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Taste receptor activity and feeding behaviour reveal
mechanisms of white spruce natural resistance to
Eastern spruce budworm Choristoneura fumiferana
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Abstract. The pattern of feeding of Eastern spruce budworm Choristoneura
fumiferana (Clem.) (Lepidoptera, Tortricidae) is compared on foliage from white
spruce Picea glauca (Moench) Voss. (Pinaceae) trees previously determined to be
susceptible and resistant to defoliation by budworm. No differences are observed
in electrophysiological responses from taste sensilla to aqueous extracts of the two
foliage types, nor is there a preference for either extract type in a choice test. Acetone
extracts from the two foliage types are both preferred to a control sucrose solution,
although neither elicits a preference relative to the other. These results suggest that
there is no difference in phagostimulatory power of internal leaf contents of the
two foliage types. Longer-term observation of feeding behaviour in a no-choice
situation shows no difference in meal duration, confirming the lack of difference in
phagostimulatory power. However, on average, intermeal intervals are twice as long
on the resistant foliage, leading to an overall lower food consumption during the
assay. This result suggests an anti-digestive or toxic effect of the resistant foliage that
slows behaviour and limits food intake. Previous research has shown that waxes of the
resistant foliage deter initiation of feeding by the spruce budworm and that this foliage
contains higher levels of tannins and monoterpenes. The data suggest that the resistant
foliage contains a post-ingestive second line of defence against the spruce budworm.

Key words. Antibiosis versus antixenosis, Choristoneura fumiferana, deterrence
versus toxicity, Eastern spruce budworm, electrophysiology, natural resistance, pattern
of feeding, Picea glauca.

Introduction

Substantial variation in defoliation by insects is observed
between host plants within the same species. Indeed, poor qual-
ity individual hosts of high quality species are documented
for several forest insects (Leather, 1996; Clancy, 2002). These
trees are characterized as ‘resistant’ because they incur sub-
stantially less defoliation than their neighbours (Clancy et al.,
1993). However, this label does not indicate the interaction
between the plant and the insect or the plant’s traits that make it
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a less suitable host than its conspecifics. For example, Palermo
et al. (2003) describe trees that differ in susceptibility to her-
bivory in the field but do not demonstrate a difference between
them with respect to insect foliage consumption or oviposition.

Indeed, natural resistance can include multiple plant traits
such as asynchronous phenology, unsuitable nutrient con-
tent, mechanical leaf characteristics, surface waxes, secondary
metabolites and induction of chemical defences (Leather, 1996;
Clancy, 2002). Many secondary metabolites are known to act
defensively against herbivores, although there can be con-
siderable confusion about their mode of action, aggravated
by the fact that some of these compounds appear to affect
insects in many different ways, or sometimes not at all.
For example, tannins have long been known as defensive
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compounds (Feeny, 1968) and various studies suggest that they
either are phagodeterrent (Karowe, 1989), inhibit midgut func-
tioning through binding with enzymes and nutrients (Feeny,
1968) and through oxidative stress (Barbehenn et al., 2009),
or are directly toxic and disrupt development and cause mor-
tality (Karowe, 1989; Kumbasli, 2008). Similarly, monoter-
penes, a key defence of conifers, can deter insect oviposition
(Leather, 1996) and feeding (Litvak & Monson, 1998), as well
as increase herbivore mortality (Carisey & Bauce, 1997) and
attract predators (Phillips & Croteau, 1999) or have no effect
at all (Clancy, 2002).

Simple rearing experiments can show that a compound has
a negative impact on an insect herbivore, although they do
not demonstrate the mechanism or nature of the impact. By
contrast, close observation of the insect’s behaviour on a food
source is more informative about the quality of that food source
and the ways in which it influences the insect. Indeed, the
pattern of feeding (i.e. the frequency and duration of meals)
varies across foods (Reynolds et al., 1986; Timmins et al.,
1988; Bernays & Singer, 1998) and can provide information
about the insect’s physiological responses to those foods.
For example, Malacosoma disstria caterpillars perform better
on a protein-rich diet without increasing food consumption.
Behavioural observations show that these caterpillars take
longer meals and longer pauses between meals on the protein-
rich diet, suggesting post-ingestive mechanisms regulating
nutrient intake that are not apparent from simple measurements
of growth and consumption (Colasurdo et al., 2007).

When an insect bites a plant, it receives chemical infor-
mation about stimulatory or deterrent compounds that direct
further feeding. The responses of sensory cells on the insect’s
mouthparts to these compounds can be measured directly using
electrophysiological techniques. The overall phagostimulatory
power of a food source, integrating over multiple sensory cells,
can be evaluated in simple choice tests by observing on which
of two presented food sources an insect will feed. The dura-
tion of the first feeding bout is also an indication of the overall
phagostimulatory power of a food source: strong phagostim-
ulatory responses from taste cells lead to a high level of
feeding excitation, which then decreases gradually during the
meal as a result of post-ingestive feedback, until it reaches a
threshold at which ingestion ceases (Simpson, 1995; Simpson
& Raubenheimer, 2000). Insects feeding on foliage contain-
ing phagodeterrent compounds are therefore expected to take
shorter meals. They are also more likely to become active and
to move away (Edwards & Wratten, 1983).

Once the insect has begun feeding, post-ingestive feedback
on the nutritional quality of the food influences the rate at
which it is processed and the time until the next meal (Simpson,
1995; Thompson, 2003; Colasurdo et al., 2007). Food con-
taining anti-digestive compounds is expected to be processed
more slowly. Toxins are expected to inhibit metabolism and
slow down behaviour. The presence of either anti-digestive
compounds or toxins is therefore expected to be reflected by
long pauses between meals. Thus, close observation of feeding
behaviour can shed insight on whether resistance acts through
pre-ingestive (deterrent) or post-ingestive (anti-digestive or
toxic) effects.

In the present study, a detailed examination of feeding
behaviour is conducted to distinguish between deterrence or
toxicity in white spruce trees Picea glauca (Moench) Voss.
(Pinaceae) previously shown to be resistant to defoliation
by the Eastern spruce budworm Choristoneura fumiferana
(Clem.) (Lepidoptera, Tortricidae). A previous study reports
that budworm larvae are deterred from initiating feeding on
these trees after contact with the epicuticular waxes, and
that these resistant trees contain higher levels of tannins and
monoterpenes than susceptible trees (Daoust et al., 2010). The
present study examines whether these secondary metabolites
inside the foliage could act as a second line of defence once
feeding has begun. To test for both phagodeterrence and toxic-
ity of internal leaf contents, two experiments are performed on
the feeding behaviour of spruce budworm on susceptible and
resistant needles. The first part of the study tests for differences
in phagostimulatory power of leaf extracts, using both elec-
trophysiological and taste assays. The second part examines
the pattern of feeding on needles. If the resistant foliage con-
tains phagodeterrents, differences in taste responses and shorter
meals are predicted on those needles. If the resistant foliage
contains anti-digestive or toxic compounds, longer intervals
between meals are predicted (Simpson, 1995).

Materials and methods

Insects and foliage

Spruce budworm larvae were obtained as second instars
emerging from diapause, from the Great Lakes Forest Research
Centre, Sault Sainte Marie, Ontario, and reared on the artificial
diet described in Grisdale & Wilson (1988). Larvae were kept
in an incubator under an LD 16 : 8 h photocycle at 22 ◦C and
60% relative humidity. Fourth- and sixth-instar larvae that had
moulted within the last 24 h were used in all experiments.

Two types of white spruce trees were identified in a
plantation near Drummondville, Québec, Canada (45◦53′0′′N,
72◦29′0′′W), based on differences in their susceptibility to
budworm defoliation (Bauce & Kumbasli, 2007; Daoust et al.,
2010). Trees were classified as susceptible if they had more
than 30% defoliation at the base of the crown, and as resistant
with less than 10% defoliation. Current-year needles were
taken from three trees resistant to budworm defoliation and
from three neighbouring defoliation-susceptible trees. Foliage
was collected on 10 June 2005, which coincided with the
presence of sixth-instar larvae on both the resistant and
susceptible trees. The samples were coded as soon as they
were received so that all experimentation was carried out under
blind conditions. Needle samples were stored at −20 ◦C until
use (Albert, 1982).

Taste responses

Extracts. Both aqueous and acetone extracts were prepared,
one from each of the three resistant and three susceptible trees.
For the aqueous extracts, needles (0.255 g) were crushed in
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a 15-mL ground glass tissue grinder, in an ice bath, using
5 mL of 25 mM KCl. The aqueous extracts were filtered
though a 25-mL fritted glass vacuum filter (Millipore, Billerica,
Massachusetts) using G8 25-mm Glass fibre filters (Fisher
Scientific, Pittsburgh, Pennsylvania) with an additional 10 mL
of KCl solution. The final 0.017 g mL−1 solutions were used
to stimulate the target sensillum.

These aqueous solutions contain water-soluble secondary
metabolites such as condensed tannins but not simple pheno-
lics, which are known to differ between the two foliage types
(Daoust et al., 2010). An acetone extract was therefore also
prepared to include these phenolics. Neither extract contained
epicuticular waxes.

For preparation of acetone extracts, 2.0 g of needle powder
was extracted with 2 × 100 mL of 70% aqueous acetone
(+0.1% ascorbic acid), pulverized in a disperser (IkA T10
basic; Ika Works Inc., Wilmington, North Carolina) for 2 min,
shaken for 1 h and filtered through a Whatman No. 41
filter paper (Whatman International Ltd, U.K.). Filtrates were
evaporated by rotovap (45 ◦C). The resulting powder was
suspended in distilled water and 25 mM of sucrose (MAT SR-
0182) and used in choice tests.

Electrophysiological recordings. Recordings were made
with the aqueous extracts only. Insects were prepared and
electrophysiological recordings were conducted as described
by Albert (2003). The head and the first three thoracic seg-
ments of the sixth-instar larva were mounted onto a blunted
glass micropipette reference electrode containing 25 mM l−1

KCl saline solution. The micropipette, once inserted into the
lobe of the hypopharynx, caused the insect’s galea and palps to
extend forward and impeded further movement. A second glass
micropipette containing the test solution acted as the recording
electrode when sleeved over the taste sensillum. Contact was
made for a minimum of 1 s followed by a 3-min rest period
to prevent adaptation of the neurones. The nerve impulses
from the chemosensory neurones were recorded via a high
impedance amplifier (1015 �) attached to the recording elec-
trode. All recordings were obtained as unfiltered signals, and
the recording from 0.25–0.75 s was digitized and used in the
analysis (Albert, 2003).

Preliminary experiments showed that only the L2 sensillum
on the maxillary palp responded to the extracts (S. Daoust &
P. J. Albert, unpublished data). This sensillum was therefore
tested with the six test solutions as well as a 25 mM KCl
control solution. On each of 45 insects, the control solution was
tested first to validate the proper functioning of the sensillum,
and the remaining solutions were tested in a random order.

Choice tests. Taste tests were carried out separately with
aqueous and acetone extracts. The taste assay was based on
that described by Albert (1982). Insects were starved for 24 h,
under ambient room conditions individually in 3.5-cm Petri
dishes. They were then placed individually in closed 3.5-cm
Petri dish feeding arenas for a second 24-h period and pro-
vided with eight cellulose discs alternating susceptible and

resistant extracts. Feeding discs with a surface area of 31.74 ±
0.05 mm2 were made from 0.45 μm Millipore cellulose nitrate
filter paper using an office hole punch. Aliquots (15 μL) of
the susceptible and resistant extracts were applied to the discs.
The discs were pinned with 2.5-cm stainless steel sewing pins
with differently coloured heads, approximately 5 mm above
the floor of a styrofoam sheet, and arranged in a 21 mm diam-
eter circle.

The acetone extracts were tested against a control sucrose
solution (25 mM) and against each other, using both fourth-
and sixth-instar larvae (n = 50 for each test). The aqueous
extracts were tested against each other, using sixth-instar larvae
(n = 25).

Upon completion of the tests, the remains of the cellulose
discs were glued to a black background, photographed with
a ruler for scale, and analyzed using ImageJ 1.36b software
(Wayne Rasband, National Institutes of Health, Bethesda,
Maryland) to calculate the remaining areas. The proportion of
total food consumption taken from the resistant treatment was
calculated by dividing the amount of resistant discs consumed
by the total consumption. This value was arcsine transformed
before analysis (Sokal & Rohlf, 1995).

Pattern of feeding

Insects were starved for a period of 4 h in 3.5-cm Petri
dishes under ambient room conditions before experimentation.
One needle was then added to each dish and the dishes were
placed on a 27 × 22 cm styrofoam board in a 40 × 40 × 40 cm
digital photo box. The insects were visually isolated from each
other with styrofoam barriers between the Petri dishes. The
first 0.5 cm of the needle was placed into a plastic pipette tip
filled with water and sealed with Parafilm (Pechiney Plastic
Packaging Co., Chicago, Illinois). There were no consistent
differences in needle size between susceptible and resistant
trees and needles were chosen to be of similar size.

The larvae were filmed using a GL2 Video Camcorder,
3CCD Camera System (Canon, Tokyo, Japan), with a
×20/× 100 professional fluorite lens, 1.7 megapixels and
recorded onto a computer using virtual dub software, ver-
sion 1.5.10 (Avery Lee; http://www.virtualdub.org/) set at one
frame every 2 s. Recording took place from 14.00 to 09.00 h
the next morning. Fluorescent lights remained on through the
duration of the experiment.

Ten insects were observed for each of the three susceptible
and three resistant trees. The detailed behaviour of the insects
during the first meal was analyzed elsewhere (Daoust et al.,
2010). In the present study, behaviour was recorded over the
longer term, until the needle was totally consumed or 19 h,
whichever happened first. Each caterpillar was scored in four
behavioural categories:

• Quiescent: the caterpillar was not moving
• Moving: the caterpillar was walking or otherwise active

but not in contact with food
• Probing: the caterpillar was in contact with the food but

was not ingesting (e.g. the size of the needle was the same
before and after the event)

© 2010 The Authors
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• Feeding: the caterpillar was in contact with the food and
the size of the needle decreased over the duration of the
bout

Differences in time spent in these four activities were com-
pared between the two foliage types, both before and after
the insect first sampled the needle. Differences in duration of
meals and intermeal intervals were also examined. A meal
was defined as an interval of feeding and an intermeal interval
was the time between two meals (Simpson, 1995). The food
ingested for each meal was calculated by measuring the dif-
ference in needle length before and after the insect fed and
dividing this by the diameter of the Petri dish to correct for
camera position. The feeding rate was calculated as the amount
ingested during a meal divided by the duration of the meal.

Results

Taste responses

Electrophysiological recordings. The electrophysiological
recordings showed that a single neurone (Cell 1) fired when
the L2 was stimulated with the control solution, whereas two
neurones (Cells 1 and 2) fired when the L2 was stimulated
with either of the aqueous spruce extracts. Responses from
Cell 2 had a smaller amplitude and lower frequency than the
responses from Cell 1. The output of Cell 2 as a percentage
of total response was compared between extracts (Fig. 1A)
using a nested analysis of variance (anova) with individual
tree nested within foliage type (susceptible or resistant).
Foliage type had no significant effect on electrophysiological
response (anova: F1,4 = 5.87, P = 0.07), nor did individual
tree (anova nested factor: F4,87 = 1.17, P = 0.33).

Choice tests. Discs containing acetone extracts were eaten
preferentially relative to the control, whether the extract was
from susceptible (fourth-instar larvae: t = 8.95, d.f. = 49, P <

0.001; sixth-instar larvae: t = 5.66, d.f. = 49, P < 0.001)
or resistant foliage (fourth-instar larvae: t = 10.6, d.f. = 49,
P < 0.001; sixth-instar larvae: t = 5.19, d.f. = 49, P < 0.001;
Fig. 2). However, insects did not feed differentially on discs
containing susceptible and resistant extracts (fourth-instar lar-
vae: t = 1.27, d.f. = 49, P = 0.21; sixth-instar larvae: t =
−0.59, d.f. = 49, P = 0.56).

The aqueous extracts did not show differential feeding
between susceptible and resistant foliage (t = −1.42, d.f. =
22, P = 0.17; Fig. 1B). Thus, the caterpillars did not discrim-
inate between extracts from susceptible and resistant foliage,
whether extracted in acetone or in water.

Pattern of feeding

Overall, 90% of insects consumed the needle within the 19-
h period, and the median duration of recording analyzed was
2.94 h. A multiple analysis of covariance (mancova) exam-
ined differences in time spent in the different behavioural

Fig. 1. (A) Response of the L2 sensillum neurone 2, shown as percent
of total number of impulses/s, compared between aqueous extracts
from resistant and susceptible host foliage. (B) Percentage of total
consumption taken from discs with resistant or susceptible aqueous
extracts. No significant differences were observed.

categories, using experiment duration as a covariate to control
for variation in observation time. The analysis was performed
separately on the time periods before and after the insect first
contacted the food. As predicted, no significant differences
were detected before the caterpillars contacted the food (data
not shown). Examination of the time budget after the insects
contacted the food showed that the insects on resistant foliage
spent more of their time quiescent (mancova: F1,20 = 5.79,
P = 0.03) but less feeding (mancova: F1,20 = 3.76, P =
0.04) than those on susceptible foliage. No differences were
observed in time spent moving (mancova: F1,20 = 1.32, P =
0.26) or probing (mancova: F1,20 = 0.01, P = 0.96) (Fig. 3).

Feeding behaviour was further examined by comparing
the number and duration of meals and intermeal intervals
between the two foliage types. The unit of replication was
the insect, and each insect was represented by the median
duration of meals and intermeals. There was no difference
in the number (manova: F1,18 = 2.01, P = 0.17) or duration
(manova: F1,18 = 0.85, P = 0.37) of meals between the
two needle types. However, insects on resistant foliage took
longer pauses between meals (manova: F1,18 = 5.52, P =
0.03). Thus, the difference in time allocation described above
occurred via longer intermeal intervals on resistant foliage
(Table 1). Indeed, on susceptible foliage, the average meal

© 2010 The Authors
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A. Fourth-instar Larvae

0

5

10

15

20

25

Control Susceptible Control Resistant Susceptible Resistant

Choice 1 Choice 2 Choice 3

M
ea

n
 C

o
n

su
m

p
ti

o
n

 %
 ±

 S
E

* *

B. Sixth-instar Larvae
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Fig. 2. Percentage of discs consumed by in the two-way choice
tests with acetone extracts by Choristoneura fumiferana (A) fourth-
instar larvae and (B) sixth-instar larvae. Choice 1: susceptible extract
versus control sucrose solution; choice 2: resistant extract versus
control sucrose solution; choice 3: susceptible versus resistant extracts.
Significant differences (P < 0.05) are indicated by an asterisk.
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Fig. 3. Time budget of Choristoneura fumiferana larvae on suscep-
tible or resistant foliage after first sampling of the food. The values
represent the estimated marginal means of time spent in the different
behavioural categories, corrected for differences in the total duration.
These values were calculated for a total duration of 123 min after con-
tacting the food. Significant differences (P < 0.05) are indicated by an
asterisk.

and intermeal durations were similar (approximately 16 min),
whereas, on resistant foliage, insects alternated between 9-min
meals and 35-min intermeal intervals (Table 1).

Table 1. Parameters of pattern of feeding on resistant and susceptible
foliage.

Susceptible foliage Resistant foliage

Number of meals 3.17 ± 0.57 2.87 ± 0.04
Meal duration (s) 971 ± 170 532 ± 158
Intermeal duration (s) 975 ± 201 2114 ± 458
Total feeding time (s) 2688 ± 525 1240 ± 223
Total amount eaten (mm) 11.57 ± 0.90 7.73 ± 1.65
Feeding rate (mm s−1) 0.0044 ± 0.00083 0.0073 ± 0.0011

Values represent the mean ± SE. Durations are given as mean per treatment
of individual medians. Values that differ significantly (P < 0.05) between
treatment types are shown in bold.

This difference in time spent feeding translated into a
difference in food consumption (anova: F1,25 = 6.89, P =
0.015): insects on susceptible foliage consumed approximately
50% more food than did those on resistant foliage (Table 1).
However, no difference was observed in the rate of food
consumption during a meal (anova: F1,25 = 1.67, P = 0.21).

Discussion

Taste responses show no difference in phagostimulatory power
between extracts of the two foliage types, measured either elec-
trophysiologically (aqueous extracts) or behaviourally (aque-
ous and acetone extracts) (Figs 1 and 2). The susceptible and
resistant foliage differ chemically: nutrient content is simi-
lar, although the resistant foliage contains more monoterpenes
and more phenolics, including tannins (Bauce & Kumbasli,
2007; Daoust et al., 2010). The present results suggest that
the higher concentrations of phenolics do not deter budworm
feeding. Indeed, a previous study reports that white spruce
tannins added to artificial diet are not phagodeterrent to spruce
budworm (Cardinal-Aucoin et al., 2009).

The pattern of feeding confirms not only that budworm
taste responses do not vary between the two foliage types,
but also that post-ingestive responses do differ. Caterpillars on
the resistant foliage exhibit longer intervals between meals,
suggesting an anti-digestive or toxic effect of these needles,
leading to a decrease in food consumption by spacing out meals
(Table 1). This excess time is spent resting rather than moving
(Fig. 3), which is consistent with anti-digestive or toxic effects.

Food consumption is generally faster and meal duration
is longer on more palatable foods (Simpson, 1995; Simpson
& Raubenheimer, 2000). Because these parameters do not
vary between the two foliage types in the present study, it
would appear that the secondary compounds inside the resis-
tant foliage are not phagodeterrent. This confirms the previ-
ous results that show no difference in electrophysiological or
taste responses to leaf extracts, and opposes the possibility of
other deterrent compounds that were not extracted. The interval
between meals in caterpillars is mostly determined by volumet-
ric feedback from gut stretch receptors and by nutritional feed-
back from haemolymph metabolite content (Simpson, 1995;
Thompson, 2003; Colasurdo et al., 2007). Therefore, the longer
duration of intermeal intervals suggests that digestion is slower

© 2010 The Authors
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on the resistant foliage. Taken together, the two experiments
show no evidence for deterrence of resistant compared with
susceptible white spruce foliage but do suggest a post-ingestive
effect.

A previous study reports differences in taste responses to
the epicuticular waxes of the two foliage types of the present
study (Daoust et al., 2010). In that study, budworm are more
likely to go from probing a needle’s surface to biting and ini-
tiating feeding on susceptible than on resistant foliage, and
this difference disappears once the needle’s epicuticular waxes
are removed. The present study tests responses to internal leaf
contents, rather than to surface waxes. Indeed, the extracts
used in the present taste experiment do not contain the epi-
cuticular waxes. Similarly, the pattern of feeding experiment
analyzes behaviour after the insect has passed the wax layer
and contacted the internal leaf contents. These experiments
do not show any evidence of a phagodeterrent effect on meal
duration. It thus appears that the epicuticular waxes of resistant
foliage act as a barrier to the initiation of budworm feeding
but, once this barrier is passed, the susceptible and resistant
leaf contents elicit similar feeding responses from budworm.

The increase in intermeal duration suggests that resistant
foliage is digested more slowly or that a toxin in the resis-
tant foliage slows down feeding behaviour. Both phenolics
and monoterpenes are considerably higher in the resistant than
in the susceptible foliage (Bauce & Kumbasli, 2007; Daoust
et al., 2010) and either or both could be involved in the
observed slowing down of feeding. A previous study reports
that differences in both tannin and monoterpene concentra-
tions between young and old balsam fir (Abies balsamifera,
another important budworm host) lead to differences in bud-
worm growth and development (Bauce et al., 1994). Field
experiments with thinning of balsam fir show that decreases
in monoterpenes and tannins lead to increases in budworm
food consumption and survival, respectively, with an increase
in defoliation in both cases (Bauce, 1995).

Several different mechanisms are proposed to explain the
negative post-ingestive effect of tannins on insect herbivores.
Tannins can bind to proteins and other macromolecules and
this is considered to impede digestion, either by making these
molecules less available to digestive enzymes or by incapaci-
tating the digestive enzymes themselves (Feeny, 1968). More
recently, tannins are reported to exhibit prooxidant activity,
producing reactive oxygen species during digestion that can
damage nutrients or even midgut tissues (Barbehenn et al.,
2009). Tannins can also cross the peritrophic membrane and
create lesions on the intestinal wall (Bernays & Chamberlain,
1980). Tannins can also disrupt development, leading to lethal
pupal malformations (Karowe, 1989). All of these mechanisms
could lead to a slowing of feeding behaviour and the longer
intermeal intervals on resistant foliage observed in the present
study. Tannins extracted from both white spruce and balsam
fir significantly decrease budworm food consumption, growth
and development (Bauce et al., 2006; Kumbasli, 2008). These
effects are more potent on earlier instars than on sixth-instar
larvae (Kumbasli, 2008). In the field, spruce budworm show
improved performance on balsam fir after a decrease in tannin
concentration (Bauce et al., 2001). However, tannins extracted

from white spruce are not phagodeterrent to the budworm and,
in contrast, actually increase feeding when added to cellu-
lose disks (Cardinal-Aucoin et al., 2009), similar to the effect
of acetone extracts in the present study. The present study
confirms that white spruce tannins are not phagodeterrent to
budworm, using foliage as well as extracts. The known post-
ingestive negative effects of tannins on budworm performance
are consistent with the longer intermeal intervals and reduced
food consumption observed in the present study.

Monoterpenes are also well-known defensive compounds of
conifers, which are shown to have negative effects on bud-
worm. For example, high concentrations of monoterpenes in
Douglas fir (Pseudotsuga menziesii ) are linked to high levels
of mortality in the Western spruce budworm (Choristoneura
occidentalis) (Redak & Cates, 1984). Indeed, monoterpenes
are considered to be the most important chemical defence of
Douglas fir against the Western spruce budworm (Cates et al.,
1983, 2009), although other studies suggest that they play
only a minor role in natural resistance (Chen et al., 2002).
The species used in the present study (i.e. Eastern spruce bud-
worm) shows slower development and lower pupal mass on old
balsam fir foliage, which contains more monoterpenes than cur-
rent year needles (Carisey & Bauce, 1997). However, in neither
case is the mode of action known. In the present study, the high
levels of monoterpenes in the resistant trees suggests that they
need to be considered in the explanation of the post-ingestive
effect observed.

Natural resistance is complex and can include many fac-
tors (Clancy, 2002). In a system similar to that investigated in
the present study, resistant individual Douglas fir trees are less
defoliated by Western spruce budworm than their neighbours. It
appears, however, in this case, that resistance is mainly a result
of delayed bud burst and shoot expansion of resistant trees, and
that defensive compounds such as tannins or monoterpenes are
not involved (Clancy, 2002; Chen et al., 2003). In the present
white spruce-Eastern spruce budworm system, there is no evi-
dence to suggest that phenological differences are implicated in
natural resistance. To date, two separate mechanisms have been
identified to explain why the resistant trees experience lower
defoliation in the field. First, the epicuticular waxes deter the
initiation of feeding (Daoust et al., 2010). This barrier is not
impregnable because most of the insects placed on resistant
foliage eventually feed; however, it might be more effective
against younger larvae, which are generally more sensitive.
The second barrier, as shown in the present study, involves a
slowing-down of feeding via an increase in intermeal intervals,
probably as a result of the negative post-ingestive effects of
leaf secondary metabolites.

White spruce exhibits great diversity in its defences against
the spruce budworm. The present findings suggest that indi-
vidual trees have at least two barriers against attack (diversity
of mechanisms) and that the efficacy of these defences varies
between individuals (diversity of phenotypes). This diversity
appears typical of plant defences against herbivores: in general,
plant resistance appears often to be polygenic and intraspe-
cific genetic variation in resistance to herbivores is common
(de Meaux & Mitchell-Olds, 2003). For example, resistance to
insects in Sitka spruce (Picea sitchensis) involves a complex
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system of multiple defences, including thousands of gene prod-
ucts implicated in several metabolic pathways (Ralph et al.,
2006) and variability in these mechanisms leads to resistant
and susceptible phenotypes (King & Alfaro, 2009). The var-
ious mechanisms of natural resistance in Sitka spruce are
well-documented and are increasingly relied on in plantations,
notably in British Columbia where natural resistance has sup-
planted less effective silvicultural methods of pest control
(King & Alfaro, 2009). Such successful deployment of this
natural pest-control strategy is predicated on an understanding
of the modes of action of natural resistance.
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