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Competitive interactions between Douglas-fir seedlings

(Pseudotsuga menziesii', and seedlings of a nitrogen-fixing hardwood

associate, red alder (Alnus rubra ), were investigated in an addition
series experiment. The primary objective of the research was to

identify and quantify key processes underlying intra- and
interspecific competitive interactions of Douglas-fir and red alder
seedlings. Seedlings of both species were planted into five
monoculture densities of 1, 2, 4, 8, and 16 trees m2, and into
mixtures of all possible pairwise combinations of these densities.
Stem diameter and height were measured monthly, and were used to
calculate relative growth rates. Soil moisture depletion was
monitored using the neutron scattering method. An index of light

availability was measured through fisheye photography and
computer digitization. Leaf water potential served as a physiological

indicator of water stress physiology. Predictive equations were

developed for estimating the affect of species densities on tree yield

and growth as they changed with time. Patterns in resource use and
physiology were also modeled as functions of competitive regime.

Yield, absolute growth, and relative growth rates based on an index

of stem volume of both species declined quantitatively in response to
intra- and interspecific competition. The competitive effects of red

alder intensified with time, as the dominant overstory species grew
taller and shaded the understory Douglas-fir. Resource availability

and physiological performance were reduced quantitatively in
response to the density of each species. Manipulation of both species

densities influenced productivity through the modification of canopy
structure, light pentration, and soil moisture availability. This study

demonstrated that species density, resources, and physiology interact
in a complex fashion to produce patterns of yield in stands of
competing trees.
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Trees
"1 am looking at trees
they may be one of the things I will miss

most from the earth
though many of the ones that I have seen
already I can not remember
and though I seldom embrace the ones I see
and have never been able to speak
to one
I listen to them tenderly
their names have never touched them
they have stood 'round my sleep
and when it was forbidden to climb them
they have carried me in their branches."
-W.S. Merwin
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Forward

It has long been recognized that non-coniferous vegetation
associated with plantation conifers can suppress crop tree growth.

The initial approach taken to the problem of conifer regeneration
sought to decrease competition by the direct manipulation of
associate vegetation. Amidst the development of vegetation
management practices, concerns over long term effects of
management techniques caused major restrictions to be placed on

some of the methods used to manipulate vegetation. As so pointedly
observed by S.R. Radosevich, forest vegetation management had

become a field whose technology had grown faster than its science.

The restrictions on the use of herbicides has been suggested by
some to be an important turning point in the development of forest

vegetation management. What had began as a search for the right
"tool" has evolved into a search for biological and environmental

properties which will allow us to make better technological decisions.
Assessment of how associate vegetation influences conifer

plantations productivity requires investigation of physical processes,
interactions between species, environmental conditions, site quality,

and other constraints imposed on or within the plantation system.
The modeling of these systems must come about through the joint
efforts of scientists and managers. This dissertation seeks to

contribute to the development of mathematical and conceptual
models which quantify species interactions that influence plantation

productivity, and to the understanding of potential underlying
mechanisms of species interactions will be addressed.

Table Of Contents

Page

Part I. Introduction
Part II. Competitive Interactions Between Douglas-fir
and Red Alder Seedlings Using An Addition Series
Introduction
Methods
Results and Discussion
Implications

1

14
14
17
21

32

Part III. Growth and Stand Yield of Red alder and Douglas-fir
56
in Mixed and Monoculture Stands
56
Introduction
59
Methods
63
Results
63
Mortality
63
Individual Tree Size Components
69
Stand Performance
75
Implications
Part IV. Competitive Interactions Between Douglas-fir and
Alder Seedlings: Growth Analysis, Resource Use, and
Physiology
Introduction
Methods
Data Analysis
Results

Individual Tree Performance
Stand Level Performance
Resources and Physiology
Discussion
Competitive Ability, Resource Depletion,
and Physiological Tolerance
Resource Exploitation, Physiological Sensitivity,

and the Interaction Term
Potential Mechanisms

Red

117
120
125
127
127
1 28
13 1
1 39

140
142
143

Part V. Synopsis, Applications, Reflections, and
Speculations

190

Part VI. Bibliography

209

Part VII. Appendix

221

List of Figures
Page
38
11-1. Experimental design
40
11-2 Douglas-fir stem volume index tree-1
42
11-3 Red alder stem volume index tree-1
11-4 Change in Douglas-fir competition coefficients with size
44
and time
11-5 Change in red alder competition coefficients with size
46
and time
11-6 Logarithmic transformations of Douglas-fir stem volume
48
index tree1
11-7 Logarithmic transformations of red alder stem volume
50
index tree1
II-8a Temporal patterns of importance of density terms in
52
determining Douglas-fir stem volume index tree1
II-8b Temporal patterns of importance of density terms in
54
determining Douglas-fir stem volume index tree1

III-!. Mortality of red alder in September 1987

90

111-2 Douglas-fir height
111-3 Red alder height
111-4 Height differences between the two species
111-5 Douglas-fir stem diameter
111-6 Red alder stem diameter
111-7 Douglas-fir stem volume index increment tree-1
111-8 Red alder stem volume index increment tree-1
111-9 Logarithmically transformed Douglas-fir stem volume
index increment tree-1
111-10 Logarithmically transformed red alder stem volume
index increment tree-1
111-11 Douglas-fir stem volume index m2
111-12 Red alder stem volume index m2
111-13 Total stem volume index m2
111-14 Proportion of stand stem volume index contributed
by each species

91
93

95
97
99
101
103

105
107
109
111
113
115

158
IV-1 Relative growth rates of Douglas-fir and red alder
160
IV-2 Leaf area and stem volume index rn-2
162
IV-3 Canopy architecture of the overstory red alder
167
IV-4 Leaf area index of the under story Douglas-fir
IV-5 Proportion of visible sky at three heights in the canopy 169
IV-6 Correlations between proportion visible sky and L.A.!. 17 1
173
IV-7 Soil moisture content at 30, 60, and 90 cm
IV-8 Total seasonal soil moisture depletion in relation to species
179
densities and leaf area m2
182
IV-9 Index of soil moisture depletion
183
IV-l0 Predawn leaf water potential in June and August
IV-! 1 Relationship between predawn leaf water potential
186
and index of soil moisture depletion
IV-12 Relationship between relative growth rate and
187
predawn leaf water potential
IV-13 A conceptual model illustrating potential mechanisms
188
of competition

Figure A-i Relationship between relative photon flux density
obtained from Kipp pyranometers and proportion
visible sky obtained from fisheye photographs

221

List of Tables

11-1. Regression coefficients and ratios of coefficients for stem
36
volume tree-1
11-2. Partial correlation coefficients and model coefficients of
37
determination for stem volume index tree-1.

III-! Regression coefficients and ratios of coefficients for
78
height
111-2. Regression coefficients and ratios of coefficients for
80
stem diameter
111-3. Partial correlation coefficients for height and stem
82
diameter equations
111-4. Regression coefficients and ratios of coefficients for stem
84
volume index increment tree-1
111-5 Partial correlation coefficients for height and stem
86
diameter equations
87
111-6 Equations for stem volume index m2
Regression equations for individual tree performance
Regression equations for leaf area and stem
volume index m2
Regression equations for proportion of visible sky
Simple correlations between light and leaf area
'v-S. Regression equations for soil moisture content
by month
IV-6. Regression equations for soil moisture content
pooled for all months
IV-7 Regression equations for predawn leaf water potential
IV-8 Simple correlations between predawn leaf water
potential and soil moisture content
IV-9 Simple correlations between relative growth and other
dependent variables

147
148
150
151

152
154
155
156
157

Competitive Interactions Between Douglas-fir and Red Alder
Seedlings: Growth Analysis, Resource Use, and Physiology

Part I: Introduction
Relevancy to Forest Science

The importance of species interactions within and between
species in agriculture and forest systems has been well-recognized
(Zimdahl 1980, Radosevich and Roush 1987, Stewart et al. 1983,

Waistad and Kuch 1987). Many studies have documented the

detrimental effects of non-coniferous vegetation on the growth of
young conifers (Stewart et al. 1983). Competition for resources is

proposed to be one of the most frequent causes of these observed
growth reductions (Preest 1975, Tappeiner and Radosevich 1982,
Shainsky and Radosevich 1986, Conard and Radosevich 1982, Lanini

and Radosevich 1986). Other plant-plant interactions which

potentially influence productivity in forest systems include
amensalism, mutualism, and allelopathy, although studies defining

the importance of these processes are few (Tarrant 1961, Perry and
Choquette 1987, Tubbs 1973). While the importance of competition

in determining conifer productivity has been demonstrated
repeatedly, many principles regarding the quantitative behavior of
competing individuals within forest systems and the underlying
mechanisms of competition remain unclear. Application of well-
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documented techniques for studying competition is required if the
process of competition in forest systems is to be understood.

Formulation of effective management strategies requires
knowledge of factors governing the productivity of forest systems.
Assembly of this knowledge into conceptual and mathematical

models will help identify key regulatory processes, facilitate

management decision-making, and identify areas warranting further
research. Plantation models which can determine conditions under
which weed control measures are necessary and economically

profitable would be useful for improving vegetation management
practices. These models should predict the probable control of weed

densities using different management techniques, the consequent
loss or gain in conifer productivity, and changes in rotation length

due to the presence and abundance of associate vegetation.
A mechanistic approach to the development of plantation

models would facilitate the prediction of tree performance over a
wide range of sites and conditions. Mechanistic models must be

based on fundamental properties of the physical and biological
environment which compose the plantation system. Such properties

might include variables determining site resources and their
depletion by resident species, growth ability, physiological
performance and tolerance of the resident species. Soil conditions,

and potential animal and pathogen damage are other key features
which should be incorporated into models for predicting plantation
performance.
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Current work by Opalach et al. (1988), Wagner and Radosevich
(1987), White (1988), Cole and Newton (1986), Shainsky and
Radosevich (1986), Conard and Radosevich (1982), and Lanini and

Radosevich (1986) have contributed to the development of models
which address the effects of tree density, abundance of competitors,
environmental variables, and physiological constraints on conifer

productivity in the western forests of the United States. These

studies demonstrate that the presence of non-coniferous vegetation
reduces conifer growth. Reductions in conifer growth is often

associated with depletion and limitation of one or more key site
resources which impairs physiological functioning and consequently

limits growth. Tree spacing can interact with the abundance or
presence of other plants to influence growth (Cole and Newton 1986,

Barrett 1982, Powers and Jackson 1978). Key resources found to be
limiting under "competitive" conditions include soil moisture
(Shainsky and Radosevich 1986, Lanini and Radosevich 1986, White
1988, Cole and Newton 1986, Harrington 1988, Powers and Jackson
1978), light (Comeau 1988, Lanini and Radosevich 1986, Cole and

Newton 1986, Harrington 1988), and nitrogen (Powers and Jackson

1978, Steinbrenner 1979).
Red Alder-Douglas-fir Interactions
Douglas-fir and red alder frequently co-occur on forest sites in
the Pacific Northwest. Douglas-fir is a conifer species valued for its

high quality lumber characteristics. Red alder is a fast-growing
nitrogen-fixing hardwood species in the family Betulaceae. Its rapid
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growth and suppressing effects on young Douglas-fir have caused it

to be viewed as a major weed. However, some studies suggest that

the presence of red alder may enhance the nutrient status and
growth of Douglas-fir systems (Binkley 1984, Tarrant 1961, Gordon
et. al. 1979). The extensive acreage occupied by red alder and its

great potential for use in the pulp and lumber industries make red
alder an increasingly valuable resource. Factors which affect the
balance of the detrimental effects of red alder as a competitor and its
potential benefits are unknown.
Research on the processes of production in mixtures and

pure stands is essential if the benefits of this valuable resource
are to be realized (Tarrant et al. 1983, Atkinson and Hamilton
1978). Benefits from mixtures of red alder and Douglas-fir have
been observed on sites where fertility is low (Tarrant 1961,
Binkley 1983). Mixed stands of red alder and Douglas-fir were
more productive than adjacent pure stands of each species.
Growth of individual conifers in the mixed stands were greater

than in pure stands. On sites of adequate fertility, the
enhancement of Douglas-fir growth by the presence of red alder

has not been observed. In early stages of stand development, red
alder typically dominates Douglas-fir because of its rapid height
growth rates and high stand densities (Newton et. al. 1968,
Fowells 1965). However, species coexistence may occur if

Douglas-fir becomes established five to ten years prior to red
alder (Newton et a! 1968).
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Several studies have been implemented to explore processes
which influence tree performance in mixed and monoculture stands
of red alder and Douglas-fir. Using a modified Nelder design (Nelder

1962), Zedaker (1981) implemented the first experiment in which
red alder and Douglas-fir densities were systematically manipulated.

No evidence for benefits from soil nitrogen enhancement by the red
alder was observed. However, light and soil moisture limitations due

to the presence of red alder and high densities of Douglas-fir were
documented.

In the last five years, a comprehensive research program has
developed which consists of several studies designed to explore key
factors influencing the interactions between the Douglas-fir and red
alder. Radosevich and Hibbs (in progress) have installed a series of

replacement studies in which fertility, species proportion, and timing

of establishment are varied. In the replacement series experiment,
tree performance will be monitored in response to an array of
growing environments and mixture dynamics. Chan et al. (1988)
explore the morphological and physiological characteristics of single
red alder and Douglas-fir seedlings in response to manipulated light
and soil moisture limitations. The experiment discussed in this

dissertation was designed to study the effects of a wide range of
species densities on the interactions between red alder and Douglasfir under highly controlled experimental conditions.
Competition: Definition. Theory. and Methods of Assessment
Historically, competition among organisms has been considered

to be

important in the regulation of population growth, death, and
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birth rates (Darwin 1859, Gause 1934, Lotka 1925). Competitive

interactions have been implicated as instrumental in the process of
evolution at many levels, from individual form, populations genetics,

species diversity, and community structure in time and space ( May
1976, Harper 1977, Connell and Slatyer 1977, Cody 1974). Species

interactions have consistently been an area for fundamental research
in ecology.

Competition can be defined as the depression in growth of one

plant which is induced by the limitation(s) in resources created by
the presence of consuming neighbors. As defined by Grime (1979),

competition is " the tendency of neighboring plants to utilize the
same quantum of light, ion of a mineral nutrient, molecule of water,
or volume of space". According to Clements et al. (1929), competition

is a "purely physical process" which "arises from the reaction of one

plant upon the physical factors about it and the effect of the
modified factors upon its competitors". One of the primary objectives
of this dissertation is to study in detail the physical process of
competition between tree species.
Several experimental approaches for quantifying intra- and
interspecific competition among plants have been developed (Harper
1977, Radosevich and Holt 1984, Radosevich 1987). Techniques have

ranged from observational studies in natural or managed systems to
manipulative experimental approaches. Each technique seeks to
determine the relationship between some measure of neighbor
abundance (proximity) and plant performance.
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Common manipulative approaches employed in agroecological

settings include additive (Welbank 1963) and replacement series
experiments (De Wit 1960). In additive studies, the density of the
target plant is held constant, while the density of neighbors is varied.
The slope of the curve relating the response of plant yield to

neighbor density provides an estimate of the intensity of
interspecific interactions (Goldberg and Fleetwood 1987).

Replacement series experiments vary species proportion, while
holding total density constant. The relative competitive abilities of
the species can be assessed using this approach. The additive and

replacement approaches are both limited because of their failure to

quantitatively distinguish between intra- and interspecific
competition. This limitation is in part due to the restricted number of
competitive regimes established in the experimental designs
(Connolly 1987).

A number of recent studies using alternative methods to assess
competitive interactions in mixed and monoculture populations have

overcome many of the limitations of replacement and additive
approaches. These methods provide better mathematical descriptions
of competitive interactions between plants (Connolly 1987, Jolliffe et
al. 1984, Firbank and Watkinson 1985, Spitters 1983). The de3ign

used in these recent studies has been called an "addition series"
(Spitters 1983). The densities of all species in the system are varied
simultaneously to create a wide array of mixed and monoculture
competitive regimes. Plant responses to intra- and interspecific
competition can be quantified using multiple regression techniques.
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All plant associations assessed to date using this design have been
composed of herbaceous annuals. An objective of this dissertation

assess the use of this design to the analysis of Douglas-fir and red
alder associations.

Few competition models in forest systems have been developed
using systematic manipulation of vegetation, although numerous

studies on manipulated systems exist (Barrett 1982, Powers and
Jackson 1978, Oliver 1979, Shainsky and Radosevich 1986, Zedaker

1981, White 1988). Most studies in forest systems have developed

models from observational information of stands as they exist

naturally or as they respond to management activities (Wagner and
Radosevich 1987, Lanini and Radosevich 1986, Lemmon and
Schumacher 1962, Opie 1968, Arney 1973, Brand 1986). Each of

these models assumes that tree performance is some function of the
abundance or size of neighbors.
Mechanisms of Competition

While an abundance of models have been developed for
describing the effects of competition phenomena, few studies have
focused on the underlying mechanisms of competition (Tilman 1987,
Schoener 1985, Ford 1975). Addressing mechanisms of species

interactions involves investigation of phenomena occurring at the
levels of physiology, anatomy, and environmental physics. The

necessity of crossing over different levels of organization may be a

principal reason for the paucity of studies addressing the
mechanisms of phenomena observed at the level of populations.
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Harper (1977) has suggested that the essential system features
which determine the outcome of competition and other species
interactions fall into three main categories: biological factors,
proximity factors, and environmental factors. Biological factors

include characteristics which define life history, potential growth
rates, physiological capacity, and morphological responses which may

influence a species' ability to acquire and deplete resources
Proximity factors define the composition of the populations sharing
the common growing space and include species density, proportion

and spatial arrangement. Environmental factors or qualities include
physical characteristics that influence or quantify the fluxes and
states of resource-soil moisture content and soil factors affecting its

depletion, available nutrients, radiation, temperature regime, relative
humidity, and wind speed. While these factors have been identified
as important variables contributing to the nature of species
interactions, they have rarely been assembled into models or studied
in response to changes in competitive regime. This dissertation
addresses the assembly of factors of proximity, key resources,
physiology, and growth into a conceptual model describing potential
causal mechanisms of competition.

To understand the mechanisms of species interactions, it is
necessary to distinguish between two types of processes- effects and
responses (Goldberg 1988). Plants modify their surrounding
environment, as well as respond to it. Plants may have a negative

effect on their growth environment through resource consumption.

Plants may also have a positive effect on their environment through
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nitrogen fixation, weathering of parent material, and additions of soil

organic matter. In addition, plants respond to changes in abundance
of resources and physical characteristics of their growth
environment. The elucidation of mechanisms of species interactions

must address the effects of plant density, proportion, and spatial
arrangement on the physical characteristics and resource levels of

the environment, and the subsequent plant responses to the
modified environment in terms of growth and physiology.
The role of proximity factors in the regulating the productivity
of competing species in forest systems has been addressed by
numerous researchers (Stewart et al. 1983). Increasing the density
or cover of conspecifics or associated vegetation most often results in
a decline in individual tree performance. Changes in abundance of

conifers and associate vegetation, either naturally or through

manipulation by site preparation techniques, planting practices, and
thinning, has been shown to influence soil moisture depletion

patterns and light penetration in young forest stands (Comeau 1988,
DeLong 1988, Shainsky and Radosevich 1986, Cole and Newton 1987,
Tucker and Emmingham 1977, White 1987, Spittlehouse 1988,
Tappeiner and Radosevich 1982, Lanini and Radosevich 1986, Childs

et al. 1987).
Manipulation of resources experimentally has provided a large
body of information regarding their influence on physiology and
growth. In most cases, reducing the availability of light and soil

moisture below some optimum results in a decline in photosynthesis
(Webb 1972, Brix 1978, Zavitkovski and Ferrell 1970, Krueger and
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Ruth 1969, Krueger and Ferrell 1965, Kramer and Clark 1947), plant

water status ( Babalola et al 1968, Brix 1978, Havranek and Benecke
1978, Jarvis and Jarvis 1963a), and growth ( Chan et al. 1988,
Marshal 1984, Kaufmann 1968, Lotan and Zahner 1963, Jarvis and

Jarvis 1963a). In addition, light limitations and moisture deficits may
interact to influence growth (Chan et al. 1988, Conard and Radosevich

1982, Linder 1985). Fertility is yet another factor which interacts
with other resources to influence productivity (Powers and Jackson
1978, Binkley and Reid 1986, Linder and Axeisson 1982).
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Objectives

The overall objectives of this study are to 1) assess an

experimental design, the addition series, for quantifying intraand interspecific competition in a perennial system and 2)
elucidate potential underlying mechanisms of competitive
interactions.

The specific working hypotheses addressed in this study are:
1) manipulation of species density results in quantifiable changes in

plant size; 2) individual plant sizes summed over an area basis
produces distinct stand structural properties such as leaf area and
canopy architecture which can be attributed to competitive regime;
3) manipulation of the proximity factors results in a manipulation of

resource states which may be correlated with the effects of
proximity factors on stand structural properties; 4) physiological

indicators respond to resource depletion as influenced by
competitive regime; and 5) interrelationships between proximity
factors, resources, and physiology are responsible for the observed
yield responses

Part II of the dissertation addresses the response of
individua' tree yield in the context of theoretical plant ecology,
and will consider aspects of the experimental design, statistics,
and the observed competitive outcome. The primary objective of

Part II is to assess the utility of the experimental approach for
addressing competitive interactions between tree species through

13

time and to determine key properties in the behavior of tree size
in response to competition. Part III addresses tree size
components, growth responses and stand yields. The major

objective of Part III is to address the biology of the growth and
yield observed in the system, and to discuss potential
implications for management. Part IV will consider the

interrelationships between yield, resource depletion, and
physiology in an effort to elucidate underlying mechanisms of the
observed yield phenomena.
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Part II. Competitive Interactions Between Douglas-fir and Red Alder
Seedlings Using an Addition Series

Introduction
Several mathematical models that describe the response of
individual plants to intraspecific competition in monoculture have
been developed (Willey and Heath 1969, Harper 1977). Linear and

non-linear extensions of these models to include the effects of other
species have been formulated recently (Spitters 1983, Watkinson
1980, Silander and Pacala 1985, Roush and Radosevich 1988).

Experiments in which species densities are systematically

manipulated to span a wide variety of competitive regimes (Spitters
1983, Miller and Werner 1987, Firbank and Watkinson 1985,
Concannon and Radosevich 1988, Roush and Radosevich 1988)

represent marked improvements over earlier experimental
approaches (Connolly 1986, Radosevich 1987). These recent
experimental approaches provide a basis for the development of
models that quantify the discrete effects of intra- and interspecific
competition.
Spitters (1983) proposed incorporating inter- as well as

intraspecific effects into the reciprocal yield law equation (Shinozaki

and Kira 1956). The amended reciprocal yield equation proposed by

Spitters (1983) describes the effects of each species' densities on the
reciprocal of individual plant yield:
l/Wa

l/WaO + Baa (Na) + B ba (Nb)
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where wa

individual plant yield of species a, WaO is the theoretical

individual plant yield which would result in a competitor-free
growing regime, Baa is the regression coefficient quantifying the
intraspecific effect of the density (Na) of species a on the reciprocal
of its own yield, and Bba is the regression coefficient which quantifies

the interspecific effect of the density (Nb) of species b on the
reciprocal yield of species a. Yield in most cases is aboveground dry

weight at some time t. The behavior of the coefficients with time has

not been addressed to date. The importance of a higher order
interaction term, Bj(Na*Nb) is subject to debate and remains a testable
feature of the model (Pacala and Silander 1987). The equation can be

further expanded to incorporate other species into the experimental
system (Roush and Radosevich 1988).

Other forms of the general model initially proposed by Spitters
(1983) have been developed. Such models include non-linear
(Watkinson 1980) or logarithmically transformed components (Roush
and Radosevich 1988, Concannon and Radosevich 1988) in a similar

equation. Each model is based on the use of multiple regression

techniques for generating equations that quantify the separate
competitive effects of each species in the system. This procedure
requires that densities of all species present in the system be
adequately varied.

Variation in competitive regime may be achieved by
establishing an addition series (Spitters 1983, Radosevich 1987). An
addition series is composed of a series of monoculture densities of

each species, and mixtures representing all possible combinations of
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the monoculture densities. Plant performance over a wide range of
species densities and proportions is assessed, in contrast to the

limited range of competitive regimes represented in replacement
series and additive studies.
While competitive interactions within and between species

have been investigated using the addition series approach in a
number of herbaceous systems ( Miller and Werner 1987, Concannon
and Radosevich 1987, Roush and Radosevich 1988, Law and

Watkinson 1987), the approach has not been applied in perennial

systems. Numerous studies have demonstrated that trees comply to
well-established yield-density relationships in monoculture (Hibbs
1987, White 1980, Drew and Flewelling 1979, West and Borough

1983). However, few researchers have used manipulative systematic
designs to study mixed stands of species in forest systems (Zedaker
1981, Shainsky and Radosevich 1986, Radosevich 1984, White 1988).

Many reforestation problems are associated with interactions
between conifers and competing vegetation (Newton 1973, Stewart

et al. 1983). Thus, use of systematic experimental approaches should
contribute to the the development of models for predicting tree
performance over a wide array of competitive regimes.
An addition series approach was employed in this study to
examine the interactions between seedlings of two sympatric tree
species in the Pacific Northwest, red alder (Alnus rubra Bong.) and
Douglas-fir (Pseudotsuga menziesii (Mirb) Franco). The addition

series composed of a two-way density gradient of the two tree
species was established in order to generate competition coefficients
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quantifying their intra- and interspecific relationships. Comparisons

of the competition coefficients were assessed in order to determine
the relative magnitudes of two distinct phenomena- competitive
effects and responses (Goldberg and Fleetwood 1987). Changes in the

competition coefficients over time were assessed to determine the
influences of density, plant size, and time on the interactions within

and between these two tree species.
Methods

The experiment was conducted on the Oregon State University
Vegetable Crop Research Farm near Corvallis, Oregon, U.S.A. The

elevation is 210, with 0% slope. The mean annual temperature is 110
C, and the mean annual precipitation is 1Q8 cm. The soil is a Chehalis

sandy clay loam, with a clay hardpan at a depth of 90-100 cm. Soil
samples taken at depths of 30, 60, and 0 cm revealed no apparent

lateral heterogeneity in bulk density priçr to the establishment of
the study. Total nitrogen averaged 0.10 % in the top 30 cm of the soil
(Kim 1987).

Two year old Douglas-fir seedlings were obtained from the U.S.

Forest Service nursery in Elkton, Oregon. Two year-old red alder

seedlings were obtained from three sites in the Pacific coast range
near Corvallis and stored in a cold room for 3-5 days prior to
planting. The seedlings were planted Jailivary 22-25 in 1985.
Mortality in the first and second growing season was <1% of each

species. Dead seedlings were not replanted.
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Monocultures of both species were planted at 0, 1, 2, 4, 8, and
16 trees rn-2. Mixtures were composed of all possible pairwise

combinations of the monoculture densities. These density

combinations were arranged regularly in each replication, creating a

two-way density matrix (Figure Il-i). Each plot was 3x3 m2, with a
0.50 m buffer between adjacent plots. This arrangement allowed
some interaction of trees among adjacent plots, which were similar in

competitive regime and decreased the amount of buffer area

required for the experiment. It also restricted potential border
effects to treatments on the edges of the gradient. Three replications
were planted, each of which was randomly rotated with respect to its
north-south orientation.

Control of the mostly annual weed species was accomplished

manually in the spring of 1985. Weed invasion of the low density
Douglas-fir monocultures was frequent, and required periodic
manual removal during the second growing season. All other plots

required only an occasional removal of suppressed weed individuals

for the duration of the experiment.
Nine trees of each species were selected from the center of

each plot for monthly measurements of stem diameter at 2 cm above
ground level and height. In order to maintain a sample size of nine

trees per species per plot, border trees in low density plots also were
measured and their positions within the plot recorded. The effect of
position on yield responses was determined using an analysis of
variance. No significant effects of position on tree performance were
detected at the p<O.000i level of significance. An estimate of tree

19

biomass was calculated as (height) x (stem diameter)2 and is referred
to as stem volume index. Measurements were made on the following
dates: August 28-30 1985;

20-22, August 28-31, 1986;

April 1-3, May 12-15, June 16-18, July
April 12-15 and September 20-22,

1987.

Trees planted adjacent to the experiment were periodically

harvested to obtain relationships between biomass and stem volume
index. A high correlation was found between these two parameters
(R2= 0.97, p<O.000l and 0.96, p<O.0001 for red alder and Douglas-fir,

respectively). However, competitive regime may influence allometric

relationships (Cooke et al. 1988). Therefore, the calculated measure

of stem volume index will be used as the estimate of plant yield.

Plot means for each measurement period were weighted by the

reciprocal of their respective variances in order to attain the best
linear unbiased estimate of the coefficients using multiple linear
regression analysis (SAS Institute Inc. 1985). The stepwise
regression procedure (SAS Institute Inc. 1985) was used with a
significance level of entry value of 0.05.

Independent variables included in the pooi of potential model
variables were Douglas-fir density (Ndf), red alder density (Nra), and

the product of the densities (NraNdf). Various transformations of the

dependent and independent variables were tested, including the
reciprocal, log, and log-log. Examination of the distribution of model

residuals accompanied each analysis. Equations were chosen based

on the attainment of random residual distribution, minimum root
mean square error, and high coefficient of determination. In all years
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for both species, the best unbiased linear fit to the data obtained
with weighted regression utilized the logarithmic transformation of
both independent and dependent variables.
The equations obtained by the procedure described above
provided a means to determine the absolute and relative effects of
each species to the identity and abundance of its neighbors. The
potential performance of each species under competition-free
conditions was determined from the intercepts of the equations. The
coefficient of determination (R2) may be indicative of the importance
of competitive interactions relative to other factors influencing tree
productivity (Weldon and Slausen 1987). The partial coefficients of
determination (pr2) provided an estimate of the amount of variation
in tree yield attributed to each independent variable in the model.
Equations obtained for red alder were composed of an intercept
(Bras), a coefficient which described the effects of red alder density
on red alder yield (Brara), and a coefficient describing the effects of
Douglas-fir density on red alder yield (Bdfra). Similarly, equations
obtained for Douglas-fir had an intercept (BdfO), a coefficient which

described the effects of red alder density on Douglas-fir yield (Bradf),
and a coefficient describing the effects of Douglas-fir density on
Douglas-fir yield (Bdfdf). Most of the equations also contained a

coefficient describing the effects of the product of the two species

density terms. This coefficient was denoted in red alder equations as
Bjra and in Douglas-fir equations as Bjdf.

The relative magnitudes of the regression coefficients

estimated for individual tree yield may be compared in two different
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manners. The ratio of coefficients within an equation is an estimate
of the relative response of a given species to the densities of each
species. For example, the ratio of Brara/ Bdfra provides an estimate of

the response of red alder to red alder density relative to its response
to Douglas-fir density. Comparisons made within a species' equation
hold the responding species constant and so are designated as
relative responses. The ratio of coefficients for a given species'

density calculated from comparisons made between equations may
reflect the relative effects of a given species on the yield of each
species. For example, the ratio of Brara/Bradf provides an estimate of

the effects of red alder density on red alder relative to the effects of
red alder density on Douglas-fir. Comparisons made between

equations hold the effecting species constant, and so are designated

as relative effects. While the distinction between the two ratios may
initially appear to be of only semantic significance, the two

phenomena that the ratios estimate- effects and responses- may be
quite distinct (Goldberg and Fleetwood

1987).

Results and Discussion

Individual Tree Size

Estimates of individual stem volume index in response to the

two-dimensional density matrix for Douglas-fir and red alder at the
end of the 1985, 1986, and 1987 growing seasons are presented in

Figure II-2abc and 3abc. (Stem diameter and height responses are
discussed in Chapter III). The response functions were nonlinear, and

the degree of concavity increasing over time. Increasing the density
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of both species resulted in a reduction of yield of both Douglas-fir

and red alder. At high red alder densities, however, increasing the
density of Douglas-fir resulted in an increase in Douglas-fir yield

tree1.
Red alder density explained the greatest proportion of

variation and had the largest regression coefficients of the three
density terms in yield equations of both species in all years (Table

11-1 and 2). Intercepts of the stem volume index tree1 equations
developed for red alder, which represent potential size in
competition-free growing environments, were always greater than
those of Douglas-fir (Table 11-1). Regression coefficients for red alder

density were consistently 2-3 times greater than the regression
coefficients for Douglas-fir density (Table Il-i). Partial coefficients of
determination indicate that red alder density explained > 80% of the
variation in stem volume index tree-1.
Relative Competitive Effects and Responses

The competition coefficients obtained through regression

analysis may be used to assess two distinct phenomena- effects of
and responses to competition- and may provide insight as to the

nature of the species interactions. Table II-! contains the
competition coefficients and the ratio of coefficients made from
within-equation comparisons (relative competitive responses) and
ratios from between-equation comparisons (relative competitive
effects). Examination of the second year's data provides an example

which illustrates the distinction between competitive effects and
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responses. The interspecific regression coefficient for red alder
quantifying the influence of Douglas-fir density on the yield of red
alder in 1986 (Bdf.ra) is -0.43. The intraspecific regression coefficient

which quantifies the influence of Douglas-fir on its own yield in 1986
(Bdf.df) is -0.49. The relative effect of Douglas-fir density on red alder

yield relative to its effect on the yield of Douglas-fir is then

calculated as -0.431-0.49= 0.88 (Table II-!). This ratio implies that in
1986 Douglas-fir was almost equally effective at influencing its own

yield as it was the yield of red alder. The relative effect of red alder
on red alder and Douglas-fir 1986 was -1.151-1.11=1.03, indicating

that red alder was equally effective at influencing the yield of both
species.

The response of Douglas-fir yield to red alder density, relative
to its response to the density of Douglas-fir in 1986 is Bradf/Bdfdf,

.1.111-0.49 = 2.26 (Table 11-1). This ratio suggests that Douglas-fir

was approximately twice as sensitive to red alder density as it was to
conspecifics in 1986. The relative response of red alder to red alder
and Douglas-fir densities was -1.15/-0.43=2.67, which suggests that

red alder was two and a half times as sensitive to red alder as it was
to Douglas-fir in 1986.

The relative competitive effects and responses for the two tree
species changed with time. The relative competitive effects of both
species decline with time. Relative competitive effects of Douglas-fir

decreased from 2.56 in 1985, 1.00 in 1986, to 0.59 in 1987, implying

that Douglas-fir's ability to influence red alder decreased as time
progressed relative to its ability to influence the yield of conspecifics.
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The effect of red alder density on red alder yield, relative to its
effects on Douglas-fir, decreased from 1.85 in 1985 to 1.04 in 1986,

and 0.85 in 1987.
The relative competitive response of Douglas-fir yield to red

alder density relative to Douglas-fir density was fairly stable
throughout the experiment with values of 2.70 in 1985, 2.27 in 1986,

and 2.32 in 1987. Red alder yield responses to red alder density
relative to Douglas-fir density increased from 1.92 , 2.38, to 4.17 in
1987.

The competition coefficients and their relative magnitudes
reflect the influence each species has on the growing environment.

An individual of a particular species may use a discrete quantum of

each of its required resources, and the rate or magnitude of resource
consumption may be a function of size (Connolly 1986). The removal

of that quantum of resource might therefore result in a discrete
effect on the shared growing environment and subsequent growth of
its neighbors. The competition coefficients may also reflect the
integration of physiological and morphological responses of the

species to the sum of resource quanta removed.
The red alder seedlings occupied a superior position in the

stand canopies and were one meter taller than the Douglas-fir 1985,
two meters taller in 1986 and four meters taller in 1987 (see
Chapter III ). Red alder was the larger competitor, made greater

demands on the resources (Chapter IV), and had a larger relative
effect on the yield of both species. Data discussed in Chapter IV

demonstrates that red alder density was consistently twice as
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influential as Douglas-fir density on the light and soil moisture
environment in 1986, as well as on the water stress of Douglas-fir.
Change in Competition Coefficients Through Time

Regression coefficients quantifying the effects of each species'

density on stem volume index became more negative with time and
the size of the affecting tree.(Figure II-4ab, Figure II-5ab ). Figure

II-5ab demonstrates that change in red alder's effect on the stem
volume index of Douglas-fir (Bradf) and red alder (Brara) was

associated with changes in (a) red alder's maximum size (Bras), and
(b) time. Regression coefficients quantifying the effect of Douglasfir's influence on the yield of conspecifics (Bdfdf) became more

negative with time and size of Douglas-fir, while its effect on red
alder (Bdfra) increased only minimally with time or size (Figure II5ab). This increase in magnitude of the competition coefficients

suggests that competitive interactions became more intense as the

trees grew, made more demands on environmental resources, and
imposed on the growth of their neighbors.
The increase in the magnitude of the competition coefficients

with time was associated with an increase in the variation in tree
size. Trees growing in high densities grew little, while those in less
dense stands grew rapidly. Regression coefficients calculated using

least squares method are equal to
b=

[(Xi - Xi)(Yj-Yj)]/ [(Xi-Xi)]2

(Neter, Wasserman and Kutner 1983) where Xi and Xi correspond to
the observed and mean density of species i, respectively; Yj and Yj
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correspond to the observed and mean yield of species j, respectively.

In this experiment, the values of the independent density variables
did not change. Thus, an increase in the variation in tree size (Yj-Vj)
should automatically cause the competition coefficients to become

greater in magnitude. However, the coefficients of determination

(Table 11-2) increased with time, suggesting that an increase in the

variation in tree size was attributable to competitive regime with
each successive year.

Interaction Between Intra- and Interspecific Effects
The density interaction terms in the yield equations of both
species were highly significant in 1986 and 1987 (Table 11-1). A

significant density interaction term indicates that the effects of
intraspecific interaction are not strictly additive to interspecific
interaction effects. The logarithmically transformed red alder yield

is plotted in Figure II-7abc against red alder density for
different isolines of Douglas-fir density. The change in slopes for the
tree

-1

different isolines of Douglas-fir density illustrates the nonadditivity
of intra- and interspecific density effects on the yield tree 1 of red
alder. Increasing Douglas-fir density results in a decline in slope,

which reflects a decrease in the sensitivity of red alder to
intraspecific competition.

A similar treatment of the Douglas-fir data (Figure II-6abc)

demonstrates this same phenomenon with more significant
consequences. At low red alder densities, Douglas-fir yield tree

1

declines with increasing Douglas-fir density. At high alder densities,
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adding Douglas-fir to the mixture increases the yield tree 1 of
Douglas-fir seedlings. For both species, the magnitude of the

interaction term increased with time, which is reflected in the
increase in divergence of the slopes of the isolines of the
logarithmically-transformed data.

The significance of the interaction term reflects the
interdependency of the intraspecific and interspecific effects. When
the interaction term is significant, the regression coefficient for the
Douglas-fir density term in either species' yield equation (Bdf.i)

quantifies the maximum negative effect of Douglas-fir density as red
alder density tends toward zero. Similarly, the regression coefficients

for the red alder density term (Bra.j) represents the maximum
negative effect of red alder density as Douglas-fir density tends
toward zero.

The validity of higher order interaction terms have been
disputed in the literature (Pacala and Silander 1987). Until recently,
most experiments on competitive effects have not been designed to
address this phenomenon adequately. Nonadditivity has been
demonstrated in non-linear models by Law and Watkinson (1985),
and in linear models by Concannon and Radosevich (1988).

Significant interaction terms could occur when both species make

significant demands on the resource environment, such that
competition is not one-sided. In addition, the interaction term may
also be significant in cases where more than one resource is limited
and the object of competition, and when the species differ in
physiological tolerances to resource limitations.
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The response of Douglas-fir to the density of conspecifics

changed from a negative slope to a positive slope (Figure II-6bc),

reflecting the significant magnitude of the interaction term in
Douglas-fir yield equations. The increase in Douglas-fir stem volume

index tree-1 with increasing Douglas-fir density at high densities of

red alder was associated with patterns in soil moisture depletion, leaf

water potential, red alder leaf area m2, and light availability
(Chapter IV). At high densities of red alder, increasing the density of
Douglas-fir resulted in reductions in soil moisture available to the
red alder and more negative leaf water potentials of the red alder.
Leaf area production of red alder is highly sensitive to water stress
(Chan et al. 1988). Increasing the density of understory Douglas-fir
was associated with significant reductions in overstory red alder leaf
area rn-2 and increasing levels of light (Chapter IV). Increasing light
levels with increasing Douglas-fir density at high densities of red
alder are associated with increases in Douglas-fir tree size (Figure II2bc and II-6bc). Data from Chapter IV indicate that belowground
competitive effects of both species altered the canopy structure of
and subsequent light attenuation by the overstory red alder, which
in turn influenced the growth of the understory Douglas-fir.
Importance Versus Intensity of Species Densities in Determining Tree
Yield

Two aspects of competition in plant systems have been
distinguished by Weldon and Slausen (1986). The intensity of

competition refers to the magnitude of yield loss that results from

29
the proximity of neighbors. The importance of competition refers to

the degree to which the proximity of neighbors determines plant
performance relative to all other factors. The regression coefficients
quantify the intensity of competition exerted by each species, while
the coefficient of determination may reflect the importance of
competition, provided the model used is the best fit of all possible
models.

The high values of the coefficients of determination (R2) for the

competition equations (Table 11-2) suggest that competitive

interactions were of significant importance in determining tree size.

The extreme densities employed in this experiment forced
competitive interactions to be the most important factor regulating
plant performance. Under less dense conditions, other factors may be
important in determining plant size. The magnitudes of the model
coefficients of determination also reflect the homogeneity of field

conditions, the minimum pressure from herbivores, and excellent
planting survival experienced in this experiment.

The intensity with which red alder influenced the yield of both
species increased as the stands developed, as indicated by the
magnitude of the competition coefficients. The amount of variation in

tree size attributable to red alder density, indicated by the partial
coefficients of determination (Table 11-2), increased as the stands
developed. This observation suggests that the importance of red
alder density increased as a factor mediating tree size. While the
intensity with which Douglas-fir density influenced tree growth
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increased, its relative importance in determining tree size declined as

the stands developed.
Relative Contributions of Size. Time and Density: A Statistical

Treatment
When size at the end of the prior growing season is added to
the pooi of explanatory variables in the competition equations, the
relative contributions of past competitive stress and present
competitive stress may be statistically determined. The effects of
each species density and tree size at the end of the prior growing
season, as expressed by their partial coefficients of determination,
are presented diagramatically in Figures II-8ab. During the initial
growing season, 43% of the variation in yield tree1 of Douglas-fir
was attributed to red alder density, 4% to Douglas-fir density, 0.0% to
the interaction term, and 0.0% to size at the start of that growing
season. Variation in yield tree-1 of Douglas-fir in August 1986 was
attributed mostly to red alder density (76%) and 4% to Douglas-fir
density. 11% of the variation in yield at the end of the second season
was attributed to the competitive outcome of the previous year. At
the end of the third year, 89% of the variation in yield of individual
Douglas-fir trees was attributed to the previous season's competitive
regime (Figure II-8a).
At the end of the initial growing season, both species exerted a
significant influence on the yield tree -1 of red alder (Figure II-8b).
At the end of the second growing season, 10% of the variation in red
alder size was attributed to the previous year's competitive regime,
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82% was attributed to density of conspecifics, and 1% to Douglas-fir

density. Red alder continued to be significantly influenced by the

present competitive regime, as 85% of the variation in red alder yield

at the end of the third growing season was attributable to red alder
density, 8% to the size at the end of the previous season, and 0% to
Douglas-fir density and the interaction term (Figure II-8b).

These data indicate that initial competitive stress may have set
the conifers in the various competitive regimes on a specific growth
trajectory. Growth of Douglas-fir may have become a function more

of size due to initial competitive stress than due to present
competitive stress. Declines in growth rates of the suppressed

conifers in 1987 (Chapter III) may have contributed to the
observation that most of the variation in yield in 1987 was
attributed to yield in 1986.
While the intensity of Douglas-fir's impact on both species
increased with time, the importance of Douglas-fir in the system
declined to 0% by the end of the third growing season. The decline in

importance of Douglas-fir in the system was associated with the

increasing height differential between the canopies of the two
species (Chapter III). An increase in the height advantage of the
overstory red alder would limit the access of Douglas-fir seedlings to

light, which would result in inhibited photosynthesis and
transpiration. These limitations in carbon gain and transpiration by
the Douglas-fir would then limit allocation to resource-acquiring

structures and resource consumption, and would further diminish
their ability to influence the growing environment.
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Implications:

Efficacy of the Experimental Design and Determination of Features of
Competition

Use of this experimental approach allowed the discrimination

between intra- and interspecific competitive effects which often
remain obscure in the analysis of additive and replacement designs
(Connolly 1984, Radosevich 1987). The addition series approach and

analysis provided a basis for developing equations describing effects
and responses of perennial tree species to competition. The
competition coefficients obtained through regression analysis of yield

response surfaces estimated the intensity of yield reduction
associated with each species. Their relative magnitudes reflected the

relative effectiveness of the two species as competitors, and their

relative sensitivities to the abundance and identity of neighbors.
Partial coefficients of determination for the competition coefficients

provided estimates of the importance of each species in their ability
to influence tree yield.
The intensity of competitive interactions was dependent on the

interrelationship between species densities and species size
differences. The intensity of competitive interactions, as estimated
by the competition coefficients, increased with the size of the trees
and with time. The importance of the inferior competitor in
mediating yield of both species declined as the size differential

between the two species increased. The importance of the superior
competitor remained fairly consistent through time.
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Size hierarchies amongst the conifers in the density gradient

were created by early competitive interactions and became
accentuated with time. Past competitive stress became confounded
with present competitive stress. Addition of size components into the

competition equations statistically distinguished between past and
present competitive effects. Use of partial coefficients of

determination assisted in determining the importance of each species
in shaping individual tree size and stand yield. These analyses
suggest that both regression coefficients and partial coefficients of

determination should be utilized when assessing the intensity and
importance of competitive interactions between species.

The results of this study demonstrate the interdependency
between competitive effects within and between species. The effects
that Douglas-fir had on red alder influenced the intensity with which
red alder influenced Douglas-fir. Similarly, the effects that Douglasfir had on conspecifics was determined in part by the effects of red
alder on Douglas-fir. When the intensity of intraspecific interactions

is dependent on the intensity of interspecific interactions, they may
not be accurately quantified as separate and discrete components,
but as multiplicative products.
These results demonstrate the complexity of plant-plant
interactions. Competitive interactions produce patterns in plant yield
which change with time, size, and identity of neighbors. As discussed

in a subsequent chapter, interactions between and within species
also depend on physiological and morphological characteristics which

determine patterns in resource acquisition, assimilation, and
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acclimation. This chapter demonstrates that species respond
quantitatively to the proximity of neighbors.
Application iQForest Management

The results of this study are inextricably tied to the methods
used to address the association between these two species. In

particular, the high planting densities used in the study forced
competition to be the dominant factor influencing tree growth. Under
conventional planting densities, other sources of variation such as
animal damage, microsite variation, genetics, and other events or

conditions may be more important than competition in determining

variation in tree size at early stages of stand development.
The interactions between species densities, time of
establishment, and soil nitrogen levels are important in considering
the balance between facilitation and competition between these two
species. When conifer establishment precedes that of red alder, or
when growth of red alder is slowed by frost or herbivory, conifer

suppression is less severe and productive mixed stands result
(Newton et al 1968, Tarrant 1961, Miller and Murray 1979). At

wider spacings, the presence of red alder may not significantly
interfere with the conifers during early stages of stand development.
During early stages of stand development, significant accretion of soil

nitrogen may be occur. When ambient soil nitrogen levels are low,

enhanced soil nitrogen through fixation by the red alder could
enhance conifer growth before water and light competition ensues
between the two species. In this study, ambient soil nitrogen levels
(0.10%) may not have been limiting, and high densities early in stand
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development created competitive conditions which resulted in net
negative interactions between red alder and Douglas-fir. More
studies should be conducted over a range of soil nutrient conditions

in order to provide the scope necessary to predict the outcome of
interactions between red alder and Douglas-fir.
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Table H-i. Regression coefficients and ratio of coefficients from
equations quantifying the response of logarithmically transformed
Douglas-fir and red alder stem volume index tree -1to red alder
(Ln(Nra)), Douglas-fir density (Ln(Ndf)), and their product
(Ln(Ndf)*Ln(Ndf)). Standard errors are provided in parentheses.
aRegression Coefficients
Bi0

Bra.j

Ln(Nra)

Bdf.j

bRatio of Coefficients
B.1

Bra.j /Bdf.j

Ln(Ndf) Ln(Ndf)*Ln(Ndf)

1985

-0.24 (.03)-0.09 (.01)
Red Alder 6.29 (.08) -0.44 (.05)-0.23 (.03)
D. fir

4.02 (.06)

0.00 (.00)
-0.00 (.00)

2.70
1.92

CRatio

of Bj.ra/Bj.df 1.56

1.83

2.55

1986
D. fir
6.55 (.07) -1.11 (.08) -0.49 (.07)
R. Alder
9.26 (.07) -1.15 (.05) -0.43 (.06)
Ratio
0.88
1.03
OfBj.ra/Bj.df 1.41

+0.26 (.05)
+0.11 (.03)

2.27
2.38

0.42

1987
7.83 (.08)
D. fir
R. Alder 10.49 (.09)
Ratio
OfBi.ra/Bj.df 1.33

-1.46 (.09) -0.63(.08) +0.33 (.05)
-1.24 (.07) -0.48(.07) +0.20 (.04)
0.85

0.76

2.32
4.17

0.60

aEquation intercepts (Bi0) represent estimates of tree yield in the
absence of competition. Bra.j and Bdf.j are regression coefficients
quantifying the effects of red alder density and Douglas-fir density,
respectively, on species i. B is the regression coefficient quantifying
the effects of the product of the two species' densities on tree yield.
All model parameters were significant to the level of P<0.0001.
bRatios calculated from Bra.j/Bdf.j were obtained from withinequation comparisons and represent the relative responses of species
i to the effects of red alder density and Douglas-fir density.
CRatios calculated from Bj.ra/Bj.df were obtained from betweenequation comparisons and represent the relative effects of the
density of species i on red alder and Douglas-fir yield.
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Table 11-2. Partial coefficients of determination and model
coefficients of determination for the competition coefficients for
Douglas-fir and red alder seedlings based on equations for yield
tree-1.
apR2

pR2

pR2

(Nra)

(Ndf)

(Ndf*Nra)

1985
Douglas-fir
Red Alder

0.43
0.53

0.04
0.22

0.00
0.00

0.47
0.75

1986
Douglas-fir
Red Alder

0.74
0.82

0.03
0.01

0.06
0.01

0.82
0.84

1987
Douglas-fir
Red Alder

0.80
0.84

0.02
0.03

0.06
0.03

0.88
0.90

R2

ayalues represent partial coefficients of determination for regression
coefficients obtained from competition equations describing the
effects of logarithmically-transformed red alder density (Nra),
Douglas-fir density (Ndf), and their product (Nra*Ndf) on stem
volume index tree-1 of Douglas-fir and red alder for each growing
season. Partial coefficients of determination presented here are
determined when all significant parameters are included in the
model. Degrees of freedom for error sums of squares for each species
varied from 80-88.
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Figure 11-i. Experimental Design. The design is a two-way density

gradient with five monoculture densities of each species and
mixtures composed of all possible pairwise combinations of these

densities. The numbers in the squares refer to
Douglas-fir m-2/red alder m2.
The experiment is composed of three replications of the density

gradient, each of which are randomly rotated with respect to their
east-west orientation.
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Figure 11-i
EXPERIMENTAL DESIGN: A TWO-SPECIES DENSITY
GRADIENT
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Figure 11-2. Douglas-fir stem volume index tree1 in response to red

alder and Douglas-fir density (trees m2) in (a) 1985, (b) 1986, and
(c) 1987. Stem volume index= (stem diameter at 2 cm)2 x height.
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Figure 11-3. Red alder stem volume index tree1 in response to red

alder and Douglas-fir density (trees m2) in (a) 1985, (b) 1986, and
(c) 1987. Stem volume index= (stem diameter at 2 cm)2 x height.
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Figure II-3abc
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Figure II-4a. Change in competition coefficients quantifying the
effect of Douglas-fir density on Douglas-fir (Bdfdf) and on red alder
(Bdfra) as a function of time. Competition coefficients were obtained
from regression equations for Douglas-fir and red alder stem volume
index tree-1 in response to red alder density (Nra), Douglas-fir
density(Ndf) and their product (Ndf*Nra).
Figure II-4b. Change in competition coefficients quantifying the
effect of Douglas-fir density on Douglas-fir (Bdfdf) and on red alder
(Bdfra) as a function of maximum Douglas-fir size (Bdfo). Competition
coefficients were obtained from regression equations for Douglas-fir
and red alder stem volume index tree-1 in response to red alder
density (Nra), Douglas-fir density(Ndf), and their product (Ndf*Nra).
Maximum size (Bdfo) was estimated from the intercepts of the
Douglas-fir equations.
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Figure II-5a. Change in competition coefficients quantifying the
effect of red alder density on Douglas-fir (Bradf) and on red alder
(Brara) as a function of time. Competition coefficients were obtained
from regression equations for Douglas-fir and red alder stem volume
index tree-1 in response to red alder density (Nra), Douglas-fir
density(Nf) and their product (Ndf*Nra).
Figure II-5b. Change in competition coefficients quantifying the
effect of red alder density on Douglas-fir (Bradf) and on red alder
(Brara) as a function of maximum red alder size (Brao). Competition
coefficients were obtained from regression equations for Douglas-fir
and red alder stem volume index tree1 in response to red alder
density (Nra), Douglas-fir density (Ndf) and their product (Ndf*Nra).
Maximum size (Brao) was estimated from the intercepts of the red
alder equations.
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Figure II-5ab
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Figure II-6abc. Logarithmically transformed stem volume index
tree1 predicted from the competition equations for Douglas-fir in
response to logarithmically transformed Douglas-fir density (Ndf) at
different densities of red alder density (Nra) in (a) 1985, (b) 1986,
and (c) 1987. Bdfdf represents the slope of the isoline for each red
alder density which quantifies the effect of Douglas-fir density on
Douglas-fir stem volume index tree1.
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Figure II-7abc. Logarithmically transformed stem volume index
tree-1 predicted from the competition equations for red alder in
response to logarithmically transformed red alder density (Nra) at
different densities of Douglas-fir density (Ndf) in (a) 1985, (b) 1986,
and (c) 1987. Brara represents the slope of the isoline for each
Douglas-fir density which quantifies the effect of red alder density
on red alder stem volume index tree-1.
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Figure II-7abc.
Effects of Douglas-fir Density on Red Alder Intraspecific Interactions
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II-8a. The temporal pattern of importance of Douglas-fir density
(Ndf), red alder density (Nra), their product (Intrx), and size at the
end of the previous growing season (Yi) in determining stem volume
index tree-1 of Douglas-fir. Importance values represent partial
coefficients of determination for each estimated parameter in
competition equations which include the size variable.
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II-8b. The temporal pattern of importance of Douglas-fir density
(Ndf), red alder density (Nra), their product (Intrx), and size at the
end of the previous growing season (Yi) in determining stem volume
index tree-1 of red alder. Importance values represent partial
coefficients of determination for each estimated parameter in
competition equations which include the size variable.
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Part III. Growth and Stand Yield of Red Alder and Douglas-fir
Seedlings in Mixed and Pure Stands

Introduction
Red alder (Alnus rubra Bong.) is an abundant, fast-growing,

nitrogen-fixing hardwood tree species that coexists with Douglasfir (Pseudotsuga menziesii) in the Pacific Northwest. Red alder

has been characterized primarily as an undesirable tree species
because it can preempt site resources and inhibit growth of
associated conifers (Waistad and Kuch 1987). The ability of red

alder to fix nitrogen in association with a root symbiont (Frankia

spp.) and its potential value as a wood product has created an
interest in mixed red alder and Douglas-fir culture (Tarrant et al.
1983, Atkinson and Hamilton 1978).

Benefits from mixtures of red alder and Douglas-fir have

been observed on sites where fertility is low (Tarrant 1961,
Binkley 1983). Mixed stands of red alder and Douglas-fir were
more productive than adjacent pure stands of each species. On

sites of adequate fertility, overyielding was not observed. In

early stages of stand development, red alder typically dominates
Douglas-fir because of its rapid height growth rates (Newton et al.
1968, Zavitkovski 1972). However, species coexistence may occur

if Douglas-fir becomes established five to ten years prior to red
alder (Newton et al 1968). Studies which assess the factors

determining the competitive balance between these two species
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are necessary if potential benefits from mixed stands are to be
realized.

Numerous studies exist which document the detrimental
effect of high planting density on the growth and physiology of
Douglas-fir and red alder (Bormann and Gordon 1984, DeBell

1972, Smith 1983, Smith and Hann 1986, Curtis 1970, Cole and
Newton 1986). Much of the ecological theory concerning the

4

relationships between productivity and tree density has been
developed using pure even-aged tree stands. The effect of species
mixtures on these well-documented relationships is largely
unknown.
Studies involving non-systematic manipulation of competing
vegetation demonstrate that tree performance usually declines as
indices of competition from associated vegetation increase (Wagner
and Radosevich 1987, Stewart et al. 1983, Walstad and Kuch 1987).
Most studies on woody and herbaceous competitors in conifer
plantations focus only on tree growth in relation to physical or
chemical manipulation of the vegetation. These studies may be

instructive and meet the immediate needs of forest managers.
However, these studies also confound the effects of plant abundance,

treatment, and tree growth by manipulating the physical
environment concurrently with proximity factors. Direct and
systematic manipulation of interacting species to produce a gradient
in competitive regimes would allow a more rigorous and less
confounded analysis of conifer response to competition. Few studies

exist which systematically vary the competitive regime among
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species in mixed stands. Studies which do exist have superimposed
levels of vegetation control over various tree spacings (Oliver 1984,
Powers and Jackson 1978).

Zedaker (1981) implemented the first experiment in which
red alder and Douglas-fir densities were systematically
manipulated by using a modified Nelder (1962) design. However,

it was possible to obtain only limited inferences concerning the

role and magnitude of intra-and interspecific interactions from
this approach. Experimental designs that are more diagnostic of

the specific components of yield loss attributable to intra- and
interspecific competition (Hibbs and Radosevich, in prog.; Chapter
II) have been implemented for this reason. Recent advances by
Spitters (1983) and Watkinson (1980) provide experimental

techniques for quantifying the discrete effects of intra- and
interspecific interactions on the performance of individuals, as

discussed in Chapter I and II.
The objective of this research is to characterize tree size and
growth components and total production of mixed and monoculture
stands of red alder and Douglas-fir seedlings. To accomplish this

objective, an experimental approach was used which systematically

varied the densities of both species. Height and stem diameter were

measured at the beginning and end of the first, second, and third
growing seasons. Growth increments of stem volume were
determined for both species. Equations were developed to assess the
response of individual tree size and growth to proximity factors. In
addition, tree mortality, total stand stem volume index, and its
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distribution between the two tree species, were determined as
functions of competitive regime.
Methods

General methods have been presented in Chapter II. The
following

section addresses only specific methods pertinent to the

objectives of this chapter.

Leader height and stem diameter 2 cm above ground level

were measured on nine trees of each species in each treatment. An
estimate of tree biomass was calculated as (height) x (stem
diameter)2 and is referred to as stem volume index. The behavior of

stem volume index tree1 is discussed in detail in Chapter II. Growth
increments for stem volume index were calculated for each of the

sample trees in each plot by subtracting the values obtained from
measurements at the beginning of the season from those obtained at
the end of the season. The measurement period in 1985 was April 3August 29, April 2-August 29 in 1986 and April 13-September 21 in
1987. Plot means were obtained by averaging the increments of the

sample trees. In 1987, red alder mortality occurred in some of the
treatments. Therefore, red alder seedlings measured in September of
1987 were not always the same trees as those measured in April of

1987. In those cases where the measured trees were not the same at
the beginning and end of the 1987 growing season, trees were
ranked by size and growth increments were determined as described
above. Total stem volume index per plot at the end of each growing
season was obtained for each species by multiplying individual tree
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estimates of stem volume index by that species' true density. In
1985 and 1986, true densities and planting densities were the same.
In 1987, significant mortality occurred, so that true densities were
less than planting densities in high density red alder stands.
Proportion of stem volume index rn-2 contributed by each species i

was calculated by dividing stem volume index rn2 of species i by the
total stem volume index rn-2 summed over both species.
Quantification of each species' effect on the height, stem

diameter, and stem volume index increment was obtained by
developing equations using multiple regression. Plot means were
used as the unit of observation for each dependent variable. Plot
means were weighted by the reciprocal of their respective variances
to attain the best linear unbiased estimate of coefficients. The
stepwise regression procedure (SAS Institute Inc. 1985) was used
with a selection level of entry value of 0.05. Independent variables
included Douglas-fir density (Ndf)

,

red alder density (Nra)

,

and the

product of the densities. Various transformations of the dependent
and independent variables were tested, including the reciprocal, log,
and log-log. The log-log transformation provided the best fit model
for size components for all seasons. The transformations best
describing the growth data changed with season. In 1985 and 1986,

the best model fit utilized untransformed growth variables and
logarithmically transformed density variables. In 1987, the best fit
models used logarithmically transformed growth and density
variables. Residual analysis accompanied each analysis, and

equations were chosen on the attainment of the most random
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residual distribution, minimum root mean square error, and high
coefficient of determination (Neter, Wasserman, and Kutner 1983).

Equations obtained for red alder had an intercept denoted as
Bras, a coefficient which described the effects of red alder density °"
red alder growth denoted as Brara, and a coefficient describing the
effects of Douglas-fir density on red alder growth, denoted as Bdfra.

Similarly, equations obtained for Douglas-fir had an intercept
denoted as Bdfo, a coefficient which described the effects of red alder
density on Douglas-fir growth denoted as Bradf, and a coefficient

describing the effects of Douglas-fir density on Douglas-fir growth,
denoted as Bdfdf. Some of the competition equations also had a

coefficient describing the effects of the product of the two species
density terms, denoted in red alder equations as Bira and in Douglasfir equations as Bjdf. This notation always follows the format in which

the effecting species subscript precedes the responding species.
The competition equations obtained in the procedure above

provided a means for determining the sensitivity of each species' size

and growth to the identity and abundance of their neighbors, as well
as the potential performance of each species under competition-free
conditions. The intercept estimated the maximum potential growth
ability of that species. Brara and Bdfdf estimated the intensity of

intraspecific competitive effects for red alder and Douglas-fir,
respectively. Bdfra and Bradf estimated the intensity of interspecific

competitive effects on red alder and Douglas-fir, respectively. The

coefficients of determination for the equations may provide
estimates of the importance of competition relative to other factors
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influencing tree performance (Weldon and Slausen 1986). In

addition, the partial coefficients of determination estimate the
importance of each species' effect on determining tree growth and
size.

Least significant differences for the 95 % confidence level

(LSD.5) were calculated using a split-plot analysis of variance (Steel

and Torrie 1980). Most of the variation in all dependent variables

was explained by red alder density. Therefore, red alder density
represented the main plots and Douglas-fir represented the subplots.
Least significant differences for all possible comparisons were

calculated using the pooled variances (Steel and Torrie 1980). It

should be noted that the systematic experimental design violates a
key assumption of random assignment of treatments implicit in
analysis of variance (Steel and Torrie 1980). Therefore, the least

significant differences presented here represent estimates of the
error associated with an experiment in which one of the assumptions
of ANOVA were not met. Since the objectives of the experiment are
to quantify the responses of growth to the two-species density
gradient, the weight of the analysis should be placed on the
regressions.
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Results:

Mortality

Survival of both species was >99% at the end of the first
growing season. Negligible red alder and Douglas-fir mortality
occurred in the second growing season. While <0.01% Douglas-fir

mortality occurred in the third growing season, mortality of red alder

was severe (Figure Ill-i). Increasing red alder density resulted in
increased death of subordinate red alder individuals. Douglas-fir had
little influence on the mortality of red alder. Mortality was as high as
60% in stands with 16 red alder m2. Mortality of red alder consisted
primarily of individuals that failed to maintain height growth rates
equal to that of the canopy dominants.
Individual Tree Size Components
Height.

Height of Douglas-fir became significantly influenced

by competitive regime as the experiment progressed (Figure III2abc). While little variation in the height of Douglas-fir could be

attributed to either species density in 1985, increasing the density of
red alder reduced the height of Douglas-fir in 1986 and 1987.
Douglas-fir density had little effect on the height of Douglas-fir in
any season.

The height of red alder was more sensitive than Douglas-fir

height to competitive regime early in the experiment (Figure III3abc). During the first growing season, increasing the density of red
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alder reduced the height of red alder seedlings (Figure III-3a).
Increasing the density of both species significantly reduced the

height of red alder in 1986 and 1987 (Figure III-3bc).
Red alder density was the only significant variable determining
the height of Douglas-fir in all growing seasons (Table 111-1). The

product of both species densities entered the equation describing the
effects of competitive regime on the height of red alder in 1985
(Table III-!). The densities of both species entered the equations for
red alder height in the second and third seasons (Table 111-1).
Comparisons of the regression coefficients in the equations for

red alder indicate that red alder density was 1.67 times as influential
as Douglas-fir density in determining the height of red alder in 1986.
In 1987, red alder density was 1.85 times as influential as Douglasfir density in determining the height of red alder (Table 111-1). Red

alder density was infinitely more influential than Douglas-fir on the
height of Douglas-fir in all seasons (Table 111-1).

These data support previous findings that height of red alder is
sensitive to competition (Smith 1983, Bormann 1978, Hibbs 1987).

This study also demonstrates that Douglas-fir height can be

suppressed by the abundance of neighbors. Some of the observed
reductions in Douglas-fir height appeared to be a result of physical

abrasion from contact with the lower branches of red alder. At high
densities of red alder, the leaders of the Douglas-fir were
consistently bent, damaged, or broken. While competition for

resources is often proposed as the principal cause of poor conifer
performance (Stewart et al. 1983), this study suggests that

65

competition for physical growing space is another potential

mechanism of reduced performance of conifers in dense stands.
Height Differential.

The differences in height between the two

species were significantly influenced by competitive regime (Figures

III-4abc). The Douglas-fir seedlings were in the understory, while

the red alder occupied a dominant position as the overstory species.
In 1985, a maximum height differential of 77.5 cm was observed in
the lowest density mixture of one Douglas-fir and one red alder m2.
Maximum height differentials in 1986 and 1987 also occurred in this
treatment, and were 195.8 and 321.0 cm, respectively. Height
differential decreased with increasing densities of both species in all
seasons.

An ability to gain a height advantage over the Douglas-fir has

been cited as a key factor determining the competitive balance
between red alder and Douglas-fir (Newton et al. 1968, Cole and

Newton 1986). These results indicate that while red alder was the
superior competitor, manipulation of both species densities resulted
in a change in the degree of dominance exhibited by the red alder.
This change in the degree of dominance influenced each species'

access to light and their subsequent yield response (Chapter IV).
Stem Diameter. Stem diameter of each species declined in
response to increasing densities of both species in all seasons (Figure

III-Sabc and Figure III-6abc). Increasing the density of Douglas-fir
had its most significant suppressing effects on the stem diameter of
both species when the densities of red alder were low. Similarly,
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increasing the density of red alder caused the greatest reductions in
stem diameter of both species when Douglas-fir densities were low.
Both species significantly influenced stem diameter of each

species in each growing season, as indicated by the presence of both
density terms in the equations for each species (Table 111-2). In

addition, the product of both species' densities was highly significant

in determining the stem diameter of Douglas-fir in 1986 and 1987
and of red alder in all years (Table 111-2).

Red alder density was 1.90-2.75 times as effective as Douglas-

fir density at influencing the stem diameter of Douglas-fir (Table III2). Red alder density was 1.77-2.94 times as effective as Douglas-fir

density at influencing the stem diameter of red alder. These
comparisons of the regression coefficients reflect the relatively

superior ability of the red alder to influence the stem diameter of
both species.
The regression coefficients for red alder's effects on the stem
diameter of both species became more negative with each successive
season, suggesting that competitive stress imposed by red alder
became more intense with time. In addition, the coefficient of

determination for the equations describing the effects of competitive

regime on height and stem diameter increased as the experiment
progressed (Table 111-3), suggesting that the competitive
environment became increasingly important in determining patterns
in the performance of the trees (Weldon and Slausen 1986).
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Stem Volume. Index, Increment.

Maximum stem volume index

increment tree-1 of Douglas-fir was achieved in low density

monocultures in all years (Figure III-7abc). Increasing red alder
density significantly reduced Douglas-fir volume increment at all
densities of Douglas-fir. The reductions in stem volume index

increment due to red alder density were greatest at low Douglas-fir
densities. Douglas-fir density had little effect on stem volume index
increment, except in monoculture. Trends suggest that at densities of
16 red alder rn-2, increasing Douglas-fir density resulted in greater
Douglas-fir stem volume index growth (Figure III-9bc).

Red alder stem volume index growth increments were greatest

at low red alder densities (Figure III-8abc). Increasing the density of
conspecifics significantly reduced the stem volume index increment

of red alder seedlings during all seasons. In 1985 and 1986,
increasing the densities of both species resulted in a decline in red

alder stern volume index increment tree1 (Figure III-8ab). The
suppression of red alder stem volume index growth by Douglas-fir
was evident particularly at low red alder densities In 1987, red
alder density influenced red alder stem volume index increment
tree-1 at all Douglas-fir densities, while increasing Douglas-fir density
resulted in reduced red alder growth only at red alder densities >4
m

Comparisons of the coefficients within red alder

growth

increment equations indicate that red alder density was 1.3-1.8
times as effective as Douglas-fir density at reducing red alder growth
increments in 1985 and 1986 (Table 111-4). Comparisons of the

68

competition coefficients within the Douglas-fir equations indicate

that red alder density had

1.8-2.6 times as much influence as

Douglas-fir density on Douglas-fir growth in 1985 and 1986 (Table
111-4).

The reductions in red alder growth caused by competition were

greater than the reductions in Douglas-fir growth (Table 111-4). In
1985 and 1986, the effects of Douglas-fir density on red alder stem
volume index growth were over 12 times as great as the effects of
Douglas-fir density on Douglas-fir growth (Table 111-4). The effects of

red alder density on red alder growth were 8.9-11.1 times as intense
as the effects of red alder density on Douglas-fir growth (Table III4).

The density interaction terms were significant in the stem
volume index increment equations for both species in 1985 and 1986
(Table 111-4).

The logarithmically transformed red alder stem

volume index increment tree

1

is plotted in Figure III-lOabc against

red alder density for different isolines of Douglas-fir density. The
change in slopes for the different isolines of Douglas-fir density

illustrates the nonadditivity of intra- and interspecific density effects
on the stem volume index increments tree 1 of red alder. Increasing
Douglas-fir density results in a decline in slope, which reflects a

decrease in the sensitivity of red alder to intraspecific competition. A

similar treatment of the Douglas-fir data (Figure III-9abc)
demonstrates this same phenomenon with more significant
consequences. At low red alder densities, Douglas-fir stem volume
index increment tree -1 declines with increasing Douglas-fir density.
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At high alder densities, adding Douglas-fir to the mixture increases
the stem volume index increment tree 1 of Douglas-fir seedlings. In

the 1987 Douglas-fir data, the pattern was apparent in the Figure
III-9abc, but was not reflected by the equation in Table 111-4.
Significant unexplained variation prevented the Douglas-fir density

and the interaction terms from entering the equation for 1987 stem
volume index increment.

Like all other size components (Chapter II, Figures Ill-i to
4abc), the responses of individual tree growth increments to
competitive regime became more concave with time (Figure III-7abc,

8abc). The magnitudes of the competition coefficients for stem
volume index increment in response to both species densities
increased from 1985 to 1986. In addition, most coefficients of
determination for the equations in Table 111-5 increased from 1985
to 1986. Competitive effects at low densities accounted for increased
variation in tree growth attributed to the density components as the
experiment progressed. The high coefficients of determination

suggested that competitive interactions were of great importance in
regulating tree performance relative to other factors (Weldon and
Slausen 1986).
Stand Performance
Stem Volume Index M..2. Stem volume index m2 for each

species in 1985, 1986, and 1987 are presented in Figure III-llabc
and III-l2abc, and the equations which describe them are presented
in Table 111-4. Increasing the density of Douglas-fir resulted in an
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increase in Douglas-fir stem volume index rn-2 (Figure Ill-i labc).

Increasing the density of red alder resulted in a decline in Douglasfir stem volume index rn-2 (Figure Ill-i labc). The suppressing effect
of red alder on Douglas-fir yield m2 was greatest at low Douglas-fir

densities. Increasing red alder density resulted in an increase in red
alder stem volume index m2 (Figure III-l2abc). Increasing the
density of Douglas-fir reduced red alder stem volume index m2,
with its greatest suppressing effects at low red alder densities.
The regression equations determined for stem volume index
rn-2 of each species were indicative of the opposing influences
imposed by the two species densities (Table 111-6) on stem volume
index rn-2. For both species, the intraspecific regression coefficients

were positive and reflected the degree to which increasing tree
density resulted in increasing stem volume index m2. A decline in
the intraspecific coefficients reflected an increase in the intensity of
intraspecific competition as yield per unit area of a given species
became constant at lower densities of that species with time. The

interspecific regression coefficients were negative and reflected the
intensity of the suppressing effects of heterospecifics.
Summation of the stem volume index m2 of both species

produced stand yields which increased with red alder density and
decreased with Douglas-fir density (Figure III-l3abc). These

patterns in total stand yield were dominated by the response of red
alder stem volume index m2 to competitive regime. Losses in red
alder yield resulting from increases in Douglas-fir density were not
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compensated for by increases in Douglas-fir yield with increasing
Douglas-fir density.

Figure III-l4abc shows the proportion of stand stem volume
index contributed by each species as a function of the relative
density (proportion) of red alder. Increasing the proportion of red
alder in the stand resulted in a convex increase in the proportion of
stem volume index contributed by red alder. Increasing the
proportion of red alder results in a concave decline in the proportion
of stem volume index contributed by Douglas-fir. Red alder

contributed disproportionately more stem volume index to the stand,
while Douglas-fir contributed disproportionately less to total stand
stem volume index.
Discussion

The interactions between red alder and Douglas-fir in this

experiment were competitive in nature. Red alder was the larger of
the two species, as indicated by the relative magnitudes of the
intercepts of the equations describing the effects of competitive
regime on height, diameter and growth (Tables 111-1,3). The red

alder was the superior competitor, as indicated by the omnipresence
and magnitudes of the regression coefficients quantifying the effects
of each species density on the size and growth of both species. The

regression coefficients for the effects of red alder density were
consistently greater than those for the effects of Douglas-fir density,

and increased in magnitude with time. Red alder's superior
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performance was also illustrated by its disproportionately greater
contribution of stand stem volume m-2 (Figure III-l4abc).
The competition coefficients demonstrate the relative
influences of intra- and interspecific competition on the growth of
these two species. Red alder productivity was determined most by
intraspecific interactions, while interspecific interactions were more
influential on Douglas-fir j,roductivity. The relative effects of the two
species' densities on growth were related to the relative sizes and
positions in the stand canopy of the two species, which determined
their relative access to resources (Chapter IV). The greater influence
exerted by red alder relative to Douglas-fir may have resulted from
greater per capita resource depletion by the red alder seedlings than
the Douglas-fir. The following chapter provides evidence
demonstrating that light and soil moisture consumption by red alder
exceeded that of Douglas-fir in 1986 (Chapter IV).
In addition to being more effective than Douglas-fir at reducing
growth, red alder was less tolerant than Douglas-fir to the densities
of both species and lost significantly more growth due to competitive
interactions than did Douglas-fir (Table Ill-i, 111-2). Significant loss
of branches and leaves in the lower portions of the red alder
canopies resulted under highly dense conditions (Chapter IV).
Mortality of red alder was sensitive to competitive regime, while
Douglas-fir had nearly 100% survival under dense red alder
canopies. Relationships between relative growth rates and plant
water stress documented in the following chapter indicate that red
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alder exhibited greater sensitivity to stress created by the proximity
of neighbors in 1986 than did Douglas-fir.

The effects of intraspecific competition interacted with the
effects of interspecific competition to produce complex yield and

growth responses. The product of the two species densities was
consistently a significant variable in most of the competition
equations for stem volume index (Chapter II), stem diameter (Table
111-2), stem volume index increments (Table 111-4), and stem

volume index rn-2 (Table 111-6). The interaction term is a statistical

expression of the observed changes in the response to intraspecific

competition that result when the interspecific competitive
environment changes.
For example, Douglas-fir had its greatest effects on the growth
and yield of each species when the density of red alder was low.

Increasing the density of red alder diminished the effects that
Douglas-fir had on tree performance. Barrett (1982) and Powers and
Jackson (1978) observed the same phenomenon in their studies on
tree spacing and brush control. Brush control had less affect on the
growth and yield of ponderosa pine when pine densities were high.
Similarly, the presence of brush reduced the effects of tree spacing.

The relative intensities of the two species' effects on the
growth and size components changed with time, as did their
importance. The increase in magnitude of regression coefficients

quantifying Douglas-fir's effect on height, stem diameter and stem
volume index suggested that Douglas-fir exerted a more intense

influence as the stand developed. The decline in the partial
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coefficients of determination for Douglas-fir density terms, in growth

and size equations suggest the importance of Douglas-fir as a

competitor was minimal, and declined as the seasons progressed.

Failure of the Douglas-fir density term to enter the equations for
growth of either species in 1987 also suggests a decline in

significance of competitive effects exerted by the understory
Douglas-fir. The Douglas-fir exerted a competitive effect on tree size

of both species early in the experiment. These initial effects on tree
size were accentuated by growth. The actual competitive strength of
Douglas-fir may have declined with time, while initial competitive
effects of Douglas-fir continued to be expressed.
The decline in Douglas-fir's influence on the performance of

both species with time may be correlated with an increase in the
height differential between the two species as the experiment
progressed (Figure III-4abc). Red alder consistently maintained a
height advantage, which influenced its relative access and acquisition
of the light resource (Chapter IV). As the height differential

increased between the two species with time, light interception by

the red alder should have limited photosynthesis, reduced the
driving force for soil moisture depletion by the Douglas-fir, and
limited the growth of the understory Douglas-fir.
Analysis of mixed stand production indicates that increasing

the density of red alder in the stand results in depression of the
Douglas-fir component. Red alder contributes disproportionately
more stem volume to the stand because of its large size and
dominant position in the canopy. Only when the proportion of red
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alder is less than 10-15% does the Douglas-fir component exceed that
of the red alder (Figure 111-14). The proportion of Douglas-fir needed
to cause significant suppression of the red alder appears to increase
as the stands develop, and the height differential between the two
species increases.
Implications

Regeneration failure and loss of conifer productivity attributed
to non-coniferous vegetation has prompted research to develop
models which address the role of tree spacing, presence and
abundance of non-coniferous vegetation, and environmental

variables on competitive interactions. In addition to competitive
interactions, potential exists for beneficial relationships to form

between species, particularly when nitrogen-fixing genera such as
Ceanothus. Casuarina, and Alnus are involved. In this study, the
primary objective was to quantify growth of Douglas-fir and a

principal nitrogen-fixing competitor, red alder, in response to the
manipulation of both species' densities. This study demonstrates that
individual conifer performance, measured as growth or yield
variables, responds in a complex fashion to both intra- and

interspecific interactions, and may be predicted through the
development of mathematical models.
This study demonstrates that understory conifers can influence

overstory hardwoods, and that manipulation of conifer density can

alter the balance between intra- and interspecific growth loss
components. The understory conifers had subtle influences on the
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height and canopy structure of the overstory red alder. The
competitive effects exerted by the Douglas-fir on the red alder

affected the degree to which conifer growth was suppressed by the

red alder.
Studies which show a benefit from mixed planting of Douglas-

fir and red alder have been conducted in mature stands and infertile
soils (Tarrant 1961, Binkley 1983). Short-term studies in stands with
young trees demonstrate that red alder exerts a net negative effect
on the growth of Douglas-fir (Cole and Newton 1986, Murray and
Miller 1986). There was no evidence that red alder had a positive
effect on the growth of Douglas-fir in mixed stands under the
conditions of this study. Any benefits from nitrogen fixation by the

red alder were masked by competition for resources. Total stand
volume increased with increasing red alder density at the expense of
Douglas-fir productivity (Figure III-l4abc). Loss of red alder
productivity at high Douglas-fir densities was not fully compensated
by increases in Douglas-fir yield at high Douglas-fir densities. Few

competitive regimes yielded productive coexistence between these
two species under the conditions of this experiment.

The results of this study are inextricably tied to the methods
used to address the association between these two species. In

particular, the high planting densities used in the study forced
competition to be the dominant factor influencing tree growth. Under
conventional planting densities, other sources of variation such as
animal damage, microsite variation, genetics, and other events or
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conditions may be more important than competition in determining

vanation in tree size at early stages of stand development.
The interactions between species densities, time of

establishment, and soil nitrogen levels are important in considering
the balance between facilitation through nitrogen fixation and
competition between these two species. At wider spacings, the

presence of red alder may not significantly interfere with the
conifers during early stages of stand development. During these early
stages, significant accretion of soil nitrogen may be occur. When
ambient soil nitrogen levels are low, enhanced soil nitrogen through
fixation by the red alder could enhance conifer growth before water,
nutrient, and light competition limited their growth. In this study,
although ambient soil nitrogen levels were relatively low (0.10%),

high densities early in stand development created competitive
conditions which resulted in net negative interactions between red
alder and Douglas-fir. Further assessment of the interactions

between these two species on different temporal and spatial scales is
needed if mixed stand production is to be predicted.

Table III- 1. Regression coefficients and ratio of regression coefficients from equations quantifying
the response of Douglas-fir and red alder height to red alder (Ln(Nra)), Douglas-fir density
(Ln(Ndf)), and their product (Ln(Ndf)*Ln(Ndf)).
bRatio of Coefficients

aRegression Coefficients
Ln(Nra)

1985

3.75 (0.04)
Red Alder 4.75 (0.06)
D. fir

-0.02

(0.001)

0.00(0.00)

CRatio

of Bj.ra/Bj.df

1.27

1986
D. fir

4.46 (0.06)

R. Alder
Ratio

5.89(0.07)

of I3j.ra/Bj.df

1.32

1987
D. fir

5.05 (0.07)

R. Alder
Ratio

6.34(0.08)

OfBj.ra/Bj.df

1.25

Bra.j fI3df.i

Bdf.j

Bra.j

Bio

Ln(Ndf)

0.00(0.00)
0.00 (0.00)

Ln(Ndf)*Ln(Ndf)

0.00 (0.00)

-0.04(0.001)

inf

-0.16(0.02)
-0.25 (0.03)

0.00 (0.00)

+0.02 (0.00 1)

-0.15(0.02)

+0.04(0.003)

0.00

0.00(0.00)

+0.04 (0.005)

-0.24(0.03)

-0.13 (0.03)

+0.05(0.004)

jflf

inf
1.67

2.00

-0.32 (0.03)
0.75

0.00

0.00

inf

1.56

inf.

inf
1.85

1.25

aValues represent regression coefficients obtained from competition equations describing the
effects of logarithmically transformed red alder density Ln(Nra), Douglas-fir density Ln(Ndf), and
their product Ln(Nra*Ndf) on logarithmically transformed estimates of height of Douglas-fir and

-1
00

red alder for each growing season. Equation intercepts (Bin) represent estimates of tree yield in
the absence of competition. Bra.i and Bdf.j are regression coefficients quantifying the effects of red
alder density and Douglas-fir density, respectively, on species i. B1. is the regression coefficient
quantifying the effects of the product of the two species' densities on tree height. Standard errors
for the parameter estimates are provided in parentheses. All model parameters were significant
to the level of P<O.0001.

bRatios calculated from Bra.j/Bdf.j were obtained from within-equation comparisons and represent
the relative responses of species i to the effects of red alder density and Douglas-fir density.
CRatios calculated from Bj.ra/Bj.df were obtained from between-equation comparisons and
represent the relative effects of the density of species i on red alder and Douglas-fir height.

Table 111-2. Regression coefficients and ratio of regression coefficients from equations quantifying
the response of Douglas-fir and red alder stem diameter to red alder (Ln(Nra)), Douglas-fir density
(Ln(Ndf)), and their product (Ln(Ndf)* Ln (Nd f)).
aRegression Coefficients
Bit)

Bra.j

Ln(Nra)

bRatio of Coefficients
B1.1

Bdf.j

Ln(Ndf)

Bra.j IBdf.i

Ln(Ndf)*Ln(Ndf)

1985
D. fir

0.10 (0.01)

Red Alder 0.74(0.16)

(0.01)

-0.04 (0.01)

-0.23(0.02)

-0.13(0.03)

-0.11

0.00 (0.00)
+0.04(0.001)

2.75
1.77

CRatjo

of Bj.ra/Bj.df

7.40

2.09

3.25

i.nf

1986
D. fir
R. Alder

0.98 (0.13)
1.68 (0.27)

-0.43(0.05)
-0.45 (0.06)

-0.20 (0.01)
-0.17 (0.02)

+0.10 (0.01)

+0.05(0.007)

2.15
2.65

Ratio
OfBj.ra/Bj.df

1987
D.fir
R. Alder

1.35

1.43 (0.23)
2.07 (0.21)

1.05

-0.55 (0.07)
-0.50 (0.05)

0.85

-0.29(0.05)
-0.17 (0.03)

0.50

+0.15(0.05)
+0.07(0.004)

Ratio
of Bi.ya/Bi.df

1.90
2.94
00

1.44

0.90

0.58

0.47

0

aValues represent regression coefficients obtained from competition equations describing the
effects of logarithmically transformed red alder density Ln(Nra), Douglas-fir density Ln(Ndf), and
their product Ln(Nra*Ndf) on logarithmically transformed estimates of stem diameter of Douglasfir and red alder for each growing season. Equation intercepts (Bi0) represent estimates of tree
yield in the absence of competition. Bra.j and Bdf.1 are regression coefficients quantifying the effects
of red alder density and Douglas-fir density, respectively, on species i. B.1 is the regression
coefficient quantifying the effects of the product of the two species' densities on tree stem
diameter. Standard errors for the parameter estimates are provided in parentheses. All model
parameters were significant to the level of P<O.000l.
bRatios calculated from Bra.j/Bdf.j were obtained from within-equation comparisons and represent
the relative responses of species i to the effects of red alder density and Douglas-fir density.
CRatios calculated from Bj.ra/Bj.df were obtained from between-equation comparisons and
represent the relative effects of the density of species i on red alder and Douglas-fir height.
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Table 111-3 a. Partial Correlation Coefficients and Model Coefficients of
Determination for the Competition Coefficients For Douglas-fir and
Red Alder Seedlings Based on Equations for Height Tree

apR2

pR2

pR2

Ln(Nra)

Ln(Ndf)

Ln(Ndf*Nra)

R2

1985
Douglas-fir
Red Alder

0.04
0.00

0.00
0.00

0.00
0.39

0.04
0.39

1986
Douglas-fir
Red Alder

0.48
0.58

0.00
0.18

0.03
0.02

0.51
0.79

1987
Douglas-fir
Red Alder

0.75
0.61

0.00
0.10

0.04
0.05

0.79
0.77

aValues represent partial correlation coefficients for regression
coefficients obtained from competition equations decribing the
effects of red alder density (Nra), Douglas-fir density (Ndf), and their
product (Nra*Ndf) on height tree1of Douglas-fir and red alder for
each growing season. Partial correlation coefficients presentedinhere
the
are determined when all significant parameters are included
model. Degrees of freedom for error sums of squares for each species
varied from 80-88.
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Table III-3b. Partial Correlation Coefficients and Model Coefficients
of Determination for the Competition Coefficients For Douglas-fir and
Red Alder Seedlings Based on Equations for Stem Diameter..

apR2

pR2

pR2

Ln(Nra)

Ln(Ndf)

Ln(Ndf*Nra)

1985
Douglas-fir
Red Alder

0.54
0.60

0.04
0.17

0.00
0.01

0.04
0.79

1986
Douglas-fir
Red Alder

0.78
0.85

0.03
0.07

0.06
0.01

0.87
0.94

1987
Douglas-fir
Red Alder

0.75
0.87

0.05
0.02

0.07
0.02

0.88
0.91

R2

aValues represent partial correlation coefficients for regression
coefficients obtained from competition equations decribing the
effects of red alder density (Nra), Douglas4ir density (Ndf), and their
product (Nra*Ndf) on stem diameter of Douglas-fir and red alder for
each growing season. Partial correlation coefficients presented here
are determined when all significant parameters are included in the
model. Degrees of freedom for error sums of squares for each species
varied from 80-88.

Table 111-4. Regression coefficients and ratio of coefficients from equations quantifying the
response of Douglas-fir and red alder stem volume increment tree-1 to red alder (Ln(Nra)),
Douglas-fir density (Ln(Ndf)), and their product (Ln(Ndf)*Ln (Ndf)).
aRegression Coefficients
Bi0

Bra.j

Ln(Nra)

bRatio of Coefficients
Bra.j IBdf.i

Bdf.j

Ln(Ndf)

Ln(Ndf)*Ln(Ndf)

1985

57.2(4.5)
-14.0 (2.71)
Red Alder 456.5 (22.6) -125.2(12.9)
D. fir

-7.68 (2.49)
-95.3 (14.2)

2.95 (1.45)

+28.2 (7.6)

1.82
1.31

CRatjo

OfBj.ra/Bj.df

3.17

8.94

12.4

9.56

1986

-155.9 (12.9)
373.7 (21.8)
-88.4 (11.8)
+42.5 (7.0)
R. Alder 4643.0 (226.'l) -1718.7 (119.8) -1119.8 (132.2) +444.7 (70.4)
D. fir

Ratio
OfBj.ra/Bj.df 12.4

(log-transformed)
D.fir
6.55 (0.11)
R. Alder
9.65(0.12)
Ratio
OfBj.ra/Bj.df 1.47

11.0

12.7

10.5

-1.12(0.07)
-1.01 (0.06)

0.00(0.0)
0.00(0.0)

0.00(0.00)
0.00(0.00)

1.76
1.53

1987

0.90

0.00

0.00

inf
inf
00

aValues represent regression coefficients obtained from competition equations describing the
effects of logarithmically transformed red alder density Ln(Nra), Douglas-fir density Ln(Ndf), and
their product Ln(Nra*Ndf) on untransformed estimates of stem volume increment of Douglas-fir
and red alder in 1985 and 1986, and logarithmically-transformed estimates in 1987. Equation
intercepts (Bi0) represent estimates of tree yield in the absence of competition. Bra.j and Bdf.j are
regression coefficients quantifying the effects of red alder density and Douglas-fir density,
respectively, on species i. B1.1 is the regression coefficient quantifying the effects of the product of
the two species' densities on stem volume increment. Standard errors for the parameter estimates
are provided in parentheses. All model parameters were significant to the level of P<O.0001.
bRatios calculated from I3ra.j/Bdf.j were obtained from within-equation comparisons and represent

the relative responses of species i to the effects of red alder density and Douglas-fir density.
CRatios calculated from Bj.ra/Bj.df were obtained from between-equation comparisons and
represent the relative effects of the density of species i on red alder and Douglas-fir stem volume
increment.
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Table 111-5. Partial Correlation Coefficients and Model Coefficients
of Determination for the Competition Coefficients For Douglas-fir
and Red Alder Seedlings Based on Equations for Stem Volume
Increment Tree -1

apR2

pR2

pR2

(Nra)

(Ndf)

(Ndf*Nra)

1985
Douglas-fir
Red Alder

0.35
0.49

0.04
0.22

0.04
0.04

0.43
0.74

1986
Douglas-fir
Red Alder

0.64
0.63

0.05
0.10

0.09
0.09

0.78
0.81

1987
Douglas-fir
Red Alder

0.78
0.77

0.00
0.00

0.00
0.00

0.78
0.77

R2

aValues represent partial correlation coefficients for regression
coefficients obtained from competition equations decribing the
effects of red alder density (Nra), Douglas-fir density (Ndf), and
their product (Nra*Ndf) on stem volume increment tree1of
Douglas-fir and red alder for each growing season. Partial
correlation coefficients presented here are determined when all
significant parameters are included in the model. Degrees of
freedom for error sums of squares for each species varied from
80-88.
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Table HI-6a. Equations quantifying the response of Douglas-fir
stem volume rn-2 to red alder (Ln(Nra)), Douglas-fir density
(Ln(Ndf), and their product (Ln(NdO*Ln(Ndf)).

Intercept Ln(Nra)

Ln(Ndf)

1985
ap.e.

3.25

-0.23

1.19

bs.e.

0.08

0.04
0.05

0.03
0.87

p.c.

5.82

-1.08

s.e.
pR2

0.17

Ln(Ndf*Nra) R2

0.00

0.92

0.82

0.25

0.93

0.08
0.29

0.08
0.61

0.05
0.02

7.32

-1.42

0.67

0.32

0.17

0.09
0.43

0.09
0.45

0.05
0.04

CpR2

1986

1987
p.e.
s.c.
pR2

0.92

a Parameter estimate based on n=88; for all parameters p<O.0001.
b Standard error of the estimate
C Partial R2 when all significant parameters are included in the
model
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Table III-6b. Equations quantifying the response of red alder
stem volume rn-2 to red alder (Ln(Nra)), Douglas-fir density
(Ln(Ndf)), and their product (Ln(Ndf)*Ln(Ndf)).
Intercept Ln(Nra) Ln(Ndf) (Ln(Ndf*Nra) R2

1985

0.00

0.88

-0.47

0.13

0.72

0.06
0.40

0.06
0.27

0.03
0.05

9.74

0.10

-0.43

0.17

0.11

0.06
0.45

0.06
0.11

0.04
0.10

ap.e.

5.51

0.84

-0.23

bs.e.

0.08

0.04
0.79

0.03
0.09

p.e.

8.48

0.16

s.c.
pR2

0.11

p.e.
s.c.
pR2

CpR2

1986

1987

0.66

a Parameter estimate based on n=88; for all parameters p<0.000i.
b Standard error of the estimate
C Partial R2 when all significant parameters are included in the
model

'Go for It, Sidneyt Youve got It! Youve got Itt Good
hands! Don't choke!"
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Figure 111-i. Mortality of red alder as of September 1987. Values

represent percent of planted density dead by the end of the third
growing season.
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Figure 111-2. Height of Douglas-fir in response to red alder and

Douglas-fir density in August 1985 (a), August 1986 (b), and
September 1987 (c).
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Figure III-2abc
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Figure 111-3. Height of red alder in response to red alder and
Douglas-fir density in August 1985 (a), August 1986 (b), and
September 1987 (c).
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Figure III-3abc
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Figure 111-4. Height difference between the two species:
Red Alder Height - Douglas-fir Height

in August 1985 (a), August 1986 (b), and September 1987 (c).

96

Figure III-4abc
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Figure 111-5 Stem diameter at 2 cm above ground level of Douglas-fir

in response to red alder and Douglas-fir density in August 1985 (a),
August 1986 (b), and September 1987 (c).
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Figure 111-6. Stem diameter at 2 cm above ground level of red alder

in response to red alder and Douglas-fir density in August 1985 (a),
August 1986 (b), and September 1987 (c).
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Figure 111-7. Stem volume index increment tree1 of Douglas-fir in

response to red alder and Douglas-fir density from April-August
1985 (a), April-August 1986 (b), and April-September 1987 (c).
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Figure 111-8. Stem volume index increment tree1 of red alder in

response to red alder and Douglas-fir density from April-August
1985 (a), April-August 1986 (b), and April-September 1987 (c).
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Figure 111-9 Linear two-dimensional representations of stem volume
index increment tree-1 of Douglas-fir in response to Douglas-fir
density (Ndf) at different densities of red alder (Nra) for 1985 (a),
1986 (b), and 1987 (c). Bdfdf refers to the the slope of the response of
Douglas-fir stem volume increment tree1 to Douglas-fir density for
each isoline of red alder density.
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Figure 111-10 Linear two-dimensional representations of stem
volume index increments tree-1 of red alder in response to red alder
density (Nra) at different densities of Douglas-fir (Ndf) for 1985 (a),
1986 (b), and 1987 (c). Brara refers to the the slope of the response of
red alder stem increment tree-1 to red alder density for each isoline
of Douglas-fir density.
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Figure Ill-il Stem volume index rn-2 of Douglas-fir in response to
red alder and Douglas-fir density in August 1985 (a), August
1986(b), and September 1987 (c).
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Figure 111-12. Stem volume index rn-2 of red alder in response to red
alder and Douglas-fir density in August 1985 (a), August 1986(b),
and September 1987 (c).
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Figure 111-13 Stem volume index rn-2 summed for both species in
response to red alder and Douglas-fir density in August 1985 (a),
August 1986(b), and September 1987 (c).

114

Figure III-l3abc
-2

Total Stem Volume Index M
3000,

1985

200

0.Jd!1

1000

LSD05 =1

E

0'

8

Red Alder

2

0

1

2

4

Douglas-fir

8

16

Density

01

Density
1986

8000

-

6000

LSD05 =1

c1

40

a

16

48

Red Alder

2

o

1

2

4

Douglas-fir

8

16

Density

01

Density

40000
E

30000-

>OE

20000-

1987
LSD05

=1

100
4816

01
24
Douglas-fir

2
8

16

Density

01

Red Alder

Density

115

Figure 111-14. Proportion of total stand stem volume index
contributed by red alder and Douglas-fir in response to the
proportion of red alder (Nra/(Nra+Ndf)) for 1985 (a), 1986 (b), and
1987 (c).
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Figure III-l4abc
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Part IV. Competitive Interactions Between Douglas-fir and Red Alder
Seedlings: Growth Analysis, Resource use and Physiology

Introduction
Competition occurs through the unequal partitioning of finite

resources contained in a growing space which adjacent plants are
forced to share (DeWit 1960, Grime 1979, Tilman 1982). Plants which

arrive early, deplete resources, tolerate or escape the associated
stress of resource depletion may be considered superior competitors

if they prevent adjacent plants from reaching their maximum
potential productivity (Grime 1979, Harper 1977, De Wit 1960).
While the ecological literature is replete with studies that address.
competitive interactions among plants, the majority of studies have
focused on the effects of competition, with little attention to
underlying causal processes (Ford 1975, Tilman 1982, Schoener

1982, Perry 1985).
Plant growth is plastic and responsive to changes in the
functional growth environment. Direct manipulation of resources

such as light, soil moisture, nutrients, and other key growth factors
can significantly modify plant yield and physiological performance
(Zavitkovski and Ferrell 1970, Krueger and Ruth 1969, Krueger and
Ferrell 1965, Kramer and Clark 1947, Babalola et al 1968, Brix 1979,
Havranek and Benecke 1978, Jarvis and Jarvis 1963a, Chan et al.
1988, Kaufmann 1968). Manipulation of proximity factors, such as

species density, proportion, spatial arrangement, cover, and other
indicators of competitive intensity, can produce similar changes in
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plant performance (Harper 1977, Zimdahl 1980, Radosevich and Holt
1984).

Plants not only respond to their environment, but also modify

key features of it (Hsin-I et al. 1985). Presence of transpiring
canopies can alter the light and soil moisture environment (Conard
and Radosevich 1982, Lanini and Radosevich 1986, Shainsky and
Radosevich 1986, White 1988, Tappeiner and Radosevich 1982, Cole

and Newton 1986, Caldwell et al. 1986, Spittlehouse 1988), as well as

temperature regimes, turbulent transfer, and associated fluxes of CO2
and water vapor (Gates 1980, Coates 1988, Tucker and Emmingham

1977). Presence of nitrogen-fixing species can result in substantial
increases in available nitrogen (Binkley 1983, Gordon et al. 1979).

Alterations in plant performance in response to the manipulation of
proximity factors may occur as a consequence of resource depletion

or augmentation, and modification of the growing environment by
neighbors. These changes in the environment may place constraints
on the physiological functioning of competing plants which may

ultimately impact productivity.
Models describing the mechanisms of species interactions

require quantitative analyses of the interrelationships between
proximity factors, environment, physiological responses and yield
(Harper 1977, Tilman 1987, Goldberg 1988). While much is known

about the relationships between species density and yield, few
studies have documented quantitatively the changes in resources
and physiology that are linked to yield responses to competitive
regime.
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Assessment of mechanisms of competitive interactions should

treat at least four levels of analysis: 1) yield reduction in response to
the abundance of neighbors; 2) resource depletion in relation to the
abundance of neighbors; 3) physiological function as a result of

resource abundance or depletion; 4) interrelationships between yield,
changes in resources and physiology.

The objective of this study is to examine these four levels of
analysis in a highly controlled density experiment involving Douglas-

fir and red alder. Species density and proportion were systematically
manipulated in this experiment to provide an array of competitive
regimes. Resources thought to mediate competitive interactions

between the two species were measured. Leaf water potential was
measured as a physiological indicator of stress. These factors were be
assembled into a conceptual model which suggested potential causal
pathways of competition.
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Methods

Tree size attributes.
Methods concerning the experimental site and design, tree size,

and growth measurements are discussed in Chapters II and III.
Allometric equations for the relationship between estimates of stem
volume index tree-1 and leaf area tree1 were developed by
harvesting trees grown adjacent to the experiment through the
growing season of 1986 of each species. The harvested trees were
grown at a density of 1 m2. Equations developed for the two species
are as follows:
Douglas-fir

Leaf area tree1= 26.5(stem volume index tree-i)
S.E.= 3.1 R2=0.90

n=20.

Red Alder:

Leaf area tree1= 7.8(stem volume index treed)
S.E. = 1.9 R2=0.92 n=21.

It should be noted that these allometric relationships were
developed for trees grown at the lowest density in the experiment.
Data from Cooke et. al. (1988) suggest that allometric relationships
such as these may be influenced by competitive regime. Leaf area
tree1 presented here are only approximations and assume that
allometric relationships are constant over all competitive regimes.
Subsequent harvesting of the experiment will permit the testing of
this assumption. Stem volume index m2 and leaf area m2 for each

121

species in a given stand were determined by multiplying the mean

individual tree estimate by its respective density in that stand.
Relative Growth Rate.

Relative growth rates were determined using functional growth
analysis of monthly (1986) measurements of stem volume tree-1.
Functional growth analysis was performed by regressing
logarithmically transformed estimates of stem volume against

Julian

day, day2, and day3 (Hunt 1982). Equations were obtained with
stepwise regression (SAS Institute Inc. 1985). Selection level for

variable entry into all equations was 0.05. In all equations only the
linear term entered as a significant variable. The number of
measurement points taken during the growing season was
insufficient to statistically characterize the nonlinear nature of the
growth functions. For most treatments, the linear models explained
greater than 90% of the variation in tree size, suggesting

the average

slope of the growth curves adequately estimated RGR (Hunt 1982).
Canopy architecture.

The vertical distribution of projected leaf area was estimated
from line transects through the canopy using a suspended plumbob
(Bormann and Gordon 1978). Measurements were obtained from five

transects taken in each plot in two of the replicate density gradients.
The number, species and canopy height of leaves encountered along

the transects were recorded. Projected leaf area indices were
obtained by summing the leaves encountered in each 50 cm interval
for each transect and averaging the transect sums for each plot.
Canopy architecture was determined from the distribution of
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projected leaf area index at 50-cm height intervals. Significant

random variation in the leaf area transects prevented statistical
significance in most comparisons. Therefore, only trends are
presented here.

Light Availability: Proportion Visible Sky.

Light availability was estimated from hemispherical
photographs taken from July 15 -30, 1986 (Chan et al. 1986, Chazdon

and Field 1987). Photographs were taken in the center of each plot at
canopy heights of 10, 50, and 150 cm above ground level. The 150

cm measurement (Lightl5o) corresponded to approximately half the

height of the average red alder canopy. The 50 cm measurement
(Light5o) corresponded to the approximate height of the first whorl
of the average Douglas-fir tree. The top of the camera lens extended
10 cm above ground level when the camera was placed on a leveled
platform. The photographs were projected onto a digitizing board and
analyzed by computer (Chan et al. 1986). The analysis provided an

index of the proportion of visible sky which represented the
probability of receiving diffuse and direct light (Chan et al. 1986),
and the degree of canopy openness (Chazdon and Field 1987).

In a separate analysis, photon flux density was measured using
Kipp pyranometers (Childs et al. 1987). The fraction of above-canopy
light intensity received at heights in the canopy corresponding with
the fisheye analysis was calculated from the average values of
intensity in a three-hour time series from 10:30 to 13:30. Estimates

of proportion visible sky determined through the computer analysis
of fisheye photographs were highly correlated with estimates of
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relative photon flux density (Figure A-i), demonstrating the
usefulness of proportion visible sky as an index of light availability.
Soil Moisture Content

Depletion.

Soil moisture content was measured using a neutron probe
(Troxier model 3225A). A carbon-steel tube was installed in each

plot at the outset of the experiment (June 1985). Measurements of
count ratio were made on April 15

,

May 20, June 28, August 1, and

September 4 in 1986 at soil depths of 30, 60 and 90 cm. Gravimetric

sampling adjacent to several probe tubes provided offset values for
the manufacturer's calibration. Count ratios were converted to units
of percent soil moisture by volume. Soil moisture depletion was
calculated by subtraction of monthly % soil moisture content (SMC)

estimates for each tube and depth. Input from rainfall was minimal
during the growing season of 1986. No provision was made for
evaporation. Significant random variation in soil water depletion

prevented the assessment of discernible monthly patterns. Soil
moisture depletion was therefore pooled for the entire growing
season. Total soil moisture depletion (TSMD) was calculated by

summing the monthly depletions over all depths.
Index of Soil Moisture Depletion.

Soil moisture depleted in species mixtures and monocultures

during the 1986 season was partitioned on a theoretical basis
between the two species by assuming that water consumption was a
function of each species' canopy leaf area (LAdf, LAra), leaf

conductance (gcu, gra), and light energy reaching each species at mid-
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canopy. Conductance data gathered on individuals of each species in

these experimental plots by Dukes in 1988 (unpublished) indicated
that red alder conductance was consistently twice that of Douglas-fir
(gra=gf*2) and increased as a function of light intensity. The index of
soil moisture depletion (ISMDdf) for Douglas-fir was calculated:
(TS MD* [(LAdf/(LAdf)+(LAra*2)] *1ight5o)/Nf.

ISMDdf was relativized by dividing all calculated values by the

maximum observed value, which was that attained by trees in
monoculture at a density of one tree m2. The index of soil moisture
depletion for red alder (ISMDra) was calculated as follows:
(TSMD*[(LAra/(LAdf)+(LAra*2)] *light 150)/Nra.

ISMDra was relativized by dividing all calculated values by the

maximum observed value, which was that attained by trees in

monoculture at a density of one tree m2. This estimate assumed that
a unit of leaf area of red alder transpires twice the amount of water
as Douglas-fir. Data from Dukes support this estimate, when trees
responding to changes in light intensity were monitored in the
laboratory. Stomatal responses to vapor pressure deficit, internal CO2

concentration, and leaf water potential may be more complex, and

cause the ratio of values between the two species to vary. In
addition, this index does not account for differences in duration of
transpiration through the growing season. Although this index is

theoretical and requires more detailed physiological modifiers to

accurately estimate transpirational water use, its close correlation to
plant water stress (discussed below) indicates its usefulness as an
index of soil moisture depletion by trees in mixed stands.
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Predawn Leaf Water Potential.

Leaf water potential was measured from 0200-0500 PST on

June 21-23 and August 24-26 using a humidified pressure chamber
(Scholander et al. 1965). One replication was sampled on each of the
three days. Three leaves of red alder and and three twigs of Douglasfir from the current year's foliage were sampled. Samples were taken
from the first or second lateral branches of both species.
Data Analysis

The hypothesis that the growth, resource and physiological

environment can be modified through the manipulation of the
presence and abundance of neighbors was tested using simple
correlation analysis and multiple regression. Regression coefficients

from equations with species densities as the independent variables
provided estimates of the effects of each species on the growth,
resource, and physiology of its neighbors. The intercept estimated
competition-free conditions. The coefficient of determination (R2)

indicated the amount of variation attributed to competitive regime.
The importance of species presence and abundance in mediating
environmental or physiological conditions, when the model chosen

adequately describes the data, may also be inferred from the
coefficient of determination (Weldon and Slausen 1986).

Equations describing the effects of species densities on the
dependent variables were developed using logarithmically-

transformed plot means as the unit of observation. Equations

developed for relationships between dependent variables were
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determined using treatment means when no replication effect was
detected at the 99.9% confidence level of significance. Use of

treatment means in general produced equations with higher
coefficients of determination than equations developed using plot
means.

Correlation analysis augmented the analysis provided by
stepwise regression. Development of the equations using stepwise

multiple regression techniques is limited because variable entry
depends upon the covariance structure of all potential variables.
Simple correlation analysis assisted in identifying colinearity

between variables, and provided separate correlations between each
variable.
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Results

Individual Tree Performance
Stem Volume Index Tree-1

Red alder was the larger of the two species, as indicated by the

intercepts in the equations quantifying the effects of competitive
regime on stem volume index tree1 (Table TV-i). As discussed in
Chapter II, increasing the density of both species reduced the stem
volume index tree-1 of each species in most competitive regimes

(Figure II-2abc, 3abc). At high densities of red aider, however,
increasing Douglas-fir densities resulted in increased stem volume
index tree-1 of Douglas-fir. Both species densities entered the

equations describing the responses of individual tree stem volume
index to competitive regime (Table TI-i, IV-1). A comparison of the

regression coefficients in Table TV-i indicates that red alder density
had twice the influence as Douglas-fir density on reducing stem
volume index tree-1 of each species. More than 80 % of the variation

in tree size was explained by the equations developed through
stepwise regression.

Individual tree size of both species was also influenced by the
product of their densities (Ndf*Nra). The significance of the interaction

term suggests that intraspecific and interspecific competition are

interdependent in determining stem volume stem volume index tree
1 of both species. The effects that Douglas-fir had on red alder
influenced the effects red alder had on Douglas-fir.
Relative Growth Rate.
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Comparison of the intercepts of the equation in Table IV-lb
indicate that maximum potential RGR was greater for red alder than
for Douglas-fir. RGR of both species was significantly influenced only

by red alder density (Figure IV-lab, Table IV-lb). Increasing red
alder density decreased RGR of both species, while Douglas-fir
density had little effect on the RGR. Increasing Douglas-fir density
enhanced RGR of Douglas-fir at high red alder densities, although this

trend was not statistically significant at the 95% confidence level
(Figure IV-la). At low alder densities, increasing Douglas-fir density
reduced RGR of red alder (Figure IV-lb).

Red alder density was the most significant feature determining

the productivity of both species, based on the regression equations
developed for tree performance in response to competitive regime
(Table IV-lab). The superior growth ability exhibited by the red
alder seedlings was correlated with their relatively greater influence
on the relative growth (Table IV-lb, Figure IV-lab), absolute growth
(Table III- 4, Figures 111-7,8), and yield (Figure II-1,2abc, Table II1) of both species.

Stand-Level Performance
Total Leaf Area M-2 and Stem Volume Index W2

Individual tree stem volume index and leaf area summed over

an area produced distinct stand properties which were correlated
with features of competitive regime. Red alder leaf area and stem
volume index m2 increased with increasing red alder density
(Figure IV-2b). Increasing the density of Douglas-fir reduced red
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alder leaf area and stem volume index rn-2 significantly (Figure IV2b). Increasing Douglas-fir density increased Douglas-fir stem

volume index rn-2 and leaf area rn-2 (Figure IV-2a). Increasing red

alder density resulted in significant reductions in Douglas-fir leaf
area and stem volume index m2.

Both species densities entered as significant variables in the
regression equations describing the effects of species densities on

leaf area and stem volume index m2 (Table IV-2ab). Intraspecific
regression coefficients for stem volume index and leaf area m2 were
positive, while interspecific regression coefficients were negative.
Comparisons of the regression coefficients (Table IV-2b) indicate that

red alder was 1.3 times as effective as Douglas-fir at influencing
Douglas-fir leaf area. Douglas-fir was 2.8 times as effective as red

alder in influencing red alder leaf area. As with the individual tree
growth and yield components (Chapter II and III), the product of the
two species densities (Ndf*Nra) was highly significant in both

equations for stand leaf area (Table IV-2ab).
Douglas-fir displayed a marked ability to influence the leaf

area of the overstory red alder (Figure IV-2b), despite its
subordinate understory position. The degree to which the red alder
leaf area was suppressed by Douglas-fir depended on the the
interrelationships between intraspecific and interspecific
competition. The leaf area of Douglas-fir in these mixed stands
depended on similar interrelationships (Figure IV-2a, Table IV-2ab)
Canopy Structure Of The Overstory

130

The vertical distribution of projected red alder leaf area indices
within the canopy varied with competitive regime (Figure IV-3abcd).

In monoculture, increasing red alder density was associated with a
loss of leaves at the lowest heights of the canopy (Figure IV-3a), and

reduced total height and leaf area index in the upper canopy. These

trends in response to red alder density observed in monoculture
were also observed in mixed stands (Figure IV-3bcd). In addition,
manipulation of Douglas-fir density had a significant effect on red
alder leaf area index. At low red alder densities, increasing the
density of Douglas-fir was associated with reduced red alder height
and lower leaf area index, which created a canopy composed of a
compressed monolayer of leaves (Figure IV-3b). At high densities of

red alder, increasing the density of Douglas-fir had little effect on
canopy architecture of red alder (Figure IV-3cd).

Leaf Area Index f jh.. Understory
Projected leaf area index of Douglas-fir was only distributed in
the lower 100 cm of the stand canopy. Increasing Douglas-fir density
in monoculture resulted in an increase in leaf area index of Douglas-

fir in both 0-50 and 50-100 cm height intervals (Figure IV-4ab). In
mixed stands, Douglas-fir leaf area index increased with increasing

Douglas-fir density and decreased with increasing red alder
densities.
Red alder produced significant amounts of leaf area at canopy
heights above the Douglas-fir.

However, Douglas-fir seedings

exhibited an ability to suppress red alder leaf area production and
canopy architecture. The transect data (Figures IV-3 and 4 ) and the
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allometrically-derived data (Figure IV-2ab) suggest that leaf area
relations within the canopies of mixed stands were the result of the
complex interaction betweeii overstory and understory density
manipulation.

These data support other findings that red alder canopy
architecture can be modified by competition (Bormann and Gordon

1978). The loss of lower branches and leaves observed by Borman

and Gordon in response to increased planting density was associated
with a decline in photosynthesis and nitrogen fixation. Data from
Chan et al. (1988) suggest that limitations in light and soil moisture
cause reductions in leaf area of both species.
Resources and Physiology

Proportion

Visible Sky: An Index of Light Availability

Increasing the density of Douglas-fir in monoculture caused

light availability, as estimated from fisheye photographs, to decline
at 10 and 50 cm in the stand canopies (Figure IV-5ab). Estimates of

light availability at 150 cm were not influenced by density of
Douglas-fir in monoculture. Douglas-fir leaf area was distributed only

in the lower 100 cm of the stand canopy at the time of measurement.
In red alder monocultures, light availability decreased hyperbolically
with increasing red alder density. Lowest estimates of light levels

occurred at the highest density of red alder at each canopy height
(Figure IV-5abc)

Patterns of light availability estimates in mixed stands were
more complex than in the monoculture stands (Figures IV-5abc).
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Light availability at 10 cm was reduced to approximately 50% of full

sky at most densities and proportions of the species (Figure IV-5a).

As observed in monocultures, increasing red alder density resulted
in a decline in light availability at canopy heights of 50 and 150 cm
(Figures IV- 5bc). At high densities of red alder, increasing Douglas-

fir density resulted in enhanced light availability at both of these
heights.

The relationship between estimates of light availability and
species densities was best fit by reciprocal density models (Table IV3). These equations demonstrate the modification of the light

environment by red alder at all depths of the canopy. The influence
exerted by the Douglas-fir on the light availability at 150 cm is also
demonstrated. Comparisons of the regression coefficients for the two

species at 150 cm in the canopy indicate that red alder seedlings
were twice as effective in modifying the light environment as were
Douglas-fir seedlings. This ratio (2:1) is consistent with that observed

for red alder's relative effectiveness at influencing individual tree
yield of both species (Table IV-la).
The probability of light received by the canopies of the
understory Douglas-fir was significantly limited by the presence and
abundance of red alder. Proximity of conspecifics also limited light

penetration to lower branches of Douglas-fir at high Douglas-fir
densities (Figure IV-5ab). Limitations in light suggested by these
data are sufficient to limit photosynthesis in Douglas-fir (Chan et al.
1988, Krueger and Ruth 1969). Limitations in light were also

significant in the lower portions of the red alder canopies (Figure IV-
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5abc). This reduction in light may have been responsible for the

death of leaves and branches at the lower levels in the red alder
canopies (Figure IV-.3abcd).

Figure A-i illustrates the relationship between the estimate of
light availability (proportion visible sky) obtained using fisheye
photographs and the fraction of above-canopy photon flux density
(relative PFD) measured with Kipp pyranometers at the same canopy
heights during the same month (Childs et al. 1987). Observations by
Childs et al. (1987) in these stands also indicate that sunflecking
patterns are significantly modified by competitive regime. Time
intervals between sunfleck events follow a pattern which is
correlated with estimates of light availability at 150 cm (Childs et al.
1987).

The correlations between proportion visible sky and
cumulative leaf area index at the corresponding heights are
presented in Figure IV-6abc. Increasing cumulative leaf area index

resulted in a decreased probability of light penetration at all three
canopy heights. The slope quantifying the decline in proportion
visible sky in relation to leaf area index was steepest at a canopy
height of 150 cm. The correlation coefficient between light

availability and leaf area index was greater at 150 cm than for those
at 50 and 10 cm.
The analyses presented in Table IV-4, and data presented in

Figures IV-2ab, 3ab, 4ab, 5abc and 6abc indicate that red alder
modified the light environment by direct interception. Increasing the

density of red alder resulted in an increase in red alder leaf area and
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a decrease in light availability. In contrast, Douglas-fir modified the

light environment by altering the overstory canopy structure of the
red alder. Increasing the abundance of Douglas-fir resulted in an
increase in Douglas-fir leaf area in the understory, which was
associated with a decline in the overstory red alder leaf area and
with greater light availability.
Soil Moisture Content

Competitive regime influenced the soil moisture environment

at successively deeper levels of the soil profile as the season
progressed (Table IV-5, Figure IV-7a-o). In April, soil moisture

content at 30 cm was influenced by both species densities and their
product. In May, only red alder density significantly influenced SMC
at all depths. In July and August, both species and their product
affected SMC at 30 and 60 cm, while only red alder density
significantly caused a reduction in SMC at 90 cm. By September,

gradients in soil moisture content were apparent in response to both
species densities at all depths (Figure IV-7, Table IV-5).
Analysis of the regression coefficients quantifying the effects of

each species on the soil moisture content throughout the season
suggest that in many cases, Douglas-fir density is equally as

influential as red alder density on the soil moisture environment
(Table IV-5). Equations for the early season shallow soil moisture

content and late season deep soil moisture content indicate that, like
most other variables, red alder was twice as influential on soil
moisture content as Douglas-fir (Table IV-5). Variation in soil

moisture content due to Douglas-fir density occurred in stands where
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the densities of Douglas-fir were high, and the densities of red alder
were low (Figure IV-7a-o).

Soil moisture content at each depth was pooled for all months

and assessed as function of measurement date and competitive
regime (Table IV-6). These analyses indicate that red alder density
was 1.4 and 2.3 times as influential as Douglas-fir density in

determining soil moisture content at 30 and 60 cm, respectively
(Table IV-6). The range of these ratios are consistent with the range
determined for growth (Chapter III), yield (Chapter II), and light
(Table IV-4). In this analysis, Douglas-fir density did not enter as a
significant variable in the equation for 90 cm soil moisture content.
Model coefficients of determination for soil moisture content

were low relative to those for other variables, except for equations
using estimates of soil moisture pooled for all months (Table IV-6

).

This may be because one to two red alder m2 were sufficient to fully
utilize the available soil moisture in the top 90 cm of soil, resulting in

little variation in the data attributable to red alder density (Figure
IV-7). The variation attributable to Douglas-fir density was primarily

a result of the behavior of the soil moisture environment in the
Douglas-fir monocultures, where the Douglas-fir did not appear to
fully utilize the available soil moisture.

These data suggest that in stands with red alder present,
limitations in soil moisture available to trees of both species may
exist. Failure to fully utilize the soil moisture in the measured depths
of the profile over all densities in monoculture suggests that the
Douglas-fir may not have been as limited by soil moisture in
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monoculture as in mixed stands. Patterns of soil moisture gradients

in response to competitive regime over time and depth suggest that
limitations in soil moisture at shallow depths early in the season may

have caused trees to exploit deeper levels in the profile later in the
season.
Total Soil Moisture Depletion

Stands in which red alder seedlings were present used a
constant amount of soil moisture (15 cm of H20 ) when depletion was

summed over all depths and months (Figure IV-8a). Only in

monocultures of Douglas-fir density was this constant water use not
achieved (Figure IV-8a). Soil moisture depletion over the growing

season was highly correlated with total stand leaf area (Figure IV-

8b). Increasing the amount of leaf area m2 was associated with
greater soil moisture depletion.
Index of Soil Moisture Depletion

Increasing the density of red alder resulted in a decline in the
theoretical index of soil moisture depleted by individual trees (Figure
IV-9ab). For both species, this index exhibited a hyperbolic function

of red alder density (Figure IV-9ab). Douglas-fir density influenced
the response functions for both species only in monocultures of
Douglas-fir and in mixed stands with low densities of red alder.
The trends in this theoretical index of soil moisture depletion

suggest that increasing the number of trees in a stand can reduce the
soil moisture potentially available to each tree. However, it should be
noted that partitioning the soil moisture used by individual trees of
the two species from data obtained from the whole stand can only be
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done on a theoretical basis, given the limited information of this

study.
Leaf Water Potential
Douglas-fir predawn leaf water potential (PLWPdf) early and

late in the growing season declined in response to both species
densities (Figure IV-lOab).

PLWPdf were more negative than those

of red alder in most competitive regimes (Figure IV-lOcd). In
addition, PLWPdf became more negative as the season progressed.

Red alder leaf water potential (PLWPra) became more negative with

increasing red alder density, but Douglas-fir density had little effect
Ofl PLWPra except at low red alder densities (Figure IV-lOcd).

Regression coefficients quantifying the effects of red alder and
Douglas-fir density on PLWPdf in June and August indicate that red

alder density had twice as much influence as Douglas-fir density on
the plant water status of Douglas-fir (Table IV-7). In addition, the

interaction term was highly significant in the equation for August
PLWPdf, indicating that intraspecific effects were interdependent
with interspecific effects on the water stress of Douglas-fir. Red alder

density was the only significant variable to enter the equation for
the effects of competitive regime on red alder leaf water potential
(Table IV-7). The effects of red alder density on PLWPra were

equivalent in June and August. Red alder density affected red alder
leaf water potential less severely than it did PLWPdf.

These data indicate that plant water stress of Douglas-fir

responds in a specific manner to the identity and abundance of its
neighbors (Table IV-7). The relative magnitudes of the regression
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coefficients quantifying the responses of Douglas-fir water stress to
competitive regime predict that two Douglas-fir seedlings impose the

same level of water stress in Douglas-fir as imposed by one red alder
seedling (Table IV-7). Similarly, two Douglas-fir seedlings impact the

soil moisture environment (Table IV-6) and depress tree yield (Table

IV-la) to the same extent as a single red alder.
Correlations between predawn leaf water potential and soil
moisture content were weak for red alder seedlings measured in this
experiment (Table IV-8). In contrast, correlations between predawn
water potential of Douglas-fir and soil moisture content at 90 cm was
highly significant for August values. Increasing the soil moisture
content resulted in less negative leaf water potentials of Douglas-fir.
The asymptotic nature of the soil moisture content may have

resulted in poor correlations between soil moisture content and plant

water stress of red alder. In addition, the red alder may have had
access to soil moisture deeper in the profile than those depths
measured.
Indices of soil moisture depletion were highly correlated with
predawn leaf water potentials (Figure IV-! 1, Table IV-8). While a
constant level of soil moisture was used by all stands with red alder
present, the theoretical distribution of that moisture among
competing trees declined with increasing tree density. This decline in

soil moisture potentially available to each tree was associated with a
significant drop in predawn plant water potential of both species
(Figure IV-11). Data presented in Figure IV-11 suggest that while
the leaf water potentials of the two species follow the same function
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with respect to the index of soil moisture depletion, they occupied

different regions on the response function. Red alder may preempt
soil moisture and maintain lower degrees of stress, while Douglas-fir

seedlings experience the depleted soil moisture environment and

respond by displaying greater degrees of stress.
Discussion

Correlations Between Growth, Resources, and Physiology

The variable most correlated with the relative growth rates of
both species was predawn water stress in August (Table IV-9). The
relationship between RGR and PLWPdf,ra is presented in Figure IV-

12. This figure illustrates differences between the two species in

their patterns of water stress and growth rates under competitive
conditions. The slope of the response of red alder RGR to PLWP in

August was steeper than the slope for Douglas-fir, suggesting that

red alder growth was more sensitive to moisture stress than was the
growth of Douglas-fir. In addition, red alder maintained higher
relative growth rates than those of Douglas-fir, while maintaining

lower levels of plant water stress (Figure IV-12).
RGR of both species were correlated to variables that had the

highest correlations with proximity variables (Table IV-9). The

environmental variable most correlated with relative growth rate of
red alder was ISMDra (Table IV-9). In most instances, lack of

correlation between variables reflected the constant maximum

depression in resources imposed by red alder independent of red
alder density. RGR of Douglas-fir was most correlated with ISMDdf
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(Table IV-9). In addition, Douglas-fir relative growth rates were also
correlated with light availability. Increasing light availability was
associated with greater growth rates of Douglas-fir.

These data support findings in an adjacent experiment
designed to assess the patterns of carbon allocation and physiology of
red alder and Douglas-fir seedlings in response to artificially
manipulated levels of soil moisture and light intensity (Chan et al.
1988). Red alder growth was extremely sensitive to soil moisture,

and a marked reduction in red alder leaf area occurred under
conditions of low soil water availability. The reduction in leaf area
was coupled with an increase in carbon allocated to root biomass in
red alder. In contrast, Douglas-fir exhibited a distinct sensitivity to
light availability. Douglas-fir growth and allocation patterns were
significantly less sensitive to soil moisture stress than was red alder.
Chan et al. (1988) also demonstrated that red alder growth was
sensitive to light availability, although my study did not. The two

studies are complimentary and suggest that manipulation of
proximity factors results in changes in resource availability, which
influences subsequent resource acquisition, carbon assimilation and
allocation, and ultimately yield.
Competitive Ability, Resource Depletion and Physiological

Tolerance

Intercepts of the equations quantifying the effects of species
densities on yield and growth provide a means for comparing the
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performance of these two species in the absence of competition. In

all cases, the growth, leaf area and stem volume index of red alder
seedlings exceeded those of Douglas-fir (Tables 11-1, Ill-i, 2, 4, 5,

IV-!, 2 ,3). If size and growth rate in the absence of competitors are
indicators of competitive ability (Harper 1977, Grime 1979), then red

alder's superior performance in mixed stands may be attributed to
its innate ability to grow tall and produce leaf area above young
Douglas-fir. This comparison and mechanism of competitive ability
has been demonstrated by Cole (1986) and Newton et al. 1968).
Intercepts for equations quantifying the effects of species
densities on predawn water potential also indicate that red alder
grown under competition-free conditions (Table IV-7) have higher
leaf water potentials than Douglas-fir early in the season when
growth rates are highest. These data are supported by observations
from Chan et al. (1988). The ability to maintain high leaf water
potential early in the growing season suggests red alder may have
greater access to soil moisture by high rooting density or exploitation
of deeper soil moisture than Douglas-fir.

Red alder displayed a superior ability to affect the light and
soil moisture environment. Comparison of the regression coefficients

for equations (Table IV-3, 5, 6) indicate that in most cases, the effect
of red alder was twice that of Douglas-fir in modifying the resource

environment. In addition, red alder was twice as effective as
Douglas-fir in determining the stem volume index tree1 of both

species (Table II-!), and the predawn water potential of Douglas-fir
(Table IV-7). The consistency between the relative effects of red
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alder and Douglas-fir densities on yield, resource variables and leaf

water potential suggests that proximity factors regulate yield
quantitatively through the mediating effects of resource limitations
on physiology.

Resource Exploitation, Physiological Sensitivity, and the Interaction
Term

The interdependency of intra- and interspecific competition in

determining tree yield may have been the consequence of the
interrelationships between the two species' ability to modify the

resource environment, and their subsequent responses to resource
limitations. The competing species displayed different sensitivities to
resource availability, as well as different abilities to acquire
resources. The effects of light and water may interact to determine
changes in tree form and physiology of these two species (Chan et al.
1988). Manipulation of resources indirectly through the manipulation
of proximity factors may produce similar interactions which

ultimately result in patterns of tree yield.
The interdependency between intra- and interspecific
competitive effects produced in an apparent anomaly in which
increasing Douglas-fir densities resulted in better Douglas-fir

performance at high red alder densities (Figures II-2a, III-lbc, III4bc,III-5, 111-7). Evidence suggests the depleted soil moisture
environment (Figure IV-7) caused red alder seedlings to allocate
more carbon to root biomass, thereby reducing carbon allocated to
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leaf area. Enhanced light penetration resulted from reduced
interception by the red alder leaf area. The Douglas-fir responded to
enhanced light levels with an increase in growth. Enhanced light
available to Douglas-fir canopies also may have increased the amount
of soil moisture depletion by Douglas-fir through transpiration, which

could lead to further suppression of the red alder canopy.
Potential Mechanisms of Competition

A conceptual diagram depicting the interrelationships between

proximity factors, environmental resources, plant water stress, and
growth of red alder and Douglas-fir is presented in Figure IV-13.
This diagram provides a model for the mechanisms of competition

that occurred in this experiment. In this model, species densities and
proportion are "forcing factors" and leaf area, light availability, soil

moisture, plant water, and plant stem volume index are state
variables (Duncan et a! 1969). Plant stem volume index is controlled
by the rate valve, RGR. The strength of the interrelationships are
represented by the simple correlation coefficients associated with
each linkage.

Modification of the overstory red alder canopy structure
(RALA) was associated with opposing effects of red alder density
(Nra) and Douglas-fir density (Ndf). Increasing red alder density in

the stand resulted in an increase in red alder leaf area, while
increasing Douglas-fir density resulted in a decrease in red alder leaf
area. The balance between the two effect of species densities on the
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leaf area and canopy structure of red alder modified the light
environment.

Increasing red alder density was associated with

increased red alder leaf area and reduced light availability (Figures
IV-2, IV-5. IV-6). An increase in Douglas-fir leaf area was associated

with reduced red alder leaf area, and therefore enhanced light
penetration to the understory Douglas-fir (Figure IV-5). Higher light
levels in response to increasing Douglas-fir density at high red alder

densities was associated with an increase in the growth (Table IV-9)
and yield of Douglas-fir.

Proximity factors influenced soil moisture depletion patterns

through effects on tree leaf area. Increasing red alder density
increased the proportion of stand leaf area contributed by red alder,
which resulted in maximum soil moisture depletion (Figure IV-8ab).

High tree densities reduced the potential amount of soil moisture
depleted by individual trees (Figure IV-9ab). Low values of potential

per tree water consumption were associated with high plant water
stress (Figure IY-li), which resulted in reduced growth of both
species (Figure IV-12).
While correlation does not necessarily mean causation, research
concerning light interception and canopy structure (Monsi and Saeki
1953, Caldwell et al. 1986, Walker et al 1988), water relations ( Hsaio
1973, Jarvis and Jarvis 1963ab, Babalola et al 1968, Brix 1979,
Havranek and Benecke 1978, Cleary 1970), and growth physiology
(Chan et al. 1988, Helms 1976, Jarvis and Jarvis 1963ab, Kaufmann
1968) support the causal linkages presented Figure IV-13. Studies
involving the growth and physiology of red alder and Douglas-fir in
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response to artificial manipulation of resources ( Zavitkovski 1970,
Dukes and Radosevich 1988, Chan et al. 1988, Brix 1979, Krueger and

Ruth 1969) demonstrate that reduced light availability, soil moisture

content, and leaf water potential limit net photosynthesis and
productivity of both species. Studies in which resources have been
modified through the abundance or manipulation of conifers or
associate vegetation have produced similar findings (Harrington
1988, Bormann and Gordon 1978, Cole and Newton 1986, White

1988). This study demonstrates that changes in resource availability
which occur as a result of manipulations of vegetation can cause
definable changes in physiological performance and growth of
conifers.

More detailed research is needed in order to create a functional
and mathematical model from this conceptual model. This model is
simplistic in that there are no feedback loops specified.

In particular,

the iterative processes whereby plants affect the resource
environment through resource depletion, and then respond to those
depleted conditions through subsequent allocation and growth, need
to be explored further and incorporated into a functional model for
predicting outcomes of species interactions. Other forcing functions

which could be incorporated into the model include relative
humidity, temperature, soil water-holding capacity. Other control
valves which could be incorporated include rates of carbon gain and

loss through photosynthesis and respiration, rates of biomass
removal by herbivores, and root growth, among others. The utility of
this model lies in the organizing of information and identification of
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key variables influencing species interactions. It summarizes

potential pathways of interactions of the species in this system
whereby the manipulation of proximity factors results in changes in
resources which influences physiology and growth.
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Table IV-la.
Regression coefficients for the effects of logarithmically transformed
red alder density (Nra), Douglas-fir density (Ndf), and their product
(Ndf*Nra) on Ln(Stem volume index tree-i)

Intercept

Lfl(Nra)

Douglas-fir

6.55

-1.11

-0.49

+0.26

0.82

Red Alder

9.24

-1.15

-0.43

+0.11

0.84

Ln(Ndf) Ln(Ndf*Nra)

R2

Table IV-lb.
Regression Coefficients for the Effects of logarithmically transformed
red alder density (Nra), Douglas-fir density (Ndf) and their product
(Ndf*Nra) on untransformed RGR

Intercept

Lfl(Nra)

Douglas-fir

(% day-i)
0.96

-0.29

0.0

0.0

0.75

Red Alder

1.60

-0.32

-0.00

0.00

0.78

Ln(Ndf) Lfl(Ndf*Nra)

R2
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Table IV-2a.
Regression coefficients for the effects of logarithmically transformed
red alder density (Nra), Douglas-fir density (Ndf) and their product
(Ndf*Nra) on Ln(Stem volume index rn-2)

Intercept
Douglas-fir
PE
b5j

5.82
0.17

Ln(Nra)

Ln(Ndf) Lfl(Ndf*Nra)

-1.08
0.08

0.82
0.08
0.29

0.25
0.05
0.61

0.93

-0.47
0.06
0.27

0.13
0.03
0.05

0.72

CPartjal r2

R2

0.05

Red Alder
P.E.

SE.

8.48
0.11

Partial r2

0.16
0.06
0.40

Table IV-2b. Regression coefficients for the effects of logarithmically
transformed red alder density (Lfl(Nra)), Douglas-fir density (Lfl(Ndf))
and their product (Lfl(Ndf)*Lfl(Nra)) on Ln(Leaf Area M2) determined
allometrically from estimates of stem volume index: August 1986.
Douglas-fir: cm3 m2
Interc ep td
Ln(Ndf)

Ln(Nra)

8855.31
0.14

0.82
0.06
0.62

-1.08
0.08
0.28

Red Alder
37049.12
P.E.
0.11
SE.
Partial r2

-0.47
0.06
0.27

0.17
0.06
0.40

P.E.

SE.

Partial r2

Ln(Ndf) *Lfl(Nra)R2

0.25****

0.93

0.03
0.03
0.13
0.04
0.05

0.72

aParameter estimate; all parameter estimates are significant to the
p<0.001.

bStandard error of the estimate.with n=80-88.
CPartial r2 when all significant parameters are included in the model

dBack..transformed without correction for bias
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Table IV-3. Regression equations for the effects of the reciprocal of
Douglas-fir density (Ndf-1), and the reciprocal of red alder density
(Nra1) on light availability at 10, 50 and 150 cm above ground level.
The reciprocal of the product of the two species was not significant in
either equation. Light availability was measured from hemispherical
photographs digitized to estimate the proportion of visible sky.

Intercept
Proportion
Visible Sky at

Nd11

Nra1

R2

10 cm
apJ3

0.32****

bSE

0.03

0.00

0.11

0.18

0.03
0.18

Partial r2

50 cm
P.E.

0.29****

SE.

0.17

0.00

0.05
0.54

partial r2
150 cm
P.E.

0.54****

SE.

0.04

partial r2

0.41**** 0.54****

-0.21 ****

0.04
0.10

0.43**** 0.55*****

0.04
0.45

aparameter estimates

bStandard error of the parameter estimate with n=104.
Significance levels:
*

p< 0.05

** p< 0.01
*** p< 0.001

p<0.0001
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Table IV-4. Simple Correlations between Light Availability and Stand
Leaf Area Components
Proportion of Visible Sky at Canopy Heights of
10 cm

50 cm

150 cm

aLeaf Area M2 of:
0.37 ***
Red Alder

-0.44 ****

-0.65 ****

-0.07 ns

+0.42 ****

+0.58

Douglas-fir

aLeaf area rn-2 derived allornetric ally
Significance levels:
*

p< 0.05

** p< 0.01
*** p< 0.001

p<0.0001
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Table IV-5. Equations for the effects of logarithmically transformed
red alder density (Ln(Nra)), Douglas-fir density (Ln(Ndf)), and their
product (Lfl(Nra*Ndf)) on logarithmically transformed soil moisture
content at soil depths of 30 (SMC30), 60 (SMC6O), and 90 cm (SMC90).

April

Intercept
Ln(SMC30) 3.83
SE.
.013

partial r2

-

Ln(SMC60)
Ln(SMC90)

-

Ln(Ndf)

Lfl(Nra) Lfl(Nra*Ndf) R2

-.033 1

-.0627
.0079

.0078
.10

.26

.0231*
.0046
.05

.41

0.00

.21

0.00

.19

-

May

0.00

-.043
.008

-

.21

0.00

-.024
.0050

-

.19

0.00

.0133*
.0053
.06

0.00

.06

Ln(SMC3o) 3.58
SE.
.027

-.102
.0154
.081

.051
.0091
.204

.35

partial r2

.101*
.0158
.06

Ln(SMC60) 3.68
SE.
.030

.071*
.0175
0.03

-.111
.0176
0.25

.0354
.0102
0.08

.36

0.00
0.00

-.0912
.0127
0.34

0.00
0.00

.34

Ln(SMC30) 3.71
SE.
.0136

partial r2

-

Ln(SMC6O)3.826
SE.
.0086

partial r2

-

Ln(SMC9O) 3.83
SE.
.0091

partial r2

-

July

partial r2

-

Ln(SMC90) 3.71
SE.
.0221

Partial r2

-

-
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(Table IV-5 continued)

Intercept

Lfl(Ndf)

Lfl(Nra) Lfl(Nra*Ndf) R2

August
Ln(SMC3O) 3.49
SE.
.0238

partial r2

-

Ln(SMC6O) 3.58
.026
SE.

partial r2

-

Ln(SMC9Ø) 3.59
SE.
.0229

partial r2

.039
.0082
0.16

.30

.31

.14

.033
.0091
.10

-.093
.0136

0.00
0.00

.33

34

.29

-.079
.0138
0.07

-.08 15
.0141

-.072
.0152

-.086
.0155

.07

0.00
0.0

0.07

.33

-

September
Ln(SMC3Ø) 3.45
.021
SE.

partial r2
Ln(SMC6o) 3.53
SE.

.024

partial r2
Ln(SMC90) 3.53
SE.

partial r2

.0285
-

.0121

-.0716
.0122

.11

.22

.045*
.0071
.01

-.0769
.0139
.10

-.0727
.0141

.034
.0083

.07

.12

.032*
.0125
.06

-.0636
.0128

0.0

-.0914

.25

.19

aStandard error of the parameter estimate with n=104.
All non-zero parameter estimates significant to p<O.0001, except for
those marked with asterisk (*), which are significant to p<O.Oi.
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Table IV-6. Equations for logarithmically transformed soil moisture
content (SMC) at 30, 60, and 90 cm in response to logarithmicallytransformed Douglas-fir density (Ln(Ndf)), red alder density
(Ln(Nra)), and measurement date.

Intercept Ln(Ndf) Ln(Nra)
Ln(SMC3O)4.161

0.019

partial r2

.01

4.326

Ln(SMC90)=

partial r2

.0125*

0.0196 .00466

partial r2

SE.

.00452
.01

Ln(SMC60)4.28
SE.

-.0184

.022

Date

-.0263 -.003
.0046
.02

R2

0.75

.000093
.72

.0293* .0037 0.75

.00474 .000096
.02

0.0

.73

-.050

-.003

0.70

.0056 .0001
.05

.65

aStandard error of the parameter estimate with n=104.
All non-zero parameter estimates significant to p<O.0001, except for
those marked with asterisk (*), which are significant to p<O.Oi.
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Table IV-7. Regression equations for the effects of logarithmically
transformed red alder density (Lfl(Nra)), Douglas-fir density (Ln(Ndf))
and their product (Lfl(Nra*Ndf)) on logarithmically transformed
predawn water potential of both species in June and August 1986.

Intercept
June

Ln(Ndf)

Lfl(Nra) Lfl(Nra*Ndf) R2

P

(Mpa)

Douglas-fir

PE

bj

-1.03
0.09

0.10
0.04
0.08

0.19
0.03
0.55

0.00 0.63
.0046
0.00

-1.33
0.07

0.00
0.00
0.00

0.17
0.04
0.40

0.00
0.00
0.00

0.40

-0.69
0.08

0.25
0.04
0.09

0.43
0.06
0.59

-0.11
0.03
0.07

0.76

-0.66
0.05

0.00
0.00

0.20
0.03
0.46

0.00
0.00

0.46

partial r2
Red Alder
P.E..

SE.

partial r2
August
Douglas-fir
P.E.
SJ3.

partial r2
Red Alder
P.E.

SE.

Partial r2

GAll non-zero parameter estimates were significant to the level of
P<0.0001.

bStandard error of the estimate with n=45.
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Table IV-8. Correlations between predawn leaf water potential and
soil moisture content. Correlations determined for n=45.
Soil moisture at
June:

30cm

Douglas-fir:
Red Alder:

0.22**

August:
Douglas-fir
Red Alder
Significance levels:
*

p<0.01
p<0.001
*** p<0.0001
**

60cm

-

0.18*
0.18*

0.21***

0.28***

90cm
-

0.30***
0.17**
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Table IV-9 .Correlations between RGR and resource and physiology
variables.
Douglas-fir RGR

Red Alder RGR

0.56

0.48

Ø54****

0.31 **
0.36 **

SMC

April
30

60
90
May

30
60
90

0.33
0.21

*

July

30
60
90
August
30
60
90

0.32

ISMD

0.85****

0.54****
0.53****

0.25

0.31 **
0.33 **

*

0.42****
0.79****

Light Availability
Canopy Height (cm):
10
0.25
0.51****
50
0.51****
150

Predawn Plant Water Potential
June

August
Significance levels:
*

p< 0.05

** p< 0.01

p< 0.001

**** p<0.0001

0.75****
0.83****

0.63****
0.66****
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Figure IV-lab. Relative growth rates of Douglas-fir (a) and red alder
(b) in response to Douglas-fir and red alder density. RGRs were
estimates of the slopes for equations of Ln(stem volume index tree-i)
versus Julian days in 1986.
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Figure IV-lab
Relative Growth Rate 1986
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Figure IV-2ab. Total leaf area and stem volume index m2 for
Douglas-fir (a) and red alder density (b) in August 1986 in response
to red alder and Douglas-fir density. Leaf area estimates were
determined allometrically from trees harvested during the 1986
growing season.
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Figure IV-2ab
Douglas-fir Stem Volume Index and Leaf Area M
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Figure IV-3abcd. Canopy architecture of the overstory red alder in
response to red alder density in monoculture (a) and in response to
Douglas-fir density at red alder densities=l (b), red alder densities=4
(c) and red alder densities=l6 (d). The distribution of projected L.A.I.
(m2 rn-2) was determined from vertical leaf transects through the
canopy in late July 1986.
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Figure IV-4ab. Leaf area index of Douglas-fir at height intervals of 050 cm (a) and 50-100 cm (b) in response to red alder and Douglas-fir
density. L.A.I. was determined from vertical line transects in July
1986.
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Figure IV-4ab
Douglas-fir Projected Leaf Area Index 1986
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Figure IV-5abc. Proportion of visible sky in response to red alder
and Douglas-fir densities at canopy heights of 10 cm (a), 50 cm (b),
and 150 cm (c) above ground level. Proportion of visible sky was
determined from computer digitized photographs taken with a
hemispherical lens and high contrast film in July of 1986.
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Figure IV-5abc
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Figure IV-6. Correlations between proportion visible sky and
cumulative leaf area index at canopy heights of 10 cm (a), 50 cm (b),
and 150 cm (c). Cumulative L.A.I. at these heights were determined
by summing all leaf area indices at heights greater than 0, 50, and
150 cm, respectively.
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Figure IV-6abc
Correlations Between Proportion Visible Sky and Cummulative Leaf
Area Index At Canopy Heights of 10, 50, and 150 cm
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Figure IV-7a-o. Soil moisture content at soil depths of 30, 60 and 90
cm in response to Douglas-fir and red alder density. Soil moisture
content was measured at monthly intervals in 1986 with a neutron
probe.
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Figure IV-labc
SOIL MOISTURE CONTENT APRIL 1986
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Figure IV-ldef
SOIL MOISTURE CONTENT MAY 1986
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Figure IV-lghi
SOIL MOISTURE CONTENT JUNE 1986
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Figure IV-7jkl
SOIL MOISTURE CONTENT AUGUST 1986
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Figure IV-7mno
SOIL MOISTURE CONTENT SEPTEMBER 1986
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Figure IV-8. Soil moisture depletion April to September in 1986
summed over all depths in response to Douglas-fir and red alder
density (a) and total leaf area m-2 (b). Total leaf area m2 was
determined allometrically.
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Figure IV-8a

Soil Moisture Depletion April-September 1986
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Figure IV-8b
Soil Moisture Depletion vs. Total Leaf Area M 2
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Figure IV-9ab
Index of Soil Moisture Depletion
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Figure IV-9ab. Index of Soil Moisture Depletion for Douglas-fir (a)
and red alder (b) in response to Douglas-fir and red alder density.
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Predawn leaf water potential for Douglas-fir and
red alder in June (a,b) and August (c,d) 1986 in response to Douglasfir and red alder density. Leaf water potential was measured with a
pressure chamber from 01:00 to 04:00 PST.
Figure IV-lOabcd.
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Figure IV-lOab
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Figure IV-lOcd

Predawn Leaf Water Potential: August 1986
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Figure IV-!!

Predawn Leaf Water Potential Vs.
Index Of Soil Moisture Depletion
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Figure IV-!!. The relationship between predawn leaf water potential
in August and index of soil moisture depletion for Douglas-fir and
red alder in the different competitive regimes.
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Figure IV-12

Relationship Between Plant Water Stress and RGR
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Figure IV-12. The relationship between RGR and predawn leaf water
potential in August 1986 in the different competitive regimes. Points
represent treatment means for Douglas-fir (
) and red alder ( @ ).
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Figure IV-13. A conceptual model illustrating the interrelationships
between proximity factors, resources, growth, and water stress of
Douglas-fir and red alder. Nf=Douglas-fir density, Nra= red alder
density, DFLA=Douglas-fir leaf area m2, RALA= red alder leaf area
m2, RGRdf and RGRrarelative growth rate of Douglas-fir and red
alder, respectively, PLWPdf and PLWPra=predawn leaf water
potential in August for Douglas-fir and red alder, respectively.
Numbers represent simple correlations between linked parameters.
Dotted lines represent linkages not supported by data presented in
this dissertation, but evidenced by Chan et al. (1988).

189
Figure IV-13

Conceptual Model For Douglas-fir - Red Alder Interactions
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Synopsis, Applications, Reflections, and Speculations

In this section of the thesis I would like to summarize the
findings of the study. In addition, I think it worthwhile to ask some
fundamental questions of the study. How did the approach taken
influence the outcome? How does this work contribute to the fields of
ecology and forest vegetation management? Where do we go from

here?
Assessment of the Original fl,potheses and Synopsis of Findings

The analyses in this experiment clearly demonstrated that the
manipulation of species densities under highly controlled
experimental conditions resulted in quantifiable changes in tree
performance. Tree size was determined by a complex of interactions
between species identity, density, size, and time. Variation in tree
size in response to competitive regime increased with time. Early
competitive effects became magnified as the trees continued to grow

under intensely competitive conditions. Indicators of intensity of
competition exerted by the densities of both species increased with
time, while indicators of importance of the inferior competitor

decreased with time.
Individual tree stem volume and leaf area summed over a

stand basis produced stand characteristics which were attributable to
competitive regime. Total leaf area and canopy architecture were
influenced by the densities of both species. Increasing the density of
the overstory red alder resulted in loss of red alder leaves and
branches in the lower levels of the canopy. Increasing the density of

understory conifers had a similar effect on the overstory when red
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alder densities were low. Increasing the density of red alder reduced
Douglas-fir leaf area and stem volume significantly.
Manipulation of species densities resulted in a gradient in light

and soil moisture potentially available to each tree. Increasing the

density of the dominant red aider resulted in a reduction in light
penetrating the stand canopies, while increasing the density of
Douglas-fir in the understory increased the light penetrating the
upper levels of the canopy. Increasing the density of both species
reduced the amount soil moisture potentially consumable by the
trees, which was correlated with increases in plant water stress.

Increases in plant water stress were associated with reductions in
relative growth rates of both species.
Data presented in this study suggest that competition for light

and soil moisture mediated the observed yield responses of the trees.
The consistencies between the ratios of the regression coefficients
describing the effects each species had on resources and physiology,

and those obtained for yield tree1 suggest that the yield of
individual trees in mixtures were quantitatively linked to changes in
the growing environment that resulted from the proximity of
resource-consuming neighbors.

Competitive ability was linked to differences in growth rates,
resource acquisition, and physiological tolerance to or avoidance of

stress. The superior competitor- red alder- consistently exhibited
greater growth potential, lower water stress, and the ability to
consume more resources than the less competitive Douglas-fir. By

virtue of its rapid height growth and leaf area production, red alder

192

was able to sequester light resources, which presumably would lead
to assimilation of carbon to produce roots for moisture consumption.

Evidence suggests that while the red alder were more
competitive than Douglas-fir, red alder responses to competitive
stresses were less elastic and more plastic than those of Douglas-fir.

Stresses caused by the proximity of neighbors resulted in death of
parts and individuals of red alder. Loss of lower branches and leaves

by red alder in dense stands indicated significant shading and net
carbon loss from the lower levels of the canopy. Red alder
individuals unable to maintain growth rates equal to that of the
mean canopy died. In contrast, the Douglas-fir continued to survive

under a dense overstory with slow growth rates and no mortality.
The greater degree of growth ioss due to the proximity of neighbors

and the greater sensitivity of growth rates to water stress exhibited
by the red alder also suggest that red alder may have been
potentially more sensitive to competitive stresses than Douglas-fir.
Red alder's ability to maintain control over the limiting resources
allowed them to maintain relatively lower levels of physiological
stress and to continue to suppress the Douglas-fir with increasing

intensity.
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Assessment of the Experimental Approach: Efficacy of the
Experimental Design

A major objective of the study was to assess the efficacy of this

particular design in its use as a diagnostic tool for dissecting

competitive interactions between and within species. The utility of

the experimental approach used in this study was at least three-fold.
First, the addition series design and analysis allowed the quantitative
distinction between intraspecific and interspecific components of
yield loss to be made. The distinction between intra- and
interspecific competitive effects is a feature lacking in both

replacement series and additive studies and is important to the
prediction of yield loss due the specific components in a system.

Second, this experimental approach provided a statistical mechanism

for testing the significance of the higher order interaction term. The
significance of the interaction term reflects the complexity of species

interactions and suggests that competitive effects feedback on one

another to determine patterns of yield in mixed populations of
plants. Third, the addition series establishes a potential array of
competitive regimes whose properties may be mathematically
modelled. These models may help identify key processes which

regulate species interactions and facilitate predictions of plant
performance in a wide array of conditions.
Choice Qf independent variables

The independent variables chosen to vary in this experimentspecies densities-were the primary factor influencing the behavior of
the dependent variables-yield, resources, and physiology. Classical
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ecological theory developed primarily in annual systems (Harper

1977) suggests that proximity factors- density, proportion, and

spatial arrangement - are key elements influencing the competitive
interactions between plants. While some studies in forest systems
have investigated the role of spacing on tree growth (Oliver 1981,
Barrett 1982, Cole and Newton 1986 ), other forestry studies have
incorporated basal area, crown overlap, or other indices which reflect
the size of neighboring competitors into competition models (Daniels

et al. 1986). These latter variables are not strictly independent of the
competitive response one is trying to model. Use of variables such as
neighborhood or stand basal area as predictor variables for assessing
competitive interactions on tree performance may therefore
confound cause and effect. In addition, as mortality of the competing
species ensues, the variable "density" becomes treatment-dependent.
The greater temporal scale in perennial systems may influence
the interpretation of experiments designed to test hypotheses
developed from theory of short-lived annual systems. Detailed
information on initial competitive conditions and ongoing changes in
yield-density relationships may assist in defining processes whereby
density variables lose their significance and give way to sizedependent indicator variables such as leaf area or basal area in
predictive models of competition.
Proportional Effects
This dissertation did not discuss the effects of proportion on all

of the dependent variables. Correlation analyses (unpublished data)
indicate that variables which displayed asymptotic tendencies were
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highly correlated with species proportion. Light penetration was

more correlated with species proportion than with each separate
species density. Total stem volume of red alder followed a similar
trend. These high correlations between proportion and some of the
dependent variables reflect the response to a composite of the effects
of both species. The variable "proportion red alder" (Pra) is complex

in that it is calculated from the reciprocal of each species density
(Nra, Ndf) and density of red alder
Pra Nra/(Nra + Ndf).

Relationships between variables and proportion are therefore hard to

interpret. Is it increasing the density of red alder in the numerator
that is driving the response? Or is it the increase in red alder in the
denominator? The objective was to quantify the specific effects of
each species density on the performance of certain key variables in
the system of competing trees. Assessment of proportional effects
did not bring me closer to that objective, although it provided some
insight into the general behavior of proximity factors and tree
performance.

Treatment Array
Manipulation of species density in this experiment was nonrandom and a specific gradient of species densities was created in a
fixed arrangement. The orientation of each replication was random,
but within a replication each treatment plot always had the same
adjacent plots as neighbors.
Several reasons existed for the systematic arrangement of
treatments. The influence of border effects can be significant in
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competition experiments. To prevent shading from adjacent plots, the

width of an adequate border area would have to be approximately

equal to the height of the tallest tree in the experiment. By the third
growing season, the border area between each plot would have had
to be three meters wide. This space is not only costly but also has its
own distinct microclimate and increases the potential edge effect of

the experiment. Random arrangement with smaller borders would
require the plot size to be much larger, which also would increase the

space required for the experiment. The gradient approach allows
some interaction of border trees between adjacent plots, but
neighboring plots are of similar nature, and may provide less of a

border effect than bare soil.
One key consequence of this gradient is that the outer
treatments are always on the edge of the experiment. Trees in the

outer row of the high density treatments showed a border responselarger stem diameter, more complete canopy. However, this border

response did not appear to penetrate the stand to more interior trees
where the sampling was conducted. Moreover, the canopy
development of the border trccs prevented penetration of side light
into the center of the plot. Potential still exists that a "wave effect"
could occur, where larger border trees suppress the growth of more
interior trees, beyond that exerted by trees in the center of the plot.
There are several considerations when assessing the response
of the dependent variables to the gradient of species densities. What
other features could be varying with position in the gradient?
Gradients in wind and turbulent transfer, resources, and soil
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properties represent the most likely variables independent of
treatment which could vary systematically with position in the
gradient. Distance to the edge of the experiment might influence
access to light resources. However, the light data indicate that the

lowest red alder density monocultures have the lowest levels of light
(Chapter IV). No significant variation in soil moisture consumption

was observed among treatments, except for the low density Douglas-

fir monocultures on the outer edge of the experiment. All other

treatments on the outer edges of the experiment exhibited the same
soil moisture environment as the interior treatments. No positional
differences were detected in bulk density from the nutrient samples
or probe calibration samples.
The most significant consequence of the non-random

arrangement of the design is that analysis-of-variance approaches to
determine least significant differences are highly problematic. The
experiment was designed specifically for the use of regression
analysis. When regression models were obtained which described

less than half of the observed variation in the data, it appeared
necessary to make treatment comparisons. These comparisons
require the estimation of error through the analysis of variance. A
fundamental assumption of analysis of variance is that the
treatments are assigned randomly to experimental units. This
assumption is violated in this experimental design. Significance
testing using analysis of variance for a split-plot design was used

with caution in this experiment only to indicate estimates of error.
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The principal emphasis should be placed on the gradient analysis

through regression techniques.
Statistical Model Development
The statistical models proposed in this paper provided the

simplest, best linear unbiased estimates quantifying the intra- and
interspecific competition components for red alder and Douglas-fir
seedlings growing under relatively homogeneous field conditions.
The data fit was typical of competition data in which individual plant
size is a hyperbolic function of density (Willey and Heath 1960). The
extension of the reciprocal yield law proposed by Spitters (1983) did
not adequately describe the competitive interactions between red
alder and Douglas-fir seedlings in this experiment. The log-log
transfonned equation, however, explained >80% of the variation in
stem volume, and stem diameter of Douglas-fir and >90% of the

variation in stem volume and diameter of red alder. Logarithmic
relationships are common in forestry examples documenting
competition between trees (White 1980).
The fitting of tree size data to various functions is highly

sensitive to the behavior of the data at the extreme ends of the
density gradient. The degree to which plants at low densities are
influenced by competition affect the fit of the model. In addition, the
number of treatments that have achieved an asymptotic "constant"
yield rn-2 determine to a large extent the utility of reciprocal versus
logarithmic models. Estimates of stem volume m2 rarely reached an
asymptote during the course of this experiment, except in some
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monoculture stands. For this reason, the logarithmic transformations

provided the most random distribution of residuals.
The quest for the perfect model was long and arduous, and
requires careful examination of residual patterns. Reliance on the
coefficient of determination alone is not adequate. My satisfaction

with the models developed for the resource and total yield data is
not complete. Nonlinear analyses may provide some promise for

more succinctly describing the asymptotic nature of the data.
Developments Needed For the Conceptual Model
The mechanisms underlying the competitive interactions

between these two species were addressed by inference from
interrelationships between yield, resources, and physiological
responses. Assembly of these factors into a conceptual model helped
clarify some of these interrelationships. While the model provided an

initial structure to the system, more work is required to develop this
conceptual model into a functional predictive model.

More frequent measurements of physiology and light, as well

as an assessment of the nutrient dynamics, are required to produce a
working mathematical model. The data collected provides only a
static assessment of the light environment. Monthly measurements
would allow the development of an iterative model designed to
predict the feedback between leaf area components, light
interception, soil moisture depletion, leaf water potential and growth.
Correlation coefficients provide some estimate of the

covariance of response variables and make no assumptions regarding
their specific mathematical functions. However, correlations may not
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fully illustrate the importance of the variables in regulating other
model components. For example, while the importance of soil

moisture content in influencing the system was high as suggested by

the index of soil moisture depletion and plant water stress data, the
correlations between soil moisture content and all other variables

were low, perhaps due to the asymptotic nature of the soil moisture
data. Nonlinear modelling or path analysis might produce more well-

defined estimates of the interrelationships between variables and
their importance in mediating competitive interactions.
Partitioning of the observed moisture consumption between
species is highly problematic. It was assumed that evaporative losses

are negligible, and that the transpirational loss by each species was a
function of the leaf area contributed to each stand, light energy, and
relative differences in conductance between species. Further
development of the model should incorporate stomatal conductance

responses to environmental factors, root growth potential
characteristics, and more rigorous energy balance indicators to the
soil moisture depletion submodel.

The nutrient status of the various components in the system is
unknown at this time, although analysis of foliage samples are in
preparation. Work by Cole and Newton (1986) in young mixed red

alder and Douglas-fir stands demonstrated insignificant nitrogen
accretion in the soil and in the foliage of Douglas-fir at early stages of

stand development. While the potential for enhanced nutrient and
growth of Douglas-fir has been suggested (Tarrant 1961, Binkley

1983), negative effects from resource competition appear to be
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masking any positive influence, from the association between these
two species.

Current work by Chan et al. (1988) and Dukes and

Radosevich (in progress) will augment the existing data and
facilitate the development of a working mathematical model from

the conceptual framework presented here. In particular, use of
detailed physiological information will fine-tune many of the
proposed relationships outlined in the conceptual model.

Modelling is an iterative process, both in the structure of
the model and in its development. My approach in this study has
been a static one, and I did not incorporate potential feedback
loops between components in the model. The ultimate model I

envision may be given a transition matrix structure (Leslie 1945,
Maxwell et al. 1988, Maxwell and Radosevich 1987). Transition
matrix models consist of a matrix with 1) the current value of the

state variables 2) rates which determine the change in the state
variables over time 3) factors which modify the rates. This
structure could facilitate the iterative processes of resource
acquisition and allocation within the interacting plants,
modification of the resource environment, and subsequent
physiological and growth responses.
Contributions to the Field Of Ecophysiology

The development of yield-density theory in the last four
decades has advanced our ability to quantify plant performance
in response to competitive stress from neighbors (Kira and
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Shinozaki 1963, Weiner 1982, Watkinson and Firbanks 1981,

Spitters 1983, Pacala and Silander 1987). The specialized area of

field theory (Hsin-I et al. 1985) and the advances in
ecophysiological technology have promoted the development of

models which predict plant production in response to both the
biotic and abiotic environment. Integration of morphological,

physiological, and biophysical processes that influence plant

interactions and their outcomes facilitates our predictive ability
in systems which we monitor, model, and manage. All of these

endeavors focus on the development of models which attempt to
assign mathematical values to properties of biological systems.

One of the primary objectives of this experiment was to

contribute to the development of both mathematical and
conceptual models which describe plant-plant interactions.
This study represents an improvement over a majority of
descriptive studies on competition. While attempting to quantify the
effects of species densities on the observed competitive outcome-

yield- an attempt was also made to uncover some of the underlying
processes through which species interactions occur. Understanding

the processes of plant competition is key to the development of

predictive models for plant and stand performance in the
heterogeneous environment. The efficacy of this experimental design
proved a match to the challenge, and provided an array of

competitive regimes to test and subsequently support the hypothesis
that competition occurs through the mediation of resource limitations
and physiological responses to those limitations.
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The significance of the interaction term has been a subject of

debate (Pacala and Silander 1987). Its prevalence in this study in the
equations for yield, resources, and physiology suggest that it may

indeed be an important indicator of the way plants interact with one
another. Processes of resource depletion by different species and the
responses of those species to resource depletion are complex and
iterative processes. To assume that species effects on plant
performance are additive may simplify our initial conceptual
framework of competition. However, this assumption, made formally

by Spitters (1983), overlooks the potential complexity and feedback
processes of species interactions. Another significant contribution of

this study is that potential feedback between competing species has
been addressed and shown to influence the models we develop to
describe competition.
Contributions to the Field of Vegetation Management

With the advent of the ban of herbicide use in the forest,
vegetation managers became acutely aware that the knowledge

concerning the systems they manipulated revolved around their
"tools" or methods of manipulation. More process-oriented research

was warranted if management practices were to be successfully
reassessed. Specifically, the quantification of conifer responses to
competing vegetation became important for identifying sites which

did and did not require management attention. In addition, it was
recognized that identification of site differences and of other sources

of variation was required if predictions of conifer performance were
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to be made over a wide range of conditions. The possibility that
species associations could have positive influences on conifer

performance further warranted investigation of processes which
mediated conifer performance.
This study provides an example of potential approaches to

dissecting plantation species interactions. This study was relatively

successful at identifying and quantifying the behavior of key
diagnostic features, such as potentially limiting resources, and key
physiological and morphological indictors, as they responded to

manipulation of species densities. Assembly of these factors into a
conceptual model describing causal mechanisms of species

interactions represents the first step of model development.
The results of this study clearly indicate that the manipulation
of the abundance of conifers and associate vegetation- in this case,

red alder- results in quantitative changes in conifer performance.
Changes in conifer performance were associated with modification of
the resource environment which resulted from vegetation
manipulation. Under controlled experimental conditions, density,
environment, and physiological characteristics all interact to produce
definable patterns of conifer yield.

The results of this study show clearly that these two species
are relatively incompatible in mixed stands when grown under the
conditions and time frame of this experiment. High proportions of

Douglas-fir: red alder were required to produce stands with a
significant conifer component. These conditions discourage the
growth of the red alder and may suppress nitrogen-fixation as well
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(Bormann and Gordon 1978). In addition, under the high-density

conditions required to supress the red alder, the conifers suppress
the growth of each other. If the findings of this study are applicable
to stand performance of these two species in general, then they
support the contention by Atkinson et al. (1979) that alternate
rotations of the two species may be the most productive mixed
culture strategy.

The interactions between species densities, time of

establishment, and soil nitrogen levels are important in considering
the balance between facilitation through nitrogen fixation and
competition between these two species. At wider spacings, the

presence of red alder may not significantly interfere with the
conifers during early stages of stand development. During these early
stages, significant accretion of soil nitrogen may be occur. When
ambient soil nitrogen levels are low, enhanced soil nitrogen through

fixation by the red alder could enhance conifer growth before water,
nutrient, and light competition limited their growth. In this study,
soil nitrogen levels were relatively low (0.10%). However, high

densities early in stand development created competitive conditions
which resulted in net negative interactions between red alder and
Douglas-fir.

Identification of weed thresholds is a key endeavor for
establishing criteria for weed control prescriptions. In this
experiment, yield data indicate that one red alder m2 was sufficient
to reduce conifer yield significantly. At high densities of conifers, the

effects of the one red alder were diluted because of the suppressing
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effects of Douglas-fir on the red alder and on conspecifics. The

identification of thresholds may thus be influenced by conifer
spacing.

Resource data also indicated that one red alder was sufficient
to fully utilize all the available soil moisture and to diminish light
levels to a minimum level. Again, at high conifer densities, the effects

of that one red alder on the light environment was less severe, and
higher densities of red alder were required to produce minimum
levels of light. The importance of the interaction between the
densities of all species in the system can not be overemphasized
when assessment of thresholds and competitive relationships are to
made.

Extrapolations to the Real World

Extrapolation of the results from this study to field conditions
should be done with caution. There are numerous specific system
features which significantly influenced the outcome of this

experiment. Interpretation of the results are inextricable tied to
many of these features. For example, this study was implemented as
a highly controlled experiment in which the degree of within-site
spatial homogeneity was high. Competition is a resource-mediated
process, and resource heterogeneity within a site may influence the

intensity of stress experienced by a target plant imposed by a certain
level of neighbors. Resource heterogeneity may also cause positive

associations between density of neighbors and growth of trees.
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Patches rich in resources may have high densities of plants, and also

foster high rates of tree growth. More scatter in the data used to
develop quantitative models is expected in a system where trees and
associated vegetation sample a patchy resource environment.

In this experiment, the system was "pressed" into a state
where the importance of competition in influencing tree performance

was extremely high relative other factors. In the "real" field

numerous other factors can impact tree growth and foreshadow the
role of competition in determining tree performance. Herbivore

activity certainly influences tree productivity in many plantations
and may interact with competitive interactions.

Disease, windthrow,

frost, fire, and soil movement can also influence and interact with

competition to shape the performance of trees and stand structurefunction features.
The principal objective of this experiment was to force

competition to be extremely important in determining tree size in
order to resolve theory and to discover biological mechanisms of
competition at a fined-grained level of analysis. The next step should
be to increase the level of complexity of the system by
superimposing other important regulating features. A juxtaposition
of other temporal and spatial mosaics of biotic and abiotic factors will

require an infinite of perturbation experiments, and keep
researchers busy for years.
This research was a small part of an overall program
designed to evaluate the potential for mixed cultures of red alder
and Douglas-fir. This study supports the contention that red alder
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and Douglas-fir may be incompatible at early stages of plantation

development when the two species become established at the
same time (Cole and Newton 1986, Newton et al. 1968). This

short-term assessment provides only a limited scope of the
interactions between these two species. Long-term outcomes may

differ from the short-term outcomes observed here. Features of
life history such as species longevity may interact with
competitive regime to influence the ultimate course of stand
development. More research on the species interactions through

tune and space is required if the balance of these two species in

mixed culture is to be achieved. I hope that this study has
illuminated some system features warranting further research.
A primary goal of our research approach has been to unite the
realms of theoretical ecology, ecophysiology, and forest vegetation

management. It is our belief that approaching a question at several
levels of analyses will allow the elucidation of processes and
mechanisms. It is not enough to ask the "what" questions; more

fundamental and compelling are the "how" questions. If we are to
solve the real world problems which face our society, it will take
people who are willing to cross boundaries of ideology and technique,

think synthetically, and work synergistically.
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Figure A-i. Relationship between relative photon flux density
obtained from Kipp pyranometers and proportion visible sky
obtained from fisheye photographs

