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Tree growth at stand and individual scales in two
dual-species mixture experiments in southern
Washington State, USA

Heather E. Erickson, Constance A. Harrington, and David D. Marshall

Abstract: Planting with mixtures of tree species rather than single species is often considered during reforestation because
of the potential increased productivity and other benefits. We examined tree growth at the stand and individual tree scales
in two experiments contrasting monocultures with a 1:1 mixture of tree species: (1) Douglas-fir (Pseudotsuga menziesii
(Mirb.) Franco) with a conifer of similar shade tolerance (western white pine (Pinus monticola Dougl. ex D. Don)) and (2)
Douglas-fir with a more shade-tolerant conifer (western hemlock (Tsuga heterophylla (Raf.) Sarg.)). There was no effect
of mixture on growth or yield in the Douglas-fir - western white pine combination. In the Douglas-fir - western hemlock
combination, yields in the mixture equaled those in Douglas-fIr stands because of the enhanced performance of Douglas­
fir in the mixture. For Douglas-fIr, the height/diameter (hid) ratio was significantly less in mixture, suggesting reduced
competition for light when grown with western hemlock. In contrast, the hid ratio for western hemlock was significantly
greater in mixture, suggesting increased competition for light when grown with Douglas-fir. Neighborhood analyses
showed that tree growth was directly related to initial size and inversely related to relative neighbor size and that the hid
ratio was positively related to relative neighbor size. In general, tl;Ie size of a neighboring tree influenced growth more
than species identity. Relationships between hid ratios and growth rates suggest that growth differences between Douglas­
fir and western hemlock in mixture will eventually increase.

Resume: La plantation d'un melange de plusieurs especes d'arbre plut6t que d'une seule est souvent envisagee acause
de l'augmentation potentielle de la productivite et d' autres benefices. Nous avons etudie la croissance des arbres aux
echelles du peuplement et de l'arbre apartir de deux experiences comparant des monocultures ades melanges formes de
deux especes en proportion egale : (1) Ie douglas de Menzies (Pseudotsuga menziesii (Mirb.) Franco) avec un conifere de
tolerance similaire a1'ombre (Ie pin blanc de l'Ouest (Pinus monticola Dougl.ex D. Don)) et (2) Ie douglas de Menzies
avec un conifere plus tolerant a1'ombre (la proche de 1'Ouest (Tsuga heterophylla (Raf.) Sarg.)). La combinaison du doug­
las de Menzies et du pin blanc de 1'Ouest n'a pas eu d'effet sur la croissance ou la production. Dans Ie cas du melange de
douglas de Menzies et de proche de l'Ouest, la production de la plantation mixte etait egale acelIe des peuplements purs
de douglas de Menzies acause d'une meilleure performance du douglas de Menzies en plantation mixte. Pour Ie douglas
de Menzies, Ie rapport entre la hauteur et Ie diametre (hid) etait significativement plus petit dans la plantation mixte, ce
qui indique une diminution de la competition pour la lumiere dans la plantation mixte. Toutefois, dans Ie cas de la proche
de 1'Ouest, Ie rapport hid etait significativement plus grand dans la plantation mixte, ce qui indique une augmentation de
la competition pour la lumiere lorsque la proche se developpe avec Ie douglas de Menzies. Des analyses de voisinage ont
montre que la croissance des arbres etait directement reliee aleur taille initiale et inversement reliee ala taille relative des
arbres voisins, et que Ie rapport hid etait positivement relie ala taille relative des voisins. En general, la croissance etait
davantage influencee par la taille que par 1'espece d'un arbre voisin. La relation entre Ie rapport hid et Ie taux de crois­
sance indique que les differences de croissance entre Ie douglas de Menzies et la pruche de 1'Ouest plantes ensemble vont
eventuellement augmenter.

[Traduit par la Redaction]

Introduction

For forest managers worldwide, the decision to reforest
with one or several tree species is an important one. In
many areas of the world, planting single-species stands was

the norm for many years. For example, in coastal areas of
the Pacific Northwest region of the United States and in
British Columbia in Canada, single species, often Douglas­
fir (Pseudotsuga menziesii (Mirb.) Franco), were planted on
cutover or burned areas. Now mixed-species are being seri-
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ously considered because of potential benefits to wildlife
(Varga et al. 2005), reduced market risk with diversification
(Hartley 2002), possible increased protection from insect
and disease outbreaks (Kelty 2006), and potentially more ef­
ficient use of resources, leading to greater stand productivity
(Vandermeer 1989; Kelty 2006). Despite these potential
benefits, studies comparing single- and mixed-species plan­
tations are limited to a few species combinations (Kelty
2006).

Highly productive stands are sought after for a number of
reasons, including meeting the demand for timber and wood
products and increasing carbon stocks. Theoretical (Vander­
meer 1989; Kelty 2006) and empirical evidence (e.g.,
Garber and Maguire 2004; Amoroso and Tumblom 2006;
Piotto 2008) suggest that under certain ecological circum­
stances, mixed-species stands may be more productive than
single-species stands. Neighboring trees have long been
known to influence individual tree performance (cf. Harper
1977), and whether a neighbor is of the same or a different
species may determine the outcome of an interaction. For
example, interspecific competition may be less than intra­
specific competition if the species have dissimilar resource
requirements and obtain their resources in unique ways.
With reduced competition as a result of this resource com­
plementarity (cf. Haggar and Ewel 1995) in mixed species
systems, overall stand productivity might be enhanced.

Kelty (2006) suggests that more of a site's available re­
sources may be captured by mixtures of tree species differ­
ing in height growth, crown structure, phenology, or shade
tolerance. Obvious differences in these traits occur between
broadleaved and coniferous trees. However studies compar­
ing conifers with more subtle trait differences are rare. The
fast-growing Douglas-fir, classified as intermediate in shade
tolerance (Minore 1979), often forms an overstory above the
slower-growing, very shade-tolerant western hemlock
(Tsuga heterophylla (Raf.) Sarg.), throughout much of its
range (Franklin and Dyrness 1973), suggesting complemen­
tary resource use. Such canopy stratification appears to be a
characteristic of mixed-species conifer stands with greater
yields than single-species stands (Chen et al. 2003; Garber
and Maguire 2004; Forrester et al. 2006), though not all
stratified canopies are more productive than single-canopy
stands (Chen et al. 2003).

In the late 1970s, a series of experimental plantations was
established on the west side of the Cascade Mountains in
southern Washington state to examine the effect of neighbor
composition and tree spacing on growth. In this paper, we
analyzed tree growth for the first 20+ years of growth for
two combinations of conifer species at a single spacing:
Douglas-fir with western white pine (Pinus monticola
Dougl. ex D. Don), both species classified as intermediate
in shade tolerance (Minore 1979), and Douglas-fir with
western hemlock. In addition to examining the effect of
mixtures on average yields, we also examined various neigh­
borhood attributes on growth at the individual tree scale.

We asked three questions: (1) How do mixed-species
stands compare with single-species stands with respect to
tree and stand attributes (e.g., height, diameter, basal area)?
(2) How is average performance of a given species affected
by growing in a mixed-species versus a single-species
stand? (3) How is individual tree performance influenced by
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size and identity of neighbors? Following Kelty (2006), we
predicted yield will be greater in mixed stands combining
species that differ in shade tolerance than in their respective
single-species stands, but that yield will not be greater in
mixed stands combining species with similar shade toler­
ance. We also expected that relatively large neighbors will
have a greater (negative) effect on growth than relatively
small neighbors.

Methods

Experimental plantations
The study was conducted on Trout Creek Hill (TCH)

(45o  50'05"N, 121o59'45"W, elevation 790 m a.s.l.), a
Quaternary-aged shield volcano within the Wind River Ex­
perimental Forest. TCH is located on the west side of the
southern Washington Cascades near the Columbia River, in
the Tsuga heterophylla zone (Franklin and Dyrness 1973).
Old-growth forests in the area contain Douglas-fir, western
hemlock, western redcedar (Thuja plicata Donn. ex
D. Don), Pacific yew (Taxus brevifolia Nutt.), Pacific silver
fir (Abies amabilis (Dougl. ex Louden) Dougl. ex Forbes),
grand fir (Abies grandis (Dougl. ex D. Don) Lindl.), and no­
ble fir (Abies procera Rehd.) (Shaw et al. 2004). Western
white pine was previously a component of these forests prior
to widespread mortality by white pine blister rust (Cronar­
tium ribicola). The 50 year site index (cf. King 1966) aver­
ages 34.7 m.

The region has a wet climate with dry summers; over
90% of the 2800 mm annual precipitation falls from 1 Oc­
tober through 31 May (climate data from the PRISM model
developed by Daly et al. 1994). The mean annual, mean
minimum January, and mean maximum August temperatures
are 8.7, -2.5, and 25 DC, respectively (30 year averages from
1971 to 2000). Snow is common in winter. Slopes are gentle
to moderate, ranging up to 30%. Soils are well-drained, deep
loams derived from residual material weathered from ande­
sites and basalts, in the Stabler Series (Soil Survey Staff
2007).

We used data from two units that are located ~ 2 km
apart, have similar soils, but differ somewhat in elevation,
aspect, planting date, and species planted. One unit, planted
with Douglas-fir and western white pine in 1982 (hereafter
DF-WWP), faces west and averages 700 m a.s.l. The second
unit (DF-WH) was planted with Douglas-fir and western
hemlock in 1981, faces south-southeast, and averages
550 m a.s.l. Both units were machine piled and burned after
clear-cut harvesting.

The units were divided into multiple square 0.4 ha plots,
with stand-level treatments (either single species or 1:1 mix­
tures) randomly assigned and applied to the entire plot. The
number of plots varied by unit and stand-level treatment
(Table 1), mostly because we added plots that were part of
spacing trials or intended for manipulations that did not hap­
pen. The distance between trees was 3 m. Measurements
were made on 196 trees in an internal area of 14 rows and
14 columns, leaving a three-row buffer of trees beyond the
internal block. Tree density, based on the internal area of
1764 m2, is about 1111 trees/ha. In mixed plots, species
were alternated such that each tree was surrounded on four
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Table 1. Patterns of mortality and recruitment for DF-WWP in 2002 and DF-WH in 2005, the final year measurements were taken.

Note: Values are means (standard deviations in parentheses).
*Plot types are as follows: DF, planted with Douglas-fir; WWP, planted with western white pine; DF-WWP mixture, planted as a 1:1 mixture of Douglas-fir

and western white pine; WH, planted with western hemlock; and DF-WH mixture, planted as a 1:1 mixture of Douglas-fir and western hemlock.

sides by the other species, yielding a fine-grained spatial
pattern.

Density control, to offset mortality during the first several
years, was maintained by replanting with the original spe-
cies. Thereafter, mortality was partly offset by keeping
some of the natural recruitment, regardless of species. Natu-
ral regeneration not viewed as potentially offsetting mortal-
ity was periodically removed.

Data collection and measurements
At DF-WWP, data were collected at the end of the grow-

ing season after 7, 10, 15, and 20 years of growth. As a pre-
ventative measure against white pine blister rust, in year 10
branches were removed from the lower third of white pine
crowns. Douglas-fir trees were treated similarly to avoid
any potential confounding of pruning on tree growth.
Branches within 2 m of the ground were removed again in
year 15.

At DF-WH, data were collected at the end of the growing
season after 8, 11, 16, 20, and 24 years of growth. No trees
were pruned in this unit.

Tree height was measured on all trees until a height of
1.3 m was reached; thereafter, height and height to live
crown were measured on every fourth to fifth tree, except
in mixed-species plots where the height sample was
doubled. Crown width was measured on ~ one-third of
height trees. Diameter at breast height (dbh) was measured
on all trees >1.3 m tall. Disease or defects were noted for
every live tree and mortality tallied.

Calculations
The ratio of live crown length to total tree height, i.e.,

crown ratio, was calculated only at DF-WH because of
pruning at DF-WWP. Crown ratios and height/diameter
(hid) ratios were calculated only for trees with measured
heights, ~ 25% of all trees.

Several tree- and stand-level attributes were derived from
the measurements made on a subset of trees. Individual tree
volume was calculated for the final two measurement peri-
ods using species-specific equations for western white pine
(Browne 1962), Douglas-fir (Bruce and DeMars 1974), and
western hemlock (Flewelling and Raynes 1993). For these
calculations, we estimated height for non-height trees by de-
veloping separate linear regressions of height versus diame-
ter (In (h - 1.3) = a + b (1/d) for each species, plot, and
year combination. Because outliers can greatly influence re-

gression coefficients and lead to incorrect predictions, re-
gression residuals (Studentized) for each combination were
examined for outliers (> 121) and removed. Also, because of
the continuing regeneration of Douglas-fir at DF-WWP,
separate regressions for each year were developed for these
trees across all plots. At DF- WH, where most of the Douglas-
fir natural regeneration occurred prior to 1992, a single re-
gression was developed for these trees. Basal area and vol-
ume were calculated for all trees and summed by plot.

Stand- and species-level analyses at the plot scale
At each unit, the stand-level treatments are the different

stand (or plot) types, i.e., single species or species mixtures,
which are replicated on the plots, the experimental units.
Stand-level summaries are based on all living trees, includ-
ing the recruited trees, and thus represent actual stand condi-
tions. To examine differences in tree size among these
stand-level treatments, we used a nested ANOVA reflecting
the hierarchy of trees nested in plots and plots within treat-
ments (Underwood 1997); plots were modeled as a random
effect. Highly skewed variables (crown ratio and hid ratios)
were In-transformed to meet assumptions of ANOVA.
Differences among means were assessed with the post-hoc
Tukey-Kramer's test (P < 0.05), appropriate for unbalanced
designs. To examine the effect of treatment on variables
summed by plot (stand-level basal area and volume), differ-
ences were assessed with a one-way ANOVA followed by
the Tukey's multiple comparison.

We also compared the effect of mixture for each species
("species treatment") using a nested ANOVA. Natural re-
generation was not included in these analyses. Moreover,
because of high mortality and shifts in intended species ra-
tios (see Results), only trees with the correct number and
identity of neighbor were used in the species treatment tests,
preserving the original design.

While our main objective was to contrast the patterns in
the final measurement periods, we present the data from the
younger trees to highlight a few general trends.

Individual tree scale: species comparisons
To examine neighborhood interactions at the individual

tree scale, we calculated a size-ratio competition index, CI
(modified from Lorimer (1983), based on basal area, BA,
of the four neighboring trees relative to a subject tree. Spe-
cifically,
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[1] CI = (the sum of BAneighbors/4)/BAsubject tree

A CI >1 means the average neighbor tree is larger in di-
ameter than the subject tree; conversely a CI <1 means the
average neighbor tree is smaller than the subject tree. Mor-
tality is accounted for in the calculation by assigning a basal
area of 0 to a dead tree but still counting that tree as one of
four in the neighborhood, appropriately reducing the CI.

A linear mixed-effects approach was used to model tree
growth and to test the effect of neighbors on tree growth.
Because trees are clustered in plots, and plots differ in mor-
tality, recruitment, and perhaps productivity, a hierarchical
structure was indicated (cf. Fox et al. 2001). Thus plot,
nested within treatment (single-species or mixed-species
stand), and initial size and CI nested within plots were
treated as random effects. Initial size has been shown to be
a strong predictor of conifer tree growth (e.g., Monserud and
Sterba 1996; Wagner and Radosevich 1998). We also in-
cluded a squared term for size, which allows growth rates
to decrease as size increases (e.g., Monserud and Sterba
1996), and a squared term for CI, which allows for some
amount of growth at high CI values.

To test the hypothesis that neighbor identity, i.e., same
species or not, affects tree growth, an indicator variable, X,
was used to specify whether a species was growing in a
single-species (X = 1) or mixed-species (X = 0) plot. The in-
teraction between X and CI, to test whether the effect of rel-
ative neighbor size depended on species, was also included
in the models. The effect of neighbor identity was examined
at each unit for annual diameter, height, and volume incre-
ment over the last two measurement periods and for the hid
ratio the final year. The general fixed-effects equation for
growth (or h/d ratio) was

[2] Growth = initial size + (initial size)2 + CI + cI2

+X + X*CI

where initial size refers to dbh, height, or volume.
Maximum likelihood estimates of model parameters were

obtained using Proc Mixed, PC-SAS (SAS Institute Inc.
2004). In building models, first, size and CI variables were
added if significant, and then the indicator variables were
tested. The final model contained only significant variables
(based on a partial F test) and was nearly always coincident
with the lowest Akaike's Information Criterion, AIC (low
AIC values indicate good model fits). Transformations (1n)
of response and predictor variables were considered as a
way to linearize the data and normalize residuals. Trees
with stem damage and an occasional extreme outlier (Iess
than 5% of any run) were removed to improve normality.
Diameter and height growth were modeled as untransformed
responses; hid ratios and volume growth were In trans-
formed. CI was In (+ 1) transformed. Only originally planted
trees, excluding trees in border columns and rows (which
had trees beyond them that were not measured), were used
as subject trees if neighbor identity was correct. In the pure
plots, to avoid any potential lack of independence with a
tree functioning as both subject tree and neighbor, only
every other tree was used as a subject tree in analyses.

Can. J. For. Res. Vol. 39, 2009

Fig. 1. Cumulative percent mortality of originally planted trees at
DF-WWP (a) and DF-WH (b). Treatment codes: DF Only, Douglas-
fir in single-species plots; DFwWWP, Douglas-fir with westem
white pine; WWP Only, western white pine in single-species plots;
WWPwDF, western white pine with Douglas-fir; DFwWH, Douglas-
fir with western hemlock; WH Only, western hemlock in single-
species plots; WHwDF, western hemlock with Douglas-fir.

Results
Patterns of mortality

Despite efforts to control blister rust at DF-WWP, mortal-
ity was high; by year 20, nearly 30% of the original white
pine had died (Fig. 1a).

3 Mortality and replacement were
not equal across the treatments (Table 1). At DF-WWP, as
expected, cumulative mortality was greatest in the WWP
plots, where most recruitment took place. Yet recruitment
was not complete; after 20 years there were only 85% of

3 Actual mortality rates are somewhat higher, as these calculations do not include mortality that was offset by replanting during the first
several years.

Published by NRC Research Press



Erickson et al. 1123

Table 2. Mean stand-level characteristics at DF-WWP averaged across stand (plot) types
for all living trees, including natural regeneration.

the original 196 trees (Table 1). Most of the recruits were
Douglas-fir, resulting in Douglas-fir increasing in proportion
to 58% and 16% in mixed and single-species WWP plots,
respectively.

Mortality for western hemlock at DF-WH was high; close
to 35% of originally planted trees were dead by year 24
(Fig. 1b). Most of the mortality occurred by 1989, and for
western hemlock, mortality was more than two times higher
in the mixed-species plots compared with the single-species
plots. Given the small size of the trees at age 8, this high
mortality was likely not due to neighborhood effects, and
we can only speculate that perhaps field crews were not as
careful initially replanting in mixed plots. Recruitment fol-
lowed but did not completely compensate for mortality
(Table 1). Most of the recruits were Douglas-fir, which
again resulted in a shift in the original species ratios; by
age 24 the mixed- and single-species plots had about 68%
and 11% Douglas-fir, respectively (Table 1). Because mor-
tality occurred earlier at DF-WH than at DF-WWP
(Fig. 1), the recruits contributed ~ 20% of the total basal
area in the mixed plots at DF-WH versus <2% of the total
basal area of the mixed plots at DF-WWP (Table 1).

Plot-scale analyses: stand comparisons
At DF-WWP, none of the size metrics (dbh, height, top

height, stand volume, and basal area) differed by plot type
(Table 2). By age 20, mean diameter and height at the unit
were 13.6 em and 11.6 m, respectively, and stand volume
averaged 88 m3/ha.

In contrast, at DF-WH, average dbh, height, top height,
stand volume, and basal area were significantly greater in
the Douglas-fir and the DF-WH mixed plots than in the
western hemlock plots (Table 3). This response was consis-
tent over the 13 year measurement period (Table 3). After
24 years, stand volume in the Douglas-fir and DF-WH

stands averaged 141 m3/ha. Top height in the mixed plots
equaled that in the Douglas-fir only plots, not surprising
given the tallest trees in the mixed plots were Douglas-fir.

Plot-scale analyses: species comparisons
At DF-WWP, Douglas-fir and western white pine were

essentially the same size in terms of height and diameter
after 20 years of growth (Table 4). (Trees included in the
species comparisons contain the right identity and number
of neighbors.) White pine blister rust was visually noted in
about 10% of the white pines at DF-WWP, yet we found
no differences in diameter or height between visually in-
fected and uninfected trees (P > 0.05, data not shown). For
either species, growing in mixture (effect of species treat-
ment) had minimal influence on growth and hid ratios
(Table 4). The hid ratio for white pine increased over the
10 year period but always remained less than the average
hid ratio for Douglas-fir of ~86 (P < 0.01). After 15 years
of growth, mean crown width was close to the designed
spacing of 3 m for all treatments (Table 4), indicating
crown closure had been reached.

At DF-WH, Douglas-fir was consistently taller than west-
ern hemlock (Table 5). After 24 years, Douglas-fir height
was more than 50% and individual tree volume more than
twice that of western hemlock. The mixture had clearly
stratified by height; of the originally planted trees with cor-
rect neighbors, 75% of the Douglas-fir were taller than
17.3 m, while 75% of the western hemlock were shorter
than 12.9 m.

Species of neighbor influenced tree growth at DF-WH,
notably so for Douglas-fir (Table 5). After 24 years, diame-
ter, crown width, and individual tree volume were 33%,
25%, and nearly 100% greater, respectively, for Douglas-fir
in a western hemlock neighborhood versus a Douglas-fir
neighborhood. Douglas-fir had a greater hid ratio in the
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Table 3. Mean stand-level characteristics at DF-WH averaged across stand (plot) types for all living
trees, including natural regeneration.

Note: For each variable, significantdifferencesamong plot types within each year (P < 0.05) are indicated by
different letters. The number of plots for each plot type is listed on Table 1.DF, Douglas-fir;WH, western hemlock.

*Based on 40 of the tallest trees per plot.

Table 4. Mean (least squares) species-level characteristics by species treatment (single or mixed
species) for originally planted trees (i.e., no recruitment) with correct neighborhoods (see text for
an explanation) at DF-WWP.

single-species versus mixed-species plots, and Douglas-fir
crowns reached the 3 m spacing sooner than hemlock
crowns (Table 5).

For western hemlock, only crown ratios and hid ratios

were influenced by neighbor identity (Table 5). Growing in
mixture with Douglas-fir diminished crown ratios by about
7%. In contrast to Douglas-fir, the hid ratio for western
hemlock was significantly greater in mixed-species rather
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Table 5. Mean (least squares) species-levelcharacteristicsby species treatment (single or mixed species)for ori-
ginally planted trees (i.e., no recruitment)with correct neighborhoods(see text for an explanation)at DF-WH.

than single-species plots. Overall, the greatest hid ratios
(>150) were for the youngest (age 11) western hemlock. Im-
portantly, growing with Douglas-fir did not reduce volume
for western hemlock (Table 5).

Individual tree scale: species comparisons

Diameter and height increment
In both units, annual diameter increment was positively

influenced by initial size, except for western hemlock, and
negatively affected by the relative size of neighbors (CI)
(Table 6). For all species, when diameter growth was low,
increasing the size of neighbors relative to the subject tree
did not further reduce growth, as indicated by the positive
coefficients for CI2 (Table 6). At unit DF-WWP, Douglas-
fir diameter increment was greater adjacent to white pine
than adjacent to other Douglas-firs, indicated by the nega-
tive coefficient for the indicator variable X.

Similar to diameter increment, height increment across
the units was positively related to initial size for Douglas-fir
and western white pine but not for western hemlock
(Table 7). Relative neighbor size had a consistently negative
and linear effect on height growth, except for Douglas-fir at
DF-WWP. After accounting for size of neighbor, species of
neighbor had no effect on height increment (Table 7).

hid ratio
At all units, there was a negative effect of prior size on

the hid ratio; the smaller a tree's previous dbh, the larger
the hid ratio in the final year (Table 8). Except for Douglas-
fir at DF-WWP, there was a positive effect of relative
neighbor size on the hid ratio. For Douglas-fir and western
hemlock at DF-WH, beyond a certain relative neighbor
size, the hid ratio no longer increased (indicated by the
negative coefficient for CI2). Neighbor identity uniquely in-
fluenced the hid ratios for two cases: (1) Douglas-fir in
mixture with western white pine had lower hid ratios than
those in monocultures and (2) western hemlock in mixture
with Douglas-fir had greater hid ratios than those in mono-
cultures (Table 8). These latter findings are consistent with
the species comparisons at the plot scale (cf. Tables 4 and
5).

Volume growth
In both experiments, volume growth was positively influ-

enced by initial tree size and negatively influenced by rela-
tive neighbor size (Table 9). Volume growth was in general
independent of neighbor identity (Table 9). For Douglas-fir
at DF-WWP and for western hemlock, the effect of relative
neighbor size on volume growth depended on neighbor iden-
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Table 6. Maximum likelihood estimates for annual diameter increment (em/year) for 5 years (1997-2002)
at DF-WWP and 4 years (2001-2005) at DF-WH.

tity (indicated by the significant interaction term), though
the effects were not large.

Figure 2 shows the relationship between annual volume in-
crement and CI by diameter class at DF-WH, where size dif-
ferences between the species were large. For both species, the

trees in the smallest size class had the largest range of relative
neighbor size, often with CI values <1, indicating small trees
in the population could still be larger than their neighbors.
This was especially apparent for Douglas-fir growing with
western hemlock (Fig. 2a). Also, the largest western hem-
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Note: Nonsignificant parameters were removed from the final models and only significant (P < 0.05) parameters are
shown. The full model considered was annual diameter increment = initial diameter (dbh.) + dbh.' + In CI + In CI2 +
X + X * In CI, where X, the dummy variable for species treatment, is I for growing with the same species and 0 for
growing in mixture. For description of treatment pairs see Tables 4 and 5.

Table 7. Maximum likelihood estimates for annual height increment (em/year) for
5 years (1997-2002) at DF-WWP and 4 years (2001-2005) at DF-WH.

Note: Nonsignificant parameters were removed and only significant (P < 0.05) parameters
are shown except where indicated. The full model considered was annual height growth = in-
itial height (In Ht.) + In Ht,2 + In CI + In CI2 + X + X * In CT, where X, the dummy variable for
species treatment, I for growing with the same species and 0 for growing in mixture. For de-
scription of treatment pairs see Tables 4 and 5.

"P = 0.10.

Table 8. Maximum likelihood estimates for height/diameter ratios at units DF-WWP (2002) and DF-WH
(2005).

Note: Nonsignificant parameters were removed and only significant (P < 0.05) parameters are shown except where
indicated. The full model considered was In (hid) = In (previous dbh) + InCI + Incr + X + X * In CI, where X, the
dummy variable for species treatment, is I for growing with the same species and 0 for growing in mixture. For de-
scription of treatment pairs see Tables 4 and 5.

»P = 0.06.

Table 9. Maximum likelihood estimates for annual volume increment (dmvyear) for 5 years (1997-2002) at
DF-WWP and 4 years (2001-2005) at DF-WH.

Note: Nonsignificant parameters were removed and only significant (P < 0.05) parameters are shown. The full model
considered was annual volume growth (In) = initial diameter (In dbh.) + In dbh.' + In CI + Incf +X + X * In CI, where X,
the dummy variable for species treatment, is I for growing with the same species and 0 for growing in mixture. For de-
scription of treatment pairs see Tables 4 and 5.
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Fig. 2. Volume growth from 2001-2005 at DF-WH as a function of relative neighbor size (In (CI + 1)) for (a) Douglas-fir and (b) western
hemlock, grouped by subject tree diameter class (as thirds, dbh in 2005), with the first third containing the smallest trees. Only subject trees
with the correct species of neighbors are included. Values below 0.693 on the x axis, left of the vertical line, indicate CI < 1.

locks were often smaller than their Douglas-fir neighbors
(Fig. 2b). For subject trees larger than neighbors (CI < 1),
there was a relatively large spread in volume increment.

Discussion

Stand yield in mixed-species versus single-species plots
If trees have different resource requirements, theory sug-

gests that competition should be reduced in mixtures com-
pared with single-species stands, leading to a possible
increase in stand yield (Vandermeer 1989; Kelty 2006). Our
test of this theory assumes that differences in shade toler-
ance reflect different light requirements. For Douglas-fir
and western white pine, both intermediate in shade toler-
ance, neither yield nor size increased in mixed stands. This
indicates little canopy stratification and supports the idea of
similar resource requirements, at least for light. Garber and
Maguire (2004) found no differences in yield for Pinus pon-

derosa and Pinus contorta (both relatively shade intolerant),
at similar densities to our study when grown together in cen-
tral Oregon (Table 10). Interestingly, Chen et al. (2003)
found yield tended to be lower for a nonstratified mixture
of Pinus contorta and Larix occidentalis compared with re-
spective monocultures, which was attributed to the pine
being the superior competitor for soil resources on nutrient-
poor sites.

Where Douglas-fir was paired with western hemlock,
stand yield in the mixtures was not significantly different
from yield in the Douglas-fir stands but was greater than
yield in western hemlock stands. Also, average diameter,
height, and top height for the mixed stands were similar to
those in the Douglas-fir stands and greater than in the west-
ern hemlock stands. These findings indicate different strat-
egies for resource capture between these species and are
consistent with other studies in the region comparing species
differing in shade tolerance (Table 10). However, in experi-
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Table 10. Studies in the Pacific Northwest and British Columbia comparing yield and performance of single- and mixed-species conifer
stands. .

mental plantations with Douglas-fir and western hemlock at
two coastal sites in western Washington (Amoroso and
Turnblom 2006), by age 12, yields in mixed stands were
lower than yields in either of the monocultures at low den-
sities (including 3 m spacing) but were similar to monocul-
tures at higher densities. The authors suggest that partial
stratification may not have been reached at the lower den-
sities. Tree spacing in our study was 3 m, often the midpoint
of many spacing trials and typical of plantations in the Pa-
cific Northwest (e.g., Radosevich et al. 2006). Spacing has
a well-known effect on tree growth (Garber and Maguire
2004; Amoroso and Turnblom 2006; Puettmann and Berger
2006) and may influence the temporal pattern over which
tree interactions occur.

Because of changes in original species ratios due to dif-
ferential mortality, we cannot exclude the possibility that to-
tal yields in a true 1:1 mixture of the original trees might
have been greater than those in single-species Douglas-fir.
Natural regeneration, smaller than the originally planted
trees, contributed 20% of the basal area by year 24 in the
mixtures at DF-WH and only 3% of the basal area in the
single-species Douglas-fir plots. Thus, mortality and uncon-
trolled natural regeneration can complicate interpretation of
long-term forestry studies (cf. Kelty and Cameron 1995).

Species differences at the stand level
Growing together did not influence the growth of

Douglas-fir or western white pine (unit DF-WWP) com-

pared with their monocultures. However, when Douglas-fir
and western hemlock were grown together (unit DF-WH)
several differences emerged compared with growing in single-
species stands: Douglas-fir was significantly larger (diam-
eter and individual tree volume), had greater crown width,
and a significantly lower hId ratio in mixture versus single-
species stands. A decreasing hid ratio suggests that light
competition is decreasing (Opio et al. 2000; Forrester et
al. 2004), which is consistent with the increase in tree size
and crown width for Douglas-fir in mixture. Taken to-
gether, the expanding crowns with reduced competition
likely enabled more diameter growth once height require-
ments were met for Douglas-fir. Similarly, the increased hId
ratio for western hemlock in mixture supports the idea of in-
creased competition for light with this neighbor, consistent
with the smaller crown ratio for western hemlock when
growing with Douglas-fir. Thus, for western hemlock, height
requirements were likely not met in mixture. The lack of a
significant height response for any of the species is consistent
with other studies showing diameter growth to be more sensi-
tive to competitive interactions than height growth (Wagner
and Radosevich 1998; Simard et al. 2005; Piotto 2008).

Tree-scale summaries based on originally planted trees
can reveal the effects of mixtures on tree growth and, by in-
ference, the potential differences in stand yield in the ab-
sence of mortality. A commonly used metric to assess yield
in mixtures is total relative yield (RYT, Harper 1977; De-
Bell et al. 1997), defined as

[3] RYT = (yield of species A in mixture/yield of species A in a single-species plot)
+ (yield of species B in mixture/yield of species B in a single-species plot)
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If there is no effect of the mixture, then each species con­
tributes 0.5 for a RYT of 1. Using mean individual tree vol­
umes of Douglas-fir and western hemlock for yield and
making the assumption that only half of the volume of a sin­
gle species would be present in the mixed plots, we can es­
timate RYT. Note that we base this calculation only on trees
conforming to the original design, i.e., having the correct
number and species of neighbors, and we consider this the
best way to estimate stand-level RYT given the substantial
early mortality at this unit. So for DF-WH, species A is
Douglas-fir and species B is western hemlock, therefore,
RYT is as follows (data from Table 5):

[4] (261 dm3/2)/141 dm3 + (58 dm312)/64 dm3

= 0.9 + 0.5 = 1.4

This indicates that relative yield for Douglas-fir in mix­
ture is greater than the expected 0.5, while relative yield for
western hemlock did not change. Barring mortality then, we
might have seen an increase in yield in the mixed plots, due
to enhanced Douglas-fir growth. Garber and Maguire (2004)
found that RYTs were >1 for mixtures of shade-tolerant
grand fir and shade-intolerant ponderosa pine, due primarily
to the increase in yield for the intolerant species, which is
consistent with our finding. In that study, the shade-intolerant
ponderosa pine was able to overtop grand fir in the first
several years. After 26 years of growth, RYT was signifi­
cantly >1 only at the tightest spacing (1.8 m) but not at
3.7 m or higher. Thus, yield enhancement appears to occur
at the highest density, similar to a finding for Douglas-fir
and western hemlock near coastal Washington (Amoroso
and Turnblom 2006).

We found that Douglas-fir had the greatest volume when
growing in mixture, as at the coastal site (Amoroso and
Turnblom 2006). For Douglas-fir, competition appears to
have been reduced when growing with western hemlock
(i.e., interspecific competition was less than intraspecific
competition). In this case, resource complementarity (cf.
Haggar and Ewel 1995; Kelty 2006) likely contributed to
the increased yield of Douglas-fir. This was also evidenced
by greater crown width and crown ratio and by a lower hid
ratio for Douglas-fir in mixture compared with these values
in the single-species plots. Western hemlock is shorter, has
lower average volume, and as indicated by crown width,
does not take up as much horizontal space as Douglas-fir.

However, unlike at the coastal sites (Amoroso and Turn­
blom 2006), where tree volume for western hemlock was re­
duced by over 50% when growing with Douglas-fir at 3 m
spacing, we found no significant reduction in volume for
western hemlock when growing with Douglas-fir at the
more interior sites. Overall, greater productivity at the
coastal sites may provide a partial explanation for the differ­
ent responses. After 11 years growth, mean tree heights for
Douglas-fir and western hemlock at the coastal plantations
were over twice that at the inland TCH plantations. The
50 year site index at the coastal sites was nearly 3 m greater
than at TCH (37.5 versus 34.7 m). How these differences in
productivity influence competitive interactions between the
two tree species is largely unknown. In herbaceous com­
munities, competition has been viewed as being more im­
portant in productive sites and decreasing in importance on
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less productive sites (Grime 1979), but few studies have
shown whether this applies to interactions among long-lived
trees (Boyden et al. 2005; Coomes and Allen 2007).

Neighbor influences on tree growth
Annual diameter, height, and volume increment were pos­

itively related to initial size, as has been shown for conifers
in the Pacific Northwest and elsewhere (e.g., Wagner and
Radosevich 1998; Wyckoff and Clark 2005; Filipescu and
Comeau 2007) and for broadleaved trees (e.g., Boyden et
al. 2005). The exception was western hemlock, where initial
size only influenced volume increment, which is based on
imputed data for most of the trees. This may be because of
the limited range in the data (single site, young trees) and
the reduced sample size for hemlock due to mortality. The
squared term on initial size, which allows for a slowdown
in growth as size increases, was essentially unimportant for
the trees at TCH, suggesting that at this stage in stand devel­
opment, size appears to directly correspond to a tree's abil­
ity to capture and use resources for growth for the trees.

In both experiments, growth increment was also strongly
influenced by neighbor size (Fig. 2 for DF-WH). When
neighbor trees were larger than a subject tree, the subject
tree was likely shaded by neighbors, and its growth de­
creased as CI increased. This is particularly true for the
smallest trees, which may have been shaded by trees beyond
3 m. Light competition has been used in other studies to ex­
plain the decrease in growth rates of subject trees as basal
area of neighbor trees increases (e.g., Coomes and Allen
2007).

D'Amato and Puettmann (2004) found that neighborhood
interactions were a useful predictor of growth for trees in
subordinate canopy positions, while relative dominance was
a better predictor of growth for larger trees. We found that
the largest diameter trees at TCH were also the fastest grow­
ing and tended to have CI values < 1 (Fig. 2), suggesting
weak neighbor interactions for these trees; this supports the
findings of D'Amato and Puettmann (2004) and references
therein that suggest neighbor influence on individual tree
growth is greatest for subdominant and smaller-sized canopy
trees. Interestingly, the largest size class of western hemlock
maintained high volume growth with Douglas-fir neighbors
that were slightly larger (CI > 1), suggesting minimal neigh­
bor influence on growth.

Large diameter trees with a CI < 1 exhibited a large range
in volume growth rates (Fig. 2), and it is likely that factors
other than competition for light are limiting growth for these
trees. Nutrients are often in short supply in northwest forests
and may limit primary production (Stegemoeller and Chap­
pell 1990). Heterogeneity of nutrient supply rates within
coniferous forests may create local patches of high and low
nutrient availabilities (Erickson et al. 2005; Smithwick et al.
2005). Moreover, burning often increases the spatial hetero­
geneity of nutrient concentrations in surface soils (Gundale
et al. 2006). Given that both units were burned after harvest­
ing, it is not unreasonable to expect spatial variation in
available nutrients, and hence growth rates, across the units.
Soil water content may also vary spatially in young stands,
and likely contributes to differential growth rates of young
trees (Devine and Harrington 2006). Moreover, gradients in
soil resources have recently been shown to affect both
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growth rates and neighborhood interactions of trees (Boyden
et al. 2005).

Our neighborhood analysis showed that species of neigh­
boring trees, independent of size, did little to influence over­
all growth rates. In other words, while mean growth rates
may differ for Douglas-fir in monoculture versus mixture,
after accounting for size difference, the species of neighbor
does not matter. This lack of a neighbor identity effect,
other than the effect due to size, suggests that belowground
interactions may not differ greatly among the species, at
least at this stage in stand development. While belowground
interactions certainly occur within and between species, cur­
rently not much is known about these interactions and com­
plementarity of resource use for Pacific Northwest conifers.
This gap remains a limitation in our ability to fully under­
stand mixed-stand dynamics in the Pacific Northwest and
elsewhere (cf. Jose et al. 2006).

A possible limitation in our analyses at the individual tree
scale is the reduced number of trees with neighbors of the
correct identity, particularly for Douglas-fir. Also, in our
analyses we did not account for any past contributions cur­
rently dead trees likely made to neighborhood interactions
when they were alive.

Several lines of evidence (greater hid ratio and lower
crown ratios) suggest that hemlock was, or will be, under
greater competitive pressure in the mixture than in single­
species stands (cf. Maguire and Bennett 1996, re: crown ra­
tio as a measure of vigor). Thus, while we found no signifi­
cant detrimental effects on hemlock growth after 24 years in
mixture with Douglas-fir, hemlock growth in mixture may
indeed be slowed in the future, as competitive interactions
may change with stand age (e.g., Filipescu and Comeau
2007).

Implications for stand management
One concern often expressed in relation to shifting to

mixed-species stands is a potential loss of productivity. At
the stand level, we found the effect of mixture, with the cor­
rect complement of neighbors, was to increase yields of
Douglas-fir while causing no change in yield for western
hemlock. Barring early-stage mortality in these stands, the
potential for increased productivity is likely. However, the
contrast between our findings for western hemlock and
Douglas-fir in the Cascade foothills and that of Amoroso
and Turnblom (2006) for these same species near the coast,
where western hemlock productivity decreased in mixture,
indicates that extrapolations to other sites and stands of dif­
ferent ages need to be done with caution.

Moreover, the greater range of tree sizes in the western
hemlock - Douglas-fir mixture has implications for main­
taining biodiversity and facilitating the development of old­
growth characteristics. Maximizing tree sizes in managed
stands is consistent with natural stand development
(Franklin et al. 2002). With greater structural heterogeneity,
vertebrate diversity increases (Carey and Wilson 2001), and
including western hemlock in mixtures may benefit seed­
dependent wildlife because western hemlock produces at
least some cones every year (Buchanan et al. 1990).

Planting mixed-species stands will require the develop­
ment of specific management guidelines for particular site
conditions. Spacing, with its well-known effect on tree
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growth, will need to be considered in designing mixed­
species plantings. Mixture ratios can also be altered to fa­
vor lower canopy species that may otherwise be suppressed
(Kelty 2006). Substituting species that take advantage of
natural disease resistance, nitrogen fixing capabilities (De­
Bell et al. 1997; Forrester et al. 2006; Piotto 2008), or
other unique properties of the species can also be consid­
ered. For example, in the Douglas-fir region, laminated
root rot (Phellinus weirii) is prevalent on Douglas-fir.
Planting western white pine, which is resistant to root rot,
is often recommended in place of  Douglas-fir; our findings
from the west side of the Cascade Mountains indicate yield
would not change with this species substitution. A rela­
tively new management strategy is to plant trees in clumps
or patches and often in areas that have not been clear-cut
harvested. The experiments at TCH were initiated on lands
that were clearcut; nonetheless, our findings suggest a po­
tential for ecological and economic benefits by mixing
Douglas-fir and western hemlock within patches.
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