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This study examines the long-term role of interference on stand development
of Douglas-fir (Pseudotsuga menziesii [Mirb.] Franco) and red alder (Alnus rubra
Bong.) planted mixtures in the Central Cascades of Oregon, USA. The two species
are common associates in naturally regenerated and planted conifer stands in the
Pacific Northwest. Due to red alder’s rapid height growth, Douglas-fir is often
impeded when in the presence of red alder. However, because of red alder’s ability to
fix nitrogen and increase soil nutrient cycling rates Douglas-fir development can

potentially be enhanced when in red alder presence.



The relationship between current stand structure, tree mortality, tree size and
varying mixtures of species proportions were examined in this study. Treatments
included four proportions of red alder either planted simultaneously with the
Douglas-fir or delayed 5-years after initial Douglas-fir planting. The objectives of
this study were to determine if species mixtures were capable of a greater yield when
compared to monocultures and then to determine which form of interference was
taking place within and between species.

A long-term replacement series study was established in 1986 to understand
the role of interference on two commercially valuable species. Six treatments of each
planting time were created with the following proportions (Douglas-fir/red alder,
respectively): 1.0/0.0, 0.9/0.1, 0.7/0.3, 0.5/0.5, 0.25/0.75, 0.0/1.0. Each treatment
was replicated three times in a randomized complete-block design. Measurement of
diameter at breast height (cm) of each stem, total height (m), and number of live/dead
stems were determined in 1988-1991, 1993, 1995, 1998 and 2007.

Yields of both the 0.5/0.5 simultaneous and delayed treatment mixtures were
notably higher than the monocultures. Per-tree basal area, height, and survival
decreased for both the Douglas-fir and red alder as the relative density (proportion) of
red alder increased in the simultaneously planted mixtures. In the delayed mixtures,
Douglas-fir per-tree basal area, height, and survival increased as red alder density
increased. Red alder development indicated only minor decreases in survival as its
density increased in the delayed treatment mixtures.

Competition was the dominant mechanism of stand development for all

treatments. In the simultaneously planted treatments the Douglas-fir was driven most



by interspecific competition, while red alder development exhibited trends for
intraspecific competition. In the delayed planted treatments both species experienced
intraspecific competition, although this effect was minor for red alder. These results
support the competitive effects of red alder on Douglas-fir and itself when seedlings
are established at the same time. The delayed treatments however, showed the

importance of density on individual tree development over time.
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CHAPTER ONE

INTRODUCTION

Sustainable forest management

Sustainable forest management has become an important goal for forestry.
Currently, there are commitments by federal agency and private land owners to
restore, enhance and sustain a full range of forest values: economic, social and
ecological. In essence, sustainable forest management is defined as: The practice of
managing forest resources to meet the long-term forest product needs of humans
while maintaining the biodiversity of forested landscapes. Both forest managers and
the public are interested in ways to meet this definition and the goals set forth by it.

Researchers have demonstrated that increasing the diversity of tree species in
planted stands is one way to support ecological diversity. Previous research indicates
that compared to monoculture stands of conifer species, mixed stands of conifers and
hardwood species are capable of increasing biodiversity through: available soil
fertility (Rothe et al. 2002; Binkley 2003), nutrient cycles, tree production, understory
flora richness, and total ecosystem production (Binkely 2003; Radosevich et al.
2006). While these mixtures are capable of ecological gains, economic gains can also
be achieved when both planted species are commercially valuable.

Two species that naturally grow together in the central Cascade Mountains of
Oregon are Douglas-fir (Pseudotsuga menziesii var. menziesii [Mirb.] Franco) and red
alder (Alnus rubra Bong.). Both species are commercially valued in Pacific

Northwest log markets. There are many previous studies that focus on the
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associations of these two species (Newton et al. 1968; Hibbs et al. 1989; Puettmann et
al. 1992; Knowe and Hibbs 1996; Radosevich et al. 2006) because of their high
individual ecological and economic value. In addition, the species have also been
closely examined because intra- and inter-specific interference strongly drives their
size and allometry (Cole and Newton 1986, 1987; Shainsky and Radosevich 1991,

Knowe and Hibbs 1996; D’amato 2002).

Interference

Interference is the general term for the interaction among and between species
of plant populations that influences the growth and/or development of its neighbor
(Radosevich et al. 2007). Total plant density, species proportion, and the spatial
relationships within mixed species systems are significant factors which contribute to
interference and individual plant development (Radosevich et al. 2007).
Understanding the mechanisms of interference that alter plant development enhances
the ability to create mixed species systems capable of enhanced diversity, yield and
efficiency.

Mixed crops of plant species are capable of several different forms of
interspecific interference, including: neutralism, competition, mutualism,
commensalism, amensalism, and parasitism (Burkholder 1952). In the case of
Douglas-fir and red alder mixtures, two forms of inter- and intra-specific interference
are most likely: competition and facilitation. Both beneficial and detrimental

processes may occur concurrently, so the observed outcome in tree growth reflects



their net influence (Goldberg 1990; Shainsky and Rose 1995). The level of
competition depends on the effectiveness of each species in competing for resources;
the responsiveness of each species to resource supply and the effects of species
proportions in the mixtures on the two preceding factors (Jolliffe et al. 1984). By
examining current structure and development over time of species mixtures it is
possible to discern which forms of interference are dominating species development
(Goldberg 1990). Unfortunately, the understanding of the nature of such interactions
in long-term mixed crop studies is both limited and conflicting.

One way to examine interference among plants species is to study changes in
physiological and morphological growth responses associated with the differences in
the environment, and then assess those changes relative to the correlations between
the proportion and/or density of neighbors (Shainsky and Radosevich 1992).
Investigating the current physiological growth and development of plants reveal the
effects of immediate growing conditions, while examining the size and morphology
of a group of individuals exhibits their earlier developmental conditions (Giordano
and Hibbs 1993). One way to establish a pattern of interference of past growing
conditions is to measure plant dimensions over time intervals and relate those
measurements to resource proportion/density (Giordano and Hibbs 1993). The
presence of two plant species within an essential resource space increases the
complexity of the interaction (Clement et al. 1929; Harper 1961, 1977). Additionally,
the complexity of inter- and intra-specific interference increases as the density of the

two species increases (Jolliffe et al. 1984).



Finally there are several ways to quantify interference in stands of trees. In
general, tree height and mortality are capable indicators of stand structure and
development over time. However, while these variables are important to determining
the interference processes occurring in these mixtures, previous research of long-term
neighborhood competition demonstrates that diameter development may be better
determinant of interference (Wagner and Radosevich 1998, Knowe 1991), such as

per-tree or total stand basal area.

Douglas-fir/red alder mixtures

In natural mixed stands of red alder and Douglas-fir, red alder is generally the
dominant competitor, capable of rapid establishment and substantial early height
growth. The early height growth of red alder exceeds all Pacific Northwest species
except black cottonwood (Populus trichocarpa) and balsam popular (P.balsamifera)
(Newton and Cole 1994). In a controlled density experiment, Shainsky (1988)
found that once red alder achieved crown closure, understory solar radiation was
constant across all densities, indicating that red alder was superior in its ability to
occupy (capture) available above-ground resources. In addition, red alder is also
highly competitive below-ground because its roots systems are capable of greater soil
exploitation than Douglas-fir (Giordano and Hibbs 1993).

Douglas-fir is also a capable competitor in its own right. If allowed to grow
in an open environment it is capable of attaining heights greater than red alder after

only 25 years (Newton et al. 1968) and has greater photosynthetic material (Cole and
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Newton 1986). Given appropriate planting densities, Douglas-fir stand basal area can
be greater than red alder after 25 years (Cole and Newton 1986). When planted in
mixtures, the sustained height growth and greater total height of Douglas-fir will
eventually allow the species to attain co-dominate and eventual dominate canopy
positions (Cole and Newton 1987) in mixed stands.

The early development of Douglas-fir and red alder in mixed stands is highly
dependent upon levels of interference. The rapid above- and below-ground
development of red alder causes an increased level of competition for resources for
Douglas-fir. The greater ability of Douglas-fir to endure lower moisture and light
conditions than red alder increases its ability to become the dominant canopy layer
once red alder growth stagnates; usually between ages 25 and 40 (Newton et al. 1968;
Miller and Murray 1978).

The significant amount of interest in Douglas-fir/red alder mixtures arises
from red alder’s symbiotic relationship with the nitrogen fixing bacteria, Frankia spp.
Frankia spp. is a bacteria residing in nodules on the root tips of certain tree and shrub
species, that fixes atmospheric nitrogen, turning inorganic N, into available organic
ammonia (NHj3) for plant consumption (Gordon and Weaver 1983). Annual rates of
nitrogen accretion in natural stands of red alder range from 85 (Cole et al. 1978), 100
(Bormann and DeBell 1981) to 320 kg/ha/year (Newton et al. 1968). Research
indicates that enhanced conifer growth, in the presence of red alder, only occurs
where soil nitrogen levels are limiting (Binkley 1982). Furthermore, intense

competition during early development for light and moisture can nullify any gross



positive effects of enhanced soil nitrogen for conifer growth, demonstrating only the
negative net effect from competition (Shainsky and Radosevich 1992). Therefore, if
nitrogen is limiting Douglas-fir growth then any nitrogen that the red alder
contributes will help diminish the competition effect of the red alder on the Douglas-
fir, otherwise if nitrogen is not limiting Douglas-fir growth or red alder is not capable
to fixing enough nitrogen for conifer use the presence of red alder would not be

expected to enhance growth.

Motivation and objectives

Although the interference between young Douglas-fir and red alder has been
extensively studied (Tarrant 1961; Miller and Murray 1978; Binkley 2003; Shainsky
and Radosevich 1991, 1992; Puettmann et al. 1992; Radosevich et al. 2006), many of
these studies conflict. Shainsky and Radosevich (1992) show that density dependent
relationships of seedling stem volume exist between Douglas-fir and red alder and
that competition for resources is the dominant process influencing growth. Research
by Tarrant (1961), Binkley (1983) and Miller et al. (1993) demonstrate that the
nitrogen fixing ability of red alder enhances the growth of Douglas-fir on sites with
low soil fertility. While the strong affect that both inter- and intra-specific
competition has on young individuals of Douglas-fir and red alder has been well
documented (Weiner and Thomas 1986; Radosevich et al. 2007), little is known about
the long-term relationship between interference and stand development. In addition,

examination of a 20-year-old mixed stand in an established experiment can provide



forest managers with information about the mid- stages of development of species
mixtures and the role that interference plays between these two economically and
ecologically valuable species. More carefully designed, long-term experiments are
needed to further enhance the knowledge base of the interactions between these two
species. Examining the stand development after 20-years, as well as the development
over time of the mixed stands will further the understanding of tree species

interference and stand development of mixed species.

The goals of this study are to:
1) Determine which species mixtures are capable of over- and under-yielding relative

to a monoculture treatment of each species.

2) Document the interference process after 20-years of species mixture development.

3) Determine at which age interference processes begin to influence the per-tree

development of each species.

These goals are designed to help achieve the overall objective:
- To determine how relative proportions of two tree species in a mixture, one capable
of facilitation and competition and another only competition, affect individual tree

and stand development.
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CHAPTER TWO

METHODS

Study site

This study was conducted from data gathered at the H.J. Andrews (HJA)
Experimental Forest (122° 10* W, 44° 14’ N) on the west-central slope of the Cascade
Mountain Range in western Oregon in a Douglas-fir height potential site 111
classification zone. It is located in the Tsuga heterophylla vegetation zone (Franklin
and Dryness 1971), characterized by a wet, mild, maritime climate. Annual
precipitation averages 230 cm with 94% occurring between September and May.
Mean annual minimum temperature is -8.5 C and mean annual maximum temperature
is 26.9 C. Typical winter snowpack is variable, occasionally accumulating over 1m.
(Radosevich et al. 2006). Elevations at the study site range from 500 to 800m above
sea level. The soil fertility of the study site is considered moderate; characterized by
deep, well-drained gravelly loam over a cobbly silt loam C horizon formed from basic

igneous rock and volcanic ash (Rothe et al. 2003, Radosevich et al. 2006).

Experimental design

The experiment was conducted as a randomized complete block, modified
replacement series design. In this design, total tree density in every treatment is
constant, while proportions of the two species vary. The replacement series

experiment is used to determine the yields of mixtures (treatments) by comparing
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them to monoculture yields (controls). There are two systematic variations among
the 8 treatments in this experiment (Figure 2.1):

1. asubset of treatments where both species were planted at the
same time (simultaneous planting) (treatments 2, 4, 6, 10)

2. asubset of treatments where red alder was planted five years
after the initial Douglas-fir were planted (1992) (delayed
planting) (treatments 3, 5, 7, 11)

The experimental site has three (3) blocks, containing one replication of the 8
treatments and 3 controls (Douglas-fir monoculture, simultaneous red alder and
delayed red alder monocultures) in 27m? plots (0.073ha) (Figures 2.1 and 2.2). Tree
seedlings were planted on a 3m grid, where each plot consisted of 81 total trees (9x9
rows). The treatments were labeled 2-7, 10-11 and the controls 1, 12, 13. Location of
both treatments and controls were randomly assigned within each of the three blocks.
Natural mortality over the past 20 years has resulted in a mix of spatial conditions
throughout the treatments.

This study was created and implemented using a previous experiment
designed by Radosevich and Hibbs (Radosevich et al. 2006). In the spring and
summer of 1985, the experimental site was clearcut of old-growth Pseudotsuga
menziesii (Douglas-fir) and Tsuga heterophylla (western hemlock). Following the
clearcut harvest, the site was broadcast burned in the fall of 1985. In the spring of
1986, seedlings were planted according to the density, spacing, species proportions

and timing listed in Table 2.1. The site was initially planted with 1-0 Douglas-fir



13
nursery stock seedlings according to the treatments listed in Table 2.1 and Figure 2.1.
Because of a mistake in planting (Radosevich et al. 2006), the 1-0 red alder nursery
stock seedlings were not planted until the spring of 1987. Tree seedlings of either

species that died were replanted only in the first year of the experiment (1988).



Table 2.1: Treatment definitions for Douglas-fir and red alder planting

(DF=Douglas-fir, RA=red alder).

MIXED |PROPOHTIOH| CONTROL |PHOPORTIOII
TREATMENT| DF RA |RAPLANTING |TREATMENT| DF RA |RAPLANTING
2 0.9 01 SIMULTAHEOUS 1 T E——
3 0.9 01 5YRDELAYED 12 0.0 1.0 SIMULTAHEOUS
4 0.7 0.3 SIMULTAHEOUS 13 0.0 1.0 5YRDELAYED
5 0.7 0.3 5YRDELAYED
6 0.5 0.5 SIMULTAHEOUS
7 0.5 0.5 5YRDELAYED
10 0.25 0.75 SIMULTAHEOUS
11 0.25 0.75 5 YR DEALYED

14



Figure 2.1: Initial species treatment plots with nested measurement sub-plots.
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Figure 2.2: Replacement series experimental site and layout. Plots without treatment

numbers were not used for analysis in this study
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Data collection

In each plot only the centermost 25 trees were measured. Thus, each
measurement plot was surrounded by two buffer rows, thereby reducing any
confounding edge effects. Simultaneous planted treatments were measured at the
beginning of the growing season in 1988, 1989, 1990, 1991, 1993, 1995, 1998, and
2007. Delayed planted treatments were measured in 1995, 1998, and 2007. Stem
diameters were collected 2cm from the ground during the early years of development
(simultaneous treatments: 1988, 1989, 1991, delayed treatments 1995, 1998) and then
measured at breast height during later stand age. Stem diameter of each measurement

tree was recorded (millimeters) and basal area was determined using the formula:

BA=r?=r EQU 2.1

For trees with multiple stems, basal area was computed for the tree’s dominant stems
and then summed as the total basal area for one individual. Basal area was chosen as
the response variable because of its sensitivity to inter- and intra-specific interference

(Tappeiner I, et al. 2007).

Biological and statistical significance

A priori, | was interested in determining the biologically significant trends of
growth of the two species. Also, due to the high degree of variability observed during
data collection, it was concluded that an 0=0.05 probably would be too restrictive to

determined effects. Given this, an a=0.1 was used to determine statistically
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significant results, and p-values greater than but close to a value 0.1 are considered
statistically valid. The biological trends of the results are discussed, with support

drawn from statistical inferences.

Data analysis

Research Question 1: Does species proportion affect over- and under-yielding?
Relative land output (RLO) was used to examine the relative productivity of

the treatment mixtures versus a monoculture. Relative land output assesses the mixed

stand (treatment) productivity when equivalent amounts of land are allocated to

monoculture stands (controls) (Radosevich et al 2006, Jolliffe 2008). RLO was

calculated using the following formula:

3 total treatment basal area
(X)BADF, + (1— x)BARA,

EQU 2.2

Where (X) = equivalent proportion of Douglas-fir in the monoculture (control 1)
BADF.=the total basal area of Douglas-fir in the monoculture treatment (1)
(1-x) =equivalent proportion of red alder in the monoculture (control 12
or 13)
BARA. = the total basal area of red alder in the monoculture control
treatments (12 or 13)
The interpretation of RLO uses the value 1.0 as an index value of the

monoculture yield. If the treatment mixtures have a RLO of 1.0, there is no
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difference in yield between the treatment mixture and the monoculture. However, if
the RLO value of the treatment mixture is above or below the index value of 1.0, then
the treatment mixture is either over-yielding or under-yielding relative to the
monoculture treatments.

Analysis of RLO was separated into simultaneous planting- and delayed
planting- treatments and analyzed separately. A logarithm transformation of basal
area was performed to satisfy assumptions of constant variance. Assumptions of
normality and constant variance were checked and found to be appropriate. An
analysis of variance (ANOVA) (a=0.1) using a MIXED procedure to test the null
hypothesis (Ho) that the RLO values of the treatments did not vary from 1.0, the
monoculture index value. An LSMEANS was also computed to tests the null
hypothesis that there was no difference among treatments. The analysis was

completed in SAS v.9.1 (SAS Institute, Inc. 2003) using the following model:

Yij =pn+pi+ tj + &jj EQU 2.3

Where Yj; s the logarithm basal area of the j™ treatment divided by the
weighted average of the given species in the control treatments
p isthe overall mean
B isthe effect of the i" block (1, 2, 3) ~ N(0, o)
ti  isthe effect of the ] treatment
&ij  Is the random error that represents variability among

treatments within blocks ~ N(0, %)
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Once the analysis was completed and RLO estimates and appropriate
confidence intervals generated, all values were back-transformed and described in the

results and discussion sections of this thesis.

Research Question 2: Has 20 years of interference affected the current development
of each species?

Mean height, the ratio of current live versus originally planted stems, and
basal area for data collected in 2007 was sorted and analyzed by planting definition
and species (Table 2.1).

Analysis of these response variables were completed separately by species and
planting definition (Table 2.1). The assumptions of constant variance and normality
were assessed for each response variable. A logarithm transformation of basal area
was completed in order to satisfy the assumptions of constant variance. An analysis
of variance (ANOVA) (0=0.1) was run using a ‘mixed’ procedure for each response
variable to test the null hypothesis (Ho) that the each treatment response did not vary

from zero. The following model was used for all response variables:

Yij =u+ Bi + tj + &jj EQU 2.4

Where Yij is the response variable of the j™ treatment
pu isthe overall mean

Bi s the effect of the i"™ block (1, 2, 3) ~ N(O, cszﬁ)
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ti is the effect of the j" treatment
&j Isthe random error that represents variability among
treatments within blocks ~ N(0, %)

Estimates of each response variable per treatment were generated using
‘Ismeans’. These estimates were then sorted according to the proportion of red alder
in the treatment and a ‘regression’ procedure was used to determine if the response
variables changed significantly («=0.1). The analysis was completed in SAS v.9.1
(SAS Institute, Inc. 2003) using the following models:

u{mean height|red alder density}= By + Bired alder density EQU 2.5
u{survival proportion|red alder density}= 3o + B1red alder density EQU 2.6

u{log(per-tree basal area)|red alder density}= o + Bired alder density EQU 2.7

Research Question 3: When does interference begin to affect individual tree growth
over time in treatment mixtures?

In this analysis, per-tree mean basal area was computed for each species
occurring within each treatment by year to assess how the species in each treatment
developed over time. The analysis was separated into two categories and two sub-
categories:

1a) simultaneously planted treatments of Douglas-fir,

1b) delayed planted treatments of Douglas-fir,

2a) simultaneous planted treatments of red alder,

2b) delayed planted treatments of red alder.

Analysis of the above categories was preformed separately, but in the same manner.
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Prior to model selection, a logarithm transformation was preformed on basal
area to correct for the assumption of constant variance. Both the assumptions of
constant variance and normality then were found to be appropriate for all categories.
The Akaike Information Criterion (AlCc) was used to determine the best covariance
structure for repeated measures of the same treatments over multiple years. An
autoregressive(1) covariance structure was determined to be the best model. In this
covariance structure, the greater the interval between two sampled years the smaller
the correlation. For example, the covariance between years 1988 and 1991 is smaller
than the covariance between years 1988 and 1998.
The null hypothesis (Ho), which states that mean basal area per tree for each
species is not different among treatments and years, was tested using a mixed
procedure (0=0.1) with a autoregressive(1) covariance adjustment in SAS v.9.1 (SAS

Institute, Inc. 2003). The following model was used to complete the analysis:

Yija = L+ Bi + 4+ & + Y + tYik T &ijua EQU 2.8

Where Yijk is the logarithm of the mean basal area of the species/treatment in
the j treatment in the i block and the k™ year
i isthe overall mean of log basal area of the Douglas-fir
Bi s the effect of the i block (1, 2, 3) ~ N(0, 023)

{; is the effect of the j treatment (1-7, 10, 11)
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&ij  Isthe random error term that represents variability among

treatments within blocks ~ N(0, %)

Yk is the effect of each K" year (1988, ’89, ’90, 91,

2007)

’93, °95, 98, and

tyix is the interaction effect of treatment j within year K, tyi ~ N(O,

o%) k=1988, 1989, ....n;

giji Is the random error term represents variability between blocks

among treatments and years and &ij.~N(0, o?) and

1 p p®pPpp®ptp ]
p1pp*p’p'p p°
p’pl pp®p’p’p’
p’p*pl pp’p’p
p* p’p*pl pp*p’
p> p* p°p*plpp’

gik~MVN(0, 6°) and o

p® p* p* PP pPplp
p" p° p® p* pPpipl]

represents

autoregressive(1) covariance structure among treatments and years.

Once the analyses were completed and mean basal area estimates and

appropriate confidence intervals were generated all values were back-transformed to

the original scale for the results and discussion sections.
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CHAPTER THREE

RESULTS

Relative land output

Research Question 1: Does species proportion affect over- and under-yielding?

Simultaneous treatments

After 20-years of growth and stand development, the relative land output
(RLO) estimates of the simultaneously planted treatments were not significantly
different (p>0.1) from the monoculture control index of 1.0 (F36 = 1.08, p=0.4273).
Treatment 6 (0.5DF / 0.5RA respectively) had the largest estimated RLO of the
simultaneous treatments, and second largest or all treatments (Figure 3.3), 1.30 (90%
RLO confidence limits of 0.94 and 1.79). Treatment 4 (0.7DF / 0.3RA) had the
second largest estimated RLO within simultaneous treatments, 1.23 (90% confidence
limits 0.89, 1.70). Treatment 2 (0.9DF / 0.1RA) followed with an estimated RLO of
1.09 (90% confidence limits 0.79, 1.51). Finally, treatment 10 (0.25DF / 0.75RA)
had the smallest estimated RLO in the simultaneous treatments, 0.88 (90%

confidence limits 0.64, 1.22) (Figure 3.3). These results are also listed in Table 3.1a.

Delayed treatments
Unlike the simultaneous planting treatments, the delayed planted treatments

were statistically different (p<0.1) from the monoculture index (F3¢ = 3.37, p=0.096)
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(Figure 3.2). Treatment 7 (0.5DF / 0.5RA) had the greatest RLO of both
simultaneous and delayed treatments, 1.37 (90% confidence intervals 1.07, 1.74)
(Figure 3.3). Treatment 11 (0.25DF / 0.75RA) had the second largest RLO for the
delayed planted treatments, 1.23 (90% confidence limits 0.96, 1.57). Followed by
treatment 5 (0.7DF / 0.3RA), with an RLO of 1.07 (90% confidence limits 0.84,
1.37). Finally, treatment 3 (0.9DF / 0.1RA) had the lowest estimated value among
the delayed treatments (Figure 3.3) with an RLO of 0.88 (90% confidence limits 0.69,

1.13). These results are also presented in Table 3.1b.

It can be concluded that the delayed treatment 7 (0.5DF / 0.5RA) (p=0.05) was
the only planted treatment mixture that produced an estimated RLO value sizably
greater than the monoculture index. Overall, both the simultaneous and delayed
treatments suggest trends of increasing RLO estimated values as the relative density
of red alder increases in the mixtures from 0.1 to 0.5. RLO estimates decrease when

the proportion of red alder increases from 0.5 to 0.75 for both treatment types as well.



Table 3.1a/b: Relative land output values of treatment mixtures.

Test that RLO is not equal to monoculture control index of 1.0. RLO and
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corresponding confidence bounds have been back transformed from the logarithm

scale. (CNTL=monoculture control, SL=simultaneous treatment, DL=delayed

treatments, DF=Douglas-fir, RA=red alder)

la: simultaneously planted treatments

Planting Contribution Lower | Upper
Treatment | Proportion RLO of DF/ RA to| SE |DF|T value |Pr>T| 90% | 90%

(DF / RA) RLO (%) Bound |Bound
1-CNTL i 1.0/0.0 1.00 100/0 - - - - - -
2-SL 0.9/0.1 1.09 68/ 32 0.17; 6 0.52 0.62 { 0.79 | 1.51
4-SL 0.7/0.3 1.23 63/ 37 0.17{ 6 | 1.24 | 0.26 | 0.89 | 1.70
6-SL 0.5/0.5 1.30 47 | 53 0.17{ 6 | 1.58 | 0.17 | 0.94 | 1.79
10 - SL 0.25/0.75 0.88 48 / 52 0.17: 6 { -0.77 { 0.47 { 0.64 : 1.22
12 - CNTLi 0.0/1.0 1.00 0/ 100 - - - - - -
1b: delayed planted treatments

Planting Contribution Lower | Upper
Treatment | Proportion RLO of DF/ RA | SE |DF|Tvalue|Pr>T| 90% | 90%

(DF / RA) to RLO (%) Bound | Bound
1:ONTL [ 10700 1 300 | 20000 G i iiliofiedelieeiel
3-DL 0.9/0.1 0.88 91/9 0.13: 6 | -1.00 | 0.36 { 0.69  1.13
5-DL 0.7/0.3 1.07 83/ 17 0.13: 6 | 0.56 | 0.59 | 0.84 : 1.37
7:DL 005105 | 1.37 .. 66/34 :0.13: 6 | 249 | 005 1.07 i 1.74
11 - DL 0.25/0.75 1.23 74 | 26 0.13: 6 | 1.62 | 0.16 { 0.96 : 1.57
13-CNTL! 0.0/1.0 1.00 0/ 100 - - - - - -
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Figure 3.1: Relative land output of simultaneous treatments.
(90% confidence intervals, DF= Douglas-fir, RA= red alder, TRMT= treatment,

CNTL= monoculture control)
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Figure 3.2: Relative land output of delayed treatments.
(90% confidence intervals, DF=Douglas-fir, RA=red alder, TRMT=treatment,

CNTL=monoculture control)
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Figure 3.3: Relative land output of simultaneously planted treatments and delayed

planted treatments. (DF= Douglas-fir, RA= red alder, TRMT= treatment, CNTL=

monoculture control)

RLO
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Mixture development at age 20
Research Question 2: Has 20 years of interference affected the current development

of each species?

Twenty-years of growth have resulted in varied degrees of species
development across the treatment mixtures. The influences of inter- and intra-
specific interference occurring within the mixtures are distinguishable by examining
the development of each species over the entire gradient of treatment mixtures. The

results of per-tree basal area, survival, and mean height are discussed.



Table 3.2: Stand development values of treatment mixtures in 2007.
(DBH= diameter at breast height, CNTL=monoculture control, SL=simultaneous

treatment, DL=delayed treatments)

Per-tree DBH Per-tree Height Per-tree Suniorship

Treatment (cm?) (m) (#alive / #planted)
DF RA DF RA DF RA

..... 1-CNTL 12046 1183 . .1.920% & .
2-SL 184.9 | 254.7 12.6 12.0 89.5% 83.3%

L3obb 2127 654 1 130 86 1. 77.2% i 61.1%
4 -SL 212.7 | 317.3 13.4 13.1 95.8% 66.7%

..5-DL 12295 1010 ) 135 @ 109 [ 854% | 556%
6 - SL 181.3 | 236.7 11.8 11.8 83.3% 82.1%

_7-DL 12467 1481 ) 127 ; 112 | 83.3% | 56.4%
10 - SL 117.3 | 167.7 9.8 10.7 77.8% 56.1%
11 - DL 314.2 51.4 12.4 8.0 83.3% 35.1%
12 - CNTL 223.9 13.8 57.3%
13 - CNTL 79.0 8.7 30.7%
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Simultaneous treatments

A regression analysis of median per-tree basal area of both Douglas-fir and
red alder on the proportion of red alder in the treatment mixture demonstrates a
important decrease in basal area of Douglas-fir as the density of red alder increases in
the mixture (p=0.109, r’=0.630) (Table Figure 3.4). The regression for the red alder
indicates a less pronounced relationship between basal area and density of red alder in
mixture (p=0.263, r*=0.385). This demonstrates that red alder basal area does not
statistically correlate with increases in its own density (Figure 3.4).

The regression analysis for mean height of Douglas-fir on increasing relative
density of red alder in the mixture demonstrates a strong relationship in decreasing
height as relative density of red alder increases (p=0.054, r*=0.759). The mean height
of red alder does not demonstrate a change as its own density increased in mixtures
(p=0.776, r*=0.031) (Figure 3.5).

A regression analysis of proportion of survived to planted trees for Douglas-
fir indicated a negative slope as red alder density increased (p=0.101, r’=0.645). The
red alder proportion of survival indicated a significant decrease in survival as the

proportion of red alder increased in the mixtures (p=0.037, r*=0.813) (Figure 3.6).

Delayed treatments
A regression analysis of median per-tree basal area of Douglas-fir indicates
significant increasing basal area as density of red alder increases in treatment

mixtures (p=0.020, r’=0.833). A regression analysis of red alder basal area
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development does not change as its own density increases (p=0.825, r’=0.019)
(Figure 3.7).

Mean height of both Douglas-fir and red alder indicate suggestive trends of
decreases in height as red alder density increases. Regression analysis of both species
indicates a negative slope, (p=0.116, r>=0.616 and p=0.119, r’=0.585) for Douglas-fir
and red alder respectively (Figure 3.8).

The percent survival of Douglas-fir demonstrates no change in treatment
mixtures as red alder density increases (p=0.247, r>=0.567). A regression analysis of
red alder percent survival demonstrates a significant negative relationship between
the percent survival and an increase in its own density (p=0.037, r>=0.813) (Figure

3.9).
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Figure 3.4: Median per-tree basal area development at age 20 of Douglas-fir and red

alder in simultaneous treatments across increasing densities of red alder (90%

confidence intervals).
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Figure 3.5: Mean height development at age 20 of Douglas-fir and red alder in
simultaneous treatments across increasing densities of red alder (90% confidence

intervals).
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Figure 3.6: Proportion of surviving trees since planting at age 20 of Douglas-fir and
red alder in simultaneous treatments across increasing densities of red alder (90%

confidence intervals).
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Figure 3.7: Median per-tree basal area development at age 20 of Douglas-fir and 15
of red alder in delayed treatments across increasing densities of red alder (90%

confidence intervals).
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Figure 3.8: Mean height development at age 20 of Douglas-fir and 15 of red alder in
delayed treatments across increasing densities of red alder (90% confidence

intervals).

20

-
(8]
1

Mean per-tree height (m)
o

5 -
—e—— [Douglas-fir
— = — red alder
0 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Proportion of red alder in mixture



40
Figure 3.9: Proportion of surviving trees since planting at age 20 of Douglas-fir and
15 of red alder in delayed treatments across increasing densities of red alder (90%

confidence intervals).
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Mean per-tree basal area development over 20-years
Research Question 3: When does interference begin to affect individual tree growth

over time in treatment mixtures?

The development of Douglas-fir and red alder was examined in two ways: (1)
the median per-tree basal area development of each individual treatment by species
and (2) each species within all treatments across all measurement years. Examining
these results in this manner discerns and when interference began to influence the

development of each treatment mixture.

Simultaneous treatments

The main effect of treatment and the treatment-year interaction analysis over
the entire 20 years of growth were not significant for per-tree basal area of Douglas-
fir in the simultaneous planted mixtures (F4 10=0.08, p=0.986 and F,g 70=1.00
p=0.477, respectively). This indicates that there were no significant differences in
tree basal area among treatments over all years and for each treatment in each
measurement year since 1988.

The red alder experienced similar results. An overall treatment effect and
treatment-year interaction effect were not significant (F4 10=1.09, p=0.413 and Fyg,
70=1.09, p =0.376 respectively) for per-tree basal area of red alder in the simultaneous

planted treatment mixtures.
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Douglas-fir
There are two biologically noteworthy events taking place throughout the
development of Douglas-fir in these treatment mixtures (Figure 3.10). First, all
treatments developed similarly during their early years of establishment until age 9.
At which point, mean per-tree basal area development of Douglas-fir begins to
diverge indicating that different levels and/or types of interference begin to alter
mixture development (Figure 3.10).
Red alder
The development of red alder has a wider distribution of variation than the
Douglas-fir over time. From ages 1 to 6 all treatment mixtures developed on the
same trajectory, with little variation between them. After 8 years of growth, the per-
tree basal area begins to vary among treatment mixture. Between age 8 and 11, the
variation becomes increasingly apparent, demonstrating the increases in interference

(Figure 3.11).

Delayed treatments

The treatment main effect and the treatment-year interaction of median per-
tree basal area of Douglas in the delayed were not significant (F410=0.22, p=0.921
and Fg 70=0.61, p=0.928 respectively).

Furthermore, the median per-tree basal area of red alder in the delayed
planting treatments was also not significant among treatments alone (F4 10=0.82,

p=0.539) and treatment*years (Fg 20=0.59, p=0.772).
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Douglas-fir
The little variation in development of Douglas-fir in the first 9 years mirrors
that of the simultaneous treatments. Variation in the delayed treatments does not take
place until age 9, at which point the variation among treatment grows until final
measurement at age 20. The presence of red alder, planted when the Douglas-fir was
age 6, does not show up at that age. The variation among treatments remains
relatively small until after age 12, indicating that interference was potentially small
among treatments until after that age (Figure 3.12).
Red alder
Per-tree basal area development demonstrates a small increase between tree
ages 3 and 6. From age 6 to age 15 there is a large amount of variation in basal area
development among treatments, indicating that interference began to influence

growth and structure among the treatments after age 6 (Figure 3.13).



Figure 3.10: Median per-tree basal area development of all simultaneous planted

Douglas-fir treatments and monoculture control over 20 years. (DF=Douglas-fir,

RA=red alder)
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Figure 3.11. Median per-tree basal area development of all simultaneous planted red

alder treatments and monoculture control over 20 years. (DF=Douglas-fir, RA=red

alder)
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Figure 3.12: Median per-tree basal area development of all delayed planted Douglas-

fir treatments and monoculture control over 20 years. (DF=Douglas-fir, RA=red

alder)
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Figure 3.13: Median per-tree basal area development of all delayed planted red alder

treatments and monoculture control over 15 years. (DF=Douglas-fir, RA=red alder)
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CHAPTER THREE

DISCUSSION

The results of this experiment demonstrate the net effects of intra- and inter-
specific competition, the influences of resource limitations, and the efficiency of
resource capture/utilization. The important trends presented in the results fulfill the
objective of this thesis to determine how relative proportions of two tree species, one
capable of facilitation and competition and another only competition, affect
individual tree and stand development. The ability of the different mixtures to
capture and efficiently utilize resources results in interactions of inter- and intra-
specific interference among treatments. The overall autoecological characteristics of
the two species are consistent with the findings of other studies examining the mixed
Douglas-fir/ red alder stands (Miller and Murray 1978; Cole and Newton 1986, 1987;
Shainsky and Radosevich 1991, 1992, Radosevich et al. 2006). The measurements
and analysis of this experiment describe the net effect of all the positive and negative
interactions between Douglas-fir and red alder mixtures taking place over the past 20
years of development. In general, it is not possible to separate the effect of these
positive or negative interactions. It is possible, however, to examine the net effect of
interference and to discern what form of interference dominated development of two

species in mixtures.
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Interference
Interspecific competition

Interspecific competition is the prevailing form of interference for the
Douglas-fir in the simultaneously planted treatments. Overall, the experiment
demonstrates that after 20-years, Douglas-fir is negatively impacted by increasing the
relative density of red alder in treatment mixtures. This is evident from the decrease
in per-tree basal area, and significant decreases in mean height, and survival (Figures
3.4, 3.5, and 3.6). Similar relationships have been demonstrated in seedlings of the
two species as well (Shainsky and Radosevich 1992). The negative curve
demonstrates strong interspecific competition of red alder has Douglas-fir
development in mixtures. Generally, Douglas-fir performance is affected by
interspecific competition more than intraspecific competition as proportions and
densities of Douglas-fir and red alder increase in mixtures (Shainsky and Radosevich
1992).

Examining the development during ages 1 through 8 of the simultaneously
planted Douglas-fir (Figures 3.10) demonstrates little variation among treatment basal
area, indicating that interspecific interference was either not present or did not
influence development. Previous research demonstrates that individual tree size
relative to the average of all trees within a treatment is the dominant force behind
interference, indicating that smaller individuals provide less interference to their
neighbors (Harper 1977; D’ Amato 2002). In this experiment, after accounting for the

wide spacing employed during planting (3m x 3m) and the small size of the trees
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during the first 6-8 years of development, it is expected that any interference would
be minimal. At age 9, however, the development of the simultaneous treatments
(Figures 3.10, 3.11) suggests that interspecific interference becomes a greater force.
Per-tree basal area development of the two species diverges and red alder
development exceeds that of Douglas-fir (Figures 3.10 and 3.11). Research
conducted by Fuentes-Rodriguez (1993) demonstrated that the intensity of
interspecific competition increased with stand age, which is suggested in this
experiment as well. Trends in Fuentes-Rodriguez’s results, indicating height
development of Douglas-fir fell further behind that of red alder as stand ages increase,
coincide with my results. The compounding interspecific competition suppressed the
per-tree size and stand development of the Douglas-fir as both stand age increased
and the relative density of red alder increased (Cole and Newton 1986, 1987).

Intraspecific competition

Intraspecific interference is the net driver for the development of the Douglas-
fir in the delayed treatments. The significant increase in per-tree basal area (Figure
3.7) and lack of change in survival (Figure 3.9) for the Douglas-fir as its relative
density decreased in mixtures is evidence for the net effect of decreasing intraspecific
competition. An increase in basal area of Douglas-fir as its density decreases has also
been demonstrated by Shainsky and Radosevich (1991), where decreases in
intraspecific competition due to reduced density of Douglas-fir resulted in a greater

stem volume index of Douglas-fir.
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Red alder development in both the simultaneous and delayed planted
treatments was unaltered by the changes in Douglas-fir density. Basal area
development was not significantly related to increases in red alder relative densities
(Figure 3.4 and 3.7). However, the significant decrease in survivorship as red alder
density increases suggests that at some point intraspecific competition influenced the
development of the treatment mixtures (Figure 3.6 and 3.9). Shainsky and
Radosevich (1992) suggest that red alder seedling performance is most affected by
intra- and not inter-specific competition. Newton and Cole (1994) also state that
during early red alder development (5-15 years), individuals with lower competitive
ability are highly subjected to mortality and suppressed growth.

| hypothesize that the insignificant decreases in red alder per-tree basal area in
2007 (Figures 3.4 and 3.7) are a consequence of the previous influence of
intraspecific competition not captured in the 2007 data collection and analysis. This
hypothesis is supported by the significant decreases in survival as relative density of
red alder increases for both treatment types, which is a measure of all years since
planting. The results from the development over time analysis indicate that red alder
basal area variation among treatments began at an earlier age than Douglas-fir
(Figures 3.10, 3.11, 3.12, and 3.13). The diverging slopes of per-tree basal area of
red alder among treatments indicates when interference began influencing treatment
development. Therefore, the net influence of past intraspecific competition of red
alder, demonstrated by self-thinning mortality, has resulted in a more uniform per-

tree basal area among treatments in 2007. This hypothesis is supported by previous
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research of Douglas-fir/red alder mixtures demonstrating that intraspecific
competition causes mixtures to stabilize basal area among treatments as species the
experience mortality from self-thinning (Puettmann et al. 1992).

Facilitation

Despite red alder’s ability to fix nitrogen and enhance conifer growth
(Tarrant 1961, Binkley 1983), the net effect of facilitation was not evident in this
study. There are two reasons why net effects of facilitation may not be present. First,
since facilitation is a highly energetic process (Tjepkema and Winship 1980), the
increased competition for light due to the 5-year head start of Douglas-fir in the
delayed planted treatments may have resulted in a reduction in the nitrogen fixing
ability of the red alder. Second, the effect of facilitation from red alder in the
simultaneously planted treatments may not be present because the influence of
interspecific competition out-weights the affect of facilitation (Cole and Newton
1986, 1987). Previous research by D’Amato (2002) on tree to tree interaction of the
same sample trees used in this experiment supports these conclusions. D’Amato
observed that while facilitation between Douglas-fir and red alder may be occurring,
competition is the dominant form of tree to tree interference. Without further soil and
foliar analysis of the treatment mixtures, it is difficult to determine the degree of

facilitation taking place among the treatment mixtures.
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Resource limitation

The inter- and intra-specific interference occurring in this study does not
influence per-tree development until an essential resource becomes limited. The
success of a species when resources are limited depends on its ability to tolerate low
levels of essential resources without perishing (Tillman 1988). The individuals in
these treatment mixtures are in competition from their neighbors for light, water, and
mineral nutrients; the limitations of these resources may vary throughout the day,
season, or years. While this study documents the type of interference in mixtures, it
is impossible to determine what resources are limited without further examination of
the level of essential resources. However, previous research describes the potential
mechanism for resource limitations of Douglas-fir/red alder mixture that may be
applicable to this study.

Decreases in Douglas-fir development by interspecific competition in red
alder mixtures is typically driven by light limitations (Chan 1990) and not water
stress (Shainsky and Radosevich 1992). Light limitations are derived from red
alder’s superior ability to quickly grow taller than neighboring Douglas-fir and
capture more space for light interception, i.e. red alder is capable of reaching half or
more of its mature height by age 15 (Worthington et al. 1960; Newton et al. 1968) or
15m for red alder versus 4m for Douglas-fir (Deal, 2006). Previous research also
demonstrates that imbalanced competition for light and other resources ensues when
individuals are overtopped, thereby reducing their photosynthetic rate, above- and

below-ground resource consumption and overall growth (Radosevich et al. 2007).
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In this experiment it is presumed that once red alder reached dominant canopy
position in the simultaneous mixtures, inter- and intra-specific competition increased,
which was exhibited by the diverging developmental basal area slopes after stand age
9 (Figures 3.10, and 3.11). The Douglas-fir in the delayed treatments does not exhibit
the same divergence of development until age 12 (Figure 3.12). Therefore, a reason
for the increasing Douglas-fir basal area as red alder density increases in 2007 is
because Douglas-fir growth was not influenced by red alder imposed light limitation
since red alder was either absent (prior to planting) or smaller than the Douglas-fir.

Typically, red alder growth rates are more sensitive to soil moisture
limitations, which significantly reduce its competitive ability relative to Douglas-fir
(Shainsky 1988; Shainsky and Radosevich 1991, 1992; Giordano and Hibbs 1993;
Fuchs and Livingston 1996). When moisture resources are limiting, red alder stomata
close, limiting photosynthesis and growth (Hawkins and McDonald 1993).
Conversely, Douglas-fir is capable of maintaining open stomatas in more limiting
moisture conditions, thereby continuing photosynthesis after red alder photosynthesis
has decreased (Shainsky and Radosevich 1992).

Numerous studies, (Newton et al. 1968; Miller and Murray 1978; Fuentes-
Rodriguez 1993; Cole and Newton 1986, 1987; Shainsky and Radosevich 1991, 1992,
Radosevich et al. 2006;) including this experiment, document that red alder is the
superior competitor when grown in mixture with Douglas-fir. Its superior ability to
capture and occupy growing space leads to increased inter- and intra-specific stress

among neighbors. Eventually, the stress on individuals to capture resources essential
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for survival leads to increased mortality and decreased stand production. Puettmann
et al. (1992b) found that over a 4- to 5-year period in a mixed stand, Douglas-fir had a
2% to 3% increase in average mortality than red alder due to competitive stress for
resources. Previous research (Cole and Newton 1986) demonstrated that stress
increases in stands as total tree density increases; this is well demonstrated in the
current experiment by the decreasing basal area and survivorship of both species in
the simultaneous and delayed treatments (Figure 3.4, 3.6, 3.7, and 3.9). In addition,
Newton and Cole (1986) also demonstrated that in mixed stands stress increased with
the presence of red alder, further supporting the findings in the simultaneous
treatments where Douglas-fir basal area decreased as red alder density increased

(Figure 3.4).

Resource efficiency

Given that both the simultaneously planted treatments and the delayed planted
treatments demonstrate dominance by inter- and intra-specific competition,
facilitation could not be a driver of overyielding of RLO in treatment mixtures.
According to Jolliffe (personal communication 2008), the measure of relative land
output is often uncorrelated with productivity, i.e. basal area growth, and does not
demonstrate the most productive mixture, but rather the most efficient. Given this
and significant reduction of basal area development of Douglas-fir in the
simultaneous treatments as well as the increase in intraspecific competition for red

alder in both treatment types (simultaneous and delayed), it is possible that treatments
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with the greatest RLO values are most efficient in resource use (Jolliffe, 1997). RLO
also suggests that resource efficiency of the mixtures increases in both treatment
types as the density of red alder increases from 0.1 to 0.5 and decreases once the
density reaches 0.75 (Figure 3.1, 3.2, and 3.3). Further replication of these treatments
would more clearly define these results.

It is plausible that the cause of enhanced resource capture/utilization
efficiency of the treatments is because the species respond to enhanced microsite
conditions for tree growth (Knowe et al. 1992). Or, that species mixtures are also
capable of sustaining productivity and performance when environmental conditions
destabilize (McNaughton 1993) because they qualitatively and quantitatively utilize
resources differently than monocultures. More likely however, the species in certain
treatments partake in resource partitioning (Vandermeer 1989), leading to increased
efficiency. For example, mixed species systems are often capable of intercepting
light qualitatively and quantitatively differently than monocultures (Vandermeer
1989), due to differences in autoecological characteristics and resource requirements.
Thus, it is reasonable that different proportions of species mixtures would have
unique rates of efficiency to capture and utilize light. The same idea is also possible
for other essential resources. Therefore, it appears that the 0.5/0.5 mixtures of
Douglas-fir and red alder of both the simultaneously and delayed plantings are the
most efficient systems of their respective treatment definition. The delayed
0.5DF/0.5RA mixture is the most efficient of all treatment proportions and planting

times examined.
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In conclusion, this experiment demonstrates the important role that

interference, resource limitation, and resource utilization have on individual and
species development. The results of this experiment further support the general claim
that among mixtures of planted species, the net effect of intraspecific competition is
greater than interspecific competition (Radosevich et al. 2007). These results exhibit
clear trends and relationships which define the type of effect that inter- and intra-
specific competition and how resource limitation and efficiency in mixed stand
influences development. It is also clear that interference is dynamic and changes with
relative density of species in forest communities and that competition is an important
determinant of structural development over time. Additionally, these results coincide
with previous research that explore the positive and negative affects that
autoecological development and interference have on one another. Therefore, the
results reported in this research may improve the understanding of the interference

process on the long-term development of Douglas-fir and red alder mixtures.

Study limitations

The lack of strong statistical significance of many of the results does not
diminish the biological significance of the results; suggesting that increasing the
density of either red alder or Douglas-fir in treatment mixtures impacts the relative
land output of treatment mixtures, the per-tree basal area development, height growth,
or survival of either species, and development over 20 years. Given the high degree

of variability in forest research as well as the small number of repetitions of this
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experiment, it comes as little surprise that the statistical analysis of these data does
not display highly significant statistical results that coincide with the observed trends
(Johnson 1999). The natural variability of forest ecosystems, influence that microsite
variation, limited repetitions, and 20 years of growth increased the variability of this
experiment and diluted the statistical significance of the biologically important trends

present.
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CHAPTER FIVE

CONCLUSIONS

The results of this study demonstrate the important impact that interference
has on the development of forest ecosystems. This study and other studies of
interference also demonstrate the strong competitive influence that red alder has
among other species and itself. Its dominant height growth at age 20 clearly
influenced the development of Douglas-fir and other red alder individuals in the
mixtures. Similar results also have observed which indicates the importance of
individual size relative to the population in determining growth and development of
an individual within a mixture (D’Amato 2002; Radosevich et al 2007).

This study also demonstrates the difficulty of studying intercropping. The
results indicate that per-tree productivity decreased as inter- and intra-specific
competition increased, but efficiency at the stand level increased and peaked once the
mixtures reached 0.5/0.5 proportions. This observation is indicative of the difficulty
in drawing conclusions between productively at the tree level and efficiency at the
stand level. Relative land output is a resourceful tool for examining which species
mixtures are most efficient at interspecific resource use, but less powerful in
examining the species-to-species interactions. While, examining interference at the
per-tree scale demonstrates the interference among neighbors, it displays little

information about their efficiency.
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Facilitation did not appear to be a net interference effect in this study.
However, that does not imply that facilitation by red alder is not occurring to some
degree within these mixtures. Further analysis of foliar and soil nitrogen would
potentially be beneficial in discovering if facilitation is apart of the gross interference
effect occurring within these stands. Examining if or to what degree facilitation is
taking place may better explain the increased efficiency of the 0.5/0.5 species

mixtures indicated in the RLO analysis.

Silviculture implications

It is clear from this study that understanding the autoecological characteristics
of tree species and the interference among the species is necessary. This observation
has several implications for mixed species silviculture and the goals of sustainable
forestry.

Red alder is clearly the superior early competitor and its ability to suppress
conifer growth must be recognized. If conifer productivity is the primary landowner
goal, but overstory diversity is also important then delaying red alder planting may be
an appropriate option. This will provide increased horizontal and vertical structural
diversity as well as increased species diversity for wildlife. Overall, interspecific
competition by the Douglas-fir will be limited.

If the goal is total species diversity are the driver in management decisions,
the 0.5/0.5 species mixture may be a management option. However, the results of

this experiment may not necessarily coincide with what could result in a different
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geographic location. A replication of this study at Cascade Head, on the Oregon
Coast developed dramatically different results (Radosevich et al. 2006). Given the
results of this experiment, however, a 0.5/0.5 species mixture may produce a highly
efficient system with enhanced structural and species heterogeneity in the central
Cascade Range.

Finally, if commercial Douglas-fir and red alder are the desired objective
planting alternating rows of Douglas-fir and red alder may be a viable option, as
suggested by Hibbs and DeBell (1994). This option reduces the interference effects
of red alder on Douglas-fir within the mixture and leaves potential for facilitation by
red alder. In addition to the Hibbs and DeBell suggestion, delaying the planting of
red alder until conifer establishment is sufficient will further reduce the interference
effect of red alder on Douglas-fir. Given red alder’s superior height growth under
good growing conditions little red alder development may potentially be lost overall.
This option also increases the ease of harvesting of one species while minimizing the
damage to another during thinning.

Regardless of the silviculture planting prescription chosen, planting mixtures
of Douglas-fir and red alder increase the ecological complexity of the forest
community as well as the economic options for the land owner. The results of this
study demonstrate that interference can influence the yield and efficiency of planted
systems. Mixed species systems generally improve the biodiversity of those systems
as well (Liebman and Staver 2001; Radosevich et al. 2006). In addition, with the

current capricious log market, having a species mixture of two valuable species



65
increases the options for the land manager to select the more valuable species for
harvest. In the Pacific Northwest red alder log prices have increased steadily since
the early 1980’s, while the softwood prices for Douglas-fir have experienced great
volatility. Moreover, red alder reaches senescent age before Douglas-fir and typically
is harvested age by 30 years, while Douglas-fir rotations are upward from 50 to 300
years. Harvesting mixed stands of red alder on a shorter rotation than Douglas-fir
increases profitability, while concurrently opening more growing space for the
remaining Douglas-fir cohort, which further supports ecological health by not

completely denudating the forest canopy between harvests.
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