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Introduction 

The discipline of silviculture is evolving rapidly, moving from an agricultural model that 
emphasized simple stand structures toward a natural disturbance- or ecosystem-based model 
where stands are managed for multiple species and complex structures. In British Columbia, few 
logged areas are now harvested with the traditional clear cutting system where all mature trees 
are removed. Retention of 10-20% of mature trees in different spatial patterns is common while 
other partial cutting systems are increasing in abundance. Variable retention and all-aged 
management require consideration of an almost infinite variety of spatial configurations of the 
level of removal of different species and tree sizes within a stand, and an almost infinite variety 
of permutations of residual stand conditions. Forest managers face a complex set of trade-offs in 
the maintenance of ecological and aesthetic goals, while providing economically viable yields.  

We have undertaken a research program to quantify growth of individual trees as a 
function of their competitive neighbourhood in complex structured mixed-species stands. Here, 
we briefly describe our approach and then provide a set of model simulations that vary harvest 
intensity (% removal) and spatial pattern of removal (uniform or gap cutting).  

Forest scientists have used a wide range of methods to predict the growth of trees in 
managed stands. Regression models to predict tree growth as a function of distance-independent 
or distance-dependent measures of neighbourhood competition have been the most common 
approach. In relatively uniform even-aged stands, simple distance-independent indices are 
generally sufficient to predict the effects of competition.  In stands with more complex structure, 
distance-dependent approaches are able to incorporate spatially-explicit variation in the strength 
of competitive interactions within stands. Spatially-explicit approaches should reflect a more 
mechanistic link between the abundance, size and spatial distribution of neighbouring trees and 
the strength of both aboveground and belowground competition on growth of a target tree.  

We have developed an extension of traditional distance-dependent, spatial competition 
models that allows independent estimates of (1) the potential maximum tree growth for a given 
set of climatic and edaphic conditions, as a function of tree species and size, and (2) the 
magnitude of the competitive effects of neighbouring trees on target tree growth as a function of 
the species, size, and distance to neighbouring trees.  

 
Crowding and Shading Neighbourhood Competition Model 

We found a model that included terms for (1) effects of tree size, (2) crowding, (3) 
shading, and (4) the competitive effects of each tree species was best for predicted growth of 
sub-boreal tree species. Below, we briefly describe how we predict growth of a target tree. For i 
= 1...s species and j = 1...n neighbours of species s within a maximum radius (R) of the target 



tree, a Neighbourhood Competition Index (NCI) specifying the net competitive effect of the 
neighbours on the target tree is given by: 
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α and β determine the shape of the effect of DBH and the distance to the neighbour, respectively, 
on NCI. The net effect of an individual neighbour is multiplied by a species-specific competition 
index (λs) that ranges from 0 –1 and allows for differences among species in their competitive 
effect on target tree growth. 

Potential radial growth (PotRG) is assumed to vary with the DBH of the target tree. We 
use a lognormal function for the shape of this effect, because it is flexible, and supported by both 
empirical evidence and theory:   
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where MaxRG is the maximum potential radial growth (mm/yr) (i.e. at the peak of the lognormal 
shape), X0 is the DBH (of the target tree) at which MaxRG occurs, and Xb determines the breadth 
of the function.   

Finally, potential growth, crowding and shading are combined to calculate expected 
radial growth (RG) of the target tree: 

  Shading)* (S - NCI) * (C - (mm/yr)PotRG  (mm/yr) RG = 
where C and S parameters were estimated by the analysis. The analysis requires estimating 11 
parameter values to predict tree growth in complex structured sub-boreal forests (Table 1). Our 
analysis produced unbiased estimates of radial growth, with a 1:1 relationship between predicted 
and observed, and symmetrically distributed residuals. The percent of variance explained ranged 
from 61% to 79% for three major conifer species of the sub-boreal spruce zone (Table 1). 

Table 1. Maximum likelihood parameter estimates and 95% support intervals (in parentheses) for 
the Crowding and Shading Neighbourhood Competition Model for three sub-boreal tree species. 

Parameter

r2 0.69 0.61 0.79
n 157 249 136

MaxRG (mm/yr) 2.70 (2.62 - 2.81) 4.57 (4.48 - 4.71) 4.10 (3.94 - 4.18)
Crowding 3.18 (2.93 - 3.43) 1.41 (1.31 - 1.45) 5.31 (5.04 - 5.63)
Shading 2.00 (1.80 - 2.22) 1.20 (0.88 - 1.43) 3.20 (2.72 - 3.75)
Radius 1.00 (0.94 - 1.00) 0.94 (0.92 - 0.95) 0.54 (0.53 - 0.55)
alpha 2.92 (2.86 - 2.98) 1.47 (1.44 - 1.52) 1.66 (1.63 - 1.70)
beta 0.40 (0.36 - 0.44) 0.27 (0.25 - 0.30) 0.35 (0.31 - 0.38)
X o  (DBH) 6.52 (5.35 - 8.74) 16.87 (16.02 - 19.40) 10.47 (9.74 - 11.21)
X b 2.84 (2.47 - 3.55) 1.42 (1.31 - 1.63) 1.28 (1.18 - 1.36)
Competition Indices
    Subalpine Fir 1.00 (0.75 - 1.00) 0.41 (0.32 - 0.45) 1.00 (0.93 - 1.00)
    Interior Spruce 0.14 (0.03 - 0.24) 0.48 (0.43 - 0.51) 0.51 (0.45 - 0.60)
    Lodgepole Pine 0.41 (0.27 - 0.59) 0.29 (0.24 - 0.33) 0.36 (0.33 - 0.39)

Subalpine fir Interior Spruce Lodgepole Pine
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We have incorporated results from our crowding and shading neighbourhood analysis of 
tree growth into the SORTIE/BC forest dynamics model. SORTIE/BC is a light-mediated, 
spatially explicit, mixed-species forest model that makes population dynamic forecasts for 
juvenile and adult trees. Here, we use the model to explore the implications of harvest intensity 
and spatial pattern of partial cutting on the growth of residual overstory and understory trees in 
sub-boreal forests of north central British Columbia 

 
SORTIE/BC Model Simulations  

Starting conditions for the SORTIE/BC model simulations were three stands with varying 
overstory composition (pure interior spruce, subalpine fir or lodgepole pine) and constant 
understory conditions. Each overstory had 765 stems/ha distributed evenly between 20 and 30 
cm diameter at breast height (DBH). Understories in each simulated stand had 1-6 m tall interior 
spruce (1400 stems/ha) and subalpine fir (600 stems/ha).  

Varying Harvest Intensity and Spatial Pattern of Logging 

We simulated different harvest intensities and spatial patterns of canopy tree removal in 
each of three stands over a period of 50-yrs. Logging occurred in the first year of the simulations. 
To simplify model simulations and interpretation of results we made two assumptions: (1) no 
damage to understory trees and (2) no ingress of natural regeneration. Model simulations were 
designed to predict tree growth as a function of the different competitive neighbourhoods created 
by varying harvest intensity and the spatial pattern of tree removal.   

Model simulations involved varying intensities of harvest by either gap cuts or uniform 
removal. The long axis of each gap opening was north-south to maximize light levels within each 
opening in these high latitude forests. Gap openings were equally spaced in each simulated stand. 
Uniform harvest removed individual trees throughout the stand resulting in a thinned stand with 
continuous but reduced cover. The silvicultural prescriptions for 4 ha simulated stands were: 

1. 30% removal: (a) uniform and (b) in three 0.4 ha gaps 
2. 60% removal: (a) uniform and (b) in six 0.4 ha gaps  
3. uniform removal: 0, 20, 40, 60, and 80% 
4. 50% removal by varying gap size: 0.05 ha (37 gaps), 0.1 (19), 0.2 (10), 0.3 (7), 

0.4 (5), 0.5 (4) and 2.0 ha (1 gap). 
 

Overstory Responses to Intensity and Pattern of Logging 
There were clear differences in overstory responses among the three major sub-boreal 

tree species. Interior spruce and subalpine fir canopy trees responded to both the level and the 
spatial pattern of removal. Lodgepole pine was less responsive to the spatial patterns tested but 
did show increased growth responses at higher removal levels (Table 2 and Fig. 1).  

In the 30% and 60% removal cuts overstory spruce and subalpine fir basal area was much 
higher in uniform than gap cuts after 50-yrs (Table 2).  For example, overstory spruce basal 
increased by 9% in the 30% uniform cut and by 21% in the 60% uniform cut treatments 
compared to the gap cut treatments where retained overstory trees were not thinned. Basal area 
of subalpine fir increased 8 and 16%, respectively in 30 and 60% uniform cuts. Similar responses 
by spruce and subalpine fir can also be seen in the varying intensity uniform removal cuts (0 to 
80% in 20% jumps) where mean growth of individual overstory trees steadily increased at 
increasing levels of removal (Fig. 1a). Spruce and subalpine fir overstory trees also responded to 
edge environments - in the prescription that held removal constant (50%) but varied number and 
size of gaps, the mean growth of individual trees of both species was greatest where edge 



environments were maximized (0.05 ha gaps) (Fig. 1b). As edge environment decreased 
(increasing gap sizes), mean growth of individual trees decreased (Fig. 1b).   

In contrast, lodgepole pine overstory trees responded only to intensity of cut, and only 
once cut levels were high (60-80%) (Table 2, Fig. 1a). We examined a limited set of removal 
intensities and spatial pattern of removal. Across these, overstory lodgepole pine was clearly less 
responsive than spruce or subalpine fir.      

Table 2. Growth of overstory and understory trees as a function of overstory composition, level 
of cut (30 and 60% removal) and spatial pattern of cutting (uniform and gaps). 

30% Removal Level
Bl Sx

Treatment Harvest Basal Area stems/ha Basal Area stems/ha Basal Area stems/ha Basal Area

Starting Condition 35.0 765 0.3 600 1.0 1400 36.3
No Harvest 30.3 437 2.0 301 6.6 576 39.0
Partial 30% 9.6 24.2 315 3.1 347 10.1 764 46.9
Gap 30% (0.4ha) 9.8 22.2 318 3.7 331 11.1 701 46.7

Starting Condition 35.0 765 0.3 600 1.0 1400 36.3
No Harvest 24.3 533 1.7 283 6.3 455 32.3
Partial 30% 11.7 16.9 372 3.1 355 12.2 755 43.9
Gap 30% (0.4ha) 11.2 17.3 380 3.4 327 11.5 635 43.4

Starting Condition 35.0 765 0.3 600 1.0 1400 36.3
No Harvest 26.4 456 1.8 293 7.2 549 35.4
Partial 30% 10.8 20.8 321 2.7 339 11.1 747 45.4
Gap 30% (0.4ha) 10.5 19.2 326 3.6 339 11.4 669 44.8

60% Removal Level

Treatment Harvest Basal Area stems/ha Basal Area stems/ha Basal Area stems/ha Basal Area

Starting Condition 35.0 765 0.3 600 1.0 1400 36.3
No Harvest 30.3 437 2.0 301 6.6 576 39.0
Partial 60% 20.0 15.5 178 4.7 360 13.5 801 53.7
Gap 60% (0.4ha) 20.6 12.9 177 5.5 355 15.4 803 54.4

Starting Condition 35.0 765 0.3 600 1.0 1400 36.3
No Harvest 24.3 533 1.7 283 6.3 455 32.3
Partial 60% 21.8 9.9 213 4.5 353 16.3 827 52.5
Gap 60% (0.4ha) 21.4 9.8 216 5.3 360 16.5 807 53.1

Starting Condition 35.0 765 0.3 600 1.0 1400 36.3
No Harvest 26.4 456 1.8 293 7.2 549 35.4
Partial 60% 21.0 13.1 179 4.4 366 15.3 832 53.8
Gap 60% (0.4ha) 21.8 11.3 176 5.2 358 15.8 786 54.1

Understory Stand Total 
Production

Understory Stand Total 
ProductionSubalpine Fir Interior Spruce

Spruce

Lodgepole Pine

Subalpine Fir

Overstory

Lodgepole Pine

Subalpine Fir

Spruce

Overstory
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Figure 1.  The effect of (a) intensity of uniform cuts and (b) spatial pattern of gap cuts on mean 

growth of individual overstory trees (basal area per tree after 50 years). 
 
Understory Responses to Intensity and Pattern of Logging  

Interior spruce and subalpine fir are both common understory species in sub-boreal 
forests and as expected both responded strongly to the intensity and the pattern of overstory 
removal. Increasing the cut level from 30 to 60%, by either uniform or gap cutting, dramatically 
increased individual species’ understory basal area (69% to 180%). The spatial pattern of 
removal strongly influenced understory spruce and subalpine fir growth.  Understory subalpine 
fir growth was always higher in gap cuts than the uniform cuts regardless of cut intensity (30 and 
60%) or species of overstory canopy (Table 2). Results were similar for spruce except in the 30% 
removal cut under lodgepole pine. Here, spruce growth was greater under the uniform removal. 
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This result suggests a trade-off between growth and survival for this intermediate in shade 
tolerance species at low removal levels. Another contributing factor may be the higher light 
transmission expected through individual pine crowns (13.5%) than through spruce (11.4%) or 
subalpine fir (9.2%) crowns. This possible effect would be greatest at low removal levels. 
Another interesting result was the apparent strong intraspecific competition between overstory 
and understory interior spruce trees. In both the 30 and 60% uniform and gap cuts understory 
spruce growth was lower under a spruce canopy than under either a subalpine fir or pine canopy 
(Table 2). 
 
Stand Level Responses to Intensity and Pattern of Logging 

Our simulations of natural stand development (no harvest) and different intensities and 
patterns of tree removal indicated major gains in stand level growth can be achieved through 
active management. Careful attention should be paid to the level of cut, and depending on 
species composition, the spatial pattern of the cutting. Total production (harvested amount plus 
overstory and understory performance) after 50-yrs was much greater in 60% (52.5 to 54.4 
m2/ha) than in 30% (43.4 to 46.9 m2/ha) removal cuts regardless of spatial pattern of cutting 
(Table 2). There was very little difference in yield between uniform and gap cuts at the same 
removal level. This suggests that where the growth of the overstory was reduced in comparison 
to other treatments, the growth of the understory improved. A more careful analysis including a 
greater number of removal levels could separate these growth gains into overstory and 
understory components and, likely, identify variation by spatial pattern.  
 
Conclusions 

Our neighbourhood growth analysis study has provided parameter estimates that have 
allowed us to explore the implications of varying intensities and patterns of logging on tree and 
stand growth in sub-boreal forests. These results can help guide the design of silvicultural 
strategies in structurally complex and diverse stands. Managing for specific levels of cut or 
spatial configurations can optimize yield. Careful attention may need to be paid to competitive 
neighbourhoods in order to optimize yield.   

The SORTIE/BC model can be very useful to explore and explain the silvicultural 
implications of complex silvicultural prescriptions for which there are no existing long-term 
experiments. We believe managed forest stands will become increasingly complex in terms of 
structure and tree species, and that linking empirical studies to models is the best approach for 
answering the many questions foresters have regarding stand level silvicultural strategies. Our 
reliance on predictive models will increase as we try to understand the implications of new 
silvicultural strategies that include continuous retention of canopy trees and management of 
multiple tree species with different life history characteristics. 
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