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Lodgepole pine and trembling aspen competition:
Neighbourhood studies within 22 to 39 year-old pine
plantations of northern British Columbia
by George Harper'

ABSTRACT

Six lodgepole pine plantations located within the Sub Boreal Spruce (SBS) biogeoclimatic zone of the northern interior of
British Columbia were chosen to study the impacts of neighbourhood aspen competition on the growth of planted lodge-
pole pine (22-39 years old). At each site, 30 pine trees (CP) were selected as plot centres across the observed range of aspen
competition. Information on the six nearest neighbours (NN) and a variety of competition indices were evaluated using
linear and nonlinear models. Competition indices based on diameter or height relative to size were found as the best over-
all predictors of CP growth. Proximity of NN to the CP was found to be inconsistent as a predictor of growth. Individual
pine and aspen NN modelling suggested aspen competition had the greatest influence on CP growth restriction. The
results do not support aspen thresholds for optimizing the growth of free growing pine plantations. It is recommended
that performance-based standards be developed that account for aspen competition intensity and provide guidance for
the management of pine stand productivity.

Key words: Lodgepole pine, aspen, boreal mixedwoods, nearest neighbours, stem volume, competition.

RESUME

On a identifié six plantations de pin tordu situées dans la zone biogéoclimatique de Iépinette sub-boréale (Sub Boreal
Spruce-SBS) dans le nord de la Colombie-Britannique intérieure pour y étudier I'impact de la compétition du peuplier
environnant sur la croissance de pin tordu dans des plantations de 22 a 39 ans. A chaque endroit, 30 pins (CP) ont été
choisis comme centre de placette de maniére a représenter tous les niveaux de compétition par le peuplier. Les renseigne-
ments pris sur les voisins les plus rapprochés (NN) ont servi a évaluer une variété d’indices de compétition a laide de
régressions linéaires et non linéaires. On a observé que les indices de compétition basés sur le diametre ou la hauteur par
rapport a la taille donnaient les meilleures prédictions de croissance du CP. La proximité des NN par rapport au CP a
donné des prédictions de croissance qui se sont avérées incohérentes. Le modele individuel pin et peuplier le plus rappro-
ché laisse voir que cest la compétition exercée par le peuplier qui limite le plus la croissance du CP. Les résultats ne per-
mettent pas détablir de seuils de compétition du peuplier pour optimiser la croissance des plantations de pins. Nous
recommandons détablir des normes de performance qui tiennent compte de I'intensité de la compétition par le peuplier
et qui puisse servir de guides pour gérer la productivité des plantations de pins.

Mots-clés: Pin tordu, peuplier, foréts mélangées boréales, plus proches voisins, volume par tige, compétition.
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Introduction

Trembling aspen (Populus
tremuloides Michx.) is fre-
quently found mixed within
managed lodgepole pine (Pinus
contorta Dougl.) plantations of
the Sub-Boreal Spruce biogeo-
climatic zone (SBS) of British
Columbia (Meidinger and
Pojar 1991). Aspen usually
overtops young lodgepole pine
(hereafter referred to as pine)
and other conifers such as
white spruce (Picea glauca
Moench). Overtopping aspen has been shown to influence the
growing conditions of understorey trees through impacts on
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light, air and soil temperature, soil moisture and nutrients
(McKinnon and Kayahara 2003, Voicu and Comeau 2006).
When found within pine plantations, aspen is considered a
major competitor, reducing survival and tree growth (New-
some et al. 2003, DeLong 2007). Aspen competition has the
potential to significantly increase plantation establishment
costs when manual brushing or herbicide treatments are pre-
scribed. Several studies have suggested threshold densities for
aspen, < 5000 trees per hectare (tph), where the growth of
young pine may be considered unimpeded (Newsome 1999,
Dhar et al. 2015). However, recent stand level studies have
indicated pine productivity (stand volume and basal area) can
be sensitive to even small increases in aspen composition
(Harper 2015). Similar reductions in productivity with
increases in broadleaf competition have been noted with
loblolly pine (Pinus taeda L.; Miller et al. 2003). Studies that
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suggest aspen threshold densities exist for unimpeded pine
growth appear to contradict generally established principles of
forest dynamics where tree growth is inversely related to den-
sity (Zeide 2002, Pretzsch 2009). Although total stand produc-
tivity may remain unchanged with increased levels of aspen,
there is a significant decline in pine component growth and
yield (Harper 2015) and several studies have documented
diameter growth impacts in young pine (Newsome et al. 2008,
Harper et al. 2009). Most published studies have focused on
early establishment performance prior to canopy closure
based on measurements of aspen competition in young pine
from small plots. Some studies are without an aspen- free
treatment from which to quantify a zero competition environ-
ment, which may confound attempts to define growth thresh-
old impacts (Wagner et al. 1989). Many of the published aspen
competition studies were established in response to the gov-
ernment’s need for evidence to support regeneration standards
and free-growing guidelines (Lieffers et al. 2008, Dhar et al.
2015). In British Columbia, the Forest and Range Practices Act
(FRPA; BC MFLNRO 2015) requires a licence holder to estab-
lish a free-growing stand defined as a stand of healthy trees of
commercial value, “the growth of which is not impeded by
competition from plants, shrubs or other trees” Accepting
threshold amounts of aspen at free-growing may inadvertently
increase stand density, modify stand composition and impact
conifer productivity. Stand regeneration research established
to focus on plantation performance may not provide long-
term stand-level evidence of the effects of interspecific tree
competition post canopy closure.

In this paper, tree-level competition results are presented
as a companion study to Harper (2015), where stand growth
and yield information were presented from a retrospective

study of six post-free growing SBS pine plantations. The
objectives of this paper are to provide a linkage between stand
growth and yield and individual tree-based measures of com-
petition through a focus on understanding interspecific tree-
level competition between aspen and pine neighbours. Explo-
rations included measures of growing space, crown
occupancy, relative size and proximity of nearest neighbours.
Questions addressed were: What are the competition param-
eters that best describe pine growth? How important are intra
or interspecific competition measures such as relative size and
proximity of neighbours? And, does this evidence provide
guidance on the assessment of aspen competition at free-
growing declaration and linkage to longer term pine growth
and yield?

Methods

The following methods are a shorter version of those in
Harper (2015). Six pine plantation sites were selected during
the summers of 2013 and 2014, all located within the SBS
zone of British Columbia (Table 1). The climate of the six sites
is characterized by severe snowy winters and warm, moist but
short summers with a mean annual temperature of 1.7 °C-5
°C and a mean annual precipitation of 415-1650 mm. The
sites ranged from 22-39 years since planting and were in an
advanced state of early stand development, having previously
been declared free-growing lodgepole pine plantations (BC
MFLNRO 2013). Records indicate that clear-cut harvesting,
site preparation and planting occurred at each of the six sites.
Lodgepole pine seedlings were planted at all six sites. Herbi-
cide or manual brushing treatments occurred at four of the
six plantations (BE, LL, TC and CC) to control deciduous
competition (primarily aspen) a minimum of 18 years prior

Table 1. Site location and silviculture history information (Harper 2015)

Site name Lat. Planted
BEC variant?® Long. Silviculture history pine age ©
Tamarack Lake 535230 N Clearcut 1983 (68 ha), site prepared 1984 (drag scarified), herbicide 1985 (hack n
(BE) SBS dw3 1231912W squirt with glyphosate®), planted 1986 (2+0 BR¢ lodgepole pine), manual

brushing 1993, declared Free to Grow 1996. 30
Dog Creek (DG) 5418 0N Clearcut 1971 (39 ha), broadcast burnt 1974, planted 1976 (PSB¢ 1+0 lodgepole
SBS dw3 12420 W pine), declared Free to Grow 1992. 39
Loon Lake (LL) 543240 N Clearcut 1984 (56 ha), site prepared 1985 (chain drag) & 1991 (disked), planted 1992
SBS dk1 12419 12W (2 + 0 BR lodgepole pine), manually brushed 1995, declared Free to Grow 2000. 24
Pitka Creek (PI) 541825 N Clearcut 1985 (170 ha), site prepared (disked) 1987, planted 1988 (PSB 1+0 313
SBS mc2 1242249 W lodgepole pine), declared Free to Grow 2007. 27
Tako Creek (TC) 53 1840N Clearcut 1989 (69 ha), site prepared 1989 (disked), planted 1990 (PSB lodgepole
SBS dw 2 123230 W pine), herbicide 1996 (aerial glyphosate), declared Free to Grow 2008 24
Chebhishic Creek 53300 N Clearcut 1986 (77 ha), site prepared 1986 (chain drag) & 1991 (disked), planted
(CC) SBS dw3 123210 W 1992 (PSB 1+0 313A lodgepole pine), herbicide 1995 (aerial glyphosate), declared

Free to Grow 2008. 22
Biogeoclimatic ecosystem classification (BEC)
bGlyphosate is the active ingredient of the herbicide Roundup or Vision used during operational treatments
BR = bare root seedlings.
4PSB = poly-styroblock nursery containers
€At plot establishment
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to this study. Glyphosate herbicide was used as part of a hack-
and-squirt brushing treatment at the BE site. A manual
brushing treatment also occurred at BE (eight years after her-
bicide treatment) and at the LL site (three years post-plant-
ing). Aerial broadcast glyphosate application occurred at the
TC and CC sites six and three years respectively after plant-
ing. Between 1000 and 1500 tph of pine were planted at the
various sites. During 2013 and 2014 the six sites were assessed
at least six years post free-growing declaration. Aspen occu-
pied significant areas within these six pine plantations.

At each site, 30 pine-centered plots were established using
regression sampling (Demaerschalk and Kozak 1974). Pine
was selected across the observed range of aspen competition
using five subjective categories of aspen presence: no aspen
competition, slight, moderate, heavy and extreme, with six
pines selected for each category. Pine selection included sup-
pressed and co-dominant as well as dominant trees that had
been planted. At each sample pine, a series of variable radius
subplots were established following Filipescu and Comeau
(2007). DBH, total height, height increments for the last two
growing seasons, crown width (E, W, N, S), height to lowest
live branch (bottom of live crown) and tree crown class
(Walmsley et al. 1980) were assessed on the central pine (CP)
and the nearest six neighbourhood trees (regardless of
species), including their distance and azimuth.

Data analysis used SAS version 9.3 (SAS Institute Inc.
2010). Statistical significance was based on P < 0.05. Linear

and non-linear regression analysis was used to test for signif-
icant changes across a range of independent variables. Non-
linear models were used to improve predictions. Adjusted
R?=1 - [(n - 1)/ (n-p)] SSz/SST (R? ;) was calculated for
all non-linear equations (Cornell and Berger 1987). Residual
plots were assessed visually for each fitted equation and mod-
els were evaluated using root mean squared error (RMSE)
and R?_ ;.. A multiple regression approach (Chen 1997) was
used to determine if the data from individual sites could be
pooled (i.e., besides the continuous regressor, effects were
added to account for site and the site-by-regressor interac-
tion). Non-linear models were linearized for the pooled mul-
tiple-site regression test (Proc Mixed), otherwise non-lin-
earized results are presented (Proc NLIN). Caution was used
in interpreting regression statistics since statistical signifi-
cance was considered to be evidence of a response; however,
the inference was not considered conclusive at the site level
(Neter et al. 1990).

A variety of competition indices (Cls) were calculated to
explore the influence of neighbourhood competition on pine
growth (Table 2), including density by species (TPH), basal
area, several measures of CI using the nearest six neighbour-
hood competitors (all tree species), sum of DBH distance
ratio (DDR) (Canham et al. 2004), Lorimer competition
index (LCL; Lorimer 1983), relative height ratio (RHT), rela-
tive crown size (RCW) and the sum of the distance (DIST). A
stepwise series of nearest neighbour LCI, RHT, RCW and

Table 2. Competition indices defined. The maximum number of nearest neighbours (n) considered was six.

Competition Index Formula

Value

TPH (Total density)

DIST_n (Distance sum) > Dija

RHT_n (Height ratio)® = (height;/ height)
RHT, ®or RHT
RCW_n (Crown ratio)®

RCW, " or RCW P

LCILn

(Lorimer competition index)® X (DBHj/ DBH,)

LCI, or LCI,.
(Modified LCI)® Largest or closest tree
DRD_n 3 [(DBH,/ DBH)) / D, ]

Number / plot x per hectare multiplier

Tallest or closest nearest neighbour
X (crown radiusj/ crown radius,)

Largest or closest nearest neighbour

Trees / hectare (tph)

Sum of the # nearest neighbours (j) distance (cm)
from centre pine (;)

Relative height ratio (cm/cm) sum of the n
nearest neighbours

Height of tallest or closest tree selected
respectively (cm/cm)

Relative crown ratio (cm/cm) sum of the n
nearest neighbours

Crown ratio of largest or closest tree selected

respectively (cm/cm)

Relative DBH ratio (cm/cm) sum of the 7 nearest
neighbours

DBH./ DBH, DBH ratio of largest or closest tree
respectively (cm/cm)

Diameter ratio divided by distance (cm/cm/cm)
of the n nearest neighbours

D, = distance between the centre pine and the nearest neighbour (cm)

YBased on the six nearest neighbour trees to the centre pine, where 1 = sum of closest (C) to farthest (6) nearest neighbours

‘DBH,; = diameter breast height of centre pine (cm)
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Table 3. Equation coefficients for the linear model describing each site centre pine DBH and height over total density (tph), where

the dependent variables DBH and height = a + b (tph)

Main model Multiple-site model
Source of
Site? a b R?, i RMSEP P value variation P value
DBH Tamarack Lake (BE) 15.3 -0.00017 0.028 2.77 0.185 PC <0.0001
Dog Creek (DG) 17.8 -0.0006 0.30 3.08 0.001 Site 0.03
Loon Lake (LL) 15.3 -0.0004 0.22 2.68 0.0052 PC x Site 0.004
Pitka Creek (PI) 18.5 -0.001 0.47 3.29 <0.0001 - -
Tako Creek (TC) 17.8 -0.0013 0.17 3.32 0.013 - -
Chehishic Creek (CC) 12.5 -0.00003 -0.036 3.57 0.949 - -
Height Tamarack Lake 1305.2 -0.009 0.03 152.06 0.18 PC <0.0001
Dog Creek 1729.4 -0.03 0.22 210.07 0.005 Site <0.0001
Loon Lake 1154.0 -0.019 0.10 169.01 0.048 PC x Site 0.016
Pitka Creek 1464.2 -0.056 0.35 234.5 0.0003 - -
Tako Creek 1407.1 -0.067 0.11 212.79 0.044 - -
Chehishic Creek 1048.6 0.007 -0.033 229.99 0.782 - -

aAt site level n = 30, all sites combined n = 180
bRoot mean squared error

DIST, including the largest or tallest competitor (LCI_L,
DIST_L, RCW_L or RHT L) and the closest competitor
(LCI_C, DIST_C, RCW_C or RHT_C) were evaluated. The
relative size of the competitor to the sample pine based on
DBH and weighted by distance was also assessed (DRD;
Daniels 1976). Dependent variables of CP growth included
absolute measures of DBH, height, leader growth, crown
radius and stem volume. Relative measures of CP growth
were calculated to facilitate comparisons between sites (rela-
tive to the largest CP per site).

Results

At each of the six sites a wide range of aspen-pine mixedwood
stand conditions were sampled. Aspen density ranged from 0
to 15500 trees/hectare (tph) and pine density from 100 to
8900 tph. Stand canopies were dominated by pine, aspen or a
mix of the two with a total density from 1350 to 18100 tph
(Harper 2015). Centre pine DBH and height declined with
density at four of the six sites (BE and CC were the excep-
tions) with linear models used to describe the site-dependent
tree size decline (Table 3). Fig. 1 shows a scatterplot of height
versus DBH for the six nearest neighbours (NN) at each site
by species. The average nearest neighbour distance, absolute
and relative size statistics at each site separated by species are
provided in Table 4. The average distance to the closest neigh-
bour ranged from 98 to 161 cm across the sites but, on a tree
by tree basis, could be as little as 5 to as far as 301 cm (data not
shown). Average NN distance to the CP and average NN
DBH were consistently greater for the pine NN. Average
height difference between pine and aspen NN were site-
dependent with DG, LL, and CC sites suggesting similar aver-
age heights. Relative measures of neighbour size (ratios of
neighbour size to CP size for DBH, height and crown radius)
were calculated (see Table 2 and Table 4) to facilitate site com-
parisons. Average NN relative diameter (LCI) and crown
radius (RCW) were greater for the aspen NN at four of the six
sites (BE and LL exceptions). The average relative height

2017, VOL. 93, N° 3 — THE FORESTRY CHRONICLE

(RHT) of aspen NN was 10 to 50% greater than pine NN at
five of the six sites (BE the exception). The average pine NN
RHT was consistently close to 1.0 across all six sites.

Fig. 2 presents a scatterplot of the closest neighbour rela-
tive diameter (LCI_C) and relative height (RHT_C) vs. the
distance (DIST_C) by site and species. No apparent or signif-
icant linear relationships between the NN LCI_C, RHT_C
and DIST_C were found. Similar non-significant results
using all six nearest neighbours’ data were also noted (results
not shown).

The range of species composition of the six NN is pre-
sented in Fig. 3 where the average NN relative height
(RHT_A) for each CP by site is plotted over the count of the
number of NN which were conifer (0 = no pine neighbours,
all six neighbours counted as broadleaf, primarily aspen), 1 =
one pine and five aspen, 2 = two pine and four aspen, etc.).
The green shaded area of Fig. 3 indicates an increase in the
maximum RHT A distribution as NN pine composition
declined (aspen NN composition increased). The majority of
RHT_A distribution occurs within the 1.2 to 0.8 range (light
blue shaded area). RHT_A from 1.2 to 3.2 was found only
where the NN conifer count < 3 represented NN aspen com-
position from 50 to 100%. Diagrams provided illustrate gen-
eral neighbourhood canopy types associated with the distri-
bution of RHT A and NN species composition.

Various CI’s (Table 2) were evaluated using linear models
to describe CP growth (DBH, height, crown radius, leader
growth, stem volume (STV) and relative stem volume
(R_STYV, relative to maximum CP STV observed per site).
Individual CT’s incrementally included NN sorted by distance
using a stepwise approach of assessing CP growth parameters
by summing the CI of neighbours found further and further
away. Table 5 presents the R?, di for significant models (P <
0.05) for CP growth parameters regressed against NN relative
size (LCI variables) for each site (not all growth parameters
shown). The maximum predictive ability (R? . dj) at each site
for CP DBH was found using the CI LCI_L (using the largest
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Fig. 1. Nearest six neighbours and centre pine tree heights over DBH by site.

DBH NN) or LCI_6 (sum of all six NN). At site BE, CP DBH
was found to have no significant correlation with the nearest
three neighbour tree LCI variables (LCI_C - LCI_3). Similar
BE results were noted when LCI variables were used to pre-
dict CP height, STV and R_STV. Poor linear model results
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were noted with CP average leader growth (A_LDR) at BE
and DG sites. Multiple site results (Proc Mixed) suggested
pooling of data from all sites was appropriate for CP DBH,
A_LDR and R_STV only since the site x regressor and site
terms were non-significant (P > 0.05; results not shown).
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Table 4. Mean and standard deviation for the six nearest neighbours absolute and relative size and distance, by site and species

(all species n = 180)

Crown
Site NN Distance Height DBH Crown DBH ratio Height ratio radius
Species (cm)? (m) (cm) radius (cm) (LCD® (RHT)®  ratio (RCW)P

Tamarack Lake (BE) aspen 221 £99.7¢ 119+ 19 9.6 £3.6 114.1+415 0.75+0.3 1.0 £ 0.19 0.85+0.34
pine 2713+113.1 127+12 139+34 1338+51.1 095+026 099+0.11 0.87+0.34
Dog Creek (DG) aspen 201.9 + 85.8 163+ 1.9 127 +34  1262+404 1.13+0.51 12+0.34 1.4 +0.58
pine 262 +70.9 162+ 1.3 15429 1201+314 1.0%0.24 1.02+0.14 1.11+0.39
Loon Lake (LL) aspen 1715+ 77.1 99+1.8 72+2.1 90.1+£29.2 0.79+0.35 1.13+0.25 0.83+0.34
pine 1926 £940 103+1.3 104 +34 107+423 085+0.31  0.98=+0.1 0.8+0.38
Pitka Creek (PI) aspen 201.8 + 88.1 13.6 +2.7 10.8 £3.7 1144 +34.7 1.2+0.7 1.5+0.7 1.1 +£0.48
pine 258.7+755 124+1.6 139+32 139.6+442 092+02  098+0.13 0.94+0.37
Tako Creek (TC) aspen 237.6 +£106.2 153 %25 124+34 1744+472 123+0.59 148 +0.45 1.37+0.55
pine 294.3 £ 92 125+ 1.3 145+2.8 1573 +£39.2 1.04+03 1.03+£0.19 097 +0.32
Chehishic Creek (CC)  aspen 230.1 +£93.2 115+ 15 10.2 +2.2 1383 +384 1.22+0.66 1.3 +0.52 1.2 +0.48
pine 277.3 £102.4 11.7 + 1 13.5+2.8 161.5+43.1 1.03+0.28 1.04 £0.15 1.06 +0.38

Distance between the centre pine and the nearest competitor (cm).

bRatio of nearest neighbour DBH (cm), height (cm) or crown radius (cm) / centre pine DBH, height or crown radius (LCI_C, RHT_C or RCW_C respectively).

“Mean and standard deviation.

Linear regression results of CP growth parameters using rela-
tive height (RHT) variables were similar to that of LCI vari-
ables (results not shown).

Distance to the six NN from the CP (DIST) was also
explored in a similar fashion as the LCI and RHT variables
using the stepwise approach by adding DIST of neighbours
found further and further away (Table 6). Significant linear
models described the CP DBH increase with increased NN
DIST at five of the six sites (BE the exception), however the
relationship at the LL site was poor (R?_;; < 0.11). CP height,
STV and R_STV increased with NN DIST at four of the six
sites (DG, PI, TC and CC) but poor results were noted at the
CC site. The NN DIST variables were significant for describ-
ing A_LDR only at site TC. Mixed model results suggested
pooling of data from all sites was not valid for any CP growth
parameters (results not shown) using NN DIST variables.

Fig. 4 presents the change in R?, 4 results of the various NN
RHT, LCI (Table 5) and DIST (Table 6) CI variables from
closest to farthest cumulative NN distance. Selection of an
optimum CI based on predictive ability (R, dj) was not appar-
ent for DIST and LCI across the sites. Maximum R? ;. appear
the most consistent across sites using RHT containing NNs
4t _ 6t (Fig. 4a, RHT_4 to RHT_6).

In an attempt to quantify the influences of aspen and pine
NN on CP growth, additional linear regression predictions of
R_STV were performed using the independent variables LCI,
DIST and RHT broken down into separate conifer (pine) and
broadleaf (aspen) components. For brevity, the results from
the linear regressions are not presented. However, nonlinear
modelling results using LCI_6 are presented in Table 7. The
exponential model, R_STV = a e ? X6 (1) was selected to
improve linear model fit parameters and provide site and
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species equation coefficients. Similar nonlinear results for
RHT and DIST were also reviewed but for brevity are not pre-
sented. The CI, sum of all six NN relative sizes (LCI_6) was
selected for several reasons. Both RHT and LCI CI variables
generally appeared consistent in terms of the pooled sites lin-
ear and nonlinear fit results however, LCI is based on DBH
measures which are much easier to acquire in closed canopies
where height measurements may be less accurate. Also, DBH
growth measures are more sensitive to competition than
height (Zeide 2002). LCI_L was also considered a comparable
alternate. Nonlinear model results using separated aspen and
pine NN components (Table 7) indicated differences in pre-
dictive ability between species. Aspen R? ;. by site (0.13 to
0.57) was greater than that of pine across all sites. Pine R2 odi
results were in general very poor (-0.04 to 0.28) with model
results for site TC non-significant (P = 0.999). Except for site
BE, all equation 1 Y-intercept coefficients (a) were larger for
the aspen component than the pine component analysis. The
results from Proc Mixed suggested sites could not be pooled
when NN data was separated into aspen and pine compo-
nents. Fig. 5 (a-c, by species) presents the entire NN dataset (n
= 1080 trees) plotting CP R_STV over NN LCI, RHT and
DIST competition variables. This series of graphs provides a
visual comparison across the aspen and pine NN components
and a visual reference to the linear and nonlinear model
results. The scatterplots of LCI and RHT (Fig. 5a & b) clearly
show an exponential decline in CP relative size (R_STV) with
increasing NN competition levels across both aspen and pine
components. The maximum range of the aspen component CI
data for both RHT and LCI was larger than the pine compo-
nent CI, indicating extreme competition neighbours were
found associated with aspen and not pine. The wide data dis-
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Fig. 2. Closest neighbour relative growth over distance from centre pine (CP) where relative growth is defined as neighbour height over
CP height (a) or neighbour DBH over CP DBH (b), by site and species (pine or aspen) (P > 0.137 and 0.125 respectively by site and

species).

tribution of NN distance (DIST; Fig. 5¢) provided visual evi-
dence of the poor correlation with CP R_STV. A linear
increase in CP R_STV with increasing NN distance (DIST)
was apparent with only the aspen component. The pine com-
ponent DIST showed no significant relationship to CP R_STV.

Discussion

Nearest neighbour assessments were used to explore the
aspen - pine tree level competition providing linkage to the
previously published stand level forest productivity results
(Harper 2015). Impacts to pine stand volume and basal area
due to increases in aspen composition and density were noted
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at all six sites (Harper 2015). Historically, aspen brushing
treatments have been used to ensure the survival and growth
of planted conifers (Comeau et al. 1999). In this paper, CP
DBH and height (on four of the six sites) were shown to
decline with increases in total density (Table 3) and through
inference with Fig. 1 of Harper (2015), increases in aspen
density and composition. DeLong (2007) also noted declining
pine height and diameter growth with increases in aspen den-
sity. These observations were not unexpected since pine is
known to be sensitive to stand density (Johnstone and Pollack
1990, Johnstone and van Thienen 2011).

Pine yield sensitivity (the ratio of model slope coefficients
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bours. Aspen regeneration is fre-

quently found highly clumped

(Frey et al. 2003), and therefore
high variability in neighbour-

hood inter and intraspecific
competition is to be expected
within mixed pine-aspen stands
and the six sites studied here.
The regular spacing of planted
pine within and between regen-
erating aspen clumps and possi-
ble natural pine ingress is a
recipe for high spatial variability
in tree-level competition, density
and canopy crowding. Exploring
the nearest neighbour data from
the six sites provided the oppor-
tunity to quantify this complex-
ity, as well as provided a simpli-
fied understanding of the
observed aspen-pine mixtures,
CP neighbourhood competition
and tree level productivity.

Nearest neighbour (NN) site and
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The significance of the NN by
species becomes apparent when
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Fig. 3. Central pine average relative nearest neighbour height (RHT) plotted over total count of
six nearest neighbours (NN) that were conifer (primarily pine) by site. For example, a zero
count indicates all six NN were broadleaf trees (primarily aspen), a six count indicates all NN
were 100% conifer and, a three count; 50/50 mix of broadleaf / conifer. Light blue-shaded area
represents the 20% relative height range above or below height equality (RHT = 1.0).

for aspen and pine, see Harper 2015) to changes in aspen com-
position was found to vary by site with the highest volume
reduction noted at sites BE and CC. South and Miller (2007)
presented a similar pine volume sensitivity ratio to describe
loblolly pine plantation response to hardwood competition
reduction (considered a Type 2 growth response). Wagner et
al. (2006) noted controlling broadleaf tree competition effec-
tively produces a response similar to a Type 2 although site
productivity remains unchanged. The pine growth response
noted here is consistent with those observations from loblolly
pine where hardwood competition may not allow pines to
dominate or “outgrow” the hardwoods without removal treat-
ments and where the pine volume proportion in mixed stands
is dependent upon the amount of hardwood dominance and
canopy displacement (Miller et al. 1991).

A discussion of nearest neighbourhoods and the relation-
ship of individual pine growth to neighbourhood density or
tree crowding depends upon many factors, key of which are
local site productivity, species composition and the availabil-
ity of exploitable canopy space (Zeide 1989, Lhotka and
Loewenstein 2008, Pretzsch and Biber 2016). It has been
noted that density measures do not accurately account for the
spatial variation between trees nor canopy occupancy or gaps.
Zeide (2002) suggested density, defined as trees per unit area,
does not accurately reflect the influences of patchy spatial
distributions, the degree of crowding or proximity of neigh-

2017, VOL. 93, N° 3 — THE FORESTRY CHRONICLE

plots of Fig. 1 and the site statis-
tics of distance and size in Table
4. The site-level means show
average aspen NN were found
closer to the CP than the pine
NN. Also, average pine NN were
larger in DBH than aspen NN.
These observations are consistent with the regeneration differ-
ences between the species and the brushing treatment history.
The closer distance of the aspen NN is likely due to aspen root
sucker regeneration in dense clumps (Frey et al. 2003).

Nearest neighbour relative size statistics (LCI, RHT and
RCW) were on average greater for aspen than pine at four
(LCI and RCW) to five (RHT) of the six sites (BE and LL the
exceptions). However, these average relative size observations
by site and species appear to contradict average absolute
measures, in particular where average pine NN DBH was
found consistently greater than the average aspen NN DBH,
yet average aspen NN LCI was larger at four of the six sites.
This apparent contradiction highlights the importance of spa-
tially linked, tree-level analysis of neighbourhood competi-
tion and the variability that is not readily apparent when
viewing simple site level statistics. For example the visual
comparison of pooled aspen and pine height - DBH relation-
ships in Fig. 1 showed, at the site level, many aspen NN were
taller than many of the CP and NN pine for a similar DBH
(e.g., sites PI, TC and DG). In reality, a range of mixedwood
canopy patterns were found within each site which varied
from aspen or pine dominance to aspen-pine coexistence as
indicated in Fig. 3.

It is important to remember that these mixed canopy states
are the result of incremental stand dynamics dependent on
site silvicultural history and environmental conditions (Pret-
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Table 5. The predictive ability [Rzadj] of centre pine growth variables (CPG: DBH and height, average leader growth for last two
years [(A_LDR), stem volume (STV) and relative stem volume (R_STV: CP stem volume/maximum CP stem volume/site) fitting the
linear model CPG = a + b LCI where the Lorimer competition index (LCI) was calculated from nearest neighbours data by site (LCI:
stepwise addition of nearest neighbours closest through farthest distance and largest) (Largest Raadi bolded). Values presented

for significant models only (P < 0.05).

Site CPG LCI_C? LCI 2} LCI_3? LCI_4? LCI 5P LCIL 6Y LCI_L?
Tamarack Lake (BE) DBH - - - 0.16 0.19 0.28 0.20
HT - - - 0.10 0.12 0.13 0.21
A_LDR - - - - - - -
R_STV, STV - - 0.13 0.24 0.24 0.28 0.27
Dog Creek (DG) DBH 0.47 0.55 0.54 0.57 0.58 0.59 0.49
HT 0.46 0.48 0.48 0.50 0.54 0.58 0.43
A_LDR - - - - - - -
R_STV, STV 0.37 0.44 0.43 0.46 0.47 0.47 0.39
Loon Lake (LL) DBH 0.40 0.33 0.39 0.42 0.38 0.43 0.33
HT 0.12 - 0.14 0.16 0.14 0.17 0.15
A_LDR 0.12 0.11 0.15 0.17 0.15 0.19 0.22
R_STV, STV 0.28 0.20 0.30 0.30 0.25 0.30 0.26
Pitka Creek (PI) DBH 0.19 0.43 0.48 0.52 0.57 0.61 0.58
HT 0.21 0.48 0.57 0.59 0.61 0.69 0.71
A_LDR - 0.18 0.24 0.26 0.24 0.30 0.33
R_STV, STV 0.14 0.32 0.34 0.35 0.39 0.41 0.37
Tako Creek (TC) DBH 0.56 0.67 0.69 0.68 0.69 0.71 0.74
HT - 0.16 0.15 0.16 0.16 0.16 0.26
A_LDR 0.20 0.20 0.19 0.21 0.19 0.17 0.20
R_STV, STV 0.32 0.41 0.43 0.42 0.44 0.46 0.54
Chehishic Creek (CC) DBH 0.57 0.64 0.58 0.59 0.61 0.64 0.73
HT 0.41 0.47 0.43 0.45 0.48 0.51 0.59
A_LDR 0.34 0.42 0.39 0.40 0.44 0.45 0.47
R_STV, STV 0.44 0.49 0.42 0.45 0.47 0.49 0.58
All sites DBH 0.29 0.34 0.37 0.40 0.41 0.45 0.47
HT - - - - - - -
A_LDR 0.16 0.18 0.18 0.20 0.19 0.21 0.21
STV - - - - - - -
R_STV 0.25 0.30 0.32 0.34 0.35 0.38 0.37

*LCI_C, LCI_L using closest or largest tree DBH, / DBH,; respectively.

LCI_2, 3,4, 5 and 6 are sum of stepwise additions of 6 nearest neighbours DBH,; / DBH, by distance from centre pine.

zsch 2009). The shade intolerance of both pine and aspen,
together with aspen’s dense regeneration and vigorous early
growth performance (Frey et al. 2003), suggests that aspen’s
competitive strength will, over the early stand development
period, result in the exclusion of pine. Peterson and Peterson
(1995) noted this change towards aspen dominance over pine
in Alberta cut blocks and the need to control aspen to
improve conifer growth. Brushing treatments will impact the
strength and duration of the NN aspen competition but may
not necessarily influence long-term aspen presence if stand
conditions allow aspen canopy resurgence. Defining the
neighbourhood stand dynamics in relation to spatial variabil-
ity, species composition, NN distance and relative size will
provide a basis for quantifying the linkage between brushing
efficacy, competition thresholds and plantation performance
(Radosevich and Knowe 1992).
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Distance independent competition indices (CI)

The focus on distance-independent CI may be criticized by
some since many studies have observed better correlations
using distance-dependent competition indices (Mugasha
1989, Linkevicius et al. 2014). However, the interaction of dis-
tance within the CI model (Table 2, DRD for example) with
the variability of tree spatial distribution was not considered
conducive to exploring the relationship between growth and
distance (Ledermann and Stage 2001). Free-growing survey
assessments (BC MFLNRO 2013) consider proximity to com-
petition and crop tree size somewhat independently, based on
survey standards defining “effective growing space” within a 1
m radius. Therefore, the importance of separating the influ-
ence of NN distance on CP relative size (both height and
DBH) provides the simplification needed to assess the impor-
tance of proximity. The lack of correlation between NN dis-
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Table 6. The predictive ability [Rzadj] of centre pine growth variables (CPG: DBH and height, average leader growth for last two
years [(A_LDR), stem volume (STV) and, relative stem volume (R_STV: CP stem volume / maximum CP stem volume per site))
using the linear model CPG = a + b DIST where the distance to nearest neighbour (DIST) is a sum of nearest neighbours data by
site (DIST: stepwise addition of nearest neighbours closest through farthest distance and largest). (Largest Readi bolded). Values

presented for significant models only (P < 0.05).

Site CPG DIST_C* DIST 2> DIST 3> DIST 4> DIST 5> DIST 6> DIST L?

Tamarack Lake (BE) DBH, HT - - - - - - -
A_LDR, STV &R_STV - - - - - - -

Dog Creek (DG) DBH 0.35 0.41 0.44 0.45 0.45 0.45 0.48

HT 0.22 0.40 0.43 0.41 0.38 0.34 0.29
A_LDR - - - - - - -

R_STV, STV 0.29 0.32 0.35 0.36 0.34 0.35 0.46
Loon Lake (LL) DBH - 0.11 0.10 0.11 0.11 0.10 -
HT - - - - - - -
A_LDR, STV &R_STV - - - - - - -

Pitka Creek (PI) DBH 0.16 0.29 0.42 0.49 0.52 0.56 0.22

HT 0.17 0.23 0.32 0.39 0.41 0.44 0.23
A_LDR - - - - - - -

R_STV, STV 0.12 0.26 0.38 0.45 0.48 0.52 0.24

Tako Creek (TC) DBH 0.20 0.20 0.19 0.21 0.24 0.26 0.12
HT 0.38 0.34 0.31 0.29 0.27 0.28 -

A_LDR 0.13 0.14 0.13 0.13 0.14 0.16 0.17
R_STV, STV 0.22 0.25 0.25 0.27 0.29 0.30 -

Chehishic Creek (CC) DBH - 0.11 0.24 0.32 0.36 0.36 0.11
HT - - - 0.14 0.19 0.20 -
A_LDR - - - - - - -

R_STV, STV - - 0.16 0.23 0.27 0.27 0.11
All sites DBH 0.15 - - - - - -
HT, STV - - - - - - -

A_LDR - - - - - - 0.036
R_STV 0.073 0.11 - - - - -

2DIST_C, DIST_L using closest or largest DBH tree distance from centre pine respectively.

bDIST 2, 3, 4, 5, and 6 are sum of stepwise additions of 6 nearest neighbours distance from centre pine.

tance and NN relative size (diameter or height) at the site level
(for all NN, not just closest; Fig. 2a & b) suggested distance (to
the CP) had no relationship to the relative size of the NN.
These results suggest proximity measures are of lesser impor-
tance within the context of operational free-growing surveys,
in particular the results do not support the continued reliance
on a fixed 1.0 m radius for aspen competition assessment.
The shaded areas of Fig. 3 highlight the importance of
considering not only neighbourhood composition but also
the relative size of aspen neighbours. The range of the average
NN relative height (RHT_A) for the majority of the CP was
found to be about 0.8 to 1.2, irrespective of NN species com-
position (see light blue-shaded area) with an average tree
height variability + 20%. The green-shaded area indicated the
high CP suppression range (RHT_A = 1.2 to 3.2) only
occurred where NN aspen composition > 50% and the sever-
ity of the CP suppression increased with aspen dominance.
Linear regression suggested NN relative diameter (LCI)
(Table 5 and Fig. 4b) or relative height (RHT) (Fig. 4a) were
the most important parameters describing the impact of NN
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competition on CP size, and through inference, CP growth.
Pooled site results for DBH, leader and R_STV indicated a
site independent relationship to NN relative size. Proximity
(DIST) results (Table 6, Fig. 4c) showed NN distance was
much less important as a descriptor of CP size. The stepwise
improvement in the regression results indicated the impor-
tance of including additional nearest neighbours (or the
largest NN).

Exponential response model

The exponential model (eq. 1) improved the predictions
(R2a 4) of the CP relative volume (R_STV) decline with
increasing NN LCI_6 competition index, across all sites and
NN species (similar results using RHT_6 and RCW_6 were
also found but not shown), accounting for 42% of the varia-
tion. Model results suggested superior fits when all NN
species were used except for the LL site where superior fit was
found with aspen NN (Table 7). Simard et al. (2005) used a
similar model to describe lodgepole pine response to increas-
ing broadleaf competition (primarily aspen). The exponential
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Fig. 4. Lines illustrate the change in predictive ability [Readi] by site, of the linear regressions (Proc Reg) describing centre pine relative
stem volume (R_STV: CP stem volume / maximum CP stem volume per site) across the stepwise, distance progression of nearest

neighbour metrics: a) RHT, b) LCl and c¢) DIST (see Table 6 & 7).

declining form of eq. 1 (coefficient b, see Sit and Poulin-
Costello 1994) highlights the significant CP growth reduction
with increasing competition, as defined by NN relative size
(DBH, crown radius or height). Exponential growth equation
coefficients were also used by Zeide (1989) to define the rate
of decline. Comparison of eq. 1b coefficients for the aspen
and pine components indicated aspen NN as having a greater
influence on the decline of CP relative growth (larger negative
coefficients). Separate model fits using NN aspen and pine
components indicated the pine component to be a poor pre-
dictor of CP relative growth (R . dj) with the eq. 1b coefficients
near zero at four of the six sites (BE, DG, PI and CC). This
reflects the more linear distribution of the pine NN data and
lack of extreme competition values which are primarily asso-
ciated with the aspen NN (Fig. 5a & b).
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The all sites eq. 1 model (Table 7) was used to explore a
prediction of competition response thresholds using concepts
published by Wagner et al. (1989). The calculation of a mini-
mum growth response competition level (such as 20% of
maximum) was considered subjective (Wagner 2000) and
found inconclusive, since model results suggested the maxi-
mum response threshold was effectively zero. Under this sit-
uation the selection of a minimum response threshold
requires a measure of stand performance. For example, a 20%
threshold level would require the removal of all NN competi-
tors of relative size (LCI) > 57% (minimum calculated thresh-
old) effectively eliminating the majority of the intermediate to
dominant aspen. Fig. 5a provides a visual reference to the
exponential model, presenting the individual NN LCI as the
independent variable. The general exponential decline in CP
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Table 7. Equation coefficients for the fitted exponential model describing each site relationship where R_STV = a e P LCL6 where
R_STV is the CP stem volume/maximum CP stem volume per site and LCI_6 (Lorimer competition index) combines the 6 nearest
neighbour (NN) DBHj / DBHi ratios (main model P values < 0.0001 except for pine at site TC (P value = 0.999)

Main model Multiple-site model

NN Source of

Species  Site n a b R, g RMSE? variation F P value

All Tamarack Lake (BE) 30 1.725 -0.272 0.35 0.1679 LCI 222.55 <0.0001
Dog Creek (DG) 30 3.06 -0.331 0.63 0.1442 Site 1.69 0.1393
Loon Lake (LL) 30 1.478 -0.241 0.29 0.2163 LCI x Site 2.27 0.0502
Pitka Creek (PI) 30 5.481 -0.43 0.56 0.2119 - - -
Tako Creek (TC) 30 1.668 -0.214 0.47 0.1892 - - -
Chehishic Creek (CC) 30 3.832 -0.341 0.71 0.1497 - - -
All sites 180 1.679 -0.23 0.42 0.1985 - - -

Aspen  Tamarack Lake 21 0.566 -0.13 0.13 0.218 LCI 199.65 <0.0001
Dog Creek 23 0.723 -0.193 0.57 0.1559 Site 1.47 0.2043
Loon Lake 23 0.725 -0.226 0.38 0.1957 LCI x Site 3.05 0.0127
Pitka Creek 22 0.745 -0.178 0.46 0.186 - - -
Tako Creek 23 0.632 -0.143 0.34 0.2114 - - -
Chehishic Creek 17 0.751 -0.176 0.41 0.2289 - - -

Pine Tamarack Lake 25 0.592 -0.058 0.0008 0.2064 LCI 8.97 0.0032
Dog Creek 24 0.502 -0.0069 -0.044 0.2207 Site 2.36 0.043
Loon Lake 28 0.37 0.098 0.083 0.2388 LCI x Site 3.07 0.0115
Pitka Creek 23 0.267 0.0201 0.28 0.2659 - - -
Tako Creek 27 - - - - - - -
Chehishic Creek 27 0.593 -0.0185 -0.034 0.2492 - - -

2Root mean squared error.

relative growth (R_STV) with NN LCI is clear, as well as the
contribution of not only the aspen NN in terms of the larger
range of competition but also of the contribution of pine NN.
This exponential decline in tree size with NN size is reflective
of the general stand dynamics of inter and intraspecific com-
petition between trees. Even within single species stands of
pine or aspen we would see this relationship as dominant,
intermediate and suppressed individuals influence or impede
growth through canopy crowding and below-ground
resource competition. Performance expectations will require
defined thresholds that quantify impeded pine growth at var-
ious levels of aspen competition under various silvicultural
options.

Management implications

Quantifying the impacts associated with increased aspen
presence at the stand and tree level is key to understanding
long-term pine plantation productivity. This paper together,
with Harper (2015), has demonstrated the negative influence
of neighbourhood aspen competition on operational post
free-growing pine plantation performance. The results do not
support aspen thresholds for free-growing assessments since
any increase in aspen density and relative size will impact
pine tree and stand level performance. Total density by
species composition may be useful in predicting post free-
growing stand developments. Present methodology for
assessing free growing in BC (BC MFLNRO 2013) suggests
up to 1000 tph of aspen (in the SBS) are acceptable within
pine plantations. Clearly there is a need to revise the free-
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growing standards to align with current research evidence
and address concerns over the legal definition of a free-grow-
ing stand and possible impeded stand growth (BC MFLNRO
2015). Performance- based standards are needed to ensure
tree level surveys are linked to long-term stand level perform-
ance (Wagner et al. 1989). Silviculture prescriptions and treat-
ments that fail to address aspen competitive strength will lead
to varying levels of aspen dominance and therefore varying
levels of pine growth reduction. To maintain long-term pine
stand productivity, the effectiveness of brushing treatments to
reduce or removed aspen dominance must consider the
propensity of aspen to regenerate and outgrow planted pine
beyond free-growing timelines.

Nearest neighbour relative size measures of diameter and
height were found well-correlated with pine growth decline. It
is recommended that either of these competition indices be
used to assess operational pine performance as part of an
overall stand performance assessment that quantifies compe-
tition intensity. It is also recommended that the reliance on a
tixed-radius area for assessment of aspen competition (in BC
it is 1.0 m, BC MFLNRO 2013) be removed as part of a revi-
sion of the free- growing guidelines.

Conclusion

It is imperative that operational foresters do not underesti-
mate the impact of aspen competition on pine performance,
stand composition and long-term stand dynamics. Improving
stand productivity requires an awareness of inter and
intraspecific competition, the tree level processes involved
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, relative height (RHT) (b) and distance (DIST) (c). All nearest neighbour data points (1080)
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and the outcomes as they impact performance measures.
Foresters need to be aware of the difference between compe-
tition intensity and importance (Brooker and Kikvidze 2008).
Studies of competition intensity address an understanding of
tree level stand dynamics and neighbourhood interactions.
Competition importance deals with the quantification of for-
est values such as yield (Harper 2015), ecology (Royer-Tardif
and Bradley 2011), economics and non-timber environmen-
tal services (Greiss and Knoke 2011). An understanding of all
these values is required if we are to successfully integrate basic
silviculture into an effective management regime that opti-
mizes long-term pine plantation performance.

A final comment on the study limitations; in general, ret-
rospective studies should be viewed with caution. The aspen
- pine competition gradients examined in this paper were
from operational “natural” conditions where no formal treat-
ment manipulations were applied. Assumptions of independ-
ence and homogeneity across the sampling regime and com-
petition gradients may have been influenced by unknown
underlying environmental factors. The selection of multiple
sites did improve confidence in the results, however much
more research is needed to improve certainty in the interpre-
tations. Research where competition levels are experimentally
controlled is needed to test the results of this study. Monitor-
ing and documentation of the long-term response of pine
plantations to aspen and other broadleaf tree competition is
essential to ensuring timber supply expectations are on-track
and accurate.
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