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ABSTRACT 

Mortality of' mountain pine beetle larvae (Dendroelonlls ponder osae Hopkins) in 
naturally in rested logs or lodgepole pine (PiIlIlS eOlllorta var. lali/olia Douglas) held at 
constant low temperatures was investiga ted. The logs were brought to the laboratory in 
mid-fall and stored at -6.6 °C for 10 weeks , then at - 12 .2 °C for 2 weeks prior to the 
start of the experiments to allo\\' the larvae to acquire maximum cold hardiness. The 
logs were exposed to constant temperatures or -1 7.8, -23 .3 , -28 .8, and -34 .4 °C for I, 
2, 4, 8, 16, and 32 days . Morta li ty or larvae was recorded for two si7,e classes : Is1

_ and 
2"d-instar larvae and 3"'_ and 4tl'-instar larvae, Mortality in logs stored at -12 ,2 °C 
served as control. Mortalitv was nega ti vely eOlTelated with log diameter, bark 
thickness, brood densit v, and gallery length per m2

, but only the eon'elation \\ith log 
diameter was stati stiea ll v slglllfi cant. Mortalitv in both small and large larvae wa s 
inversely related to temperature and di rectly related to duration or trea tment. Mortality 
or the small larvae was positi vely cOlTelated to mortality of large larvae but mortalitv 
or the latter was signi lleantl y lower. Multiple regress ion was used to describe the 
relationship between temperatun:, duration or treatment. and log diameter ror both 
larva l groups, Results are discussed in relation to publi shed in tormati on 

Kc,Y wonts: Delle/roetollils lIIolllico /ae, Scolytidae, Pilll lS cOlllorla , Illorialitv, low 
temperature, cold hardiness 

INTROD UCTION 

Over winter mortality from low tellipera tures is one of the main [actors which regulates 
mountain pine beet le (mpb) populations (Safranyik (978), To improve survivaL a number 
of <ulhropods rely on supercooling to avoid freC/.ing (Gelu'ken 1989) Mountain pine 
beetle larvae acq uire and increase cold-hardiness thJough gradual accumulation of glycerol 
in tlleir blood in response to gradually decreasing temperature, and lose it in the opposite 
manner (Somme I 96-l) : thus, co ld-hardiness is usua lly greatest in the period from 
December to February (W:vgant 19-10) . Unseasonab ly low temperatures ea rly in the fall. or 
late in the spring, reduce survival rates in a ll developmental stages . Because mountain 
pine beetles genera lly overwinter as larvae in their host trees in British Columbia , the 
effects of 10\\ temperatures on laryal sUr\ 'ival are of panicular interest. 

The lelhal low temperature threshold for c:xposed larvae in laboratory c:xperiments 
ranges between -3-l °C and -37 °C (Wyga nt 19-10: SOll1l11e 19!J-l), \\'ith more mature larvae 
11(l\'i ng the 100\est threshold (Am m,lJ] 1973) , Sub-co rt iCll l temperat ures are modi fi ed b~' 

such host characteri sti cs as bark thickness, tree diameter. and wood moisture content 
(Wygant 19-10) and mar cause significant variation in lar\ al mortality within and among 
trees , The object of tlli s e.\periment was to determine the effects of prolonged e.\posure to 
constant low temperatures on the surviva l of cold-hardened lar\ae with in the host in 
relation to some host characteristi cs and stage of lar\al de\,elopment. 
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MA TERIALS AND METHODS 

The infested lodgepole pine logs used in the experiments were cut at Elk Creek, 40 km 
east of Canal Flats, British Columbia, during late October 1970. The logs, 40-45 cm long, 
were moved to the laboratory in Calgary, Alberta, and put into cold storage at 
-6.6 (± 2.2) °C until 10 January, 1970, when they were moved to the Northern Forestry 
Centre, Alberta, and stored at -12.2 (± 2.2) °C until used in the experiments. 

At the start of the experiments, the logs were cut to 30 cm lengths, waxed at the ends to 
retard moisture loss, and randomly assigned to treatments. The temperature treatments 
were -17.8, -23.3 , -28.8 and -34.4 °C (0, -10, -20, -30 OF) and control. Temperature 
treatments were applied in a freezer unit with a minimum temperature limit of 
-36.1 °C (-33 OF). The control treatment consisted of logs stored at -12.2 dc. The original 
design called for two bolts to be used at each temperature and duration combination, but 
lack of suitable material forced us to cut back to single bolts in some treatments (Table 1). 

Table 1 
Number of logs used in the mountain pine beetle low temperature mortality experiments. 

Duration (Days) Temperature (0C) 

I 
2 
4 
8 
16 
32 

-12.2 -17.8 -23.3 -28.8 

2 2 2 2* 
2 2 2 2 
2 2* 2 2 

I I 
1* 
1* 

-34.4 

2 
2 
2 

2 
I 

* Denotes a single log containing fewer than five larvae which was dropped from 11le data 
analysis. 

The treatments were carried out during February and March, 1971. Following 
treatment, 11le logs were stored at 1.7 °C (+35 OF) for 1 to 2 days and 11len at 
21.1 °C (+70 OF) for 3 to 7 days prior to inspection for brood survival. Prior to removal of 
11le bark, log diameter (to 11le nearest 2.5 mm) and bark 11lickness were measured; the latter 
on four sides of 11le log to the nearest 0.8 mm. Moisture content of 11le outer sapwood to a 
depth of about 5 years growth was measured on 10.2 cm x 2.5 cm blocks of wood from 
each of four sides and expressing moisture content as percent oven dry weight (Reid 
1961). The nwnbers of attacks and 11le total leng111 of the successful egg galleries (those 
having produced larvae) were determined for each log and converted to a per square meter 
basis prior to analysis. 

The bark was carefully removed and all larvae were placed in Petri dishes on moist 
filter paper. Obviously living larvae, as shown by movement upon gentle prodding with a 
probe, were separated, 11leir head capsule wid11ls measured to determine larval instar (Reid 
1962; Anunan and Cole 1985) using an ocular micrometer on a dissecting microscope, and 
separated into two groups: large larvae (3 rd 

- and 4th -instar) and small larvae (J Sl_ and 2nd
_ 

instar). Non-moving, but non-discoloured and finn larvae were kept at room temperature 
for a further 24 hours prior to re-assessment for survival and determination of larval size 
group as described above. 

Only logs containing at least five larvae were used in analyses. For 11lis reason, one log 
treated at -17.8 °C for each of 4, 16 and 32 days and one log treated at -28.8 °C for one day 
were not used in subsequent analyses. The data were analyzed using correlation and 
regression analyses, and analysis of variance. The correlation cUlalyses focused on 
percentage survival by larval size group and log cUld attack characteristics. The cUlalysis of 
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variance detennined the effects and interactions of temperature and duration of exposure 
on larval survival. Owing to the lack of replication in some combinations of temperature x 
treatment duration, we used a general linear model ANOV A (Froc GLM, SAS Institute, 
1985) and means were compared by averaging over all levels of the other treatments. 
Multiple regression analysis was used to predict larval survival in tenns of treatment, log, 
and attack variables. 

RESULTS 

The means (± SD), minima and maxima of the log measurements and attacks, egg 
gallery lengths and brood densities are given in Table 2. Among the log measurements, 
percent sapwood moisture content was the most variable. Sapwood moisture content 
ranged from 30% to 118% in individual logs. Among the attack variables, brood density 
was the most variable and ranged from about 60 to over 2000 per m2 On average, S6.8 % 
of the brood were in the 3rd 

- and 401-instars; no pupae or brood adults were present in the 
logs. 

Table 2 
Means (± SD), minima and maxima of mountain pine beetle attack variables and lodgepole 
pine log characteristics (N=42). 

Variable Mean Minimum Maximum 
Log diameter (cm) 24.8 (2.46) IS.2 27.4 
% Sapwood moisture 6 I.5 (22.9) 30 118 
Bark thickness (mm) 4.9 (1.04) 3.2 8.3 
Attacks per m2 141.6 (60.68) 9.7 261.4 
Brood per m2 896 .9 (S08.9) 62.4 200S.7 
Gallery length (mf m2) 18.1 (7.70) 2.6 2.7 

Table 3 
Pearson correlation matrix of mountain pine beetle attack variables and characteristics of 
lodgepole pine logs used in the study (N=42). Correlation coefficients marked by * and ** 
are significant at p~O . OS and p~O.O I , respectively. 

Diameter 
% Moisturea 

Bark Thickness" 
Attack 
Gallery 
Brood 
% Small 
% Large 

Diameter 

a Four samples per log. 

l3ark 
% Thickness Attack Galle?, 

Moisture (mm) per m2 per m 
0.41 ** 0.37* 0.47** 0.69** 

I -0.1 -006 0.43 ** 
0.85** 0.60** 

I 0.74** 
I 

Brood 
per m2 

0.53** 
0.14 
0.42** 
0.56** 
0. 75** 

I 

% % 
Mortality Mortality 
Small Large 
Larvae Larvae 
-0.37** -0.45** 
-0.14 -0.29 
0.02 -007 
-0.0 I 0.03 
-0.18 -0. 1 
-0.21 -0.16 

I 0.91 6** 
1 

The simple correlation coefficients of all combinations of the log and brood variables 
are given in Table 3. Log diameter was positively and significantly correlated with each of 
bark t1lickness, sapwood moisture content, egg gallery length per m2

, attack density and 
brood density. Bark thickness was positively and significantly correlated with each of tJle 
attack variables but sapwood moisture content was signjficantly correlated with egg 
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gallery lengtll density only. Brood density was positively and significantly correlated Witll 
both attack density and egg gal lery lengtll density; the latter two va riables were also 
significantly correlated. 

Mortality of the small and large laI\lae was highly correlated (r=0 9 16, p<O.Ol , /1=42 ) 
The relationship between percent mortality in large larvae (Y) (Uld that of small laI\iae (X) 
was linear at all combinations of temperature and exposure duration (Fig. I). Both the 
regressIOn coefficient aIld tlle intercept were significantly different from zero (p<O.O I, 
/1=42). 
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Figure 1. The relationship between percent mortality of large (3'''_ and 4"'-instar) (Y) and 
small (L " - and 2J1"-instar)(X) larvae. The so lid line represents tlle least squares 
equation :Y=-1 .362+0.886X. 

Analysis of variance of tlle combined data for small (Uld large larvae indicated that tl le 
temperature treatment, the stage of larva l development , and the interactions of stage with 
temperature and duration of treatment signific(Ultly affected mortality. Stage (F1.15 = 
28.91 , p<O.OOO I) aIld temperature (VI,13 = 13. 16, p <O.OO I) had the greatest effect followed 
by the interaction of larval stage with temperature (! .~. 1,=3. 36, p <O.OS) and duration of 
exposure (F6,IS=2. 98, p <O.OS). 

Percent mortality due to tlle temperature treatments, averaged over duration of 
exposure, is given in Table 4 . Average percent mortality of the combined larva l instars at 
tlle coldest temperature was signifi cantly greater than mortality at tlle other temperature 
treatments. Average percent morta lity at each of -28 .8 and -23 .3 DC was signific(Ultly 
different from morality at each of -1 2.2 and -1 7.8 DC but not within eitller of tllese two 
treatment groups . The patterns of average percent mortality of small and large laI\iae witll 
respect to temperature treatments were similar except tllat smaJl 1,U\lae suffered greater 
morta lity at all levels of temperature treatment (Table 4) . 

Percent mortality by duration of temperature exposure, averaged over temperature 
treatment, is given in Table S. LaI\iae in the control logs suffered 27.4% average mortality 
(21.8(X, and 32.9% for small and large larvae, respectively), which was significantly lower 
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than any other treatment. Average percent mortality at each of I to 8 days of exposure 
differed significantly from those at 16 and 32 days of exposure but not within the 
respective groups. There were no differences in mortality in the controls over the duration 
of the experiments (Chi-square, 2df = 4.34, p> 0.05), In general, the pattem of mortality 
for small larvae over durdtion of exposure was the same as overall larval mortality . For 
large larvae, mortality at eaeh of 4 to 32 day exposures was significantly different from the 
control and the 1 day exposure (Table 5). There were no significant differences in 
mortality among exposures of 4 to 32 days. 

Table 4 
Percent mortality of small (l S( _ and 2nd-instar) and large (3fd - and 4 Ih-instar) mountain pine 
beetle larvae maintained at different low temperatures, averaged over duration of exposure. 
The sample size (.tv) is the nwnber of logs per temperature treatment. 

Temperature (0C) 

-12,2 
-17 .8 
-23 .3 
-28.8 
-34.4 

N 

9 
6 
9 
8 
10 

Small larvae 

32.90 ab 
29.65 a 
48.34 b 
43 .67 ab 
83.93 c 

% Mortality 
Large larvae 

21.80 a 
24.57 a 
39.06 b 
43.55 b 
75.86 c 

Combined 

27.40 a 
27.11 a 
43.70 b 
43.6 1 b 
79 .89 c 

*Means followed by the same letter within columns are not significantly different (p>0.05, 
Duncan 's Test). 

Table 5 
Percent mortality of small (I SI _ and 2"d-instar) and large (3,d - and 4 tll- instar) mountain pine 
beetle larvae. at different duration of low temperature exposure. averaged over temperature 
treatments . The sample size (i\~ is the number of logs per temperature treatment. 

Duration (days) 
o 

2 
4 
8 
16 
32 

N 
9 
7 
8 
7 
4 
4 
3 

Small larvae 
32.90 a 
49 .79 ab 
45 .83 a 
5009 ab 
50.95 ab 
80. 13 c 
70.57 c 

% Mortality 
Large larva 

21.80 a 
44.16 a 
43 .39 ab 
46.2 1 b 
43.85 ab 
66 .28 b 
6 1.90 b 

Combined 
27 .35 a 
46.97 b 
44.61 b 
48 .15 b 
47 .40 b 
73 .20 c 
66 .23 c 

*Means followed by the same let1er within columns are not significantly differe nt (p>0.05. 
Duncan ' s Test). Zero duration of exposure indicates the contro l treatment. 

The average percent mortali ty, taken over temperature treatment and duration of 
temperature exposure, was 50.0% for small larvae. and 42.9% for large larvae, wh.ich were 
significantly different (p<0. 00 1). 

A multiple regression of percent larval mortality of small (Y I) and large (Y 2) larvae on 
log diameter (XI)' duration of temperature exposure (X2) , temperature treatment (X3) had 
tlle following form : 

YI= 91.55 - 5.7 1XI + o 87X2 - 1O .88X3 +4.90X/: R2=0.68, N=42 
Y2= 88.40 - 6.76XI + 0.55X2 + 2.68X32; R2=0.76, N=42 

All coefficients of both regressions were significantly different from 0 (p:S:0.05). The 
va riable X3 was coded as O. I. 2. 3. and 4 in order of decreasing temperature treatment. 
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DISCUSSION 

The pre-treatment cold storage of the logs was sufficient to induce maximum cold 
hardiness in the larvae, as they required only about 2 weeks of exposure at -5°C constant 
to attain maximum accumulation of glycerol in the blood (Somme 1964). The relatively 
large variation in percent mortality in the control logs (C.Y.=43.2 %) indicates that log 
characteristics had a large effect. 

The strong negative correlation of log diameter with percent brood mortality is 
explained in part by the high negative correlation of log diameter with temperature 
treatment (r=-O.28) , in spite of the random allocation of logs to treatments. Temperature 
was the single most important variable relating to larval mortality. Log diameter directly 
affects the rate of cooling, due to the increase with mass in the amount of heat stored. Log 
diameter was significantly and positively correlated Witil bark thickness, percent sapwood 
moisture and attack, brood, and egg gallery length per m2 As bark is a good insulator, its 
thickness likely reduced heat loss and the rate of cooling of the log. By creating air pockets 
in the inner bark, attack, brood and egg gallery lenf,>th densities had similar effects. It is 
more difficult to assess the effect of sapwood moisture because the tilermal conductivity 
and the specific heat of wood both increase directly with moisture content, hence, though 
heat may be gained or lost more readily, at a given ambient temperature more heat is 
stored in wood having a high moisture content. 

On average, duration of temperature treatment had only a moderate effect on brood 
mortality. For both small and large larvae, the greatest daily change in mortality occurred 
following one day of exposure (Table 5). This is consistent with results by Somme (1964) 
and Wygant (1940) who showed that the effects of low temperature mortality usually 
occur witllin the first few hours of direct exposure. The inconsistent change in mean 
percent mortality with the duration of exposure in tilis study is likely due to tile unequal 
replication and large variability among logs discussed above. 

Mean percent mortality was the same for the control (-12.2 0c) and the -17.8 °C 
temperature treatments because cold-hardened larvae could withstand sustained 
temperatures of these magnitudes (Table 4). For both small and large larvae, the largest 
change in mortality occurred in tile treatment range from -23.3 °C to -34.4 dc. The 
maximum super cooling point of mountain pine beetle larvae is close to -34 °C (Somme 
1964). Some beetles survived even the 32 day exposure at the coldest temperature 
treatment, probably due to a combination o[ tile moderating effects of log size and bark 
thickness, and much lower timn average individual super cooling points. Since underbark 
temperatures were not monitored, no information is available on average temperatures and 
their variability in the ilmer bark region 

The multiple regressions predicting average percent larval mortality as a function of 
log diameter, larval size, temperature, and exposure, show that a large proportion of the 
variation in mortality can be explained by a combination of these variables. Such 
predictive equations have considerable utility in modeling population dynamics as well as 
in bark beetle management. Development of such equations should be based on well
replicated experiments til at take into account tile possible regional variation in cold 
hardiness. 

These results indicate tilat host characteristics (such as size, bark tilickness, and 
moisture content) and beetle variables (such as attack, egg gallery and brood densities) 
moderate tile effects of low temperatures on mountain pine beetle survival. Mortality [rom 
low temperatures is greater for small larvae than for large larvae and tile relationship 
between small and large larval mortality is linear witllin the temperature range 
investigated. 
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