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Winter mortality and supercooling point of the spruce beetle
(Coleoptera: Curculionidae) not affected by host tree vigor in
Nova Scotia, Canada
J. Rousseau, É. Bauce, R. Lavallée and C. Guertin

Abstract
At epidemic levels, the spruce beetle, Dendroctonus rufipennis Kirby (Coleoptera: Curculionidae), is able to spread from
moribund to healthy trees by pheromone-mediated mass attacks, allowing insects to access additional, higher-quality food
resources. Because host characteristics influence insect performance, we investigated the effect of host vigor on adult spruce
beetle overwintering biology in Nova Scotia. Spruce beetles did not produce more cryoprotectants and did not exhibit
lower supercooling points or greater winter survival on more vigorous trees. However, they exhibited high cold hardiness,
as shown by low supercooling points and mortality rates (around 15%), for all levels of host vigor. Supercooling points
reached temperatures as low as -44 °C in January, even though air temperature at the site did not fall below -23 °C. Also,
as expected, the insect’s lipid content decreased during the fall period but, surprisingly, was inversely related to tree vigor.

Résumé
À des niveaux épidémiques, le dendroctone de l’épinette, Dendroctonus rufipennis Kirby (Coleoptera : Curculionidae),
acquiert la capacité de se propager des arbres moribonds aux arbres sains en procédant à des attaques de masse.
Cela lui procure une source de nourriture supplémentaire et de meilleure qualité. Puisque les caractéristiques de
l’hôte ont une influence sur les performances des insectes, nous avons évalué l’effet de la vigueur de l’hôte sur la
biologie hivernale des adultes du dendroctone de l’épinette en Nouvelle-Écosse. Ceux-ci n’ont pas produit plus de
cryoprotectants et n’ont pas présenté des points de surfusion plus bas, ni un plus haut taux de survie sur les arbres plus
vigoureux. Tout hôte confondu, ils ont présenté des points de surfusion et des taux de mortalité relativement bas (15%),
démontrant ainsi une grande résistance au froid. Les points de surfusion sont descendus jusqu’à -44 °C en janvier alors
que la température la plus froide enregistrée sur le site était de -23 °C. Comme prévu, le contenu en lipides chez les
adultes a diminué durant l’automne, mais de façon, surprenante, il était inversement relié à la vigueur de l’arbre hôte.

Introduction

The spruce beetle, Dendroctonus rufipennis Kirby (Coleoptera: Curculionidae), is a destructive pest of mature
spruce trees (Coulson and Witter 1984). This insect can be found throughout the geographic range of its hosts
in North America (Bright 1976) from the western United States and Alaska to northeastern United States and
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northeastern Canada (Coulson and Witter 1984; Holsten
et al. 1999). Spruce beetles overwinter mainly as larvae or
teneral adults, depending on the length of the life cycle
generated by the climatic conditions prevailing in the
habitat (Werner and Holsten 1985a,b; Bentz et al. 2010).
Dendroctonus sp. are generally considered to be
aggressive species as they prefer healthy and vigorous host
trees (Coulson and Witter 1984; Hard 1985, 1989; Wallin
and Raffa 2004) when populations reach epidemic levels.
However, at endemic levels, these insects typically infest only
stressed and moribund trees whose defenses are weakened.
Mortality from cold exposure is considered a key
temperature-related factor in bark beetle population
dynamics (Bentz and Mullins 1999; Bentz et al. 2010).
Cold hardiness is the ability of an insect to survive at low
temperatures and it has been well documented for a number
of insect species in North America (Leather et al. 1993).
With diapause, cold hardiness is considered as essential
for winter survival in most insects (Denlinger 1991).
Strategies to survive extreme cold temperatures result
from changes in behavioral and physiological processes
in insects (Lombardero et al. 2000). Cold acclimation is
the seasonal increase in cold hardiness from summer to
winter (Leather et al. 1993). Generally, feeding ceases and
an increase in levels of antifreeze agents like polyols and
proteins occurs in response to a decrease in temperatures
during autumn (Leather et al. 1993). Although more
intermediate cold tolerance strategies exist to enable
insects to survive low temperatures (Bale 1987, 1993;
Sinclair et al. 2003), these have generally been divided
into two categories: freeze-tolerant and freeze-intolerant
(Salt 1961; Khani and Moharramipour 2010). The spruce
beetle is considered as a freeze-intolerant insect (Miller
and Werner 1987), which means it cannot survive the
formation of ice in its body tissues and fluids (Leather et
al. 1993). Freeze-intolerant insects predominate in cool
and cold climates and freeze-tolerant species are more
abundant in regions where winter frosts are extreme
(Somme 1982; Leather et al. 1993). However, Turnock and
Fields (2005) presented a more sophisticated situation for
different habitats in temperate cold continental (e.g., Nova
Scotia) and dry climates, where the incidence of freezetolerance among species increases with the severity of
overwintering habitat. Bark beetles like the spruce beetle
and the mountain pine beetle, Dendroctonus ponderosae
Hopkins (Coleoptera: Curculionidae), accumulate
cryoprotectants like glycerol as temperatures decline in fall
(Miller and Werner 1987) and then acquire cold hardiness
by lowering their supercooling point (SCP). The SCP can

© 2012 Acadian Entomological Society



be measured by the temperature at which spontaneous
freezing occurs and is used as an indicator of the lowest
lethal temperature that an insect can survive (Leather et
al. 1993). The SCP is the best documented parameter for
describing levels of cold hardiness (Turnock and Fields
2005). At the SCP temperature, latent heat is emitted
during the transition of water into ice (Leather et al. 1993).
Host tree vigor is used in many ways and describes
a variety of physiological states (Barbosa and Wagner
1988), but indices are generally based on the expression of
relative stem growth (Christiansen et al. 1987). According
to Waring et al. (1980), healthy and vigorous trees are
able to allocate part of their carbon to the stemwood, a
lower priority level than roots or shoots (Waring et al.
1980). Access to vigorous trees provides the insect with
an additional, higher-quality food source that is more
nutritious (Waring and Pitman 1985; Sundberg et al. 1993),
numerically more abundant (Raffa and Berryman 1983),
and less likely to shelter interspecific competitors (Reid and
Robb 1999; Wallin and Raffa 2001; Raffa et al. 2005). All of
these benefits could possibly lead to a greater accumulation
of reserve compounds such as lipids and sugars, which are
closely related to the overwintering performance of the
insect (Lombardero et al. 2000). Lipids are usually the
main energy reserve for overwintering insects (Izadi et al.
2011). In freeze-tolerant and intolerant insects, lipids and
glycogen are food reserves accumulated during summer
and transformed into cryoprotectants for winter (Lencioni
2004). Cold hardiness may also be affected by several
factors, including geographic location, environmental
conditions, developmental stage, sex and age (Somme
1982). How host tree vigor affects overwintering survival
and cold hardiness is not known for the spruce beetle.
Knowing that the performance of an insect under different
climatic conditions is particularly useful for forecasting the
risk of pest outbreaks and evaluating possible changes in
its geographic distribution (Bale and Hayward 2010; Bentz
et al. 2010), we tested the hypothesis that the overwintering
performance of the spruce beetle would increase with
increasing tree vigor. While deeply studied in cold
climates, such as the one encountered in interior Alaska
(Miller and Werner 1987) and in the Intermountain West
(Bentz and Mullins 1999), no data are available for more
temperate climates such as the one prevailing in eastern
Canada. To assess the effect of host vigor, we evaluated
overwintering mortality and cold hardiness of adult spruce
beetles collected from trees exhibiting differing degrees of
vigor evaluated by measuring annual tree growth rings.
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Materials and Methods
Study area and beetle sampling
Thirty-one red spruce trees, Picea rubens Sarg. (Pinaceae),
were selected in a mature forest affected by a spruce beetle
infestation near Cape d’Or, Nova Scotia, Canada (45°18’42’’
N, 64°45’20’’ W). These trees exhibited different degrees of
vigor as judged by their outward appearance and all were
infested by beetles. Foliage depletion and discoloration
were important factors for this assessment. In fall 2008,
four increment cores were taken at breast height (1.3
m) (Mulock and Christiansen 1986) at 90o from each
cardinal direction from each tree with special attention
being paid to finding the true center of the tree. The
sapwood border was marked on all cores based on wood
moisture content (Mulock and Christiansen 1986). Annual
increments were measured using WinDENDRO software
(Regent Instruments Inc. 2009). Tree vigor was assessed
by calculating the percent ratio of 2008 annual ring basal
area to sapwood basal area (Waring and Pitman 1980).
Vigor indices ranged from 0 (dead) to 9.5% (healthiest).
Air temperature and phloem temperature beneath the bark
of one healthy and one dead tree were measured at 2 h
intervals from 27 September 2008 through 24 April 2009
with a stainless steel probe connected to a temperature
station (wireless leaf and soil moisture/temperature station,
Davis Instruments, Hayward, CA). Probes were attached
at a height of 3.5 m on the north side of the tree bole.
Adult spruce beetles were collected from each tree
in September, October, November, December 2008,
and in January, April 2009 by removing bark samples
using a punch (diameter: 10.2 cm) modified based on
Furniss (1962). Each time, enough bark samples were
removed to obtain at least four beetles from each tree for
metabolite analyses. Insect identification was based on
Bright (1976). Beetle density was then estimated as counts
of beetles per area of bark surface sampled. Mortality
was expressed as the percentage of dead beetles over the
total number of beetles sampled on a tree each month.
Metabolite analyses: measurement of lipid,
trehalose and glycerol contents
Two adult beetles (observation units) were taken from
each of the 31 trees on each of the six sampling dates for
metabolite analysis. Fresh mass, dry mass, and water
content were determined by weighing insects before and
after freeze-drying. Lipid content was assessed using the
phosphovanillin spectrophotometric method described by
Kinn et al. (1994), which consists in dissolving the insects
in sulfuric acid and adding a phosphoric acid and vanillin-
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based color reagent before comparing absorption at 530
nm with cholesterol standards using a spectrophotometer.
Trehalose and glycerol were identified in preliminary
tests as the main sugar and polyol found in spruce beetle,
respectively. Their levels were quantified using the method
of Cho et al. (2007), with slight modifications as follows.
Each insect was ground in 200 µL of methanol and
centrifuged at 2000 g for 5 min, after which the supernatant
was collected. The precipitate was recentrifuged twice
and the supernatants were combined. The methanol was
evaporated over 1.5 h using a Speed Vac Concentrator
(Savant, Farmingdale, NY). The pellet that remained
after evaporation was re-suspended in deionized water
and filtered through a 0.45 µm syringe filter (Sarstedt,
Montréal, QC). Trehalose and glycerol were measured
using an HPLC (ProStar 420, Varian Canada, Mississauga,
ON) equipped with a column (Sugar-Pak, Waters
Corporation, Mississauga, ON) heated to 70°C. A 30 µL
aliquot of the insect extract was eluted with deionized
water for 20 min at a rate of 1 mL/min. Trehalose and
glycerol were detected and quantified by a refractive index
detector (ProStar 355, Varian Canada, Mississauga, ON).
Measurement of supercooling point
Two other adult beetles (observation units) were taken from
each of the 31 trees on each of the six sampling dates for
supercooling point measurements. Beetles were attached
with tape to a support frame so that their abdomens were
in contact with thermocouples (chromel/constantan Type
E, Omega Engineering Inc., Laval, QC). This frame was
placed in a Styrofoam box to slow the cooling rate of
the samples to about 1 °C/min when placed in a freezer
reaching -50 °C. A cooling rate of 1 oC min-1 remains the
experimental standard (Sinclair et al. 2003). Temperature
changes were recorded (±0.01 oC) with a data logger
(CR10, Campbell Scientific Inc., Edmonton, AB) (Han
and Bauce 1993). The supercooling point was considered
as the lowest temperature reached before the release of
latent heat associated with crystallization (Leather et al.
1993). Thirty beetles were kept after they reached their
supercooling points and placed at ambient temperature
on fresh bark to verify that they were dead after freezing.
Statistical analysis
Linear regressions were used to study the association
of tree vigor index and insect-related biological
performance. Beetle density and mortality were
analyzed using a generalized linear mixed model (PROC
GLIMMIX, SAS Institute Inc. 2008). Beetle physiological
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characteristics were analyzed using a mixed model
procedure (PROC MIXED, SAS Institute Inc. 2008).
Beetle density and sampling time were considered in
the mortality and physiological characteristics analysis.
Beetle density was included as a covariate to ensure
that observed variation was not due to intraspecific
competition. Sampling time was evaluated as a subsample.

Results
Study area
Air temperature and temperature beneath the bark of both
healthy and dead trees were similar. A small buffer effect
was observed beneath the bark of both tree types, but it only
delayed by a few hours the time needed to reach the same
temperature as the air. January was the coldest month, with
minimum air temperature nearly reaching -23 ºC (Figure
1). Temperatures recorded on site were representative of
the normal trend reported for this region by Environment
Canada (2010), in that no unusually cold or warm periods
were observed in comparison with previous years.
Figure 1. Air temperature measured 3.5 m above ground at Cape
d’Or, Nova Scotia, Canada, in 2008 and 2009.

Beetle density
Beetle density on trees significantly increased with tree
vigor (F1,29 = 13.42, P < 0.001). Densities varied from 253
to 2035 spruce beetles per m2, from the least attacked
tree to the most attacked one. For a constant area of
bark surface sampled, there were 16% more beetles
on the most vigorous trees compared with dead trees.
Overwintering mortality
Tree vigor had no significant effect on either adult (F1,29 =
0.16, P = 0.69) or larval mortality (F1,29 = 0.07, P = 0.79). Adult
mortality fluctuated around 15% between sampling dates
(F5,149 = 2.69, P = 0.02). Larval mortality fluctuated around
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10% (F5,91 = 13.62, P < 0.0001), with a peak of 39% in January.
Metabolites and supercooling point
Tree vigor had no significant effect on beetle physiological
characteristics except for lipid content (Table 1). Mean lipid
content decreased from 17.1 to 15.2% of dry mass when tree
vigor increased. Yet, the effect of the sampling date was
significant for all physiological characteristics (Table 1).

Table 1. Results of analyses comparing physiological characteristics
of adult spruce beetle with tree vigor for six sampling dates.

Variables/factors
Fresh mass (366)
Tree vigor
Sampling date
Dry mass (366)
Tree vigor
Sampling date
Water (366)
Tree vigor
Sampling date
Lipid (366)
Tree vigor
Sampling date
Trehalose (370)
Tree vigor
Sampling date
Glycerol (363)
Tree vigor
Sampling date
Supercooling point (363)
Tree vigor
Sampling date

DF

F-value

P

1
5

0.11
12.73

0.7394
<0.0001

1
5

0.44
26.42

0.5060
<0.0001

1
5

1.74
62.64

0.1883
<0.0001

1
5

7.42
21.09

0.0068
<0.0001

1
5

2.10
30.85

0.1481
<0.0001

1
5

2.33
366.16

0.1280
<0.0001

1
5

1.90
148.71

0.1695
<0.0001

NOTE: Numbers in parentheses represent sample size.
Seasonal fluctuations in glycerol content were
strongly complemented by shifts in supercooling
points (Figure 2E,F). Mean glycerol content varied
between 0 and 3.3% of dry mass across sampling dates.
It was barely detectable throughout late summer to
early autumn, and rose in late autumn (November) to
a high concentration in mid-winter (January) before
decreasing back down to zero in the spring (April).
During 2008 and 2009, lower lethal temperature of
Dendroctonus rufipennis from Nova Scotia declined
in October to reach a minimal threshold in January.
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Supercooling means were around -20 °C in autumn.
Their value decreased during the period when the
insects were producing glycerol to reach a mean of
minus 38 °C in January; some individuals even achieved
a supercooling point of ‑44 °C. Both glycerol amounts and
supercooling points got back to their autumn level in April.
None of the 30 beetles that were kept for observation after
they reached their supercooling points survived, confirming
that the spruce beetle is a freeze-susceptible insect.
Water and lipid reserves in the beetle decreased in tandem
through autumn and winter before rising again in the
spring (Figure 2C,D). Trehalose had a completely different
pattern: increasing constantly until December (0.67% of
dry mass), dropping abruptly to 0.08% of dry mass in
January, and rising back almost to its previous level in April
(Figure 2E). All of this variation resulted in an increase
in beetle dry mass until November followed by a gradual
decline (Figure 2B), while fresh mass fluctuated around
15 mg with a peak at 17.6 mg in November (Figure 2A).

Discussion
Our study clearly demonstrated that differences in host
vigor index ranging from 0 to 9.5% (Waring and Pitman
1980) evaluated with relative annual tree ring growth have
no measured effect on some of the biological parameters
related to the overwintering biology of the spruce beetle.
It should be noted that all trees selected in this study were
chosen because they had sufficient numbers of beetles
for the experiment. Therefore, they possibly were not
representative of the entire range of vigor that is exhibited by
red spruce, and perhaps the range covered was too narrow
to detect the effects of tree vigor on beetles. Moreover, the
maximum vigor expressed by red spruce in terms of the
Waring and Pitman index is not known. Studies performed
on conifers (Waring and Pitman 1980; Waring et al. 1980;
Kytö et al. 1998), including some spruce species (Mulock
and Christiansen 1986; Münster-Swendsen 1987; Kytö et
al. 1996), have not reported vigor estimates exceeding
15%. Thus, we are confident that the trees we selected
were representative of low- and mid-range vigor of trees
attacked by the spruce beetle. It would have been useful to
also select unattacked, healthy trees to have a better picture
of what the values we found mean. Further research should
be conducted to identify the full range of vigor for trees
that are attacked by the spruce beetle. For example, Waring
and Pitman (1980) found that the mountain pine beetle
only attacks individual lodgepole pines, Pinus contorta
Dougl. ex Loud. (Pinaceae), with vigor estimates of 15%
or less, and is able to kill trees exhibiting vigor of 8% or
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less. Such information would allow us to characterize
trees that are more susceptible to insect attack and could
be a useful tool for managers. A more appropriate vigor
index could be the specific volume increment (SVI),
as discussed by Bevilacqua (2002). The SVI could be
more appropriate as it is less correlated with tree age.
Our results concerning higher beetle densities on more
vigorous but attacked trees are in agreement with the results
obtained by Reid and Robb (1999). Their results suggest
more nutrients in the phloem of vigorous trees. Also, from
our results, the increase in beetle density with tree vigor is in
keeping with the mass attack principle, implying that more
beetles are required to overcome the defenses of a vigorous
tree than those of a weak one (Waring and Pitman 1980;
Mulock and Christiansen 1986; Christiansen et al. 1987).
From a population dynamics point of view, these vigorous
trees provide an additional food source to meet the needs of
a growing population and reduce intraspecific competition
(Raffa and Berryman 1983; Wallin and Raffa 2002, 2004).
For the spruce beetle, red spruce bark should not be
considered as a protective layer against cold temperatures
as indicated by the phloem temperature. Moreover, the
temperature below the bark was similar whatever the
vigor status and was similar to external temperature.
Similar observations were made by Miller and Werner
(1987) on white spruce trees in interior Alaska.
There were important changes in lipids and water content
associated with the autumnal decline in Dendroctonus
rufipennis supercooling point (Figure 2C,D). Similar
trends were observed with Dendroctonus rufipennis in
Alaska, Dendroctonus ponderosae, and Ips pini (Miller
and Werner 1987; Bentz and Mullins 1999; Lombardero
et al. 2000). In fall, during glycerol production, water
is used, contributing to water loss in the insect, thus
improving its cold tolerance (Lombardero et al. 2000).
Lipid content was inversely related to tree vigor. It is
recognized that lipids stored in insects can be involved
in the biosynthesis of cryoprotectants (Lombardero et
al. 2000). This aspect was not validated here. Higher
beetle density and consequent food competition on
more vigorous trees could explain this reduction in the
lipid content (Anderbrant et al. 1985). Even though we
observed a slight decrease in body lipid content when
tree vigor increased (Table 1), spruce beetle overwintering
biology was not altered as no other characteristics of
the insect, such as mortality and supercooling points,
varied with tree vigor. However, the decrease in lipid
content was not accompanied by a decrease in insect
wet or dry mass. This suggests that other substances
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Figure 2. Fresh mass (A), dry mass (B), water (C), lipid (D), trehalose and glycerol (E), and supercooling points (F) (mean ± SE) of
overwintering adult spruce beetles. A mean value involves 31 replicates (trees), each of which contains two adult beetles.

could be produced by the spruce beetle when tree vigor
increases and lipid content decreases. Such variation
could be linked to the detoxification of terpenes, which
are more abundant in vigorous trees (Wallin and Raffa
2002), but this speculation requires further investigation.
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With colonizing beetles, a reduction in the insect lipid
reserves with tree vigor increase could be the result of the
cost involved in the search for suitable host trees (Atkins
1969; Wallin and Raffa 2002). Reduced lipid reserves could
lead to reduced fecundity or dispersal capability (Slansky
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and Haack 1986; Anderbrant 1988; Zhou et al. 1995).
During 2008−2009, our results showed that spruce beetles
found in Nova Scotia exhibit a strong seasonal pattern and
a high cold hardiness and can survive low temperatures,
as demonstrated by their low supercooling points and
mortality rates. For example, the mean supercooling point
was as low as -38 ºC in January, with some individuals
reaching -44 ºC, even though air temperatures measured in
the study plot did not fall below -23 ºC. This low SCP value
for spruce beetle populations in eastern Canada can be
easily compared with SCP measured on other bark beetles
overwintering under the bark of their hosts like Ips pini and
northern populations of Ips grandicollis (Lombardero et al.
2000). In comparison, Miller and Werner (1987) reported
that spruce beetles in Alaska had a mean supercooling
point of about -30 ºC during the coldest part of winter,
with some individuals reaching -37 ºC. Differences
between the supercooling points we measured and those
of Miller and Werner (1987) could be due to variations in
the cooling rates that were employed (Leather et al. 1993).
Low supercooling points likely explain, in part, why
adult mortality rate was not affected by the temperature
drop in January and why mortality remained quite low
(15%) throughout winter. Even if Nova Scotia’s climate
is fairly warm compared with other regions infested by
Dendroctonus rufipennis, high beetle mortality rates are
possible in winter. As observed by Lombardero et al.
(2000), even without water crystallization, a sustained
chilling can induce Ips grandicollis and Dendroctonus.
frontalis mortality. Also, beetle cold resistance needs a
certain amount of time to develop, but can be lost very
quickly if warm temperatures occur during winter (Bentz
and Mullins 1999; Régnière and Bentz 2007). Yet, mortality
rates in our study were comparatively low, given the
values of 20 to 37% that were measured for spruce beetle
in Colorado (McCambridge and Knight 1972) where air
temperatures were similar to those measured in our study
site. In a related species, the mountain pine beetle mortality
rates of 90 to 95% have been reported following cold
snaps in Alberta (A. Roe, University of Alberta, personal
communication). Another way to test this mortality over
the chilling point would have been to collect insects in the
middle of winter, subject them to -20 oC, and pull samples
of about 10-30 insects after different durations. This would
have given us a lethal time to 50% mortality, and it would
have been a more precise measure of cold hardiness.
Our results indicated higher levels of mortality for
larvae than adults in January, which suggests lower cold
tolerance in larvae. As Miller and Werner (1987) found
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that adults and larvae of the spruce beetle had similar
supercooling points and glycerol contents, non-freeze
mortality is apparently involved here. Thus, our results
could indicate a lower accumulation of reserves in larvae
due to curtailed feeding in autumn. Spruce beetles in
Nova Scotia are thought to predominantly have a oneyear life cycle. Therefore, larvae found in trees during
winter are believed to come from late-emerging parents
or from a second brood, which would not have had
sufficient time to develop into adults or accumulate
reserves before the onset of winter. As no measurements
of metabolites and supercooling points were made on
larvae, further research should be conducted with respect
to spruce beetle larval cold hardiness in Nova Scotia.
The overwintering biology of the spruce beetle was
not influenced by host vigor, at least within the range
of the vigor index investigated in the current study.
Glycerol content, supercooling points and overwintering
mortality of the beetles remained the same regardless of
host vigor. Thus, spruce beetles did not produce more
cryoprotectants and did not exhibit lower supercooling
points or greater winter survival on healthy and more
vigorous trees. Although vigorous trees provide a source
of high-quality food (Waring and Pitman 1985; Sundberg
et al. 1993), these trees may not offer an added advantage
to the spruce beetle with regard to winter survival and
cold hardiness. Furthermore, our results showed that in
Nova Scotia, spruce beetle exhibits high cold hardiness, as
demonstrated by its low supercooling points and mortality
rates. Winter temperatures probably exert negligible
control on beetle populations in Nova Scotia, thereby
contributing to persistent epidemic levels. Our study
provided novel information regarding the overwintering
biology of the spruce beetle in Nova Scotia, which will
allow us to have a better understanding of the dynamics
of this insect. This information should also be considered
in the context of climate change to predict population
fluctuations and their expansion into new areas.
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