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Mountain pine beetle (Demlroctmuu tumdrrostle llopkins) populalion dynamics, as 
well as potential for outbreaks and resulling tree mortality, are related in part to habitat 
temperalure. As a first slep in development of a life-slage, event-oriented simulation 
model, we have modeled the temperature-dependent development of the egg stage. The 
completed model includes a full description of varintion in developmental rates and is 
CIIJ!llble of predicting duration and eclosion p<~llerns for any temperature regime. This 
model WIIS panunctcrized using data obtained from constant-temperature experiments 
at tcmperulures of 8, 10, 12.5, 15, 20, 25, allll 30°C. Validation experiments were 
conducted for constanttempctatures of 15, 17.5, 22.5, nnd 27.5"C and for variable· 
tcmpcmture regimes of 15 ± 5 and 15 ± I O'C. Validation results indicated that the model 
is capable of accurately describing I he emergence curve for constant temperatures below 
27 .5°C. The model also faithfully rc1Jrescnts emergence under variable temperatures 
of 15 ± 10°C. Jlotential reasons for Jack of model fidelity in describing emergence at 
constant high temperatures and for 15 ±soc nrc discussed in the text. 

Resume 
La dynamhtue des populations du dendmctone du pin ponderosa (Demlroctom1s po11· 
th•rome Hopkins), de meme que son potenliel epidemique et Ia mortalite des urbres 
qui en resulte, sont en partie dependants de Ia temperature de !'habitat. Comme pre
miere clnpc dans Je but d'elaborer un modele de simulation du developpemcnt des 
stades, nous avons modelise Ia relation entre le devcloppement du slade oeuf et Ia 
temperature. Le modele integral comprend une description de Ia variution du taux de 
dcvcloppcmcnl el pcut predire Ia durce et Ia COIUlle d'eclosion pour tout regime de 
temperature. Les parametres du modele on! etc oblenus a partir d'experiences a tem
pcmturc constante aux tempcmlures de 8, 10, 12,5, 15, 20, 25 et 30°C. Des tests de 
vulidalion ont etc effectucs a 15, 17,5, 22,5 et 27,5°C et sous des regimes de lempc
nllure variable de 15 ± 5 et 15 ± 10°C. Les rcsultals de Ia validation indiquent que le 
modele pcut prccisement Jlrcdire Ia courlle d'cmergcnce a des temperatures constanles 
sous 27 ,5°C. Le modele prevoit aussi lidelement I' emergence a des temperatures 
variables de 15 ± 10°C. On discute des raisons possibles du manque de precision du 
modele lorsqu'il s'agit de predire I' emergence il des temperatures constantes plus ele· 
vces, el pour lcs regimes de 15 ±5°C, 

lnlroduclion 
Mountain pine beetle (Denclmctomts poJUierosae llopkins) is one of the most destruc

tive insects of coniferous forests in western North America (Furniss and Carotin 1977). 
The economic and ecological effects of this beetle are most obvious in lodgepole pine 
(l>imt.r ccmtorta Douglas) forests, where outbreaks of D. pondero.me may result in both 
intensive (sometimes more than 90%) and extensive (several thousand acres if stand con
ditions are right) mortality (Cole and Amman 1980; Safranyik et til. 1974). For this reason, 
the combination of conditions that lead to mountain pine beetle outbreaks has been the 
suhjcct of extensi've research in both the United Stat~;s and Canada (Oerryman eta/. 1978). 
Much of lhis work has focused on the role that beetle population dynamics play in the 
cculogical interaction between mountain pine beetle and lodgepole pine forests (Berryman 
197(); Cole et at. 1976). To help undcrstaml the interaction between beetle, stund, and 
environmental ractors that lead to beetle outbreaks, we are developing a simulation model 
of mountain pine beetle population dynamics. 

~ 
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Our approach to development of a mountain pine beetle model is a life-history. event
oriented model with particular emphasis on factors that have been demonstrated to play 
<Ill important role in population performance. From the life-history event point of view, 
the egg stage represents a logical starting point. Front a key-factor point of view, an 
uccumte model of egg development is desirable because of the imporlance of overwintering 
mortality in determining population performance. Overwintering mortality of mountain 
pine beetle larval populations is often high and is typically highly variable (Cole 198 1), 
with the probability of death depending on the instar entering winter (Amman and Cole 
19R3). The distribution of lire stages entering winter results from 2 factors: (I) the temporal 
ovipositional distribution and (2) individual variation in developmental rate subsequent to 
oviposition. Uoth sources of variation arc highly temperature dependent. 

For mountain pine beetle populations, temperature is the principal limiting factor on 
both the altitudinal and latitudinal geographic distribution (Safranyik 1978). Tempemlurc 
also has been implicated as having a potentially important influence on outbreak probability 
(Thomson and Shrimpton 1984 ). Cold temperatures may directly result in mortality, and 
alteration of temperature regimes may interfere with timing of critical life-history events 
(Amman IIJ73 ). Conversely. high summer temperatures inlluence ovipositional rates and 
subsequent age distribution. Any meclmnistic model of mountain pine beetle population 
dynamics clearly must include temperature as a major driving variable. 

Materblls und Methods 
Obtaining and Incubating Eggs. To obtain beetle eggs for these experiments, lodgepole 
pine infested with mountain pine beetles and containing larvae were felled on the Ashley 
National Forest in northeastern Utah in fall 1982 and 11)83. In addition, uninfested trees 
were also felled. Uillets 45 em long and about 25 em in diameter were cut from the lower 
trunk region of the trees. The billets were taken to Ogden, where they were dipped in hot 
paraffin wax lo slow the rate of drying, and were then stored at rc until needed. 

Infested billets were removed from storage and placed at room temperature (21°C) 
for beetles to complete development. When adult beetles started to emerge. the billets 
were placed in cages and adults collected. Adults were placed in petri dishes containing 
damp sawdust and stored at 4°C until needed. Adults more than 3 days old were discarded. 

To infest the green, uninfcsted billets. the billets were removed from cold storage 
ami allowed to warm at room tempemture for 24 h. lloles 2.5 em deep and spaced 5 cm 
apart around the circumference of one end of each billet were drilled into the phloem. 
Adults were removed from cold storage and sexed according to characteristics of the 7th 
ahdominaltergite (Lyon 1958). A male and female were placed in each hole. Holes were 
then covered with aluminum screen to prevent beetle escape. 

The beetles constructed about 2.5 em of egg gallery per day. On the lourth day 
following introduction of beetles into the bark, individual galleries, except the last 10 mm. 
and the bark surrounding them were removed from the billet. The last 10 mm of gallery 
contained the female beetle and was left intact. Aluminum screen was stapled over the 
exposed end of the gallery to prevent the female from leaving. 

To obtain eggs less than 24 h old wilhout undue disturbance to the females. eggs 
were removed from the most recently constructed 13 mm of egg gallery with the aid of a 
dissecting microscope. A teasing needle sterilized in alcohol and then a name was used 
to remove eggs. Eggs were placed in numbered circiCs drawn on filter paper that had been 
placed in petri dishes and saturated with distilled water. The petri dishes containing eggs 
were placed over a saturated solution of KcSQ1 in desiccators, which maintained relative 
humidity of about 98% (Wexler and Hasegawa 1954) and prevented rapid drying of the 
wet lilter p;~per. 

Data used in developing the original model were obtained during winter and early 
spring 1983. Twenty to 35 eggs (2 replicates of I 0-18 eggs each) were incubated at each 
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of7 constanttemperatures (8 ±0.25, 10±0.25, 12.5 ± 0.25, 15 ±0.25, 20± 2.5, 25 ± 1.1, 
and 30 ± I.I 0 C). Eggs were examined for hatch and mortality at 24-h intervals. Data used 
to validate the model were obtained during late fall 1983. Thirty eggs (2 replicates of 15 
eggs each) were incubated at each of 4 constant temperatures (15.0±0.25, 17.5±0.25, 
22.5 ±0.25, and 27.5 ± I.I°C) and at each of 2 variable-temperature regimes (15 ± 5 und 
15 ± I0°C}. Variable temperatures changed gradually over each 24-h period, following a 
smooth ovoid cam, and yielded an aver~ge temperature of I5°C. Temper~tture changes in 
the desiccators lagged slightly behind those of the cabinet but were compensatory, yielding 
the same 24-h temperature regime as the cabinet. Eggs used in the model-validation tests 
were examined for hatch at 12-h intervals. 

1\lodcl Description. The most complete model description we are aware of that accounts 
for both nonlinearity in developmental rates and a full distribution of developmental rates 
under variable temperatures was formulated by Sharpe et al. (1977). First, this model 
requires description of 4 related probability distributions: 

f, (x) = p.d.f. (rates); A~x~B II I 

f, (y) = xz f, (x); for lfB.;;;y~ IIA 

F, (x) = f!J, (x) dx 

F,(y) = I - F,(x) = J~,j,(y) dy 

121 
131 
14) 

where .f.. (x) is the function describing distribution of developmental rates (.r); }; is the 
function describing distribution of developmental times (v = 1/x); F, is the cumulative 
rate curve; F, (y) is the cumulative emergence curve; A and B are the slowest and rastest 
developmental rates, respectively; and Y is elapsed time required to complete the egg stage 
(i.e. Y is the median time in the egg stage). In addition to the governing C{JUations, the 
Sharpe el al. model requires 3 assumptions: (I) temperature can be expressed as a function 
of time IT= T(t) }; (2) development under variable temperatures is an integral function of 
the mte curve describing development at various constant temperatures; and (3) a linear 
relationship exists between the mean and variance of developmental rates. A more com
plete description of the model and a discussion of assumplions is presonted in the original 
paper. For alternative developments that use the Sharpe et at. (1977) model as a starting 
point, refer to Regniere ( 1984) or Wagner et a/. ( 1984 ). These latter 2 methods do not 
explicitly require assumption (3). 

Governing Eqs. (I) to (4) and relationships describing (or constrained by) the 3 
assumptions provide a complete distribution model. Model development requires 4 steps: 
(I) parameterization of a dislribution function for each empirical constant-temperature 
treatment; (2) least-squares fit of a developmental rare model to median rates predicled 
from the individual distribution models; (3) computalion of a regression relalionship which 
provides an estimate of the temperature-independent coefficient of variation; and (4) 
description of the full model struclure. 

Results and Discussion 
l\lodcll>evelopment. [)istribulion functions. Once parameters are known for any I of 
the 4 governing distributions, the remaining 3 are fully described. In practice, the func
tional form of Eq. (I) is typically hypothesized, and parameters for Eq. (4) arc lit by 
nonlinear least squares from the observed cumuhtlive emergence data. Several common 

. distributions have been proposed for Eq. (4), including the Weibull distribution (Wagner 
1 t'l al. 1984), lhe normal distribution (Sharpe et at. 1977), the quadralic (Sharpe £'tal. 1977; 

Barlield et (lt. 1977), and the cumulative density proposed by Slinner eta/. ( 1975). 
Stinner et at. (1975) used a 4-paramcler distribulion to describe the cumulative dis

uihutiun of time of emergence IEq. (4)). Apart fmm the specific application in !heir paper. 
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this distribution has general utility due to its straightforward mathematical form and llex
ibility in approximating various standard distributions. For these reasons, we used it to 
describe the cumulative distribution of developmental rates lEq. (3)1. 

A description of the cumulative density distribution (Stinner et al. 1975) using our 
notation is given by: 

F, =(I z)•l, (51 

where 0 and k are empirical constants, and z is the scaled independent variable; 

z = (8 x)/(8 - A), 161 
where A. 8, and x were previously defined. Stinncr eta/. further defined z and i as 

F,(i) = 0.5 fori = (8 - i)/(B A). 171 
F,(l) = 0.25 fori = (8 - .f)/(8 A), (8( 

where .f and .i' are the 25th and 50th developmental-rate percentile, respectively. Stinner 
<'I ai. computed various parameter values of Eq. (5) that approximated common distribution 
functions. Of particular interest was their comparison with the normal distribution, where 
they found best results when A i - 3.688rr, and IJ =.i + 3.688rr. Also, because for 
the normal curve i = ~and .f = ~ - 0.67rr. both k and 0 can be computed as constants 
equal to 2.63 and 6.192, respectively, therefore, Eq. (5) becomes a particularly simple 
approximation to a normal distribution with finite limits A and B, mean ~. and slandard 
dcvialion <r. 

Assuming lhat developmental rates arc distribulcd approximately normally !the 
enzyme kinetic model of Sharpe and DeMichele (1977) suggests that this is reasonable: 
however, this assumption is not necessary, e.g. Regnicre (1984)), we can obtain estimates 
of i and .s, (mean developmental rate and standard deviation) from nonlinear leasl-squares 
lit of data from the observed emergence curve. First, the dala are transformed from emer
gence times to developmental rates by • 

X IIY, (91 
F,(X) = I - (cumulative proportion emerged), 1101 

where Y is an observed elapsed time to emergence and F is the corresponding observed 
distribution for rates. Equation (5) is then Iillo these transformed data points. Transformed 
data !the density dislribulion Eq. (3) rather than Etj. (4) directly) are used for paramelcr 
estimation because the symmetry assumption for the rate curve results in equivalence of 
the median and mean, whereas nonlinearity in the relationship between developmental rate 
:md time required to complete a stadium results in an emergence curve that is typically 
skewed right (Sharpe et al. 1977). In other words, as long as Eq. (3) is used, it docs not 
make any difference if empirical means or medians ~•rc used; however, if Eq. (4) is used, 
it docs make a difference. Plots of Eq. (5) lit to data from our constant-temperature exper
iments are shown in Fig. I, and parameter estimates are given in Table I. 

Develoannenlal rates us 11 function of temperature. The developmental distributions 
described by Eqs. {I) to (4) completely describe development at any constant temperature. 
The first step in generalizing this model to account for variable-temperature regimes is to 
describe mean rate of development as a function of temperature. Several satisfactory rela
tionships have recently been developed (Sharpe and DeMichele 1977;-Stinner et til . .1975); 
however, for reasons of simplicity, we used the asymptotic expansion model of Logan et 
al. (1976): ' 

X = p, {exp (p,7) - exp (pp,- T)}, Ill I 

lila! 
/ 
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data (long dash) compared with the normalized same-shape model (dolled} Iii lo the same data. The plots were 

essentially coincident for the 20°C experiment. 

where T is observed tentlletature above an arbilrary base temperature T1,, and the p; are 
t>ammctcrs determined by nonlinenr lcast-squures regression. Equal ion (II) was lit to the 
estimated n}ean rates listed in Table I. Parameter values are p 1 = 0.0282, p2 = 0.156, 
''·' = 20.859, and P4 = 3.037, for Th = 8.0"C. A plot of Eq. (II) fitted to estimated 



Till! CANADIAN ENTOMOLOGIST April1986 

Tahlc I. Eslinmted parameters for developmental rate distribution for constant-temperature experiments. Param
etc•s were estimated from nonlinear least·S<fllnres lit or Stinncr t!l a/. (1975) cumulative distribution function 

[Eq. (4)J to transformed emergence time data [Eqs. (8) and (9)) 

Standard Sample Percentage 
Treatment Mean deviation size 

1rc 0.0301 0.{)(1280 27 10 
lOT 0.0352 0.00195 20 0 
12.5"C 0.0510 0.005(!7 29 3.33 
IS.O"C 0.0788 0.00741 27 10 
2!UtC 0.144 0.0134 32 8.57 
25.0"C 0.196 0.0106 28 6.67 
30.0"C 30 100.0 

means is given in Fig. 2. A further assumption recJuired for use of Eq. (II) in a variable
temperature environment is that development is cumulative, i.e. 

R J:;x(T(t)jdt, [12] 

where R is the developmental index (proportion of the life stage completed by elapsed 
time(}') 1md temperature (Dis a function of time (t). We further note that 

R<Yl = I. ll2al 

where Y is the median developmental time. 

Estim:dion of coefficient of variation. Sharpe and DeMichele (1977) noted that, 
assuming Eq. (12) is valid, the concept of a developmental index can be expanded to 
describe a full population distribution. In particular, if 

U = qL, [131 

where(' is a constant. In this case, the distribution function of developmental rates can be 
normalized, and cumulative emergence is computed as 

£ F!"(R); liB*~ R ~ 1/A*, (14J 

where fr is the normalized Eq. (3), and A* and 8* arc the normalized A and 8 of Eq. (I). 
The full distribution model for variable temperatures is, therefore, completely described 
by one 11dditional parameter, the coefficient of variation (c). 

Estimates of c were obtained by linear regression of the standard deviations on the 
mean developmental rate. The slope of this regression (Fig. 3) is then an estimate of c. 
Note that in estimating c we ignored the 25°C data. This was rationalized by the fact that 
as mean development rate increases, the interval over which emergence occurs is dra
matically reduced. The result is that for a fixed sampling effort, we have 12 observations 
of emergence times at 8"C, compared with only 4 for 25"C (see Fig. I). Estimation of a 
highly nonlinear 2-parameter distribution based on 4 data points seems questionable, and 
we decided that a better estimate of c would be obtained by ignoring this data point. The 
temperature-independent coefficient of variation was then estimated as 

(' = 0.0097. (15) 

This estimate of c (with nonzero intercept 0.0003) accounts for 97% of the observed 
variation in the data. · 

With the estimate of c, we now have suflicicnt information to develop a same-shape 
model (Sharpe et al. 1977) that provides the full distribution of emergence times under 
variable-temperature regimes. Comparisons of the same-shape model with individually 
p:1rametcrized models for describing the constant-temperature experiments are found in 
Fig. I. From these comparisons there appears to be no consistent bias in predicting emcr
gcm:c. In fact. it could be argued that the same-shape model is a better estimator, as it 
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includes information from the full range of cons! ant-temperature experiments and not sim
ply a single data point. 

Complete model. The parameterized same-shnpe model provides the bnsis for a full 
model of egg development. The oviposition curve is represented by a collection of cohorts. 
A colwrt is defined as the number of individuals entering the egg stage through oviposition 
over some small interval of time (At). Once a cohort is defined, only 2 pieces of information 
need to be retained: the initial number of individuals in the cohort and the developmental 
index ld.i. given in Eq. (12)1. The d.i. elements of the cohort matrix (order 2 X 11, where 
11 is the number of cohorts with d. i. < IIA *) are updated for ench discrete time step At; 
and, once d.i. exceeds IIA *, it is dropped from the matrix. (A generalized computer 
program of this algorithm can be obtained by writing to J.A.L.) . 
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Validation. Any model should be held suspect until some reasonable auempt is made at 
validation. Swartzman (1979) reserves the term validation for comparison of model pre
dictions to data derived independently from that used to develop the model. Therefore, 2 
types of data are required for validation of the egg development model, fixed-temperature 
experiments which correspond to the original empirical data, and variable-temperature 
experiments which can be used to test model assumptions explicitly stated by Eqs. (12) 
and ( 13). 

Fixcd-tcmJlcrafure validation experiments. As our original data were weighted 
towards lower temperatures, we selected validation experiments to be within the range of 
the miginal data but weighted toward higher temperatures. Results of validation experi
ments at constant temperatures of 15.0, 17.5, 22.5, and 27.5°C are shown in Fig. 4. 

From inspection of Fig. 4, the model did a good job of predicting emergence curves 
for 15. 17 .5. and 22.5°C. Predictive eflicacy is indicated by the excellent job the model 
did at predicting the range of emergence times as well as the actual pattern of emergence. 
There was again no particular indication of bias, e.g. model prediction was slightly 
advanced at I5°C, slightly slower at 17.5°C, and again slightly advanced at 22.5°C. At 
any rate, model prediction for the validation experiments is well within sampling error 
associated with the original data (see Fig. I). 

Results from the constant 27.5°C treatment indicate that model predictions were 
noticeably slower than observed emergence. There are several potential explanations for 
model l~tilure at this ten\perature. First, of course, the di~arate results could simply be 
attributed to sampling error. However. a better phenomenological explanation is that a 
constant tcmpemture this close to thermal maximum causes significant heal stress (e.g. 
17% mortality). Appore/11 acceleration would then occur if the probability of mortality due 
to heat stress is proportional to the amount of time the organism is subjected to the stress. 

/ 
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Such differential mortality would provide a selective pressure against those individuals 
with a slower developmental rate. In effect, the lert-hand tail of the developmental rate 
curve would be chopped off, resulting in an observed emergence curve (which hy necessity 
is based on survivors) that is apparently accelerated (Ferro et al. 1985). Further obser
vations and model development that explicitly models high-temperature mortality arc war
ranted if high-temperature events are found to be of importance in mountain pine beetle 
ecology. 

Variable-temperature validation experiments. Assumptions expressed in Eq. ( 12), 
and extended by Eq. (13) for distribution models, allow prediction of development under 
variable-temperature regimes from models based on lixed-tempcrature data. In particular 
the assumption of Eq. (12) has been questioned by many entomologists (see, for example, 
Hilbert and Logan 1983a; Onsager 1983; Hilbert and Logan 1983/J). It has frequcmly been 
observed that variable temperatures lead to accelerated development when compared with 
that expected at a constant temperature equal to the mean. Various explanations have been 
offered for accelerated development under fluctuating temperatures. Acceleration may sim
ply be un artifact of a faulty choice of functional relationship for Eq. (II) (Kaufman 1932; 
Tanigoshi and Logan 1979). Conversely, acceleration may be an adaptive physiological 
response. Therefore, the applicability of using a model based on constant-temperature data 
to predict events under variable-temperature regimes is controversial enough that some 
allempt should routinely be made to validate such models. 

Bused on empirical data (Powell 196 7) a microhabitat temperature regime of IS± 5°C 
cmrld be considered typical, and variation of ± 10°C is a reasonable maximum variation. 
We therefore designed validation experiments by programming environmental chambers 
fur temperature cycles of 

T = we - TA (sin (t·2n/24>1 

where T-4 is the amplitude of the temperature cycle (5 or 10°C) and t is time measured in 
0-24 h. Four replications were conducted for each of the 2 treatments. 

Results for the 15 ± 10°C treatment are shown in Figs. 5 and 6. Because of drifting 
of mean temperature, and also problems with the temperature controller. each replicate 
was subjected to a unique temperature regime and had to be modeled scpamtely. Results 
from replications 3 and 4 indicate that model predictions and observed emergence arc in 
dose agreement, well within the limits of variation under constant temperatures. During 

1
· rcplicutions I and 2, temperature problems occurred when the temperature controller stuck 
attempemtures above the constant temperature maximum (temperatures above 300C). This 
occurred shortly after emergence had begun (days 10, II, and 12) for replication I and 
shortly before emergence (days 5, 6, and 7) for replication 2. The temperature anomaly 
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is shown by the flat place in the emergence curve in Fig. 6a. The short-duration high
temperature event did not result in excessive mortality but did accelerate development 
hcyond that predicted by the model. The same interpretation is given to results shown in 
Fig. 6b; however, the high-temperature event occurred before emergence had begun and 
is therefore not apparent in the predicted curve. Note that mortality was not particularly 
high for either replication (6% for both replicates), and that the model apparently was 
working satisfactorily until the high temperuture problems occurred relatively late in the 
egg singe. Results from these 2 experiments further point out problems of confounding 
developmental rate with mortality. 

High-temperature problems also developed during replicates I and 2 of the 15 ± 5°C 
trc:ttment. Unfortunately, concurrent problems occurred with the thermograph and we have 
no record of the duration of the events. As expected, development was accelerated by the 
high temperatures, but because we lack a complete temperature record, there is no way to 
model these 2 experiments. 
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Results from J 5 ± 5°C, replicates 3 and 4, are shown in Fig. 7. Results from these 2 
experiments are difficult to rationalize. Model prediction is an accelerated emergence pat
tern when compared with a constant 15"C temperature. The vast preponderance of empir
ical evidence would also lead to the same expectation. However, the observed pattern is 
noticeably retarded to !loth the fixed- ami variable-temperature simulations. One possible 
explanation is that eggs used in these( 2 replicates were obtained from females who were 
feeding on phloem that was noticeably drier than the other experiments: Both food quality 
and survival have previously been related to phloem moisture conditions (Amman and 
Cole 1983). However, at present we simply don't have enough evidence to indicate if the 
retarded emergence curve was due to sampling error, maternal habitat effect, or some 
consistent but unexplained physiological phenomena. Potential adaptive signilicance war
rants further investigation. 
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