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Introduction 
 
Due to the overwhelming magnitude of the mountain pine beetle (MPB) 
epidemic, management emphasis has shifted from efforts to control the 
epidemic to efforts to mitigate its impact on communities and the environment.  
The Allowable Annual Cut has been increased in most management units which 
may lead to a fall-down in timber supply in the medium to long term.  It is 
likely that significant areas of infested forest will never be salvaged due to the 
large area that is impacted.  Forest managers must now make decisions about 
which stands should be salvaged, which should be left to regenerate naturally, 
and which stands may require rehabilitation. 
The MPB outbreak is leaving residual stand structures consisting of scattered or 
clumped surviving lodgepole pine trees, interior spruce and subalpine fir of 
different sizes and ages, and patches of assorted hardwood species.  As many 
of the heavily hit stands will never be salvaged, the future dynamics of these 
stands and their ability to contribute to the timber supply is largely unknown.  
There is little or no data on how these complex, unmanaged stands will 
regenerate.  
Forest managers must make decisions about which stands should be left to 
regenerate naturally and assess the effect on future stand conditions.  To assist 
with these decisions and assessments, managers need a variety of modeling 
tools to predict the long-term consequences and to explore possible 
management responses to it. 
In this extension note, the first section investigates the effects of seedbed 
substrate favorability, long-distance versus local seed dispersal and canopy 
composition.  The first section generally illustrates that regeneration following 
MPB is very patchy, with very high regeneration densities in some plots but 
hardly any regeneration in most plots.  The factors that are shown to best 
explain this variation are the basal area and composition of the local overstory.   
In Section 2, the effect of overstory composition on all regeneration less than 
135cm tall is investigated.  Again it is illustrated that the regeneration is very 
patchy and that some of the variation is explained by the overstory basal area 
and species composition.  The large degree of patchiness in the regeneration 
gives rise to the third section which investigates the spatial pattern of 
regeneration within individual stands/blocks.  Given the large degree of 
regeneration patchiness and its dependence on local overstory composition, 
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modeling efforts for MPB affected stands must incorporate realistic spatial 
distribution of both overstory trees and natural regeneration.  Section 4 
outlines a developed approach and computer program that analyses spatial 
pattern and creates realistic spatial patterns for initializing individual tree 
growth models such as SORTIE-ND.  
 
Section 1.  Natural regeneration after MPB:  The effects of 
seedbed substrate favorability and long-distance versus local 
seed dispersal 
 
The abundance of natural regeneration at a given location is generally 
dependent on the proximity of a seed sources, seedbed favorability, and the 
overstory composition.  Here we present an analysis that investigates the 
relative effect of these three factors on the abundance of regeneration after 
MPB attack in lodgepole pine dominated stands. 
 
Analysis Approach 
 
We performed the analysis in a framework of multiple working hypotheses 
where each hypothesis is represented by a mathematical model.  To select the 
model/hypothesis that best approximates the data, model selection was 
performed with the Akaike Information Criterion corrected for small sample 
sizes (AICC) (Burnham and Anderson 1998).  AICC allows for comparison of 
non-nested models and penalizes models for increasing complexity.  Practically, 
our candidate models were fitted using likelihood methods (Edwards 1992) and 
the global optimization method “simulated annealing” (Goffe et al. 1994) in the 
statistical software R. 
 
Results 
 
The data is characterized by absence of regeneration in the majority of the 
plots combined with a small number of plots with large amounts of 
regeneration.  In other words, the regeneration is very patchy or clumped.  Out 
of the 246 plots, subalpine fir regeneration was present in 27 plots, interior 
spruce was present in 14 plots, and lodgepole pine was also present in 14 
plots.  210 plots had no sub-alpine fir, interior spruce, or lodgepole pine 
regeneration which illustrates that regeneration of the three species often were 
often found in the same plots.  All other species were present in less than 3 
plots and analysis for these species was not possible.  
 
Discussion 
 
This data and analysis mainly illustrates that regeneration following MPB 
regeneration is very patchy.  The reason for the patchiness is likely that 
regeneration abundance is the product of a many interacting processes.  
Contrary to many studies of regeneration success and abundance, we did not 
find that substrate composition was a good predictor of regeneration 
abundance.  The main reason for this result is likely that within the sampled 
MPB affected stands, there is only limited variation in the substrate types and 
the substrate in most plots is almost exclusively composed of conifer litter and 
canopy moss.  The lack of variation in substrate types can be attributed to the 
fact that these pine-dominated stands generally are natural stands established 
after large scale stand replacing disturbances with, except for the MPB, only 
minor recent small scale disturbance.  The MPB has disturbed the stand, but 
the attack is likely to have created much variation in substrate types (rotten 
wood, tip-up mounds etc.).  For subalpine fir, we found time since MPB attack 
to be the best predictor of regeneration abundance.  It is possible that time 
since attack is important for regeneration, as it can be hypothesized that more 
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resources (light and below ground) become available as the needles drop off 
the affected pine and the roots of the pine start to decompose.  On the other 
hand, the positive effect of time since attack on the subalpine fir regeneration 
can also easily be an artifact of the data.  The data only contain a small sample 
size of plots in older MPB attacks and the analysis is consequently very 
sensitive to the regeneration abundance in these plots. 
 
We found that the best predictor of lodgepole pine and interior spruce 
regeneration abundance was local basal area composition.  The effect of local 
basal area is likely a composite effect of several different processes.  The 
observed negative effect of increased basal area is most likely the effect of 
increased competition for light and below-ground resources.  The positive effect 
of increased basal area, e.g. subalpine fir, is more likely related to site quality, 
seed source availability and stand structural issues.  For the shade intolerant 
lodgepole pine, an increase in overstory basal area always has a negative effect 
on regeneration abundance.  We believe that this is due to the high sensitivity 
of lodgepole pine regeneration mortality rates to light availability.  For the more 
shade tolerant interior spruce, the effect of increased subalpine fir basal area is 
positive while the remaining species-specific effects are negative.  The sampled 
stands are lodgepole pine dominated stands.  Thus, an increased basal area of 
overstory subalpine fir can be taken as an indication of a more structurally 
diverse and likely later successional stand on a relative good site quality.  
 
Section 2.  The effect of canopy composition on the abundance 
of regeneration less than 135 cm 
 
Data 
 
This SBS dataset consist of data from five different sources.  For each plot, the 
data consist of a count of all regeneration less than 135cm, a measure of 
species-specific overstory (>7.5 cm dbh) basal area and a BEC site 
classification.  The dataset has a total sample size of 742 plots distributed 
throughout different subzones and site series in the SBS. 
 
Analysis Approach 
 
This analysis was performed with the same approach as in Section 1. 
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Figure 1.  The effect of overstory basal area on regeneration abundance in Model 3. Interior spruce 
(Sx), Lodgepole pine (Pl), Deciduous (DED), subalpine fir (Bl), other conifers (OTC). 
 
 
 Discussion 

 
As mentioned in Section 1, the effect of local basal area is likely a composite 
effect of several different processes.  The observed negative effect of increased 
basal area is most likely the effect of increased competition for light and below-
ground resources.  The positive effect of increased basal area, e.g. subalpine 
fir, is more likely related to site quality, seed source availability and stand 
structural issues.  As in Section 1, an increase in overstory basal area always 
has a negative effect on lodgepole pine regeneration abundance.  We believe 
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this is due to the shade tolerance ranking of lodgepole pine and the consequent 
high regeneration mortality rates in low light environments.  For the more 
shade tolerant interior spruce, the effect of increased subalpine fir and “other 
conifers” basal area is positive while the remaining species-specific effects are 
negative.  The sampled stands are lodgepole pine dominated stands.  Thus, an 
increased basal area of overstory subalpine fir can be taken as an indication of 
a more structurally diverse and likely later successional stand on a relative 
good site quality.  For subalpine fir, the effect of increased overstory basal area 
is generally positive.  Subalpine fir is a shade tolerant species and the 
regeneration mortality rates are not very sensitive to low light conditions.  
Thus, there is no compelling reason that subalpine fir should be negatively 
affected by increased overstory basal area.  On the other hand, an increased 
overstory basal area can be seen as an indication of increased structural 
diversity of a later successional stand on a better site type.  These are all traits 
that can be expected to increase the regeneration abundance of subalpine fir.  
In a later successional stand, there has simply been more time for the 
development of an abundant subalpine fir understory. 

 
Table 1.  Parameter estimates for Model 3.  Maximum likelihood estimate (MLE), lower support 

interval (Lower S.I.), higher support interval (Higher S.I.). 
 

Parameter Effect MLE Lower S.I. Upper S.I. 

Lodgepole pine 

A1 Standard recruits 1435.22 1076.415 2221.712 
B1 Subalpine fir BA 0.119185 0.076753 0.154655 
B2 Spruce BA 0.223451 0.131836 0.283783 
B3 Live Pine BA 0.039225 0.024712 0.047462 
B4 MPBBA 0.226274 -0.01491 0.362039 
B5 OtBA 0.07554 -0.0876 0.150603 

K 
Clumping 
parameter 0.044502 0.038272 0.052512 

Interior spruce 

A1 Standard recruits 379.1165 295.7109 542.1366 
B1 Subalpine fir BA -0.01193 -0.05023 0.012365 
B2 Spruce BA 0.110662 0.052912 0.163897 
B3 Live Pine BA 0.011198 0.001517 0.018765 
B4 MPBBA 0.058072 -0.12261 0.133717 
B5 OtBA -0.11763 -0.22963 -0.04483 

K 
Clumping 
parameter 0.063716 0.05607 0.074548 

Subalpine fir  

A1 Standard recruits 133.0663 89.15443 222.2207 
B1 Subalpine fir BA -0.05991 -0.13221 -0.02511 
B2 Spruce BA 0.11391 0.020149 0.17498 
B3 Live Pine BA -0.03168 -0.04778 -0.01988 
B4 MPBBA -0.09 -0.3298 0.060704 
B5 OtBA -0.1023 -0.3673 0.010501 

K 
Clumping 
parameter 0.026997 0.022407 0.031856 
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 Section 3.  Spatial autocorrelation of regeneration within MPB 

affected stands 
 
Section 1 and Section 2 illustrated that the regeneration in MPB affected stands 
are very patchy and that the best predictor variables for regeneration 
abundance appear to be local species-specific basal area.  From a management 
perspective, it is very important to understand at which scale this patchiness 
occurs.  For management purposes, it would be ideal if the scale of the 
patchiness corresponds with the stand scales.  In other words, it would be ideal 
if the regeneration were evenly distributed within a given stands rather than 
patchy at a much smaller scale.  
 
This section investigates the spatial autocorrelation of the regeneration plots 
within the SBS.  The basic question that we ask is if plots that are close 
together are more similar than plots that are far apart.  
 
Analysis Approach 
 
To investigate the spatial autocorrelation we utilized Moran’s I.  Moran’s I 
generally returns a single value between -1 and 1 for each distance category.  
A value of 0 indicates that there is no spatial autocorrelation; a negative value 
indicates negative spatial autocorrelation, while a positive value indicates 
positive spatial autocorrelation.  Moran’s I values outside the -1 to 1 range can 
occasionally be obtained when the number of observations in a distance class is 
small or when data is skewed.  
 
We calculated Moran’s I and a distance interval of 100m up to a maximum 
distance of 1100 meters.  Thus, our analysis focuses on the spatial 
autocorrelation within the individual blocks.  
 
Results 
 
For subalpine fir, Moran’s I is positive for all investigated distances but 
especially for distances less than 500 meters (Figure 2).  The positive values 
indicate positive spatial autocorrelation which in other words indicates that 
plots that are close together are more similar than plots that are far apart.  For 
lodgepole pine (Figure 3) and interior spruce (Figure 4) most values of Moran’s 
I are very close to zero.  Both species have a couple of extreme values, but 
they do not show a trend and are likely random fluctuations.  Thus, the 
analysis generally illustrates a lack of spatial autocorrelation for lodgepole pine 
and interior spruce.  
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Figure 2.  Moran’s I calculated for 100 
meter intervals calculated for subalpine fir 
regeneration less than 135cm.  

Figure 3.  Moran’s I calculated for 100 
meter intervals calculated for lodgepole 
pine regeneration less than 135cm. 

Figure 4.  Moran’s I calculated for 100 
meter intervals calculated for subalpine fir 
regeneration less than 135cm. 
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 The results illustrate that subalpine fir regeneration generally shows much 

more positive spatial autocorrelation than interior spruce and lodgepole pine 
regeneration.  This indicates that, within a stand (1100m), the subalpine fir 
regeneration is much more consistent (in absence or presence) than the two 
other species.  For subalpine fir, the results generally indicate that the 
regeneration is patchy but at a scale that is more comparable to the stand 
scale.  Thus, a given plot is a relatively good predictor of the presence of 
regeneration in the closely surrounding stand.  On the other hand, the lack of 
autocorrelation in the interior spruce and lodgepole pine data illustrates that 
the regeneration is patchy at a much finer scale than the stand and that a 
given plot tells us very little about the regeneration in the rest of the stand. 
 
Discussion 
 
It is generally accepted that it is not possible to fully deduce process from a 
spatial pattern but on the other hand the current spatial pattern is the result of 
past processes.  Our results illustrate a lack of spatial autocorrelation for 
interior spruce and lodgepole pine but strong spatial autocorrelation for 
subalpine fir.  This could potentially indicate that the key processes that 
determine regeneration abundance for the three species differ.  In this way, it 
can be hypothesized that the processes that determine subalpine fir 
regeneration abundance act at a larger scale that the processes that determine 
lodgepole pine and interior spruce regeneration.  This difference in spatial 
pattern generally matches the results from Section 1 and Section 2 well.  In 
Section 1 and Section 2, we observed that local basal area were the best 
predictors for regeneration abundance for all three species.  On the other hand, 
the developed models were much better for interior spruce and lodgepole pine 
than for subalpine fir.  Subalpine fir is the most shade tolerant of the three 
investigated species.  It is also the species that generally has the shortest seed 
dispersal.  Thus, it can be hypothesized that the different spatial pattern is due 
to two main processes:  (1) due to the high level of shade tolerance and 
resulting low mortality rates in shade conditions, subalpine fir regeneration 
abundance is less sensitive to small scale variations in the overstory 
composition and (2) due to the relative short seed dispersal stand level 
regeneration will be relatively dependent on the presence of a local seed 
source. 
 
From a management perspective, it is important to consider the spatial pattern 
both in terms of future stand dynamics of MPB stands, current silvicultural 
prescriptions and current survey methods.  The spatial distribution of 
regeneration within a stand has very large implications for future stand 
structures and growth and yield.  Generally, evenly distributed regeneration will 
result in higher timber yields and simpler silvicultural prescriptions.  From a 
survey point of view, regeneration that exhibits a large degree of fine scale 
patchy distribution (large variation) necessitates a high sampling intensity to 
obtain reasonable estimates of regeneration abundance.  Finally, it is important 
to acknowledge that the regeneration is patchy at a smaller scale than the 
stand (especially for lodgepole pine and interior spruce) which indicates that 
use of stand level means is a poor representation of actual stand conditions.  
For modeling of stand dynamics and growth this stresses the importance of 
incorporating the spatial distribution into the predictions and that utilized 
modeling tools should represent these spatial patterns.  
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Section 4  Manual for Spatial Pattern Analysis (SPA) Program 
 
Overview 
 
SPA analyzes the spatial pattern in a set of tree maps, and then uses a simple 
algorithm to iteratively generate a hypothetical stand of a given (rectangular) 
size that contains spatial patterns among species and size classes that is similar 
to the pattern in the input maps.  The resulting map can then be saved in a 
format suitable for loading as initial conditions for SORTIE-ND. 
 
The approach in SPA is to use a brute-force iterative method based on nearest 
neighbor relationships to generate a map that has three properties: 

1. the same relative abundance of trees, by species and size class as the 
average of the input maps, 

2. the same general overall spatial properties in the locations of tree 
stems (regardless of species and size) as the input maps, and 

3. the same pattern of nearest neighbor relationships between species 
and size classes. 

 
Description of the Iterative Algorithm for Generating a Map 
 
The empty space function for all species and sizes selected in Step 5 is used to 
generate a set of X,Y coordinates for stems in the generated map, given the 
average total density of the stems (across all species and sizes and sites).  
Those X,Y locations are then fixed, and do not change during the iterative 
process.  What changes is the species and size of the stem at a given location.  
The goal of the iterative process is to find a distribution of species and sizes at 
those locations that has a set of nearest neighbour probabilities that is as 
similar as possible to the selected population.  The nearest neighbour 
probabilities (not distances) are stored in an input nearest neighbour matrix 
(IM) whose rows consist of the n * m combinations of n species and m analysis 
size classes.  Each column then contains the relative proportion of the stems in 
that row that have a tree of the group in that column as their nearest 
neighbour.  Thus, the elements of the “input nearest neighbour matrix” are the 
probabilities that a tree of a given species and size will have a nearest 
neighbour of a given species and size. 
 
The locations of stems in the initial map is generated using the empty space 
function, and then species and sizes are assigned to those locations based on 
the species’ relative abundances and size distribution in the selected 
population.  The sequence for each iteration is to then: 
 

1. calculate a “current nearest neighbour matrix” (CM) for the current 
version of the generated map (i.e. the proportion of trees of a given 
species and size in this version of the map that have a nearest 
neighbour of the current species and size). 

2. for each tree in the generated map, determine its corresponding cell in 
the matrix (i.e. the group of the tree and its nearest neighbour), and 
see how close that cell is to the desired probability in the IM (i.e. 
absolute value of difference between IMij and CMij for cell i,j of the 
matrix). 

3. if the difference is greater than a “cutoff” probability, do a random draw 
from the nearest neighbour matrix to determine what species and size 
to set as the nearest neighbour, and then randomly select a tree of that 
desired species and size from somewhere else in the map (given that 
the newly selected tree also has a nearest neighbour with a probability 
greater than the cutoff).   

4. then “swap” the current species and size of the nearest neighbour with 
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the species and size of the newly selected tree.  If there are no trees 
that meet these criteria (because all trees of the desired species and 
size are already next to reasonable nearest neighbours), no swapping 
will be done for that tree. 

 
Once the procedure has checked all of the trees in the map, and swapped 
where necessary, CM is recalculated, and a measure of the overall difference 
between CM and IM is calculated by summing the absolute value of difference 
between IMij and CMij for all trees (i.e. summing the differences, weighted by 
the number of trees in each cell).  This sum is a measure of the deviation of the 
pattern in the generated map from the pattern in the input population.  If the 
deviation is lower than the previous best map, the current map is stored as the 
best map. 
 
The “cutoff” probability can be fixed (held constant), but after a series of trials, 
it appears to be faster to implement a variable cutoff, somewhat analogous to 
the temperature schedule used in simulated annealing.  Specifically, I 
recommend starting the process with a relatively high cutoff (~ 0.2) (analogous 
to temperature in an annealing process).  The high cutoff will force the process 
to try to fix the most egregious discrepancies between the input and generated 
map first.  After a specified number of iterations, the cutoff should be dropped 
slightly.  The default settings are to drop the cutoff to 95% of the previous 
cutoff after each 20 iterations.   As cutoff drops, the iteration will be swapping 
more and more trees, since more and more trees will be in categories where 
the difference between IM and CM is greater than the cutoff.  Thus, most of the 
improvement in the map will happen early on in the iterative process, and it 
will be arbitrary to decide when to stop the process. 
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