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Abstract
Do trees adjust support costs to the stem in order to maintain or boost allocation to foliage to compete for light? This question was
addressed with data collected from three, long-term studies investigating the growth effects of controlled levels of competition for Alnus
rubra, Pseudotsuga menziesii, and Pinus resinosa. Costs and benefits of marginal height were defined as the stem volume and foliage added
when trees grew 1 m in height, respectively. Effects of competition effects on the distribution of these variables within tree populations were
evaluated with growth dominance indexes (Gdv/dh and GdAl/dv, respectively). Competition effects on the distribution of relative height growth
(Gdg) were also evaluated to verify mode of competition. The hypothesized simple tradeoff between marginal height cost and marginal
height benefit was not supported with these data. Instead, Gdv/dh and GdAl/dh were linearly related for all three species. The values of Gdh were
generally positive for all species supporting asymmetric competition within these plots. The strength of support for this hypothesis varied by
species, however, with the shade intolerant A. rubra providing the strongest support and the more shade tolerant P. menziesii providing the
least support. The age-adjusted values of P. menziesii of Gdh were only significantly greater than zero in the unthinned, control plots. The
results suggest that competition effects on marginal height benefit translate to marginal height cost through biomechanical relationships
between crown size and structure and stem dimensions. Competitive effects on stand dynamics can therefore be linked to a basic tree
morphology that scales with height. Realized additions of stem volume and foliage per growing season are subsequently determined by the
distribution of relative height growth.

Key Message
When competing for light, trees growing in even-aged monocultures do not appear to shift allocation from stem growth to foliage growth.
Marginal height cost (change in stem volume per change in height) and marginal height benefit (net change in leaf area per change in
height) covary within trees, resulting in similar distribution inequities among trees experiencing a given level of competition. Marginal height
cost and benefit represent a dynamic base morphology that scales with tree height. The sensitivity of relative tree height to competition
appears to vary with shade tolerance. Stand dynamics can be separated into a scalable morphology and competition effects on relative
height growth.

Introduction
Height conveys obvious competitive advantages to trees over shrubs and forbs, and while much research has been devoted to understanding
the limits of height growth, the mechanisms involved to compete with their congeners are more applicable to forest dynamics and production
ecology. The physics of maintaining foliage above competitors requires trees to commit substantial portions of carbohydrate to the stem.
These support costs can be estimated using simple mechanics. For example, based on simple column mechanics, critical buckling height is
a function of stem diameter at the base of the tree raised to the 2/3 power (McMahon and Kroneur 1976; Dean and Long 1986). Mechanics
dictate that stem costs increase with height (King 2005), and the most notable manifestation of this cost is Eichorn’s rule where stand
production is closely related to stand height for unthinned or lightly thinned stands (Skovsgaard and Vanclay 2008). Benefits obviously
exceeds this cost in living trees, but can trees adjust the support costs of stem volume in order to obtain better benefit-cost ratios than their
competitors and thus grow taller than their neighbors?

We addressed this question by analyzing competition effects on the stem volume added per unit height growth, the leaf area added per unit
height growth, and relative height growth with data collected in three studies where competition was manipulated by planting trees at
different spacings or by thinning plots to various ranges of growing stock. Volume added per unit of height growth was considered a
marginal height cost, and the leaf area added per unit of height growth was considered a marginal height benefit. Both of these parameters
relate allocation to structural changes and describe a dynamic aboveground morphology when competing with neighbors. Periodic growth in
stem volume and net leaf area then are direct functions of relative height growth calculated as periodic annual height increment divided by
initial height. This conceptualization separates aboveground tree growth into two components: dynamic tree morphology and height growth.
Following Ford (2014), competition is indicated when dynamic tree morphology and height growth are distributed unequally according to a
tree’s height rank in a population.

Prior studies indicate that competition affects allocations to stem volume and foliage and most likely the relative costs and benefits
associated with height growth. When analyzed with height, the annual allocation to foliage decreased and that to stemwood increased with
tree height in Pinus sylvestris L. (Vanninen and Makela 2005). Allocation in that study was calculated as a percentage of gross tree growth
without allowances for respiration losses. Trouve et al. (2015) analyzed allocation variables that resemble marginal height cost with plots of
periodic changes in height versus periodic changes in stem diameter for Quercus patraea (Liebl.) trees growing in various conditions. They
showed that diameter growth increased rapidly with increasing rate of height growth and that competition substantially affected the rates of
change in height increment and diameter increment.
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Competition has been shown to affect relative height growth. Cannell et al. (1984), planted Pinus sitchensis and Pinus contorta seedlings on
a 14 cm x 14 cm grid and followed their growth for 5 and 7 years, respectively. They found that competition accounted for 28% and 35% of
the variation in relative height growth during the course of the study. Cole and Lorimer (1994) concluded that height increment was
significantly related to initial height and the percent of crown exposed to the sky; a condition that is a function of a tree’s height rank within a
population. Other measures of social position within a population, such as the sum basal area of larger trees, have also been shown to affect
height increment (Uzoh and Oliver 2006).

The interaction of marginal height costs and benefits with tree height in competing populations have been explored with game theory
because optimizing structure for a single tree may not be optimal when other trees are also competing for light. Game theoretics for height
incorporate the off-setting effect of costs and benefits associated with height in populations experiencing asymmetric competition for light
(Falster and Westoby 2003). The games include cost-benefit functions that seek the height that shades out invaders by maximizing current
annual increment (King 1990), productive mass (e.g., foliage) (Makela 1985), or net carbon assimilation (Iwasa et al. 1984). The games must
make several simplifying assumptions to be tractable such as opaque crowns and proportions of stemwood and foliage allocation summing
to one that may not lead to realistic outcomes. Furthermore, game theoretics do not provide for the possibility of competition changing the
allocation functions, which could also change game outcomes.

Competition effects on individual trees are best analyzed within the context of a population where the intensity and mode of competition can
be inferred from measures of size inequity. According to Weiner and Thomas (1986), when inequity increases with stand density, competition
is asymmetric, and when inequity is independent of stand density, competition is symmetric. The degree of inequity is related to the intensity
of competition. Inequity can be measured by the coefficient of variation of a particular plant metric or the Gini coefficient which measures the
deviation of plant size from a 1:1 line for cumulative size and proportion of the population for size-ranked data. Growth dominance, a similar
but more flexible index, was developed by Binkley (2004). This index has similar implications regarding competition and resource utilization
as the Gini coefficient but with two important differences: (1) growth dominance measures the inequity of the distribution of a functional trait
such as tree growth relative to initial mass and (2) growth dominance can be negative as well as positive. The values are similar in that
positive values indicate asymmetric competition and zero values indicate symmetric competition (Fernandez-Tscheider and Binkley 2018).

The objective of this study is to examine the response of the distribution of marginal height cost and marginal height benefit among trees to
determine whether (1) competition changes the overall morphology to maintain adequate illumination of foliage; (2) the magnitude of
adjustments are related to the intensity of competition; and (3) the distribution of relative height growth changes with intensity of
competition. Growth dominance indexes were calculated for each parameter relative to initial height to measure changes in the distribution
of these parameter in response to competition. The indexes were calculated with data collected from long-term, permanent-plot data from
three species. Each study followed the growth of each tree, allowing marginal height cost, and marginal height benefit, and relative height
growth to be calculated for each tree over repeated measurement intervals.

Methods
Data sources

Three long-term data sets spanning up to three decades of repeated measurements were used for these analyses. These data sets are rare in
that the data were collected across the range of developmental stages that can be statistically analyzed. The three data sets were collected
from an initial planting density study for Alnus rubra Bong. and two levels of growing stock studies: one established in three naturally
regenerated, Pseudotsuga menziesii var. menziesii stands and another in an artificially regenerated Pinus resinosa Ait. plantation. For all,
dendrometric data were collected repeatedly on trees growing at different spacings. In the A. rubra study, trees were planted at four square
spacings (1.8 m, 2.8 m, 4.2 m, and 6.4 m) and allowed to develop without interference. In the P. menziesii and the P. resinosa studies, trees
were thinned to a series of growing-stock levels. The growing-stock levels in the P. menziesii study were set relative to four, fixed percentages
of plot growth relative to the unthinned control plots. These percentages were 10%, 30%, 50%, and 70%. In the P. resinosa study, growing
stock was defined as basal area per hectare. Five levels of growing stock were assigned to the plots established in this study (7, 14, 21, 28,
35 m2/ha) plus an unthinned control.

The biological characteristics of A. rubra are described by Harrington (1990). Alnus rubra is a common hardwood species that is native to the
coastal region of the northern Pacific coast in North America. It is relatively short lived, maturing between 60 to 70 years old, and it is
intolerant to shade. It is unique in that it fixes nitrogen. Height growth is rapid when young, slowing significantly after the juvenile stages.
Typical heights at 50 years old range between 18 to 37 m.

The A. rubra study was established by the Hardwood Silviculture Cooperative at Oregon State University. Details of the study were described
by Weiskittel et al. (2009). Plots varied from 0.13 ha to 0.20 ha and were measured every 3-5 years beginning at age 3 years. Within the 22
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installations, one replicate of each planting density was randomly assigned to a plot. Measurement protocols are also described by
Weiskittel et al. (2009) and summarized by Dean et al. (2013). The number of trees measured in each plot varied by planting density and age,
ranging from a maximum of 688 at age 4 in the plots with the closest initial spacing to a minimum of 45 at age 13 in the plots with the
widest spacing (Table 1).

Table 1
Minimums, maximums, and means of numbers of trees per plot, total tree height, and diameter at breast height (dbh) for each measurement
period by treatment. Only data from one installation is shown for Pseudotsuga menziesii because measurements were collected at different

ages at the other 2 installations. Data shown for the Rocky Brook installation is typical.

      Age

      4 7 10 13

Species Spacing   Min Median Max Min Median Max Min Median Max Min Median Max

Alnus
rubra

6.4 m                          

    Trees/plot 32 51 86 32 50 83 32 51 82 45$ 49 53

    Height
(m)

0.3 3.0 3.0 0.8 7.4 15.3 3.2 9.2 19.5 8.4 14.6 17.6

    dbh (cm) 0.5 1.8 6.6 0.5 7.1 18.5 2.0 11.7 26.9 9.1 20.8 30.5

  4.2 m                          

    Trees/plot 65 97 138 59 94 136 57 96 133 80 94 110

    Height
(m)

0.4 3.0 7.4 1.7 7.4 14.4 2.6 11.0 18.0 6.8 14.7 20.6

    dbh (cm) 0.5 1.8 7.1 0.5 7.1 17.8 1.3 11.9 23.9 5.6 17.0 27.9

  2.8 m                          

    Trees/plot 129 203 296 129 200 294 139 204 292 189 192 195

    Height
(m)

0.3 3.3 8.2 1.4 8.0 14.3 2.3 10.4 18.8 6.4 13.7 22.6

    dbh (cm) 0.5 1.8 7.4 0.5 7.1 17.5 1.0 10.4 22.1 3.6 14.7 24.9

  1.8 m                          

    Trees/plot 195 388 688 192 374 683 218 367 658 287 310 332

    Height
(m)

0.3 3.4 7.9 1.7 7.4 14.4 2.6 9.2 18.6 3.9 11.1 21.1

    dbh (cm) 0.5 2.0 7.1 0.5 6.3 14.7 1.3 8.4 18.3 2.3 11.2 20.3



Page 5/19

Table 1
(cont’d)

      Age

  Growing
stock

  28 39 45 58

Pseudotsuga
menziesii

10%                          

  Trees/plot 63 63 79 20 24 35 14 17 25 9 11 15

    Height
(m)

5.6 9.2 13.4 9.8 15.2 19.8 11.6 19.1 23.2 18.7 25.7 32.0

    dbh (cm) 6.9 11.2 17.3 11.9 19.8 29.0 13.7 25.1 35.3 23.1 35.3 45.7

  30%                          

    Trees/plot 73 74 78 37 49 51 32 45 45 25 32 35

    Height
(m)

5.7 9.4 21.7 9.5 15.1 19.7 11.6 18.0 23.6 13.7 22.9 31.0

    dbh (cm) 5.3 11.2 18.8 8.6 17.8 25.9 10.4 20.8 31.2 14.2 27.4 39.4

  50%                          

    Trees/plot 63 73 73 52 63 69 45 59 66 35 38 60

    Height
(m)

5.0 9.5 14.4 7.9 14.8 21.1 9.2 17.6 25.0 10.4 22.0 30.3

    dbh (cm) 6.4 11.2 18.8 8.9 16.4 26.7 8.9 18.9 31.8 9.9 22.6 40.1

  70%                          

    Trees/plot 78 78 80 72 75 75 69 72 75 56 65 72

    Height
(m)

5.2 9.8 13.8 8.8 16.1 21.3 10.4 19.1 24.6 12.2 24.6 31.7

    dbh (cm) 5.6 11.2 19.1 9.4 17.1 28.4 9.7 20.1 33.0 11.2 24.6 41.7

  100%                          

    Trees/plot 168 178 212 158 158 207 134 138 187 95 100 127

    Height
(m)

4.4 8.7 16.1 5.8 13.0 23.5 6.8 15.3 26.5 9.2 20.7 33.7

    dbh (cm) 4.1 8.6 22.9 3.8 11.4 31.0 4.1 13.5 34.0 4.8 17.8 40.4

 

Table 1 (cont’d)
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      Age

  Basal
area

  50 65 70 80

Pinus
resinosa

7 m2/ha                          

    Trees/plot 8.0 12.0 23.0 8.0 12.0 23.0 7.0 12.0 23.0 7.0 12.0 23.0

    Height
(m)

12.8 17.8 20.7 14.0 20.1 22.9 14.3 21.0 22.7 17.4 23.5 26.5

    dbh (cm) 10.9 22.6 32.3 14.5 30.5 40.6 16.3 33.9 44.5 19.6 39.1 50.3

  14 m2/ha                          

    Trees/plot 16.0 24.0 41.0 16.0 24.0 41.0 16.0 24.0 41.0 16.0 24.0 41.0

    Height
(m)

15.9 18.0 20.1 16.2 20.9 23.2 18.9 22.1 23.5 20.7 23.9 26.2

    dbh (cm) 10.7 22.6 35.1 14.5 29.7 42.7 15.7 32.5 45.7 17.0 36.6 49.8

  21 m2/ha                          

    Trees/plot 30.0 42.5 66.0 21.0 30.0 48.0 16.0 24.0 39.0 13.0 16.5 31.0

    Height
(m)

10.7 17.9 19.5 15.4 20.9 23.5 16.2 22.0 24.1 17.6 23.7 26.8

    dbh (cm) 9.4 21.6 31.5 10.2 27.1 38.4 10.2 29.2 41.4 11.2 32.5 45.7

  28 m2/ha                          

    Trees/plot 44.0 55.0 72.0 34.0 42.0 56.0 28.0 33.0 48.0 21.0 25.0 39.0

    Height
(m)

15.7 18.0 20.1 18.4 20.9 23.9 19.4 22.0 26.8 20.9 23.8 26.8

    dbh (cm) 10.7 22.4 32.0 11.9 26.9 36.1 12.7 28.7 38.1 13.5 32.3 40.9

  35 m2/ha                          

    Trees/plot 63.0 75.0 99.0 49.0 55.0 78.0 41.0 48.0 65.0 33.0 40.0 57.0

    Height
(m)

14.9 17.9 20.8 17.4 17.4 24.7 18.3 22.0 24.8 19.8 23.8 28.1

    dbh (cm) 10.7 21.3 30.5 11.7 25.1 35.6 11.7 27.2 37.3 14.7 30.0 40.4

  Control                          

    Trees/plot 76.0 89.0 118.0 73.0 84.5 109.0 69.0 82.0 105.0 66.0 74.5 91.0

    Height
(m)

14.3 18.0 22.0 18.6 20.9 25.6 19.8 22.0 27.1 22.1 23.8 29.9

    dbh (cm) 9.9 22.5 32.3 12.2 25.4 36.3 12.2 26.9 37.8 16.3 29.0 40.1

$The minimum number of trees increased from age 10 to 13 because some plots across the installations were not measured at age 13. The
number of trees per plot decreased or remained the same through time for individual installation.

The biological characteristics of P. menziesii are described by Hermann and Lavender (1990). The levels of growing stock study was
established in coastal P. menziesii, var. menziesii which is a different variety than P. menziesii var. glauca growing east of the Cascade
Mountains in the northwest region of North America. Coastal P. menziesii is considered intermediate in shade tolerance and is very long lived,
commonly living for 500 years. Old-growth trees can reach 76-m tall. Highest height increments are reached between 20 and 30 years of age.

The P. menziesii data used in this study was collected in the three installations of the Levels of Growing Stock Study established on National
Forests in the Pacific Northwest region of the United States (Harrington 2018). These installations and others established by Weyerhaeuser
Company, Oregon State University, and the Canadian Forest Service comprised the Douglas-fir Levels of Growing Stock Study (LOGS)
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described by Curtis and Marshall (1986). The three USDA Forest Service installations were established in Washington and Oregon on the
Olympic (Rocky Brook installation), Gifford Pinchot (Iron Creek installation), and the Umpqua (Stampede Creek installation) National Forests.
Within each installation, levels of growing stock were randomly assigned to three, 0.08-ha plots. Trees in the plots had naturally regenerated.
Measurement frequency varied by installation because thinning intervals were set according to height increment. The number of trees
measured at the Rocky Brook installation varied from a maximum of 212 at age 28 years for the unthinned control to a minimum of 9 at age
58 years for the 10% level of the growing stock (Table 1). These numbers are typical of the other two locations.

The biological characteristics of P. resinosa are described by Rudolf (1990). The biological range of P. resinosa is in the northeastern and
north central regions of North America. P. resinosa is intolerant to shade, but it does not seem to be as intolerant as A. rubra. Trees as tall as
43 m have been recorded, but heights of 21 to 24 m are more typical at maturity. Height increment slows significantly after 100 years of
growth. The maximum life span of P. resinosa is substantially shorter than that of P. menziesii and is at least twice as long as that of A.
rubra.

The P. resinosa study was also designed to examine the effects of maintaining fixed levels of growing stock on tree and stand growth. This
study was established in the Birch Lake plantation planted with 2,500 trees per hectare on the Superior National Forest in northern
Minnesota, USA. The six basal area treatments were assigned at random to 18, 0.8 hectare plots. These plots were split into thirds to
accommodate three thinning methods: low, crown, and combined. Plots were thinned about every 10 years, and trees were measured every 5-
10 years. The number of trees measured at each measurement period varied from a maximum of 118 at age 45 in the unthinned plots to a
minimum of 7 at age 80 for the 7 m2/ha basal area treatment (Table 1).

Variables

Relative height increment was calculated for each tree surviving between measurement periods. Equations to calculate missing heights were
developed with height data that were measured on a subset of trees during each measurement period. The height equation for A. rubra was
developed by the OSU Hardwood Research Cooperative. Equations to calculate missing heights for P. menziesii and P. resinosa are described
by Dean et al. (2021). Relative height increment for these analyses is simply height increment per initial height at the beginning of each
measurement period.

Volume increment per meter of height growth was calculated for each tree in the plot. Tree-volume equations for A. rubra, P. menziesii, and P.
resinosa are described by Hibbs et al. (2007), Bruce and DeMars (1974), and Fowler (1997), respectively. Volume increment per height
increment was calculated for each tree that survived between measurement periods.

Net leaf area added per meter of height increment was calculated for each tree that survived between measurement intervals. Leaf area per
tree was calculated with regression equations based on combinations of dbh and height. The equation for A. rubra was developed by
Helgerson et al. (1988). The equation for P. menziesii was developed by Dean et al. (2021) based on data collected by Maguire and Bennett
(1996), and the equation for P. resinosa was developed by Penner and Deblonde (1996).

Dominance indexes were calculated from cumulative proportions of the height increment versus initial height or relative height growth (Gdh),
marginal height cost for height ranked trees (Gdv/dh), and marginal height benefit for height-ranked trees (GdAl/dh) for each plot for each
measurement period. Forrester (2019) calculated growth dominance for relative basal area growth, for example. The three dominance
coefficients were calculated with the alternative equation proposed by Fernandez et al. (2011).

Analyses

Tests for competition effects on Gdv/dh and Gdh were conducted with linear mixed models with repeated measures suggested by Littell et al.
(2006). The null hypothesis of no competition effect on the least-square means of Gdv/dh and Gdh was rejected if the probability of greater
values of F exceeded 0.10. The least-square means represented age-adjusted means values of Gdv/dh and Gdh for each level of competition.
Post-hoc means testing was conducted by calculating the probability of greater values of t for all pairs of means. Standard errors of the age-
adjusted means allowed t-tests of the null hypothesis that the mean equal to zero. Data for the mixed-model analysis were the mean values
across installation for each initial planting density and measurement period for the A. rubra data; the values averaged over the three
replications of each level of growing stock, installation, and measurement period for the P. menziesii ; and the values averaged over the three
replications of each residual basal area, thinning method, and measurement period for the P. resinosa data. Standard errors of these means
were used to conduct two-tailed, t-tests for the null hypothesis of no difference with zero.

The existence of competition-induced tradeoffs between marginal height cost and marginal height benefit was tested with linear, mixed-
model regression analysis with repeated measures with competition treatment as a categorical variable. The growth dominance index for
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marginal height cost (Gdv/dh) was regressed on GdAl/dh with individual plot as the repeated unit. A simple tradeoff between costs and benefits
would be indicated with either a zero or negative slope between the variables.

Results
Marginal height cost

The mixed-model analyses of variance rejected the null hypothesis of no planting density or level of growing stock effect on growth
dominance index for marginal height cost (Gdv/dh) (Figure 1). This indicates that at least one treatment significantly affected the age-
adjusted mean value of Gdv/dh for a treatment. In the A. rubra study, all initial spacings significantly affected Gdv/dh while in the P. menziesii

study, all but the 30% level of growing stock significantly affected the value. In the P. resinosa study, all but the 7 and 21 m2/ha residual
basal areas significantly affected the age-adjusted means. In all studies, the age-adjusted values of Gdv/dh increased with increasing level of
competition. The increase with competition is not continuous especially for the lowest levels of competition for the coniferous species.

For the P. resinosa study, four means averaged across the three blocks for each thinning method and residual density were negative and
significantly different from zero. No other significantly negative values of Gdc/dh were observed. Three of these negative values were

observed in the lowest residual basal area. The other negative value was detected in the 21 m2/ha residual basal area.

The means of the three replications within an installation for each thinning treatment showed no significant relationship with age for the two
coniferous species (Figure 1). The means across the installations for each initial spacing in the A. rubra study did significantly covary with
age for three of the initial spacings; however, the slope between the values of Gdv/dv was negative in two widest spacings and positive for the
narrowest spacing. In this later case, the value for the last measurement period had a strong influence on the slope of the line. Without the
last measurement, slope for the closest spacing would appear to be zero.

Marginal height benefit

The growth dominance index for marginal height benefit and Gdv/dh respond similarly to competition to the extent that GdAl/dh is nearly equal
to Gdv/dh as pairs of values lie mostly along a 1:1 line between the two values (Figure 2). Competition significantly interacts with the slope for
the A. rubra and P. resinosa studies (Table 2) but only due to one significant treatment effect in each study. For A. rubra study, the slope for
the trees initially spaced at 2.8 m was 0.837 compared to 0.984 for the 1.8-m spacing. For the P. resinosa study, the slope for the 30-m2/ha
treatment was 1.843 compared to 1.14 for the unthinned control treatment. For the P. menziesii study, the slope for the unthinned control
treatment was 1.29 with no significant treatment effects on the slope.



Page 9/19

Table 2
Linear, mixed-model analyses with repeated measures with the model (GdAl/dh)ij

= αI + βi(Gdv/dh)ij + bj + εij, where GdAl = growth dominance index for marginal
height benefit, Gdv/dh = growth dominance index for marginal height cost, i=
planting density or level of growing stock, i = installation or thinning method,

and bj and εij are random variables. Covariance is set to autoregressive to
account for repeated measures.

Species Effect df1 df2 F-value P > F

Alnus rubra          

  Gdv/dh 1 244 1681.7 <0.001

  Sa 4 156 58.83 <0.001

  Gdv/dh x S 3 219 3.47 0.0169

Pseudotsuga menziesii          

  Gdv/dh 1 72.2 153.19 <0.001

  GSLb 5 22.2 7.51 0.0003

  Gdv/dh x GSL 4 61.8 1.42 0.239

Pinus resinosa          

  Gdv/dh 1 76.3 558.51 <.0.001

  BAc 6 11.8 1.45 0.2763

  Gdv/dh x BA 5 43.6 9.72 <0.001

a Initial spacing

b Growing stock level in percent growth relative to control

c Residual basal area per hectare

Relative height growth

Mixed-model analyses of variance with age as a covariate rejected the hypothesis of no competition and age effects on the growth
dominance index for relative height growth Gdh. The least-square means of Gdh significantly increased from the widest spacing to the
narrowest spacing for A. rubra and with each increase in growing stock for P. menziesii (Figure 1). For P. resinosa, the least-square means of
Gdh decreased with each increase in residual basal area. The reduction in Gdh with residual basal area seems to be due to reduced variation
among the values averaged across replicates within a combination of growing-stock level, thinning method, and measurement period as
competition increased. The variation between the three blocks expressed in the replicate means apparently reflected the inherent variation
between the blocks at the lowest residual densities; competition effects began to overwhelm the block-to-block variation as residual thinning
density increased.

The mixed-model covariate analysis also indicated that the within-measurement-period means of Gdh within a density treatment significantly
covaried with age for A. rubra and P. menziesii but not for P. resinosa. The correlation is logical for initial-spacing study for A. rubra because,
overall stand density increases as the trees grow larger, increasing intraspecific competition. The nature of the correlation between Gdht and
age is different for P. menziesii than for A. rubra. For the controlled levels of growing stock, the growth dominance coefficients are less than
zero: some of the means are significantly less than zero, indicating that the shorter trees are adding disproportionately more height than the
taller trees. Many values are not significantly different than zero during the middle part of the study period, and some of the means are
significantly greater than zero during the later measurement periods. If trees do not change rankings in initial height, the changes in growth
dominance for height increment suggest that relative height growth of the middle-sized tree becomes proportional to slightly less than
proportional to initial height as the trees age independent of stand density.

Discussion



Page 10/19

Allocation adjustments

These results of this study do not support the hypothesis that trees shift allocation away from stem support to improve or at least maintain
light interception when competing for height. Both dominance indexes for marginal height cost (Gdv/dh) and for marginal height benefit
(GdAl/dh) increase with competition indicating that both marginal height cost and marginal height benefit decline disproportionately with
decreasing height rank for all three species included in this study (Figure 2). While the results may be contrary to cost-benefit controls on
height assumed in game theoretics, adjustments may still occur if competition affects the relative rates of increase between the two growth
dominance indexes. All of the density treatments significantly affected the intercept of linear equations fit to the data, and in two of the three
species, treatment significantly influenced the slope of the fitted lines (Table 2). Mixed-model analyses of differences between GdAl/dh and
Gdv/dh indicated significant shifts in allocation due to competition for all three studies despite increases in both growth dominance indexes
with competition (Figure 4). However, only for A. rubra did marginal height cost decrease in the shorter trees faster than the decrease in
marginal height benefit, though the shift appeared small. The shifts were more pronounced in P. menziesii and P. resinosa, but the effect of
competition on the shift was opposite than would be expected if support is sacrificed for foliage. For these two species, marginal height
benefit decreased for the shorter trees at a faster rate than marginal height cost. For both conifers, the difference between GdAl/dh and Gdv/dh

became less negative and with increasing competition actually became positive for the unthinned control treatments.

The linear relationships between GdAl/dh and Gdv/dh indicates that, tree-by-tree, marginal height cost and marginal height benefit change
similarly with competition. Many studies have shown that stem geometry is been related to the product of leaf area a tree carries and its
vertical distribution (Mattheck 1990; Assmann 1970; Dean and Long 1986; Morgan and Cannell 1994; Dean et al. 2002; Lundqvist and
Elfving 2010). This product scales the bending moment from wind drag through crowns such that the bending stress is constant among
trees. The theoretical basis supporting this geometry is the constant-stress principle of stem formation originally proposed by Metzger (1893)
where stem diameter changes to maintain a constant bending stress along the length of the stem. A similar principle is that stem diameter
varies with the strain caused by bending stress (Wilson and Archer 1979). While stem form of individual trees may not strictly adhere to the
constant-stress principle (West el al. 1989; Niklas and Spatz 2000), Niklas and Spatz (2012) state that the evidence based on physical
properties is inconclusive in supporting or refuting the hypothesis, mainly because a number of properties, such as modulus of elasticity,
cannot be directly measured at every location within the stem. Dean (2001 and 2002) and Dean et al. (2013b) demonstrate that the stand
increment in stem volume or basal area is closely related to plot sums of the product of leaf area and height to the median leaf area. The
relationship is evident in these data as well. For trees with measurements of live-crown ratio, linear, repeated measures regression of the log
of marginal height cost on the log of the change in the product of leaf area and height to the median leaf area per unit of height increment
explained 91%, 82%, and 97% of the variation in the log of marginal height cost (Figure 5). The competition treatments significantly affect
both the intercepts and the slopes of the regression with the exception of the 35 m2/ha basal area treatment residual density in the P.
resinosa study. This means that the effects of competition on marginal height benefit translates directly into the stem volume added with
height growth.

Relative height growth

In general, these results support the hypothesis that competition increases the unequal distribution of relative height growth within plots;
however, the effects are quite variable between the species. The clearest effect is seen with the A. rubra data. The trees for this species were
considerably younger than the other species and are the most shade intolerant of the three species. The age-adjusted mean of Gdh

significantly increased with each decreases in initial spacing and the mean values across the installation covaried significantly with age in
the two highest densities. The age-adjusted means of Gdh for P. menziesii also were significantly affected by level of growing stock,
increasing with each additional level of growing stock; however, the age-adjusted means were not significantly different than zero for all
growing-stock levels with the exception of the unthinned control. Pseudotsuga menziesii is intermediate in shade tolerance, which may
account for the lack of response to levels of competition lower than self-thinning. Furthermore, some of means of the three replicates of each
treatment within an installation were negative and significantly different than zero in all treatments including the control treatment for the
earlier measurement period. These means did trend higher with age with many not significantly different than zero.

The age-adjusted means of Gdh for P. resinosa were all significantly different than zero and were significantly affected by competition, but
the means decreased from the lowest residual basal area to the unthinned control. Pinus resinosa is not as shade tolerant as P. menziesii but
not as intolerant to shade as A. rubra, but the differences in shade tolerance does not account for these results. While thinning typically
reduces tree-to-tree variation, the fewer numbers of trees left after 7 m2/ha treatment created more variation among trees than would be
expected with regard to height growth. Perhaps the greater number of trees that were left after thinning to create the higher basal-area
treatments served to average out the effects from extreme growth behaviors, thusresulting in lower mean values of Gdh/h for the higher basal-
area treatments.
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Mode of competition

The predominantly positive values of Gdv/dh, GdAl/dh, and Gdh support the widely held hypothesis that aboveground growth in tree populations
is asymmetric. However, positive values observed in the lowest competition levels indicate that competition is not necessary for positive
growth dominance indexes. Variation in microsite conditions or genotypes present would be expected to create disproportionate growth
potential among trees independent of competition. Furthermore, trees react to shade in ways that reduce the unequal distribution of growth
rates and size, thus reducing the degree of inequity expected with asymmetric competition.

Trees have been shown to have shade avoidance mechanisms that sense shade from changes in light quality due to shade and that sense
mechanical perturbation. Shade light contains more far-red light relative to red light due to reflections and transmissions of shortwave
radiation from and through leaves. The changes in spectral quality of shade light induces changes in the light sensitive phytochrome system,
which stimulates elongated internodes in plants. Gilbert et al. (2001) demonstrated a chain of relationships starting with projected leaf
effects on the red-far red ratios and red-far red ratios effects on height growth for three hardwood species allowing trees to counter shading
effects. Koch et al. (2004) noted that the tallest trees occur in locations with abundant soil moisture and shelter from strong winds. Trees can
sense mechanical perturbation (Jaffe 1973, Telewski 2021) causing the opposite effect on internode elongation than the phytochrome shade
avoidance mechanism. The possible sheltering effect of neighboring trees was demonstrated by Jacobs (1954) who found that guying P.
radiata trees increased the height growth compared to similar trees allowed to sway naturally. In a study with P. contorta, Meng et al. (2006)
also demonstrated the sheltering effect on height in plots where groups of trees were tethered together to minimize swaying. They found that
tethering significantly increased height over untethered trees. Based on these studies, relative height growth of shorter trees could be
maintained by the sheltering effect of taller trees. On the other hand, height growth can be slowed by lack of shade and increased exposure
to wind (Nagashima and Hikosaki 2012).

Contrary to common assumptions about one-sided competition for light, growing in the shade of a taller tree may be beneficial with respect
to gas exchange. Young trees growing under a sparse canopy can keep stomata open longer during clear days by decreasing leaf
temperature and vapor pressure gradients (Dalton and Messina 1995). Gu et al. (2002) through simulation, showed better quantum
efficiencies of forest canopies illuminated with diffuse light compared to canopies receiving direct beam radiation and more linear responses
of canopy photosynthesis to diffuse light than direct light. Alton et al. (2007) in investigating the possible effect of increased cloud cover due
to future atmospheric conditions, found enhanced gross primary productivity in forest stands when diffuse radiation comprised more than
half of the total solar radiation impinging on the canopy. Furthermore, Kuuluvainen and Pukkala (1987) calculated the three-dimensional
probability of shading in forest stands and found prominent valleys in probability between trees. The canopy model varied with tree density
and crown shape. Given intercrown abrasion (Putz 1984; Long and Smith 1992), canopies always have space between crowns, maintaining
low shading probabilities between trees.

Stand dynamics

Based on our results, competition effects stand dynamics are linked to the temporal dynamics of GdAl/d. and Gdh. Because of the linear
relationship between GdAl/dh and Gdv/dh, competition effects on GdAl/dh can be assumed to be nearly identical to competition effects on
Gdv/dh. Values of Gdv/dh are generally positive, increasing slightly with competition. This indicates that the potential distribution of stem
growth among trees in these studies is disproportionate with height rank with the tallest trees always adding more stem volume with each
unit of height growth than shorter trees; increasing competition will exacerbate the inequity in growth potential. Realized stem growth per
year is determined by the actual, and the actual distribution of stem growth will be determined by the distribution of height growth among
trees. If Gdh > 0, the inequity in volume per year will be increase; if Gdh < 0, the distribution of volume growth per tree will become more
equitable, i.e., more proportional to height at the beginning of the measurement period. The distribution of realized stem growth per tree will
not change the distribution of marginal height costs and benefits unless the growth increases the intensity of competition within the
population; trees will just change positions along the cumulative distribution curves.

Conclusions
The hypothesis that competition for light causes trees to trade physical support for photosynthetic potential is not supported by these results
if the expectation under the hypothesis is that greater inequity in marginal height cost is offset by no change in the distribution of marginal
height benefit. However, Gdv/dh and GdAl/dh are linearly related with for these species. For A. rubra, the slope is less than 1, meaning that as
competition increases, GdAl/dh becomes less than Gdv/dh, which is consistent with the hypothesis. The dominance indexes for the two
conifers is greater than one, resulting in GdAl/dh becoming increasingly less than Gdv/dh as competition increases. The hypothesis that
competition causes greater inequity in relative height growth is generally supported with these results. The strength of support for this
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hypothesis varied by species with the shade intolerant A. rubra providing the strongest support and the more shade tolerant P. menziesii
providing the least support.

The results suggest that competition effects on marginal height benefit translate to marginal height cost through biomechanical
relationships between crown size and structure and stem dimensions. Competitive effects on stand dynamics can therefore be linked to a
basic tree morphology that scales with height. Realized additions of stem volume and foliage per growing season are determined by the
distribution of relative height growth. The rate of change in stem and foliage accumulation per growing season is species-specific function
of competition effects on relative height growth.
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Figure 1

Dominance indexes for proportion of cumulative stem volume increment per height increment and proportion of cumulative height (Gdv/dh)
by treatment and age for Alnus rubra, Pseudotsuga menziesii, and Pinus resinosa. Each data point is the mean of replicated plots for each
planting density or level of growing stock. Open circles with an interior cross indicate only one plot for that treatment and age combination.
Fill colors of circles indicate the respective probabilities (P) for testing H0:

 with a two-tailed, t test. Black fill represents P<=0.05; grey fill represents 0.05>P<=0.10; and white fill represents P>0.10. Values in the upper
right of figures are least squares means of Gdv/dh adjusted for age from mixed-model, covariance analyses. Letters beside the numbers
indicate groups of means that are not significantly different according to probability of the difference < 0.1. Asterisks indicate whether an
age-adjusted mean is significantly different than zero (P<0.10). Lines are least-square fits when slope are significant between Gdht and age. 
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Figure 2

Scattergrams of growth dominance indexes for proportion of cumulative leaf area added per height increment and proportion of cumulative
height (GdAl/dh) and growth dominance indexes for proportion of cumulative stem volume added per height increment and proportion of
cumulative height (Gdv/dh) for each species, treatment combination, and measurement period.
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Figure 3

Dominance coefficients for proportion of cumulative height increment and proportion of cumulative height (Gdht) by treatment and age for
Alnus rubra, Pseudotsuga menziesii, and Pinus resinosa. Plotting symbols and values are described in Figure 1. 
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Figure 4

Mean differences between GdAl/dh and Gdv/dh by species and treatment. Means are adjusted for age. Probabilities of greater values of
Student’s t for the null hypothesis than means=0. Negative differences indicate that Gdv/dh > GdAl/dh.
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Figure 5

Slopes between individual tree values of stem volume increment per unit height increment and the increment in bending moment (DM) per
height increment by initial planting density (Alnus rubra), level of growing stock (Pseudotsuga menziesii), and basal area (Pinus resinosa).
Lines fit with ordinary least squares with autoregressive covariance. Extent of lines reflects range of data. 


