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Fire hazard reduction treatments are commonly applied to mixed-species coniferous forests in western
Montana, USA, to modify fuels structures and alter the competitive environments of individual trees.
An improved understanding of how competition can be measured and how it conditions individual tree
growth is needed for projecting the development of these forests, with and without treatment. Numerous
studies have evaluated how competition affects tree growth and many indices have been developed to
quantify the competition an individual tree experiences. These studies suggest that no single competition
index or a single class of indices is universally superior; indices perform differently according to forest
type and forest conditions. We chose several widely used distance-independent and distance-dependent
competition indices, and also derived anisotropic distance-dependent indices from estimates of light
interception by tree crowns. We evaluated the effectiveness of these competition measures for predicting
basal area increment (BAI) of Pinus ponderosa, Pseudotsuga menziesii, and Larix occidentalis in western
Montana. The best distance-dependent competition indices explained a larger proportion of growth var-
iation than the best distance-independent indices (64% vs. 56%). This result indicates that competition is
an important growth determinant in these forests and that competition varies locally, with variable tree
densities and relatively complex stand structures creating heterogeneous neighborhood conditions. Com-
petition indices derived from light interception models were only weakly correlated with other indices
and performed poorly in terms of predicting tree growth. This result accords with previous observations
that competition for light is not the primarily growth limitation for trees in the semi-arid conditions of
western Montana. More sophisticated light availability models could be used to better assess variability
in light interception and its marginal contribution to predictive accuracy of radial tree growth. Diameter
and distance-dependent BAI models were developed for growth prediction at the species level and for all
species combined.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

The montane coniferous forests of western Montana and much
of the inland northwest have experienced a century of fire suppres-
sion, and wildfire hazard mitigation has emerged as a primary
management consideration across the region. Fire suppression,
together with past logging and grazing practices, has led to mate-
rial changes in forest structure, composition, and function (see e.g.,
Keane et al., 2002; MacKenzie et al., 2004). In particular, over vast
areas much higher stand densities have been achieved than were
common in the past, largely through increased recruitment of
more shade-tolerant species (Habeck, 1994; Keane et al., 2002).
Fire hazard reduction and restoration treatments in the region
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often take the form of selective logging or thinning operations that
modify forest structure and, among other things, the competitive
environments of remnant trees. Thus current growing conditions
and common fuel treatment practices are creating and maintaining
complex, heterogeneous stands. Individual tree models are needed
to credibly forecast the development of these stands and the
effects of hazard reduction treatments. Such models, in turn,
require an improved understanding of how tree competition
should be quantified and of how it conditions tree growth.

Measures of tree competition are commonly among the most
important predictors of individual tree growth (Radtke et al.,
2003). Competition among trees can be defined as the negative
effects of neighbor trees on a subject tree resulting from their con-
sumption, or regulation of access to, limited resources such as light,
water, and nutrients (Keddy, 1989). Numerous studies have devel-
oped indices to quantify the level of competition an individual tree
experiences and have evaluated how these affect growth rates
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(Bella, 1971; Moore et al., 1973; Tomé and Burkhart, 1989; Holmes
and Reed, 1991; Biging and Dobbertin, 1992; De Luis et al., 1998).
Most competition indices described in the literature can be divided
into two classes: (i) distance-independent indices that use only non-
spatial information about aggregate tree size and number within a
given area (e.g., a plot or stand), and (ii) distance-dependent indices
that also incorporate the relative locations of neighboring trees
within the area. Recently, another class of competition measures
called semi-distance-independent has been developed (Stage and
Ledermann, 2008; Lederman, 2010). These measures apply dis-
tance-independent calculations but spatially constrain the set of
candidate neighbor trees based on the location of inventory plots.
The motivation for semi-distance-independent indices stems from
the fact that traditional, sample-based inventory data are populated
from sets of trees in inventory plots and information on competitors
growing off-plot is not available.

Comparisons of different competition indices in terms of their
effectiveness as predictors of growth in individual tree models have
been conducted for several species and forest conditions. Martin and
Ek (1984) found that including distance-independent competition
indices considerably improved the fit of a growth model for red pine
(Pinus resinosa Ait.) plantations in northern Wisconsin. After com-
paring several indices, Daniels et al. (1986) reported that the best
distance-dependent indices produced slightly improved basal area
growth models than the best distance-independent indices for lob-
lolly pine (Pinus taeda L.) plantations in northern Louisiana. Pukkala
and Kolström (1987) evaluated several distance-dependent compe-
tition indices and found that the best indices could explain about
50% of the variation of radial growth for Scots pine (Pinus sylvestris
L.) in Finland. Working with mixed hardwood species in upper Mich-
igan, Holmes and Reed (1991) also evaluated various competition
indices and, based on correlation with annual growth in diameter
at breast height (DBH), concluded that size ratio distance-indepen-
dent indices performed as well or better than distance-dependent
indices. Biging and Dobbertin (1995) evaluated various indices for
mixed conifer species of northern California. They found that dis-
tance-independent indices considering crown cross-sectional area,
crown volume, and crown surface area performed slightly better
than the best distance-dependent indices. Rivas et al. (2005) evalu-
ated different competition indices for mature even-aged stands of
Pinus cooperi Blanco in Mexico and found that both types of compe-
tition indices performed similarly in basal area growth modeling.
Lederman (2010) compared several distance-dependent and semi-
distance-independent competition indices in even-aged mixed
conifer stands in Austria; he found that the best indices of both types
could explain similar levels of variation in basal area increment.
Results from these various studies suggest that neither a single com-
petition index nor a single class of indices is universally superior;
indices perform differently according to tree species, forest condi-
tions and sites (Daniels et al., 1986; Biging and Dobbertin, 1995).

Most competition indices are independent of the directional dis-
tribution of competitors and only a few attempts have been made to
consider the orientations of competitor trees, their direct effects on
light availability, and the potential indirect effects on growth (Miina
and Pukkala, 2002). Studies including explicit estimates of the
amount of light intercepted by competitors have shown improved
growth predictions (i.e., Canham et al., 2004; Coates et al., 2009).
However, these studies applied species-specific knowledge of crown
allometry and shading properties not readily available for most spe-
cies. Boivin et al. (2010) used a function to modify the competitive
effect of neighbor trees based on their cardinal directions as a surro-
gate for light interception. However, this function did not improve
growth predictions compared with standard distance-dependent
competition measures in the boreal forest of eastern Canada.

The studies mentioned above have developed competition indi-
ces for individual tree growth models for many distinct species and
forest conditions. However, to our knowledge, no previous study
has evaluated the utility of distance-dependent and -independent
indices for the commercial species and conditions prevalent across
western Montana, nor have light availability indices been evalu-
ated in this context. Utilizing a large regional data set, Wykoff
(1990) developed a basal area increment model for the northern
Rocky Mountain region but constrained his consideration of
competition measures to distance-independent indices. Likewise,
recent work by Uzoh and Oliver (2008) examined only distance-
independent indices to describe competition in even-aged ponder-
osa pine stands. These studies focused on distance-independent
measures in part because of limitations in the plot-based inventory
information available to the authors and available in applications.
Specifically, inventory plot data are often not mapped while neigh-
boring, off-plot trees are not assessed. However, new technologies
such as Light Detection and Ranging (LiDAR) are becoming more
available in the inland northwest and increasingly are being used
to derive spatial and dimensional (e.g., tree height, crown width,
DBH) information at the tree level for entire stands (Maltamo
et al., 2004; Packalén and Maltamo, 2006; Suratno et al., 2009;
Rowell et al., 2009). The complete spatial coverage of these inven-
tory data can better capture variability in vegetation within stands
and creates opportunities to utilize spatial information in treat-
ment planning (e.g., Contreras, 2010; Contreras and Chung, 2011)
and in tree growth projections. This latter opportunity motivates
the present examination of distance- and orientation-dependent
competition indices.

The main objectives of this study were to examine the associa-
tions among competition indices, both within and among classes,
as well as to select a competition index most effective for predicting
radial growth of three important conifer species in western
Montana. To this end, we evaluated several widely used distance-
independent and distance-dependent indices. We also sought to
characterize light reception by individual tree crowns and applied
derived light values as competition indices. A total of 16 different
competition indices were compared and evaluated based on their
relationship with basal area increment, with and without additional
growth predictors. Additionally, based on these results, we devel-
oped and calibrated a growth model incorporating the selected com-
petition metric to estimate individual tree basal area increment.
2. Methodology

2.1. Study area and sample design

The study was conducted at the University of Montana’s
8500-ha Lubrecht Experimental Forest (LEF), located approximately
in western Montana, USA (49�540N, 113�270W). The property ranges
in elevation from 1100 to 1900 m but falls almost completely with-
in the Douglas-fir habitat series of Pfister (1977). Mean annual daily
maximum and minimum temperatures in the area extend from 13
to �4 �C (National Climatic Data Center, 2004), while mean annual
precipitation at LEF is 50 cm, falling half as snow (Nimlos, 1986).
Three species, Douglas-fir (Pseudotsuga menziesii [Mirbel] Franco
var. glauca [Beissn.] Franco), ponderosa pine (Pinus ponderosa
Dougl. ex Laws.), and western larch (Larix occidentalis Nutt), com-
prise the overstory of most stands, with lodgepole pine (Pinus con-
torta Dougl. Ex Louden) more common at higher elevations. Stands
at LEF are primarily second-growth, most having regenerated soon
after extensive logging of the early 1900s.

Across LEF, sample points were located systematically on a
square grid of approximately 1000 m. In the summer of 2008, tree
growth measurements were completed at 55 of these points. Tree
density varied across these points from 70 to 1040 trees/ha with a
median of 330 trees/ha; basal area ranged from 3.1 to 45.2 m2/ha
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around a median of 21.7 m2/ha. Within a 17.8 m search radius of
each point, the first tree of each species in each of five diameter
classes (minimum DBH of 12.5 cm; class widths of 12.5 cm) was
selected and an increment core sample was taken at breast height
(1.37 m).

Neighborhood information for each cored tree was collected
within 11 m fixed-radius competition plots centered on the cored
tree. This 11 m radius is approximately 3.5 times the average esti-
mated radius of the tree crowns, as recommended by Lorimer
(1983). Other studies have used similar plot dimensions for quan-
tifying tree competition in Montana (Woodall et al., 2003). Inside
these competition plots, the DBH, and height of each neighbor tree
(above 10 cm DBH) were obtained, as well as the azimuth and hor-
izontal distance to the cored tree. Fig. 1 shows an example of a
sample point with three competition plots centered on each cored
tree: neighbor trees were always within 11 m of the cored tree but
potentially more than 17.8 m from the sample point. Additionally,
site information (i.e., average slope, aspect, and elevation) was col-
lected at each sample point location.

We studied the effects of competition on the three most abun-
dant species at LEF: Douglas-fir, ponderosa pine, and western larch.
The growth measurements dataset consisted of 285 cored trees
(145 Douglas-fir, 99 ponderosa pine, and 41 western larch) ranging
in size from 12.7 to 73.2 cm DBH (Fig. 2). Annual radial increments
over the last 10 years was measured on the increment cores to the
nearest 0.001 mm, using a microscope mounted on a dendrochro-
nometer with a Velmex sliding stage and Accurite measuring sys-
tem. From the radial increments we computed the average annual
basal area increment (BAI; cm2/year) over the last 10 years on each
cored tree.

2.2. Competition indices

We quantified the competition level experienced by each of the
285 cored trees using the 16 different indices listed in Table 1. The
first four indices (CI1–CI4) are distance-independent, nine are
Fig. 1. Schematic of a sample point with three cored trees (solid dots) with variou
distance-dependent (CI5–CI13), and three are derived light values
used as competition indices (CI14–CI16). All indices were calculated
from the dimensions of the trees within 11 m of each cored tree:
some neighbor trees were further than 17.8 m from the original
sample point while some trees within 17.8 m of the sample point
were not considered (see Fig. 1). Neighbors were only treated as
subject trees and different competitor species were not specified.
Distance-independent competition indices are often based on
plot-centered rather than tree-centered neighborhood data, but
tree-centered measures better represent the competition level
experienced by the particular tree. In addition, using tree-centered
competition plots for each cored tree eliminates edge effect prob-
lems associated with distance-dependent competition indices. Fur-
thermore, the indices are intended to be applied to stem-mapped
inventory data with complete stand coverage, not to mapped sam-
ple-plot data that lack information on off-plot competitors.

The four selected distance-independent indices have been
widely used. CI1 is Reineke’s (1933) stand density index, based
on the number of trees per ha in a competition plot (N) and their
quadratic mean diameter. CI2 is canopy closure or the area of the
crowns projected on the horizontal plane as a fraction of the com-
petition plot area. CI3 is the sum of basal areas of neighbor trees
larger than the cored tree (BAL) as proposed by Wykoff et al.
(1982). CI4 was proposed by Schröder and Gadow (1999) and is a
modification of CI3 that incorporates relative spacing index (RS):

RS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
10;000� N

p

H
ð1Þ

where, H is dominant height (m), measured in this study as the
average height of the tallest 20% of the within 17.8 m of the sample
point.

Distance-dependent competition indices were also evaluated
owning to their observed utility in many previous studies. CI5 is a
simple measure of competition calculated as the number of neigh-
bor trees inside the competition plot. CI6 (Gerrard, 1969) and CI7

(Bella, 1971) are influence-zone overlap indices that assume that
s numbers of neighbors (open dots) within their respective competition plots.



Fig. 2. Diameter at breast height (DBH) distribution of cored trees.

Table 1
Sources and mathematical formulas for the competition indices evaluated in this
study.

Index Sources Equations

Distance-independent competition indices
CI1 Reineke (1933) 10(logN + 1.605 � logdg � 1.605)

CI2 Referred as canopy closure in
Rivas et al. (2005)

ð
Pn

i¼1ðp� cw2
i Þ=4Þ=S

CI3 Wykoff et al. (1982) ð
Pn

j¼1ðp� d2
max jÞ=4Þ ¼ BAL

CI4 Schröder and Gadow (1999) ð1� ½1� ðBAL=GÞ�Þ=RS

Distance-dependent competition indices
CI5 Number of neighbors n
CI6 Gerrard (1969)

Pn
i¼1Oi=Z

CI7 Bella (1971)
Pn

i¼1ðOi � diÞ=ðZ � dÞ
CI8 Hegyi (1974)

Pn
i¼1di=ðd� distiÞ

CI9 Braathe (1980), cited in Pukkala
and Kolström (1987)

Pn
i¼1hi=ðh� distiÞ

CI10 Rouvinen and Kuuluvainen
(1997)

Pn
i¼1 arctanðdi=distiÞ

CI11 Rouvinen and Kuuluvainen
(1997)

Pn
i¼1ðdi=dÞ � arctanðdi=distiÞ

CI12 Rouvinen and Kuuluvainen
(1997)

Pn
i¼1 arctanðhi=distiÞ

CI13 Rouvinen and Kuuluvainen
(1997)

Pn
i¼1ðhi=hÞ � arctanðhi=distiÞ

Light values
CI14 Sky’s hemisphere ð

P2160
i¼1 BiÞ=2160

CI15 Sky’s hemisphere/sun position ð
P1080

i¼1 BNiÞ þ ð
P1080

i¼1 2� BSiÞ=3180
CI16 Sun position ð

P63
i¼1BiÞ=108

N trees per ha in the plot; dg quadratic mean diameter (cm); n number of neighbors
within the 11 m radius competition plot; cwi crown width of the ith neighbor tree
(m); S plot size (m2); BAL basal area of neighbor trees larger than the cored tree
(m2 ha�1); G total basal area of the trees within the 11 m radius plot (m2 ha�1); RS
relative spacing index of the plot; Oi area of the influence-zone overlap between the
ith neighbor tree and the cored tree (m2); Z area of the influence-zone of the cored
tree (m2); di DBH of the ith neighbor tree (cm); d DBH of the cored tree (cm); disti

horizontal distance from the ith neighbor tree to the cored tree (m); hi height of the
ith neighbor tree (m); h height of the cored tree (m); Bi binary variable that is 1 if
the ith light ray is blocked, or 0 otherwise; BNi binary variable associated with
north-oriented light rays (azimuths from 270� to 90�), 1 if blocked and 0 otherwise;
BSi binary variable associated with south-oriented light rays (azimuths from 90� to
270�), 1 if blocked and 0 otherwise.

1 <http://www.solardat.uoregon.edu/SunChartProgram.html>.
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the areas (projected on the horizontal plane) over which trees com-
pete for resources are circular (Fig. 3). The radius of these circular
areas is usually a function of tree size and calibrated to the expected
growing space of open-grown trees (Rivas et al., 2005). To estimate
the latter, we used species-specific maximum crown width equa-
tions from the Northern Idaho/Inland Empire variant of the Forest
Vegetation Simulator (Dixon, 1989 – revised version, June 2009).
CI8 (Hegyi, 1974) and CI9 (Braathe, 1980) are size-ratio competition
indices derived from the hypothesis that the competitive effect of a
neighbor tree increases with increasing size and proximity (Tomé
and Burkhart, 1989). These two indices use DBH and height as indi-
cators of size, respectively. CI10 through CI13 are also size-ratio indi-
ces but employ sums of subtended angles (Rouvinen and
Kuuluvainen, 1997). CI10 is the sum of horizontal angles originating
from the cored tree center and spanning the DBH of each neighbor
tree (Fig. 4). CI11 is the sum of the horizontal angles multiplied by
the ratios of the DBHs of the neighbor and the cored trees. CI12 sums
vertical angles taken from the cored tree’s base to the slope-adjusted
top of each neighbor tree (Fig. 5). Similar to CI11, CI13 incorporates
the ratios of heights between the cored tree and its neighbors.

The three additional indices were derived from models that esti-
mated the amount of light intercepted by tree crowns (Korzukhin
and Ter-Mikaelian, 1995; Brunner, 1998; Groot, 2004). The portion
of the sky’s hemisphere directly above a cored tree was discretized
by generating light rays from a focal point at 60% of the cored tree’s
height to the sky with vertical angles running from 60� to 85� at
intervals of 5� (Fig. 6). These six light rays were generated in 360
directions (at every 1� azimuth from 0� to 359�) resulting in a total
of 2160 light rays. We assumed that neighbor tree crowns were con-
ical and completely opaque with basal crown widths estimated from
the crown width equations in Dixon (1989). CI14 was computed as
the percentage of total light rays blocked by neighbor tree crowns.
Because the study area is located at a latitude of approximately
46� north, the position of the sun is generally south of any given tree,
thus CI15 indirectly incorporated the position of the sun by giving
twice as much weight to north-bearing blocked light rays over the
azimuths 90�–270�. To compute CI16, we accounted for the changing
position of the sun throughout a typical growing season at LEF. We
considered the sun position every 15 days starting from the May
1st to the September 1st (nine dates) at 12 different hours of the
day from 7 am to 6 pm. A total of 108 sun position estimations con-
sisting of azimuth and elevation were obtained from charts gener-
ated by the Solar Radiation Monitoring Laboratory of the
University of Oregon1.

A computer routine was written in the C computer language to
generate light rays and compute light ray interception estimates
used in light-value indices. In this routine, a light ray was repre-
sented by a linear equation based on; (i) the subject tree location
(x-, y-, and z-coords), and (ii) the light ray’ source angles (azimuth
and elevation) from the tree’s focal point. The routine then checked
if the light ray was blocked by any neighbor tree crowns based on

http://www.ncdc.noaa.gov


Fig. 3. Influence-zone of a cored tree (Z) and areas of influence-zone overlap among the cored tree and four neighbor trees (Oi).
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each neighbor tree’s location and crown architecture (e.g., tree
height, and crown width). Lastly, the proportion of blocked light
rays was computed to obtain estimates of light availability.
2.3. Evaluation of competition indices

Exploratory analyses of the competition indices included an
examination of Spearman cross-correlations among all 16 indices
and BAI. These rank correlations were plotted to permit graphical
assessments of the overall dependence structure, species-specific
relationships among indices, and the indices’ potential effectiveness
as growth predictors. Subsequently, a series of species-specific
linear models for log-transformed BAI were fit to quantify the effect
of each competition index in combination with other tree growth
predictors. The latter included 2008 tree DBH and tree height, as well
as site characteristics slope (S), aspect (A), and elevation (E), plus
dominant height (H). For model selection purposes, we started with
all potential predictors and, through backward selection removed
covariates with insignificant contribution (a = 0.05). To balance
model performance with parsimony, models were compared using
the adjusted coefficient of determination ðR2

aÞ, which accounts for
both the proportion of variability in log BAI explained by the model
and the number of covariates in the model.
2.4. Basal area increment modeling

The exploratory analyses described above were used to guide
the selection of the competition index that, along with other
important growth predictors, provided the most accurate estima-
tion of BAI for the three target species. To incorporate this index
and other covariates into a predictive model for BAI, a generalized
linear modeling (GLM) strategy was employed. GLMs accommo-
date mean functions that are linear in the predictors only on a
transformed scale and can be applied to data that conform to any
probability distribution in the exponential family (such as the nor-
mal or gamma functions; McCullagh and Nelder, 1989). GLMs per-
mit direct description of the mean of the dependent variable,
avoiding the biases accrued when a log-transformed response is
modeled and obviating the need for subsequent bias corrections
(McCullagh and Nelder, 1989). Non-linear relationships between
the covariates and BAI were captured using covariate transforma-
tions and a log-link mean function. Also, because the BAI data
exhibited an increasing mean–variance relationship, a gamma dis-
tribution was used to characterize the error structure. The gamma
distribution is a flexible 2-parameter probability density function
capable of describing skewed and heteroscedastic continuous data
(see e.g., Gea-Izquierdo and Cañellas, 2009).
3. Results and discussion

3.1. Comparative analysis of competition indices

The cross-correlation structure of the competition indices is pre-
sented in Fig. 7. The Spearman correlation matrix shows global cor-
relations and species-specific correlations below and above the
diagonal, respectively. Each panel above the diagonal runs from
�1 to 1 (left to right) with a vertical line in the middle at zero. A
broad range of correlations among different indices is apparent
but, in general, within-class correlations are stronger than be-
tween-class correlations. For example, the distance-independent
indices CI1–CI2 and CI3–CI4; distance-dependent indices CI6–CI7,
CI10–CI11, CI10–CI12, and CI11–CI13; and light value pairs CI14–CI15,



Fig. 4. Schematic of the horizontal angles from a cored tree’s center to the bole (at breast-height) of each neighbor tree within the competition plot used to compute CI10 and
CI11.

Fig. 5. Schematic of the vertical angles from the base of the cored tree to the top of each neighbor within the competition plot used to compute CI12 and CI13.
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and CI15–CI16, are all strongly correlated regardless of species. These
results are expected because of the similarities in the indices’ for-
mulations and because of associations among the input variables
(e.g., DBH, height) used to assess the size of competitors (see Table
1). More interesting are strong correlations between certain pair-
ings of distance-dependent and distance-independent indices (i.e.
CI3–CI11 and CI4–CI11), whose mathematical formulations are quite
different.

The indices derived from light values were weakly correlated
with distance-dependent and distance-independent indices. The
consistently low (|q| < 0.38) and sometimes negative correlations
suggest that these light-interception based indices are summariz-
ing information that is distinct from, or only a small component
of, that carried by the other indices. Most distance-dependent
and distance-independent competition indices utilize tree size
(e.g., DBH, crown width, height) to quantify competitive effects
combined across all potentially limiting factors (e.g., availability
of light, water, and nutrients). In contrast, light values describe
only the availability of solar radiation. This distinction between
light values and all other competition indices was also apparent
from a principal component analysis of the 16 indices (not shown).
For all species, the first principal component effectively averaged
all the distance-dependent and distance-independent indices, with
slightly heavier weights given to the distance-dependent indices.
The second component was primarily composed of the three light
values, with only small contributions from other indices.



Fig. 6. Discretization of a portion of the sky’s hemisphere directly above the cored tree into 2160 light rays generated from a focal point at 60% of the cored tree’s height.
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Rank correlations between each competition index and BAI are
also shown in Fig. 7 (right-most column). As expected, for all three
species most competition indices are negatively correlated with
radial growth: trees under higher levels of competition exhibit
lower growth rates. For all species CI3 and CI4 are the distance-
independent indices most strongly correlated with BAI
(�0.73 < q < �0.70). Also for all three species, the distance-depen-
dent indices most strongly correlated with log BAI are CI8 and CI11

(�0.80 < q < �0.77). These four indices all incorporate the DBHs of
competitors. Light-value indices were weakly correlated with BAI
(�0.28 < q < �0.14). The relationship between log BAI and one
competition index of each class is shown in Fig. 8. There is a clear
negative growth response to increasing competition as measured
by CI3 (distance-independent index of Wykoff et al., 1982) and
CI11 (sum of horizontal angles distance-dependent index of Rouvi-
nen and Kuuluvainen, 1997). CI11 can explain a larger proportion of
the observed variation in log BAI than CI3, with across-species coef-
ficients of determination of 0.64 and 0.52, respectively. In contrast,
there are no discernible relationships between log BAI and CI16

(light value) for either ponderosa pine or western larch, and only
a weak relationship apparent for Douglas-fir.

The weak correlations between light values (CI14–CI16) and tree
growth suggests that light may be less of a limiting factor for the
established trees (i.e., DBH > 12.5 cm) in our study area and that
these trees are competing primarily for soil resources such as water
and nutrients. This result is in concordance with other studies
reporting soil moisture as the most important growth limiting fac-
tor for tree species in the semi-arid conditions of western Montana
(Nagel and O’Hara, 2002; Sala et al., 2005; Littell et al., 2008). We
observed slightly stronger associations between light values and
BAI for Douglas-fir trees in the lower third of the DBH range
(DBH < 25.9 cm; q = �0.39 for CI14) and for Douglas-fir trees in
the lower third of the relative height range (heights below 70% of
dominant height; q = �0.42 for CI14). These partially overlapping
classes of Douglas-fir trees contained the bulk of observed light val-
ues above 0.5. In contrast, very few of the ponderosa pine or wes-
tern larch trees in our study had CI14, CI15, or CI16 values above
0.5 (see Fig. 8), and more than 50% of the trees of these two
shade-intolerant species had 0 values for CI14 and CI15. These diver-
gent distributions reflect the fact that shade-tolerant Douglas-fir is
the primary species regenerating in the understory, while shade-
intolerant ponderosa pine and western larch are infrequently
encountered in subdominant canopy positions.

Alternatively, associations between growth and estimated light
values may appear weak because the selected indices failed to
accurately capture variability in light availability. Different height
percentiles on the cored trees were considered as focal points in
determining CI14–CI16. The 60% position was selected because we
wanted to measure light availability at a point within the trees’
crowns and because, when evaluating light values at higher per-
centiles, most trees yielded zero values indicating 100% light avail-
ability. This latter result reflects the generally low stocking of trees
above 10 cm DBH at LEF. Overall, cored tree DBH ranged from 12 to
73 cm with light availability estimates varying from 0% to 100%
across a range of tree canopy positions, slopes (4–57%), and aspects
(from 30� to 340�). Of interest would be the development and
application of more detailed light availability models (such as
those studied by Canham et al., 2004 or Groot, 2004) to the trees
in our study area to determine with more certainty how light avail-
ability contributes to overall competitive effects.



Fig. 7. Spearman rank correlation matrix plot of competition indices and BAI showing species-specific and global correlations above and below the diagonal (Douglas-
fir = black squares; ponderosa pine = red circles; western larch = green triangles). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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Preliminary log-linear models of BAI showed that DBH and
competition were the only consistently significant growth predic-
tors among those considered for Douglas-fir and western larch
(Table 2). For ponderosa pine, in addition to DBH and competition,
elevation and dominant height were retained in many models
depending on how competition effects were indexed. This result
suggests that growth rates of ponderosa pine are more variable
across LEF (Fig. 9) and more strongly tied to site conditions. For
the three species, all four distance-independent indices (CI1

through CI4) and most distance-dependent indices (CI5 through
CI13, but not CI6 or CI9 for ponderosa pine and western larch),
explained a significant proportion of the variability in log BAI. As
expected owing to the low correlations exhibited in Fig. 7 and
the weak associations depicted in Fig. 8, the light values (CI14

through CI16) were insignificant growth predictors and were
dropped from the log-linear BAI models for all three species.

Based on the R2
a values of Table 2, models incorporating the best

distance-dependent indices (CI8, CI11, or CI13) were more accurate in
estimating log BAI than models based on distance-independent indi-
ces. However, some of models based on CI2 or CI3 have higher R2a
values than models based on the widely used distance-dependent
indices CI6 (Gerrard, 1969) and CI7 (Bella, 1971). Among the
distance-dependent indices, those including sums of angles (CI10

through CI13) explained a larger proportion of growth variation than
most of the size-ratio and influence-zone overlap competition indi-
ces, with the exception of Hegyi (1974)’s competition index CI8.
Overall, the models based on CI11 provided the best fit for all three
species. For Douglas-fir and western larch, DBH and CI11 together
explained more than 70% of the total variation in growth. For pon-
derosa pine, these two covariates plus dominant height explained
approximately 71% of the total growth variation.

Although models based on CI11 had the most explanatory
power for log BAI across all three species, the models incorporating
CI13, which is based on tree heights and between-tree distances,
provided the second best fit (Table 2). Given increasing interest
across the inland northwest in characterizing tree growth across
stands using LiDAR-derived stem maps and tree dimensions, this
is noteworthy because tree height is the fundamental vegetation
measure obtained from LiDAR. In such applications, working
exclusively with tree heights and a height-based competition in-
dex like CI13 would obviate the need to introduce additional error
through height-DBH allometries and may yield improved growth
models.

3.2. Basal area increment model

Although the best fitting linear model of log BAI for ponderosa
pine included dominant height as a predictor, the contribution of
dominant height to the overall predictive power was marginal.
Removing it from the model the proportion of variation explained
dropped by only 1%. Therefore, to calibrate more parsimonious BAI
models for the three species, only the species identifier, DBH, and
CI11 were retained as predictors. On the measurement scale BAI
(cm2/yr) was approximately linearly to DBH and exponentially
decreasing in CI11, and also exhibited a positive mean–variance
relationship (Fig. 9). Covariate effects were specified using a log-
link function for trend while the increasing variance was addressed
by fitting a gamma GLM. Species-specific intercepts, DBH effects,
and CI11 effects were initially included in this model, as was an
interaction term for multiplicative DBH by CI11 effects (in the linear
predictor). Deviance partitioning tests showed that no evidence of
a significant interaction between CI11 and DBH so this term was
dropped. These tests also showed that species-specific DBH effects
were insignificant (a = 0.05) and, surprisingly, that species-specific
CI11 effects were only marginally significant (p-value = 0.05). Thus,
species-specific intercept and CI11 terms were retained in a final
species-specific model, but for comparison a combined model with
no species-specific terms was also fit.



Fig. 8. Scatterplots of ln BAI and three competition indices with species-specific
simple linear regressions. (Douglas fir = squares; ponderosa pine = circles; western
larch = triangles).

M.A. Contreras et al. / Forest Ecology and Management 262 (2011) 1939–1949 1947
The individual tree growth models had mean functions of the
form

BAI ¼ exp½b0 þ bDBH lnðDBHÞ þ bCICI11� ð2Þ

Values of the intercept (b0), DBH effect (bDBH), and CI11 effect (bCI)
coefficients for both the species-specific and combined models are
given in Table 3, along with estimated variance parameters. The
use of a gamma GLM to fit these models allowed us to directly mod-
el mean annual BAI, thus avoiding biases associated with transfor-
mations, and, at least in principle, calibrating more accurate BAI
models by accounting for the increasing variance in growth rates
among larger and more open-grown trees.

The fit of the species-specific model indicates that after account-
ing for DBH and competition effects, ponderosa pine exhibited the
highest growth rates overall and western larch the lowest
(Table 3). Also, ponderosa pine showed the greatest sensitivity to
increasing competition (as measured by increasing values of CI11)
and the more shade-tolerant Douglas-fir the least. These results par-
allel the patterns in Fig. 8 (middle panel). Interestingly, the com-
bined model had a root mean square error (RMSE) only 7% larger
than the species-specific model (Table 3), despite collapsing the
intercept and CI11 effects to singular values. Plots of deviance resid-
uals revealed no discernible structure in either model with the
exception of a slight tendency to overestimate the BAI of the fastest
growing trees.

We anticipate applying these models to stem-mapped data
derived from LiDAR acquisitions for LEF and surrounding areas. Ini-
tial analyzes of these stem maps indicate that tree location and
DBH attributes are relatively reliable but that species identification
is weak or lacking (Suratno et al., 2009). Thus, the inclusion of spe-
cies-specific terms in a BAI model may be of little practical advan-
tage. Our combined model ultimately uses only the subject tree’s
DBH as well as the DBHs and distances of neighbor trees within
11 m to predict growth, both of which are a component of the
LiDAR-derived stem maps available for LEF. Our model will be use-
ful to simulate tree growth, and particular, to capture temporal and
spatial effects of alternative fuel reduction treatments and opti-
mize the selection of tree removal for reducing the risk of high-
intensity wildfire over time (see Contreras, 2010).

Forest growth models are typically condition on the state of the
forest at the beginning of a growth period and project that state for-
ward. In this study, we examined the relationship between compe-
tition indices based on state variables measured in 2008 and growth
over the period 1998–2007. It was not possible to estimate compe-
tition levels in LEF in 1998 because of the lack of a permanent plot
database. Models developed from state variables measured at the
beginning or at the end of a growth period will suffer a comparable
lack of precision due to changes in trees’ competitive regimes
throughout the period. Yet in both cases, changes in the competitive
regimes should have a similar effect across competition indices and
thus would not bias our assessment of the indices’ relative predictive
powers. We recognize that our retrospective approach (measuring
state variable at the end of the growing period) will likely bias down-
wards the estimates of future periodic growth if the model is applied
in a prospective manner (i.e., if values for CI11 are obtained from
state variables at the start of a projection period). Nonetheless, there
is a pressing need for individual tree growth models for these com-
mercial species in western Montana and our BAI models provide
important provisionary instruments. The sample points used in this
study were selected to establish a permanent plot network, and in
time will supply data for modeling growth prospectively and for
assessing the accuracy of the models developed above.

When applying our models to estimate the BAI of trees tallied in a
plot-based inventory, edge correction procedures will need to be
applied unless off-plot data are available. As our competition mea-
sures and basal area growth model are based on tree-centered defi-
nitions of competition intensity, the model is best suited for growing
trees in stands with complete spatial inventory information derived
from technologies such as LiDAR. Independent of the study area, the
increasing availability of this tree-level inventory offers the oppor-
tunity of measuring and using competition in a more tree-center
manner that can capture competition levels experienced by individ-
ual trees more specifically that distance-independent indices.
Finally, in this study we were interested primarily in modeling
short-term tree growth and we did not account for dynamic pro-
cesses such as mortality and regeneration. These processes as well



Table 2
Retained covariates and fit of selected species-specific linear models for log-transformed BAI; initial covariates in each model consisted of a single competition index, DBH, and
the site variables E, H, and S.

Competition index Douglas-fir Ponderosa pine Western larch

Explanatory variables R2
a

Explanatory variables R2
a

Explanatory variables R2
a

1 CI1 DBH 0.528 CI1 DBH 0.619 CI1 DBH 0.585
2 CI2 DBH 0.598 CI2 DBH E H 0.653 CI2 DBH 0.602
3 CI3 DBH E 0.588 CI3 DBH S 0.652 CI3 DBH 0.607
4 CI4 E 0.594 CI4 E 0.626 CI4 H 0.583
5 CI5 DBH 0.553 CI5 DBH E H 0.614 CI5 DBH H 0.555
6 CI6 DBH 0.519 DBH E H 0.573 DBH 0.464
7 CI7 DBH 0.608 CI7 DBH E H 0.609 CI7 DBH 0.509
8 CI8 DBH 0.688 CI8 DBH E H 0.666 CI8 DBH 0.645
9 CI9 DBH 0.535 DBH E H 0.573 DBH 0.464
10 CI10 DBH 0.651 CI10 DBH E H 0.644 CI10 DBH 0.552
11 CI11 DBH 0.700 CI11 DBH H 0.713 CI11 DBH 0.716
12 CI12 DBH 0.631 CI12 DBH E H 0.626 CI12 DBH 0.523
13 CI13 DBH 0.677 CI13 DBH E H 0.645 CI13 DBH 0.639
14 DBH 0.452 DBH E H 0.573 DBH 0.464
15 DBH 0.452 DBH E H 0.573 DBH 0.464
16 DBH 0.452 DBH E H 0.573 DBH 0.464
None DBH 0.452 DBH 0.514 DBH 0.464

Fig. 9. BAI as a function of DBH and CI11. (Douglas fir = squares; ponderosa pine = circles; western larch = triangles).

Table 3
Species-specific and combined model coefficients (standard errors in parentheses),
variance parameters (v), and fit statistics.

Species Parameter estimate AIC RMSE
(cm2/yr)

b0 bDBH bCI v

Species-specific model
All – 0.699

(0.0921)
– 0.244 1585 5.92

PP 0.560
(0.362)

�0.423
(0.0469)

DF 0.221
(0.348)

�0.313
(0.0326)

WL 0.157
(0.360)

�0.391
(0.0681)

Combined model
All 0.0624

(0.368)
0.773
(0.0971)

�0.343
(0.0306)

0.279 1603 6.33
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as other events such as fire occurrence and insect attack alter tree
density and consequently tree competition levels. For these reasons
and because of the potential for changing climatic conditions
moving forward, the models developed here from past growth re-
cords are not suited to long-term growth estimations.
4. Conclusions

We evaluated 16 measures of tree competition in terms of their
effectiveness as growth predictors for three important conifer tree
species in western Montana. We found strong correlations
between several competition indices and tree growth indicating that
competition exists and that it is important for all three species.
Several distance-dependent competition indices were more
strongly correlated with growth, with the best of them explaining
a larger proportion of growth variation than the best distance-inde-
pendent index (64% vs. 56%). These results indicate that competition
occurs at the local level and that variable tree densities and relatively
complex stand structures create heterogeneous conditions within
the study area. Low correlations between light-value indices and
growth suggest that the established trees in the semi-arid conditions
of our study area are not competing primarily for light. However,
more sophisticated light availability models could be evaluated to
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determine what aspects of light availability are not captured by tra-
ditional competition indices and the extent to which variability in
light availability affects the growth of sapling and established trees
in this area.

Our results show that distance-dependent competition indices
better describe the variable tree neighborhoods maintained by com-
plex stands structures common in western Montana. A disadvantage
of distance-dependent competition indices is the need for tree attri-
butes and tree locations that are expensive and labor intensive to ac-
quire. Yet advances in remote sensing and geographic information
systems such as LiDAR have facilitated the acquisition of tree level
inventory data for entire stands and are becoming more available
for forest and natural resources applications in the inland northwest.
The DBH and distance-dependent BAI models calibrated in this
study can be readily integrated with LiDAR inventory data and will
be a useful tool to assess the effects of alternative management
actions over time. As such, they offer the potential for more credible
simulation and more efficient planning of fuel hazard reduction
thinnings applied across the forests of western Montana.
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