
AN ABSTRACT OF THE THESIS OF

Robert G. Wagner for the degree of Doctor of Philosophy in

Forest Science presented on November 21, 1989.

Title: Interspecific Competition in Younq Douglas-fir Plantations

of the Oregon Coast Range.

/
4-

Abstract approved:
Slgnauei-d

Steven R. Radosevich

Improving vegetation management decisions in Pacific Northwest

forests requires a better understanding of the interactions between

planted conifers and associated vegetation. A practical index of

interspecific competition, and quantitative models predicting conifer

performance from such an index are particularly needed. To meet this

need, neighborhood models of interspecific competition were developed

for individual Douglas-fir (Pseudotsuqa menziesii Mirb. Franco) trees

in the central Oregon Coast Range using a two-phase study. In the

first phase, a retrospective analysis of two site-preparation

experiments was used to develop preliminary models describing the

relation between surrounding non-coniferous woody vegetation and the

size of 4- to 9-year-old saplings. The importance of interspecific

competition relative to other factors in the reforestation

environment was examined. The second phase tested and refined these



models by examining the growth of planted seedlings under a gradient

of woody and herbaceous vegetation for 3 years. A systematic

approach to evaluating the influence of the 1) abundance, 2) height,

3) distance, 4) azimuth, and 5) spatial arrangement of woody

neighbors was used in both phases. The height and stem diameter

growth of planted Douglas-fir were negatively correlated with all

neighborhood measures of interspecific competition. Visual estimates

of cover for woody species provided the best measure of neighbor

abundance among 7 measures tested. Accounting for the height of the

cover relative to the tree improved the models. Douglas-fir height

growth was influenced primarily by woody neighbors that overtopped

the tree, while stem diameter growth was influenced by all

neighbors. Woody vegetation was more competitive than herbaceous

vegetation. Results suggested that competitive influences on

Douglas-fir height growth are one-sided or asymmetric, and more

two-sided or symmetric on stem diameter growth. Light and soil water

availability in the seedling environment were negatively correlated

with neighbor abundance, and consistent with the best measures of

interspecific competition predicting Douglas-fir growth. Seedling

survival was not influenced by competition from woody or herbaceous

vegetation.
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INTERSPECIFIC COMPETITION IN YOUNG DOUGLASFIR PLANTATIONS

OF THE OREGON COAST RANGE

Part I: Prologue.

The work that follows began in 1981 when I was asked to give a

presentation at a forest vegetation management workshop sponsored by

Oregon State University. The organizers of this workshop asked that

I discuss field survey techniques used by foresters to make

vegetation management decisions. Being new to the field of forest

vegetation management, I was excited at the prospect of learning

about an area that must be central to developing prescriptions for

young stands. Surely a field that was using sophisticated herbicide

technology would have developed a similar level of sophistication

when it came to deciding where, when, how, and why these tools would

be used.

Upon reviewing the literature, however, I found little

information available on survey systems for forest vegetation

management. Perhaps the answer was in the literature reporting

growth and survival losses of young conifers under various kinds and

amounts of associated vegetation. Stewart (1981) had compiled much

of this work, but nearly all pertinent research had focused on

comparisons of one or more kinds of treatments with untreated areas.

In nearly all cases, controlling vegetation increased conifer

survival and/or growth, but little of this research quantified
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conifer performance under a gradient of interspecific competition.

When levels of competition were measured, neither the units (biomass,

density, cover, crown volume, competition class, etc.) or methodology

were consistent. Researchers had not agreed on how to measure

competing vegetation in the field, and no effort at comparing the

various measures was evident.

Without studies quantifying the relationship between conifer

performance and measures of competing vegetation, how was it possible

to provide field survey techniques for quantitative decisions on a

site-specific basis? Maybe the answer was not in the literature, but

already in use out in the field. So, I talked with a number of

professional foresters in state, federal, and private forest land

management organizations around the Pacific Northwest. Although most

organizations used quantitative survey techniques for assessing

conifer stocking in young plantations, vegetation management

decisions were made primarily from casual walk-throughs or roadside

evaluations (Wagner 1984). The few organizations that did collect

quantitative vegetation data rarely used it in decision making.

Clearly, without a practical and biologically meaningful method

of measuring vegetation, and a quantitative link between such a

measure and the performance of young forest plantations, there is no

basis for developing survey techniques on which to make vegetation

management decisions. Recent advances in silvicultural prescriptions

regarding stand density or intraspecific competition have resulted

directly from establishing such relationships (Reineke 1933; Drew and

Flewelling 1977, 1979; McCarter and Long 1986). Advances in

silvicultural prescriptions regarding interspecific competition will
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require development of similar models (Tappeiner and Wagner 1987;

Waistad and Kuch 1987; Wagner et al. 1989). The political

feasibility of maintaining herbicides and other important tools for

forest vegetation management also may depend on establishing these

relationships (GAO 1981; Waistad 1981; Knapp et. al 1984).

Other areas of pest management have faced similar problems. The

development of integrated pest management (1PM) by entomologists was

stimulated by the need to quantify pest populations and resulting

crop losses. Stern et al. (1959) developed the "economic-injury

level" and "economic threshold" concepts that linked the biological

and economic aspects of pest management. Significant advances in

forest vegetation management will require adopting 1PM concepts and

approaches.

Any system or model for making objective and quantitatively-

based decisions in forest vegetation management must include four

components:

a practical method for measuring vegetation that can be used to

derive a biologically meaningful index of interspecific competition,

models that can reliably predict the survival and growth of the

crop species from the interspecific competition index (id),

a means to predict future ICI values from current stand and site

conditions, and

a quantitative understanding of how the ICI is influenced by

specific vegetation treatments.
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These four components need to be integrated into a single model that

can predict long-term yields for treated and untreated stands. When

linked with economic models, such a young-stand model could provide

the basis for economic-threshold based decisions in forest vegetation

management.

Developing the model described above, however, will require that

each of the four components be developed sequentially. A

biologically meaningful id is needed before reliable models

predicting crop survival and growth losses can be constructed. The

form of these competition models needs to be established before

future IC! values can be projected. And accurate models projecting

the Id are required before the effects of specific treatments can be

modeled.

Fully developing the four components of such a model for a

particular forest type was beyond the scope of this dissertation.

Therefore, the focus of this thesis is on the development of

components #1 and #2 for young Douglas-fir plantations in the central

Oregon Coast Range. I hope this effort will provide the foundation

for continued development of the larger forest vegetation management

model described above.

The remainder of this thesis is divided into several parts.

Part II includes two chapters that build preliminary models from a

retrospective analysis of two existing site-preparation experiments.

Chapter 1 describes the strategy and analytical methods used to build

the ICI using the neighborhood approach. Chapter 2 then examines the

importance of the IC! relative to other factors in the reforestation

environment that can influence Douglas-fir performance.
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Part III includes three chapters that examine the models

developed in Part II using a controlled experiment. Chapter 3 tests

and refines the Id by examining neighborhood dynamics for woody and

herbaceous vegetation competing with Douglas-fir seedlings. The

effects of woody and herbaceous vegetation on Douglas-fir growth and

survival are described in Chapter 4. The potential mechanistic basis

of neighborhood competitive interactions are then explored in Chapter

5 by quantifying light and soil water availability under a gradient

of woody and herbaceous vegetation densities.

Finally, the Epilogue provides a synopsis of highlights from the

research, a review of potential management implications, and a

description of opportunities for future research.



Part II: Preliminary Models.

CHAPTER 1

NEIGHBORHOOD PREDICTORS OF INTERSPECIFIC COMPETITION

IN YOUNG DOUGLAS-FIR PLANTATIONS

ABSTRACT

Neighborhood models of interspecific competition for 4- to

9-year-old saplings of Douglas-fir were developed from existing

site-preparation experiments in the Oregon Coast Range. The

influence of abundance measures, height, distance, and spatial

arrangement of nonconiferous woody plants surrounding individual

saplings was examined. The optimum neighborhood height and radius

were defined. The best interspecific competition index for

predicting Douglas-fir height and stem diameter was the sum of

percent cover for all woody species within a 2.1-rn-radius

neighborhood. Visual estimates of neighbor cover were superior to

objective measures of crown area. The cover of woody species equal

to or exceeding the height of the tree provided the best prediction

for tree height. Woody species cover equal to or exceeding one-half

the height of the tree provided the best index for predicting stem

diameter. Accounting for the spatial arrangement of neighboring

woody plants did not improve the models. Interaction between the

competition index and tree age indicated that the negative effect of

interspecific competition on Douglas-fir size increased with time.

6
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The age-adjusted competition index accounted for 11% of the variation

in height and 19% of the variation in stem diameter. Douglas-fir

stem diameter appeared more sensitive to neighboring woody plants

than height.



INTRODUCTION

Management of interspecific competition from woody and

herbaceous vegetation often determines the course and rate of

development of young conifer stands and is important to reforestation

success (Stewart et al. 1984; Waistad and Kuch 1981). Lack of

quantitative techniques for evaluating the effects of interspecific

competition imposes a major limitation to improving the basis for

decisions about forest vegetation management (Waistad and Kuch 1987).

Effects of interspecific competition on forest trees are

quantified by either whole-stand or individual-tree (neighborhood)

approaches (Tappeiner and Wagner 1987). Whole-stand approaches

estimate the yield of the average tree or whole stand from average

measures of vegetation abundance throughout the stand (Burkhart and

Sprinz 1984; Oliver 1984; Bacon 1986; Lanini and Radosevich 1986;

Ross et al. 1986). The individual-tree or neighborhood approach

estimates yield of an individual tree from the degree of local

crowding by neighboring plants (Glover 1982; Howard and Newton 1984;

Bacon 1986; Brand 1986; Chan and Waistad 1987; Byrne and Wentworth

1988).

Although the two approaches project similar growth losses in

young conifer stands as vegetation abundance increases, competition

processes among plants cannot be examined in detail with the

whole-stand approach. Individual trees in young stands generally are

surrounded by plants of various species, growth forms, ages, origins,

densities, proportions, and spatial arrangements that change through

time. Thus, understanding the influence of interspecific competition

8
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on stand dynamics requires analysis at the individual-plant level

(Firbank and Watkinson 1987).

Neighborhood approaches to studying competition were first

developed by forest researchers around 1950 (Gerrard 1969). Most

applications of the neighborhood approach in forest stands have

quantified the effects of intraspecific competition. A thorough

review and test of these approaches are described by Daniels et a1.

(1986).

More recent advances in the neighborhood approach have been

developed using annual plants. The influence of interspecific

competition on the yield of individual plants based on the size,

distance, and distribution of its neighbors was introduced by Mack

and Harper (1977). Subsequent applications and improvements of the

neighborhood approach have been pursued by various authors.

Neighborhood influences on individual-plant seed production (Weiner

1982; Silander and Pacala 1985; Pacala and Silander 1987), seed

germination (Fowler 1984, 1988), growth (Wailer 1981; Liddle et al.

1982; Mithen et al. 1984; Weiner 1984; Goldberg 1987; Firbank and

Watkinson 1987; Pacala and Silander 1987), self-thinning (Watkinson

et al. 1983; Mithen et al. 1984), and size hierarchies (Mitchell-Olds

1987; Bonan 1988) have been examined. Use of the neighborhood

approach to model the population dynamics of annual plants also has

been developed (Weiner and Conte 1981; Pacala and Silander 1985;

Pacala 1986a, 1986b, 1987). Systematic approaches to developing

interference indices from neighborhood data are presented by Silander

and Pacala (1985).
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Four types of neighborhood models of competition have been used

(Firbank and Watkinson 1987). One bases quantification of

competition around an individual tree on the degree of crown overlap

with neighboring trees (Newnham and Smith 1964; Bella 1971). The

other types, which reflect the degree of local crowding, include: 1)

the number of surrounding neighbors (Schellner et al.1982; Firbank

and Watkinson 1987; Pacala and Silander 1987), 2) area available

(Mead 1966; Liddle et al. 1982; Watkinson et al. 1983; Mithen et al.

1984), and 3) a composite statistic accounting for size, distance,

and spatial arrangement of neighbors (Mack and Harper 1977; Waller

1981; Weiner 1982, 1984; Silander and Pacala 1985; Goldberg 1987).

The objective of this study was to improve techniques for

quantifying interspecific competition in young plantations of

Douglas-fir. The influence of the following neighborhood factors on

the height and stem diameter of individual Douglas-fir saplings was

examined: 1) seven measures of neighbor abundance, three based at the

species level and four at the individual-plant level; 2) neighborhood

height and radius; 3) distance to neighbors; and 4) spatial

arrangement (aggregation and angular dispersion) of neighbors.



METHODS

Study Sites

Nine sites in the central Oregon Coast Range were selected for

study. The sites were established between 1975 and 1980 as part of

two long-term experiments designed to evaluate growth and survival of

conifer planting stock to several combinations of site-preparation,

competition-release, and animal-damage-protection treatments (Stein

1984, 1986). All study sites are within 30 km of the Pacific Ocean.

The coastal influence provides a wet, mild, maritime climate

(Franklin and Dyrness 1973). Annual precipitation averages over 180

cm, over 90% of which occurs during the winter. Douglas-fir

site-indices (100-year base) for the sites ranged from 150 to 190.

Sample Trees

Existing study records and maps were used to randomly select 787

Douglas-fir saplings from 78 study plots among the nine sites. All

sample trees were 2-year-old (2-0) bareroot nursery stock when

planted. Only trees that had not been protected from animal damage

or treated for release from competition were selected. The saplings

were 4 to 9 years old when measured and were equally represented

among the site-preparation treatments on each site.

Total height and stem diameter (outside bark, 30 cm above the

ground) were measured on each sample tree during July and August 1984.

11
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Neighborhood Measurements

At the same time tree size was measured, woody vegetation

surrounding each sample tree was quantified using two approaches.

One approach grouped all plants by species in a circular 0.0014 ha

plot with a radius of 2.1 m, centered on the stem of a sample tree

(Figure 1.1A). Percent crown coverage (visually estimated to the

nearest 5%), average height, and the distance from the sample tree

stem to the nearest and farthest crown edges of each species within

the plot boundary were recorded. The other approach considered each

woody plant individually (Figure 1.18). The species, azimuth and

distance from the sample-tree stem, crown diameter, and height were

recorded for each woody plant with a crown edge falling within the

plot. When a neighbor's crown edge overtopped a sample tree, a

negative distance indicating the degree of crown overlap was

recorded. Cover (to the nearest 5%) of all herbaceous species in

each plot also was estimated visually.

Woody vegetation recovery around individual trees varied widely

as a result of site-preparation treatments and pretreatment

distribution of woody vegetation. Most differences in woody

vegetation among site-preparation treatments were related to

abundance, rather than species composition (Wagner and Radosevich

1987). Woody vegetation was dominated by salmonberry (Rubus

spectabilis Pursh), thimbleberry (Rubus parviflorus Nutt.), salal

(Gaultheria shallon Pursh), red alder (Alnus rubra Bong.), vine maple

(Acer circinatum Pursh), and red elderberry (Sambucus racemosa L.).

Correlation between estimates of percent cover and the biomass

of woody nonconiferous vegetation was examined for salmonberry on one
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study site. Fifteen circular 0.0014-ha plots were selected on which

salmonberry cover ranged from 5 to 100%. The salmonberry had

sprouted from established root systems for 4 years after

clearcutting. All salmonberry on the plots was cut at ground level.

Leaves and stems were separated and dried at 70°C for 72 hours. Ten

randomly selected foliage samples, representing all strata of the

salmonberry canopy, also were collected to establish leaf area to

dry-foliage weight ratios.



MODEL DEVELOPMENT

Neighborhood Abundance Measures

Interspecific competition indices (ICIs) were developed from

seven measures of abundance for neighboring nonconiferous woody

plants. Three measured woody plant abundance in the neighborhood at

the species level: 1) percent cover, 2) height, and 3) crown volume

(percent cover x height), each sumed for all species. Four measured

individual plant abundance: 1) crown area; 2) height; and 3) crown

volume, each sumed for all individual plants; and 4) number of

nonconiferous woody plants.

The crowns of adjacent planted conifers occasionally overlapped

the neighborhood of a sample tree. Since the sample trees were

planted on a systematic spacing, however, intraspecific competition

was assumed to be a constant background influence and neighboring

conifers were not included in the ICIs.

Neighborhood Height

In order to examine whether the neighborhood models would be

improved by stratifying neighbors on the basis of height relative to

the subject tree, woody neighbors were systematically excluded from

the ICIs as follows. At a neighborhood height of zero, all neighbors

were included in the ICI. As neighborhood height was increased,

neighbors that fell below a specific height were excluded from the

IC'.

14
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Neighborhood Radius

To determine whether varying the neighborhood size would improve

the models, woody neighbors were systematically excluded from the ICI

on the basis of their distance from the subject tree. Individual

neighbors were included in the index if the distance from the subject

tree to neighbor center was less than or equal to the neighborhood

radius. At zero radius, no ICr was included in the models.

Increasing the neighborhood radius expanded the area around each tree

in which neighbors were included in the index. Since the same

maximum plot radius was used for all sample trees, it was not

possible to calculate a relative neighborhood radius based on the

size of the Douglas-fir, as was done with neighborhood height.

The distance of a neighboring species for the percent cover

measure was based on the distance from the Douglas-fir stem to the

nearest crown edge of each species. Since percent cover was

estimated from the fixed 2.1-rn-radius plot, the nearest and farthest

distance of each species was used to adjust the percent cover for

each neighborhood radius.

Distance to Neighbors

Although the distance to neighbors was considered when examining

the effects of neighborhood radius, the possible importance of

distance to neighboring woody plants within the optimum neighborhood

radius was examined. Distance was incorporated into the ICI by

weighting the abundance or size of each neighbor by its distance

(Silander and Pacala 1985):
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N

IC! = a (1 - d/r)' (1)

1=1

where N = number of species or individual plants in the neighborhood,

a. = the abundance of species i or size of individual plant i in

the neighborhood, d1 = distance of species i of individual plant i

from the Douglas-fir, r = neighborhood radius, and w = weighting

parameter. Only woody plants above the optimum neighborhood height

were included when analyzing the effects of distance.

The effect of distance is minimized as d. approaches r and

maximized as d1 approaches 0. With the species-based abundance

measures, d1 was the distance from the tree stem to the nearest

crown edge of species i. With abundance measures based on individual

plants, d. was the distance from the tree stem to the center of

individual i. The exponent w permits several functional forms for

the influence of neighbor distance on Douglas-fir size. When w = 0,

the competition index equals the neighbor abundance measure. As w

increases, nearer neighbors are weighted more than farther

neighbors. When w is between 0 and 1 the effect of distance is

convex. If w = 1, the effect is linear, and if w > 1, the

relationship is concave.

Spatial Arranqement of Neighbors

Mack and Harper (1971) first proposed neighbor spatial

arrangement as an important attribute of neighborhood competitive

interactions. They suggested that the competitive influence of



17

neighbors was greater when they are evenly distributed around a

target plant, rather than aggregated on one side.

To determine if the spatial arrangement of neighbors could be

used to improve the models, the angular dispersion, z, (after Zar

1974) of the neighbors was included in the ICI. Angular dispersion

is defined as:

N 2 N 2 0.5
z=l - sinz) ( cos) ] /N (2)

1=1 i=l

where N = number of individual plants in the neighborhood and
.

= azimuth of individual plant i from the Douglas-fir. Angular

dispersion varies from 0 (complete aggregation of neighbors) to 1

(complete dispersion of neighbors). Angular dispersion was

incorporated into the ICIs by adjusting neighbor abundance with the

angular dispersion value (Silander and Pacala 1985):

id = A z (3)

where A = the abundance of neighbors in the neighborhood and w =

weighting parameter. As with the weighting of neighbor distance, the

value of w permits several functional forms for including the

influence of angular dispersion on Douglas-fir size. When w = 0, the

Id equals the neighbor abundance measure. As w increases, widely

dispersed neighbors are weighted more than aggregated neighbors.

When w is between 0 and 1 the effect of angular dispersion is



convex. If w = 1, the effect is linear, and if w > 1, the

relationship is concave.

Regression Analysis

Neighborhood models were developed using multiple linear

regression. The influence of each neighborhood factor was determined

by examining whether changes in the ICI improved regression models

predicting Douglas-fir height and stem diameter. Before evaluating

the effects of the neighborhood factors, however, it was necessary to

account for the possible influence of other variables associated with

tree size. Using an all-possible-regressions procedure, six other

independent variables were identified as important (p < 0.01) to

predicting tree size. These variables included tree age, height of

the tree in the first year after planting, degree of apparent animal

damage, a prescribed burning indicator, slope angle, and slope

azimuth. The influence of these factors on Douglas-fir size is

described in Chapter 2.

Although nonlinear models have been preferred over linear models

in neighborhood analyses (Weiner 1982; Silander and Pacala 1985;

Goldberg 1987; Pacala and Silander 1981), the inclusion of other

independent variables and the difficulty of applying significance

tests precluded using nonlinear regression in this study. Log-linear

models produced a hyperbolic form adequate for describing the

neighborhood effects.

The relative mean squared residual (RMSQR) and the distribution

of residuals were the primary statistical criteria for evaluating the

regression models (Neter et al. 1985). The RMSQR, a unitless measure

18



of the mean squared residual, is equal to 1 - adjusted R2. Forms

of the IC! were sought that incrementally lowered the RMSQR of each

regression model predicting tree size. As each neighborhood factor

(neighbor abundance, neighborhood height and radius, neighbor

distance, and neighbor spatial arrangement) was evaluated, the best

neighborhood expressions from previous analyses were used. All

neighborhood factors were evaluated iteratively until an IC!

providing a model with the lowest RMSQR was found. Silander and

Pacala have evaluated neighborhood regression analyses by a similar

approach (Silander and Pacala 1985; Pacala and Silander 1987).

The regression analysis was accomplished using the Statistical

Analysis System (SAS Institute Inc. 1987) and the Statistical

Interactive Programing System (Rowe and Stillinger 1987).
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RESULTS

Neiqhbor abundance measures

The RMSQR values of regression models using each of the neighbor

abundance measures for predicting height and stem diameter of

Douglas-fir saplings are presented in Table 1.1. All abundance

measures were negatively correlated (p < 0.0001) with Douglas-fir

size. Although each abundance measure improved the regression

models, percent cover was the best predictor of height and stem

diameter. Including this measure decreased the RMSQR by 5% for

predictions of height and 12% for predictions of stem diameter,

relative to models with no competition index. Crown area, the best

individual-plant measure, was inferior to percent cover as a

predictor, even though crown area was determined objectively and

percent cover, which is closely related to crown area, was determined

subjectively. Percent cover and salmonberry leaf area were highly

correlated (r2 = 0.9631) (Figure 1.2). The relationship is

described by the equation

Leaf area per plot (m2) = -0.3208 - 0.10769 (%cover)

0.003354 (%cover)2.

Neiqhborhood Heiqht

Systematically excluding woody neighbors from the competition

index on the basis of their height relative to the Douglas-fir

substantially improved models for height and stem diameter (Figure

1.3). Excluding neighbors below a neighborhood height of 0.5

20
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decreased the RMSQR for predicting stem diameter about 6% when

percent cover was used, and about 3% when crown area was used (Figure

1.3). Excluding neighbors above a neighborhood height of 0.65

increased the RMSQR, which suggests that including neighbors above

this height was important to predictions of Douglas-fir stem diameter.

A different pattern emerged for predictions of tree height

(Figure 1.3). The lowest RMSQR occurred at a neighborhood height of

1.0 when percent cover was used as a measure of woody neighbor

abundance, and 1.2 when crown area was used. The tree height models

were relatively insensitive to inclusion of neighbors between a

neighborhood height of 1.0 and 2.0. Excluding neighbors more than

twice the height of the tree increased the RMSQR. The optimum height

for excluding neighbors was similar for all tree ages sampled.

Cover of herbaceous vegetation in the neighborhood initially was

included as an independent variable. Cover of woody and herbaceous

vegetation were negatively correlated with Douglas-fir size when both

were included. When abundance of woody vegetation was removed from

the models, however, cover of herbaceous vegetation became positively

correlated with tree size. This shift suggested that the cover of

herbaceous vegetation was serving primarily as a surrogate for the

negative effects of the woody vegetation. Therefore, it was

determined that effects of herbaceous vegetation on Douglas-fir size

could not be estimated precisely from these data and herbaceous cover

was dropped from the models.

Cover of woody vegetation was negatively correlated (p < 0.0001)

with that of herbaceous vegetation (r2 = 0.51). At high levels of

cover, woody vegetation apparently excluded herbaceous vegetation.
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Creating one index for all low-growing vegetation by summing the

cover of herbaceous vegetation with the cover of woody vegetation

below the optimum neighborhood height did not improve (p > 0.34) the

regression models.

Neighborhood Radius

Changing the neighborhood radius produced little change in the

RMSQR when percent cover was the measure of neighbor abundance

(Figure 1.4). The lowest RMSQR occurred at the plot radius (2.1 m)

at which the visual cover estimates were made.

A clear pattern of the effect of different neighborhood radii

emerged when the sum of individual plant crown areas was the measure

of neighbor abundance (Figure 1.4). As neighborhood radius

increased, the RMSQR for Douglas-fir height and stem diameter models

decreased to a minimum at 1.8 m and then increased. The pattern was

similar when distance was calculated from the center of the tree to

the nearest crown edge of the neighbor, but the RMSQR was lowest at a

neighborhood radius of 0.6 m. Thus, the optimum radius appeared to

be defined by those neighbors whose crowns intermingled with that of

the Douglas-fir.

Regression models using percent cover as the abundance measure

were superior to those using crown area, even when the models were

improved by accounting for the influence of neighborhood radius. The

optimum neighborhood radius did not change with tree age or

neighborhood height, and the optimum neighborhood height was not

influenced by neighborhood radius.
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Distance to Neighbors

Models predicting Douglas-fir height and stem diameter were not

improved by accounting for the nearest distance to each species when

percent cover was used (Figure l.SA). The lowest RMSQR resulted when

w = 0 and the ICI was not modified by the distance to neighboring

species. Modifying the crown area of individual plants within the

optimum 1.8-rn radius by distance from the subject tree also did not

improve the models (Figure l.5B). If individuals outside the optimum

radius also were included in the Id, however, accounting for the

distance of individual plants did improve the models. At a

neighborhood radius of 3.6 m, the RMSQR was lowest when w = 2,

indicating that closer neighbors had a proportionately larger

competitive influence on the Douglas-fir than farther neighbors.

Spatial Arrangement of Neighbors

Accounting for the spatial arrangement of neighbors did not

improve the regression models. The RMSQR was lowest when w = 0.

Including angular dispersion did not improve the models when either

percent cover or crown area was used as the measure of neighbor

abundance.

Influence of Id on Douglas-fir Size

The best ICI for predicting Douglas-fir height was the sum of

percent cover for all woody species in a 2.1-rn-radius neighborhood

that were equal to or taller than the height of the tree. For

predicting stern diameter, the best competition index was the sum of
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percent cover for all woody species in a 2.1-rn-radius neighborhood

that were equal to or taller than one-half the height of the tree.

Multiplying the IC! by the age (number of growing seasons since

planting) of the tree produced the best form of the index (P <

0.0001). The interaction term, or age-adjusted competition index,

indicated that the slope of the relationship between neighbor

abundance and tree size increased with tree age. Better models were

achieved by removing the IC! after the age-adjusted index was

included. The age-adjusted index accounted for 11% of the variation

in Douglas-fir height and 19% of the variation in stem diameter

(Chapter 2).

Simulations of the regression models (presented in Chapter 2)

depicting the influence of the interspecific competition index and

tree age on Douglas-fir height and stern diameter are shown in Figure

1.6. Percent cover values greater than 100 were possible because of

overlapping crowns among woody species. The steeper slope of the

curves for stem diameter suggest that competition from woody

neighbors affected stem diameter more than height. The models also

indicate that growth in height and stem diameter is low when the

cover woody neighbors is high.



DISCUSSION

The abundance of overtopping woody vegetation that occludes an

inverted cone projected above conifers is correlated with decreased

Douglas-fir growth (Howard and Newton 1984; Chan and Waistad 1981)

and has been suggested as an operational standard for competition

release treatments (Smith 1986). In this study, cover of woody

neighbors above specific proportions of Douglas-fir height provided

the best index of interspecific competition (Figure 1.3). The

superiority of percent cover to crown area in quantifying

neighborhood effects suggests that subjective, visual estimates of

plant abundance may integrate some feature of the vegetation that is

not quantified with objective, two-dimensional measures of plant

abundance. The negative hyperbolic relation between tree size and

the neighbor abundance observed in this study (Figure 1.6) is

consistent with the reciprocal yield law (Shinozaki and Kira 1956),

and conifer responses in other competition studies (Wagner et al.

1989). The increased slope of the relationship with increasing tree

age (as expressed by the interaction between the competition index

and tree age) also is consistent with plant yield-density relations

(Harper 1971).

Stem diameter was more sensitive than tree height to

neighborhood competition, as indicated by 1) contrasting responses of

height and stem diameter to neighbors of different heights, 2) slopes

of the relationships, and 3) amount of variation accounted for by the

competition index. These results are consistent with stand-density

studies in older conifer monocultures (Lanner 1985). Buds and new
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foliage have the highest priority for carbon allocation in conifers

(Waring and Schlesinger 1985); resource depletion induced by

competition will most affect lower priority allocations, such as stem

diameter growth.

The competition index appeared to be associated primarily with

reduced light availability to the Douglas-fir. This is indicated

both by the fact that we could separate the influence of overtopping

neighbors from that of shorter neighbors, and by the results of the

neighborhood radius and neighbor distance analyses. The optimum

neighborhood radius was defined by neighbors whose crowns

intermingled and shaded the Douglas-fir. The influence of woody

neighbors beyond the optimum radius declined in a concave manner

(Figure 1.5B). Silander and Pacala (1985) also found that a

weighting exponent of 2 best expressed the influence of neighbors

outside an optimum neighborhood radius. Several other researchers

(Harper 1917; Weiner 1982; Goldberg 1987) have suggested that

neighbor distance effects decrease as an inverse square of the

distance.

The optimum radius for quantifying neighbors should increase as

trees get larger. However, similar optimum radii were found for

trees from 4 to 9 years old. Optimum radii for trees of different

sizes may have been similar because only neighbors that were

intermingled with the Douglas-fir crown were important. Competition

from low-growing vegetation, not included in the competition index,

also may have obscured the effects of neighborhood radius.

The ability to define an optimum neighborhood radius, within

which the distance to neighbors is not important, supports the
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superiority of distance-independent competition indices in other

studies (Daniels et al. 1986). Data from this study suggest that,

if a neighborhood radius larger than the optimum is used, the best

competition index should be distance dependent.

Although spatial arrangement of neighbors may be important in

predicting neighborhood competitive effects (Mack and Harper 1971;

Wailer 1981; Weiner 1982; Silander and Pacala 1985), some studies

have demonstrated a poor relationship (Soetono and Puckridge 1982;

Watkinson et al. 1983; Fowler 1984). Silander and Pacala (1985);

suggest that an adequate range of local densities in the plant

population, an appropriate neighborhood size, and the absence of

factors contributing to variation in plant performance are necessary

if the effects of spatial arrangement are to be detectable. Factors

such as competition from low-growing vegetation, the presence of

other influences (such as animal damage), and the retrospective

nature of the analysis may have obscured the effects of neighbor

spatial arrangement in this study.

Removing low-growing woody and herbaceous vegetation often

increases Douglas-fir growth significantly (Cole and Newton 1986;

Harrington and Wagner 1986; lung et al. 1986; Newton and Preest

1988). The inability to quantify the influence of such vegetation in

this study probably was related to the history of vegetation

development on the sites. Within the first few years after site

preparation, woody and herbaceous vegetation fully occupied the sites

(Stein 1984, 1986). Thus, below-ground competition from surrounding

vegetation probably was similar for most trees in this study.

Including the influence of low-growing vegetation in the competition
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index will be necessary to determine the overall importance of

interspecific competition to Douglas-fir growth.

These results also suggest that interspecific competitive

effects among plant species are not equivalent. Species with more

rapid and indeterminate height growth (such as red alder) should

compete with Douglas-fir more effectively than herbaceous species or

woody species with determinate height growth. Further, woody species

with rapid, determinate height growth (such as salmonberry and

thimbleberry) will probably be greater competitors than herbaceous

vegetation. Although equivalency among species with similar

height-growth characteristics was not tested, research with annual

plants indicates that differences in competitive influence among

species is related primarily to differences in size, rather than

per-unit-size competitive effects (Goldberg and Werner 1983; Goldberg

1987).

The significance of the competition index in the regression

models, as with all variables in a regression model, does not prove

causation. Because the neighborhood analysis was retrospective,

neighbor abundance and tree size at the same time should not be

directly related. Neighbor abundance probably was correlated with

tree size in this study because of the strong relationship between

the present and historical abundance of neighbors around the

Douglas-fir saplings. Thus, the competition index is probably an

indirect measure of the integral of interspecific competition that

the tree had experienced since planting. The strong retrospective

relation between neighborhood effects and Douglas-fir size may be
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related to competition from woody neighbors that had the advantage of

early emergence, rapid growth rates, or both.



SPECIES APPROACH a

PLOT BOUNDARY
(2.1-rn radius)

INDIVIDUAL PLANT APPROACH

- ------
MAXIMUM DISTANCE FOR
RECORDING AN INDIVIDUAL (2.1 rn)

Fiqure 1.1 - Diagram of neighborhood approaches for measuring woody
vegetation around individual Douglas-fir saplings. The approach
shown in (A) grouped all woody vegetation by species within a 2.1 m
radius plot. For each species (A, B, or C) in the plot, the percent
cover, height, nearest distance (ND), and furthest distance (ED) are
recorded. The approach shown in (B) considered each woody plant
separately. For each of the 4 individual plants, the species (A, B,
or C), height, distance (D), azimuth (Z), and crown diameter (C) are
recorded.
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Fiqure 1.2 - The relation between visual estimates of salmonberry
cover and leaf area per plot (2.1-rn radius).
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Figure 1.3 - The effect of neighborhood height on the RMSQR of
regression models predicting Douglas-fir height and stem diameter.
Differences in neighborhood height were derived by selecting only
woody neighbors for the interspecific competition index that are
greater than or equal to specified proportions of Douglas-fir height.
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Figure 1.4 - The effect of neighborhood radius on the RMSQR of
regression models predicting Douglas-fir height and stem diameter.
Differences in neighborhood radius were derived by selecting woody
neighbors whose centers occurred within specified distances from the
Douglas-fir.
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Fiqure 1.5 - The influence of accounting for neighbor distance on the

RMSQR of regression models predicting Douglas-fir height and stem
diameter. The value of the weighting parameter (w) is increased in
order to change the effect of neighbor distance in the interspecific

competition index. Curves for percent cover (A) are based on a
neighborhood radius of 2.1 m. Curves for crown area (B) shown for

neighborhood radii of 1.8 and 3.6 m.
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Fiqure 1.6 - The effects of the interspecific competition index on
the height (A) and stem diameter (B) of individual 4- to 9-year-old
Douglas-fir saplings. The simulations depict trees with a 50 cm

first-year height on unburned plots; no animal damage or topographic
effects were included. The regression models for these relationships

are presented in Chapter 2.
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Table 1.1 - RMSQR for regression models predicting the height and
stem diameter of 4- to 9-year-old Douglas-fir saplings using
various neighbor abundance measures. Models were generated using
the best neighborhood dimensions for quantifying competition
effects.
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Neighborhood Abundance Measure

Tree Size Variable

Height Diameter

Without competition index

A. Species Grouping:

0.3482 0.4085

Percent cover 0.2971 0.2926

Height 0.3259 0.3574

Crown Volume 0.3338 0.3673

B. Individual-Plant Grouping:

Number of plants 0.3152 0. 3628

Crown area 0.3062 0. 3311

Height 0.3385 0. 3927

Crown volume 0.3345 0.3814



CHAPTER 2

INTERSPECIFIC COMPETITION AND OTHER FACTORS

INFLUENCING THE PERFORMANCE OF DOUGLAS-FIR SAPLINGS

IN THE OREGON COAST RANGE

ABSTRACT

Regression models describing total height, stem diameter, stem

volume, and crown volume of individual 4- to 9-year-old saplings of

Douglas-fir were developed from a retrospective analysis of two

site-preparation experiments. The models, which accounted for

between 64 and 73% of the variation in individual tree size,

integrate environmental and morphological factors that can influence

the performance of Douglas-fir saplings into one set of equations.

Interspecific competition and amount of animal damage were negatively

correlated with tree size. Tree age, first-year height, and the use

of prescribed burning were positively correlated with tree size.

With other factors held constant, trees were largest on steep

southeast slopes. The models indicated that tree age, competing

vegetation, animal damage, and initial seedling size had a dominant

influence on the performance of Douglas-fir saplings, while

prescribed burning and topographic position were of relatively minor

importance.
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INTRODUCTION

Competing vegetation, animal damage, initial seedling size, site

preparation, and topographic features are important factors

influencing the survival and growth of Douglas-fir seedlings in

western Oregon (Cleary et al. 1978). Evaluating the relative

importance of these factors in determining conifer survival and

growth can help determine silvicultural strategies and nursery

practices, optimize management decisions, and provide a basis for

growth models of young forest plantations.

Although the focus of Chapter 1 was on quantifying the influence

of interspecific competition on Douglas-fir size, assessing the

importance of competing vegetation relative to other factors in the

reforestation environment is central to developing appropriate

vegetation management strategies. The objective of this study was to

quantify the influence and relative importance of various

environmental and morphological factors that are correlated with the

size of Douglas-fir saplings. Data from two experiments in the

Oregon Coast Range were used to model the relationships of tree age,

competing vegetation, first-year height, animal damage, prescribed

burning, and topographic effects with the size of individual 4- to

9-year-old Douglas-fir saplings.
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METHODS

Study Sites

Nine sites, part of two long-term experiments comparing

reforestation practices (Stein 1984, 1986), were selected for study.

All sites are in the central Oregon Coast range, within 30 km of the

Pacific Ocean, and have a wet, mild maritime climate (Franklin and

Dyrness 1973). Douglas-fir site-index values (100-year base) ranged

from 150 to 190. Site-preparation treatments being tested in the

experiment include prescribed burning, aerial herbicide spraying,

spraying and burning, manual cutting, manual cutting and burning, and

no site preparation. Abundance of woody vegetation around individual

trees varied widely, as a result of the pretreatment distribution of

woody plants and site-preparation treatments. However, the species

composition of woody plants did not differ among treatments (Wagner

and Radosevich 1987). Additional details about the sites and

site-preparation treatments are available in Stein (1984, 1986), and

Wagner and Radosevich (1987).

Data Collection

During July and August 1984, the total height, stem diameter

(outside bark, 30 cm above the ground), average crown diameter at the

base of the live crown, and height from the ground to the base of the

live crown were measured on 787 Douglas-fir saplings in 78 study

plots. The saplings ranged from 4 to 9 years old when sampled.

Height for each sample tree after the first growing season was

obtained from study records. Criteria for selection of sample trees
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are described in Chapter 1. Stem volume and live-crown volume were

calculated from these measurements by a cone volume equation.

At the same time, vegetation was measured in a circular

0.0014-ha (2.1-rn radius) plot surrounding each tree and centered on

its stem. Details of the vegetation measurements and derivation of

an interspecific competition index are described Chapter 1.

Animal damage to the Douglas-fir was subjectively ranked on a

four-point scale: 1 = no apparent damage, 2 = light clipping of

foliage on lateral branches, 3 = moderate clipping of foliage on

lateral branches and/or minor clipping to the terminal, and 4 = heavy

clipping of lateral branches and/or terminal. No attempt was made to

identify the species that caused the damage. The influence of animal

damage on tree size was expressed with two class variables, one

indicating a light to moderate amount of damage and the other

indicating heavy damage. The light and moderate damage categories

did not differ, so they were combined.

To determine if including the type of site-preparation treatment

improved the models, indicator variables describing the methods of

site preparation were examined. A conventional set of indicator

variables that compared each of the five treatments to the untreated

check was tested. Nine additional groupings of site-preparation

indicators were evaluated to include combinations of specific methods

(prescribed burning, aerial herbicide spraying, and manual cutting).

These groupings were based on logical combinations of specific

methods coninon to the site-preparation treatments (Wagner and

Radosevich 1987).
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Topographic position also was determined in terms of slope angle

and azimuth of the 0.0014-ha plot surrounding each tree. Cosine and

sine transformations (Stage 1976) of slope angle and azimuth were

used to examine the relationship between tree size and topographic

effects.

Analytical Approach

Multiple linear regression analysis was used to model the

relationship among the variables. The dependent variables were total

height, stem diameter, stem volume, and crown volume of the

Douglas-fir. Tree conditions, site factors, and interspecific

competition indices were evaluated as potential independent variables

(Table 2.1). The Statistical Analysis System (SAS Institute Inc.

1987) and the Statistical Interactive Programing System (Rowe and

Stillinger 1987) were used for the regression analysis.

Half of the 787 sample trees were randomly selected before the

regression analysis. Splitting the data permitted building the model

with half the data and validating it with the other half (Draper and

Smith 1981). All possible regressions were conducted on the

model-building half of the data to identify the best independent

variables. A family of power transformations (from -2 to 2) of the

dependent variables was then examined using the maximum likelihood

method (Box and Cox 1964, as described in Draper and Smith 1981).

Nonlinearity and nonhomogeneous variances were corrected by

logarithmic transformation of each dependent variable. Logarithmic
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transformations of some independent variables also were used where

appropriate to improve the model fit.

After transforming the dependent variables, the independent

variables were rescreened with an all-possible-regressions procedure

(Draper and Smith 1981). The final models were selected on the basis

of the equation that yielded the lowest relative mean squared

residual (1 - adjusted R2), had unbiased residuals, and required

the fewest independent variables (Neter et al. 1985). Only

significant (p < 0.01) factors were included in the final models.

Variance inflation factors were used to examine multicolinearity

among the independent variables (Neter et al. 1985).

After selecting the best model for each dependent variable in

the model-building data set, an analysis of covariance test (Chow

1960; Dhrymes et al. 1972) was used to validate the models with the

other half of the data set. The full data set then was used to

estimate the final regression parameters.



RESULTS

The final regression models describe the height, stem diameter,

stem volume, and crown volume of 4- to 9-year-old Douglas-fir

saplings in relation to tree age, an interspecific competition index,

first-year height, two indicators of animal damage, a prescribed

burning indicator, slope angle, and slope azimuth (Table 2.1). Final

regression parameters for the models are presented in Table 2.2.

Back-transformed simulations of the height and stem diameter models

are presented in Figures 2.1-2.4.

Tree Aqe and Interspecific Competition

Tree age, the most important variable in the models, accounted

for between 34 and 42% of the variation in tree size (Table 2.3).

The interspecific competition index (IC!) accounted for 5% and 12% of

the variation in height and stem diameter, respectively, when

included in the regression models alone. The IC! accounted for 10%

of the variation in stem volume and 9% of the variation in crown

volume. Details regarding selection and influence of the IC! are

described in Chapter 1.

The best form of the IC! resulted when it was multiplied by tree

age (Table 2.3). This interaction indicated that the slope of the

relationship between the IC! and tree age increased with tree age

(Figure 1.6). The age-adjusted IC! accounted for between 10 and 19%

of the variation in tree size (Table 2.3). Models were improved when

the IC! was removed after the age-adjusted index was included in the

models.
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Trees of different ages were nearly the same size under high

competition levels. Height generally was less sensitive to the ICI

than stem diameter, stem volume, and crown volume (Table 2.3).

First-year Height

Tree height at the end of the first growing season was

positively correlated with all tree size variables (Table 2.2), and

accounted for between 3 and 6% of the variation (Table 2.3). The

diverging shape of the curves for trees of various ages suggest that

size advantages in the first year after planting were accentuated

with time (Figure 2.1).

Animal Damage

Browsing and clipping of Douglas-fir stems and foliage was

observed on all sites. lightly, moderately, and heavily damaged

trees composed 15, 10, and 6% of the sample, respectively. Neither

frequency nor severity of damage was associated with the competition

index, site-preparation treatment, or topographic position.

Both animal damage variables were negatively correlated with

tree size (Table 2.2). Animal damage accounted for about 12% of the

variation in tree height and crown volume, compared with 8-9% for

stem diameter and stem volume (Table 2.3). Tree height was reduced

23%, relative to undamaged trees, when lightly or moderately damaged,

and 55% when heavily damaged (Figure 2.2).
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Prescribed Burning

Grouping site-preparation treatments as burned or unburned

provided the best models describing all tree size variables, whether

or not aerial herbicide spraying or manual cutting was used with

burning. The BURN variable was positively correlated with tree size

(Table 2.2). Prescribed burning increased tree height by 10% and

stem diameter by 16% (Figure 2.3). Although accounting for less than

1% of the variation in tree size, BURN was statistically significant

(p < 0.0001) in the models (Table 2.3).

Suppression of competing vegetation is a primary benefit of site

preparation (Lanini and Radosevich 1986; Ross et al. 1986). On these

sites, prescribed burning reduced the cover of all vegetation to less

than 5% immediately after treatment (Stein 1986). Initial cover was

not substantia1ly reduced by site-preparation treatments that did not

include burning. After the initial suppression, however, vegetation

recovery was similar on burned and unburned plots (Stein 1986).

Cover of woody vegetation was only 15% less on burned plots when

measured in this study, and woody species composition also did not

differ in burned and unburned plots (Wagner and Radosevich 1987).

BURN was not correlated with the interspecific competition indices.

Variance inflation factors were less then 1.3 for all independent

variables, indicating a low degree of colinearity (Neter et al. 1985).

Topographic Effects

Both slope angle and azimuth were correlated (p < 0.01) with

tree height, stem diameter, and stem volume, but accounted for less
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than 1% of the variation (Tables 2.2 and 2.3). Crown volume was not

correlated (p > 0.03) with slope angle and azimuth.

According to the models, tree size was greatest on southeast

aspects (Figure 2.4). Maximum height, stem diameter, and stem volume

occurred at aspects of 126°, 143°, and 141°, respectively. At these

aspects, tree size increased with slope angle. Attempts to make the

topographic effects asymmetric (Stage 1976) yielded models of lower

precision than the symmetric form.



DISCUSSION

The individual-tree models derived in this study support

previous research and field observations: 1) tree size is a function

of age, 2) competing vegetation reduces tree size, 3) large seedlings

perform better, 4) animal damage decreases tree size, 5) prescribed

burning improves plantation performance, and 6) topographic position

influences tree size. The primary value of the regression models

comes from the integration of these factors into a set of equations

that can be used to assess their influence and relative importance on

the success of Douglas-fir saplings in the Oregon Coast Range. The

models clearly indicate that tree age, competing vegetation, animal

damage, and initial seedling size had a dominant influence on the

performance of Douglas-fir seedlings. In contrast, prescribed

burning and topographic position had relatively minor effects on

sapling size.

Tree age was included in the models primarily so that the

influence of the other independent variables could be evaluated while

tree age was held constant. Since tree age varied among study sites,

however, the effect of tree age in the models is only approximated.

Including many plantations of different ages would have reduced

possible confounding between tree age and other site factors, but

also would have reduced the control of interspecific competition,

first-year height, and site-preparation methods that was provided by

confining the study to established experiments. However, replication

of four sites at age 4 and two sites at age 7 years, combined with

47



48

similar site-index values on all sites, reduced confounding between

site age and other site factors.

Although measuring each tree size variable when the seedlings

were planted would have been preferable, first-year height was the

only initial size variable recorded in both site-preparation studies

(Stein 1984, 1986). The significance of first-year height in the

models probably depicted the influence of a combination of several

factors: size at planting, seedling vigor, planting quality, animal

damage, interspecific competition, microsite factors, and genotypic

differences. First-year height was not correlated with the other

independent variables in the models, suggesting that later influences

on tree size were not strongly correlated with factors that

determined first-year height.

Results from this study agree with previous research that large

conifer seedlings grow better than small seedlings on favorable sites

(Howard and Newton 1984; Iverson 1984; Thompson 1985). Both

physiological vigor and morphological characteristics may be

important predictors of seedling performance in the field (Hobbs

1984). Thus, nursery and silvicultural practices that increase

seedling growth during the first several years after planting appear

to have beneficial longer-term effects on plantation development.

Animals can damage 30-40% of all unprotected Douglas-fir

seedlings each year in the Oregon Coast Range (Black et al. 1969;

Schaap and DeYoe 1986), and nearly 20% of all reforestation failures

in the Pacific Northwest can be linked to such damage (Black et al.

1969, 1979). Black et al. (1979) found that unprotected Douglas-fir

saplings in western Oregon were 28% shorter than protected trees
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after 10 years. Unprotected seedlings on these study sites were

12-19% shorter than protected seedlings after 5 years (Stein 1984,

1986).

Modeling the effects of animal damage in this study was subject

to two limitations. First, applying the equations beyond this study

is difficult, because we ranked the degree of browsing and clipping

on a subjective scale. Second, as with the competition index, the

animal damage variables depict the integral of damage during the life

of the tree, rather than single events.

Most research on the silvicultural effects of prescribed burning

in the Pacific Northwest has focused on soil impacts and recovery of

nonconiferous vegetation (Loucks et al. 1987). The effects of

prescribed fire on the growth of forest plantations, however, are

largely unstudied (Miller and Seidel 1989). Initial suppression of

vegetation on burned areas in southwestern Oregon has been linked to

increased Douglas-fir growth, even though differences in tree size

between burned and unburned plots could not be detected for two years

after planting (McNabb 1987). Better planting quality resulting from

improved accessibility and selection of planting spots also may

improve seedling growth (McNabb 1988).

Although prescribed burning can reduce site productivity by

reducing nutrients (McNabb and Cromack 1989) and soil microbes

(Borchers and Perry 1989) and increasing soil erosion (McNabb and

Swanson 1989), this study indicates that prescribed burning is

positively correlated with the growth of young Douglas-fir

plantations. Prescribed burning may increase seedling growth through
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the initial reduction of competing vegetation; this increase may not

be apparent for two or more years. Subsequent recovery of woody

vegetation (measured in the interspecific competition index) could

then reduce Douglas-fir growth independent of the initial reduction

in competition provided by prescribed burning.

Slope azimuth and angle affect the intensity and duration of

insolation on forest lands (Lee 1978). When combined with other

environmental factors (such as precipitation, temperature and soil

type), solar radiation can significantly affect tree growth and

survival (Stage 1976; Ferguson et al. 1986). Our finding of

increased growth on steep southeast slopes is consistent with other

studies in the Oregon Coast Range. Ruth (1957) found greater height

growth and survival of Douglas-fir on southeast than on northwest

aspects. Douglas-fir basal area increased more on steep south slopes

after preconinercial thinning (Perry 1984). These topographic

influences contrast sharply with those in the more moisture-limiting

environments of the northern Rocky Mountains, where conifer growth is

poorest on steep south slopes.
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Fiqure 2.1 - The effects of first-year height and tree age on the
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Fiqure 2.3 - The effects of tree age and prescribed burning for site
preparation on the height (A) and stem diameter (B) of individual 4-
to 9-year-old Douglas-fir saplings. Variables not depicted in the
graphs were assigned the following values: ICI100 = 0, ICISO = 0,
FYHT = 50 cm, MAD = 0, HAD = 0, SLO = 0, ASP = 0.

53

I F I

5 6 7 9



75

70

65

60-

55

45

40
0 40 80 120 160 200 240 280 320 360

SLOPE AZIMUTH (degrees)

54

Fiqure 2.4 - The effects of slope angle and azimuth on the height (A)
and stem diameter (B) of individual 7-year-old Douglas-fir saplings.
The optimum aspect for tree height was 126 degrees, and 143 degrees
for stem diameter. Variables not depicted in the graphs were assigned
the following values: AGE = 7, ICI100 = 0, 1C150 = 0, FYHT = 50 cm,
MAD = 0, HAD = 0, BURN = 0.



Table 2.1 - Abbreviations and definitions of the independent
variables included in the regression equations.

Variable Definition

Constant B0 (intercept)

AGE Number of growing seasons since the tree was planted.

1C150 Interspecific competition index. Total percent
cover of shrub and hardwood species greater than or
equal to 50 percent of Douglas-fir height in a 2.1 m
radius around the tree.

ICI100 Interspecific competition index. Total percent
cover of shrub and hardwood species greater than or
equal to 100 percent of Douglas-fir height in a 2.1
m radius around the tree.

FYHT Height (cm) of tree at the end of the first growing
season after planting.

MAD Variable indicating the presence of light to
moderate foliage and leader clipping by herbivores.
MAD = 1 if a light to moderate level of animal
damage is present, 0 if not.

HAD Variable indicating the presence of heavy foliage
and leader clipping by herbivores. HAD = 1 if heavy

animal damage is present, 0 if not.

BURN Variable indicating whether prescribed burning was
used for site preparation. BURN = 1 if burning was
was used, 0 if not.

ANG Slope angle (percent) of the ground around the tree
divided by 100.

AZ Slope azimuth (radians) of the ground around the
tree (azimuth in degrees multiplied by 0.01745).
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Table 2.2 - Regression equations for describing the height (cm),
stem diameter (mm), stem volume (cm3), and crown volume (m3) of
individual 4- to 9-year-old Douglas-fir saplings. The form of the
equation is

= e11
, where "e" is the base of natural logarithms = 2.7183.

Dependent Variable (Y)
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F - ratio

Adjusted R2

Error mean square

Number of trees

Height
(B)

Stem
Diameter
(B)

Stem
Volume
(B)

Crown
Volume
(B)

2.34467 -0.56996 -4.61931 -9.80290

0.97299 1.26513 3.48627 3.03114

-0.00334 -0.00819 -0.00770

-0.00220

0.39751 0.54692 1.47862 1.22723

-0.26282 -0.36012 -0.98647 -1.11626

-0.79287 -0.81477 -2.46507 -2.64467

0.09294 0.15101 0.37892 0.26994

-0.08368 -0.21627 -0.53204

0.11439 0.16394 0.43009

247.55 251.16 266.71 238.35

0.7151 0.7228 0.7301 0.6458

0.08600 0.16221 1.13999 1.40408

787 787 787 782

Independent
Variable

I (X)

o Constant

1 Ln(AGE)

2 1C150*Ln(AGE)

3 ICI100*Ln(AGE)

4 Ln(FYHT)

5 MAD

6 HAD

7 BURN

8 COS(AZ)*ANG

9 SIN(AZ)*ANG



Table 2.3 - Change in the adjusted R-squared from the stepwise
addition of each independent variable and the p-value (in
parentheses) of the regression coefficient when in the models for
each dependent variable.
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Independent
Variable

Dependent variable

Height
Stem
Diameter

Stem
Volume

Crown
Volume

Ln(AGE) 0.4224 0.3813 0.4014 0.3442
(<0.0001) (<0.0001) (<0.0001) (<0.0001)

1C150*Ln(AGE) 0.1880 0.1628 0.1440
(<0.0001) (<0.0001) (<0.0001)

ICI100*Ln(AGE) 0.1071
(<0.0001)

Ln(FYHT) 0.0567 0.0564 0.0570 0.0369
(<0.0001) (<0.0001) (<0.0001) (<0.0001)

MAD, HAD 0.1195 0.0806 0.0947 0.1167
(<0.0001) (<0.0001) (<0.0001) (<0.0001)

BURN 0.0051 0.0080 0.0069 0.0040
(<0.0001) (<0.0001) (<0.0001) (<0.0001)

COS(ASP)*SLO 0.0013 0.0060 0.0049
(0.0186) (<0.0001) (<0.0001)

SIN(ASP)*SLO 0.0024 0.0025 0.0024
(0.0066) (0.0047) (0.0051)

Total
Adjusted R2 0.7151 0.7228 0.7301 0.6458



Part [II: Model Testing and Refinement.

CHAPTER 3

NEIGHBORHOOD DYNAMICS FOR DOUGLAS-FIR SEEDLINGS

COMPETING WITH WOODY AND HERBACEOUS VEGETATION

IN COASTAL OREGON FORESTS

ABSTRACT

The effects of neighborhood competition from woody and

herbaceous vegetation on the basal-area and height growth of

Douglas-fir seedlings were examined for the first 3 years after

planting in the Oregon Coast Range. Detailed analysis of the 1)

abundance measures, 2) height, 3) distance, 4) azimuth, and 5)

spatial arrangement of woody neighbors provided a systematic approach

to quantifying the effects of neighborhood competition. Visual

estimates of species cover generally provided the best measure of

abundance for woody vegetation. Stratifying the neighborhood by the

height of woody neighbors substantially improved regression models,

and accounted for the effects of asymmetric competition. Differences

in the response of Douglas-fir height and basal area to neighborhood

height suggested that interspecific competitive influences on height

growth were primarily asymmetric or one-sided, and more symmetric or

two-sided on basal-area growth. Woody neighbors closest to the

seedling had the greatest impact on growth, and their competitive

influence decreased sharply as their distance increased beyond an
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optimum neighborhood radius around the seedling. The optimum

neighborhood dimensions also changed with time, indicating that

neighborhood interactions are dynamic and linked to the structure of

the plant community being examined.
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INTRODUCTION

There are a number of techniques for studying interactions among

plants (Harper 1977). Recent development of the neighborhood

approach has acknowledged the need to understand these processes at

the individual-plant level (Mack and Harper 1977; Antonovics and

Levin 1980; Weiner 1982). Neighborhood models offer several

advantages over the other approaches to studying plant interactions

(Radosevich 1988; Chapter 1). The neighborhood approach has a

specific advantage when quantifying how the spatial attributes of

neighbors can influence the outcome of competitive interactions

(Silander and Pacala 1985; Pacala and Silander 1987; Firbank and

Watkinson 1987; Chapter 1). Therefore, neighborhood models have been

the focus of recent efforts at predicting population dynamics (Pacala

and Silander 1985; Pacala 1986a, 1986b, 1987) and understanding the

development of size hierarchies in plant populations (Bonan 1988;

Weiner 1985; Weiner and Thomas 1986; Mitchell-Olds 1987; Petersen

1989).

Neighborhood approaches also can be used to improve our

understanding of competition processes in forest stands (Weiner 1984;

Daniels et al. 1986; Chapter 1). Neighborhood models describing the

influence of interspecific competition on the size of Douglas-fir

saplings were developed in Chapters 1 and 2. This retrospective

study investigated the importance of neighbor abundance measures,

vertical and horizontal neighborhood dimensions, and the distance and

spatial arrangement of neighbors. A prominent finding was the

importance of neighborhood height in predicting tree size.
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Accounting for the influence of neighborhood height offers one

solution to recent concerns about including the effects of asymmetric

competition in neighborhood models (Weiner 1985, 1986; Weiner and

Thomas 1986; Mitchell-Olds 1987; Bonan 1988; Thomas and Weiner 1989).

A major limitation to these and other neighborhood models,

however, is their static nature. Interpretations of competitive

interactions are often limited because there is no direct relation

between current neighborhood conditions and the current size of a

target plant (Mitchell-Olds 1987; Chapter 1). An improved

understanding of neighborhood competition can be gained by examining

the growth rate of target plants for an extended period of time

(Mitchell-Olds 1987; Thomas and Weiner 1989). Perennial forest

systems offer a good opportunity to study neighborhood interactions

for relatively long periods of time. Accurate interpretations of

competitive interactions also require controlled experimental

conditions (Radosevich 1988). Retrospective analyses and the lack of

experimental manipulations have been identified as major limitations

to interpreting the effects of plant competition in other experiments

(Connell 1983; Goldberg and Werner 1983; Underwood 1986;

Mitchell-Olds 1987).

The overall objective of this study is to test and refine the

neighborhood models of interspecific competition for young

Douglas-fir developed in the preliminary study (Chapters 1 and 2).

The specific objectives include 1) testing the findings in Chapter 1

regarding the best measure of neighbor abundance, vertical and

horizontal neighborhood dimensions, and the distance and spatial

arrangement of woody neighbors, 2) determining whether these
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neighborhood relations change with time, and 3) evaluating the

potential influence of low-growing woody and herbaceous vegetation in

the neighborhood models.



METHODS

Study Sites

Four sites dominated by salmonberry (Rubus spectabilis Pursh)

were selected in the central Oregon Coast Range. Salmonberry is a

deciduous, perennial shrub with a clonal growth habit (Haeussler and

Coates 1986). Commonly forming dense thickets 2 to 3 m tall, and

capable of quickly dominating newly planted conifer seedlings,

salmonberry is often the focus of vegetation control over much of the

Pacific Northwest Coast Range (Waistad et al. 1987; Knapp et al.

1984). So that neighborhood competitive interactions could be

examined over a range of environments where Douglas-fir and

salmonberry coexist, the sites were selected based on vegetation zone

and slope azimuth.

Since different vegetation types are common on north- and

south-facing aspects in the central Oregon Coast Range (Knapp et al.

1984), two sites were selected with north aspects and two with south

aspects. Partitioning of study sites based on slope azimuth is

supported by other studies that have observed differences in

Douglas-fir growth between north- and south-facing slopes (Ruth 1951;

Perry 1984; Chapter 2).

In addition to topographic differences, coastal environments can

be divided into two vegetation zones based on climax vegetation

(Franklin and Dyrness 1973). The Picea sitchensis or Sitka spruce

zone is located in a narrow band parallel to the Pacific ocean.

Several kilometers inland, and parallel to the spruce zone, is the

Tsuqa heterophylla or western hemlock zone. The coastal influence
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provides a wet, mild, maritime climate in both zones. Annual

precipitation averages over 180 cm and occurs largely during the

winter. Only 6 to 9% of the total precipitation occurs during the

relatively dry summers. The spruce zone has a climate characterized

by summer fog, and less extreme moisture and temperature regimes than

the hemlock zone. Thus, one pair of sites with north- and

south-facing aspects was selected in each zone.

The two spruce zone sites are located about 11 km east of the

Pacific ocean near Lincoln City, Oregon. The north- and south-facing

sites are at 380 m and 230 m elevation, respectively. Both sites

were clearcut about 2 years before the study was established and not

burned. The hemlock zone sites are located about 19 km east of the

ocean near Waldport, Oregon at an elevation of about 400 m. The

north-facing site was clearcut and received a low-intensity

prescribed burn 7 years before the study was established. The

south-facing site was clearcut about 14 years earlier and

unsuccessfully reforested before the study was established.

Soils for all 4 sites are deep, fertile, and well-drained.

These fine loam soils are derived from sandstone parent material.

The soils are classified as Typic Haplumbrept on the spruce zone

sites, and Pachic Haplumbrept on the hemlock zone sites.

Experimental Desiqn

In the design of neighborhood experiments, Goldberg and Werner

(1983) suggest that it is important to establish a gradient of

neighboring species around the target species of interest. This

experimental density gradient is best produced by 1) selecting areas
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of naturally high densities of the neighboring species, 2) removing

all species not desired as neighbors, and 3) thinning plots to the

desired densities of the neighbor species, including plots with zero

density.

Following the above suggestions, the experimental design focused

on creating a complete gradient of woody and herbaceous vegetation

densities around individual Douglas-fir seedlings. A uniform area on

each site that was fully occupied by salmonberry was selected for

plot establishment. Thus, each Douglas-fir neighborhood had an equal

potential for vegetation recovery, reducing any confounding between

microsite variation and neighborhood density (Connell 1983; Goldberg

and Werner 1983; Underwood 1986).

In March 1985, all shrubs were cut with chainsaws to within

15 cm of the ground on each site. Douglas-fir seedlings (2-0

bareroot stock) were planted in April, 1985 on a 3 m X 3 m spacing

over each cut area. Because each pair of sites in the spruce and

hemlock zones are located in different seed zones, seedlings from

different nursery seed lots were planted in each vegetation zone.

However, both seedling lots were grown in the same nursery and

handled in the same manner to minimize any differences in initial

stock quality between vegetation zones.

After planting, each site was divided into seven, 20 m X 20 m

plots. One of seven vegetation removal treatments was then randomly

assigned to each plot (Figure 3.1). Because salmonberry and

herbaceous vegetation have clonal growth habits, a range of neighbor

densities was created by systematically removing each type of

vegetation at increasing percentages of plot area.
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On one plot, no vegetation was removed after the seedlings were

planted. This plot was rapidly dominated by shrubs that had sprouted

from established root systems. Since shrubs tended to competitively

exclude herbaceous vegetation, herb densities were relatively low in

areas where shrubs densities were high. On three of the plots, 25%,

50%, and 75% of the shrubs were removed in 2 rn-wide corridors. The

corridors were randomly located across each plot, and the width of

the corridors was equal to the radius of a Douglas-fir neighborhood

(described in next section). Herbaceous vegetation was permitted to

invade and occupy these corridors after the shrubs were removed. All

shrubs were removed from the remaining three plots and the herbaceous

vegetation was managed at three levels: 1) no removal, 2) 50% removal

using the same corridor design for 50% shrub removal, and 3) complete

removal.

The final design created a full range of woody and herbaceous

neighbor densities around individual Douglas-fir seedlings on each

site (Figure 3.2). The corridor design permitted some trees on

different plots to have nearly identical neighborhood conditions,

thus reducing the chance of confounding between plot location and

neighbor densities. Since trees were located in all positions

relative to a corridor, a range of distances to neighbors also was

created.

All vegetation treatments were maintained through the growing

season (April through September) from 1985 to 1987. All vegetation

was manipulated with manual techniques; woody vegetation was cut as

it sprouted from established root systems, and the herbaceous

vegetation was hoed as needed to maintain bare-ground conditions.
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Although salmonberry was the most abundant shrub species on each

site, other woody species occurred in lesser amounts. These species

included thimbleberry (Rubus parviflorus Nutt.), red elderberry

(Sambucus racemosa L. var. arborescens [1. & 6.] Gray), vine maple

(Acer cirinatum Pursh), cascara (Rhamnus purshiana DC.), red

huckleberry (Vaccinium parvifolium Smith), and bitter cherry (Prunus

emarqinata Dougl.). The species composition of the herbaceous

communities was different among the four sites, but had many species

in common. The most abundant herbaceous species included grasses

(principally velvet-grass or Holcus lanatus L.), swordfern

(Polystichum munitum [Kaulf.] Presi.), pearly everlasting (Anaphalis

margaritacea [L.] B. & H.), foxglove (Diqitalis purpurea L.), and

woodland groundsel (Scenecio sylvaticus L.).

A 2.5 m fence was constructed around each site to eliminate

damage from deer and elk . Rodent damage was minimized by enclosing

each sample tree in a cylindrical, chicken-wire cage measuring 0.9 m

tall by 0.38 m wide immediately after planting. The cages were open

at the top and sufficiently wide to not constrain the growth of

lateral branches. The cages also did not interfere with the

encroachment of neighbors on the seedlings.

Douglas-fir Measurements

Approximately 25 of the 45 Douglas-fir seedlings on each plot

were randomly selected for sampling and then caged. The plots were

made larger than necessary to facilitate future stand-level

interpretations as the Douglas-fir fully occupied the plots. The

final design included a total of 710 Douglas-fir seedlings that were
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evenly distributed among the four study sites. Douglas-fir mortality

was only 3%, providing 688 seedlings for study over 3 years.

The size of all Douglas-fir seedlings was measured imediately

after planting in April 1985. Subsequent growth and survival were

recorded in March from 1986 through 1988, providing data for three

years of growth. Height increment (measured from the base of the

terminal bud to the previous year's bud-scale scar) and stem diameter

(outside-bark at 10 cm above the ground) were recorded. Annual

basal-area increment was calculated by subtracting the basal area

(calculated from stem diameter) from two successive years. Injury

and vigor codes were used to identify any other factors that might

effect seedling performance.

Neiqhborhood Measurements

Measurements of all neighboring plants around each Douglas-fir

seedling were taken when the leaf area of neighbors was at maximum

for each growing season (July and August) from 1985 through 1987.

The neighborhood measurements taken in this study were identical to

those described in Chapter 1.

Woody vegetation was quantified using two approaches. The first

approach grouped all plants by species in a circular 0.0014 ha (2.1 m

radius) plot that was centered on the stem of the sample tree (Figure

l.1A). To estimate the influence of neighbor direction, the

measurements were taken separately in north and south halves of the

circular plot. On each half-circle plot, the percent crown coverage

(visually estimated to the nearest 5 percent), average height, and
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the distance to the nearest and farthest crown edges of each species

from the sample-tree stem were recorded.

The second approach (Figure l.1B) considered each neighboring

woody plant as an individual. The species, azimuth and distance from

the sample tree, crown diameter, and height were recorded for each

woody plant within 2.1 m of the sample-tree stem. Neighbor distance

was measured from the sample-tree stem to the nearest crown edge of

the neighbor. When a neighbor's crown edge overtopped a Douglas-fir,

a negative distance indicating the degree of overlap was determined.

Thus, neighbor distances ranged from -2.1 to 2.1 m. A neighbor's

distance was zero when its crown edge was equal with the

sample-tree's stem. When the crown width of a neighboring clonal

shrub was too large to measure, its width was set equal to the

diameter of the neighborhood (2.1 m).

Neighborhood measures of herbaceous vegetation also were

separated into two approaches. In the first approach, total cover of

all herbaceous plants (visually estimated to the nearest 5 percent)

in the 0.0014-ha circular plot was measured. The second approach

combined the separate estimates of cover for each herbaceous species

to calculate total cover. Using the first approach, total herbaceous

cover ranged from 0 to 100%. Total cover using the second approach

could exceed 100% because crown overlap among the herbaceous species

was considered.

Although adjacent Douglas-fir seedlings that encroached the

neighborhood of each sample seedling were measured, they were

eliminated from the analysis to isolate the effects of interspecific

competition. Uniform spacing among the Douglas-fir, however,



minimized any encroachment of seedlings into adjacent the

neighborhoods for the first several years. Only the crown edges of

some trees were beginning to encroach the 2.1-rn neighborhood of

adjacent trees by the end of the third year.

Neighborhood Model Development

Model development focused on determining the optimum approach to

integrating the neighborhood measures of woody and herbaceous

vegetation into regression equations predicting the growth of

individual Douglas-fir seedlings. Using over 625 healthy and

undamaged seedlings from the four sites, multiple regression analysis

was used to quantify the relationship between the neighborhood

factors and annual Douglas-fir basal-area and height increment from

1985-87. Regression models were sought that minimized both the

remaining variation in seedling growth and the number of required

vegetation measurements.

Before evaluating the neighborhood factors, however, other

experimental variables that were possibly correlated with seedling

growth were investigated. Variables that were important (p < 0.01)

in predicting seedling growth also were included in the regression

models used to examine the neighborhood factors. These other

independent variables included a group of 3 indicator variables

describing each study site, and Douglas-fir size (basal area or

height) at the beginning of each growth period. A natural

logarithmic transformation of basal-area and height growth was used

to correct for non-linearity and non-constant variances.

Intrinsically linear models were selected over non-linear forms due
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to advantages related to significance tests (Chapter 1). The

Statistical Analysis System (SAS Institute Inc. 1987) was used for

the regression analysis.

The relative mean squared residual (RMSQR), the distribution of

residuals, and partial regression leverage graphs were used as the

primary statistical criteria for evaluating the regression models

(Neter et al. 1985). The RMSQR is a unitless measure of the mean

squared residual and is equal to 1 - adjusted R2. Neighborhood

expressions were sought that incrementally lowered the RMSQR of each

regression model predicting seedling growth. As each neighborhood

factor was evaluated, the best neighborhood expressions from previous

analyses were used. All factors were evaluated in an iterative

process until the neighborhood expression providing a model with the

lowest RMSQR and the fewest number of neighborhood variables was

found (Silander and Pacala 1985; Pacala and Silander 1987; Chapter 1)

Potential two-way interactions among the site, tree size, and

competition index variables also were examined. To keep coefficients

for these main effects interpretable, however, significant (p < 0.01)

interaction terms were included only if they 1) were consistent with

theoretical or empirical relationships, 2) displayed a consistent

pattern among years or between sites, 3) contributed to a meaningful

reduction in the RMSQR, and 4) did not substantially increase the

variance inflation factors. None of the interaction terms met these

4 criteria and were not included in the final regression models.

Seven measures of woody neighbor abundance were tested as in

Chapter 1. Three measures at the species level: 1) percent cover, 2)

height, and 3) crown volume (percent cover X height), each summed for
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all species in the neighborhood. Four measurements at the individual

plant level: 1) crown area, 2) height, 3) crown volume, each sumed

for all individual plants in the neighborhood; and 4) number of

plants.

The optimum horizontal and vertical dimensions for considering

woody neighbors in the models were determined by examining the effect

of changing the neighborhood height and radius. These effects were

explored using the best species and individual-plant abundance

measures.

The influence of changing neighborhood height was examined using

the same approach described in Chapter 1. In addition, potential

model improvements by weighting neighbors by their vertical distance

from the optimum neighborhood height were examined. Shrubs that were

shorter than the optimum neighborhood height were weighted with the

equation

N

SHRUB = a [(hi/D)/O]W

1=1

where SHRUB is the competition index for woody vegetation around the

Douglas-fir seedling, a. is the abundance of shrub species or

individual i, h1 is the height of species or individual i, D is the

height of the Douglas-fir seedling, 0 is the optimum neighborhood

height (expressed as a proportion of Douglas-fir height), N is the

number of shrub species or individuals in the neighborhood, and W is

the weighting parameter. Neighboring shrubs that were taller than

the optimum neighborhood height were weighted using the equation

(1)



N

SHRUB = a [((h1/D)_O)/(M_O)]W

1=1

where M is the neighborhood height where the maximum weight is

assigned. M was set equal to 5, since the maximum height of

neighbors was about 5 times that of the Douglas-fir seedlings.

Values for W from 0 to 10 were used to test various weighting model

forms.

Weighting the distance to neighbors inside and outside of the

optimum neighborhood radius, using the same approach described in

Chapter 1, also was examined.

The potential influence of neighbor azimuth also was examined.

The hypothesis that shrubs on the south side of a seedling were more

competitive than those on the north side was tested in this

analysis. The corridor design within the plots provided seedlings

growing under a complete matrix of shrub abundances on the north and

south sides of each seedling (Figure 3.1). Azimuth effects using the

sum of species cover were tested by separating cover from the north

and south sides of each seedling in the models. Using the sum of

individual-plant crown areas, neighbor azimuth effects were examined

by weighting the azimuth of each shrub based on the degrees of

deviation from 180. An approach similar to the one used in weighting

neighbor distance and height was used

N

SHRUB = a (1 - z/l8O)W

1=1

(3)
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where z. is the difference between the azimuth of shrub i and 180.
1

The values of W tested ranged from 0 to 5.

Accounting for the spatial arrangement of shrubs using angular

dispersion also was examined using the same approach described in

Chapter 1.

The measure of herbaceous vegetation abundance used in the

models was selected from a comparison of the RMSQR for models using

each of the two measures.
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RESULTS

All neighborhood measures of woody and herbaceous vegetation

were negatively correlated with the basal-area and height growth of

Douglas-fir seedlings during each of the 3 years. A complete

description of the final regression models, and the impacts of woody

and herbaceous vegetation on Douglas-fir growth and survival, are

presented in Chapter 4. This chapter describes how the best

neighborhood measures of woody and herbaceous vegetation were

determined for the final regression models.

Neiqhbor Abundance Measures

All seven abundance measures for woody neighbors were negatively

correlated (p < 0.0001) with Douglas-fir basal-area and height

increment. First-year height growth in 1985 was not correlated (p >

0.2) with any abundance measure. There was substantial difference

among abundance measures in their ability to account for variation in

seedling growth (Table 3.1). Although relative differences among

abundance measures were not consistent among years, the simpler

species-based measures generally provided models with a lower RMSQR

than the individual-plant measures. Species-based measures of

percent cover and crown volume generally provided the lowest RMSQR

values. Of the individual-plant measures, crown area and crown

volume provided the lowest RMSQR values. Each of the abundance

measures presented in Table 3.1 was optimized with the neighborhood

factors discussed below.
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Results from a comparison of the two approaches for measuring

herbaceous neighbor abundance revealed that models using a single

estimate of total cover for all species, had a slightly lower RMSQR

than models containing the sum of cover for individual herb species.

Thus, consistent with results for shrub abundance, the simplest

measure of herb abundance provided the best measure of neighborhood

effects.

Neiqhborhood Heiqht

Excluding woody neighbors below a specific height relative to

the Douglas-fir seedlings had a substantial influence on the

regression models (Figure 3.3). At a neighborhood height of zero,

all neighbors were included in the model. As neighborhood height

increased, neighbors below a specific height were excluded from the

model. For example, neighbors less than the Douglas-fir's height

were excluded when neighborhood height equaled 1.

The RMSQR for Douglas-fir basal-area increment models remained

constant or increased as neighborhood height increased (Figure

3.3A). Thus, including the cover of all neighboring woody species,

regardless of their height, provided the best models for predicting

basal-area increment.

Douglas-fir height increment also was not influenced by

neighborhood height in 1985 (Figure 3.3B). Height increment models

in 1986 and 1987, however, showed a clear trend with changing

neighborhood height. In 1986, the RMSQR was minimized when all woody

species under a neighborhood height of 2.25 were excluded from the

models. In contrast, the RMSQR was minimized in 1987 at a



neighborhood height of 1.25. Excluding woody species below these

optimum heights in 1986 and 1987 decreased the RMSQR about 10%

relative to models that included all woody species.

Neiqhbor Heiqht

Weighting woody species by their vertical distance below the

optimum neighborhood height improved the 1986 and 1981 height

increment models. The RMSQR decreased substantially as the weighting

factor (W) increased (Figure 3.4). The RMSQR stabilized when W > 10,

supporting the neighborhood height analysis that indicated shrubs

under the optimum height were not important to predicting height

growth. Weighting these shrubs, however, did not decrease the RMSQR

relative to models that simply ignored them. Thus, woody neighbors

above and below the optimum neighborhood height were separated in the

models.

Additional improvements in the height increment models resulted

by weighting shrubs above the optimum neighborhood height (Figure

3.4). The RMSQR decreased 2% in 1986, and nearly 5% in 1987, when W

was about 0.3. The shape of the weighting function indicated that

the competitive influence of neighboring shrubs increased as their

height relative to the optimum neighborhood height increased.

Combining the shape of the best weighting functions for shrubs above

and below the optimum neighborhood height indicates that the

competitive influence of shrubs increased sharply as they approached

and surpassed the optimum neighborhood height (Figure 3.5).
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Neiqhborhood Radius

No improvement in the RMSQR of the models resulted from changing

the neighborhood radius when the sum of species cover was used as the

neighbor abundance measure (Figure 3.6). At a neighborhood radius of

zero, no neighbors were included in the models. As neighborhood

radius increased, species at increasing distance from the seedling

were added. The full 2.1 m radius provided models with the lowest

RMSQR.

Although the species-based abundance measures provided models

with the lowest RMSQR, the measurement of distance to each individual

shrub using the individual-plant approach provided an opportunity to

examine the neighborhood radius effects in more detail (Figure 3.7).

Negative radii were created by neighbors whose crown overlapped the

seedling's stem. As neighborhood radius increased, neighbors with

less crown overlap were included in the model. A neighborhood radius

of zero indicated that only neighbors whose crowns met or overlapped

the seedling's stem were included in the model. At a positive

radius, neighbors with crown edges at a positive distance from the

seedling also were included.

Consistent with the results for neighborhood height, the optimum

neighborhood radius changed each year (Figure 3.7). Douglas-fir

basal-area and height models were insensitive to neighborhood radius

in 1985. The basal-area increment models for 1986 and 1987, however,

had the lowest RMSQR when only neighbors less than 0.3 m from the

seedling were included in the models (Figure 3.7A). In contrast to

basal area, height increment models for 1986 had the lowest RMSQR

when all neighbors within the 2.1 m radius were included (Figure
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3.7B). In 1981, the best height model was obtained by including only

those neighbors whose crown edge met or overlapped the seedling's

stem.

Neiqhbor Distance

When using the optimum neighborhood height and radius, no

decrease in the RMSQR values of the basal-area or height models

resulted when the nearest distance to each species was weighted using

the sum of species cover. Models using the sum of individual-plant

crown area also were not improved by weighting the distance to

individual shrubs within the optimum radius (Figure 3.8).

When including individual shrubs beyond the optimum neighborhood

radius, however, weighting did improve the models (Figure 3.9).

Basal-area models in 1986 and 1981, and the height model for 1987,

showed a substantial decline in RMSQR after weighting the nearest

distance to an individual outside the optimum radius with a W 2.

Since the maximum plot radius was used as the optimum radius for the

1985 basal-area model, and the 1985 and 1986 height models, it was

not possible to examine the effect of neighbor distance beyond the

optimum neighborhood radius for these models.

Potential model forms depicting the change in competitive

influence for individual shrubs at various distances from the

Douglas-fir, when under a range of weighting parameter (W) values,

are depicted in Figure 3.10. A value for W > 2 suggests that the

competitive influence of shrubs on seedling growth declines sharply

when their nearest crown edge is beyond the optimum neighborhood

radius.
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Neighbor Azimuth

No decrease in the RMSQR of basal-area or height models resulted

from estimating separate regression coefficients for the sum of

species cover on the north and south halves of the seedling's

neighborhood. There also were no consistent trends in the relative

magnitude of the slope coefficients that might indicate a difference

in the magnitude of the competitive influence for shrubs on the north

and south side of each seedling.

These results were confirmed by models using the sum of

individual-plant crown areas for basal-area and height increment.

Models with the lowest RMSQR for all three years resulted when the W

= 0, indicating that neighbor competitive effects were independent of

their azimuth from the seedling.

Neighbor Spatial Arrangement

Weighting both the sum of species cover and individual-plant

crown area by angular dispersion did not improve the models. The

lowest RMSQR for all models was obtained when W = 0.



DISCUSSION

The ability of visual estimates of species cover to provide the

most precise measure of neighbor abundance for predicting the effects

of interspecific competition is consistent with findings in the

retrospective study (Chapter 1). Visual estimation of cover for

quantifying plant abundance is a standard in plant ecology

(Braun-Blanquet 1965; Mueller-Dombois and Ellenberg 1974; Greig-Smith

1983). Although less efficient in some situations than other plant

quantification techniques (Pieper 1978; Floyd and Anderson 1987),

visual estimates of cover also have provided the most precise

estimate of interspecific competitive effects in studies with other

conifer species (Coates 1987; Simard 1989). Visual cover estimates

are highly correlated with the leaf area of salmonberry (Chapter 1),

and may integrate some important attribute of neighbor canopies

(e.g., foliage density or vigor) more effectively than the other

approaches tested.

The competitive influence of woody neighbors was strongly

influenced by their height relative to the Douglas-fir seedlings.

Altering neighborhood height resulted in greater improvements in

Douglas-fir height increment models than when manipulating all other

neighborhood factors. Neighborhood height also was the most

important attribute in the retrospective study (Chapter 1). These

results suggest that interspecific competitive effects on Douglas-fir

height growth in these environments are one-sided or asymmetric

(Weiner 1985; Weiner and Thomas 1986; Bonan 1988). Thomas and Weiner

(1989) also found that neighborhood models which accounted for
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competitive asymmetry were superior to those that assumed symmetry.

Weighting the height of neighbors based on their vertical distance

above and below the optimum neighborhood height (Figure 3.5) revealed

the pattern of this asymmetry. The lack of neighborhood height

effects in the basal-area models suggests that competitive influences

on stem diameter are more two-sided or symmetric.

The interpretation of neighborhood height effects appeared to be

influenced by the vertical structure of the plant comunity. The

shift from an optimum neighborhood height of 2.25 in 1986 to 1.25 in

1987 (Figure 3.3B), suggested that Douglas-fir height increment

became progressively more sensitive to smaller neighbors. One

explanation for this pattern can be found by examining the frequency

distribution of shrubs and Douglas-fir seedlings (Figure 3.11). In

1985, most shrubs were greater than 3 times the height of the

seedlings. This height advantage for the shrubs progressively

decreased through 1986 and 1987, as many seedlings achieved height

parity with neighboring shrubs. The determinate height growth

pattern of most shrub species caused their growth rates to decline

rapidly after the first year. As the height difference between the

Douglas-fir seedlings and neighboring shrubs decreased, the most

influential overtopping neighbors were relatively shorter than in the

previous year. Thus, the optimum neighborhood height decreased with

time.

The retrospective models (Chapter 1) indicated that the optimum

neighborhood height for predicting stem diameter was 0.5. Since

there were few shrubs in this study shorter than the Douglas-fir

(Figure 3.11), it was not possible to exclude a sufficient number of
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shrubs that were less than half the height of the Douglas-fir to

adequately test this effect. It may be possible to examine the

influence of shorter woody neighbors in several years as the

Douglas-fir get taller than a larger proportion of the shrubs.

The pattern of change in the optimum neighborhood radius for

predicting Douglas-fir height from 1986 to 1981 (Figure 3.7B) also is

consistent with that observed for neighborhood height. When woody

neighbors were several times taller than the seedling in 1986, they

influenced height growth at a greater distance. As the height

difference narrowed in 1981 (Figure 3.11), only neighbors touching or

overlapping the seedling's stem were important in predicting height

growth.

The optimum 0.3 m neighborhood radius for predicting Douglas-fir

basal-area growth (Figure 3.1A) also suggests that shrubs whose

crowns intermingled with the crown of the seedling imposed the

greatest competitive pressure. The rapid decrease in competitive

influence by neighbors beyond the optimum radius, as indicated by

weighting the distance to neighbors (Figures 3.9 and 3.10), also

supports the hypothesis that most of the competitive interactions

occurred with woody neighbors of close proximity. These results also

are consistent with the retrospective study (Chapter 1).

Thus, Douglas-fir seedlings appear capable of emerging through

relatively small openings in the shrub canopy. This hypothesis is

supported by the changing frequency distributions of seedling and

shrub heights growing on plots where shrubs were not manipulated

(Figure 3.12). Few seedlings had died (Chapter 4) and most were
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achieving height parity with shrubs by the end of the third growing

season.

The small neighborhood radius around the seedlings probably had

an influence on interpretations about the effects of neighbor azimuth

and spatial arrangement. The potential importance of neighbor

azimuth and spatial arrangement on competitive interactions should

diminish as the neighborhood radius becomes smaller. The presence of

herbaceous vegetation also may have obscured the detection of

neighbor azimuth and spatial arrangement influences of the woody

neighbors (Chapter 1).
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Figure 3.1 - Experimental design used to create a gradient of woody
and herbaceous vegetation densities around individual Douglas-fir
seedlings. The seven treatments were maintained on 20 X 20 m plots
during the growing season from 1985 through 1987. Douglas-fir
seedlings were planted at a 3 X 3-rn spacing on each plot.
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Fiqure 3.3 - Neighborhood height effects on the RMSQR of regression
models predicting Douglas-fir basal-area (A) and height (B) increment

for 1985-87. Neighboring woody species whose height fell below each
proportion of Douglas-fir height were excluded from the model. The

sum of percent cover for all woody species was used as the neighbor

abundance measure. Arrows identify the optimum neighborhood height
where the RMSQR was minimized for each year.
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Figure 3.4 - Effects of weighting woody species above and below the
optimum neighborhood height on the RMSQR of regression models
predicting the 1986 (A) and 1987 (B) height increment of Douglasfir
seedlings.
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Figure 3.5 - Diagram of alternative model forms resulting from
weighting the abundance of woody species by their height relative to
the optimum neighborhood height. Neighbor abundance can be modified
by its height above and below the optimum neighborhood height using a
range weighting factors (dashed lines). The solid line depicts the
weighting that provided regression models with the lowest RMSQR. The

equation generating model forms for shrubs under the optimum
neighborhood height is presented in the text as Equation 1.
Equation 2 in the text was used to generate model forms depicted for
shrubs above the optimum neighborhood height.
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Fiqure 3.6 - Neighborhood radius effects on the RMSQR of regression
models predicting Douglas-fir basal-area (A) and height (B) increment
for 1985-87. The sum of percent cover for all woody species was used
as the neighbor abundance measure. Neighboring woody species whose
distance was greater than a specific radius were excluded from the
model. Arrows identify the neighborhood radius where the RMSQR was
minimized for each year.
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1986

1987

1985

1986

1987

(B)0.85 - HEIGHT INCREMENT

93

BASAL-AREA INCREMENT (A)

1985
0.70 - 4



0.80: BASALAREA INCREMENT

0.70

0.60 -

0.50 -

0.40 -

0.20

0.10 -

0.85

0.80

0.75

0.70

0.65

0.60 -

0.55

0.50

0.45 -

0.40 -

NEIGHBOR DISTANCE WEIGHT (W)

Flqure 3.8 - The change in RMSQR of regression models predicting
Douglas-fir basal-area (A) and height (B) increment in 1985-87 after
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optimum neighborhood radius with various weighting factors (W). The

sum of individual-plant crown area was used as the neighbor abundance
measure.
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Table 3.1 - RMSQR for regression models predicting annual basal-area and height increment for Douglas-fir seedlings
using various abundance measures for neighboring shrubs. Models were generated using the best neighborhood
dimensions for quantifying shrub competition effects.

1985 1986 1981

Basal area Height Basal area Height Basal area Height

Without shrub competition index 0.7115 0.7931 0.5731 0.8311 0.2661 0.1129

Neighborhood Abundance Measure

A. Species Grouping:

Percent cover 0.7228 0.1662 0.3595 0.6815 0.1858 0.3933

Height 0.1381 0.1853 0.4454 0.7152 0.2357 0.5294

Crown Volume 0.1329 0.7660 0.3613 0.7015 0.1817 0.4234

B. Individual-Plant Grouping:

Crown area 0.7296 0.1893 0.4059 0.6491 0.1913 0.4251

Height 0.7467 0.1926 0.4414 0.7175 0.2272 0.4681

Crown volume 0.1338 0.7885 0.4051 0.6851 0.2007 0.4350

Number of plants 0.1518 0.7962 0.5358 0.6690 0.2514 0.4507



CHAPTER 4

EFFECTS OF INTERSPECIFIC COMPETITION FROM

WOODY AND HERBACEOUS VEGETATION

ON THE GROWTH AND SURVIVAL OF DOUGLAS-FIR SEEDLINGS

IN THE OREGON COAST RANGE

ABSTRACT

The growth and survival of Douglas-fir seedlings were examined

for 3 years under a gradient of woody and herbaceous vegetation

abundance on 4 sites in the central Oregon Coast Range. Annual stem

basal-area and height increment decreased as the abundance of woody

and herbaceous neighbors increased. Douglas-fir growth also varied

among sites, and increased with seedling size. Regression models

accounted for 27-81% of the variation in basal-area increment, and

from 20-60% of the variation in height increment of individual

seedlings for the 3 years. Although neighbor abundance accounted for

only between 6 and 23% of the variation in basal-area growth, and

from 15 to 32% of the variation in height growth, the effects of

interspecific competition also accumulated in the size of the

seedling. Thus, interspecific competition was more important to

Douglas-fir growth than indicated by simple correlations with

neighbor abundance. Basal-area growth was reduced by both woody and

herbaceous vegetation, while height growth was influenced primarily

by woody neighbors that overtopped the seedling. Overtopping woody

neighbors were about 10 times more competitive than herbs and
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low-growing shrubs on Douglas-fir height growth. In contrast, woody

neighbors were only 1.6 times more competitive than herbs on

basal-area growth. Invasion of herbaceous vegetation following

removal of woody vegetation replaced one competitor for another;

thus, reducing potential increases in basal-area growth following

removal of dominant woody competitors. Height to stem diameter

ratios provided a morphological indicator of competitive stress that

integrated both height and stem diameter impacts. Douglas-fir

survival was high and not correlated with neighbor abundance.



INTRODUCTION

Improving vegetation management decisions in Pacific Northwest

forests requires a better understanding of competitive interactions

between planted conifers and associated vegetation (Walstad and Kuch

1987). Quantitative models that can predict the probable survival

and growth of young conifers associated with various kinds and

amounts of competing vegetation are especially needed (Tappeiner and

Wagner 1987). Such models are necessary to determine the likely rate

and course of stand development resulting from different vegetation

management options. A vital component needed for constructing these

models is a measure of vegetation in young stands that can provide a

reliable estimate of interspecific competitive effects (Wagner et al.

1989).

Although competition from woody (Ruth 1956, 1951; Howard and

Newton 1984; Waistad et al. 1986; Chan and Waistad 1987) and

herbaceous vegetation (Cole and Newton 1986; Harrington and Wagner

1986; lung et al. 1986; Newton and Preest 1988 ) have been found to

reduce the survival and growth of Douglas-fir seedlings in the Oregon

Coast Range, their competitive effects have been determined primarily

from separate studies. Since woody and herbaceous vegetation occur

at various proportions in young forest plantations, understanding

their relative competitive abilities is important to developing

appropriate vegetation management strategies.

Various expressions of interspecific competition around

individual Douglas-fir seedlings were systematically examined in

Chapters 1 and 3 using the neighborhood approach. Expressions were
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selected that minimized regression model error and the number of

required vegetation measurements. The objectives of this study were

to 1) incorporate the best neighborhood measures of interspecific

competition into regression models predicting Douglas-fir basal-area

and height growth, 2) compare the relative competitive abilities of

woody and herbaceous vegetation, and 3) quantify interspecific

competition influences on the survival of Douglas-fir seedlings.



METHODS

Experimental Design

Four sites dominated by salmonberry (Rubus spectabilis Pursh)

were selected in the central Oregon Coast Range in 1985. Two of the

sites are located in the Picea sitchensis or Sitka spruce zone, and

two are is located in the Tsuqa heterophylla or western hemlock zone

(Franklin and Dyrness 1973). In each zone, one of the sites is

located on a north-facing aspect and the other on a south-facing

aspect. The two spruce zone sites are located about 11 km east of

the Pacific ocean near Lincoln City, Oregon. The north- and

south-facing sites are at 380 m and 230 m elevation, respectively.

The hemlock zone sites are located about 19 km east of the ocean near

Waldport, Oregon at an elevation of about 400 m. Additional details

about the sites are described in Chapter 3.

In March 1985, all shrubs were cut with chainsaws to within

15 cm of the ground on each site. Douglas-fir seedlings (2-0

bareroot stock) were planted on each site in April, 1985 on a 3 m X 3

m spacing. Because each pair of sites in the spruce and hemlock

zones are located in different seed zones, seedlings from different

nursery seed lots were planted in each vegetation zone. However,

both seedling lots were grown in the same nursery and handled in the

same manner to minimize any differences in initial stock quality

between vegetation zones.

After the seedlings were planted, each site was divided into

seven, 20 m X 20 m plots. One of seven vegetation removal treatments

was randomly assigned to each plot (Figure 3.1). Because salmonberry
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and herbaceous vegetation have clonal growth habits, a range of

neighbor densities was created by systematically removing each type

of vegetation at increasing percentages of plot area.

On one plot, no vegetation was removed after the seedlings were

planted. This plot was rapidly dominated by shrubs that sprouted

from established root systems. Since shrubs tended to competitively

exclude herbaceous vegetation, herb densities were relatively low in

areas where shrubs densities were high. On three of the plots, 25%,

50%, and 75% of the shrubs were removed in 2 rn-wide corridors. The

corridors were randomly located on each plot, and the width was

selected to represent the radius of a Douglas-fir neighborhood

(described in next section). Herbaceous vegetation was permitted to

invade and occupy these corridors after the shrubs were removed. All

shrubs were removed from the remaining three plots and the herbaceous

vegetation was managed at three levels: 1) no removal, 2) 50% removal

using the same corridor design for the same level of shrub removal,

and 3) complete removal.

Differences in the vegetation conditions around individual

seedlings within a plot, and similar conditions around seedlings

among plots, were an intentional feature of this design. The

objective was to create a full range of woody and herbaceous

vegetation densities around individual Douglas-fir seedlings on each

site (Figure 3.2). Although the 7 treatment plots facilitated

vegetation manipulation, the experimental unit and the focus of the

analysis was the individual seedling.

All vegetation treatments were maintained through the growing

season (April through September) from 1985 to 1987. All vegetation
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was manipulated with manual techniques; woody vegetation was cut as

it sprouted from established root systems, and herbaceous vegetation

was hoed as needed to maintain bare-ground conditions. Although

salmonberry was the most abundant shrub species on each site, other

woody species occurred in lesser amounts (Chapter 3).

A 2.5 m fence was constructed around each site to eliminate

damage from deer and elk. Rodent damage was minimized by enclosing

each seedling immediately after planting in a cylindrical,

chicken-wire cage measuring 0.9 m tall by 0.38 m wide.

Douqlas-fir Measurements

Approximately 25 of the 45 Douglas-fir seedlings on each plot

were randomly selected for sampling and then protected with a

chicken-wire cage. The final design included a total of 710

Douglas-fir seedlings are were evenly distributed among the four

study sites. Douglas-fir mortality was only 3%, providing 688

seedlings for study over 3 years.

The size of all Douglas-fir seedlings was measured immediately

after planting in April 1985. Subsequent growth and survival were

recorded in March from 1986 through 1988, providing data for three

years of growth. Height increment (measured from the base of the

terminal bud to the previous year's bud-scale scar) and stem diameter

(outside-bark at 10 cm above the ground) were recorded. Annual

basal-area increment was calculated by subtracting the basal area

(calculated from stem diameter) from two successive years. Injury

and vigor codes were used to identify any other factors that might

effect seedling performance.
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Neighborhood Measures of Interspecific Competition

Measures of interspecific competition for woody and herbaceous

vegetation used in this Chapter were derived from the neighborhood

analysis presented in Chapter 3. The sum of percent cover for woody

species in a 2.1 m radius around each Douglas-fir seedling was used

to predict basal-area growth. Douglas-fir height increment in 1986

was predicted most precisely by the sum of cover for woody species

that were taller than 2.25 times the height of the seedling. The sum

of cover for woody species taller than 1.25 times the height of the

seedling provided the best measure in 1987. The sum of woody species

cover included crown overlap among species and could exceed values of

100%. The best measure of interspecific competition from herbaceous

vegetation was total cover (crown overlap among species not included

and maximum value of 100%) in a 2.1 m radius around the seedling.

Analytical Approach

Using over 625 healthy and undamaged seedlings from the four

sites, multiple linear regression analysis was used to model annual

basal-area and height growth from 1985-87. Independent variables

tested in the models included neighborhood measures of interspecific

competition from woody and herbaceous vegetation, Douglas-fir height

or basal area at the beginning of the growing season, and indicator

variables describing each study site. Additional details regarding

the analytical approach are presented in Chapter 3.

Potential two-way interactions among the site, tree size, and

interspecific competition variables also were examined. To keep

coefficients for these main effects interpretable, however,



108

significant (p < 0.01) interaction terms were included only if they

1) were consistent with theoretical or empirical relationships, 2)

displayed a consistent pattern among years or between sites, 3)

contributed to a meaningful reduction in the error term, and 4) did

not substantially increase the variance inflation factors. None of

the interaction terms met these 4 criteria and were not included in

the final regression models.

Douglas-fir survival was analyzed by grouping individual

seedlings on each site by the best neighborhood measures of shrub and

herbaceous vegetation derived from the basal-area growth analysis.

Uniform shrub and herb abundance classes were formed so that a

minimum of 15 seedlings were grouped into each class.

Maximum-likelihood logistic regression (Cox 1970; Maguire and Maguire

1987) was used to determine whether Douglas-fir survival was

correlated with neighborhood competition in each year.



RESULTS

Effects of Interspecific Competition on Douqlas-fir Growth and

Survival

A. Basal-area increment

Basal-area increment of individual Douglas-fir seedlings

decreased as the abundance of woody and herbaceous neighbors

increased during each of the three years (Figure 4.1). Cover of

woody neighbors near 100% resulted in basal-area growth that was less

than 25% of the potential for each year. Herbaceous cover of 100%

decreased growth to about half of the potential each year. A

description of the independent variables used in the final models is

presented in Table 4.1. Final regression models for Douglas-fir

basal-area increment are presented in Table 4.2.

Shrub abundance accounted for about 5, 17, and 5% of the

variation in basal-area increment during 1985, 1986, and 1981,

respectively (Table 4.2). Herb cover accounted for less variation

than shrub cover--accounting for about 2% in 1985, 6% in 1986, and 4%

in 1987. Including indicators for study site and the basal area of

each seedling at the beginning of the growing season also was

important, and is described in more detail below. With all factors

included, the adjusted R2 increased each year. By 1987, over 81%

of the variation was accounted for in Douglas-fir basal-area

increment.

Using the ratio of the slope coefficients for the HERB and SHRUB

variables in the models, the relative competitive abilities of the

shrubs and herbs were determined (Spitters 1983). To keep the HERB

and SHRUB variable units consistent, however, it was necessary to
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replace the simple cover estimate of all herb cover with the sum of

cover for each herbaceous species in the model. HERB/SHRUB

coefficient ratios were 0.86, 0.60, and 0.62 in 1985, 1986, and 1987,

respectively. Thus, shrubs were about 1.6 times more competitive

than herbs on Douglas-fir basal-area growth.

B. Height increment

Seedling height increment also decreased as neighbor abundance

increased (Figure 4.2). The slope of the relationship between shrub

cover and height increment also increased with time. The relative

importance of shrub and herb neighbors to seedling height increment

also differed from basal area. Neither shrub (p > 0.87) or herb (p >

0.15) abundance were correlated with height increment in 1985. In

1986, only shrub cover was negatively correlated (p < 0.0001) with

seedling height increment, and accounted for about 15% of the

variation (Table 4.3). Since only shrubs above 2.25 times the 1986

seedling height were included in the SHRUB225 variable, shrubs under

this height were added to herbaceous cover to create a single

neighbor abundance variable (HRB-i-LSHRB) for both herbs and

low-growing shrubs. This variable, however, was not correlated (p >

0.89) with seedling height increment in 1986. Height increment in

1987 was negatively correlated with all neighbors (Table 4.3).

SHRUB125 had the greatest influence, accounting for over 30% of the

variation. The HRBs-LSHRB variable, which was the sum of cover for

all shrub species under 1.25 times the seedling height and total herb

cover, also was negatively correlated (p < 0.0001) with height

growth. Accounting for under 2% of the variation, HRB+LSHRB had



substantially less impact on height increment than SHRUB12S (Figure

4.2). The regression coefficient ratio indicated that overtopping

shrubs were about 10 times more competitive than herbs and

low-growing shrubs in 1987.

C. Height/diameter ratio

Differing responses of Douglas-fir basal-area and height

increment to neighborhood competition altered the stem form of the

seedlings. The stem height to stem diameter ratio (HDR) changed over

time depending on the proportion of the neighborhood that was

occupied by woody and herbaceous vegetation (Figure 4.3). Seedlings

had an average HDR of 72 when planted. The HDR increased with time

when the seedling's neighborhood was occupied by shrubs. The rate of

increase in the HDR was proportional to the total cover of

neighboring shrubs. Seedlings growing in neighborhoods completely

dominated by shrubs reached a HOR of 99 within 3 years of planting,

and the ratio appeared to be increasing. The HDR decreased for

seedlings where both woody and herbaceous neighbors were continuously

removed, achieving a minimum stable HDR of about 50.

Over 47, 64, and 81% of the variation in HDR was accounted for

by regression models during 1985, 1986, and 1987, respectively (Table

4.4). Most of the variation in HDR each year was accounted for by

the HDR in the previous year, shrub cover, and herbaceous cover.

0. Survival

A total of 4.7% of the seedlings died over the 3 years of the

experiment. After subtracting those seedlings that died from animal
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damage, less than 3% of the seedlings were available to test for

competition related mortality.

Results from the maximum-likelihood logistic regression

indicated that the percentage of surviving seedlings was not

correlated (p > 0.2) with the abundance of woody or herbaceous

vegetation during any of the 3 years.

Tree Size Influences on Douglas-fir Growth

One of the major factors influencing both basal-area and height

increment was the size of the seedling at the beginning of each

growing season. Basal-area increment in 1985 was not influenced (p >

0.70) by basal area at the time of planting. During the second and

third years, however, basal area at the start of the growing season

was important (p < 0.0001) for predicting annual basal-area increment

(Table 4.2). Height at the beginning of the growing season also was

an important predictor (p < 0.0001) of annual height increment all

three years (Table 4.3). The importance of size at the beginning of

the growing season, as measured by the change in the adjusted R2,

increased with time for both basal-area and height increment (Tables

4.2 and 4.3).

Although annual basal-area and height increment decreased in a

nearly linear fashion with increasing interspecific competition

(Figures 4.1 and 4.2), the combined influence of initial seedling

size and neighborhood competition created large differences in the

actual rate of seedling growth. For example, starting with a

seedling of average basal area and height at planting, the regression

models (Tables 4.2 and 4.3) were combined to simulate three years of
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growth under different neighborhood conditions (Figure 4.4).

Neighborhood competition in the first year created differences in

basal area at the start of the second growing season (Figure 4.4A).

Second-year growth is determined by neighborhood competition in the

second year and size differences created by competition in the first

year. In the third season, basal-area growth is reduced again by

neighborhood conditions and size differences that resulted from

competition in the first- and second-growing seasons. The combined

influence of current neighborhood competition with the historical

impact of competition, manifested in basal area at the start of each

growing season, created diverging growth trajectories. A similar

pattern also can be observed for height increment (Figure 4.4B).

The relative impact of woody and herbaceous neighbors on

Douglas-fir basal area and height also is depicted in these

projections (Figure 4.4). Only 36% of the potential third-year basal

area is achieved when herbs fully occupy the neighborhood (Figure

4.4A). When shrubs completely occupy the neighborhood, seedling

basal area declines another 15%. In contrast, full occupancy by

herbs and low-growing shrubs causes only a 9% decrease in third-year

height, while overtopping shrubs reduce height to about 43% of the

potential (Figure 4.4B).

Site Influences on Douglas-fir Growth

Large differences in Douglas-fir height and basal-area growth

were observed among the four study sites. These differences were

included in the regression models as class variables describing each

site (Tables 4.2 through 4.4). Site 1 (spruce zone, south aspect)
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displayed the best growth among the 4 sites and was included in the

intercept term. The site indicators generally accounted for between

10 and 20% of the variation in Douglas-fir growth, and their

importance declined relative to other factors in the models as time

progressed.

Since the study sites served principally as blocks in the

experimental design, it was not possible to make valid statistical

comparisons of vegetation zone or slope azimuth. However, the spruce

zone sites were observed to have higher growth rates than the hemlock

zone sites, and sites with a south-facing aspect performed slightly

better than those with a north-facing aspect in each vegetation zone

(Figure 4.5). Site differences were greater with Douglas-fir basal

area than height.

Interactions between site and the main effects (seedling size

and neighbor abundance) did not meet criteria for their inclusion in

the final models. Thus, the interpretation of tree size, shrub

cover, and herb cover effects on basal-area and height growth did not

appear to be confounded with site.



DISCUSSION

Interspecific competition from woody and herbaceous vegetation

substantially reduced the growth of Douglas-fir seedlings.

Interspecific competition reduced tree growth by 1) decreasing growth

in the current year, and 2) reducing tree size in future growing

seasons. This latter effect suggests that trees can carry the

historical impacts of competition into the future, and that the

effects can accumulate with time.

Therefore, the importance of neighborhood competition on

Douglas-fir growth was greater than indicated by the amount of

variation accounted for by the woody and herbaceous competition

indices in the regression models. Part of the influence of

interspecific competition is nested (with other factors such as

genetic and microsite variation) in the size of the seedling. Size

was one of the most important variables predicting Douglas-fir

growth, and its importance increased with time. But it was not

possible to identify the portion of this size variable that was

linked to the previous effects of interspecific competition.

Poor correlation between neighborhood measures of competition

and plant growth have generated some concern over the ability of

individual-plant approaches to predict the effects of local crowding

(Firbank and Watkinson 1987). Neighborhood experiments with trees

and other plants have routinely found that competition measures

account for less than 20% of the variation in individual-plant

yield. Similar results for the growth of individual Douglas-fir were

found in this study and the preliminary study (Chapter 2).
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The growth of young trees appears to have a "momentum" that

increases as a function of their biomass. This "momentum" is the

primary driver of growth. Short-term environmental stresses can have

long-term consequences by decreasing this "momentum". This effect

appears to be responsible for the divergent growth trajectories of

Douglas-fir seedlings growing under a range of neighborhood

conditions in this study (Figure 4.4), and also may contribute to

divergent growth curves commonly observed in other competition

studies with conifers (Petersen and Newton 1985; Ross et. al. 1986;

Bacon and Zedaker 1987; Newton and Preest 1988; Harrington 1989).

Interpretation of neighborhood competition in experiments with annual

plants also may be influenced by the same principle, but on a shorter

time scale. A better understanding of these aspects of plant growth

is clearly required to assess the importance of neighborhood

competition on individual-plant performance.

As described in Chapter 3, the effects of interspecific

competition vary with the attribute of tree growth being examined.

Douglas-fir height and basal-area growth responded differently to

woody and herbaceous neighbors. Woody neighbors that are taller than

the seedling had the largest influence on height increment; however,

herbs and low-growing shrubs were beginning to exert an influence by

the third year. In contrast, basal-area growth was strongly

influenced by the presence of both woody and herbaceous vegetation.

These differences also support the hypothesis that Douglas-fir height

growth is influenced primarily by asymmetric or one-sided competitive

interactions with neighbors, while basal-area growth is controlled

principally by symmetric or two-sided interactions (Chapter 3).
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Herbaceous vegetation was clearly an important competition for

Douglas-fir seedlings in these moist, Coast Range environments. High

cover of herbaceous vegetation, as is typical in most young

plantations, reduced potential basal-area development over 63% in

just 3 years (Figure 4.4A). These curves are continuing to diverge,

and will likely result in substantial differences in the rate of

stand closure.

Although shrubs were more competitive than herbs, most increases

in Douglas-fir basal area resulted from removing the herbs (Figure

4.4A). This apparent contradiction resulted because herbaceous

vegetation was permitted to invade the neighborhoods after the shrubs

were removed. As a result, seedlings experienced the replacement of

one competitor for another. Thus, most increases in basal area did

not occur until the herbs also were removed. Invasion of herbaceous

vegetation following competition release treatments also has been

proposed as the cause for the absence of a growth response in other

coastal Douglas-fir plantations (Harrington and Wagner 1986).

Results from an examination of two-way interaction terms

indicated there was no important interaction between shrub and herb

competitive effects; thus, the influence of shrubs and herbs on

annual Douglas-fir height and basal-area increment was additive.

Experiments with loblolly pine, however, suggest that significant

interactions between woody and herbaceous vegetation on conifer

height and diameter are possible in some situations (Zutter 1988).

Significant interactions in models predicting tree size may be

related to the "momentum0 influences of size discussed above.
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The HDR provided a simple morphological indicator of

neighborhood competitive effects that integrated both height and stem

diameter impacts. Douglas-fir seedlings under the influence of

overtopping woody neighbors clearly exhibited an increasing HDR,

achieving values near 100 within 3 years (Figure 4.3). Cole and

Newton (1990) suggest that seedlings exhibiting a HDR around 140 for

an extended period are in a stage of incipient mortality.

Douglas-fir seedlings growing near maximum growth rates appear to

stabilize at a HDR of about 50. The HDR may be an indicator of

competitive stress that can be uniformly interpreted in trees ranging

in age from seedling to maturity (Cole and Newton 1990).
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simulations are averaged among the four study sites for seedlings of
average basal area at the beginning of each growing season. The

length of the lines for each level of herb cover reflect the maximum
combined woody and herbaceous cover observed in the Douglas-fir's
neighborhood.
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Figure 4.2 - Predicted height increment for individual Douglas-fir
seedlings under various amounts of woody and herbaceous vegetation
cover from 1985-87. The back-transformed simulations were generated
from the regression models presented in Table 4.3. The simulations
are averaged among the four study sites for seedlings of average
height at the beginning of each growing season. Herbaceous and
low-growing woody cover were not correlated with Douglas-fir height
increment in 1985 or 1986. The length of the lines for each level of
herb cover during 1987 reflect the maximum combined woody and
herbaceous cover observed in the Douglas-fir's neighborhood.
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Fiqure 4.4 - Projected basal-area (A) and height (B) for Douglas-fir
seedlings of the same size planted under various combinations of
woody and herbaceous neighbor cover for 3 growing seasons. The
simulations were generated by linking regression models for each year
(Tables 4.2 and 4.3) together. The diverging curves reflect the
combined influence of current neighborhood competition and the
cumulative effects of seedling size. The projections are averaged
among the 4 study sites.
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Table 4.1 - Abbreviations and definitions of the independent
variables included in the regression equations.

Variable Definition

Constant 80 (intercept)

SI TE2

SITE3

Class variable indicating study site with a north
aspect in the Sitka spruce zone. SITE2 = 1 when
seedling is from this site, 0 if not.

Class variable indicating study site with a south
aspect in the western hemlock zone. SITE3 = 1 when
seedling is from this site, 0 if not.

SITE4 Class variable indicating study site with a north
aspect in the western hemlock zone. SITE4 = 1 when
seedling is from this site, 0 if not.

BAREA Seedling basal area (cm2) at the beginning of
growing season.

HEIGHT Seedling height (cm) at the beginning of growing
season.

SHRUB Shrub competition index. The sum of percent cover
for all woody species in a 2.1-rn radius around the
seedling.

SHRUB125 Shrub competition index. The sum of percent cover
for all woody species in a 2.1-rn radius around the
seedling that are taller than the optimum
neighborhood height of 1.25 times the height of the
seedling. Each species is weighted based on its
vertical distance above the optimum neighborhood
height (W = 0.36 in Equation 2 of Chapter 3).

SHRUB225 Shrub competition index. The sum of percent cover
for all woody species in a 2.1-rn radius around the
seedling that are taller than the optimum
neighborhood height of 2.25 times the height of the
seedling. Each species is weighted based on its
vertical distance above the optimum neighborhood
height (W = 0.33 in Equation 2 of Chapter 3).
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Table 4.1 cont'd.

Variable Definition

HERB Herb competition index. Total cover (from 0 to 100%)
of all herbaceous vegetation in a 2.1 m radius
around the seedling.

HRB+LSHRB Herb plus low-growing shrub competition index.
Total cover for all herbaceous vegetation plus the
sum of percent cover for all woody species under
1.25 times the height of the seedling in a 2.1-rn radius
around the seedling.

127



Table 4.2 - Regression models predicting the basal-area increment of individual Douglas-fir

B1X1
seedlings from 1985-87. The form of the equation is basal-area increment (cm2) = e

where "e° is the base of natural logarithms = 2.7183.

1985:

o Constant

1 SITE2

2 SITE3

3 SITE4

4 SHRUB

5 HERB

F - ratio = 50.086, Error mean square = 0.00998, Number of trees 641

0.223936 0.00928814 24.108 <0.0001

-0.064162 0.01083301 -5.923 <0.0001

-0.115977 0.01109025 -10.458 <0.0001

-0.123704 0. 01142560 -10. 827 <0.0001 0.1989 0.1989

-0.000849 0. 0001 2115 -7.008 <0.0001 0. 2531 0.0548

-0.000796 0.00011093 -4.655 <0.0001 0. 27 72 0.0235

Cumulative Change in
Variable Coefficient Adj usted Adjusted
Independent Regression Standard

(X) (B) Error 1-value p-value R2 R2



Table 4.2 cont'd.

Variable Coefficient
Independent Regression

I (X) (B)

1986:

Cumulative
Adjusted

R2

Change in
Adj usted

R2

0 Constant 1.224536 0.02631331 46.537 <0.0001

1 SITE2 -0.113107 0.02405911 -4.701 <0.0001

2 SITE3 -0.205029 0.02566696 -7.988 <0.0001

3 SITE4 -0.201856 0.02698188 -7.481 <0.0001 0.1987 0.1987

4 Ln(BAREA) 0. 2041 42 0.01616194 12.631 <0.0001 0.4105 0. 2118

5 SHRUB -0.004888 0.00025353 -19.278 <0.0001 0. 5798 0.1693

6 HERB -0.003340 0.00032419 -10.301 <0.0001 0. 6405 0.0607

F - ratio = 187.214, Error mean square = 0.04669, Number of trees = 628

Standard
Error 1-value p-value



Table 4.2 cont'd.

I

Variable Coefficient
Independent Regression

(X) (B)

Standard
Error T-value p-value

Cumulative
Adjusted

R2

Change in
Adjusted

R2

1987:

0 Constant 1.585286 0.03486445 45.470 <0.0001

1 SITE2 0.009524 0.03187770 0.299 0.7652

2 SITE3 -0.137252 0. 03507989 -3.913 <0.0001

3 SITE4 -0.108206 0.03701 506 -2.923 0. 0036 0.1670 0.1670

4 Ln(BAREA) 0.4657 54 0. 02033834 22.900 <0.0001 0.7247 0. 5577

5 SHRUB -0.006878 0.00041078 -16.743 <0.0001 0 .7713 0.0466

6 HERB -0.004994 0.00040753 -12.255 <0.0001 0.8142 0.0429

F - ratio = 477.071, Error mean square = 0.08292, Number of trees = 653



Table 4.3 - Regression models predicting the height increment of individual Douglas-fir

seedlings from 1985-81. The form of the equation is height increment (cm) = eiXi,

where "e is the base of natural logarithms = 2.7183.

i

Variable Coefficient
Independent Regression Standard

(X) (B) Error 1-value p-value

Cumulative
Adj usted

R2

Change in
Adj usted

R2

1985:

0 Constant 1.069605 0.26597348 4.021 <0.0001

1 SITE2 -0.111569 0.04298638 -2.595 0.0097

2 SITE3 -0.431013 0.04430823 -9.728 <0.0001

3 SITE4 -0.484747 0.04534826 -10.689 <0.0001 0.1832 0.1832

4 Ln(HEIGHT) 0.344842 0.07804974 4.418 <0.0001 0. 2063 0.0231

F - ratio = 42.592, Error mean square = 0.15785, Number of trees = 641



Table 4.3 cont'd.

i

Variable Coefficient
Independent Regression Standard

(X) (B) Error 1-value p-value

Cumulative
Adj usted

R2

Change in
Adjusted

R2

1986:

0 Constant 2.481130 0.33169003 7.347 <0.0001

1 SITE2 -0.285315 0.04898839 -5.825 <0.0001

2 51113 -0.299020 0.05122132 -5.838 <0.0001

3 SITE4 -0.426478 0.05145711 -8.288 <0.0001 0.1339 0.1339

4 Ln(HEIGHT) 0.298298 0.09213123 3.238 0.0013 0.1683 0.0344

5 SHRUB225 -0.012341 0.00104968 -11.757 <0.0001 0.3185 0.1502

F - ratio = 59.587, Error mean square = 0.20028, Number of trees 628



Table 4.3 cont'd.

I

Variable
Independent

(X)

Coefficient
Regression

(B)

Standard
Error 1-value p-value

Cumulative
Adjusted

Change in
Adjusted

R2

1987:

0 Constant 2. 266613 0.24665902 9.189 <0.0001

1 SITE2 0.037684 0.03852789 0.978 0. 3284

2 SITE3 -0.113387 0.04008105 -2.829 0.0048

3 SITE4 -0.040675 0.04173284 -0.975 0. 3301 0.1043 0.1043

4 Ln(HEIGHT) 0.444722 0.05619574 7.914 <0.0001 0. 2851 0.1808

5 SHRLJB125 -0.0191 79 0.00083729 -22.906 <0.0001 0. 5888 0. 3037

6 HRB+LSHRB -0.002049 0.00037131 -5.519 <0.0001 0.6067 0. 01 79

F - ratio = 136.117, Error mean square 0.13603, Number of trees = 653



Table 4.4 - Regression models predicting the stem height to diameter ratio (HDR) of

individual Douglas-fir seedlings from 1985-81. The form of the equation is HDR = e1Xi
where °e" is the base of natural logarithms = 2.7183.

1985:

o Constant

1 SITE2

2 SITE3

3 SITE4

4 ln(HDR)

5 SHRUB

6 HERB

F - ratio = 96.422, Error mean square = 0.03116, Number of trees = 641

2.434940 0.13756849 17.700 <0.0001

0.087 123 0.01934158 4.535 <0.0001

0.183536 0.02022026 9.011 <0.0001

0. 225211 0.02106633 10.694 <0.0001 0. 2407 0. 2407

0.366001 0.03251955 11.234 <0.0001 0. 3639 0.1232

0. 002315 0.00021729 10.652 <0.0001 0.4578 0. 0939

0. 001 306 0.00030511 4.279 <0.0001 0.4722 0.0144

Cumulative Change in
Variable Coefficient Adj usted Adjusted
Independent Regression Standard

(X) (B) Error T-value p-value R2 R2



Table 4.4 cont'd.

i

Variable Coefficient
Independent Regression

(X) (B)

Standard
Error 1-value p-value

Cumulative
Adjusted

R2

Change in
Adjusted

R2

1986:

0 Constant 1 .750814 0.15188055 11.528 <0.0001

1 SITE2 -0.054709 0.02070723 -2.642 <0.0084

2 SITE3 0.038580 0.02245899 1 .718 <0.0863

3 SITE4 0.008530 0.02400916 0.355 <0.7 225 0.1028 0.1028

4 ln(HDR) 0.522024 0.03824669 13. 649 <0.0001 0.4352 0. 3324

5 SHRUB 0.004351 0.00023029 18.892 <0.0001 0. 61 46 0.1794

6 HERB 0. 001 877 0.00027923 6.723 <0.0001 0.6401 0. 0255

F - ratio = 188.008, Error mean square = 0.03451, Number of trees = 632



Table 4.4 cont'd.

i

Variable Coefficient
Independent Regression

(X) (B)

Standard
Error T-value p-value

Cumulative
Adjusted

R2

Change in
Adjusted

R2

1981:

0 Constant 1 .125700 0.10520372 10.700 <0.0001

1 SITE2 0.021050 0.01 605912 1.311 <0.1904

2 SITE3 0.054198 0.01670427 3.245 <0.0012

3 SITE4 0.077548 0.01 692341 4.582 <0.0001 0.0925 0.0925

4 ln(HDR) 0.701975 0. 02735502 25.662 <0.0001 0.7635 0.6710

5 SHRUB 0.003081 0. 00022383 13. 764 <0.0001 0.8116 0.0481

6 HERB 0.000936 0.00020911 4.478 <0.0001 0.81 10 0.0054

F - ratio = 486.736, Error mean square = 0.02180, Number of trees = 654



CHAPTER 5

LIGHT AND SOIL WATER AVAILABILITY

UNDER A GRADIENT OF WOODY AND HERBACEOUS VEGETATION

IN COASTAL OREGON DOUGLAS-FIR PLANTATIONS

ABSTRACT

Neighborhood influences of woody and herbaceous vegetation on

light and soil water availability were examined for 3 years in the

Oregon Coast Range. Available sky calculated from hemispherical

photographs at 0.5 and 1 m above the ground, and cumulative soil

water potential at 0.3, 0.6, 0.9 and 1.2 m soil depth for each

growing season, were negatively correlated (p < 0.01) with the

abundance of woody neighbors. In contrast, herbaceous vegetation did

not influence (p > 0.1) light availability and only decreased (p <

0.0001) cumulative soil water potential at 0.3 and 0.6 m depths.

Soil water depletion by woody and herbaceous vegetation decreased

with increased soil depth. Generally from 29 to 81% of the variation

in available sky, and from 2 to 17% of the variation in cumulative

soil water potential were accounted for by neighbor abundance in

regression models. Patterns of light and soil water availability

were consistent with 1) the best neighborhood measures of

interspecific competition, 2) relative competitive abilities of woody

and herbaceous vegetation, and 3) asymmetric competitive effects on

Douglas-fir seedlings.
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INTRODUCTION

Forest vegetation management is directed at increasing the

survival and growth of desired tree seedlings by decreasing

competition for environmental resources, primarily light, soil water,

and nutrients (Radosevich and Osteryoung 1987). Plant competition

occurs when the immediate supply of a resource, that is necessary for

growth, falls below the combined demand of neighboring plants (Donald

1963; Grime 1979). The effect of neighbors on resource availability

and the influence of these resources on seedling performance,

interact to determine the outcome of interspecific competitive

interactions (Goldberg 1989). Plant competition for limited

resources is considered to be one of the primary factors determining

the composition and structure of plant communities (Tilman 1987).

Douglas-fir seedlings in coastal Oregon commonly experience

reduced light availability and increased moisture stress when

associated with woody and herbaceous vegetation (Cole and Newton

1986; Chan and Walstad 1987; Newton and Preest 1988; Shainsky 1988).

Reduced light and soil water are correlated with photosynthetic

reductions in conifers (Krueger and Ferrell 1965; Krueger and Ruth

1969; Zavitkovski and Ferrell 1970; Kramer and Kozlowski 1979; Brix

1979). Withholding light and soil water from isolated Douglas-fir

seedlings can create growth reductions and morphological changes

similar to those induced by competitive stress (Chan 1990). The

effects of competing vegetation on resource depletion, physiological

stress, and reductions in growth have been recently documented for

Douglas-fir seedlings in southwestern Oregon (White 1988; Harrington
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1989). Similar relations also have been found for other conifer

species in different environments (Conard and Radosevich 1982; Carter

et al. 1984; Shainsky and Radosevich 1986; Lanini and Radosevich

1986).

Neighborhood models of interspecific competition for Douglas-fir

seedlings in the Oregon Coast Range indicate that woody and

herbaceous vegetation have different competitive abilities

(Chapter 4). The objectives of this study were to 1) determine if

the best neighborhood competition measures, derived for Douglas-fir

growth in Chapter 3, were correlated with light and soil water

availability, and 2) test whether differences in the competitive

influence of woody and herbaceous vegetation on Douglas-fir growth

were associated with patterns of light and soil water depletion in

the seedling environment.



METHODS

Experimental Design

A gradient of woody and herbaceous vegetation densities was

established around 140 sample points in the study described in

Chapter 3. Five Douglas-fir seedlings, that were not being used for

growth monitoring, were randomly selected in each of the 7 treatment

plots on the 4 study sites. The seedlings were removed and permanent

sample locations established in their place during June 1985. Thus,

each sample point was representative of the vegetation conditions

encountered by Douglas-fir seedlings in the study.

Each sample point served as the center of a circular 2.1-rn

radius plot. Woody and herbaceous vegetation in each plot were

measured annually from 1985-87, using the same neighborhood

techniques described in Chapter 3. The measurements were made when

maximum leaf-area development occurred during the growing season

(July-August).

Liqht Measurements

Light availability at each sample point was determined from

hemispherical photographs (Chan et al. 1986; Chazdon 1987) taken at

0.5 and 1 m above the ground. These heights were selected to

characterize the light environment of the Douglas-fir seedlings on

each study site (Chapter 3). Photos were taken when full leaf-area

development occurred during the 1985-87 growing seasons. The

photographic techniques and analysis followed that described by Chan

et al. (1987). Computer digitization provided an estimate of
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available sky for each photograph. Available sky was measured as the

proportion of a hemispherical photograph not occluded by the foliage

of surrounding plants.

Soil Water Measurements

Soil water content was measured at 0.3, 0.6, 0.9 and 1.2 m

depths using a neutron probe (Troxier model 3332). A 1.5 rn-long

aluminum pipe (5.1 cm outside-diameter) was inserted into the ground

at each sample point in June 1985 for permanent access to each soil

depth. Count ratios were recorded monthly at each depth from July to

September in 1985, and from May to September in 1986 and 1987.

Probe count ratios were calibrated with volumetric water content

using gravimetrical techniques. The gravimetric samples were

collected at each depth in holes drilled 0.4 m away from 5 access

tubes on each site. Gravimetric samples were collected during

September 1986 and March 1988 to include the full range of soil water

conditions. Nonlinear regression with the 154 gravimetric soil

samples provided calibration equations for each site and soil depth.

Soil water potential was calculated from soil water content

using soil water release curves developed from a pressure-plate

analysis of 16 soil samples. The samples were collected from 45 and

105 m depths in 2 holes on each study site.

Available soil water for each growing season and depth was

expressed as Cumulative Soil Water Potential (CSWP). The CSWP for

each growing season is the sum of the monthly soil water potentials.

The monthly soil water potential is the product of the number of days

in the month and the soil water potential calculated for the monthly



sample. Low CSWP values indicate high soil moisture stress or low

soil water availability. CSWP represents the potential soil water

available since a Douglas-fir seedling did not occupy the rooting

zone where soil water was measured.

Neighborhood Model Development

The best neighborhood measures of woody and herbaceous

vegetation around each sample point were determined using the same

analytical strategy for estimating neighborhood competitive effects

on the growth of Douglas-fir seedlings (Chapter 3). Available sky at

each height above the ground and CSWP at each soil depth served as

dependent variables for each year. Neighborhood model development

focused on deriving the best multiple regression model describing the

relationship between woody and herbaceous vegetation, and the light

and soil water availability at each sample point. Differences among

study sites also were included in the models.

142



RESULTS

Neiqhborhood Analysis

A comparison of the seven abundance measures for woody

vegetation indicated that the sum of species cover was most closely

correlated with available sky. Abundance measures based on percent

cover had RMSQR values as much as 15% lower than individual-plant

based measures. Models for CSWP were relatively insensitive to

whether the woody vegetation abundance measures were species based or

individual-plant based. The sum of species cover was used in the

final CSWP models to maintain consistency with the available sky and

Douglas-fir growth models.

Excluding woody neighbors based on their height improved models

predicting available sky. The lowest RMSQR values for models

predicting available sky at 0.5 m occurred when woody species less

than 0.5 m in height were excluded from the models. Models

predicting available sky at 1 m yielded the lowest RMSQR when woody

species under 1.5 m were excluded. Weighting neighbors based on

their height above the camera did not improve the models.

Predictions of CSWP were not improved by altering neighborhood

height, suggesting that the height of woody neighbors was not

associated with soil water depletion.

The optimum neighborhood radius for predicting available sky at

0.5 and 1 m above the ground was 1.2 m when using the sum of species

cover. The same analysis using the sum of individual shrub crown

areas indicated that individual shrubs whose crowns were within 0.3 m

of the camera provided the best models. Excluding woody species
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beyond the optimum 1.2 m radius provided available sky models with

the lowest RMSQR. Weighting neighbors within the optimum radius by

their distance from the camera did not improve the models. In

contrast with available sky, including all woody species within the

full 2.1 m radius provided models with the lowest RMSQR for

predicting CSWP.

Weighting the abundance of woody neighbors based on their

azimuth from the sample point, or their angular dispersion around the

point, did not improve the available sky or CSWP models.

In models where herbaceous vegetation abundance was included, a

single estimate of total cover for all species provided models with a

slightly lower RMSQR than models including the sum of cover for each

species.

Light Availability

Available sky at 0.5 and 1 m decreased linearly as the cover of

woody vegetation increased (Figures 5.1 to 5.3). The slope of the

relationship increased with time as shrub canopies got taller. By

1987, less than 10% sky was available at both the 0.5 and 1 m heights

when the neighborhood was fully occupied by woody vegetation. The

shrub competition indices were highly correlated (p < 0.001) with

available sky all three years (Table 5.1). The best shrub

competition indices (Table 5.2) accounted for 51, 71, and 81% of the

variation in 0.5 m available sky from 1985 to 1987, respectively

(Table 5.3). Less variation in available sky at 1 m was accounted

for by the shrub indices (Table 5.4). Herbaceous vegetation was not

correlated (p > 0.1) with available sky at either height (Table
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5.1). Site differences accounted for a relatively small percent of

the variation, and the percentage decreased with time (Tables 5.3 and

5.4).

Soil Water Availability

CSWP decreased at all depths as the cover of woody vegetation

increased (Figures 5.1 to 5.3). CSWP also increased with soil depth,

indicating less soil water depletion with increasing depth. The best

shrub index was highly correlated (p < 0.0001) with CSWP at 0.3 m

(Table 5.1). Although statistically significant (p < 0.01), p-values

for the shrub index decreased with soil depth.

The percentage of variation accounted for by the shrub index

also decreased with increasing soil depth (Tables 5.5 to 5.8),

suggesting that the shrubs were less important to soil moisture at

greater depths. The final regression models were only able to

account for about 30% of the variation in CSWP, with site differences

accounting for most of the variation (Tables 5.5 to 5.8). The shrub

index accounted for about 10% of the variation at 0.3 m, about 4% at

0.6 and 0.9 m, and less than 3% at 1.2 m. Although the spruce zone

sites generally had higher soil water contents than the hemlock zone

sites, finer textured soils on the spruce zone sites caused the soil

water potentials to be similar among study sites.

The herbaceous competition index also was negatively correlated

(p < 0.0001) with 0.3 m CSWP all three years (Table 5.1). Accounting

for between 6 and 10% of the variation (Table 5.5), herbaceous

vegetation was generally able to deplete soil water to lower

potentials than the same cover of woody vegetation (Figures 5.1 to
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5.3). Herbaceous vegetation was not correlated (p > 0.18) with CSWP

below 0.3 m during 1985 and 1986 (Table 5.1). In 1981, however, herb

abundance was negatively correlated (p < 0.02) with CSWP at 0.6 m

(Table 5.1).

Although it was possible to detect decreases in CSWP with

increasing abundance of woody and herbaceous vegetation, soil water

stresses were relatively low. Daily potentials rarely fell under

-0.1 MPa onany of the study sites, even during the driest part of

the growing season.



DISCUSSION

The best neighborhood competition measures predicting

Douglas-fir growth (Chapter 3) were correlated with light and soil

water availability in the seedling environment. The sum of woody

species cover provided the best measure of light availability among

the neighbor abundance measures tested. Woody neighbors within a

relatively short distance from the neighborhood center had the

greatest influence on light attenuation, and accounting for their

distance within this optimum radius did not improve the models.

Accounting for the azimuth and spatial arrangement of neighbors did

not improve models predicting light or soil water availability.

Consistent with the neighborhood height analysis on Douglas-fir

growth (Chapters 1 and 3), an optimum neighborhood height at or just

above the height of the camera provided the best models for

predicting available sky. The existence of an optimum neighborhood

height is logical using the fisheye photo technique, since the camera

could not view neighbors below the height of the lens. A similar

influence of neighborhood height in models predicting Douglas-fir

growth suggests that a °camera-height" effect may operate as a

seedling responds to its neighbors. Such an effect may be related to

the differential importance of various zones in a conifer crown

(Woodman 1971).

Results from this study also support the hypothesis that

interspecific competitive effects are one-sided or asymmetric on

Douglas-fir height growth, and more two-sided or symetric on

basal-area growth (Chapter 3). Douglas-fir height growth was most

147



148

highly correlated with neighborhood expressions that predicted light

attenuation, while basal-area growth was most closely correlated with

neighborhood expressions predicting CSWP. Previous neighborhood

studies have suggested that competition for below-ground resources

(water and nutrients) tends to be symmetric, while competition for

light tends to be asymmetric (Weiner 1986; Firbank and Watkinson

1987; Wilson 1988; Thomas and Weiner 1989).

Differences in the competitive influence of woody and herbaceous

vegetation on Douglas-fir growth (Chapter 4) also were associated

with patterns of light and soil water depletion. Maximum light and

soil water availability, and Douglas-fir growth (Chapter 4), resulted

when no neighbors were present. Shrubs had the strongest competitive

influence on Douglas-fir growth, and also had the greatest influence

on light attenuation at both heights and soil water depletion at all

depths. Herbs had a lower competitive influence on Douglas-fir

growth and were correlated only with soil water depletion near the

surface. At these shallow depths, however, herbs generally had a

larger influence on soil water than shrubs.

Competition for light has been generally regarded as the one of

the primary factors limiting the establishment and growth of

Douglas-fir seedlings in moist, coastal Oregon environments (Ruth

1956, 1957; Howard and Newton 1984; Chan and Waistad 1987). Results

from this study regarding the effects of herbs, however, clearly

indicate that competition for below-ground resources also is an

important aspect of these interactions.

Although maximum soil water stresses were low in this study,

substantial reductions in tree growth have been observed when
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relatively low soil water stresses are integrated over an entire

growing season (Bassett 1964). Chan (1989) found substantial

differences in the growth of Douglas-fir seedlings that experienced

relatively small differences in soil moisture and xylem sap tension.

In addition to increases in light and soil water availability, the

absence of neighbors also may increase tree growth through increased

nutrient availability (Elliott and White 1987; Carter et al. 1984),

or increased soil and air temperatures (Coates 1987; Simard 1989).

Additional research is needed to identify the relative importance of

these environmental resources and factors influencing the growth of

conifer seedlings under competition-free conditions.
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Fiqure 5.1 - Effects of woody and herbaceous vegetation on available
sky at 0.5 and 1 m above the ground, and CSWP at 0.3, 0.6, 0.9, and
1.2 m soil depth during 1985. Values were averaged among the 4 study
sites. The simulations were generated from regression models
presented in Tables 5.3 to 5.8.
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Fiqure 5.2 - Effects of woody and herbaceous vegetation on available
sky at 0.5 and 1 m above the ground, and CSWP at 0.3, 0.6, 0.9, and
1.2 m soil depth during 1986. Values were averaged among the 4 study

sites. The simulations were generated from regression models
presented in Tables 5.3 to 5.8.
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Table 5.1 - p-values for independent variables describing shrub and herbaceous
vegetation abundance in regression equations predicting available sky at 0.5 and
1 m above the ground, and CSWP at 0.3, 0.6, 0.9, and 1.2 m soil depths.

Dependent
Variable

Year

1985 1986 1987

Shrub Herb Shrub Herb Shrub Herb

Available sky at 1.0 m 0.0016 0.2704 <0.0001 0.5354 <0.0001 0.1068

Available sky at 0.5 m <0.0001 0.4232 <0.0001 0.1825 <0.0001 0.3780

CSWP at 0.3 m <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

CSWP at 0.6 in 0.0012 0.2748 0.0118 0.4198 0.0145 0.0225

CSWP at 0.9 in 0.0032 0.3823 0.0103 0.4598 0.0133 0.1784

CSWP at 1.2 in 0.0089 0.9316 0.0398 0.8461 0.0624 0.8814



Table 5.2 - Abbreviations and definitions of the independent
variables included in the regression equations.

Variable Definition

Constant B0 (intercept)

SHRUB5O Shrub competition index. The sum of percent cover
for all woody species in a 1.2 m radius around the
sample point that are equal to or taller than 0.5 m.

SHRUB15O Shrub competition index. The sum of percent cover
for all woody species in a 1.2 m radius around the
sample point that are equal to or taller than 1.5 m.

HERB Herb competition index. Total cover (from 0 to 100%)
of all herbaceous vegetation in a 2.1 m radius
around the sample point.

1 54

SITE2 Class variable indicating study site with a north
aspect in the Sitka spruce zone. SITE2 = 1 if from
this site, 0 if not.

SITE3 Class variable indicating study site with a south
aspect in the western hemlock zone. SITE3 = 1 if

from this site, 0 if not.

SITE4 Class variable indicating study site with a north
aspect in the western hemlock zone. SITE4 = 1 if

from this site, 0 if not.

SHRUB Shrub competition index. The sum of percent cover
for all woody species in a 2.1 m radius around the
sample point.



Table 5.3 - Regression models predicting the available sky at 0.5 m above the ground from
1985-87. The form of the equation is available sky at 0.5 m = >B1X1.

1985:

0 Constant

1 SITE2

2 SIT[3

3 SITE4

4 SHRIJB5O

0.927272

-0.013816

-0.124040

-0. 103018

-0.003370

0.01577212 58.792 <0.0001

0.02154768 -0.641 0.5225

0.02191589 -5.660 <0.0001

0.02165285 -4.758 <0.0001

0.00021417 -15.733 <0.0001

F - ratio = 88.812, Error mean square = 0.00801, Sample size = 139

Cumulative Change in
Independent Regression Adj usted Adjusted
Variable Coefficient Standard

I (X) (B) Error 1-value p-value R2 R2

0. 2028 0. 2028

0. 7129 0. 5101



Table 5.3 cont'd.

1986:

0 Constant

1 SITE2

2 SITE3

3 SITE4

4 SHRIJBSO

0.893615

-0.014294

-0.163223

-0.086372

-0.005534

0.01984302

0.02647678

0. 02653214

0. 02653590

0.00024699

45.034

-0.540

-6.152

-3.255

-22.407

<0.0001

0. 5902

<0.0001

0. 0014

<0.0001

F - ratio = 145.658, Error mean square 0.01209, Sample size = 139

Cumulative Change in
Independent Regression Adjusted Adjusted
Variable Coefficient Standard

i (X) (B) Error 1-value p-value R2 R2

0.0927 0.0927

0.8074 0. 7147



Table 5.3 cont'd.

Independent
Variable

I (X)

1987:

0 Constant

1 SITE2

2 SITE3

3 SITE4

4 SHRIJB5O

Regression
Coefficient

(B)

0.826315 0.02340098 35.311

-0.004364 0.03155606 -0.138

-0.061778 0.03159524 -1.955

-0.027236 0.03163753 -0.861

-0.006814 0.00028445 -23.956

<0.0001

0.8902

0.0526

0. 3909

<0.0001

F - ratio = 147.501, Error mean square = 0.01713, Sample size = 139

Cumulative
Adj usted

R2

Change in
Adj usted

R2

Standard
Error 1-value p-value

0.0005 0.0005

0.8094 0.8089



Table 5.4 - Regression models predicting the available sky at 1 m above the ground from
1985-87. The form of the equation is available sky at 1 m = BjXi.

Independent Regression
Variable Coefficient Standard

(X) (B) Error 1-value p-value

Cumulative
Adjusted

R2

Change in
Adj usted

R2

1985:

0 Constant 0.931661 0.00812262 114.700 <0.0001

1 SITE2 -0.002098 0.011441 53 -0.183 0. 8548

2 SITE3 -0.09 2847 0.01 277382 -7.269 <0.0001

3 SITE4 -0.106820 0.01142795 -9.347 <0.0001 0. 5454 0. 5454

4 SHRUB1SO -0.000316 0. 00009755 -3.240 0. 0015 0. 57 53 0.0299

F - ratio = 47.731, Error mean square = 0.00224, Sample size = 139



Table 5.4 cont'd.

1986:

0 Constant 0.896579 0.01158370 77.400 <0.0001

1 SITE2 -0.003801 0.01626239 -0.234 0.81 56

2 SITE3 -0.111029 0.01729743 -6.419 <0.0001

3 SITE4 -0.106065 0.01626636 -6.520 <0.0001 0. 3825 0. 3825

4 SHRLJB1SO -0.003257 0.00029400 -11.078 <0.0001 0. 6753 0. 2928

F - ratio = 72.746, Error mean square = 0.00456, Sample size = 139

Cumulative Change in
Independent Regression Adj usted Adjusted

Variable Coefficient Standard
i (X) (B) Error T-value p-value R2 R2



Table 5.4 cont'd.

1987:

0 Constant

1 SITE2

2 SITE3

3 SITE4

4 SHRUB15O

0.847 247

0.002183

-0.067035

-0.067280

-0.006013

<0.0001

0.9444

0.0405

0. 0343

<0.0001

F - ratio = 56.351, Error mean square = 0.01676, Sample size 139

Cumulative Change in
Independent Regression Adjusted Adj usted
Variable Coefficient Standard

I (X) (B) Error T-value p-value R2

0. 02220833 38.150

0. 031 21759 0.070

0.03240824 -2.068

0.03146704 -2.138

0.00045099 -13.334

0.1132 0.1132

0. 61 60 0. 5028



Table 5.5 - Regression models predicting CSWP at 0.3 m soil depth from 1985-81. The form of

the equation is CSWP at 0.3 m (-MPa) = eiXi.

1985:

0 Constant 0. 841319 0.13106219 6.182 <0.0001

1 SITE2 0.364163 0.15916154 2.288 0.0237

2 SITE3 0.514611 0.16541 233 3.111 0. 0023

3 SITE4 -0.432402 0.15893310 -2.121 0.0074 0. 2027 0.2027

4 HERB 0.011995 0.00252086 4.758 <0.0001 0.3141 0.1064

5 SHRUB 0.0051 74 0.001 221 32 4.237 <0.0001 0.3911 0.0770

F - ratio = 18.129, Error mean square = 0.43316, Sample size = 139

Cumulative Change in
Independent Regression Adjusted Adj usted
Variable Coefficient Standard

I (X) (B) Error 1-value p-value R2 R2



Table 5.5 cont'd -

1986:

0 Constant

1 SITE2

2 S1113

3 SITE4

4 HERB

5 SHRUB

1.215341

-0.250757

0.476251

-0.51 5625

0.008911

0.007214

0.1 5269057

0.1 5784225

0.15741 749

0.1 5813886

0.00202179

0.001 50062

7.960

-1.589

3.025

-3.261

4.407

4.807

<0.0001

0.1145

0.0030

0.0014

<0.0001

<0.0001

F - ratio = 17.967, Error mean square = 0.42606, Sample size = 139

Cumulative Change in
Independent Regression Adjusted Adj usted
Variable Coefficient Standard

I (X) (B) Error f-value p-value R2 R2

0. 2207 0. 2207

0. 2785 0.0578

0. 3807 0.1022



Table 5.5 cont'd -

Independent Regression
Variable Coefficient

I (X) (B)

F - ratio = 19.481, Error mean square = 0.41952, Sample size = 139

Cumulative
Adjusted

R2

Change in
Adj usted

R2

1.314412 0.14667395 8.961 <0.0001

-0.518083 0.15606564 -3.320 0.0012

0.255836 0.15606596 1.639 0.1035

-0.805592 0.15636033 -5.152 <0.0001 0. 2220 0. 2220

0.009335 0.00185887 5.022 <0.0001 0. 2884 0.0664

0.007333 0.00143257 5.118 <0.0001 0.4011 0.1127

Standard
Error T-value p-value

1981:

o Constant

1 SITE2

2 SITL3

3 SITE4

4 HERB

5 SHRUB



Table 5.6 - Regression models predicting CSWP at 0.6 m soil depth from 1985-87. The form of

the equation is CSWP at 0.6 m (-MPa) = eiXi.

Independent
Variable

i (X)

1985:

0 Constant

1 SITE2

2 SITE3

3 SITE4

4 SHRUB

Regression
Coefficient

(B)

1.220932 0.11537889 10.582

-0.109658 0.15683700 -0.699

-0.057389 0.16356818 -0.351

-0.989296 0.15707500 -6.298

0.004109 0.00120491 3.410

<0.0001

0.4857

0.1262

<0.0001

0. 0009

F - ratio = 17.494, Error mean square = 0.42387, Sample size = 139

Cumulative
Adj usted

R2

Change in
Adjusted

R2

Standard
Error T-value p-value

0. 2702 0.2702

0.3255 0. 0553



Table 5.6 cont'd

Independent Regression
Variable Coefficient

i (X) (8)

1986:

0 Constant

1 SITE2

2 SITE3

3 SITE4

4 SHRUB

1.508273

-0.343911

0.082602

-0.911986

0.003654

0.12094661

0.15140313

0.1 5764543

0.15751 589

0.0014847 1

12 .471

-2.185

0.524

-6.209

2.461

<0.0001

0.0306

0. 6012

<0.0001

0.0151

F - ratio = 15.699, Error mean square = 0.42729, Sample size = 139

Cumulative
Adjusted

R2

Change in
Adj usted

R2

Standard
Error 1-value p-value

0. 2725 0. 2725

0. 2988 0.0263



Table 5.6 cont'd -

Independent Regression
Variable Coefficient

(X) (B)

Standard
Error i-value p-value

Cumulative
Adjusted

R2

Change in
Adj usted

R2

1987:

0 Constant 1.434612 0.14696998 9.761 <0.0001

1 SITE2 -0.390048 0.15638062 -2.494 0. 01 38

2 SITE3 -0.087 578 0.1563809 5 -0.560 0. 5764

3 SITE4 -1.078248 0.15667 591 -6.882 <0.0001 0. 2705 0. 2705

4 HERB 0. 004300 0. 001 86263 2.309 0.0225 0. 2822 0.0117

5 SHRUB 0.003554 0. 001 43547 2.476 0.0145 0. 3087 0.0265

F - ratio = 13.324, Error mean square = 0.42121, Sample size = 139



Table 5.7 - Regression models predicting CSWP at 0.9 m soil depth from 1985-87. The form of

the equation is CSWP at 0.9 m (-I'Wa) = e1X1.

Independent Regression
Variable Coefficient Standard

I (X) (B) Error T-value

1985:

0 Constant

1 SITE2

2 SITE3

3 SITE4

4 SHRUB

0. 723328

0.142079

0.029447

-0.720475

0. 004291

0.13358090

0.181 57938

0.18937246

0.181 85493

0.001 39500

5.415

0.782

0.155

-3.962

3.076

p-value

<0.0001

0.4353

0.8767

<0.0001

0.0025

F - ratio = 110.155, Error mean square = 0.56816, Sample size = 139

Cumulative
Adj usted

R2

Change in
Adj usted

R2

0.1602 0.1602

0. 2097 0. 0495



Table 5.7 cont'd -

Independent Regression
Variable Coefficient

i (X) (B)

1986:

0 Constant

1 SITE2

2 SITE3

3 SITE4

4 SHRUB

0.951183

0.053872

0.280896

-0.625237

0.004335

0.14006931

0.18229060

0.18257053

0.18242050

0. 00171952

6.791

0.296

1.539

-3.427

2.521

<0.0001

0. 7680

0.1263

0.0008

0.01 29

F - ratio = 8.468, Error mean square = 0.57309, Sample size = 139

Cumulative
Adjusted

R2

Change in
Adj usted

R2

Standard
Error T-value p-value

0.1453 0.1453

0.1779 0.0326



Table 5.7 cont'd -

Independent Regression
Variable Coefficient

I (X) (B)

F - ratio = 8.250, Error mean square = 0.58742, Sample size = 139

Cumulative
Adj usted

R2

Change in
Adjusted

R2

1.052472 0.14069876 7.480 <0.0001

0.038376 0.18467128 0.208 0.8357

0.152610 0.1846687 7 0.826 0.4100

-0.733773 0.18502006 -3.966 <0.0001 0. 1483 0.1483

0. 0037 53 0. 001 65598 2.267 0.0250 0.1737 0.0254

Standard
Error 1-value p-value

1981:

o Constant

1 SITE2

2 SITE3

3 SITE4

4 SHRUB



Table 5.8 - Regression models predicting CSWP at 1.2 m soil depth from 1985-87. The form of

the equation is CSWP at 1.2 m (-MPa) = e1X1.

1985:

o Constant

1 SITE2

2 SITE3

3 S11E4

4 SHRUB

0.981681

0.602107

-0.050145

-0.978970

0.003643

0.1301 7 228

0.17694597

0.18454019

0.17721 449

0.00135940

7.541

3.403

-0.272

-5.524

2.680

<0.0001

0.0009

0.7862

<0.0001

0.0083

F - ratio = 22.459, Error mean square = 0.53953, Sample size = 139

Cumulative Change in
Independent Regression Adjusted Adj usted
Variable Coefficient Standard

i (X) (B) Error T-value p-value R2 R2

0. 3552 0.3552

0. 3835 0.0283



Table 5.8 cont'd -

1986:

0 Constant

1 SITE2

2 SITE3

3 SITE4

4 SHRUB

1.177461

0.694476

0.210969

-0.885688

0.003704

0.14101192

0.18351735

0.18379915

0.18364812

0.001 73109

8.350

3.784

1 .148

-4.823

2.139

<0.0001

0.0002

0. 2531

<0.0001

0.0342

F - ratio 20.617, Error mean square = 0.58083, Sample size = 139

Cumulative Change in
Independent Regression Adjusted Adj usted
Variable Coefficient Standard

i (X) (B) Error 1-value p-value R2

0. 3456 0. 34 56

0. 3625 0. 01 69



Table 5.8 cont'd -

Independent Regression
Variable Coefficient

i (X) (B)

1987:

0 Constant

1 SITE2

2 SITE3

3 SITE4

4 SHRUB

1.253427 0.14211231 8.820

0.677999 0.18652660 3.635

0.083113 0.18652406 0.449

-0.956805 0.18687888 -5.120

0.003175 0.00167262 1.898

<0.0001

0.0004

0.6543

<0.0001

0.0598

F - ratio 20.595, Error mean square = 0.59928, Sample size = 139

Cumulative
Adjusted

R2

Change in
Adjusted

R2

Standard
Error 1-value p-value

0. 3499 0.3499

0. 3622 0.0123



Part IV: Epilogue

This section is intended to accomplish three objectives: 1)

provide a synopsis of results from this research, 2) describe their

implications for forest management, and 3) propose directions for

future research. In short, this section provides an opportunity to

evaluate what this thesis has contributed to forest science and

forestry.

SYNOPSIS

This thesis is largely a statement about how interspecific

competition can be quantified in young forest plantations.

Traditional whole-stand approaches to measuring vegetation density

are inadequate for modeling the effects of interspecific

competition. The impacts of interspecific competition on the

development of young stands occur at the individual-tree level; thus,

understanding competition processes requires examination at this

level (Firbank and Watkinson 1987). Traditional analyses of the mean

tree provide a narrow and misleading view of stand development.

Conditions in young forest plantations also are too heterogeneous for

a whole-stand approach. Silvicultural prescriptions need to be based

on a more complete description of the plant populations being

managed. Although not examined in this work, other population

parameters (particularly distributional statistics) are likely to

provide a more meaningful description of stand dynamics (Petersen

1989).

173
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The results presented in this thesis have demonstrated the

strength of the neighborhood approach in developing a better

understanding of spatial and temporal interactions among plants.

This work has expanded and refined approaches to studying

neighborhood competition presented by Mack and Harper (1971), Wailer

(1981), Scheilner et al. (1982), Weiner (1982, 1984), Watkinson et

al. (1983), Mithen et al. (1984); Silander and Pacala (1985), Pacala

and Silander (1985, 1987), Penridge and Walker (1986), Goldberg

(1987), and Firbank and Watkinson (1987). In particular, this thesis

has provided a more complete approach to accounting for the effects

of asymetric competition in neighborhood models than recently

presented by Thomas and Weiner (1989). I hope this research also

will help bridge the parallel tracks of individual-plant analyses

that have developed in the forest science literature (Daniels et al.

1986) and population biology literature (Silander and Pacala 1985;

Firbank and Watkinson 1987).

Results from this work have yielded the following points

regarding interspecific competition in young Douglas-fir plantations

of the Oregon Coast Range:

A) The best measure of abundance for predicting the effects of

neighborhood competition from woody vegetation was the sum of percent

cover for all species in a 2.1 m radius around the tree. This

finding was supported by two studies that examined Douglas-fir growth

(Chapters 1 and 3) and an analysis of light and soil water

availability (Chapter 5).
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The vertical relationship of woody species relative to the target

tree was an important attribute of the neighborhood competition

models. Douglas-fir height growth was influenced primarily by

overtopping woody neighbors, suggesting a one-sided or asymmetric

competitive relationship. Weighting neighbors based on their height

in Chapter 3 revealed the pattern of this asymmetry. In contrast,

competitive influences on stem diameter growth appeared more

two-sided or symmetric. Some degree of asymmetry for diameter

growth, however, was suggested when older trees were examined

retrospectively (Chapter 1). The vertical structure of the plant

comunity also appears to be important to interpreting neighborhood

interactions (Chapter 3). Thus, neighborhood relationships can be

dynamic as the vertical structure of a woody plant community changes

with time.

There was an optimum neighborhood radius around individual

Douglas-fir seedlings, within which the distance to woody neighbors

was not important (Chapters 1 and 3). Within this optimum radius,

the competitive influence of a woody neighbor was proportional to its

cover or crown area. This optimum radius was relatively small, and

apparently defined by the the crown radius of the Douglas-fir. Woody

neighbors whose crowns intermingled with the crowns of the

Douglas-fir appeared to have the greatest influence on Douglas-fir

growth. Beyond the optimum radius, the competitive influence of

woody neighbors decreased sharply. The azimuth and spatial

arrangement of neighbors within the optimum radius was of little

importance to predicting competitive effects. Thus, Douglas-fir
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seedlings appear capable of growing through relatively small gaps or

openings within Coast Range shrub comunities. This conclusion also

was supported by 1) high Douglas-fir survival, and 2) merging height

distributions of Douglas-fir and shrub populations on plots where no

vegetation manipulation was imposed (Chapter 3).

Simple estimates of percent cover also provided the best

prediction of interspecific competitive effects from herbaceous

vegetation (Chapter 3). Herbaceous vegetation substantially reduced

the basal-area growth of Douglas-fir seedlings (Chapter 4). The

relative losses were similar among study sites, even on the wettest

Sitka-spruce zone sites where herbaceous vegetation was hypothesized

to have relatively little impact. In contrast, Douglas-fir height

growth was not reduced substantially by low-growing woody or

herbaceous vegetation (Chapter 4).

Examination of relative competitive abilities indicated that woody

vegetation was more competitive than herbaceous vegetation (Chapter

4). Woody neighbors were about 10 times more competitive than herbs

on Douglas-fir height growth, but only 1.6 times more competitive on

basal-area growth. These results provided additional support to

competitive syninetry differences observed between Douglas-fir height

and basal-area growth. Invasion of herbs following shrub removal

merely replaced one competitor for another, thus, reducing potential

basal-area growth increases of Douglas-fir seedlings after removal of

the dominant woody competitor.
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F) An analysis of light and soil water in Chapter 5 indicated that

the best neighborhood measures of interspecific competition were

negatively correlated with the availability of environmental

resources. This analysis also supported differences observed in the

relative competitive abilities of woody and herbaceous vegetation.

Woody vegetation had a greater impact on light and soil water

availability than herbaceous vegetation. In addition, patterns of

light and soil water availability also supported hypotheses regarding

differences in competitive symetry between Douglas-fir height and

basal-area growth. Douglas-fir height growth was most closely

correlated with neighborhood expressions that predicted light

attenuation, while basal-area growth was most closely correlated with

neighborhood expressions predicting soil water availability.

Competition for light is generally considered to be asymetric or

one-sided, and competition for below-ground resources has been

suggested to be symetric or two-sided (Chapter 5).

6) Maximum growth of Douglas-fir occurred when no neighbors were

present (Chapter 4), supporting a maximum-response threshold for

conifer growth under nearly vegetation-free conditions (Wagner et al.

1989).

H) Interspecific competition reduced Douglas-fir growth by decreasing

the 1) amount of annual increment, and 2) size of the tree in future

growing seasons (Chapter 4). This latter effect suggests that young

trees can carry the historical impacts of competition into the

future, and that the effects of competition can accumulate with
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time. The importance of interspecific competition, therefore, is

greater than indicated by a simple analysis of growth loss for a

particular year. This principle also may be responsible for

divergent growth trajectories commonly observed for conifers growing

under different competition regimes.

The height to stem diameter ratio (HDR) was an indicator of

competitive stress in Douglas-fir seedlings (Chapter 4). Ratios over

90 indicated high competitive stress, and ratios around 50 indicated

that seedlings were growing near maximum potential growth rates.

Although substantial differences in the growth of Douglas-fir

seedlings occurred among sites (Chapter 4), the relative effects of

interspecific competition were consistent among sites. No

significant site by competition-level interactions were apparent

among the sites examined in Chapter 4. With other factors held

constant, seedlings on Sitka spruce zone sites grew faster than those

on western hemlock zone sites. Douglas-fir seedlings on south-facing

aspects also performed better than seedlings on other aspects

(Chapters 2 and 4).



MANAGEMENT IMPLICATIONS

The results described above have several implications for

managing young Douglas-fir plantations in the Oregon Coast Range:

The height and percent cover (from visual estimates) of woody

species provided the best index of interspecific competition in young

Douglas-fir plantations. Simple visual estimates of herbaceous cover

also provided a reliable measure of its influence. Although I

evaluated some rather complex measures of interspecific competition,

it was reassuring to find that the simplest and easiest measure was

best. Reforestation survey systems collecting similar information

from tree-centered plots should provide the necessary data for

evaluating the effects of vegetation management activities. A young

stand model for predicting the effects of vegetation management in

Douglas-fir plantations, now under development (Opalach and

Radosevich 1988), is using these variables as required inputs.

Differences in the competitive influence of woody and herbaceous

vegetation on Douglas-fir height and basal-area growth can be used to

estimate the probable response of young plantations to competition

release treatments. Increases in height growth should occur

primarily on seedlings for which overtopping woody neighbors have

been removed. Stand-level increases in height growth will be related

to the proportion of individual trees in a plantation that are

successfully released from overtopping. The degree of overtopping by
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woody neighbors can be relatively low in plantations that are

selected for release treatments (Harrington and Wagner 1986).

Increases in stem diameter or basal-area growth will be linked

to the ability of a treatment to reduce the cover of all vegetation.

Subsequent invasions of herbaceous vegetation following treatments to

control woody vegetation will substantially reduce potential

increases in stem diameter growth. This effect also has been

observed in a comparison of operational release treatments in the

Oregon and Washington Coast Range (Harrington and Wagner 1986).

C) Contrary to traditional thinking about moist, coastal forests,

herbaceous vegetation is a competitor in young Douglas-fir

plantations. Removal of all vegetation not only greatly increased

basal-area growth, but seemed to improve other aspects of Douglas-fir

growth not quantified in these studies. Seedlings growing on bare

ground for several years had larger buds, more buds, denser foliage,

darker green foliage, and larger crowns than seedlings growing with

herbaceous vegetation. Such seedlings also are better able to

withstand the impacts of animal damage (Gourley et al. 1990).

Increased crown growth also appeared to accelerate the rate at which

crown closure of the Douglas-fir would eventually occur--probably

less than 10 years at a 3 X 3 m spacing. It is clear from this

research that Douglas-fir seedlings are capable of growth rates that

far exceed those possible with current silvicultural practices.

Although maximizing early stand growth with the extended removal

of all vegetation may be of interest to those trying to maximize wood
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production, such silvicultural prescriptions need to be approached

with caution (Wagner et al. 1989). Without long-term data on stand

yields under complete vegetation control, it is unclear how much can

be invested in the practice before it becomes financially

unprofitable. The cost and availability of broad-spectrum,

soil-active herbicides will be an important component of this

analysis. The linkage of young-stand models, that include herbaceous

competition effects, with existing older-stand models may soon

provide an estimate of financial feasibility for complete vegetation

control.

Even if such practices are financially attractive, the

longer-term ecosystem impacts of complete vegetation removal for

extended periods of time need to be considered. Removing all woody

and herbaceous vegetation will eliminate cover and forage for

wildlife during the period in stand development when it is richest.

There is an obvious potential for increased soil erosion on some

sites. The potential impacts on soil organic matter, structure, and

nutrient cycling also must be explored. Increases in insect and

disease damage have been identified on other conifer species where

intensive vegetation control has been practiced (Zutter et al. 1987;

Ross 1989).

Focus of herbaceous weed control activities for only the first

few years after planting may utilize the "momentum" of tree size

(Chapter 4) and capture much of the growth potential observed with

longer periods of control. Some industrial forest landowners are now

using this strategy as a short-term extension of the conditions

created after prescribed burning or mechanical site-preparation.
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0) One of the most noteworthy findings in this research was the lack

of seedling mortality under dense salmonberry (Chapter 4). An

original objective of this study was the development of a

neighborhood model for seedling mortality. I was convinced at the

start of this experiment that planting Douglas-fir seedlings under

thickets of sprouting salmonberry would result in seedling mortality

within the first several years. In travels through many Douglas-fir

plantations in the Oregon and Washington Coast Range, I have seen

large patches of dense salmonberry and thimbleberry where there was

nearly complete reforestation failure. Indeed, most foresters have

observed the same. I have noted during the course of this study that

most seedling mortality was directly related to mountain beaver

(Aplodontia rufa Raf.) damage. Nearly all seedlings that were

protected with chicken-wire cages have survived long enough to emerge

through the shrub canopy. Lack of environmental resources from

interspecific competition will probably be directly responsible for

only a small percentage of the eventual seedling mortality. The

neighbor distance analysis (Chapters 1 and 3) also has reinforced the

hypothesis that seedlings can emerge through relatively small gaps in

a shrub canopy.

Shrubs, however, do appear to be indirectly responsible for

observed reforestation failures. Dense shrub comunities 1) provide

habitat for mountain beaver, and 2) severely restrict stem diameter

growth, making unprotected seedlings susceptible to severe mountain

beaver damage for a longer period of time. Increased diameter growth

under these conditions may have more survival value for seedlings

than increased height growth.



High Douglas-fir survival under salmonberry canopies may be

related to providing the Douglas-fir seedlings with an initial

advantage. Newton and White (1983) found that planting Douglas-fir

seedlings imediately after cutting salmonbery did not result in

seedling mortality, but planting delays of 2 or 4 years greatly

reduced Douglas-fir survival. Thus, planting Douglas-fir seedlings

immediately after cutting salmonberry in this study probably

contributed to the lack of seedling mortality.

E) Results from this study suggest that there is a dichotomy of

objectives for managing the growth of young Douglas-fir plantations.

Since height growth appears to be reduced primarily from

light-limitations imposed by overtopping woody neighbors, vegetation

management prescriptions that keep Douglas-fir heights above

surrounding woody neighbors should yield close to maximum rates of

seedling height growth. Results from this study clearly demonstrate

that investments in the removal of low-growing woody and herbaceous

vegetation will result in relatively small increases in height growth

for the first several years.

In contrast, achieving substantial increases in Douglas-fir

basal-area or stand volume growth will require more intensive

management. Vegetation management strategies that focus only on

overtopping woody neighbors will result in modest basal-area

increases. Treatments directed at increasing total stand

productivity must focus on reducing the leaf area of all vegetation

in the plantation.
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Wagner et al. (1989) identified a similar dichotomy of extensive

and intensive vegetation management strategies regarding the survival

and stem volume of ponderosa pine. Forest managers need to clearly

define their management objectives and then select the appropriate

silvicultural strategy to achieve these objectives.



FUTURE RESEARCH

Results from this work suggest several areas of research to be

continued and expanded:

A) Although this thesis has provided a systematic method for

evaluating the effects of neighborhood competition (Chapters 1 and

3), continued improvement of these methods is needed. The nearly

infinite variety of approaches to constructing neighborhood indices

of competition will surely provide a challenge to those interested in

this area of plant population biology. For example, uncovering the

relationships between interpretations of neighborhood competition and

the structural dynamics of the plant coimwnity being studied is of

particular interest. Expanding these techniques to other tree

species and environments is needed. Do neighborhood competition by

site interactions exist? What form would such interactions take? Do

interpretations of neighborhood competition change if other model

forms are used to describe Douglas-fir growth?

To develop these ideas further, however, it is imperative that

experiments like the one described in Chapter 3 be maintained and

measured for an extended period of time. The short-term and

fragmented nature of funding for this kind of silvicultural research

makes it difficult to develop and maintain such installations. The

lack of empirical data, models, and techniques for projecting the

effects of vegetation management options, as demonstrated in the

recent USDA Forest Service (1988) Final Environmental Impact

Statement on forest vegetation management for the Pacific Northwest
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Region, indicates the importance of long-term support for this kind

of research.

As described in the Prologue (Part I), there are 4 components

required to construct a model for making quantitatively-based

decisions in forest vegetation management. In addition to continuing

development of components #1 and #2 presented in this thesis, models

to simulate the potential development of hardwood, shrub, and

herbaceous vegetation in young Douglas-fir plantations (component #3)

are needed. The ICIPS (Interspecific Competition Index Projection

System) model developed by Wagner et al. (1989) was a first attempt

at this effort. An improved autecological understanding of the major

competing plant species is vital to further development of these

models. Including the effects of vegetation management treatments

(component #4) on competing species also will be a crucial aspect of

developing such models. We currently have a relatively poor

theoretical and empirical understanding of how vegetation management

treatments alter the growth trajectories of most plant species.

Efforts to move forest vegetation management toward economic-

threshold based decisions will require continued refinements in all

these areas.

Although efforts in this research to construct neighborhood models

for seedling survival were unsuccessful, mortality functions for

Douglas-fir will be vital to the model described above. It appears

that silvicultural research has focused for so long on how to get

seedlings to survive, that we have not determined how young trees
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look as they die. Mortality functions can only be derived from

long-term studies that track individual trees under severe

competition--yet another reason for supporting long-term research.

D) Efforts to describe potential mechanisms for neighborhood

competition by analyzing light and soil water (Chapter 5) have

uncovered more questions than they have answered. While patterns of

light attenuation provided a reasonable explanation for the large

competitive influence of woody vegetation on Douglas-fir growth, soil

water availability alone provided an unsatisfying explanation for the

substantial competitive impacts associated with the presence of

herbaceous vegetation. Although decreases in soil water potential

were correlated with neighborhood competition measures, the low

levels of stress appeared inconsistent with the substantial losses in

basal-area growth.

Several hypotheses for these observations include: 1) low levels

of soil water stress can result in substantial losses in net

photosynthesis and growth when integrated over an entire growing

season, 2) increased soil and air temperatures, and/or increased

light reflectance from the soil surface, enhance the abiotic

environment for tree growth, and 3) much of the nutrient capital that

is tied up by herbaceous plants is made available for tree growth.

Evidence from several studies suggests that all these factors may be

responsible for the observed growth increases (Chapter 5). Clearly,

detailed water relations, microclimatic, and nutrient cycling

research is needed to test these hypotheses.
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E) As described under the Management Implications section above, the

long-term impacts of complete vegetation control on site productivity

have not been thoroughly studied. Identification of site conditions

where such practices, even for a short period of time, are

undesirable should be a research priority. An important aspect of

this work would be to identify the temporal influences of competition

from herbaceous vegetation on potential conifer growth.

Understanding these relationships can help optimize the sequence of

vegetation control activities in a way that can minimize potential

site impacts and still capture much of the growth potential of a

given site. Incorporating "critical period" threshold concepts

(Dawson 1986; Oliver 1988) into future competition studies can help

examine these relationships.
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