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Abstract 
 
Original experimental and field data on western spruce budworm in British Columbia 
were analyzed to produce phenology models of stage-specific temperature-dependent 
development of this insect. A linear degree-day model provided adequate description of 
these rates. A non-linear model, however, provided a more flexible fit to the data and 
permitted development of an individual-based model with realistic variability in 
development rates. A preliminary version of the models was incorporated into a BioSIM a 
phenology model interface and output derived for comparison with field information. 
 
Introduction 
 
The western spruce budworm, Chorisotneura occidentalis Freeman, is the most 
damaging insect of Douglas-fir in British Columbia. Repeated defoliation by this insect 
results in tree mortality and significant reductions in growth (Alfaro et al. 1982; Alfaro 
and Maclauchlan 1992).  
 
Records of defoliation by the western spruce budworm in BC since 1909 reveal a 
dramatic increase in the total area of defoliation beginning in the 1970s in the southern 
interior of the province (Parfett et al. 1994) that has continued throughout the recent past. 
The area of defoliation has exceeded 400 000 ha annually from 2002 to the present 
(Westfall 2006).  
 
Since the 1970s, it has become apparent that the distribution of outbreaks is also 
changing with defoliation now noted at higher latitudes and elevations than was evident 
in the historical record (Nealis et al. 2009). These changes in population behaviour 
suggest associated changes in climate- and weather-related factors known to be important 
in the dynamics of spruce budworm populations (Thomson and Benton 2007). If the 
current and future spatial distribution of outbreaks is changing, then hazard forecasts 
based on existing models will be insufficient and expected losses to productivity under-
estimated. 
 
Weather plays a pervasive but complex role in the ecology of spruce budworms. Much of 
the published research focuses either at the fine-scale behavioural level (e.g. Wellington 
1950) or at the synoptic, large-scale level and is highly correlative (see Sanders 1991 for 
review). These analyses have proved to be too limited in their explanatory value at the 
population level and therefore inflexible to tracking population change in changing 
weather conditions. (Thomson et al. (1984) made a first attempt to develop a process-
oriented phenology model for western spruce budworm that would permit examination of 
important weather-related ecological processes such as seasonal synchrony between 



budworm emergence and bud flush (Shepherd 1992). This model has had considerable 
heuristic value (Thomson and Benton 2007).  
 
A more detailed, individual-based, process-oriented approach has gained momentum 
through the development of a modeling interface, BioSIM, which integrates temperature-
dependent development of insects and weather/climate surfaces to forecast phenological 
events in real time (Régnière 1996). This approach has proved effective for applied 
management questions related to important forest insects such as mountain pine beetle 
(Logan et al. 2003), gypsy moth (Régnière et al. 2007) and eastern spruce budworm 
(Régnière 1984). One of the more powerful aspects of this approach is the ability to 
incorporatie key ecological factors including survival and fecundity and enable detailed 
spatial analysis of changes in range and pathways of invasion as well as the optimal 
timing of control measures (e.g. Nealis et al. 2001; Régnière et al. 2007). 
 
The objective of Y090128 was to develop a preliminary, individual-based phenology 
model for the western spruce budworm that can run under BioSIM. The objective is to 
develop a tool that can be used for research purposes related to understanding changes in 
the risk of defoliation to BC forests resulting from climate change as well as for 
operational prediction of current hazard and optimal timing for control measures. This 
technical report describes the data sources and summarizes the results and progress to 
date. A prospectus on next steps is also provided.   
 
Methods 
 
All data used in the preliminary model were either obtained from published and 
unpublished records from a long-term population ecology research program at the Pacific 
Forestry Centre lead by V. Nealis or were generated specifically as part of this project’s 
objectives. 
 
Critical events in the phenology model are 1) the timing of spring emergence of 
overwintered second-stage (L2) western spruce budworm larvae and 2) subsequent 
stage-specific, temperature-dependent rates of development for the feeding (L2 – L7) and 
pupal stages of western spruce budworm.  
 
Observations of the timing of spring dispersal of western spruce budworm at several sites 
over several years (Nealis and Nault 2005; Nealis and Régnière 2009) will form the 
initial empirical basis for spring emergence in the phenology model. Work is now 
underway to develop an individual-based physiological model such as described below 
for the feeding stages. Once completed, the field observations will be used to calibrate the 
spring emergence process. No further discussion of this aspect is included in this report. 
 
Stage-specific, temperature-dependent rates of development for the larval feeding and 
pupal stages of western spruce budworm were estimated by rearing budworms 
individually on an artificial diet at five different constant temperatures (12o, 16o, 22o, 26o, 
and 30oC). Approximately 200 larvae were placed in each temperature treatment.  The 
development of the budworm was monitored daily.  Each molt was recorded and diet 



changed if required.  Head capsules, pupal cases and pupal weight measurements were 
recorded for randomly selected individuals.  The sex of all adults was recorded. 
 
Because a constant 12oC is stressful to feeding spruce budworms, individuals were 
alternated between 12o and 22oC on a pre-determined schedule. Their rate of development 
at 12oC was then estimated by the method of Régnière (1987). We also found a small 
number of individuals, mostly females, which completed 7, not the usual 6 instars.  
 
Degree-day models Degree-day models are simple and common way of expressing rates 
of development (1/duration of event) as a linear function of daily mean temperature. Two 
parameters are estimated: Tmin, the lower threshold below which no development occurs 
and K, the number of degree-days above Tmin required to complete a particular life stage. 
Where the fit is adequate, these models have the advantages of simplicity in calculation 
and expression. In this case, the fit was good and so degree-day parameters were 
estimated as first approximation of a phenology model. The few L7s were not included in 
this preliminary model.  
 
Non-linear models A more biologically realistic description of the complex response of 
insects to temperature uses a "developmental summation" approach. This approach is 
based on the assumption that development time under fluctuating temperature regimes 
results from the accumulation of small portions of development at very fine time scale in 
response to ambient temperature as it varies over time. Development rate in any stage is 
defined as the proportion of total stage duration that occurs in a single day at a given 
temperature. Assuming that development rate is constant throughout a life stage at a 
given temperature, an insect’s physiological age at any time can be calculated.  
 
In these models, each individual can have its own development rate relative to the 
population mean. Also, there may be correlations among relative development rates of 
individuals among stages. Detailed analysis of temperature-dependent development rates 
is required. 
 
Non-linear models of development rate of insects describe the process as development 
that proceeds very slowly above a certain lower temperature threshold (Tl) and rises 
sharply to > 0 as temperature increases. Beyond this threshold, development rate usually 
increases exponentially up to an optimum and decreases again, often abruptly, to zero at 
or near an upper threshold (Tu). Survival may be poor at sustained temperatures near 
either the lower and upper thresholds. A flexible but relatively simple equation that 
describes such a process is: 
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The first term in parentheses in this equation is the exponential response and the second 
term is the decay function as temperature nears Tu. The equation was fitted to the 
observed development rates of active L2 to pupae by first estimating Tl as the intercept of 



the linear regression of temperature against mean development rate. The highest 
temperature tested with western spruce budworm was 28°C, too low to estimate Tu 
directly. The value of Tu = 35°C was borrowed from similar work done on eastern spruce 
budworm. The remaining parameters (p1-p5) were estimated using nonlinear regression. 
Parameter p5 is used to model the different responses of males and females in the 5th and 
6th instars (p5=0 in males, p5<0 in females).  
 
Individual-based development models require some estimate of individual variation 
around the population mean. We first divided individual development rates by their group 
means (by stage, temperature, sex and replicate where applicable) and estimating mean 
and variance of log relative rates pooled over stage. This was done after verifying that 
there was a linear relationship between mean and standard deviation of development 
rates. This condition is a prerequisite for pooling over temperatures. This was indeed the 
case as the slope was the same in all instars (L2-L6, pupae; F5,36=0.73, P=0.609).  
 
BioSIM The non-linear model was incorporated into BioSIM, a simulation environment 
which integrates these phenology models with landscape level weather and digital 
elevation models to predict seasonal events.  
 
Calculation of development starts on 1 January, when all live individuals of the new 
generation are in the overwintering larval stage (L2o). At creation (initial population is 
created as L2o), each individual is assigned a relative development rate for each life stage, 
a sex, and a uniformly-distributed random number in the range [0,1] representing its 
"draw" in the overwintering survival sweepstakes (described below). It is also assigned a 
sex (development rates in some stages vary by sex). Females are assigned a potential 
fecundity F0 (200 eggs is the current default value). This model is stochastic, and output 
varies stochastically between runs. Replication is therefore necessary. The first objective 
was to see if realistic output could be produced from the various equations developed 
thus far.   
 
Results 
 
Survival Temperature treatments used in these experiments did not significantly influence 
the rate of survival of insects nor was their differential survival of the sexes. There was a 
reduction in survival of final larval instars and pupae at the highest temperature treatment 
(30oC) (Table 1). This rate of survival however was not sufficient to raise concerns over 
bias in measurement of development rates resulting from poor rates of survival.  
 
7th instar Ninety-two of 843 insects (10.9%) completed 7, instead of the usual 6, instars. 
This did not vary significantly according to rearing temperature but most cases (72%) 
involved females and the association with sex was significant (G2 = 17.9, df = 1, p < 
0.01). 
 
Rates of development The mean duration of each instar varied inversely with temperature. 
The rate (the inverse of duration) therefore varied directly with temperature. Stage-
specific rates for males and females are shown in Fig. 1. 



 
Budworms in the earliest larval instar (L2), the final larval instar (L6) and pupal stages 
had the lowest mean rates of development at all temperatures. In the case of L2s, this 
might reflect the lag between emergence and time to establish an initial feeding site. The 
slower rate of development in the last stages represents the extended time required for 
growth (L6) and metamorphosis (pupae) during those stages. Note there was little 
difference in the rates of development between males and females except during the final 
larval instars (L5 and L6) when males had a slightly faster rate of development. Overall, 
the result is a slight protandry in the population with male moths appearing slightly 
before female moths as is commonly observed in field populations (Sanders 1991).   
 

 
Figure 1. Stage-specific, daily rates of development for male and female western spruce 
budworm reared on diet at constant temperatures. 
 
 
Degree-day models Figure 1 reveals a significant curvature of the rate-temperature 
relationship at the highest temperature (30oC). Since maximum daily temperatures within 
the range of western spruce budworm in BC will often exceed 30oC, this suggests the 
linear degree-model may not be the most appropriate for modelling accurately the 



seasonal development over the landscape. Some insights, however, can be gained by 
selecting date from the temperature range within which the relationship is linear (12-
24ºC), regressing rate of development on temperature and examining the behaviour of the 
resulting parameters.   
 
 
 A. 

Degree Day Model: Tmin for each instar

6

7

8

9

0 2 4 6
Instar

Te
m

pe
ra

tu
re

 (m
in

)

8

 
 
 B. 

Degree Days

0

25

50

75

100

125

150

0 1 2 3 4 5 6 7 8
Instar (7=Pupa)

De
gr

ee
 D

ay
s

 
 
Figure 2. Stage-specific thermal requirements for western spruce budworm estimated 
from linear degree-day models. A. Threshold (Tmin) for development and B. Degree-days 
required to complete the stage (K). 
 
There was a decline in the estimated threshold (Tmin) for development of subsequent 
instars and then an increase at the pupal stage (Fig. 2A).The thermal requirements (K) 
also increased in the final instar and pupal period (Fig. 2B). This is the result of 
correlations between Tmin and  K.  Fig. 2 also shows that the final instar requires the most 
time, whether measured in real or physiological time, to complete development. This is 



confirmed by associated measures of actual growth collected during this experiment. 
Although these results are not presented here, they show that more than 90% of the 
growth of western spruce budworm occurs during the final larval instar (L6 and L7). 
 
Non-linear models The results of the non-linear regression are shown in Figure 3. 
Parameter values are available on request. The development rate of post-diapause 
(overwintered) L2o was estimated from a subset of unpublished emergence (forcing) data 
collected from insects that spent diapause under lab conditions at -1°C or 2°C in each of 
three portions of 6 weeks. The fit of these models is better than the corresponding linear 
models and will be developed further. 
 
Missing in these data were (1) egg development, (2) adult longevity (development) and 
(3) female egg laying rates. These equations were borrowed directly from the eastern 
spruce budworm literature (egg development from Régnière 1987 and adult data from 
Régnière 1983). Experiments are pending to fill these gaps. 
 
 

 
 
Figure 3. Left column: development rates versus temperature in 7 successive life stages. 
Right column: corresponding rate distributions (lines are the lognormal). 
 
There were no strong correlations in deviations from mean development rates in 
successive stages among individuals, although slight but significant (P=0.01) negative 
correlations existed between the durations of L5 and L6, and between those of L6 and 
pupae (Fig. 4). This means that the random numbers used to assign relative development 



rates of individuals in various stages can be generated independently of each other 
without loss of realism. 
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Figure 4. Relationship between mean and standard deviation of development rates in the 
L2-L6 and pupae of both sexes of western spruce at temperatures ranging from 12 to 
28°C. 
 
Survival The effect of temperature on the survival of feeding life stages was modeled as 
an attrition rate, using data from the temperature-development experiments. A logistic, 
2nd-degree polynomial model was used to describe the effects of temperature on survival 
in each life stage. The parameter values and regression statistics are presented in Table 1. 
and llustrated in Fig. 5. The regression model for L5 was not significant, as there was no 
apparent effect of temperature on survival in this stage. Survival of the earlier stages (L2, 
L3 and L4) was lowest, although still quite high,) at the intermediate temperatures. Later 
stages (L6 and pupae) survived very well except at the highest temperatures.   
 
 
 
 
 
 
 
 



Table 1. Stage-specific survival of western spruce budworm at temperatures between 12o 
and 28o C.  
 

Parameter L2 L3 L4 L5 L6 Pupa 
K1 9.678 20.052 12.505 1.006 -2.548 -8.335 
K2 -0.640 -1.619 -0.896 0.338 0.944 1.288 
K3 0.014 0.036 0.019 -0.009 -0.028 -0.034 

       
% concordance 52.0 66.4 59.9 42.2 79.2 71.3 

G2 19.7* 56.4* 24.6* 2.5 135.7* 173.4* 
 

• Statistically significant at P < 0.001 
 

 
 

Fig. 5. Stage-specific survival of western spruce budworm at various temperatures. See 
Table 1 for parameters 
 
 



BioSIM The models describing stage- and sex-specific temperature-dependent 
development were successfully incorporated into the BioSIM modelling environment. 
Preliminary output was very encouraging. Figure 6 shows the estimated dates for 
appearance of the early-feeding stages of western spruce budworm in BC. As can be 
seen, the model is showing a seasonal gradient associated with elevation and proximity to 
coastal BC. Interior valleys can expect these early-feeding stages to occur in late May to 
early June. This is consistent with annual observations (Nealis and Nault 2005). 
 
Calibration of the model requires comparison of output with observed phenological 
events (e.g. time of emergence, age distributions) at selected sites in nature where 
weather is known. This step is in progress as available, unpublished data from the 
Canadian Forest Service is being compiled and analyzed for this purpose. 
 
 

 iscu 
 
Fig. 6. Preliminary BioSIM output of phenology of early-feeding stages of the western 
spruce budworm in BC. The model predicts occurrence of early-feeding stages in late 
May and early June in the interior valleys of the province. 
 
 
 
 



Discussion 
 
The rationale and methodology for producing a process-oriented phenology model for 
western spruce budworm in BC has been established. The detailed data required for 
construction of this model and calibration in the field have been obtained and analyzed to 
examine the fundamental aspects of this process. Parameters for the functions describing 
these critical aspects have been estimated and resulting models integrated with BioSIM.  
Initial analysis revealed that a nonlinear model will produce more realistic results given 
the extreme temperature conditions characteristic of the broad geographic range of 
western spruce budworm in BC and to investigate the potential for future range shifts 
resulting from climate change. Gap analysis using the simulations showed the value of 
providing comparable models for adult longevity, oviposition and egg hatch. Work is 
now underway at PFC to address these gaps. The result will be a complete life history 
model which will not only permit estimation of seasonal phenology within the current 
range but also help identify areas in BC where a viable life history for budworm is not 
currently possible and whether that is likely to change in the future and result in range 
expansion. 
   
Conclusion and Management Implications 
 
This one-year project has brought us to the point where we can implement the model 
within BioSIM and make predictions which can then be tested with historical and new 
data to calibrate the model. The ability to use real-time and simulated temperature records 
means that operational predictions can already been improved in terms of problems such 
as planning the timing of control programs and mapping areas of greatest risk in the near 
future. 
 
Next steps include expanding the model with existing and new data to represent the entire 
life cycle of western spruce budworm to permit greater confidence in predictions of 
future dynamics pertaining to climate change and range shifts. The effort taken to 
produce an individual-based model also forms the basis for a more comprehensive 
population model that incorporates known rates of survival from abiotic and biotic factors 
and will thus allow full analyses of population rates of change. Outputs from this model 
will provide evidence-based estimation of future risk at the landscape level and permit 
strategic and tactical development of pest management policy and practices. 
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