Douglas-fir (e.g., western hemlock, western redcedar, incense-cedar, grand

fir) comprised, on average, approximately 19% of the total basal area; hardwoods

(e.g., red alder, bigleaf maple) comprised an average of less than 2% of the total basal

area (Table 2.1). Hardwoods were absent from the largest diameter class and

represented, on average, <7% of the basal area in the small and medium diameter

classes.

The hypothesis that Douglas-fir comprises a high and constant fraction of the total

basal area at the BLM old-growth sites was supported. The basal area and density of

medium and large Douglas-fir were, in comparison to other species-diameter classes

(SDC), relatively constant across the sites (Tables 2.1 and 2.2). Of all the SDCs, only

medium and large Douglas-fir had coefficients of variation (CV) less than 1.0 for both

mean basal area and density. For example, comparing the CVs for the mean basal area

of large Douglas-fir (0.49) and large western hemlock (2.42) indicated that the mean
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basal area of large western hemlock was almost five times as variable as that of large

Douglas-fir (Table 2.1).

Douglas-fir was present at all 91 BLM old-growth sites (Figure 2.la). Western

hemlock and western redcedar were present at 85% and 76% of the 91 sites,

respectively, and were similarly distributed across the study area (Figures 2.1 b and

2.1 c). The remaining species occurred at less than one-third of the sites and tended to

be patchily distributed across the study area. For example, both red alder and bigleaf

maple were concentrated in the northwest portion of the study area, although red alder

occurred at twice as many sites as bigleaf maple (Figures 2.ld and 2.1!). Incense-

cedar was only present at the southeastern sites (Figure 2.1 e). Grand fir was also

concentrated in the southeast (Figure 2.1 g), but to a lesser degree than incense-cedar

(Figure 2.1 e).

Over 83% of the sites had >30 m2/ha of Douglas-fir (all trees, Figure 2.2a1; the 15

sites with <30 m2/ha of Douglas-fir are shown in Figure 2.2a2). The absolute

contribution to total basal area by species other than Douglas-fir was limited. Sites

with> 3 m2/ha of western hemlock, western redcedar, red alder, incense-cedar, bigleaf

maple, and grand fir are shown in Figures 2.2b-2.2g, respectively. (Note that the

lower basal area limit of 3 m2/ha for the species in Figures 2.2b-2.2g is just -tenth

that of the lower basal area limit of 30 m2/ha for Douglas-fir in Figure 2.2a1.) Other

than Douglas-fir, only western hemlock had basal areas 3 m2/ha at more than 50% of

the sites where it occurred (Figure 2.2b). Only a quarter of the sites where western

redcecjar and incense-cedar were present had> 3 m2/ha of either species (Figures 2.2c

and 2.2e). An even lower percentage of the sites with red alder or grand fir had basal



Figure 2.1. Location of BLM old-growth sites (n = 91) and occurrence of major
species, overlaid on generalized ecoregion map. Large, solid dots indicate sites where
the species was present. Smaller, open circles indicate sites where the species was
absent. Ecoregions: CR = Coast Range, WV = Willamette Valley, and OC = Oregon
Cascades; see text for ecoregion descriptions.
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Figure 2.1.

a. Douglas-fir (n = 91)

Location of Study Sites in Oregon

b. Western Hemlock (ii = 77) c. Western Redcethr (n = 69)

d. RlA1der(n=3O) e. ncense-cedar (n = 23)



Figure 2.2. Occurrence of major species in terms of basal area limits overlaid on
generalized ecoregion map. Large, solid dots indicate and <30 m2/ha for Douglas-
fir and> 3 m2/ha for other species; small, open circles indicate sites not meeting these
criteria. The proportions are the number of sites meeting the basal area limit for the
species relative to the number of sites where the species occurred (e.g., 41 of the 77
sites where western hemlock was present had> 3m2/ha of western hemlock; Figure
2.2b). Ecoregions: CR = Coast Range, WV = Wiilamette Valley, and OC = Oregon
Cascades; see text for ecoregion descriptions.
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Figure 2.2.

al. Douglas-fir > 30 m'2/ha a2. Douglas-fir <30 m2/ha

b. Western Hemlock >= 3 m"2/ha c. Western Redcedar > 3 m"2/ha

d. Red Alder >= 3 m2/ha e. Incense-cedar > 3 m2/ha

£ Bigleaf Maple >= 3 m2/ha g. Grand Fir > 3 m"2/ha
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areas> 3 m2/ha: 16.7% for red alder and 8.7% for grand fir (Figures 2.2d and 2.2g).

None of the 91 sites had >3 m2/ha of bigleaf maple (Figure 2.2f).

Although species other than Douglas-fr comprised onlyabout 21% of the total

basal area at each site, on average, it was this non-Douglas-fir component that

accounted for the structural variation between sites. Two forests can be dominated by

a common species (e.g., Douglas-fir) and yet be structurallyvery different. For

example, a recent study of two structurally distinct, late-successional forests in the

Oregon Coast Range--one "deciduous-dominated" and the other "coniferous-

dominated"--indicated that the two forests were remarkably similar in terms of

Douglas-fir (Poage 1995). The basal area of Douglas-fir was virtually identical at the

coniferous-dominated (33.87 m2/ha) and deciduous-dominated (34.96 m2/ha) sites.

Douglas-fr accounted for an average of 70% of the basal area at each site. (Recall

that the mean basal area of Douglas-fr at the 91 BLM old-growth sites was 39.10

m2/ha and that Douglas-fir accounted for 79% of the total basal area at these sites, on

average.) The differences between the two structurally distinct forests were due to the

relatively small fraction (30%) of the basal area comprised of species other than

Douglas-fr (e.g., red alder at the deciduous-dominated site and western hemlock at the

coniferous-dominated site). Although growing on similar sites, difierences in the

disturbance regimes and seed availability of different species likely led to the

development of structurally very dfflèrent forests (Poage 1995).

The Brown and Brown data confirm that the BLM sites examined were not

"anomalous" old-growth forests with respect to density of large Douglas-fr.

Although the BLM and Brown and Brown sites were sampled at different time periods
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(1985-199 1 and 19 10-1930, respectively), the mean density of large Douglas-fir at the

91 BLM old-growth sites (16.65 trees/ha, 95% CI of mean = 15.00 to 18.32 trees/ha;

Table 2.2) was comparable to the mean density of large Douglas-fir derived from the

56 Brown and Brown timber cruise records (20.41 trees/ha, 95% CI ofmean = 16.84

to 23.98 trees/ha). The overlap in the 95% CIs strongly suggests that the mean

densities of large Douglas-fir at the 91 BLM old-growth sites (sampled 1985-199 1)

and the Brown and Brown sites (sampled 19 10-1930) were not statistically different.

Structurally, the BLM sites fell within the historical range of the "population" of old-

growth forests in western Oregon.

Although the BLM old-growth sites had a lower mean density of large Douglas-fir

(16.65 trees/ha, 95% CI ofmean = 15.00 to 18.32 trees/ha) than the mean density of

21.70 large Douglas-fir/ha reported by Spies and Franklin (1991) for old-growth

forests in western Oregon (95% CI ofmean = 17.62 to 25.72 trees/ha), the overlap in

the 95% CIs strongly suggests that the mean densities of large Douglas-fir in the two

studies were not statistically different. However, the mean total basal area reported by

Spies and Franklin (1991) for sites in western Oregon was 70.30 m2/ha (95% CI of

mean = 63.70 to 76.96 m2/ha), 43% larger than the mean total basal area of 49.23

m2/ha (95% CI ofmean = 47.10 to 51.36 m2/ha) for the BLM old-growth sites. A

possible explanation for the observed difference between the two studies is that Spies

and Franldin (1991) sampled those portions of old-growth Douglas-fir stands that were

definitively "old-growth": sample plots located only within the closed-canopy portions

of old-growth stands (i.e., avoiding stand edges and recent disturbances such as gaps)



would likely result in average mid- and understory basal areas considerably higher

than observed at the 91 BLM old-growth sites.

Objective II: Identification and characterization of old-growth structural groups in
terms of species-diameter classes

Structural groups of BLM old-growth sites were successfully identified using

cluster analysis (CA; Figure 2.3). Because of the balance between the amount of

information afforded by the number of groups of sites and the number of sites within

each structural group, we felt that the set of six groups of sites (A-F) identified by CA

gave the most interpretable results. CA indicated that groups A and B, groups C and

D, and groups E and F were more siiñilar to each other than to the other groups;

groups A-D were more similar to each other than to groups E and F (Figure 2.3).

Group-level summaries of basal area and density by SDC are presented in Tables 2.3

and 2.4, respectively.

The mean basal areas of medium and large Douglas-fir were relatively constant

between structural groups (CVs of grand mean of mean group basal areas of medium

Douglas-fir = 0.19 and large Douglas-fir = 0.16; derived from Table 2.3).

Consequently, the structural differences between groups were determined by SDCs

other than medium and large Douglas-fir. The relativi72tion techniques used on the

structural data prior to multivariate analysis (see Methods, above) effectively reduced

the contribution of medium and large Douglas-fir to forest structure during analysis

while enhancing the contribution of the other SDCs to forest structure, thereby

enabling the "forests to be seen for the 'other' trees".

31



Q
I

r

__
I

L
I

I

.

O
Q

Q
Q

Q
Q

Q
ç)Q

ç)ç)Q
Q

ç)



Basal area (mean m2/ha (SD)) of medium trees (50cm < dbh < 100cm)

33

Table 2.3. Basal area (m2fha) by species and diameter class by structural group (A-F)
for all sites (n = 91). Values in bold indicate primary indicator values--the largest
indicator value for a particular species-diameter class (SDC)--identified using
indicator species analysis (ISA). Underlined values indicate secondary indicator
values--the second largest indicator value for a particular SDC--identified using ISA.

Basal area (mean m2/ha (SD)) of large trees (dbh < 100cm)

Group A Group B Group C - Group D Group E Group F

Species (n = 11) (n = 15) (n = 34) (n = 8) (n 19) (n = 4)

Douglas-fir 19.07 (9.35) 16.35 (10.28) 24.06 (10.15) 15.21 (8.48) 20.36 (9.09) 16.69 (6.65)

Western Hemlock 0.15 (0.50) 0.67 (0.95) 2.30 (3.67) 0.33 (0.57) 0.05 (0.10)

Western Redcedar 0.01 (0.05) 1.73 (4.43) 0.93 (1.97) 0.96(1.20) 0.39 (0.49)

Incense-cedar 1.00 (1.23) 0.88 (0.36)

Grand Fir 0.05 (0.11) 0.03 (0.06) 0.01 (0.03)

Other 0.12 (0.41) 0.01 (0.08) 0.01 (0.04)

All Large Trees 19.35 (9.16) 18.74 (11.62) 27.31 (12.61) 16.54 (7.97) 21.84 (9.26) 17.59 (6.67)

Group A Group B Group C - Group D Group E Group F

Species (n = 11) (n = 15) (n = 34) (n = 8) (n = 19) (n = 4)

Douglas-fir 21.97 (10.89) 19.73 (13.36) 11.89 (8.08) 14.78 (7.29) 16.73 (5.78) 17.49 (3.56)

Western Hemlock 1.46 (4.81) 4.89(5.17) 6.08 (6.80) 3.72 (6.89) 1.19 (1.50)

Western Redcedar 0.06 (0.16) 0.95(1.65) 0.95 (1.79) 1.89(0.97) 1.29(1.62)

Incense-cedar <0.01(0.01) 0.77 (0.92) 1.06 (0.71)

Grand Fir 0.28(0.22) 0.45 (1.02) 0.48(0.36)

Red Alder 1.51 (1.10) 0.64(1.38) 0.12 (0.26) 0.10 (0.38)

Bigleaf Maple 0.32 (0.55) 0.06 (0.12) 0.28 (0.27)

Other 0.16(0.50) 0.04(0.11) 0.02 (0.07) 0.06 (0.28)

All Medium Trees 25.48 (12.08) 26.31 (9.41) 18.94 (6.79) 21.08 (5.44) 20.60 (4.56) 19.03 (3.41)



Table 2.3. (continued)

Basal area (mean m2/ha (SD)) of small trees (20cm < dbh < 50cm)
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Basal area (mean ni2/ha (SD)) of all trees (dbh> 20cm)

Group A Group B Group C Group D Group E Group F

Species (n = 11) (n = 15) (n = 34) (n = 8) (n = 19) (n = 4)
Douglas-fir 1.99 (1.36) 2.52 (2.03) 2.40(3.11) 3.61 (2.42) 4.30 (3.45) 2.52 (1.57)
Western Hemlock 0.22 (0.73) 2.22 (2.80) 2.00(1.56) 1.64(2.18) 1.21 (1.70)

Western Redcedar 0.01 (0.03) 0.26 (0.39) 0.18 (0.38) 1.19 (1.14) 0.68 (0.81)
Incense-cedar <0.00(0.01) 0.21 (0.20) 0.91 (0.60)
Grand Fir 0.10 (0.09) 0.37 (0.78) 0.45(0.45)
Red AIder 1.09 (0.60) 0.53(0.86) 0.01 (0.04) 0.10 (0.16) 0.06 (0.22)

Bigleaf Maple 0.23 (0.43) 0.07 (0.15) 0.48 (0.32)
Other 0.01 (0.04) 0.07 (0.23) 0.09 (0.41)

All Small Trees 3.57 (1.10) 5.67 (2.75) 4.59 (3.17) 7.12 (3.94) 6.94 (3.92) 3.88 (1.51)

Group A Group B Group C Group D Group E Group F
Species (n = 11) (ii = 15) (n = 34) (n = 8) (ii = 19) (n = 4)

Douglas-fir 43.03 (11.37) 38.59 (15.35) 38.36 (9.97) 33.60 (12.17) 41.40 (10.41) 36.71 (7.22)
Western Hemlock 1.83 (6.04) 7.78 (8.46) 10.37 (10.37) 5.69 (9.51) 2.45 (3.12)
Western Redcedar 0.09 (0.24) 2.94 (6.36) 2.07 (3.79) 4.04 (2.43) 2.37 (2.75)
Incense-cedar o.oi (0.01) 1.99 (2.01) 2.85 (1.23)
Grand Fir 0.42 (0.34) 0.85 (1.79) 0.94 (0.76)
Red Alder 2.60 (1.56) 1.17 (2.06) 0.01 (0.04) 0.22 (0.42) 0.17 (0.59)
Bigleaf Maple 0.56 (0.86) 0.13 (0.22) 0.76 (0.54)
Other 0.04 (0.12) 0.20 (0.70) 0.28 (1.23)

All Trees 48.40 (11.86) 50.72 (10.14) 50.83 (11.28) 44.74(5.15) 49.39(9.08)40.50(6.03)



Table 2.4. Density (trees/ha) by species and diameter class by structural group (A-F)
for all sites (n = 91). Values in bold indicate primary indicator values--the largest
indicator value for a particular species-diameter class (SDC)--identified using
indicator species analysis (ISA). Underlined values indicate secondary indicator
values--the second largest indicator value for a particular SDC--identified using ISA.

Density (mean trees/ha (SD)) of large trees (dbh < 100cm)

Density (mean trees/ha (SD)) of medium trees (50cm < dbh 100cm)
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Group A Group B Group C Group D Group E Group F
Species (n = 11) (n = 15) (n = 34) (n = 8) (n = 19) (n = 4)

Douglas-fir 17.90 (8.15) 13.73 (8.60) 18.95 (7.97) 11.67 (7.50) 16.60 (7.39) 14.87 (5.06)
Western Hemlock 0.16 (0.55) 0.73(1.05) 2.38 (3.72) 0.38 (0.68) 0.06 (0.11)
Western Redcedar 0.01 (0.05) 1.46 (3.69) 0.87 (1.87) 0.93 (1.14) 0.41 (0.51)
Incense-cedar 0.83 (1.03) 0.68 (0.19)
Grand Fir 0.04(0.10) 0.03 (0.07) 0.02 (0.04)
Other 0.11 (0.38) 0.01 (0.07) 0.01 (0.06)

All Large Trees 18.20 (7.96) 15.91 (8.88) 22.21 (10.20) 13.03 (6.83) 17.94 (7.47) 15.57 (5.03)

Group A Group B Group C Group D Group E Group F
Species (n 11) (n = 15) (n = 34) (n = 8) (n = 19) (n 4)

Douglas-fir 54.55 (29.37) 52.70 (38.29)31.22 (24.39)41.53 (20.93)45.33 (16.31)47.48 (11.59)
Western Hemlock 4.12 (13.56) 15.18 (15.89)16.75(17.49)12.20(21.93) 4.36(5.53)
Western Redcedar 0.17(0.46) 2.50(4.02) 2.33 (3.87) 5.73 (2.73) 3.88 (4.64)
Incense-cedar o.oi (0.03) 2.01 (2.20) 3.49 (2.08)
Grand Fir 0.87(0.84) 1.51 (3.39) 1.59(1.17)
Red Alder 6.63 (4.71) 2.84 (6.03) 0.52 (1.15) 0.45 (1.66)
Bigleaf Maple 1.36 (2.25) 0.23 (0.43) 1.31 (1.25)
Other 0.38(1.22) 0.15 (0.48) 0.04 (0.14) 0.23 (1.01)

All Medium Trees 67.21 (31.25)73.60 (29.49)50.33 (20.62)62.17 (18.93)57.78 (12.98)52.56 (11.68)



Table 2.4. (continued)

Density (mean frees/ha (SD)) of small trees (20cm < dbh 50cm)
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Density (mean frees/ha (SD)) of all frees (dbh> 20cm)

Group A Group B Group C Group D Group E Group F
Species (n = 11) (n = 15) (n = 34) (n = 8) (n = 19) (n =4)

Douglas-fir 20.98 (15.17)26.82 (22.08)27.41(36.87)44.68 (31.76)53.17 (45.31)25.50(16.66)
Western Hemlock 2.09(6.90)26.48(34.22)23.42(18.70)20.14 (26.27)15.79(24.31)
Western Redcedar 0.14 (0.30) 2.71 (4.07) 2.08 (4.54)15.76 (17.36) 8.48 (10.63)
Incense-cedar 0.04 (0.10) 2.57 (2.59) 9.65 (6.79)
Grand Fir 1.35 (1.26) 4.70 (9.71) 4.79 (4.77)
Red Aider 10.38 (4.94) 5.69 (9.12) 0.14 (0.79) 1.02 (1.62) 0.69 (2.38)
Bigleaf Maple 2.55 (5.25) 0.74 (1.65) 5.00 (3.52)
Other 0.13 (0.37) 0.65 (2.26) 1.21 (5.28)

All Small Trees 36.27 (14.12) 63.10 (34.06) 53.04 (38.40) 87.99 (54.39) 86.61 (53.47) 39.94 (16.68)

Group A Group B Group C Group D Group E Group F
Species (n = 11) (n = 15) (n = 34) (n = 8) (n = 19) (n = 4)

Douglas-fir 93.4 (38.6) 93.3 (55.7) 77.6 (52.0) 97.9 (46.1) 115.1(48.6) 87.9 (24.3)
Western Hemlock 6.4 (21.0) 42.4 (49.0) 42.6 (33.0) 32.7 (47.9) 20.2 (29.1) 0.0 (0.0)
Western Redcedar 0.3 (0.8) 6.7 (11.4) 5.3 (8.1) 22.4 (18.2) 12.8 (15.1) 0.0 (0.0)
Incense-cedar 0.0(0.0) 0.0 (0.0) 0.0 (0.0) 0.1 (0.1) 5.4 (5.0) 13.8 (8.7)
Grand Fir 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 2.3 (2.1) 6.2 (12.9) 6.4 (5.8)
Red Alder 17.0 (8.6) 8.5 (13.5) 0.1 (0.8) 1.5 (2.7) 1.1 (4.0) 0.0 (0.0)
Bigleaf Maple 3.9(6.6) 1.0 (1.8) 0.0 (0.0) 6.3 (4.3) 0.0 (0.0) 0.0 (0.0)
Other 0.4 (1.1) 2.0 (6.8) 0.0 (0.0) 0.0 (0.0) 3.6 (15.9) 0.0 (0.0)

All Trees 121.7 (35.2) 152.6 (42.2) 125.6(44.1) 163.2 (58.5) 162.3 (52.6) 108.1 (21.9)
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The primary and secondary indicator values--the two largest indicator values for a

particular SDC--of statistically significant (p <0.05) SDCs identified using indicator

species analysis (ISA) are highlighted in Tables 2.3 and 2.4 by bold and underlined

fonts, respectively. For example, the maximum indicator SDCs for group F were

small and medium grand fir and small and medium incense-cedar; the secondary

indicator SDC for group F was large incense-cedar (Table 2.3). Groups A, B, and D

were characterized by two deciduous species, bigleaf maple and red alder. Bigleaf

maple was most strongly associated with group D and red alder was most strongly

associated with group A. Bigleaf maple was completely absent from groups C, E, and

F. Groups B and C were characterized by western hemlock, with small western

hemlock more strongly associated with group B and medium and large western

hemlock more strongly associated with group C. Groups E and F were characterized

by small, medium, and large incense-cedar and small grand fir, with large incense-

cedar more strongly associated with group E and small and medium incense-cedar

more strongly associated with group F. Incense-cedar and grand fir were absent from

groups A, B, and C. Western hemlock, western redeedar, and bigleaf maple did not

occur at group F sites. Small and medium Sitka spruce (Picea sitchensis (Bong.)

Carr.) were the "other" SDCs with primary indicator values for group A (Tables 2.3

and 2.4).

Three group-level patterns of SDCs were apparent using ISA. First, medium and

large Douglas-fir were not indicator SDCs for any of the groups. Second, within a

group, two or more of the primary or secondary indicator SDCs were often different

size classes of the same species (e.g., small, medium, and large western hemlock in
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group C). Third, two groups often had several primary and secondary indicator SDCs

in common (e.g., small grand fir and small, medium, and large incense-cedar in groups

EandF).

Non-metric multidimensional scaling (NMS) ordination reduced the structural

complexity of the BLM old-growth sites to two major structural gradients or axes

(Figure 2.4). The final stress of 12.1 obtained for the two dimensional solution was

significantly lower than would have been obtained by chance (p = 0.0323, Monte

Carlo test of 30 permutations). Almost 97% of the structural information in the data

set was captured by the first (r2 = 0.841) and second (r2 = 0.128) axes. Although the

structural groups A-F identified using CA were not considered during analysis with

NMS, displaying the old-growth sites in Figure 2.4 by group clearly indicates that CA

and NMS identified structurally similar clusters of sites.

A given SDC was considered to be strongly associated with one of the two NMS

axes if the correlation coefficient (r) of the SDC basal area was 10.651. For example,

large Douglas-fir was not associated with either Axis 1 or Axis 2 of the two-

dimensional NMS plot in Figure 2.4 (r1 = 0.00, r2 = 0.00; Figure 2.5a), reflecting the

earlier observation that large (and medium) Douglas-fir was relatively constant across

the 65 BLM old-growth sites with single units. (The larger the symbol in Figures

2.5a-2.5g, the greater the basal area of the SDC at that particular site.) In contrast,

large western hemlock was positively correlated with Axis 2 (r2 = +0.8 1; Figure 2.5b).

The fisst structural gradient in the 65 BLM old-growth sites with single units,

illustrated by Axis 1 in Figure 2.4, was negatively correlated with small red alder (r1 =

-0.72) and medium red alder (r1 = -0.70; Figure 2.5d). Axis 1 was positively



Figure 2.4. NMS plot of BLM old-growth sites in central western Oregon (n = 65).
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Figure 2.5. NMS plots of BLM old-growth sites in central western Oregon with
species-diameter class overlays (n = 65). Symbol size indicates degree of association
between sites and species shown (e.g., large symbols in Figure 2.5b indicate positive
association between group C sites and large western hemlock).
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Figure 2.5.

a. Large Douglas-fir (r1 = 0.00, r2 = 0.00)

b. Large Western Hemlock (r1 = -0.45, r2 = +0.81)

d. Medium Red Alder (r1 = -0.70, r2 = -0.57)

f. Medium Bigleaf Maple (r1 -0.51, r2 = -0.56)
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correlated with small incense-cedar (r1 = +0.97), medium incense-cedar (r1 = +0.97),

large incense-cedar (r1 = +0.97; Figure 2.5e), small grand fir (r1 = +0.87), medium

grand fir (r1 = +0.87), and large grand fir (r1 = +0.85; Figure 2.5g). Axis 2, the second

dominant structural gradient in the BLM old-growth data set, was negatively

correlated with small Douglas-fir (r2 = -0.90). Axis 2 was positively correlated with

small western hemlock (r2 = +0.95), medium western hemlock (r2 = +0.9 1), large

western hemlock (r2 = +0.8 1; Figure 2.5b), medium western redcedar (r2 = +0.66),

large western redcedar (r2 = +0.77; Figure 2.5c), and medium western white pine

(Pinus monticola Dougi. ex D. Don; r2 = +0.76).

The six structural groups (A-F) were non-overlapping in the two-dimensional

NMS plot (Figure 2.4). Similar SDCs were identified as characteristic of a particular

structural group using ISA and NMS. As noted above, structural differences between

the groups were due to SDCs other than medium and large Douglas-fir (Figure 2.5 a).

Group A was characterized structurally by small and medium red alder (Figure 2.5d)

and small and medium Sitka spruce, and secondarily by small and medium bigleaf

maple (Figure 2.Sf, Tables 2.3 and 2.4). (The corresponding plots for size classes not

shown for a particular species in Figure 2.5 (e.g., small red alder) were quite similar to

those that are shown in Figure 2.5. For example, the plot for small red alder (not

shown in Figure 2.5) is quite similar to that for medium red alder (Figure 2.5d).)

Group B was characterized by small western hemlock, and secondarily by medium

and large western hemlock (Figure 2.5b) and small and medium red alder (Figure

2.5d; Tables 2.3 and 2.4). Group C was characterized by medium and large western

hemlock (Figure 2.5b), and secondarily by small western hemlock (Tables 2.3 and



2.4). Group D was characterized by small and medium western redcedar and small

and medium bigleaf maple (Figure 2.50, and secondarily by medium grand fir (Tables

2.3 and 2.4). Group E was characterized by large incense-cedar (Figure 2.5e), and

secondarily by small and medium western redcedar, small and medium incense-cedar,

and small grand fir (Tables 2.3 and 2.4). Group F was characterized by small and

medium incense-cedar and small and medium grand fir, and secondarily by large

incense-cedar (Figure 2.5e; Tables 2.3 and 2.4).

Objective III: Characterization of the broad-scale spatial variability observed in the
old-growth structural groups

A high degree of dumpiness was observed in the broad-scale spatial distributions

of the old-growth structural groups A-F (Figures 2.6a-2.6f). Group A sites were

located at low-middle elevations in the northwestern portion of the study area; all

group A sites fell within the Coast Range ecoregion (Figures 2.6a and 2.7a; the larger

the symbol in Figure 2.7a, the higher the elevation of the site). Group B sites were

located at low-middle elevations in the northern half of the study area, primarily in the

Coast Range but with several sites in the Cascades (Figures 2.6b and 2.7a). Group C

sites were located at middle-high elevations on both sides of the Willamette Valley,

with a concentration of sites in the Coat Range (Figures 2.6c and 2.7a). Group D was

the least clumped of all six structural groups, with sites associated with low-middle

elevations across the study area (Figures 2.6d and 2.7a). Group E sites were located at

middle elevations, primarily in the south-southeast portion of the study area (Figures

2.6e and 2.7a). Group F sites were located at low-middle elevations in the southern
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Figure 2.6. Location of groups A-F across study area, overlaid on generalized
ecoregion map. Ecoregions: CR = Coast Range, WV = Willamette Valley, and OC =
Oregon Cascades; see text for ecoregion descriptions.
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Figure 2.7. NMS plot of BLM old-growth sites in central western Oregon with
environmental overlays (n = 65). Symbol size indicates degree of association between
sites and environmental variable shown (e.g., large symbols in Figure 2.7a indicate
positive association between group C sites and elevation).
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Figure 2.7.
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portion of the study area; all group F sites fell within the Willamette Valley ecoregion

(Figures 2.6f and 2.7a).

Objective IV: Characterization of the relationships between the old-growth structural
groups and environmental variables

An environmental variable was considered to be strongly correlated with one of

the two NMS axes in Figure 2.4 if the correlation coefficient (r) of the environmental

variable was> 0.501. Axis 1 in Figure 2.4 represented a general moist and cool (-) to

dry and warm (+) climatic gradient, while Axis 2 corresponded most strongly to

elevation and variables associated with elevation (e.g., minimum winter temperatures).

Moisture stress (i.e., summer temperature / summer precipitation) generally increased

from left to right along Axis 1 (Figure 2.7b). The range in summer-winter

temperatures, a measure of seasonal variability and continentality (Obmann and Spies

1998), increased from left to right along Axis 1 (Figure 2.7c) as did maximum August

temperatures (Figure 2.7d). Minimum December temperatures decreased (i.e., became

colder) from left to right along Axis I and decreased with increasing elevation from

the bottom to top along Axis 2 (compare Figure 2.7e with Figure 2.7a). Precipitation

in July and December decreased from left to right along Axis 1 (Figures 2.7f and

2.7g).

The six structural groups (A-F) were associated with the observed climatic

gradients (Figures 2.7b-2.7g). Group A was associated with low-moderate moisture

stress (Figure 2.7b), narrow-moderate summer-winter temperature ranges (Figure

2.7c), low-moderate maximum August temperatures (Figure 2.7d), high minimum

47



48

December temperatures (Figure 2.7e), moderate July precipitation (Figure 2.70, and

moderate-high December precipitation (Figure 2.7g). Group B was associated with

low-moderate moisture stress, moderate summer-winter temperature ranges, moderate

maximum August temperatures, moderate minimum December temperatures,

moderate-high July precipitation, and moderate December precipitation. Group C was

associated with low-high moisture stress, wide summer-winter temperature ranges,

moderate maximum August temperatures, low-moderate minimum December

temperatures, moderate-high July precipitation, and moderate-high December

precipitation. Group D was associated with moderate moisture stress, moderate

summer-winter temperature ranges, moderate-high maximum August temperatures,

low-high minimum December temperatures, moderate July precipitation, and low-

moderate December precipitation. Group E was associated with moderate-high

moisture stress, wide summer-winter temperature ranges, high maximum August

temperatures, low-moderate minimum December temperatures, low-moderate July

precipitation, and low December precipitation. Group F was associated with high

moisture stress, wide summer-winter temperature ranges, high maximum August

temperatures, low-moderate minimum December temperatures, low July precipitation,

and low December precipitation.

In general, the spatial distribution of the structural groups matched those of the

species characterizing them. For example, sites with> 3m2/ha of red alder were

concentrated in the northwest portion of the study area (Figure 2.2d). Red alder was

characteristic of groups A and B, both of which were concentrated in the northwest

portion of the study area (Figures 2.6a and 2.6b).



The distribution of species was, in many cases, a reflection of the environmental

variables with which they are typically associated. For example, incense-cedar is

regarded as a species characteristically found on sites with dry summers and wide

seasonal variations in temperature (Powers and Oliver 1990). Incense-cedar, a species

characteristic of structural groups E and F (Figures 2.6e and 2.6f), was concentrated in

the southern and southeast portions of the study area (Figures 2.1 e and 2.2e) where the

summer-winter temperature range was high and summer and winter precipitation were

low (Figures 2.7c, 2.7f, and 2.7g).

Objective V: Charactenzatjon of the spatial relationships between the old-growth
structural groups and historically documented fires

In other cases, the distribution of the structural groups and the species

characterizing them was a reflection of the disturbance history. For example, the

presence of a fast-growing and relatively short-lived species such as red alder may

indicate a recent disturbance such as fire (Harrington 1990). In contrast, a slower

growing and longer-lived species such as western hemlock may indicate a relatively

long period since the last major disturbance (Packee 1990).

The spatial distributions of groups A, B, and C in the Coast Range reflected the

distribution of historically documented fires that occurred there during the mid-i 800s

(Figures 2.8a-2.8c). Group A sites (characterized by red alder) were concentrated

within or adjacent to areas noted in the early 1 900s as having been burned or

recovering from fires (Figure 2.8a). In contrast, group C sites (characterized by
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Legend

Figure 2.8. Location of groups A-C in the Coast Range, overlaid on generalized land
cover map (Elliot and Rowland 1914).

Group A in Coast Range Groups A, B, and C in Coast Ran

Merchantable Timber

Burned or Cut

Opener Brush

Group B in Coast Range C. Group C in Coast Range
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western hemlock) in the Coast Range were generally located away from burned areas

(Figure 2.8c). Group B, characterized by both red alder and western hemlock, was

both compositionally and spatially transitional between groups A and C (Figure 2.8b).

Conclusion

A unique inventory and multivariate approach was taken in the present study to

characterize the tree structure of9l old-growth forests dominated by Douglas-fir in

western Oregon at a relatively coarse spatial scale typical ofmanagement units and

across a broad geographic scale. These data were unique because they were complete

inventories of all trees larger than 20cm dbh over a mean area of approximately 17. iha

at each site. Douglas-fir accounted for over 75% of the total basal area at each site, on

average, and comprised over 70% of the total basal area at over three-quarters of the

91 sites. Over 90% of the total Douglas-fir basal area was concentrated in the medium

and large diameter classes. The density of large Douglas-fir observed in the present

study was comparable to that reported by Spies and Franklin (1991).

Although species other than Douglas-fir comprised approximately one-quarter of

the total basal area at each old-growth site, on average, it was this "minor" non-

Douglas-fir component that accounted for the structural variation between sites.

Based on species-diameter classes other than medium and large Douglas-fir, six

structural groups of old-growth sites (A-F) were identified and characterized with

multivariate analysis techniques (e.g., cluster analysis, indicator species analysis, and

non-metric multidimensional scaling).
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The historical BLM records proved to be a valuable resource in characterizing old-

growth forest structure at both the broad- and coarse-scales typical of management

activities. Although originally collected as part of an old-growth timber sale program,

information contained in these records can be of great relevance to the work being

done by researchers and managers in fields such as silviculture, forest ecology,

wildlife biology, and landscape ecology. Historical records such as these can prove to

be an extremely economical way to address questions of interest to researchers in a

wide variety of disciplines, particularly when investigating historic patterns in forest

vegetation.

Despite the unique spatial scale of these records, it was not possible to characterize

the horizontal spatial arrangement of the trees at a given site. While it is expected that

naturally established forests are inherentlymore heterogeneous horizontally than a

plantation in which trees have been planted at a regular and uniform spacing, a better

understanding of the horizontal distribution of trees of different species and sizes in

old-growth forests is necessary if young stands are to be successfully managed to

produce forests with late-successional characteristics. Given the impact that historic

fires had on forest structure at some of the old-growth sites, further investigation of the

role of disturbance in shaping forest structure is also needed.



References

Agee, J.K. 1991. Fire history of Douglas-fir forests in the Pacific Northwest, pages
25-33. In Ruggerio, L.F., K.B. Aubry, A.B. Carey, and M.H. Huff; editors.
Wildlife and vegetation of unmanaged Douglas-fir forests. General Technical
Report PNW-GTR-285, USDA Forest Service, Pacific Northwest Region,
Portland, Oregon. 513p.

Beals, E.W. 1984. Bray-Curtis ordination: an effective strategy for analysis of
multivariate ecological data. Advances in Ecological Research 14:1-55.

Biondini, M.E., C.D. Bonham, and E.F. Redente. 1985. Secondary successional
patterns in a sagebrush (Artemesia tridentata) community as they relate to soil
disturbance and soil biological activity. Vegetatio 60:25-36.

Biondin, M.E., P.W. Mielke, Jr., and K.J. Berry. 1988. Data-dependent permutation
techniques for the analysis of ecological data. Vegetatio 75:161-168.

Brown and Brown. 19 10-1930. Timber cruise records of the Brown and Brown
Company, Portland, Oregon. Archives of Oregon Historical Society, Portland,
Oregon.

Clarke, K.R. 1993. Non-parametric multivariate analyses of changes in community
structure. Australian Journal of Ecology 18:117-143.

Daly, C., R.P. Neilson, and D.L. Phillips. 1994. A statistical-topographic model for
mapping climatological precipitation over mountainous terrain. Journal of
Applied Meteorology 33:140-158.

Duftene, M. and P. Legendre. 1997. Species assemblages and indicator species: the
need for a flexible asymmetrical approach. EcologicalMonographs 67:345-
366.

Effiot, F.A. and T. Rowland. 1914. Land cover map of Oregon (1914). Original map
in Valley Library, Oregon State University, Corvallis, Oregon. Digital version
(1993) obtained from Oregon State Service Center for GIS (SSCGIS), Salem,
Oregon.

ESRI. 1998. Arclnfo, version 7.2. Environmental Systems Research Institute, Inc.,
Redlands, California.

ESRJ. 1999. ArcView, version 3.2. Environmental Systems Research Institute, Inc.,
Redlands, California.

53



54

Franklin, J.F. 1979. Vegetation of the Douglas-fir region, pages 93-112. In Heilman,
P.E., H.W. Anderson, and D.M. Baumgartner, editors. Forest soils of the
Douglas-fir region. Washington State University Cooperative Extension,
Pullman, Washington. 298p.

Franidin, J.F. and M.A. Hemstrom. 1981. Aspects of succession in the coniferous
forests of the Pacific Northwest. In West, D.C., H.H. Shugart, and D.B.
Botkin, editors. Forest succession: concepts and application. Springer-Verlag,
New York, New York. 5l7p.

Franklin, J.F. and R.H. Waring. 1980. Distinctive features of the northwest
coniferous forest: development, structure, and function, pages 5 9-86. In
Waring, R.H., editor. Forests: fresh perspectives from ecosystem analysis.
Proceedings of the 40th

Annual Biology Colloquium, Oregon State University.
Oregon State University Press, Corvallis, Oregon. l99p.

Goslin, M.N. 1997. Development of two coniferous stands impacted by multiple,
partial fires in the Oregon Cascades: establishment history and the spatial
pattern of colonizing tree species relative to old-growth remnant trees. M.S.
thesis, Oregon State University, Corvallis, Oregon. 170p.

Harrington, C.A. 1990. Alnus rubra Bong. -- red alder, pages 116-123. In Burns,
R.M. and B.H. Honkala, editors. Silvics of North America: volume 2,
hardwoods. Agricultural Handbook 654, USDA Forest Service, Washington,
D.C. W7'7p.

Hershey, K. 1995. Characteristics of forests at spotted owl nest sites in the Pacific
Northwest. M.S. thesis, Oregon State University, Corvallis, Oregon. 86p.

Impara, P.C. 1998. Spatial and temporal patterns of fire in the forests ofthe central
Oregon Coast Range. Ph.D. dissertation, Oregon State University, Corvallis,
Oregon. 354p.

Juday, G.P. 1977. The location, composition, and structure of old-growth forests of
the Oregon Coast Range. Ph.D. dissertation, Oregon State University,
Corvallis, Oregon. 2O6p.

Kruskal, J.B. 1964a. Multidimensional scaling by optimizing goodness of fit to a
nonmetric hypothesis. Psychometrlka 29:1-27.

Kruskal, J.B. 1964b. Nonmetric multidimensional scaling: a numerical method.
Psychometrlka 29:115-129.

McCune, B. 1994. Improving community analysis with the Beals smoothing
function. Ecoscience 1:82-86.



55

McCune, B. and M.J. Mefford. 1999. PC-ORD for Windows: multivariate analysis of
ecological data, version 4.14. MjM Sofiware, Gleneden Beach, Oregon.

Means, J.E. 1982. Developmental history ofdry coniferous forests in the central
western Cascade Range of Oregon, pages 142-158. In Means, J.E., editor.
Forest succession and stand development research in the Northwest:
proceedings of a symposium, March 26, 1981, Oregon State University.
Forest Research Laboratory, Oregon State University, Corvallis, Oregon.
170p.

Morris, W.G. 1934. Forest fires in western Oregon and western Washington. Oregon
Historical Quarterly 35:313-339.

Morrison, P.H. and F.J. Swanson. 1990. Fire history and pattern in a Cascade Range
landscape. General Technical Report PNW-GTR-254, USDA Forest Service,
Pacific Northwest Region, Portland, Oregon. 77p.

Ohmann, J.L. and T.A. Spies. 1998. Regional gradient analysis and spatial pattern of
woody plant communities of Oregon forests. EcologicalMonographs 68:15 1-
182.

Oliver, C.D. and B.C. Larson. 1996. Forest stand dynamics. John Wiley & Sons, Inc.,
New York, New York. 52Op.

Packee, E.C. 1990. Tsuga heterophylla (Raf.) Sarg. -- western hemlock, pages 613-
622. In Burns, R.M. and B.H. Honkala, editors. Silvics of North America:
volume 1, conifers. Agricultural Handbook 654, USDA Forest Service,
Washington, D.C. 675p.

Pater, D. E., S.A. Biyce, T.D. Thorson, J. Kagan, C. Chappell, J. M. Omernik, S.H.
Azevedo, and A.J. Woods. 1998. Ecoregions ofwestern Washington and
Oregon. 1:1,350,000 map. USD1 Geologic Survey, Denver, Colorado. ip.

Poage, N.J. 1995. Comparison ofstand development of a deciduous-dominated
riparian forest and a coniferous-dommated riparian forest in the Oregon Coast
Range. M.S. thesis, Oregon State University, Corvallis, Oregon. l34p.

Powers, R.F. and W.W. Oliver. 1990. Libocedrus decurrens Ton. -- incense-cedar,
pages 173-180. In Burns, R.M. and B.H. Honkala, editors. Silvics of North
America: volume 1, conifers. Agricultural Handbook 654, USDA Forest
Service, Washington, D.C. 6'75p.

SAS. 1996. SAS System for Windows, version 6.12. SAS Institute, Inc., Cary, North
Carolina.



56

Spies, T.A. and J.F. Franklin. 1991. The structure of natural young, mature, and old-
growth Douglas-fir forests in Oregon and Washington, pages 90-109. In
Ruggerio, L.F., K.B. Aubry, A.B. Carey, and M.H. Hufl editors. Wildlife and
vegetation of unmanaged Douglas-fir forests. General Technical Report PNW-
GTR-285, USDA Forest Service, Pacific Northwest Region, Portland, Oregon.
533p.

SSCGIS. 1997. 7.5 minute digital elevation data. Oregon State Service Center for
GIS (SSCGIS), Salem, Oregon.

Tappeiner, J.C., D. Huffinan, D. Marshall, T.A. Spies, and J.D. Bailey. 1997.
Density, ages, and growth rates in old-growth and young-growth forests in
coastal Oregon. Canadian Journal of Forest Research 27:638-648.

Teensnia, P.D.A., J.T. Rienstra, and M.A. Yeiter. 1991. Preliminary reconstruction
and analysis of change in forest stand age classes of the Oregon Coast Range
from 1850 to 1940. Technical Note T/N OR-9, USD1 Bureau of Land
Management, Oregon State Office, Portland, Oregon. 9p.

Weisberg, P.J. 1998. Fire history, fire regimes, and development of forest structure in
the central western Oregon Cascades. Ph.D. dissertation, Oregon State
University, Corvallis, Oregon. 256p.

Winter, L.E. 2000. Five centuries of structural development in an old-growth
Douglas-fir stand in the Pacific Northwest: a reconstruction from tree-ring
records. Ph.D. dissertation, University of Washington, Seattle, Washington.
134p.



Chapter 3. Long-term Patterns of Diameter and Basal Area Growth of
Individual Old-growth Douglas-fir Trees in Central Western Oregon:

Evidence for Low Initial Stand Densities

Abstract

Diameter growth and age data collected from the stumps of 505 recently cut old-

growth Douglas-fir trees (Pseudotsuga menziesii (Mirb.) Franco) at 28 clearcut sites

located in the central Coast Range and Cascades ofwestern Oregon indicated that the

early development of old Douglas-fir treeswas extremely important in terms of

attaining diameters typical of old-growth at ages l00-300yr. The diameters of the old-

growth trees at ages 100, 150, 200, 250, and 300yr were strongly, positively, and

linearly related to their diameters at age 5Oyr and, more importantly, to their basal area

growth rates as young, 50 year-old trees. Rapid and sustained growth by age SOyr was

important in attaining large diameters at older ages, particularly by ages 1 00-200yr.

Average periodic basal area increments (PAIBA) of all trees increased for the first

30-4Oyr and then plateaued, remaining relatively high and constant from age 50 to

300yr. Average PAIBA of the largest trees at ages 100-300yr were significantly greater

by age 2Oyr than those of smaller trees at ages l00-300yr; the smaller trees' average

PAIBA peaked at age 3Oyr while the average PAIBA of the larger trees continued to

increase for two or more decades. Culininat ion ofmean annual basal area increments

(MAIBA) in individual trees can occur extremely late in life; 87% of the trees 150

years old had an MAIBA at age lOOyr > 90% of the maximum MAIBA observed by age

lOOyr, 63% of the trees > 200 years old had an MAIBA > 90% of the maximum

observed by age 200yr, and 58% of the trees> 300 years old had an MAIBA at age
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300yr> 90% of the maximum MAIBA observed by age 300yr. Over a third of the

trees> 300 years old had MAIBA at age 300yr that were greater than at any other point

during the frst 300 years of life.

The hypothesis that large-diameter, old-growth Douglas-fir generally attained the

large diameters they did because low stand densities enabled them to grow rapidly

when young was supported by the observed relationships between size and growth at

different ages, as well as by the wide range in establishment ages observed and the

degree to which site factors directly affected the early growth of large- and small-

diameter old-growth Douglas-fir. The mean within-site range in age for old-growth

Douglas-fir was wide (95% CI for mean = 134-214yr) suggesting that stand density at

these sites was low initially and/or was reduced periodically to low enough levels by

disturbance (e.g., fire) to permit the establishment ofDouglas-fir over long periods of

time. Site factors (ecoregion, establishment year, elevation, slope, and aspect) had a

more direct effect on the growth of old-growth Douglas-fir that attained large

diameters by ages 100-200yr than on the growth of smaller old trees, suggesting that

the influence of competing neighbors on large-diameter old-growth trees was lower

than on smaller old-growth trees.

Introduction

Large-diameter overstory trees (e.g., Douglas-fir (Pseudotsuga menziesii (Mirb.)

Franco) larger than 100cm in diameter) are a structural element common to virtually

all definitions of conifer-dominated old-growth forests in the Pacific Northwest
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(Franklin et al. 1981, Oliver 1981, Franklin and Spies 1991a, Franklin and Spies

1991b, Marcot et al. 1991, Oliver and Larson 1996). A great deal of work in the

Pacific Northwest has focused on descnl,ing current old-growth structure in terms of

live and dead tree density (i.e., trees/ba), tree size, amount of dead wood on the forest

floor, species, and age distribution (Juday 1977, Franklin and Waring 1980, Means

1982, Spies and Franklin 1991, Hershey 1995, Poage 1995, Bailey 1996, Goslin 1997,

Bailey and Tappeiner 1998, Schrader 1998, Winter 2000). However, very little

research has been done on how the individual components (e.g., large-diameter

overstory trees) of old-growth forests actually developed over time (Tappeiner et al.

1997, Winter 2000). Understanding how old trees, particularly the large-diameter old

trees, grew is important for both the ecologist interested in forest development and the

manager interested in accelerating the development of late-successional characteristics

within young stands.

The first study to quanti1' the growth and development of individual Douglas-fir

trees in western Oregon old-growth was recently published by Tappeiner et al. (1997).

These authors found that the early diameter growth ofmany large old-growth

Douglas-fir trees in the central Oregon Coast Range was rapid well beyond age 5Oyr

and exceeded that in even-aged young-growth stands after about 40-60 years of age.

The early diameter growth rates reported for the old stands were comparable to those

from long-term growth studies of low-density young stands (100-120 trees/ba),

leading these authors to suggest that initial stand densities in old-growth Douglas-fir

forests in the central Oregon Coast Range were only one-fourth to one-fifth as high as

typically found in young-growth stands at present (where stand densities by age 20-
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SOyr are typically over 500 trees/ha). Tappeiner et al. (1997) further suggested that,

unless stand densities are reduced (e.g., by silvicultural thinning), trees growing in the

higher-density, young-growth stands would require longer periods than did the old-

growth trees to develop the large diameters characteristic of old-growth forests.

The inverse relationship between stand density and the diameter, basal area, and

volume growth, as well as live crown ratio of individual trees in a stand is well

documented (Assmann 1970, Drew and Flewelling 1979, Curtis and Marshall 1986,

Oliver etal. 1986a, Oliver etal. 1986b, Wilson 1998). Less is known about the

relationship between the early growth and size of a tree and its size and growth in the

fhture. The results of the study by Tappeiner et al. (1997) suggest that the diameters

of old-growth Douglas-fir at age lOOyr were positively related to growth prior to age

5Oyr and that large-diameter, old-growth Douglas-fir achieved the large diameters they

did because low initial stand densities (i.e., 100-120 trees/ha) enabled them to grow

rapidly when young. However, the relationship between diameter at age 1 OOyr and

early growth was not quantified. Further, Tappemer etal. (1997) did not measure the

growth of old-growth Douglas-fir trees beyond age lOOyr, nor were trees outside of

the central Oregon Coast Range sampled.

Other authors have speculated that large Douglas-fir trees developed at low

densities. Observing that trees "which begin at dense spacings and dominate through

differentiation become increasingly thinner and less stable than comparable trees

initially grown at wide spacings", Oliver and Larson (1996) concluded that "old-

growth stands containing very tall trees (e.g., Douglas-firs) may be special cases of

stands which began with few trees at wide spacings which permitted them to maintain



stability." Franklin et al. (1981) commented that the "large", "deep", and "irregular"

crowns...

of many old-growth Douglas-firs in old-growth forests of the Cascade
Range have been the subject of considerable discussion.... Douglas-fir
crowns in many natural 75- to 150-year-old stands are quite short; live
branch systems are confined to the upper one-third to one-fourth of the
bole. it is hard to imagine how these [75- to 150-year-old] trees could
develop crowns similar to those of existing old-growth trees, even after
several centuries. Epicormic branching is probably one factor. We
also think that existing old-growth [trees] originally developed in
stands that were understocked; under such conditions, [live branches]
might persist much lower in the crown. A wide range in ages of
dominant old-growth Douglas-firs in many stands [also provides] some
evidence of low densities in original stands (Franklin and Waring
1980).

The age range of Douglas-fir establishment and stand density appear to be

inversely correlated. As a species, Douglas-fir is intermediate in shade-tolerance,

indicating that relatively low stand densities are required for its successfhl

establishment and growth (Hermann and Lavender 1990). A wide range of ages of

old-growth Douglas-fir (age> lSOyr) was observed in the stands investigated by

Tappemer et al. (1997); the mean range in ages of old-growth Douglas-fir was lSOyr

(95% confidence interval for mean = 77-223yr), with a maximum range of 264yr. As

noted previously, the early growth rates observed by these authors suggested that the

initial densities in these old-growth stands with wide age ranges were relatively low

(100-120 trees/ha). In a recent and thorough study of the structural development of a

500-year-old Douglas-fir forest in the western Cascades of southern Washington,

Winter (2000) reported that all Douglas-fir surviving to the present within the 3.3ha

study area established within 21 years of each other (between 1500 and 1521)

following a stand-replacing fire in the late-1400s. Observations of early growth rates
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suggested that stand density 40 years after Douglas-fir first established was 800

trees/ha (Winter 2000). The results of both Tappeiner et al. (1997) and Winter (2000)

support the observation that the age range of Douglas-fir and stand density are

inversely correlated.

This paper is divided into two sections. The first part investigates the relationships

between size and growth at different ages and does so by addressing the following

t questions. How important were the size and growth of old Douglas-fir at age 5Oyr in

terms of attaining the large diameters typical of large-diameter old-growth trees at age

lOO-300yr in western Oregon? More specifically, did old-growth Douglas-fir that

attained large diameters by some given reference age (e.g., dbh 100cm by age

200yr) exhibit long-term growth patterns that were different than trees that were

smaller at that same reference age? The second section focuses on the question of low

stand density in old-growth Douglas-fir forests. Based on 1) the long-term growth

patterns, 2) the range in establishment ages, and 3) the effect of site factorson growth,

what evidence is there to support (or reflite) the hypothesis that large-diameter, old-

growth Douglas-fir generally attained the large diameters they did because low stand

densities enabled them to grow rapidly when young (as opposed to being old trees that

simply grew for long periods or trees growing on better sites)?

Study Sites and Fieldwork

Diameter growth and age data, inside-bark diameter, bark thickness, stump height,

slope, elevation, and aspect were collected from the stumps of 505 recently cut old-
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growth Douglas-fir trees (age> l5Oyr) at 28 clearcut sites located in the central Coast

Range and Cascades of western Oregon (Figure 3.1). The study sites were selected

from three ecological regions, or ecoregions, areas defined by similarities in climate,

geology, physiography, soils, and biotic communities (Pater etal. 1998): Coast Range

(CR), Willamette Valley (WV), and western Oregon Cascades (OC). The Coast

Range (CR), Willamette Valley (WV), and western Oregon Cascades (OC) ecoregions

are described in Chapter 2. Sites were selected because they had been recently

harvested, thereby ensuring that stumps could be more easily located in low herb and

shrub cover and that measurements could be made on freshly cut stump surfaces.

At each site, all measurable (i.e., not rotten or burned) Douglas-fr stumps located

inside an average of three to four randomly-located, 0.1 Oha fixed-radius plots were

measured (Table 3.1). A total of 99 fixed-radius plots were sampled at 28 sites.

Because we had a particular interest in the growth of the largest trees at each site, data

from "big trees" also were collected opportunistically from stumps encountered

outside the randomly-located plots. The decision to sample the stump of a "big tree"

was always made prior to observing tree growth or age.

When possible, radial growth measurements were made on the uphill side of each

stump. Radial increment was recorded by decade for the first lOOyr; measurements

were made in 2.5 decade increments for ages> lOOyr. Growth spanning 100, 150,

200, 250, and 300yr was measured on 505, 322, 281, 244, and 177 trees, respectively.

Diameters as well as diameter and basal area growth at different ages were calculated

from the radial growth measurements. The age at time of cutting and establishment

date of each tree were detennined All measurements were made on well-prepared
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Table 3.1. Numbers of sites, plots, and old-growth Douglas-fir trees sampled by
ecoregion within the study area. "Plot trees" are the trees located within the
randomly-located, 0.1 Oha fixed-radius plots. "All trees" include both the plot trees
and the "big trees" encountered outside the fixed-radius plots. Ecoregions: CR =
Coast Range, WV = Willamette Valley, and OC = Oregon Cascades; see text for
ecoregion descriptions.
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Ecoregion CR WV OC Totals

Sites
(n) 9 5 14 28

Plots
(n) 59 8 32 99

Plot Trees> l5Oyr
(n) 160 26 122 308

AllTrees>lSOyr
(n) 238 67 200 505

All Trees>200yr
(n) 62 48 171 281

AllTrees>300yr
(n) 39 18 120 177
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stump surfaces in the field. Well-prepared surfhces were obtained in the field using a

portable, rechargeable Dremel carving tool fitted with a router bit (Model 750, Dremel

Co., Racine, WI). An estimated 30-60 minutes were required to required to prepare

and measure each stump.

Mthough samples were not cross-dated (Stokes and Smiley 1968, Fritts 1976,

Swetnam etal. 1985), we felt that errors arising as a result of not cross-dating the

well-prepared samples would be more than ofiet by the increased speed and,

consequently, geographic extent of sampling possible without cross-dating. Support

for this approach comes from Weisberg (1998) who reported that the estimates of year

of tree origin differed by an average of only 1 .5yr between cross-dated samples and

otherwise well-prepared samples without cross-dating. Furthermore, cross-dating

required over 20-times as much time as field-counting (Weisberg 1998).

Data Analysis

The diameters inside bark (cm) at ages 50, 100, 150, 200, 250, and 300yr were

abbreviated D50, D100, D150, D200, D250, and D300, respectively. Unless

otherwise noted, tree growth was expressed in terms of periodic annual basal area

increment (PAIBA, in cm/yr) rather than diameter increment. Basal area increment is

a more accurate measure of total tree growth (i.e., biomass accumulation) than

diameter increment. Even if basal area increment remains constant over time,

diameter increment will decrease as tree diameter increases, leading to the erroneous

conclusion that tree growth is slowing if only diameter increment is considered (Smith
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et al. 1997). The square-root transformation of PAIBA, abbreviated as BAI, was used

in regression analyses to make the residuals more even. For example, BAI5O refers to

the square-root transformation of PAIBA at age 40-5Oyr.

Size and growth at different ages

The relationship between the size and growth of old-growth Douglas-fir at

different ages was investigated by focusing on two general areas of interest: 1) the

relationships between diameter and basal area growth at age 5Oyr and diameter at ages

100-300yr and 2) patterns of basal area increment over time. Preliminary analyses

indicated that the results (e.g., coefficients in regression equations) did not differ

between datasets with and without the "big trees" included in them. Based on these

preliminary results, we decided to include data from the "big trees" in all subsequent

analyses.

Diameter and periodic annual basal area increment at age 5Oyr and
diameters at ages lOO-300yr

The nature and strength of the relationships between the diameter and square-root

transformed periodic annual basal area increment at age 5Oyr (D50 and BAI5O,

respectively) and the diameters at ages 100, 150, 200, 250, and 300yr (D100-D300)

were assessed using simple and multiple linear regression. Separate simple linear

regressions ofDlOO-D300 on D50 as well as ofDlOO-D300 on BAI5O were

performed. Preliminary analyses also indicated that D50 and BAJ5O were strongly,



positively, and linearly correlated (Pearson correlation coefficient, r, of 0.92). The

relative strengths of D50 and BAI5O in explaining the variation observed in D100-

D300 were assessed by including both D50 and BM5O as explanatory variables in

multiple linear regressions ofDlOO-D300 on D50 BAI5O.

Average periodic annual basal area increments of all trees for the
periods O-lOOyr, O-200yr, and O-300yr

The 99% confidence intervals (CI) for the average PAIBA for all trees were plotted

for the periods 0-lOOyr, 0-200yr, and 0-300yr to describe basal area growth patterns

over time.

Average periodic annual basal area increments of large and small
trees for the periods O-lOOyr, O-200yr, and O-300yr

The next approach was similar to the previous one except that the trees were

divided into two groups based on their diameters at the end of the period in question

and separate plots of average PATBA were examined for the larger and smaller-

diameter groups. For each period in question, the larger-diameter group contained the

largest 23-30% of the trees based on the diameter at the end of the period (i.e., D100

for 0-lOOyr, D200 for 0-200yr, D300 for 0-300yr); the smaller-diameter groups

contained the remaining 70-77% of the trees. For the 0-lOOyr plots, large-diameter

trees had Dl00> 70cm and smaller-diameter trees had D100 < 70cm; for the 0-200yr

plots, large-diameter trees had D200> 100cm and smaller-diameter trees had D200
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100cm; for the O-300yr plots, large-diameter trees had D300> 120cm and smaller-

diameter trees had D300 < 120cm.

Periodic annual basal area increment patterns of individual trees for
the periods 50-lOOyr, 50-200yr, and 50-300yr

The third approach to describing basal area growth patterns differed from the first

two in that individual trees were examined and only the portion of growth from age

5Oyr on was examined. An individual linear regression ofPAIBA on age from age

5Oyr to lOOyr was done for each tree> 150 years old (505 regression equations total,

one for each of 505 trees) and the regression slopes and coefficients of variation (CV)

of PAIBA were examined. The rationale for this approach was the assumption that the

closer the slope and CV were to zero, the more constant the PAIBA from SOyr to lOOyr.

Individual linear regressions of PAIBA on age from age SOyr to 200yr and from age

SOyr to 300yr also were done for each tree > 200 years old (n = 281) and for each tree

300 years old (n = 177).

Culmination of mean annual basal area increment of individual trees

The final approach to describing basal area growth patterns involved determining

the age of culmination ofmean annual basal area increment (MAIBA) for each old-

growth Douglas-fir. MAIBA at a given age represents the average annual basal area

growth up to that age and was calculated by dividing the total basal area of a tree at a

given age by that age (Smith etal. 1997). Separate analyses were done for trees 150
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years old (n = 505), trees > 200 years old (n = 28!) and trees 300 years old (n =

177). Because the upper limits on the range of ages with roughly constant mean

annual increment is not known for Douglas-fir (Curtis and Marshall 1993), the oldest

age at which the MAIBA of a tree > 90% of the tree's maximum MAIBA was also

calculated for each tree.

Evidence for low stand densities

The hypothesis that large-diameter, old-growth Douglas-fir generally attained the

large diameters they did because low stand densities enabled them to grow rapidly

when young was tested by examining the relationships between size and growth at

different ages (above), as well as 1) the site- and plot-level age ranges of old-growth

Douglas-fir at different sites and 2) the changes in the relationships between site

factors and the size and growth of old-growth Douglas-fir at different ages.

Site-level and plot-level age ranges

The age ranges were determined for all sites and plots with two or more old-

growth Douglas-fir present. The case for large-diameter old-growth trees growing at

low initial stand densities would be strengthened if wide ranges in establishment ages

were observed at many sites as well as in the more fine-scale 0.1 Oha sample plots.
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Effect ofsite factors on size and growth

A plant's survival and growth is influenced by the effect of genetic and

environmental flictors on its physiological processes (Hobbs 1992). Environmental

!üctors such as the amount of photosynthetically active radiation (PAR) may reflect

the inherent nature of a site (e.g., annual PAR is greater on south-facing slopes than on

north-facing slopes in the northern hemisphere). Competition from neighbors alters

environmental factors. For example, heavy shading on a south-facing slope may result

in less PAR reaching the understory than the PAR available to an unshaded individual

on a north-facing slope. As individual trees increase in size and increasingly compete

for growing space, the correlation between growth and the environmental factors

inherent to a site decreases. Conversely, as competition decreases, the growth of an

individuals should be more strongly correlated with the inherent environmental factors

at a site.

Because it was not possible to measure environmental factors directly, the

following site factors were used as surrogates: ecoregion, establishment year,

elevation, slope, and aspect. Ecoregion was included to account for broad-scale

differences between sites in terms of climate, geology, and soils. Establishment year

was included as a site factor to account for changes in climate that may have occurred

during the past 150-700yr (i.e., the range in ages of old-growth Douglas-fir sampled).

Prior to analysis using simple and multiple linear regression, slope and aspect were

combined into heat rad, the estimated annual direct solar radiation at 45°N (Buffo et

al. 1972) multiplied by the heat load index. In the northern hemisphere, heat load
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index equals (1.5 - O.5*cos(aspect - 45)) and ranges from one (1) on cooler

northeast-flicing slopes to two (2) on hotter southwest-facing slopes (modified from

Beers etal. 1966 and McCune 1998). The effect of genetic factors on growth will not

be considered in this paper.

Two different groups of analyses were conducted to assess the changes in the

relationships between site factors and the size and growth of old-growth Douglas-fir at

different ages. In the first group of analyses, PAIBA at ages 10-lOOyr (square root

transformed and abbreviated as BAI1O-BAI100) of large and small trees at ages 100,

150, 200, and 300yr were regressed on the site factors. Large trees at ages 100-300yr

were defined similarly to the analysis of PAIBA patterns of large and small trees

(above), with the addition of large and small trees at age lSOyr: large-diameter trees at

age l5Oyr had D150 > 90cm (n = 87), small-diameter trees had D150 90cm (n =

235). As stand density effects initially increase with increasing tree size (i.e., at ages

10-SOyr), the coefficients of determination (r2-values) for the multiple linear

regressions of BA! on the site factors should decrease. At ages 50-lOOyr, the r2-values

for the multiple linear regressions of BAI5O-BAI100 on the site factors should be

higher for large trees if they grew at lower densities than small trees; the coefficients

of determination for small trees at ages 50-lOOyr should be lower if they grew at

higher densities than large trees.

In the second group of analyses, the relative contribution of the site factors to the

multiple linear regressions ofDlOO-D300 on BAI5O (above) was assessed. As,

presumably, mortality reduces the density of competitors from age 100 to 300yr, the

relative influence of site factors on the relationships between Dl00-D300 and BAISO



should increase with age. This was tested by comparing the results from the multiple

linear regressions ofDlOO-D300 on BAI5O (above) with the results from additional

multiple linear regressions ofDlOO-D300 on BAI5O and site factors.

Results

Size and growth at different ages

Diameter and periodic annual basal area increment at age 5Oyr and
diameters at ages 100-300yr

The diameters of the old-growth trees at ages 100, 150, 200, 250, and 300yr

(Dl O0-D300) were strongly, positively, and linearly related to their diameters and

basal area growth rates as young, 50 year-old trees (D50 and BAI5O, respectively;

Figures 3.2a-3.2f and Tables 3.2 and 3.3). Large-diameter old-growth trees at ages

100, 150, 200, 250, and 300yr were generally large in diameter and/or fast growing at

age 5Oyr, with D50 and BAI5O being highly correlated (r = 0.92). Trees small at ages

100-300yr tended to be small and slow growing at age 5Oyr. Some trees thatwere

large at ages lOO-300yr were relatively small and/or slow growing at age 5Oyr, while

others that were relatively large and/or fast growing at age 5Oyr were small at later

ages. This indicates that sustained growth over time was also important in attaining

large diameters at ages 100-300yr.

The amount of variation (r2) in D100-D300 explained by D50 and BAI5O was

substantial, ranging from 82-90% at age lOOyr to 53-65% at age 200yr to 34-39% at
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Figure 3.2. Relationships between diameter and periodic annual basal area increment
at age 5Oyr (D50) and diameters at ages 100, 200, and 300yr (D100-D300). Data are
shown for all old-growth Douglas-fir (> l5Oyr) sampled in western Oregon. Periodic
annual basal area increment at age 5Oyr was square-root transformed (BAI5O) prior to
analysis.
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Table 3.2. Simple linear regression models of cumulative diameter (cm) at 100, 150,
200,250, and 300yr (D100-D300) on cumulative diameter (cm) at 5Oyr (D50) for old-
growth Douglas-fr lSOyr and older sampled in the entire studyarea. Standard errors
of coefficients are shown in parentheses. Significance levels: ns = not significant (p>
0.05), *p<o.os ** p<O.O1, ***p<0.001, ****p<O.0001.

Dependent
Variable D100 D150 D200 D250 D300

9.635 24.981 33.009 43.261 57.501Intercept
(1.082) (2.457) (3.195) (3.896) (4.734)

Coefficient 1.310 1.370 1.418 1.387 1.203
for D50 (0.027) (0.062) (0.079) (0.099) (0.126)

MSE 73.725 282.842 370.534 467.489 517.725

r2 0.824 0.606 0.534 0.447 .0.341

F-statistic for 2349.739 491.732 320.254 195.630 90.588
Model(andDSO) ****

n 505 322 281 244 177
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Table 3.3. Simple linear regression models of cumulative diameter (cm) at 100, 150,
200, 250, and 300yr (D100-D300) on sqrt(basal area increment (cm2/yr)) at SOyr
(BAI5O) for old-growth Douglas-fir l5Oyr and older sampled in the entire study area.
Standard errors of coefficients are shown in parentheses. Significance levels: ns not
significant (p> 0.05), * p <0.05, ** p < 0.01, p < 0.001, 4e p 0.0001.

Dependent
Variable

D100 D150 D200 D250 D300

10.861 20.386 30.076 40.861 55.557Intercept
(0.781) (1.977) (2.681) (3.437) (4.472)

Coefficient 8.886 9.903 10.089 9.874 8.694
for BAI5O (0.134) (0.329) (0.446) (0.59 1) (0.822)

MSE 43.173 187.054 280.665 392.847 479.499

r2 0.897 0.739 0.647 0.535 0.390

F-statistic for 4368.485 907.414 512.135 278.781 111.761
Model(andBAJ5O) **** ****

n 505 322 281 244 177
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age 300yr (Figures 3.2a-3.2f and Tables 3.2 and 3.3). Over 50% of the variation

observed in D250 was explained by BAI5O, the basal area growth 200 years earlier

(Table 3.3). Even after two-and-a-half centuries, BAI5O explained almost 40% of the

variation observed in D300 (Figure 3.2f and Table 3.3).

The diameter of a tree at age 100, 150, 200, 250, or 300yr was more a function of

how well it was growing at age 5Oyr than of its size at age SOyr. In the simple linear

regressions ofDlOO-D300 on BAI5O the mean square errors (MSE) were consistently

lower and the coefficients of determination (r2-values) were consistently higher than in

the simple linear regressions ofDlOO-D300 on D50 (Tables 3.2 and 3.3). The

multiple regression equations ofDlOO-D300 on both D50 and BAISO (Table 3.4)

indicate that, after accounting for BAJ5O, D50 contributed relatively little as an

explanatory variable and its significance decreased with time (Table 3.4). The F-

statistics for BAI5O were 10-80 times larger than the F-statistics for D50, indicating

that BAI5O was a stronger explanatory variable than D50 (Table 3.4).

Average periodic annual basal area increments of all trees for the
periods O-lOOyr, O-200yr, and O-300yr

Plotting the average periodic basal area increments (PAIBA) of trees 150 years

old for the first 100 years indicated that the average PAIBA increased for the first 30-40

years and then plateaued, remaining relatively high and constant from age 50 to lOOyr

(Figure 3.3a). (The corresponding radial increments were also plotted in Figure 3.3a,

as well as in Figures 3.3b and 3.3c, to illustrate that a decrease in radial growth does

not necessarily correspond to a decrease in basal area growth.) Similar growth
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Table 3.4. Multiple linear regression models of cumulative diameter (cm) at 100, 150,
200, 250, and 300yr (D100-D300) on cumulative diameter (cm) at 5Oyr (D50) and
sqrt(basal area increment (cm2/yr)) at 5Oyr (BAI5O) for old-growth Douglas-fir l5Oyr
and older sampled in the entire study area. Standard errors of coefficients are shown
in parentheses. Significance levels: ns = not significant (p > 0.05), * p < 0.05, ** p <
0.01, ***p<O.00l, ****p<O 0001

Dependent
Variable Dl00 D150 D200 D250 D300

9.130 21.445 31.594 42.117 55.955Intercept
(0.796) (1.996) (2.769) (3.571) (4.586)

Coefficient 0.333 -0.385 -0.405 -0.340 -0.158
for D50 (0.05 1) (0.142) (0.200) (0.266) (0.383)

Coefficient 6.889 12.261 12.544 11.953 9.705
for BAI5O (0.333) (0.928) (1.291) (1.730) (2.589)

F-statistic 42.252 7.354 4.102 1.635 0.170
for D50 **** ** * ns

F-statistic 427.393 174.477 94.43 1 47.737 14.055
for BAI5O **** **** **** **** ***

MSE 39.901 183.412 277.579 391.819 481.785

r2 0.905 0.745 0.653 0.538 0.390

F-statistic 2384.503 466.392 260.966 140.574 55.700
for Model **** **** **** ****

n 505 322 281 244 177



Figure 3.3a. Average periodic annual basal area increments (PAIBA, solid line) and
average periodic radial increments (PAIR, dashed line) of all old-growth Douglas-fir
l5Oyr (n = 505) sampled in western Oregon. Data are plotted for the period O-lOOyr.
The "error bars" around each average PAIBA or PAIR indicate the 99% confidence
interval for the average value at that point. None of the data were transfonned.
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Figure 3.3b. Average periodic annual basal area increments (PAIBA, solid line) and
average periodic radial increments (PAIR, dashed line) of all old-growth Douglas-fir
200yr (n = 281) sampled in western Oregon. Data are plotted for the period 0-200yr.
The "error bars" around each average PAJBA or PAIR indicate the 99% confidence
interval for the average value at that point. None ofthe data were transformed.
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Figure 3.3c. Average periodic annual basal area increments (PAIBA, solid line) and
average periodic radial increments (PAIR, dashed line) of all old-growth Douglas-fir
300yr (n = 177) sampled in western Oregon. Data are plotted for the period O-300yr.
The "error bars" around each average PAIBA or PAIR indicate the 99% confidence
interval for the average value at that point. None of the data were transfonned.
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patterns were observed for trees > 200 and> 300 years old, with 150-250 years of

relatively constant growth following an initial 30-4Oyr period during which growth

accelerated (Figures 3.3b and 3.3c, respectively). Approximate statistical tests

between the average basal area growth at two or more ages in Figures 3.3a-3.3c may

be made by determining whether the 99% confidence intervals (CI) of the average

PAIBA in question overlap. Such comparisons indicated that there was no diflèrence

between the average PAIBA for ages 50-100, 50-200, and 50-300yr (p <0.01).

Average periodic annual basal area increments of large and small
trees for the periods O-lOOyr, O-200yr, and O-300yr

Average PAIBA remained constant after age SOyr for the groups of larger and

smaller trees. Plotting the average PAIBA of the larger (D100> 70cm) and smaller

(D 100 70cm) trees at age I OOyr revealed several interesting points (Figure 3 .4a).

First, the average PAJBA of the larger trees were significantly greater by age 2Oyr than

those of smaller trees. Second, the smaller trees' average PAIBA peaked at age 3Oyr

while the average PAIBA of the larger trees continued to increase for two more

decades. Third, both groups of trees exhibited a pattern of an early acceleration of

basal area growth followed by a period of relatively high and constant growth. Similar

basal area growth patterns occurred for larger and smaller trees at age 200yr (D200>

100cm and D200 < 100cm, respectively) and for larger and smaller trees at age 300yr

(D300> 120cm and D300 < 120cm, respectively) (Figures 3.4b and 3.4c).
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Figure 3.4a. Average periodic annual basal area increments (PAIBA) of all large (solid
line) and small (dashed line) old-growth Douglas-fir> l5Oyr (n = 505) sampled in
western Oregon. Large-diameter trees (n = 132) had diameters at age lOOyr> 70cm.
Small-diameter trees (n = 373) had diameters at age lOOyr 70cm. Data are plotted
for the period O-lOOyr. The "error bars" around each average PAIBA indicate the 99%
confidence interval for the average value at that point. None of the data were
transformed.
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Figure 3.4b. Average periodic annual basal area increments (PMBA) of all large (solid
line) and small (dashed line) old-growth Douglas-fir 200yr (n = 281) sampled in
western Oregon. Large-diameter trees (n = 85) had diameters at age 200yr> 100cm.
Small-diameter trees (n = 196) had diameters at age 200yr < 100cm. Data are plotted
for the period 0-200yr. The "error bars" around each average PAIBA indicate the 99%
confidence interval for the average value at that point. None of the data were
transformed.
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Figure 3.4c. Average periodic annual basal area increments (PAIBA) of all large (solid
line) and small (dashed line) old-growth Douglas-fir> 300yr (n = 177) sampled in
western Oregon. Large-diameter trees (n = 40) had diameters at age 300yr> 120cm.
Small-diameter trees (n = 137) had diameters at age 300yr 120cm. Data are plotted
for the period 0-300yr. The "error bars" around each average PAIBA indicate the 99%
confidence interval for the average value at that point. None of the data were
transformed.
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Periodic annual basal area increment patterns of individual trees for
the periods 50-lOOyr, 50-200yr, and 50-300yr

The analysis of the individual tree basal area growth patterns further indicated that

that PAIBA remained constant after age 5Oyr. The regression lines for PAIBA on age

from 5Oyr to lOOyr were relatively flat for trees> 150 years old, with 50% of the trees

having slopes between -0.13 and 0.27 and 80% having slopes between -0.33 and 0.54.

Half of these trees had coefficients of variation (CV) between 0.15 and 0.29; 80% of

the CVs were between 0.10 and 0.40. The slopes of the fitted regression lines for

PAIBA on age from SOyr to 200yr were relatively flat, with half of the trees 200

years old having slopes between -0.13 and 0.05 and 80% having slopes between -0.25

and 0.23. Half of these trees had CVs between 0.20 and 0.37; 80% of the CVs were

between 0.17 and 0.49. Similarly, 50% of the slopes of the fitted regression lines for

PAIBA on age from 5Oyr to 300yr were between -0.07 and 0.06 and 80% of the trees

had slopes between -0.13 and 0.16. Fifty percent of the trees 300 years old had CVs

between 0.26 and 0.50; 80% of these trees had CVs between 0.19 and 0.64.

Culmination of mean annual basal area increment of individual trees

The age at which the culmination of mean annual basal area increment (MAIBA)

occurred in individual trees was, on average, quite old. Over half of the trees 150

years old had an MAIBA at age lOOyr that was greater than at any other point during

the first 100 years of life; 87% of the trees> 150 years old had an MAIBA at age lOOyr

90% of the maximum MAIBA observed by age lOOyr. More than a third of the trees
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> 200 years old had an MAIBA at age 200yr that was greater than at any other point

during the first 200 years of life; 63% of the trees ? 200 years old had an MAIBA?

90% of the maximum observed by age 200yr. Over a third of the trees? 300 years old

had an MAIBA at age 300yr that was greater than at any other point during the first 300

years of life; 58% of the trees > 300 years old had an MAIBA at age 300yr 90% of

the maximum MAIBA observed by age 300yr. The ages at which maximum MAIBA

occurred did not vary significantly with diameter at ages 100, 200, or 300yr.

Evidence for low stand densities

Site-level and plot-level age ranges

At the site level, the mean range in ages for old-growth Douglas-fir trees was

174yr (95% CI for mean = l34-214yr; n = 27). The mean range in ages in the 0.lOha

plots was 73yr (95% CI for mean = 56-9lyr; n = 69). A quarter of the sites had age

ranges of old-growth Douglas-fir trees greater than 264yr, with a maximum range of

430yr; 25% of the plots had a range in ages greater than 1 l9yr, with a maximum age

range of38lyr observed within a single 0.lOha plot. 95% of the sites had a range in

ages of old-growth Douglas-fir trees greater than 48yr.

Effect ofsite factors on size and growth

The amount of variation in average annual basal area growth at ages 10-100

(BAI1O-BM 100) explained by the site fitctors ecoregion, establishment year,
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elevation, and heat_rad (i.e., slope and aspect) varied over time and was different for

the large and small trees at ages 100, 150, and 200yr, but not at age 300yr. (The

corresponding multiple linear regression equations are not presented.) The r2-values

in the multiple linear regression models of BAT on the site factors at ages l00-200yr

increased after age 5Oyr for the large-diameter trees, while the r2-values for the smaller

trees did not (Figures 3.5a-3.5c). The r2-values for the multiple linear regressions of

BA! on the site thctors at ages l0-5Oyr progressively decreased from age lOyr to SOyr

for both large and small trees.

Extra-sums-of-squares F-tests (Ramsey and Schafer 1997) indicated that the site

factors contributed in a statistically significant way (p < 0.000 1 in all cases) to the

simple linear regressions ofDlOO-D300 on BM50. The site factors did not contribute

substantially to the simple linear regressions ofD 100 and D150 on BA!50, but did to

the simple linear regressions ofD200-D300 on BAI5O (Tables 3.3 and 3.5). For

example, with the site factors as additional explanatory variables in the linear

regression ofDlOO on BAI5O, the MSEs decreased from 43.173 to 38.877 and the r2-

values increased only slightly from 0.897 to 0.908 (Tables 3.3 and 3.5). In contrast, in

the linear regression ofD300 on BAI5O, the MSEs decreased from 479.499 to 355.990

and the r2-values increased from 0.390 to 0.560. In all of the multiple linear

regression models ofDlOO-D300 on both BAI5O and the site factors, the F-statistics

for BAI5O were substantially larger than the F-statistics for any of the site fltctors,

indicating that basal area growth at age 5Oyr was a much stronger explanatory variable

than ecoregion, establishment year, elevation, or heat_rad (Table 3.5).
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Figure 3.5a. Coefficients of determination (r2-values) for the multiple linear
regressions of average periodic annual basal area increments at ages 10-1 OOyr (13A11 0-
BAI 100) on the site factors for large- and small-diameter trees at age 1 OOyr. Large-
diameter trees (solid line) at age lOOyr had D100> 70cm (n 132); small-diameter
trees (dashed line) had D100 < 70cm (n = 372).
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Figure 3.5b. Coefficients of deternthatiOn (r2-values) for the multiple linear
regressions of average periodic annual basal area increments at ages 10-lOOyr (BAI1O-
BAI100) on the site thctors for large- and small-diameter trees at age lSOyr. Large-
diameter trees (solid line) at age l5Oyr had D150 > 90cm (n= 87); small-diameter
trees (dashed line) had D150 <90cm (n = 235).
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Figure 3.5c. Coefficients of determination (r2-values) for the multiple linear
regressions of average periodic annual basal area increments at ages 10-lOOyr (BAI1O-
BAI100) on the site factors for large- and small-diameter trees at age 200yr. Large-
diameter trees (solid line) at age 200yr had D200> 100cm (n = 85); small-diameter
trees (dashed line) had D200 < 100cm (n = 196).
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Table 3.5. Multiple linear regression models of cumulative diameter (cm) at 100, 150,
200, 250, and 300yr (D100-D300) on sqrt(basal area increment (cm2/yr)) at 5Oyr
(BAI5O) and the site factors ecoregion, establishment year, elevation, and heat_rad for
old-growth Douglas-fir l5Oyr and older sampled in the entire study area. Coefficients
for the intercepts and explanatory variables are not shown. Significance levels: ns =
notsigniflcant(p>0.05), *p<O.05, **p<o.ol, ***p<O.001, ****p<O.0001.

Dependent
Variable D100 D150 D200 D250 D300

F-statistic for
BAI5O

4701.429 987.441
****

529.235 341.773 165.048

F-statistic for
Ecoregion

4.497
*

4.249
*

7.093
***

5.752
**

4.440
*

F-statistic for
Establishment Year

3.356
ns

8.360
**

2.659
ns

5.456
*

0.526
fl5

F-statistic
for Elevation

4.737
*

3.983
*

2.687 6.479
*

13.975
***

F-statistic
for Heat rad

3.528
ns

2.291
ns

2.197
ns

4.381
*

6.859
**

MSE 38.877 153.101 225.653 300.942 355.990

0.908 0.790 0.722 0.65 1 0.560

F-statistic
for Model

818.778
****

197.436
****

118.334
****

73.804
****

36.042
****

n 504 322 281 244 177



Discussion

The early size and, more importantly, growth of the old Douglas-fir trees

investigated in western Oregon was extremely important on terms of attaining the

large diameters typical of old-growth trees at ages 100-300yr. For example, 86 of the

281 trees for which the diameters at ages 50 and 200yr were measured attained

diameters of 100cm or more by age 200yr. Over 50% of these large-diameter trees at

age 200yr had diameters at age 5Oyr of over 5 0cm. In contrast, small-diameter old-

growth trees were generally small and slow-growing when young; 95% of the old-

growth trees with diameters smaller than 100cm at age 200yr were smaller than 50cm

at age 5Oyr. However, sustained growth over time was also important in attaining

large diameters at ages l00-300yr because not all trees that were large and/or fast

growing at age SOyr were large at later ages.

Independent conlirmation of the strong, positive, and linear relationships observed

between diameters at ages lOO-300yr (D100-D300) and diameter and basal area

growth at age 5Oyr (D50 and BAI5O, respectively) were found after analyzing radial

growth data collected independently by Tappeiner et al. (1997) from the stumps of

119 recently-cut old-growth Douglas-fir (age >150yr) in the Oregon Coast Range.

Simple linear regressions using the data of Tappeiner etal. (1997) indicated that 86%

and 91% of the variation (r2) observed in DlOO was explained by D50 and BAI5O,

respectively. These coefficients of determination (r2-values) were very similar to

those reported in the present study for the simple linear regressions of 1)100 on D50

93
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and BAI5O (Figures 3.2a and 3.2b, Tables 3.2 and 3.3). Tappeiner Ct al. (1997) did

not measure growth beyond age 1 00yr.

Although BAI5O and D50 were highly correlated, the diameters at ages l00-300yr

of the old-growth Douglas-fir trees investigated in this study were more strongly

influenced by how well the trees were growing at age 5Oyr than by their diameter at

age 5Oyr. The most common way in which these old-growth trees became large at

older ages was to have rapid and sustained growth by age SOyr. For example, a 70cm-

diameter tree at age 5Oyr with average annual diameter growth of 0.60cm/yr during

the previous decade (i.e., BAI5O = sqrt(64cm2/yr)) would be expected to have a D200

of 104cm (Table 3.4). In contrast, a larger D200 of 137cm would be expected for a

smaller, 50cm-diameter tree at age SOyr with a higher average annual diameter growth

of 1.54cm/yr during the previous decade (i.e., BAI5O = sqrt(lOOcm2/yr)).

The importance of rapid early growth and later sustained growth in attaining large

diameters when older was further illustrated by the PMBA growth patterns. Basalarea

growth accelerated during the first 30-50 years, becoming relatively constant by age

SOyr. Trees attaining large diameters typical of old-growth at age 100-300yr appear to

have done so because they were able to accelerate in terms of PAIBA both more rapidly

and for a longer period of time during the first SOyr of life than did trees with smaller

diameters at ages 100-300yr. The average PAIBA of the larger trees was significantly

greater by age 2Oyr than that of smaller trees. The smaller trees' average PAJBA

peaked at age 3Oyr while the average PAIBA of the larger trees continued to increase

for two more decades.
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The general pattern of constant PAIBA after age 5Oyr held regardless of tree size.

Trees that were large at age 100, 200, or 300yr had average PAIBA after age 5Oyr that

were larger than those of trees that were small at age 100, 200, or 300yr, respectively.

Further support for the general pattern of constant PAIBA after age 5Oyr comes from

the flat slopes and low coefficients of variation of the fitted regression lines fit through

the for PAIBA of the individual trees for the periods 50-lOOyr, 50-200yr, and 50-300yr.

For the culmination ages of mean annual basal area increment (MAIBA) in individual

trees to be as old as observed supports the statement that PAIBA was relatively

constant after age 5Oyr.

The culmination of stand MAT in Douglas-fir can occur extremely late in life

(Newton and Cole 1987, Curtis and Marshall 1993, Curtis etal. 1998). The MAI of

individual trees can culminate much later than stand MAI (Assmann 1970). For

example, Assmann (1970) noted that the culmination of volume MAT (MAIv0L) in

individual Norway spruce (Picea abies (L.) Karst.) trees can occur after age 300yr. In

the present study, over a third of the Douglas-fir trees> 300 years old had MAIBA at

age 300yr that were greater than at any other point during the first 300 years of life.

With height growth of Douglas-fir effectively having ceased by age 200yr (McArdle

et al. 1961, King 1966), tree MAI patterns beyond this age very likely reflect the

patterns of tree MAIVOL. Because biological rotation ages are often decided based on

the culmination of MATVOL, this study supports the suggestion by Curtis and Marshall

(1993) and Curtis etal. (1998) that long-term volume loss is not an automatic

consequence of the use of extended rotations in managed stands.
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Support for the hypothesis that large-diameter, old-growth Douglas-fir trees

generally attained the large diameters they did because low stand densities enabled

them to grow rapidly when young comes from 1) the relationships observed between

size and growth at different ages (above), 2) site- and plot-level age ranges, and 3) the

changes in the relationships between site factors and the size and growth of old-growth

Douglas-fir at different ages. The basal area growth of individual Douglas-fir trees is

inversely correlated with stand density (Drew and Flewelling 1979, Marshall 1990).

Thus, rapid and sustained growth rates strongly suggest that the large old-growth trees

developed with relatively few neighbors.

Although low stand densities are more likely to produce large-diameter old-growth

trees, it is possible that a few large-diameter trees may develop at high average stand

densities if the 1Q density of competing neighbors is low. For example, Winter

(2000) found that 8 of 58 (15%) 500-year-old Douglas-fir trees surviving to the

present attained diameters at age 200yr ofover 100cm while growing at an estimated

average stand density at age 4Oyr of 800 trees/ha, presumably because these trees grew

at relatively low local densities. Nevertheless, twice as many old-growth Douglas-fir

in the present study attained diameters> 100cm at age 200yr (86 of 281 trees, or

3 0%), presumably because these old-growth trees developed at lower average stand

densities than reported by Winter (2000).

The wide range in establishment ages observed in the present study at both the

site- and plot-levels further supports the hypothesis that large-diameter, old-growth

Douglas-fir trees developed at low stand densities. The mean range in ages at the site-

level (95% CI for mean = 134-214yr) reported in this study was similar to that
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reported by Tappeiner et al. (1997) for old-growth Douglas-fir trees 150 years old

(95% CI for mean = 77-223yr). Stand density at these sites must have been low

initially and/or was reduced periodically to low enough levels by disturbance (e.g.,

fire) to permit the establishment of Douglas-fir over long periods of time. Less than

5% of the sites in the present study had age ranges for old-growth Douglas-fir as

narrow as the 22yr reported by Winter (2000).

The effect of site factors on size and growth also suggests that large-diameter old-

growth Douglas-fir trees generally developed at low stand densities. As predicted, the

r2-values for the multiple linear regressions of BAI on the site factors increased after

age 5Oyr for the large-diameter trees (at ages 100-200yr) but remained low or declined

after age 5Oyr for small trees (at ages 100-200yr). This suggests that the growth of

old-growth Douglas-fir trees that attained large diameters by ages 100-200yr was more

directly influenced by site factors and less by competition from neighbors than was the

growth of smaller trees.

Conclusion

The diameter growth and age data collected from the stumps of 505 recently cut

old-growth Douglas-fr trees at 28 clearcut sites located in the central Coast Range and

Cascades of western Oregon indicated that the early development of old Douglas-fir

trees was extremely important in terms of attaining diameters typical of old-growth at

ages lOO-300yr. The diameters of the old-growth trees at ages 100, 150, 200, 250, and

300yr were strongly, positively, and linearly related to their diameters at age SOyr and,
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more importantly, to their basal area growth rates as young, 50 year-old trees. Rapid

and sustained growth by age 5Oyr was important in attaining large diameters at older

ages, particularly by ages lOO-200yr. The age at which the culmination ofmean

annual basal area increment (MAIBA) occurred in individual trees was, on average,

quite old; 87% of the trees> 150 years old had an MAIBA at age lOOyr> 90% of the

maximum MAJBA observed by age lOOyr, 63% of the trees 200 years old had an

MAIBA > 90% of the maximum observed by age 200yr, and 58% of the trees > 300

years old had an MAIBA at age 300yr> 90% of the maximum MAIBA observed by age

300yr. The hypothesis that large-diameter, old-growth Douglas-fir generally attained

the large diameters they did because low stand densities enabled them to grow rapidly

when young was supported by the observed relationships between size and growth at

different ages, as well as by the wide ranges in establishment ages observed and the

degree to which site factors directly affected the early growth of large- and small-

diameter old-growth Douglas-fir trees.
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Chapter 4. Characterization and Comparison of Stem and Crown Structure of
Individual Old-growth and Young-growth Douglas-fir Trees in Central Western

Oregon: Implications of Stand Density for the Development of Old-growth
Structural Characteristics in Individual Young-growth Trees

Abstract

Individual, large-diameter Dougbs-fir (Pseudotsuga menziesii (Mirb.) Franco)

trees are a structural element common to many conifer-dominated old-growth forests

in the Pacific Northwest. However, basic information on stem and crown structure of

a large number of individual old-growth Douglas-fir trees at multiple sites is lacking,

particularly in a form useable by land managers, forest ecologists, and wildlife

biologists. To address this gap, stem and crown structural characteristics were

measured on 156 old-growth Douglas-fir across central western Oregon.

The 156 old-growth Douglas-fir trees characterized were quite individualistic

structurally, particularly with respect to their crowns. Live branches occurred on over

50% of the bole, on average, with distinct upper and lower crowns and epicormic

branch sprays distinguishable on two-thirds of the trees. Low heights to live and dead

meristematic branches suggested that many old-growth trees grew at low stand

densities. An increase in the number of epicormic branch sprays with increasing

lower crown length indicated a general tendency for old-growth crowns to lengthen

via epicormic branching. Average height to diameter ratios of the old-growth trees

were below 50, indicating high mechanical stability. Old-growth Douglas-fir trees in

the Coast Range and Oregon Cascades ecoregions were more similar to each other

than to old-growth Douglas-fir trees in the Willamette Valley ecoregion.
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These results supported the suggestion by Tappeiner et al. (1997) that trees

growing in the higher-density, young-growth stands would require longer periods of

time than the old-growth trees did to develop the structural characteristics considered

typical for old-growth Douglas-fir trees in western Oregon (e.g., large diameters and

long and complex crowns). Differences in stand density were clearly manifested in

the structural characteristics of the individual young-growth trees at a 50-year-old

density management study near Hoskins, Oregon. Relative to more dense treatments,

young-growth trees in the heavily thinned, low (L) stand density treatment most

closely approached the old-growth trees structurally. However, the observation that

all of the L trees projected to age lOOyr had heights to lowest live nieristematic branch

greater than the median value observed for the 0 trees suggested that at least half of

the old-growth Douglas-fir trees investigated in central western Oregon grew at stand

densities lower than observed in the low (L) stand density treatment (current density

127.7 trees/ha, current basal area = 36.1 m2/ha).

Introduction

Individual, large-diameter Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco)

trees are a structural element common to many conifer-dominated old-growth forests

in the Pacific Northwest (Franklin etal. 1981, Oliver 1981, Franklin and Spies 1991a,

Franklin and Spies 1991b, Marcot et al. 1991, Oliver and Larson 1996).

Characterizations of vertical stand structure in older forests have included descriptions

of the structure of a few individual old-growth trees at a limited number of sites
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(Franklin et al. 1981, Kuiper 1988, Poage 1995). Champion tree lists have provided

detailed descriptions of a limited number of structurally exceptional individual trees

(Van Pelt 1996). However, basic information on stem and crown structure of a large

number of individual old-growth Douglas-fir trees at multiple sites is lacking,

particularly in a form useable by land managers, forest ecologists, and wildlife

biologists. To address this lack of basic information, Objective I of this studywas to

characterize and compare diameters, heights, height:diameter ratios, and crown

characteristics of individual old-growth Douglas-fir trees across central western

Oregon and between the Coast Range, Willamette Valley, and Oregon Cascades

ecoregions in central western Oregon.

Increasing interest in the development of late-successional characteristics in

young-growth forests in the Pacific Northwest (FEMAT 1993) has raised recent

concerns that dense young-growth stands may not be following the same

developmental trajectory as the old-growth stands they replaced (Tappeiner et al.

1997). Tappeiner et al. (1997) provided compelling evidence from the Oregon Coast

Range that large-diameter old-growth trees very likely developed at stand densities

lower than those typical for young-growth stands at present. Tappeiner etal. (1997)

suggested that trees growing in the higher-density, young-growth stands would require

longer periods of time than the old-growth trees did to develop the structural

characteristics considered typical for old-growth Douglas-fir trees in western Oregon

(e.g., large diameters and long and complexcrowns; Franklin etal. 1981, Spies and

Franklin 1991).
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Although Tappemer et al. (1997) were the first to provide quantitative data,

several earlier authors speculated that large-diameter old-growth Douglas-fr trees

developed at low densities. Observing that trees "which begin at dense spacings and

dominate through differentiation become increasingly thinner and less stable than

comparable trees initially grown at wide spacings", Oliver and Larson (1996)

concluded that "[old-]growth stands containing very tall trees (e.g., Douglas-firs) may

be special cases of stands which began with few trees at wide spacings which

permitted them to maintain stability." (The ratio of a tree's height to diameter (in the

same units) is a useful indicator of tree stability, with height to diameter ratios below

80 indicating generally stable trees and height to diameter ratios above 100 indicating

generally unstable trees (Abetz 1976, Burschel and Huss 1987, Smith et al. 1997,

Wilson 1998, Wilson and Oliver 2000).) Franklin etal. (1981) commented that the

development of "large", "deep", and "irregular" crowns...

of many old-growth Douglas-firs in old-growth forests of the Cascade
Range have been the subject of considerable discussion.... Epicormic
branching is probably one factor. We also think that existing old-
growth [trees] originally developed in stands that were understocked;
under such conditions, [live branches] might persist much lower in the
crown.

The results from the previous chapter (Chapter 3) indicate that, for the old-growth

Douglas-fr sampled in central western Oregon, large diameters at ages 100-300yr

were strongly and positively associated with diameter and basal area growth at age

5Oyr. Because tree growth is proportional to the available growing space an individual

can utilize (Oliver and Larson 1996), the rapid and sustained growth of the large-

diameter old-growth trees suggests that these trees grew at low initial stand densities.
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The inverse relationship between stand density and the stem and crown characteristics

of individual trees in a stand is well documented (Assmann 1970, Drew and

Flewelling 1979, Curtis and Marshall 1986, Oliver etal. 1986a, Oliver etal. 1986b,

Wilson 1998). How likely is it that young-growth Douglas-fir trees growing in dense

stands will develop the structural characteristics of old-growth Douglas-fir trees?

Three approaches (Objectives Il-TV) were taken to address the development of old-

growth structural characteristics in individual young-growth trees. Objective II was to

characterize the structural characteristics of individual young-growth Douglas-fir trees

growing at different sites across central western Oregon and to compare the structural

characteristics observed with those of the old-growth trees in Objective I. Objective

III was to compare the structural characteristics of the individual old-growth and

young-growth trees in Objectives I and II with those of young-growth trees growing in

different stand density treatments of the Hoskins density management study at ages

5Oyr and lOOyr in order to assess the effect of stand density on the development of

I
old-growth structural characteristics in young-growth trees (Curtis and Marshall 1986,

Marshall et al. 1992). Although the structural characteristics at ages SOyr and lOOyr

of the young-growth trees in Objective III could be compared to the present structural

characteristics of the old-growth trees in Objective i, it is of interest from a

developmental perspective to compare the structural characteristics of the young-

growth and old-growth trees at the same age. Consequently, Objective IV was to

compare the diameters of the Hoskins trees (Objective III) at ages 5Oyr and lOOyr with

those of the old-growth trees from the previous chapter (Chapter 3) at ages SOyr and

1 OOyr.



Methods

Stem and crown characteristics were measured on 156 individual old-growth

Douglas-fir trees across central western Oregon. Trees were selected from the sites

described in the previous chapter (Chapter 3). Selected trees were chosen from across

the observed range of diameters. The following characteristics were measured on each

tree: diameter (measured outside the bark at 1 .4m above the ground), tree height,

height to live crown top, and height to live crown base. Diameter was measured using

a diameter tape. All measurements relating to crowns were made to the nearest 0. im

using a Criterion survey laser (Laser Technology, Inc., Englewood, Colorado). Total

crown length was calculated by subtracting height to live crown base from height to

live crown top. Height to diameter ratio was calculated by dividing tree height by

diameter (converted to m).

A methodology to characterize the complexity of the old-growth crowns was

adapted from Ferrell (1980). The height to the boundary between the upper crown

(generally fuller with meristematic branches) and lower crown (generally more ragged

with meristematic and epicormic branches) was recorded as the base of the upper live

crown. Upper crown length was calculated by subtracting the upper live crown base

from the height to live crown top. Lower crown length was calculated by subtracting

height to live crown base fromupper live crown base. Crown fullness, the opposite of

Pencil's crown raggedness, was the percent of crown estimated to be present.

Estimates of crown fullness were made for both the upper and lower crowns.

Additional measurements made to characterize the lower crown of each tree were:
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height to lowest live menstematic branch, height to lowest dead meristematic branch,

height to lowest live epicormic branch, and number of epicormic branch sprays. Total

live crown ratio was calculated by multiplying the upper and lower crown lengths by

their respective crown fullness values, summing the two products, and dividing the

total by the tree height.

The nature and strength of the allometric relationships between diameter and tree

height, height to live crown top, height to live crown base, total crown length, upper

and lower crown length, upper and lower crown fullness, total live crown ratio, height

to lowest live meristematic branch, height to lowest dead meristematic branch (basal

diameter> 5cm), height to lowest live epicormic branch, number of epicormic branch

sprays, and height to diameter ratio were assessed using simple linear regression. The

relationships between 1) lower crown length and number of epicormic branch sprays,

and 2) tree height and height to diameter ratio were also assessed using simple linear

regression. Analysis of variance (ANOVA) and Scheffe's multiple comparison

I
procedure were used to examine pairwise differences in the means of these structural

variables for old-growth Douglas-fir trees in the Coast Range, Willamette Valley, and

Cascades ecoregions (SAS 1996). The Coast Range, Willamette Valley, and Oregon

Cascades ecoregions are described in Chapter 2.

The same structural characteristics determined for the 156 old-growth Douglas-fir

trees, above, were similarly determined for 133 young-growth trees located as near to

the old-growth trees as possible. Selected trees were chosen from across the observed

range of diameters. Additionally, field measurements for young-growth trees growing

in different stand density treatments of the Hoskins density management study located
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near Hoskins, Oregon (Curtis and Marshall 1986, Marshall etal. 1992), were obtained

from D. Marshall (USDA Forest Service, Olympia, Washington). Briefly, the Hoskins

study consists of a 50 year-old, naturally regenerated, even-aged stand of Douglas-fir.

Portions of the stand were experimentally thinned to different residual stand densities,

beginning at age 2Oyr. An unthinned control was included in the experimental design.

Diameters at breast height (diameter measured at I .4m above the ground) were

obtained for 31 trees in the low stand density treatment (L, Hoskins Treatment 1,

current density = 127.7 trees/ha, current basal area = 36.1 m2/ha), 124 trees in the high

stand density treatment (H, Hoskins Treatment 7, current density =510.7 trees/ha,

current basal area = 71.8 m2/ha), and 217 trees in the unthinned control (C, Hoskins

Treatment 9, current density = 893.7 trees/ha, current basal area = 68.8 m2fha). Tree

heights and height to live crown base were obtained for 31 trees in the low (L) stand

density treatment, 50 trees in the high (H) stand density treatment, and 40 trees in the

unthinned control (C).

The Northwest Oregon version of ORGANON, an individual tree growth model

developed at Oregon State University, was used to project the observed diameter,

height, height to live crown base, live crown ratio, and height to diameter ratio of each

tree from age SOyr to age lOOyr (Hann etal. 1997). Additionally, diameters at age

lo0yr were predicted using the empirical equations developed from the old-growth

trees in the previous chapter (Chapter 3). Preliminary analysis indicated that the

correlation between the diameters at age lOOyr predicted for the L, H, and C trees

using ORGANON and the empirical relationships developed in Chapter 3 was 0.97.

Consequently, only the diameters predicted using the empirical equations in Chapter 3
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will be presented and discussed. Differences in the means of diameter, height, height

to live crown base, live crown length, live crown ratio, and height to diameter ratio

between the three different Hoskins treatments (L, H, and C) at ages 50 and lOOyr and

the young-growth and old-growth trees at present in Objectives I and II were assessed

using ANOVA and Scheffe's multiple comparison procedure as well as scatter plots of

diameter against height, height to live crown base, live crown length, live crown ratio,

and height to diameter ratio.

In order to compare the diameters of the young-growth Hoskins trees and old-

growth trees at ages SOyr and lOOyr, the present diameters of the "structure" old-

growth trees in this chapter (Chapter 4, Objective I) were compared with the present

diameters of the "growth" old-growth trees in the previous chapter (Chapter 3), for

which diameters at ages 5Oyr and lOOyr had been determined. Preliminary analyses

indicated that the present diameters of the "structure" and "growth" old-growth trees

were similar, indicating that the diameters at ages 5Oyr and lOOyr of the "growth" old-

growth trees could be compared to the diameters of the young-growth Hoskins (L, H,

C) trees at ages 5Oyr and lOOyr. The percentages of the H, L, and C young-growth

trees falling within each diameter quartile of the "growth" old-growth trees (i.e., 0-

25%, 25-50%, 50-75%, 75-100%) at ages SOyr and lOOyr were compared to assess the

effect of stand density on the development of young-growth tree diameters relative to

old-growth trees at ages 5Oyr and lOOyr.



Results and Discussion

Objective I: Characterize and compare diameters, heights, height:diameter ratios, and
crown characteristics of individual old-growth Douglas-fir trees across central western
Oregon and between the Coast Range, Willamette Valley, and Oregon Cascades
ecoregions in central western Oregon

The structural characteristics measured on all 156 old-growth Douglas-fir trees (0)

sampled across central western Oregon are presented in Table 4.1, Column 3. The

second and third quartiles of the old-growth tree diameters (outside bark) were 115.5

to 166.3cm, the second and third quartiles of the tree heights were 55.6 to 69.7m, and

the second and third quartiles of the height to diameter ratios were 39.1 to 50.3

(unitless). The old-growth crowns were unique, with live branches occurring on over

50% of the bole, on average. Distinct upper and lower crowns were distinguishable on

102 of 156 (65.4%) of the old-growth trees. Low heights to live and dead

meristematic branches suggest that many old-growth trees grew at low stand densities.

Epicormic branch sprays were noted on two thirds of the old-growth trees. The

number of epicormic branch sprays increased with increasing lower crown length (dl

= 100, MSE = 3.371, r2 = 0.498, F = 99.2618, p <0.0001), indicating a general

tendency for old-growth crowns to lengthen via epicormic branching.

Although not quantified, the formation of epicormic branches appeared most

common at points where dead meristematic branches were still visible on the lower

bole, presumably because the bark was thinner where the dead meristematic branches

had not been completely covered by subsequent radial growth. If this observation is

correct, it suggests that epicormic branching in an old-growth Douglas-fir tree is

112
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Table 4.1. Diameter, height, crown characteristics, and height to diameter ratios for
individual old-growth (0) across central western Oregon, old-growth Douglas-fir trees
by ecoregion (0-CR, 0-WV, 0-OC) across central western Oregon, and young-
growth (Y) Douglas-fir trees across central western Oregon. 0-CR = Coast Range
old-growth trees, 0-WV = Willamette Valley old-growth trees, 0-OC = Oregon
Cascades old-growth trees. For multiple comparisons of means between ecoregions
for the old-growth trees, means with the same letter do not differ significantly
(Scheffe's multiple comparison procedure, alpha = 0.05).

1

Variable

2 3

0
(n=1 56)

4

0-CR
(n=41)

5

0-WV
(n=30)

6

0-OC
(n=85)

7

Y
(n=1 33)

A AB B
Mean 140.1 152.8 146.4 131.8 46.0

Diameter (cm)
(SD) (31.8) (23.8) (31.2) (33.2) (10.4)
Mm 62.5 104.0 95.0 62.5 16.7
Max 213.0 196.0 204.0 213.0 70.5
(n) (156) (41) (30) (85) (133)

A B B
Mean 61.9 67.1 56.7 61.2 36.8

Tree Height (SD) (10.7) (8.7) (4.9) (12.0) (6.2)
(m) Miii 32.2 51.3 46.4 32.2 16.8

Max 86.9 81.0 68.7 86.9 48.9
(n) (156) (41) (30) (85) (133)

A A A

Height to Live Mean 28.7 30.6 28.6 27.9 22.3

Crown Base (SD)
Mm

(10.2)
4.9

(7.4)
15.4

(10.2)
11.5

(11.3)
4.9

(6.2)
7.5(m)

Max 51.9 49.0 45.0 51.9 36.7
(ii) (156) (41) (30) (85) (133)

A B AB
Mean 32.4 36.0 27.9 32.3 14.5

Total Crown (SD) (10.6) (9.7) (9.8) (10.8) (4.2)
Length(m) Mm 9.0 10.3 9.0 11.5 4.3

Max 60.3 60.3 46.9 57.1 25.6
(n) (156) (41) (30) (85) (133)
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1

Variable

2 3

0
(n=156)

4

0-CR
(n=41)

5

0-WV
(n=30)

6

0-OC
(n=85)

7

Y
(n=133)

A A A
Mean 22.9 25.2 22.5 21.9 14.3

Upper Crown (SD) (7.6) (8.0) (6.9) (7.5) (4.1)
Length (m) Mm 6.9 10.3 9.0 6.9 4.3

Max 50.7 42.8 35.3 50.7 25.6
(n) (156) (41) (30) (85) (133)

A A A
Mean 14.6 15.3 12.5 14.8 5.3

Lower Crown (SD) (7.3) (8.0) (6.5) (7.1) (2.3)
Length(m) Mm 0.4 2.1 0.4 3.0 3.2

Max 38.4 38.4 21.7 33.9 8.5
(n) (102) (29) (13) (60) (4)

A A A
Mean 78.0 78.1 81.8 76.6 82.1

Upper Crown (SD) (11.3) (12.3) (6.9) (11.9) (9.2)
Fullness (%) Mm 30.0 40.0 65.0 30.0 40.0

Max 95.0 95.0 95.0 95.0 95.0
(n) (155) (40) (30) (85) (133)

A A A
Mean 38.9 35.3 41.5 40.1 8.8

Lower Crown (SD) (15.9) (17.7) (22.0) (13.2) (4.8)
Fullness(%) Mm 10.0 15.0 10.0 15.0 5.0

Max 75.0 65.0 75.0 70.0 15.0
(ii) (102) (29) (13) (60) (4)

A A A
Mean 0.36 0.36 0.37 0.36 0.32

Total Live (SD) (0.11) (0.11) (0.12) (0.11) (0.09)
Crown Ratio Mm 0.08 0.12 0.14 0.08 0.10

Max 0.64 0.59 0.61 0.64 0.51
(n) (155) (40) (30) (85) (133)
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1

Variable

2 3

0
(n=1 56)

4

0-CR
(n=4 1)

5

0-WV
(n=30)

6

0-OC
(n=85)

7

Y
(n=1 33)

A B A
Height to Mean 34.0 37.6 26.0 35.1 20.2

Lowest Live (SD) (10.6) (9.9) (7.2) (10.7) (6.8)
Meristematic Mm 10.9 18.2 11.7 10.9 4.9
Branch(m) Max 56.5 51.8 41.8 56.5 34.1

(n) (152) (41) (30) (81) (133)

A B A
Height to Mean 24.7 28.5 15.9 31.5 2.4

Lowest Dead (SD) (14.2) (15.1) (8.5) (13.5) (-)
Meristematic Min 6.9 6.9 7.6 7.1 2.4
Branch (m) Max 60.5 60.5 40.9 53.9 2.4

(n) (80) (30) (29) (21) (1)

A B AB
Height to Mean 26.3 30.8 19.9 25.4 19.8

Lowest Live (SD) (9.9) (7.0) (6.7) (10.7) (1.7)
Epicormic Mm 4.9 15.4 11.5 4.9 18.4
Branch(m) Max 51.9 40.9 32.9 51.9 22.0

(n) (104) (30) (13) (61) (4)

A A A
Mean 4.4 3.9 3.6 4.7 2.8
(SD) (2.6) (2.5) (2.6) (2.6) (2.1)

p
Mm 1.0 1.0 1.0 1.0 1.0Branch Sprays
Max 11.0 10.0 10.0 11.0 5.0
(n) (104) (30) (13) (61) (4)

AB B A
Mean 45.5 44.6 40.4 47.8 82.2

Height to (SD) (8.8) (7.2) (8.9) (8.8) (14.4)
Diameter Ratio Mm 28.1 29.6 28.1 28.2 53.2

Max 75.2 63.6 56.8 75.2 124.5
(n) (156) (41) (30) (85) (133)
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positively associated with the meristematic crown development earlier in the life of

the tree. The longer crowns and larger diameter branches characteristics of young

trees growing at low stand densities should favor epicormic branching in the future.

The old-growth trees examined were quite individuAlistic structurally, as

evidenced by the weak relationships between a wide range of structural characteristics

and diameter (Table 4.2). Tree height, total crown length, upper crown length, and

total live crown ratio all increased with increasing diameter; although significant, the

relationships were weak. Height to lowest live meristematic branch and the number of

epicormic branch sprays increased with diameter, although the relationship was also

weak. Height to diameter ratio decreased with increasing diameter (Table 4.2). A

significant relationship was not observed between height to diameter ratio and tree

height (df= 154, MSE = 76.828, r2 0.020, F 3.155, p = 0.0777).

Old-growth Douglas-fr trees in the Coast Range and Oregon Cascades ecoregions

tended to be more similar to each other than to old-growth Douglas-fr trees in the

Willamette Valley ecoregion, although the differences in means were not generally

great (Table 4.1, Columns 4-6). Analysis of variance (ANOVA) indicated that

differences between ecoregions existed for the means of diameter, tree height, total

crown length, height to lowest live meristematic branch, height to lowest dead

meristematic branch, height to lowest live epicormic branch, and height to diameter

ratio. Scheffe's multiple comparison procedure (alpha = 0.05) indicated that 1)

diameter tended to be smaller in the Cascades than in the Coast Range or Willamette

Valley, 2) tree heights were tallest in the Coast Range, 3) total crown length was

generally shortest in the Willamette Valley, 4) height to lowest live meristematic



Table 4.2. Simple linear regression models of height, crown characteristics, and
height to diameter ratios on diameter (cm) for old-growth Douglas-fir trees across
central western Oregon. Standard errors of coefficients are shown in parentheses.
Significance levels: us = not significant (p > 0.05), * p < 0.05, ** p < 0.01, p
0.001, ****p<O.0001.
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Independent
Variable Intercept

Coefficient
for

Diameter
MSE r2 F-stat n

Tree Height (m) 34.054
(3.135)

0.199
(0.022)

74.698 0.350 82.821
156

Height to Live Crown
Base (m)

26.365
(3.703)

0.017
(0.026).

104.269 0.0027
0.4218

ns
156

Total Crown Length 6.328 0.186
78.614 0.311

69.360
156

(m) (3.216) (0.022)

Upper Crown Length
(m)

7.842
(2.479)

0.107
(0.017) 46.730 0.201

38.661
156

Lower Crown Length
(m)

4.293
(3.495)

0.072
(0.024)

49.247 0.084
9.12 1

** 102

Upper Crown Fullness
(%)

73.717
(4.13 1)

0.031
(0.029)

128.286 0.007
1.147

ns
155

Lower Crown Fullness
(%)

23.316
(7.781)

0.108
(0.053)

244.092 0.040
4.188

* 102

Total Live Crown
Ratio

0.239
(0.040)

0.001
(0.001)

0.012 0.059
9.665

** 155

Height to Lowest Live
Meristematjc Branch

(m)

21.361
(3.772)

0.090
(0.026)

105.757 0.073
11.768

*** 152

Height to Lowest
Dead Meristematic

Branch (m)

31.790
(8.745)

-0.048
(0.058)

202.723 0.009
0.679

ns
80

Height to Lowest Live
Epicormic Branch (m)

2 1.198
(4.9 15)

0.035
(0.033)

97.417 0.011
1.099

115
104

Number of Epiconnic
Branch Sprays

1.428
(1.251)

0.020
(0.009)

6.313 0.053
5.736

* 104

Height to Diameter
Ratio

72.262
(2.331)

-0.191
(0.016)

41.302 0.473
138.334

**** 156
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branch, height to lowest dead meristematic branch, and height to lowest live epicormic

branch were all lower in the Willamette Valley than in the Coast Range or Cascades,

and 5) height to diameter ratios were highest in the Cascades and lowest in the

Willamette Valley.

Objective II. Characterize the structural characteristics of individual young-growth
Douglas-fir trees growing at different sites across central western Oregon and compare
the structural characteristics observed with those of the old-gowth trees in Objective I

The structural characteristics measured on the 133 young-growth Douglas-fir trees

(Y) sampled across central western Oregon are presented in Table 4.1, Column 7.

Aside from obvious differences between the young- and old-growth trees (e.g., young-

growth trees were shorter and smaller in diameter than the old-growth trees), one

significant diflrence was that the lower crowns characteristic of the old-growth trees

were largely absent in the young-growth trees. Only 3% of the young-growth had

recognizable lower crowns (as opposed to 65% of the old-growth trees) and only 1 of

the 133 young-growth trees had a dead meristematic branch with a basal diameter ?

5cm visible below the base of the upper crown (as opposed to 51% of the old-growth

trees). ANOVA indicated that both height to live crown base and total live crown

ratio were significantly--although not substantially--lower for the young-growth trees.

The mean height to diameter ratio of the young-growth trees (95% CI of mean 79.7

to 84.7) was almost twice that of the old-growth trees (95% CI of mean = 44.1 to

46.9).
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Tree height, height to live crown base, total crown length, upper crown length,

upper crown fullness, and total live crown ratio of the young-growth trees all

increased with increasing diameter (Table 4.3). Height to diameter ratio of the young-

growth trees decreased with increasing diameter. These relationships were all more

linear than those observed for the old-growth trees (compare Tables 4.2 and 4.3). No

relationship was observed between height to diameter ratio and tree height of the

young-growth trees (df= 131, MSE = 209.172, r2 = 0.001, F = 0.115, p 0.7356).

Objective III. Compare the structural characteristics of the individual old-growth and
young-growth trees in Objectives I and II with those of young-growth trees growing in
different stand density treatments of the Ho skins density management study at ages
SOyr and lOOyr

The structural characteristics at age 5Oyr for the young-growth Douglas-fir trees

growing at the Hoskins density management study are presented in Table 4.4,

Columns 3-5. These trees were the field-measured individuals from the low (L) stand

density treatment, the high (H) stand density treatment, and the unthinned control (C).

Predicted diameters, tree heights, heights to live crown base, total crown lengths, total

live crown ratios, and height to diameter ratios at age lOOyr are presented in Columns

6-8 of Table 4.4. The same structural characteristics for the young-growth (Y) and

old-growth (0) trees, discussed above, are included in Columns 9 and 10 of Table 4.4.

The structure of individual trees, on average, was strongly influenced by stand

density. Trees in the low (L) stand density treatment were, on average, larger in

diameter and had longer crowns, higher live crown ratios, and lower height to

diameter ratios at both ages 50 and lOOyr than were trees growing in the high (H)
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Table 4.3. Simple linear regression models of height, crown characteristics, and
height to diameter ratios on diameter for young-growth Douglas-fir trees across central
western Oregon. Standard errors of coefficients are shown in parentheses.
Significance levels: ns not significant (p> 0.05), * p < 0.05, ** p <0.01, p <
0.001, p <0.0001.

Independent
Variable

Intercept
Coefficient

for
Diameter

MSE r2 F-stat n

Tree Height 18.174
(1.799)

0.405
(0.038)

20.697 0.462
112.424

133

Height to Live
Crown Base

15.933
(2.378)

0.139
(0.050)

36.158 0.055
7.604

** 133

Total Crown Length 2.241
(1.271)

0.266
(0.027) 10.332 0.4254

96.987
**** 133

Upper Crown
Length

2.089
(1.212)

0.265
(0.026)

9.387 0.449
106.633

**** 133

Upper Crown
Fullness

70.065
(3.479)

0.262
(0.074)

77.382 0.088
12.581

133

Total Live Crown
Ratio

0.175
(0.035)

0.003
(0.001)

0.008 0.125
18.665
**** 133

Height to Diameter
Ratio

126.375
(4.136)

-0.960
(0.088)

109.376 0.478
119.745

**** 133



Table 4.4. Diameter, height, crown characteristics, and height to diameter ratios for
young-growth trees growing at different stand densities in the Hoskins stand density
management study at age 5Oyr (observed, columns 3-5) and age lOOyr (predicted,
columns 6-8), as well as for young-growth (Y, column 9) and old-growth (0, column
10) trees at present sampled across central western Oregon. L = low stand density
trees at Hoskins (Treatment 1), H = high stand density trees at Hoskins (Treatment 7),
and C = unthinned control at Hoskins (Treatment 9). Means for a given variable with
the same letter do not differ significantly (Scheffe's multiple comparison procedure,
alpha = 0.05).
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1

Variable

2 3

L
SOyr

4

H
5Oyr

5

C
5Oyr

6

L
lOOyr

7

H
lOOyr

8

C
lOOyr

9

Y
present

10

0
present

(n=31) (n=50) (n=40) (n=31) (n=50) (n=40) (n=133) (n=156)

C D D B C CD CD A

Diameter Mean 59.7 41.9 32.7 89.2 57.8 46.6 46.0 140.1
(SD) (6.6) (9.1) (9.1) (10.4) (14.8) (15.9) (10.4) (31.8)
Mm 46.5 27.9 19.1 68.2 25.7 21.5 16.7 62.5
Max 72.4 56.9 53.3 110.9 78.8 84.6 70.5 213.0

CD CD D A B BC D A

Tree Mean 39.7 38.1 35.0 58.0 50.0 44.1 36.8 61.9

Height (m) (SD) (2.3) (3.2) (3.8) (2.6) (9.5) (10.6) (6.2) (10.7)
Mm 34.8 31.0 28.4 51.0 31.6 28.9 16.8 32.2
Max 45.4 42.8 43.7 62.2 60.5 61.0 48.9 86.9

C BC BC A A A C BHeight to
Live Mean 22.6 27.9 27.7 38.8 41.4 37.7 22.3 28.7

Crown (SD) (2.6) (1.7) (1.7) (3.7) (8.0) (8.9) (6.2) (10.2)
Mm 17.0 22.4 24.9 33.1 24.5 26.0 7.5 4.9Base (m)
Max 28.2 33.1 31.1 46.1 51.6 50.2 36.7 51.9

B CD D B D D BC A
Total Mean 17.1 10.2 7.3 19.3 8.6 6.4 14.5 32.5

Crown (SD) (3.2) (3.0) (2.9) (4.2) (2.8) (2.5) (4.2) (10.6)
Length (m) Mm 9.4 3.1 2.8 10.6 2.9 2.2 4.3 9.0

Max 21.3 14.9 13.3 26.2 14.8 14.0 25.6 60.3

AD DE EF A EF F CD BC
Total Live Mean 0.43 0.26 0.20 0.49 0.22 0.18 0.32 0.36

Crown (SD) (0.07) (0.06) (0.06) (0.10) (0.06) (0.06) (0.10) (0.11)
Ratio Mm 0.25 0.10 0.10 0.28 0.09 0.06 0.10 0.08

Max 0.54 0.36 0.32 0.65 0.37 0.34 0.51 0.64

D B A D B A C E
Heightto Mean 67.1 94.2 112.2 66.5 96.5 110.3 82.2 45.5
Diameter (SD) (7.2) (15.5) (20.4) (9.9) (19.1) (22.7) (14.4) (8.8)

Ratio Mm 55.8 73.8 77.7 52.4 68.0 69.6 53.2 28.1
Max 87.7 126.8 156.0 93.3 141.9 147.0 124.5 75.2
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stand density treatment or the unthinned control (C; Scheffe's multiple comparison

procedure, alpha = 0.05). Mean tree height did not dfflbr between the L, H, and C

trees at age 5Oyr, although the average L tree height was greater than the average H

and C tree heights at age lOOyr. With the exception of lower height to diameter ratios

for the H trees, no significant difference was observed or predicted between the means

of the H and C trees at either age 5Oyr or age lOOyr. Although the mean diameter, tree

height, and height to live crown were generally predicted to increase from age 50 to

lOOyr within each of the stand density treatments, average crown length, live crown

ratio, and height to diameter ratio within each treatment were predicted to remain the

same from age 50 to lOOyr.

The mean diameter, tree height, height to live crown base, total crown length, total

live crown ratio, and height to diameter ratio of the young-growth (Y) trees at present

generally fell between those of the L and H trees at age SOyr (Table 4.4). Mean

diameter and crown length of the old-growth (0) trees at present were significantly

greater than those of all the other trees; 0 trees had the lowest height to diameter

ratios. However, the L trees were predicted to be as tall at age lOOyr as the 0 trees, on

average. L trees at age lOOyr had the highest live crown ratios, followed by the 0

trees. Interestingly, the heights to lowest live meristematic branch of the 0 trees (95%

CI of mean = 32.3 to 35.7m) were significantly lower than those of the low (L) stand

density trees at age lOOyr (95% CI = 37.4 to 40.lm). All of the L trees at age lOOyr

had heights to lowest live meristematic branch (i.e., heights to live crown base) greater

than the median value observed for the 0 trees. If the assumption that height to lowest

live meristematic branch decreases with decreasing stand density, this suggests that at
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least half of the old-growth Douglas-fir trees investigated in central western Oregon

grew at stand densities lower than observed in the low (L) stand density treatment

(current density= 127.7 trees/ha, current basal area = 36.1 m2/ha).

Although a comparison of means is illuminating, the maximum (and minimum)

values observed often are of more interest when considering the effect of stand density

on the development old-growth structural characteristics in young-trees. Plotting the

heights, heights to live crown base, crown lengths, live crown ratios, and height to

diameter ratios of the old-growth (0) and young-growth (Y) trees at present and the

low (L) density and unthinned control (C) at ages 50 and lOOyr against their diameters

provided a means of assessing the structural development of different-sized young-

growth trees at different stand densities (Figures 4.1 - 4.5). The 0 trees were included

in each of the plots to facilitate comparisons; it should be emphasized that placing the

different groups of young trees along the same axis (e.g., diameter) as the old-growth

trees does imply that the younger trees will, in time, develop the structural

characteristics of the older trees.

The height of the largest diameter Y trees and L trees at age 5Oyr overlapped with

the heights of the smallest 0 trees, although the C trees at age 5Oyr did not (Figures

4.la and 4.lb). Height to live crown base of both the L and C trees increased from age

50 to lOOyr, indicating that crown recession had occurred. The larger diameter L and

C trees had heights to live crown base near the maximum values observed for the 0

trees at present (Figures 4.2b and 4.2c). The lower heights to crown base of the 0

trees were due to both isolated meristematic branches being retained and the formation

of epicormic branches following crown recession (Table 4.1). Visible live and dead
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Figure 4.1. Tree height (m) and diameter (cm) of a) young-growth trees (Y) and old-
growth trees (0) at present, b) low stand density trees (L) in the Hoskins stand density
management study measured at age SOyr and predicted at age lOOyr, and c) trees in the
unthinned control (C) at Hoskins measured at age 5Oyr and predicted at age lOOyr.
Old-growth (0) trees are also shown in b) and c) for comparison.
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Figure 4.2. Height to live crown base (m) and diameter (cm) of a) young-growth trees
(Y) and old-growth trees (0) at present, b) low stand density trees (L) in the Hoskins
stand density management study measured at age 5Oyr and predicted at age lOOyr, and
c) trees in the unthinned control (C) at Hoskins measured at age 5Oyr and predicted at
age I OOyr. Old-growth (0) trees are also shown in b) and c) for comparison.
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Figure 4.3. Total crown length (m) and diameter (cm) of a) young-growth trees (Y)
and old-growth trees (0) at present, b) low stand density trees (L) in the Hoskins stand
density management study measured at age 5Oyr and predicted at age lOOyr, and c)
trees in the unthinned control (C) at Hoskins measured at age 5Oyr and predicted at
age lOOyr. Old-growth (0) trees are also shown in b) and c) for comparison.
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Figure 4.4. Total live crown ratio and diameter (cm) of a) young-growth trees (Y) and
old-growth trees (0) at present, b) low stand density trees (L) in the Hoskins stand
density management study measured at age 5Oyr and predicted at age lOOyr, and c)
trees in the unthinned control (C) at Hoskins measured at age 5Oyr and predicted at
age lOOyr. Old-growth (0) trees are also shown in b) and c) for comparison.
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Figure 4.5. Height to diameter ratio and diameter (cm) of a) young-growth trees (Y)
and old-growth trees (0) at present, b) low stand density trees (L) in the Hoskins stand
density management study measured at age 5Oyr and predicted at age lOOyr, and c)
trees in the unthinned control (C) at Hoskins measured at age 5Oyr and predicted at
age lOOyr old-growth. Old-growth (0) trees are also shown in b) and c) for
comparison.
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meristematic branches on the lower bole of an old-growth tree strongly suggest that

the tree grew at relatively low stand densities during an earlier portion of its life. As

noted above, the observation that all of the L trees at age lOOyr had heights to lowest

live meristematic branch greater than the median value observed for the 0 trees

suggests that at least half of the old-growth Douglas-fir trees investigated in central

western Oregon grew at stand densities lower than observed in the low (L) stand

density treatment.

The patterns of total crown length of the Y and 0 trees plotted against diameter

resembled those observed for tree height (Figure 4.1 a), with larger diameter trees

tending to have longer crowns (Figure 4.3 a). In contrast, the crown lengths of the L

and C trees remained relatively constant from age 50 to lOOyr. Although the L trees

generally had higher live crown ratios than the 0 trees and the C trees generally had

lower live crown ratios than the 0 trees, the L and C trees maintained reasonably

constant live crown ratios from age 50 to lOOyr (Figures 4.4b and 4.4c). Despite

substantial differences in diameters, the live crown ratios of the Y trees were

comparable to those of the 0 trees (Figure 4.4a).

The height to diameter ratios of the L and C trees were the structural characteristic

most strongly influenced by stand density (Figures 4.5b and 4.5c). L trees had

substantially lower height to diameter ratios than the C trees, with the larger diameter

trees having the lower height to diameter ratios. As was the case with the live crown

ratios, the height to diameter ratios of the L and C trees remained relatively constant

from age 50 to lOOyr. The height to diameter ratios of the Y trees fell between those

of the L and C trees (Figures 4.4a - 4.4c).
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Objective IV. Compare the diameters of the Hoskins trees (Objective III) at ages 50w
and lOOyr with those of the old-growth trees from the previous chapter (Chapter 3) at
ages 50w and 100w

As noted previously, the present diameters of the "structure" and "growth" old-

growth trees were similar (Figures 4.6a and 4.6b), indicating that the diameters at ages

5Oyr and lOOyr of the "growth" old-growth trees could be compared to the diameters

of the young-growth Hoskins (L, H, C) trees at ages 5Oyr and lOOyr. For comparisons

involving only diameters, all L (n =31), H (n = 124), and C (n =217) trees were used.

All of the low (L) stand density young-growth trees had diameters at age 5Oyr as large

as the largest 25% of the old-growth (0) trees at age 5Oyr (Figures 4.6c and 4.6d,

Table 4.5). In contrast, only 7.8% of the young-growth trees in the unthinned control

(C) were as large in diameter as the largest 25% of the old-growth trees at age SOyr

(Figures 4.6c and 4.6e, Table 4.5). In terms of numbers of trees, almost twice as many

L trees (31) as the C trees (17) were as large as the largest 25% of the 0 trees at age

SOyr (Table 4.5). Whereas 71% of the high (H) stand density trees were larger than

the 0 trees at age SOyr, less than a quarter of the C trees fell within the upper 50% of

the 0 trees at age SOyr.

A greater degree of differentiation in diameters within the stand density treatments

(L, C, and H) was apparent at age lOOyr than at age 5Oyr, with a greater degree of

differentiation occurring in the higher density treatments (Figures 4.64, 4.6e, 4.6g, and

4.6h and Tables 4.5 and 4.6). Although 29 of 31 (93.5%) L trees had diameters at age

lOOyr as large as the largest 25% of the old-growth (0) trees at age lOOyr, only 26 of

124 (2 1.0%) H trees had diameters at l0oyr as large as the largest 25% of the 0 trees
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Figure 4.6. Comparisons of diameters for a) old-growth (0) at present (structure
dataset, this chapter (Chapter 4)), b) old-growth (0) at present (growth dataset,
previous chapter (Chapter 3)), c) old-growth (0) at age 5Oyr (growth dataset, previous
chapter (Chapter 3)), d) low stand density trees (L) at age 5Oyr, e) trees in unthinned
control (C) at age 5Oyr, f) old-growth (0) at age lOOyr (growth dataset, previous
chapter (Chapter 3)), g) low stand density trees (L) at age lOOyr, and h) trees in
unthinned control (C) at age lOOyr. Diameters have been "jittered" vertically on the
page to better display overlapping points (Ramsey and Schafer 1997). Dotted lines
extending below the quartiles for the diameter distributions of the old-growth (0) at
ages 5Oyr (c) and lOOyr (1) were included to facilitate comparisons with the diameter
distributions of the L and C trees at ages 50 and lOOyr, respectively.
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Table 4.5. Diameters at age 5Oyr for young-trees in the low (L) stand density, high
(H) stand density, and unthinned control (C) treatments at the Hoskins stand density
management study, expressed as percentage thiling within the quartiles for diameter at
age 5Oyr of old-growth (0) trees in the "growth" dataset (Chapter 3). The top number
in each cell (L, H, and C columns) is the number of young-growth trees within the
diameter quartile of the 0 trees, the middle number is the percentage of young-growth
trees, and the bottom number (in parentheses) is the cumulative percentage of young-
growth trees.

0

(n = 505)

L

(n =31)

H

(n = 124)

C

(n =217)

Max (86.8cm)

31 43 17
100.0% 34.7% 7.8%

(100.0%) (34.7%) (7.8%)

75% (45.6cm)

45 35
36.3% 16.1%

(71.0%) (23.9%)

50% (37.0cm)

30 75
24.2% 34.6%

(95.2%) (58.5%)

25% (28.0cm)

6 90
4.8% 41.5%

(100.0%) (100.0%)

Mm (3.4cm)
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Table 4.6. Diameters at age lOOyr for young-trees in the low (L) stand density, high
(H) stand density, and unthinned control (C) treatments at the Hoskins stand density
management study, expressed as percentage thiling within the quartiles for diameter at
age lOOyr of old-growth (0) trees in the "growth" dataset (Chapter 3). The top
number in each cell (L, H, and C columns) is the number of young-growth trees within
the diameter quartile of the 0 trees, the middle number is the percentage of young-
growth trees, and the bottom number (in parentheses) is the cumulative percentage of
young-growth trees.

0 L H C

(n = 505) (n =31) (n = 124) (n = 217)

Max (124.0cm)

29 26 14

93.5% 21.0% 6.5%
(93.5%) (21.0%) (6.5%)

75% (70.6cm)

2 45 26
6.5% 36.3% 12.0%

(100.0%) (57.3%) (18.5%)

50% (58.2cm)

22 59
17.7% 27.2%

(75.0%) (45.7%)

25% (44.6cm)

31 118
25.0% 54.3%

(100.0%) (100.0%)

Mm (12.6cm)
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at age lOOyr. In contrast, 43 of 124(34.7%) H trees had had diameters at age 5Oyr as

large as the largest 25% of the 0 trees. Only 60% of the 43 C trees at age 5Oyr that

had been as large as the largest 25% of the 0 trees at age 5Oyr were as large as the 0

trees at age 1 OOyr.

This shift in the distribution of diameters from age 5Oyr to age lOOyr indicates that

the basal area growth rates of the L, H, and C trees at age SOyr were progressively

slowing with increasing stand density and, relative to the 0 trees, with age. In terms

of stem and crown characteristics, this decrease in growth is reflective of the smaller

crowns (i.e., greater heights to live crown base, shorter live crowns, and lower live

crown ratios) of the trees in the high (H) stand density treatment and the unthinned

control (C) than the trees in the low (L) stand density treatment. Crown width

measurements of the 15 largest diameter trees L and C trees indicated that the crowns

of the L trees were 1.6 times wider on average than those of the C trees; the projected

crown areas of the L trees were 2.4 times larger than those of the C trees. Although a

small number of the C trees (15 of 217, or 7%) had diameters at age SOyr that fell

within the range for the L trees, none of the C trees had crowns resembling those of

the L trees.

One explanation for these larger diameter C trees was that the local neighborhoods

around these trees were less dense (56.9 m2/ha) than the higher average stand density

for the unthinned control as a whole (68.8 m2/ha). A more random spacing of trees

within the unthinned control plots relative to the more uniformly spaced trees in the

thinned treatments may have resulted in a more uneven distribution of growing space

and, consequently, a higher degree of structural differentiation between trees in the
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unthinneci control than in the thinned treatments. Compare, for example, the narrower

range of variation in both diameter and height at age lOOyr of the L trees relative to

the C trees at age lOOyr (Figures 4.lb and 4.lc). Wilson (1998) noted that more

randomly spaced stands of Douglas-fir in the Pacific Northwest tend to develop a

greater variation in tree sizes than do more regularly spaced stands and that limited

size variation can lead to the development of dominant trees with high height to

diameter ratios (i.e., more unstable). If stand differentiation within dense young-

growth stands can lead to local dominance by a small number of individual trees,

heavy silvicultural thinnings may not be an absolute prerequisite for the development

of old-growth structural characteristics within dense young-growth stands.

Conclusion

To our knowledge, this study represents the largest characterization to date of stem

and crown characteristics of individual old-growth Douglas-fir trees across a range of

sites in central western Oregon. The 156 old-growth trees investigated were quite

individualistic structurally, particularly with respect to their crowns. Live branches

occurred on over 50% of the bole, on average, with distinct upper and lower crowns

and epicormic branch sprays distinguishable on two thirds of the old-growth trees.

Low heights to live and dead meristematic branches suggested that many old-growth

trees grew at low stand densities. An increase in the number of epicormic branch

sprays with increasing lower crown length indicated a general tendency for old-growth

crowns to lengthen via epicormic branching. Average height to diameter ratios of the
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old-growth trees were below 50 (unitless), indicating high mechanical stability. Old-
growth Douglas-fir trees in the Coast Range and Oregon Cascades ecoregions were
more similar to each other than to old-growth Douglas-fir trees in the Willamee
Valley ecoregion.

Stand density has great implications for the development of old-growth Structural
charactepj in individual young-growth trees. It is clear that the young-growth
trees at age IOOyr most closely approaching the old-growth trees (0) structurally were
the larger diameter trees in the most heavily thinned, low (L) stand density treatment
in the Hoskins density management study. However, the observation that all of the L
trees at age 1 OOyr had heights to lowest live meristematic branch greater than the
median value observed for the 0 trees suggested that at least halfof the old-growth
Douglas& trees investigated in central western Oregon grew at stand densities lower
than observed in the low (L) stand density treatment (current density = 127.7 trees/ha,
current basal area 36.1 m2/ha).

In addition to having larger crowp than the H and C trees, the L trees were
cons iderably larger in diameter and had much lower height to diameter ratios. Lower
height to diameter ratios indicate greater mechajijcal stability in the L trees, on
average, than the trees in the denser treatments. All other factors being equal,
increased stability increases the probability that a tree will survive to older ages. From
a management perspective, increased stability of individual trees also implies that
silvicultmal thinnings to promote the development ofold-growth characteristics in
younggro stands can be carried out with a lower probability of subsequent loss of
residual trees. It is expected that the larger-crowned trees typical of the low (L) stand
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density treatment would have a greater and more rapid growth response to thinnings

than trees in the high (H) stand density treatment or the unthinned control (C). In

addition to having longer and structurally more complex crowns, the L treatment plots

have taller (< 4m) and more complex shrub understories than the higher density H and

C plots (< im). Heavy and early thinnings have resulted in the development ofa

higher degree of vertical stand structure in the low (L) stand density treatment than in

the more lightly thinned (H) or unthinned (C) treatments.
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Chapter 5. Summary

Each of the three main chapters (Chapters 2-4) in this dissertation has focused on a

different aspect of the structure and development of old-growth Douglas-fir in central

western Oregon. Beginning at the landscape scale, 100% inventories and multivariate

analysis were used in Chapter 2 to characterize the species and size distributions of

trees in old-growth forests dominated by Douglas-fir at scales typical of management

(i.e., >lOha). The second two main chapters in this dissertation, Chapters 3 and 4,

focused on the development of individual old-growth Douglas-fir trees in central

western Oregon and al'1ressed the suggestion by Tappeiner et al. (1997) that large-

diameter old-growth Douglas-fir developed at relatively low stand densities.

Measurements made on the stumps ofover 500 recently cut old-growth Douglas-fir

trees were used in Chapter 3 to characterize the long-term patterns of diameter and

basal area growth of individual old-growth trees. Chapter 4 characterized the stem

and crown characteristics ofmore than 150 individual old-growth Douglas-fir trees in

central western Oregon and concluded by comparing the structural characteristics of

the old trees to those of young-growth trees growing at diflrent stand densities at ages

50 and lOOyr.

The tree species and size structure of9l old-growth forests dominated by Douglas-

fir in western Oregon was characterized using data from recent (1985-199 1) old-

growth timber sales in the Eugene and Salem Districts of the USD1 Bureau of Land

Management (BLM) in western Oregon. These data were unique because they were

complete inventories of all trees larger than 20cm dbh over a mean area of 17. iha.

149



150

Both conventional measures such as basal area (m2/ba) and density (frees/ha) and

multivariate techniques such as cluster analysis and ordination were used to describe

the coarse-scale tree structure of old-growth forests in terms of species-diameter

classes (e.g., small western hemlock).

The 91 BLM old-growth forests examined were dominated by Douglas-fir, with

Douglas-fir accounting for over 75% of the total basal area at each site, on average.

Although species other than Douglas-fir comprised an average of one-quarter of the

total basal area at each old-growth site, it was this non-Douglas-fir component that

accounted for the structural variation between sites. Cluster analysis and indicator

species analysis were used to identif' and characterize six structural groups of old-

growth sites in terms of species other than Douglas-fir.

Analysis using geographic information systems (GIS) and ordination using non-

metric multidimensional scaling (NMS) indicated that significant compositional and

environmental spatial patterns and gradients were present in the old-growth dataset.

Almost 97% of the structural information in the dataset was captured by the first (r2 =

0.84 1) and second (r2 = 0.128) NMS ordination axes. Axis 1 was negatively

correlated with red alder and significantly and positively correlated with incense-cedar

and grand fir. Axis 2 was positively correlated with western hemlock, western

redcedar, and western white pine. Axis 1 represented a general climatic gradient of

moist and cool (-) to dry and warm (+) summers, while Axis 2 corresponded most

strongly to elevation and variables associated with elevation (e.g., minimum winter

temperatures). Analysis using GIS indicated that historical fires during the mid-to
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late-1800s and early-1900s had a significant impact on the forest structure of some

old-growth sites, particularly those with a strong component of red alder.

The hypothesis that large-diameter, old-growth Douglas-fir developed at low stand

densities was supported by the long-term patterns of diameter and basal area growth of

individual old-growth Douglas-fir trees in central western Oregon. Diameter growth

and age data collected from the stumps of 505 recently cut old-growth Douglas-fir

trees at 28 clearcut sites located in the central Coast Range and Cascades of western

Oregon indicated that the early development of old Douglas-fir trees was extremely

important in terms of attaining diameters typical of old-growth at ages 100-300yr.

The diameters of the old-growth trees at ages 100, 150, 200, 250, and 300yr were

strongly, positively, and linearly related to their diameters at age 5Oyr and, more

importantly, to their basal area growth rates as young, 50 year-old trees. Rapid and

sustained growth by age SOyr was important in attaining large diameters at older ages,

particularly by ages 1 O0-200yr.

Average periodic basal area increments (PAIBA) of all trees increased for the first

30-4Oyr and then plateaued, remaining relatively high and constant from age 50 to

300yr. Average PAIBA of the largest trees at ages 100-300yr were significantly greater

by age 2Oyr than those of smaller trees at ages l00-300yr; the smaller trees' average

PATBA peaked at age 3Oyr while the average PAIBA of the larger trees continued to

increase for two or more decades. Cuhnination ofmean annual basal area increments

(MAIBA) in individual trees can occur extremely late in life; 87% of the trees 150

years-old had an MAIBA at age lOOyr> 90% of the maximum MAIBA observed by age

lOOyr, 63% of the trees > 200 years-old had an MAIBA > 90% of the maximum
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observed by age 200yr, and 58% of the trees> 300 years-old had an MAmA at age

300yr 90% of the maximum MAIBA observed byage 300yr. Over a third of the

trees 300 years-old had MAIBA at age 300yr that were greater than at any other point

during the first 300 years of life. This finding is comparable to that of an earlier study

cited by Assmann (1970) on the long-term growth of mdividual spruce trees: of the 30

trees examined, some of which were over 300 years-old, MAIVOL had culminated in

only two of the trees at the time of felling.

The hypothesis that large-diameter, old-growth Douglas-fir attained the large

diameters they did because low stand densities enabled them to grow rapidly when

young was also supported by the wide ranges in establishment ages observed and the

degree to which site factors directly affected the early growth of large- and small-

diameter old-growth Douglas-fr. The mean within-site range in ages for old-growth

Douglas-fr was wide (95% CI for mean = 134-214yr) suggesting that stand density at

these sites was low initially and/or was reduced periodically to low enough levels by

disturbance (e.g., fire) to permit the establishment of Douglas-fir over long periods of

time. Site flictors (ecoregion, establishment year, elevation, slope, and aspect) had a

more direct effect on the growth of old-growth Douglas-fr that attained large

diameters by ages lOO-200yr than on the growth of smaller old trees, suggesting that

the influence of competing neighbors on large-diameter old-growth trees was lower

than on smaller old-growth trees.

Comparisons of stem and crown structural characteristics measured on 156 old-

growth Douglas-fr across central western Oregon further supported the hypothesis

that large-diameter old-growth Douglas-fr developed at low stand densities. For
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example, the low heights to live and dead meristematic branches suggested that many

of the old-growth trees grew at low stand densities. Live branches occurred on over

50% of the bole, on average, with distinct upper and lower crowns and epicormic

branch sprays distinguishable on two thirds of the old-growth trees. An increase in the

number of epicormic branch sprays with increasing lower crown length indicated a

general tendency for old-growth crowns to lengthen via epicormic branching.

Average height to diameter ratios of the old-growth trees were below 50 (unitless),

indicating high mechanical stability. Old-growth Douglas-fir trees in the Coast Range

and Cascade ecoregions were more similar to each other than to old-growth Douglas-

fir trees in the Willamette Valley ecoregion.

Differences in stand density were clearly manifested in the structural

characteristics of the individual young-growth trees at the Hoskins density

management study. Young-growth trees in the heavily thinned, low (L) stand density

treatment most closely approached the old-growth trees structurally. However, the

observation that all of the L trees at age lOOyr had heights to lowest live meristematic

branch greater than the median value observed for the 0 trees suggested that at least

half of the old-growth Douglas-fir trees investigated in central western Oregon grew at

stand densities lower than observed in the low (L) stand density treatment (current

density = 127.7 trees/ha, current basal area = 36.1 m2/ha).

If stand differentiation within dense young-growth stands can lead to local

dominance by a small number of individual trees, heavy thinnings may not be an

absolute prerequisite for the general development of old-growth structural

characteristics within dense young-growth stands. However, it is clear that specific
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structural characteristics such as large-diameter meristematic branches low on the bole

of old-growth Douglas-fir can only develop at low stand densities. The current

developmental trajectory of the stand and the trees within it must be assessed if the

development of such specific structural features in a young stand is desired.

It is hoped that this dissertation contributes, albeit in a modest way, to our

understanding of old forests. Because cut stumps and old records fade away, the

opportunity to carry out such a study may be severely limited in the future. What has

been presented and discussed must be taken with the understanding that it represents a

small and incomplete glimpse ofa much broader "population" of old-growth forests.

Similarly, the implication that large-diameter, old-growth Douglas-fir in central

western Oregon developed at low stand densities must be approachedwith caution. It

would be unfortunate if a blanket silvicultural prescription of heavily thinning young

stands were adopted across the region. Not only would such an action severely curtail

management options at present, future research might indicate that it was -- as with

efforts to completely exclude fire from western forests during much of the 20th

Century -- a well-intentioned mistake.
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