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Abstract A large body of literature suggests that asym-

metric competition, where large individuals suppress the

growth of smaller individuals by intercepting a dispropor-

tionate share of incoming light, is a dominant process in

tree population development. This has not been examined

extensively for long-lived tree species that accumulate

growth over many years under varying growing conditions.

Using dendrochronological techniques, we reconstructed

annual growth and mortality rates at ten stands of jack pine

(Pinus banksiana Lamb.) in Western Canada. We used

these data to calculate an annual index of the size asym-

metry of growth for each stand for the last 50 years. Jack

pine is a shade-intolerant species found in even-aged

monoculture stands, so the simple hypothesis is that large

trees should consistently perform relatively better than

small trees. Inter-annual variation in the index of size-

asymmetric growth was positively associated with inter-

annual variation in stand productivity at eight of ten sites.

The size asymmetry of growth also showed a positive trend

with age at eight of ten sites, even though all sites were in a

period of declining leaf area. This should have reduced the

intensity of asymmetric competition for light and reduced

the size asymmetry of growth over time. Alternate

hypotheses for this trend are (1) that physical collisions

between crowns result in asymmetric competition for

growing space because they are more damaging to small

trees, or (2) that a differential build up of diseases in sus-

ceptible trees suppresses their growth, even in the absence

of competition.

Keywords Asymmetric competition � Crown shyness �
Dendroecology � Stand dynamics � Weather variation

Introduction

A large body of literature suggests that asymmetric com-

petition, where large individuals suppress the growth of

smaller individuals by intercepting a disproportionate share

of incoming light, is a dominant process in tree population

development (e.g. Weiner and Thomas 1986; Weiner 1990;

Schwinning and Weiner 1998). However, this has not been

examined extensively for long-lived tree species that

accumulate growth over many years, under growing con-

ditions that vary from year to year. Testing this assumption

is important because competition indices used in most tree

growth and forest-stand dynamics models assume that the

growth of large and small trees in a population is consis-

tently related to their size rank (e.g. Stadt et al. 2007). This

may not be correct if the intensity of competition varies

with growing conditions (e.g. Goldberg and Novoplansky

1997), or if changes in growth dominance occur over time

(Binkley 2004; Binkley et al. 2006). Over time, trees are

affected by long-term (multi-decadal) changes in leaf area

and the density of neighbours. They are also affected by
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short-term (inter-annual) variation in growing conditions

caused by variation in weather and periodic herbivory.

These factors may affect large trees differently than small

trees. Some studies suggest that increased water avail-

ability benefits large trees relatively more than small

trees (Vose and Swank 1994; Orwig and Abrams 1997;

Wichmann 2001). Others conclude that small trees may

grow relatively better during drought (Liu and Muller

1993; Biondi 1996; Piutti and Cescatti 1997); Newton and

Jolliffe (1998) reported greater mortality and slower

recovery in suppressed than in dominant trees after her-

bivory. The growth performance of individual trees relative

to their size can be described in terms of size asymmetry,

which is related to the size asymmetry of competition

(Weiner and Damgaard 2006). Growth is size symmetric

when individuals grow in proportion to their size and size

asymmetric when large trees grow disproportionately rel-

ative to their size (Schwinning and Weiner 1998). Inverse

size asymmetry, where small trees grow disproportionately

relative to their size, may also be observed (Biondi 1996).

Our objectives in this study were to investigate the long-

term (multi-decadal) trends and short-term (inter-annual)

variability in the size asymmetry of growth among indi-

vidual trees. Our hypothesis was that long-term trends

would be related to changes in stand characteristics, and

inter-annual variability to variation in growing conditions.

We used dendrochronological techniques (Metsaranta and

Lieffers 2009) to obtain annual data on growth and mor-

tality rates of individual trees over a fifty-year period at ten

jack pine (Pinus banksiana Lamb.) stands in Western

Canada. Jack pine is a shade-intolerant species found in

even-aged monoculture stands regenerated after wildfire

(Burns and Honkala 1990). The simple hypothesis is that

asymmetric competition for light should dominate the

long-term development of these stands. Therefore, large

trees should consistently perform better than small trees

relative to what would be expected based solely on dif-

ferences in size, and growth should be size asymmetric

over time. However, in even-aged monoculture pine for-

ests, productivity and leaf area both tend to peak at the time

that canopy closure is achieved, with declining leaf area

thereafter (Long and Smith 1992; Ryan et al. 1997).

Competition for light should become less important as leaf

area declines in older stands, potentially reducing the size

asymmetry of growth over time. In the short-term, jack

pine productivity is enhanced by wet and warm springs

(e.g. Larsen and MacDonald 1995; Brooks et al. 1998;

Hofgaard et al. 1999). In this region, these forests are also

defoliated by jack pine budworm (Choristoneura pinus

pinus Freeman) on about a ten-year cycle (Volney 1988).

This results in a mixture of defoliated and non-defoliated

trees (Scarr 1995). We also hypothesized that short-term

variability in the size asymmetry of growth will be

increased by factors that increase productivity (warm

spring temperatures and high precipitation), and reduced by

factors that reduce productivity (herbivory and drought).

Materials and methods

Study area

Our study sites were from five regions in Western Canada.

Two (Prince Albert and Candle Lake) were in the Boreal

Plains ecozone and three (Flin Flon, Thompson, and Jen-

peg) and three were in the Boreal Shield ecozone (Eco-

logical Stratification Working Group 1996). In each region,

we established one plot at a relatively nutrient-rich site, and

another at a relatively nutrient-poor site. Further details on

the study region and plots are given in the ‘‘Electronic

supplementary material’’.

Data collection and processing

Data collection and processing are further described in

Metsaranta and Lieffers (2008) and Metsaranta et al.

(2008). Briefly, we established 900 m2 (30 m 9 30 m)

stem mapped plots at Candle Lake and Thompson in 2005.

At Prince Albert, Flin Flon, and Jenpeg, we established

100 m2 (10 m9 10 m) plots in 2006. We made a full

census of the growth of live trees, snags, and downed logs.

We measured breast height diameter for all trees, and

height for living trees. We extracted two cores at breast

height from living trees and cut cross-sectional discs from

dead trees. Some trees (n = 25 at 900 m2 plots, n = 10 at

100 m2 plots) were also cored at ground level to estimate

time of origin. These methods can reliably reconstruct jack

pine stands for up to 50 years into the past in this region

(Metsaranta et al. 2008). We prepared samples using

standard dendrochronological methods, measured them

with WinDendro (Regent Instruments, Quebec, Canada),

and cross-dated them against master chronologies devel-

oped from the largest trees at each site. Trees without

detectable radial growth were considered functionally dead

(Mast and Veblen 1994). This possibly underestimated the

true year of death in cases of extreme suppression (\5% of

samples). The average correlation between ring widths on a

dead sample and the master chronology was r2 = 0.84 (SD

0.15, range 0.56–0.99, n = 589). For living trees, it was

r2 = 0.80 (SD 0.19, range 0.46–0.99, n = 661). Due to

decomposition, ring widths could not be measured on 4.5%

of n = 308 snags and 35.2% of n = 291 downed logs. We

used the mean year of death of the three larger and three

smaller trees nearest in diameter, of the same class (snag or

downed log), and at the same plot as a decomposed tree as

an estimate of its year of death, and their ring widths as an
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estimate of its growth. This method has a mean absolute

difference of 3.3 (SD 2.4) years between true and estimated

year of death (Metsaranta et al. 2008).

Quantifying size and growth rate

We used stemwood volume and volume increment to

quantify tree size and growth rate (Metsaranta and Lieffers

2008). Briefly, we determined the diameter (inside bark

Dib) of each tree annually from cumulative ring widths and

converted this to the diameter outside bark (Dob) using

(Husch et al. 2003)

Dib ¼ kDob: ð1Þ

We then predicted heights using the Richards function,

H ¼ 1:3þ a 1� e�bD
� �c

; ð2Þ

where H is tree height (m) and D is outside bark diameter

(cm) at breast height (1.3 m). Third, we determined volume

from H and D using a taper equation,

Di ¼ a0Da1aD
2 X

b1z2
iþb2 lnðziþ0:001Þþb3

ffiffiffi
zi
p þb4eziþb5ðD=HÞ

i ; ð3Þ

where the components of the equation are as defined in

Kozak (1988). We estimated parameters for Eq. 1 and

Eq. 2 from data in Halliwell and Apps (1997), supple-

mented with data from the present study. For Eq. 3, we

obtained parameters for Saskatchewan from Gál and Bella

(1994), and for Manitoba from Klos (2004). We used

numerical integration of Eq. 3 to determine the total

stemwood volume (m3) of each tree, and the difference in

volume between subsequent years to determine stemwood

volume increment (m3year-1). Volumes for a given tree i

in year j (Vij) were summed to give total standing volume

in year j (Vtotj). Volume increments for each tree i in year j

(AVIij) were summed to give total annual volume incre-

ment in year j (AVItotj).

Size asymmetry of growth

We plotted the proportion of total stand volume increment

that each tree i represented in a given year j (AVIij/AVItotj)

against the proportion of total stand volume that each tree i

represented in the previous year j - 1 (Vij-1/Vtotj-1). To

quantify the size asymmetry of growth, we used the slope

of a simple linear regression line fit to the proportional

growth rate and size data. Due to the unit sum constraint of

proportional data, we applied a centred log-ratio transfor-

mation (Aitchison 1986) prior to estimating the slope. For d

trees where pi is the proportion of total size or size incre-

ment (i = 1, 2,…,d) in each tree in a year, the centered log-

ratio transformation was calculated as log(pi/g), where g is

the geometric mean of all the proportional tree sizes or size

increments in a given year (Aitchison 1986). When the

growth is proportional to size, the slope of the regression

line is 1 and growth is size symmetric (Fig. 1a). When

growth in large trees is disproportionately high relative to

their size, the slope is greater than 1 and growth is posi-

tively size asymmetric (Fig. 1a). When growth in small

trees is disproportionately high relative to their size, the

slope is less than 1 and growth is inversely size asymmetric

(Fig. 1a). Thus, when the slope increases from one year to

the next, the growth of larger trees is relatively better than

it was the previous year. When it decreases, the growth of

smaller trees is relatively better than it was the previous

year. An example further demonstrating how the index is

interpreted and calculated is plotted in Fig. 1b. Further

details on our method are given in the ‘‘Electronic

supplementary material’’.
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Fig. 1 Alternative relationships between proportional size in year t
and growth in year t ? 1 used as an index of size-asymmetric growth

(a). When the slope = 1, growth is size symmetric, when it is [1,

growth is size asymmetric, and when it is\1, growth is inversely size

asymmetric. Data from a single year (1961) at the poor site at

Thompson (b) shows size-symmetric growth (slope = 1.02). In

b, proportional volume and volume increment were transformed to

centred-log ratios
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Data analysis: long-term trends

Our simple hypothesis was that asymmetric competition

for light should dominate the development of these stands,

and therefore expected size-asymmetric growth (index[1)

over time. However, in even-aged monoculture pine for-

ests, maximum leaf area closely coincides with canopy

closure and peak biomass productivity (e.g. Long and

Smith 1992; Ryan et al. 1997), and declines thereafter. The

timing of peak leaf area is hypothesized to be associated

with a change in growth dominance (Binkley 2004; Bink-

ley et al. 2006). To estimate the timing of peak productivity

(and leaf area), we fit a Richards function to the cumulative

gross stemwood volume data from each site:

V ¼ a 1� e�bA
� �c

; ð4Þ

where V is cumulative gross stemwood volume and A is

stand age, and assumed that peak biomass productivity and

maximum leaf area coincided with the peak stemwood

volume growth rate. We examined the estimated timing of

peak leaf area in relation to the index of size-asymmetric

growth in two ways. The first was to determine if there was

an overall trend in the index. We used the Mann–Kendall

test for trend (s; Hipel and McLeod 1994), which tests for a

monotonic trend in a time series x(t), based on the Kendall

rank correlation of x(t) and t. We assessed the robustness of

the resulting significance test to autocorrelation in the time

series from the 95th percentile interval of 10,000 bootstrap

simulations of s, where the input time series was re-ordered

by sampling without replacement. We also tested for

associations with the peak in leaf areas and a change point

in the time series of the index of size-asymmetric growth.

We also used a Bayesian change point detection algorithm

(Barry and Hartigan 1993) to calculate the annual proba-

bility of change points in the time series of the index of

size-asymmetric growth. We used the bcp package for R to

perform these calculations (Erdman and Emerson 2007; R

Development Core Team 2007). We compared highly

probable ([90%) change points identified by this procedure

to the timing of peak leaf area to determine if there was any

coincidence between these events.

Data analysis: short-term variation

We obtained spatially interpolated weather data for each

site from 1950 to 2000 from McKenney et al. (2006).

After 2000, we obtained these data from the nearest sta-

tion in the Meteorological Service of Canada’s online

weather data repository. From various sources (Volney

1988; Simpson and Coy 1999 and historical annual

reports of the Canadian Forest Insect and Disease Survey

summarized therein), we determined that jack pine bud-

worm defoliation most likely occurred in 1964–1966,

1976–1978, and 1984–1987 at the Prince Albert sites,

1964–1967, 1978, and 1985–1987 at the Candle Lake

sites, 1965–1967 and 1984–1986 at the Flin Flon sites,

1984–1985 at the Jenpeg sites, and 1983–1985 at the

Thompson sites. We hypothesized that short-term vari-

ability in the size asymmetry of growth would be

increased by factors that increase productivity (warm

spring temperatures and high precipitation), and reduced

by factors that reduce productivity (herbivory and

drought). To test this, we first used an information-theo-

retic approach to evaluate the ability of a series of models

formalizing these hypotheses by their ability to explain

inter-annual variability in the index of size-asymmetric

growth at each study site. Further details on this analysis

are given in the ‘‘Electronic supplementary material’’. We

further quantified any consistently significant relationships

detected using the cross-correlation functions (ccf) of the

first-differenced time series of the predictor variable and

the index of size-asymmetric growth, estimating signifi-

cance from the 95th percentile interval of 10,000 boot-

strap simulations where the input time series were re-

ordered by sampling without replacement. We also looked

for associations between episodes of defoliation and

change points in the time series of the index of size-

asymmetric growth by comparing years with highly

probable ([90%) change points with periods of historical

defoliation.

Results

Long-term trends

The index of size-asymmetric growth was typically [1,

indicating that larger trees were most commonly growing

relatively better than expected given their size (Fig. 2).

However, all sites had times where the index was near 1,

indicating periods of size-symmetric growth. At some sites,

the index remained fairly constant for periods of time.

Other sites showed large, sudden fluctuations that occa-

sionally resulted in periods when the index was \1, sug-

gesting that there were some years where small trees were

growing disproportionately better than expected given their

size. The highly variable patterns suggest that trends in the

index were site-specific, and not related to site conditions.

The only consistent pattern was that the index of size-

asymmetric growth had a significant positive trend over

time (Fig. 2; s = 0.31–0.83, p \ 0.05) at all but the rich

site at Flin Flon (Fig. 2c) and the rich site at Thompson

(Fig. 2e). At all but the poor site at Thompson (Fig. 2e),

leaf area peaked between 1952 and 1977 (Fig. 2). The

index often remained greater than one beyond this time,

and in no case was a highly probable ([90%) change point
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in the index associated with the timing of peak leaf area

(Fig. 2).

Short-term variation

The index of size-asymmetric growth exhibited high inter-

annual variability across the ten sites (Fig. 2). We did not

detect any consistently significant associations between

weather variables or the occurrence of defoliation and

inter-annual variability in the index of size-asymmetric

growth at any of the sites. The only consistent relationship

across sites was a strong association between the index and

annual volume increment. Further details are provided in

the ‘‘Electronic supplementary material’’. The positive

association between inter-annual variation in the index of

size-asymmetric growth and inter-annual variation in

annual volume increment was significant (p \ 0.05) at all

but the rich sites at Prince Albert and Flin Flon (Fig. 3).

Defoliation was not a significant predictor of the index of

size-asymmetric growth, but some highly probable ([90%)

change points in the time series of size-asymmetric growth

were associated with defoliation (Fig. 2). For example, a

highly probable change point in the 1980s at the rich site at

Thompson (Fig. 2e) occurs concurrently with defoliation

and is associated with an abrupt decline in the index. Two

probable change points occurred a few years following

defoliation: in one case (Flin Flon rich; Fig. 2c) associated

with a decline in the index, and in the other (Prince Albert

rich; Fig. 2a) an increase. Probable change points at the

rich site at Jenpeg (Fig. 2d) and the poor sites at Prince

Albert (Fig. 2a) and Flin Flon (Fig. 2c) do not coincide

with any known external events.

Discussion

In this study, we used dendrochronological data on annual

tree size, growth, and mortality to reconstruct the long-term

(decadal) trends and short-term (inter-annual) variability of

an index of the size asymmetry of growth at ten jack pine

(Pinus banksiana) sites in Western Canada. Larger trees

were typically growing better than expected relative to

their size, and eight of ten sites had a positive long-term

trend in the size asymmetry of growth. These observations

suggested that competition was primarily size asymmetric

and increasing in intensity over time. At eight of ten sites,
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short-term variation in the size asymmetry of growth was

related to inter-annual variation in stand-level productivity.

The index increased when productivity increased, sug-

gesting that larger trees benefited most from years with

good growing conditions. The index decreased when pro-

ductivity decreased, suggesting that factors reducing pro-

ductivity also most negatively affected large trees. These

observations suggest that asymmetric competition was

more important when growing conditions were good and

symmetric competition when growing conditions were

poor. Site quality effects would have been manifest in our

analysis as differences between rich and poor sites in the

direction of trends in the size asymmetry of growth, or the

identity of significant predictors of its inter-annual

variability. However, we did not see any strong evidence

for such differences.

At present, the mechanism that would be invoked for

explaining a positive trend in the index of size-asymmetric

growth over time is an increase in the intensity of asym-

metric competition for light. However, at the time of

sampling, most of the study sites were beyond their peak

leaf area (Fig. 2), and we found no evidence that a change

point in the time series of the index of size-asymmetric

growth was associated with the timing of peak leaf area.

Logically, the intensity of asymmetric competition for light

should decline as leaf area declines, reducing the size

asymmetry of growth. We see two plausible alternative

hypotheses for this observation. (1) Crown shyness. Crown

shyness is the empty space that develops in taller stands

from crowns colliding with each other during high winds

(Putz et al. 1984). Crown shyness increases with height

growth in even-aged monoculture pine forests (Fish et al.

2006). Studies in lodgepole pine (Pinus contorta Dougl. ex

Loud.), a closely related species with similar stand devel-

opment that is capable of hybridizing with P. banksiana,

have shown that trees collide hundreds of times per hour in

moderate winds (Rudnicki et al. 2003), that preventing

these collisions increases leaf area (Meng et al. 2006), and

that trees do not compensate for leaf area lost to collisions

by maintaining longer crowns (Fish et al. 2006). We sug-

gest that the impact of collisions may be asymmetric:

smaller trees are disproportionately damaged when they

collide with large trees because the upper branches (which

are more important for intercepting light) of shorter trees

collide with lower branches (which are less important for

intercepting light) of the taller trees. After leaf area has

peaked, physical competition for growing space could be a

better explanation for continued increases in the size

asymmetry of growth with age than competition for light

(Newton 2006). (2) Disease load. The third hypothesis is

that a disease load accumulates in the roots and stems of

susceptible individuals over time. Previous studies have

shown the potential for root disease to impact jack pine

stand development (Mallett and Volney 1990). The prox-

imate cause of mortality or reductions in growth rate in

these susceptible individuals could be related to competi-

tion (they are likely shaded by or colliding with larger

individuals), but the ultimate cause would be a high disease

load that would reduce their growth even in the absence of

competition for light.

Although defoliation was not a significant predictor of

the index of size-asymmetric growth, some highly probable

([90%) change points in the time series of size-asymmetric

growth were associated with the occurrence of defoliation

(Fig. 2). The reason to expect a linkage between herbivory

and the size-asymmetry of growth is as follows. Early

instars of jack pine budworm feed primarily on pollen
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correlation function (CCF) between the two time series is signifi-

cantly different from zero (p \ 0.05)
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cones (McCullough 2000). Though most jack pines pro-

duce some pollen cones in most years (Nealis et al. 2003)

and total cone production is correlated with growing con-

ditions (Houle and Filion 1993), stress-induced crops of

pollen cones are sometimes common on small trees or trees

affected by root rot (Mallett and Volney 1990). If this was

the case, then we should have observed a disproportionate

impact on small trees and more size-asymmetric growth

during defoliation events. To our knowledge, the size

proportionality of pollen cone production in jack pine has

not been quantitatively studied.

In a previous study of these stands, we found that pro-

ductivity variation also influenced development of size

hierarchy (Metsaranta and Lieffers 2008). Previously, we

found greater inequality of tree growth rates, measured

using the Gini coefficient, when productivity declined. Our

current results indicate that growth became more size

symmetric when productivity decreased, a seemingly par-

adoxical result because it suggests that growth becomes

both closer to size proportional and more unequal when

growth rates decline. The two results would be consistent if

sizes were more unequal than growth rates, but we have

shown that this was not the case (Metsaranta and Lieffers

2008). The Gini coefficient of tree growth rates and our

index of size-asymmetric growth may or may not be

measuring the same thing. When examined together, there

are periods where they are changing in phase, and periods

where they are not. This is most clearly evident at the poor

site at Thompson (Fig. 4). In our previous study, the

inequality in growth rates was most often due to a large

number of trees with low growth rates, except during years

with low productivity, when it was due to a small number

of trees with high growth rates (Metsaranta and Lieffers

2008). If the few trees maintaining high growth rates were

small, then the inequality of growth rates might increase at

the same time that growth is becoming more size

symmetric.

We found that growth was mainly size asymmetric, but

also that periods of size-symmetric growth occurred at all

sites. Occasional periods of inverse size asymmetry

occurred at some sites, indicating that small trees some-

times regained some competitive status. Our observation of

the primacy of size-asymmetric growth contrasts with the

weakly expressed growth dominance of large trees noted

for P. contorta (Binkley et al. 2006). The relationship

between changes in productivity from one year to the next

and changes in the size-asymmetry of growth suggest that a

relationship exists between growing conditions and the

intensity of competition (e.g. Goldberg and Novoplansky

1997), though we could not determine its specific causes.

Our results have implications for the interpretation of

short-term studies of competition in tree populations

because they suggest that their results may be influenced by

growing conditions during the study. Our results also have

implications for the design of competition indices used in

forest growth and stand dynamics models (e.g. Stadt et al.

2007). The possibility of variation in the size asymmetry of

growth or competition is typically not accounted for by

these models (Larocque 2002; Nord-Larsen et al. 2006).

Our finding of a significant positive trend in the index of

size asymmetry of growth over time is surprising, as the

study stands were past their peak productivity and leaf

area, a time when the intensity of asymmetric competition

for light should be declining. However, in older stands,

crown abrasion or an increase in disease load with age may

be appropriate alternate hypotheses for explaining the

increase in the size asymmetry of growth over time. The

crown abrasion hypothesis suggests that competition

continues to be intense, but it is for safe growing space

rather than light. The disease hypothesis suggests that
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Lieffers (2008)
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competition may not be as important as other factors in

determining the population dynamics of this species. Our

data do not allow us to distinguish among these alternate

hypotheses.
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