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Popular Summary

A hybrid modelling approach to 
estimating establishment and growth 
of advanced regeneration following 
mountain pine beetle attack
Derek F. Sattler1, Valerie LeMay2, and Peter Marshall3

Presentation Abstract
A hybrid model that links modules of sortie-nd and Prognosisbc is described. The impetus to develop 
this model has come in response to the need for a dynamic management tool that can provide reasonably 
accurate estimates of growth for stands that have been attacked by mountain pine beetle (mpb), but will 
go unsalvaged. The rapid change in stand structure following disturbance events such as mpb infestation 
challenges our ability to use traditional growth and yield models. Generally, these models rely heavily on 
historical field measurements to establish empirically based relationships describing diameter distributions 
and tree growth. Models of this type run into problems when a limited amount of historical data is 
available, and rapidly changing and variable conditions within the stand make it difficult to establish 
empirical relationships that provide acceptable levels of prediction accuracy.

Linking modules of sortie-nd with Prognosisbc brings together empirical and process-based 
methods. The hybrid (linked) model operates on two main assumptions: (1) the relationships related 
to adult tree growth described using empirical means remain relatively intact following disturbance; 
and (2) seedling establishment and growth are best described through a process-based approach. 
The model is evaluated by comparing projections of stand density, diameter distribution, and species 
composition against actual measurements from stands that were attacked by mpb roughly 25 years ago. 
Overall, prediction accuracy for the hybrid model was better than simulations run using sortie-nd and 
Prognosisbc independently. Improved model accuracy is discussed with specific reference to changes in 
the crown architecture in sortie-nd.
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Introduction

In the wake of the current mountain pine beetle 
(Dendroctonus ponderosae Hopkins; mpb) outbreak, 
harvesting operations have been firmly focussed 

on the recovery of timber from beetle-affected stands 
(Hawkes et al. 2004). However, because of limits in 
the shelf-life and the industrial capacity to process 
recovered logs, a large proportion of mpb-affected 
stands will go unsalvaged (Nelson et al. 2006). It is from 
these unsalvaged stands that we expect to obtain much 
of the province’s mid- and long-term timber supply 
(Coates and Hall 2005). Traditionally, we have relied on 
empirically based growth and yield models to provide 
estimates of future timber volume (Makela 2003). In the 
face of rapidly changing forest conditions such as we are 
seeing with the current mpb outbreak, the reliability of 
empirically based estimates can become compromised 
as observed conditions no longer match historical 
data. Thus, the relatively rapid pace of change in forest 
structure following mpb attack has placed considerable 
importance on the need to develop dynamic quantitative 
growth and yield models, commonly referred to 
as hybrid models. Within a hybrid model system, 
estimates of future tree growth and stand conditions are 
obtained through a feedback system between empirical 
predictions and process-based predictions, the latter of 
which model the basic building blocks related to tree 
growth (Makela 2003; Robinson and Ek 2003). 

Here, we present a dynamic method for estimating 
the growth and yield of stands that have been attacked 
by mpb yet have remained unsalvaged and unmanaged. 
Our focus was on the integration of two models, the 
empirical Prognosisbc model, and the light-mediated, 
process-based sortie-nd model. The specific objective 
was to test whether accurate predictions of future forest 
growth following mpb attack could be achieved using 
the recruitment sub-model of sortie-nd as a means to 
dynamically populate Prognosisbc with trees less than 
7.5 cm in diameter at breast height (dbh).

Management implications directly associated with 
this project are manifold. To begin with, a hybrid model 
that combines the strengths of the process-based and 
empirical  functions of sortie-nd and Prognosisbc 
would be a very useful tool for the projection of mid- to 
long-term yields. Secondly, the structure of the hybrid 
model allows forest managers to explore different 
scenarios for the regeneration of mpb-affected stands. 
This sort of exploration would be extremely useful in 

identifying stands that are suitable for underplanting, as 
described by Coates and Hall (2005). Lastly, the hybrid 
model could be used to obtain estimates of the expected 
volume of stands currently guarded from current salvage 
operations to protect an understorey that is likely to 
reach merchantable limits in 30–50 years. 

Methodology Overview

Data for Analysis

The research conducted for this project focussed on 
mpb-attacked stands in the central interior (Quesnel/
Williams Lake) region of British Columbia. Stands 
selected for sampling included pine-dominated stands 
that showed clear evidence of historic mpb attack. In 
the majority of the sampled area, the most recent severe 
attacks occurred 25 years ago. Stand structure at the 
time of attack (referred to as “Time 1”) was estimated 
through the tree reconstruction methods described in 
LeMay et al. 2006. The reconstructed trees were used 
to populate sortie-nd and Prognosisbc, while the 
measurements from 2006 (referred to as “Time 3”) were 
used to calculate bias and root mean square error of 
the final model predictions. We intentionally reserved 
the use of “Time 2” here, as it is later used to denote a 
specific point in time between “Time 1” and “Time 3.” 

Adjustments to the Parameters and  
Sub-models of sortie-nd

Parameters for the allometry and substrate behaviours 
in sortie-nd were estimated using the data collected 
from the Williams Lake area. All remaining parameters 
for sortie-nd behaviours were obtained from published 
literature, personal communication, and the Bulkley 
Valley Research Centre (Astrup et al. 2007). Initial 
tests of the sortie-nd crown allometry equations 
were conducted to determine whether predictions 
fell within the upper and lower bounds of acceptable 
error. Based on these results, and the knowledge 
gained from historical data and previous literature 
(e.g., Staudhammer and LeMay 2000; Temesgen et al. 
2005), we proposed alternative equations to estimate 
crown height and crown width. The new equations were 
developed to: 

1. improve the functional form of the model;
2. ensure logical consistency in the estimates; and 
3. include indices of plant competition as predictors of 

crown length and crown radius. 
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Linking sortie-nd and Prognosisbc

To test the hypothesis that a linkage between sortie-
nd’s recruitment sub-model and Prognosisbc’s 
growth models would provide the “best” estimates of 
growth and yield over a 25-year period, a transfer of 
regeneration tree-list data between the models was 
evaluated at three different time periods (5, 10, and 
15 years following mpb attack). The model flow of the 
stand-level simulations can be segmented into four 
main steps: 

1. tree lists representing the overstorey (o/s) and 
understorey (u/s) stand structure shortly after mpb 
attack (Time 1) are inputted to sortie-nd and 
Prognosisbc;

2. tree lists are then projected to Time 2 using each 
model;

3. at Time 2, the understorey trees produced via 
recruitment in sortie-nd are added to the projected 
tree list from Prognosisbc; and

4. the augmented tree lists are then projected to Time 3 
using Prognosisbc, assuming no further disturbance 
nor recruitment.

Model outputs following stage 4 were compared to 
actual data and assessed for their accuracy in terms of 
density, measured through stems per hectare and basal 
area per hectare.

Overview of Results and Discussion

Crown Allometry in sortie-nd

In fitting crown length and crown radius using 
weighted three-stage least square regression methods, 
we were able to take advantage of the inherently strong 
relationship that exists between these two crown axes 
and improve the prediction accuracy for a range of 
stand densities. Prediction accuracy for each species 
is presented in Table 1. For all species, the regression 
models tended to overestimate crown length and crown 
radius. In addition to using crown length and crown 

radius as dependent regressors, individual tree-level 
variables selected for model inclusion were diameter at 
breast height, total tree height, and basal area of trees 
taller than the target tree. Stand-level variables included 
in the models were stems per hectare and basal area per 
hectare. When compared to predictions derived using 
non-linear least squares regression, modelling crown 
length and crown radius as a system improved crown 
dimension estimates for all four species tested: 

•	 pine	(Pinus contorta Dougl. ex Loud. var. latifolia), 
•	 Engelmann	spruce	(Picea engelmannii × glauca 

[Moench] Voss), 
•	 Douglas-fir	(Pseudotsuga menziesii var. glauca 

[Beissn.] Franco), and
•	 aspen	(Populus tremuloides Michx.). 

To examine the variability explained through the 
use of stand-level measures of density within the new 
equations, partial model R2 values were calculated. 
Notable partial R2 values were observed for estimates of 
crown radius for pine (partial R2 = 0.12), spruce (partial 
R2 = 0.1) and the crown length of aspen (partial R2 = 
0.4). These results supported the inclusion of the stand-
level measures of density when predicting crown length 
and crown radius.

Within sortie-nd, use of the newly developed 
crown equations resulted in slightly lower Global Light 
Index (gli – the percentage of full sunlight received at 
a point) values within the seedling stratum (measured 
in sortie-nd using Quadrat gli behaviour) 10 years 
after the start of the simulation. Using the new crown 
equations, mean gli values for the tested stand were 
22.05; using the standard sortie-nd crown allometry 
equations, the mean gli value was 18.02. 

Twenty-five Year Simulation Using Linked 
Model Approach

The transfer of advanced regeneration below 7.5 cm 
dbh from sortie-nd to Prognosisbc 15 years after the 
initiation of stand simulations (“Time 1”) provided the 
best results for estimated stems per hectare and basal 
area per hectare among the three time periods tested. 
The results also provided improved estimates when 
compared to simulations run using sortie-nd and 
Prognosisbc independently. Of the eight stands tested, 
estimates of stems per hectare for trees less than 5 cm 
dbh were far less accurate than the densities estimated 
for trees in larger diameter classes. Regardless of when 
the transfer of advanced regeneration took place, the 

table 1. Root means square error values (metres) for 
crown length and crown radius using weighted three-
stage least squares regression.

Dependent variable Spruce Pine Douglas-fir Aspen

Crown length 1.0656 1.0177 1.1361 1.1403
Crown radius 0.1584 0.1548 0.2613 0.1437
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hybrid model approach tended to largely underestimate 
the amount of advanced regeneration observed on the 
sample sites. Estimates of stems per hectare and basal 
area per hectare for trees in larger-diameter classes 
showed greater congruency with observed densities. 
Figure 1 shows results from one of the sampled stands. 

Although estimates of stems per hectare and basal 
area per hectare may be within acceptable limits 
for larger trees, parameterization of all sortie-nd 
behaviours to the study area is likely required before 
improved estimates of trees below 5 cm dbh are 
observed. If the hybrid modelling approach results 
in acceptable accuracy in estimation for all tree sizes, 
steps could then be taken to implement the model 
in other mpb-affected stands outside the study area, 
and to investigate the use of this hybrid modelling 
approach for other disturbance types. 
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