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A B S T R A C T

Eruptive insect pests have significant impacts on the structure and function of forest ecosystems. Outbreaks of
spruce budworm (Choristoneura fumiferana) (Clem.), for instance, occur approximately every 35–40 years, re-
sulting in the loss of millions of hectares of spruce–fir forests in eastern North America. In addition to the
density-dependent relationships that drive insect outbreaks, rising populations often coincide with drought
events, which are expected to increase in both frequency and intensity in response to climate change. However,
as populations approach the eruptive phase, consequences of intraspecific competition may outweigh the benefit
of host water stress. The objective of our study was to quantify defoliation and insect performance responses to
the interactive effects of drought and density of spruce budworm. To test for these interactions, we established a
manipulative field experiment in a mature, balsam fir-dominated forest stand using a combination of single-tree
rainout shelters and sleeve-caged insect larvae at four different densities: 0, 25, 50, or 100 individuals.

Defoliation of 1-year old shoots, but not current-year shoots, significantly increased in response to higher
insect densities. Density also had a significant, negative effect on budworm percent survival, although the total
number of recovered adults remained highest in the high density treatment. Adult female body mass was sig-
nificantly reduced in response to increased density, but only on droughted trees. Lastly, male wing length was
significantly decreased in response to increased density. Overall, our results demonstrate that across a broad
range of outbreak densities, rain exclusion had a minor impact. Accordingly, we anticipate that as insect pest
populations approach epidemic levels, the influence of density on defoliation, insect survival, and body con-
dition is likely to outweigh the impact of moderate drought stress.

1. Introduction

Eruptive insect pests have significant impacts on the structure and
function of forest ecosystems (Cooke et al., 2007). In the case of defo-
liators, for instance, increased feeding damage may initially inhibit tree
growth and productivity (Blais, 1958a), and after multiple years, can
cause tree mortality (Blais, 1958b; Batzer, 1972) or leave trees more
susceptible to secondary pests (Wallin and Raffa, 2001). In addition to
the downstream impacts on associated biota and ecosystem services
(Belyea, 1952; Stadler et al., 2006), timber losses impose economic
consequences on the forestry sector (Elliott, 1960; MacLean et al.,
2002). Further complicating outbreak impacts are the potential con-
sequences of climate change on pest–tree interactions (Logan et al.,
2003; Bréda et al., 2006). Accordingly, understanding the biotic and
abiotic drivers of eruptive pest populations is important for effective
forest management under both current and future environmental

scenarios.
Although density-dependent interactions are often a key force

driving insect outbreak cycles, density-independent factors may also
play a role in determining the timing and intensity of outbreaks. For
example, outbreaks for many insects often coincide with warm, dry
periods (Rouault et al., 2006; Raffa et al., 2008), suggesting that in-
sect–host interactions are further influenced by tree water status. In-
deed, moisture stress can alter foliage quality through changes in nu-
trients, defense compounds, and toughness (Mattson and Haack, 1987;
Huberty and Denno, 2004; McDowell et al., 2011). Because climate
change is expected to increase the severity and frequency of drought
events, there are likely to be important interactions between moisture
stress and insect attack (Anderegg et al., 2015). Current evidence sug-
gests that drought increases defoliator damage while decreasing da-
mage from wood feeders (Jactel et al., 2011). Additionally, both the
direction and magnitude of drought impacts on insect fitness are highly
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guild specific (Koricheva et al., 1998; Huberty and Denno, 2004).
However, much of these data have been generated under laboratory
conditions or at low population densities, and little is known about
drought effects when populations reach the eruptive phase of an out-
break.

The spruce budworm, Choristoneura fumiferana (Clem.), is the most
destructive insect pest of spruce–fir forests in eastern North America
(MacLean and Ostaff, 1989; Hennigar et al., 2008). During outbreaks,
population densities increase several orders of magnitude and can begin
to kill trees after 4–5 years of severe defoliation (MacLean, 1980;
Pureswaran et al., 2016). Budworm outbreaks are cyclical, exhibiting a
periodicity of approximately 35–40 years, and are driven by a combi-
nation of natural enemies, weather, resource depletion, and migration
(Pureswaran et al., 2016). Climate change is already impacting spruce
budworm population dynamics (Pureswaran et al., 2015), and the
economic and ecological consequences of outbreaks may be magnified
in the coming decades (Gray, 2008; Régnière et al., 2012). Even with
this past work on the relationship between budworm population dy-
namics and climate change, there are few field experiments examining
how budworm might respond under different drought conditions or
whether these responses vary at different population densities. Such
interactions have already been reported for grassland systems (Branson,
2016), and are likely to further extend to pest–tree dynamics.

To assess the effects of larval density and drought on defoliation and
spruce budworm performance, we conducted a manipulative field ex-
periment using a combination of sleeve-caged insects and individual
tree rainout shelters. We predicted that, in addition to individual effects
of drought and density on defoliation, insect survival, and body con-
dition, these factors would interact such that effects of drought would
be moderated with increasing insect density.

2. Methods

2.1. Study area

The experiment was established as a split plot design, with each of
nine blocks consisting of two balsam fir trees; one droughted and one
receiving ambient precipitation (Fig. 1). Two additional control trees
were also included in the experiment. Four spruce budworm density
treatments (Control, Low, Medium, High) were randomly assigned to
branches on each tree. The field site was located in the Dunbar Re-
source Area near Taymouth, New Brunswick, Canada (N 46°09′41.59″,
W 66°41′36.82″). The forest stand was mixed conifer, dominated by
balsam fir (Abies balsamea (L.) Mill.) (approximately 80%) with a
smaller contingent of white spruce (Picea glauca (Moench) Voss). The
stand was closed-canopy and approximately 35 years old.

2.2. Herbivory and drought treatments

We obtained second-instar spruce budworm larvae from the Great

Lakes Forestry Centre Insect Production Services (Sault Ste. Marie, ON).
Spruce budworm were placed in the lab to emerge from hibernacula,
put in plastic containers in groups of five or ten, then transferred to the
field, and sleeve caged on mid-crown branches of drought and control
trees between 28 and 29 May 2015. Each tree received four sleeve cages
(sleeve dimensions 1m×0.5m) corresponding to the four density
treatments; 100 spruce budworm (High), 50 spruce budworm
(Medium), 25 spruce budworm (Low), and 0 spruce budworm
(Control). Bioassays were initiated approximately 2 weeks prior to local
budburst, which reflects the approximate timing that budworm begin
feeding on hosts such as white spruce (Lawrence et al., 1997).

After setting up and enclosing larvae in sleeve cages, rainout shel-
ters were built around the bole of each drought tree using transparent,
UV-resistant tarp (design modified from Olesinski et al. (2011)). Tarps
were positioned in a tent shape with a peak 2 m above the ground at
the tree bole and sloped to 0.5 m above the ground at their periphery to
allow for water runoff. A drip collar was attached around the tree bole
above each shelter to exclude stem flow. Tarp radius ranged from 4 to 6
m and was standardized as 2X crown radius. Standing vegetation within
the shelter area was either removed (stems< 10 cm dbh) or accom-
modated by slitting and re-taping the tarp (stems≥10 cm dbh). Similar
removals were performed surrounding control trees to standardize
disturbances.

To quantify the drought effect on soil moisture, volumetric water
content (0–30 cm soil depth) was measured twice weekly (Fieldscout
TDR 300, Spectrum Technologies, Plainfield, IL, USA). Soil moisture
was recorded as the average of four measurements, one at each cardinal
direction, collected at approximately 1 m from the bole of the tree. To
explicitly determine drought effects on tree hydrology, shoot predawn
moisture potential was quantified on 13 August 2015 by collecting
branches using a pole pruner and measuring the force required to expel
water from the cut end of a shoot placed in a pressure chamber (Plant
Moisture Instrument, Model 615, PMS, Albany, OR, USA). Finally, to
determine whether the presence of the tarp produced any experimental
artifacts on microclimate, Hobo data loggers were fastened to the tree
bole beneath the tarp of five drought trees and at an equivalent height
on five control trees. Additionally, a PAR (photosynthetically active
radiation) sensor was used to quantify potential tarp effects on sunlight
penetration.

2.3. Insect performance and defoliation

Sleeve cages were checked twice weekly beginning 13 July 2015 to
collect spruce budworm pupae. Pupae were transported to the labora-
tory and placed individually in plastic containers to allow eclosion.
Adults were frozen at −18 °C, placed in an oven (70 °C for 48 h) to
record dry weight, and measured under a microscope to record sex and
wing length. Insect survival was recorded for each sleeve cage as:

Number of adult moths recovered/Number of L2 larvae originally

Fig. 1. Diagram of an experimental block. Within-block drought treatments as well as within-tree placement of density treatments were randomly assigned.
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placed on the sleeve-caged branch

Following pupa removal, branch defoliation was recorded for new
shoots as well as for 1-year-old shoots (C and C1, respectively) using a
modified version of the Fettes method (Fettes, 1950). Briefly, shoot
defoliation was scored in 5% increments and averaged over age class
for each branch.

2.4. Statistical analyses

The effects of drought, spruce budworm density, and their interac-
tion (all as fixed effects factors) were assessed for all feeding and insect
performance responses. Given the split plot design, tree was included as
a random effect to account for the use of multiple branches per in-
dividual. Defoliation results for the C and C1 shoot age classes ap-
proximated gamma and negative binomial distributions, respectively,
and were analyzed using generalized linear mixed effects models. For
insect performance responses, we used linear mixed effects models to
assess male mass and female wing length responses. Generalized linear
mixed effects models were used to analyze insect percent survival and
total number of adult moth recovered (data for both responses ap-
proximated negative binomial distributions), as well as male wing
length and female mass (gamma data distributions). Finally, we used a
series of one-way ANOVAs to test for the effects of the rainout shelter
on soil moisture, shoot predawn moisture potential, and air tempera-
ture. Relative humidity and PAR results approximated gamma and
negative binomial data distributions, respectively, and were analyzed
using generalized linear models. Where significant main or interactive
effects were present, we used a Tukey’s test to identify significantly
different pairwise comparisons. All statistical analyses were conducted
using the R platform (v. 3.5.1, “Feather Spray”), implementing the
‘lme4’ package (v. 1.1-18-1) to construct linear mixed effects models,
the ‘MASS’ package (v. 7.3–50) to construct generalized linear models
and the ‘emmeans’ package (v. 1.2.4) for post hoc Tukey’s HSD tests.

3. Results

3.1. Hydrology and rainout shelter microenvironment

Shoot predawn moisture potential and soil volumetric water content
(Fig. 2) were both significantly reduced under the drought treatment
(P < 0.001 for each response; statistical results for all main and in-
teractive effects presented in Table 1). The rainout shelter significantly
increased air temperature (P=0.001), but only by 0.1 °C. There was no
effect of the rainout shelter on humidity or PAR.

3.2. Defoliation and insect survival

The 0 budworm treatment artificially inflated the significance of the
density effect on defoliation and was therefore removed from the model
and analyzed separately to quantify the effect of drought on foliage loss
in the absence of budworm. When budworm were absent, drought
significantly increased %foliage loss in current-year shoots
(9.57 ± 3.38 vs. 1.22 ± 0.31; P < 0.001) but not in 1-year-old
shoots (3.72 ± 0.94 vs. 2.09 ± 0.55; P=0.1). Analysis of the re-
maining treatment levels indicated that density had a significant, po-
sitive effect on the defoliation of 1-year-old shoots (P=0.011) but had
no effect on the defoliation of current-year shoots (Fig. 3). Density had a
significant, negative effect on spruce budworm survival (P=0.008;
Fig. 4a), but the total number of recovered adults was positively related
to density (P < 0.001; Fig. 4b).

3.3. Insect body condition

Density had a negative, marginally significant effect on adult female
mass (P=0.067; Fig. 5a), and a significant interaction between density

and drought (P < 0.001) indicated that this response was restricted to
droughted trees. Neither drought, density, nor their interaction had a
significant effect on female wing length or adult male mass (Fig. 5b, c),
whereas increased density significantly decreased male wing length
(P=0.001; Fig. 5d).

4. Discussion

Despite this experiment having consisted of a single season of rain
exclusion, we observed significant drought effects on both soil volu-
metric water content and shoot moisture potential (Fig. 2), although the
lack of any obvious signs of severe tree water stress (e.g., brittle nee-
dles, extensive shoot dieback) suggests that the drought was likely
moderate. Overall, our data revealed that across the wide range of
outbreak population scenarios employed in this study, the effects of
density (e.g., crowding and resource depletion) had greater influence
than tree water stress in driving spruce budworm defoliation and per-
formance. The absence of a defoliation response to water stress was
somewhat surprising given the results of a recent meta-analysis re-
vealed that defoliator damage generally increased in response to
drought (Jactel et al., 2011). However, results for chewing insects were
equivocal and the net effect only marginally significant. Also, the lack
of a spruce budworm performance response to drought is consistent
with a review published by Huberty and Denno (2004), although ne-
gative effects on chewing insects have been reported elsewhere
(Koricheva et al., 1998).

4.1. Defoliation and survival

In the absence of budworm, needle loss in current-year shoots was
approximately 8 times greater for droughted trees than for control trees
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Fig. 2. Effects of drought on (a) balsam fir shoot moisture stress, and (b) soil
moisture. Values represent means ± SE. Different lowercase letters denote
statistically significant pairwise differences (P < 0.05) in moisture content
based on a post hoc Tukey’s HSD test.
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(9.6 vs. 1.2%). However, when budworm were present, drought had no
effect on feeding damage, and defoliation of current-year foliage was
consistently high across all budworm densities (Fig. 3a), which reflects
previous reports of extensive feeding by spruce budworm on balsam fir
(MacLean and Ostaff, 1989; Hennigar et al., 2008). However, despite a
general positive relationship there were no significant differences
among treatment groups. Much of the defoliation can be attributed to
bud damage prior to bud burst, which is common in spruce budworm
(Miller, 1977; pers. obs.) and other Lepidopteran defoliators, including
autumnal moth (Epirrita autumnata Borkhausen; Kaitaniemi et al.,
1997). However, we did not observe complete defoliation even under
the highest density treatment. Instead, feeding damage extended to
older foliage, where defoliation of 1-year-old shoots increased sig-
nificantly with density (Fig. 3b). Despite the negative consequences of
feeding on older foliage (Blais, 1953; Delisle and Hardy, 1997), this
back feeding can occur during spruce budworm outbreaks even if new

shoots are not entirely exhausted (Royama, 1984).
Spruce budworm survival was negatively impacted by density

(Fig. 4a), which contrasts with responses for other forest pests such as
autumnal moth (Klemola et al., 2004). However, spruce budworm ex-
hibits density-dependent mortality driven by a combination of natural
enemies, disease, and competition (Royama, 1984). For instance, at
outbreak densities, defoliation significantly decreased the survival of
late-instar spruce budworm larvae (Régnière and Nealis, 2007). This
self-limitation would have also contributed to the lack of complete
defoliation we observed for current-year foliage. Despite this density
effect on mortality, the total number of spruce budworm that survived
to adulthood remained highest in the high density treatment, and was
more than double the number collected from the low density treatment
(6.4 vs. 2.6; Fig. 4b). Unsurprisingly, late-instar spruce budworm

Table 1
Resultant P values for (a) the effects of drought, density, and their interaction on spruce budworm performance and defoliation, and (b) the effect of drought on
hydrology and rainout shelter microenvironment. C and C1 denote current year, and one-year-old, foliage, respectively.

(A) Males Females Defoliation

Insect survival Total No. adults Wing length Body mass Wing length Body mass C C1

Drought 0.581 0.603 0.27 0.517 0.947 0.11 0.672 0.223
Density 0.008 <0.001 0.001 0.901 0.169 0.067* 0.347 0.011
Drought×Density 0.164 0.164 0.207 0.823 0.905 <0.001 0.983 0.288

(B) Shoot moisture
Stress Soil moisture Temperature Humidity PAR

<0.001 <0.001 0.001 0.125 0.585

Bold numbering denotes a statistically significant effect.
* Denotes marginal significance.

Fig. 3. Effects of drought and density on the defoliation of (a) current, and (b)
1-year-old balsam fir shoots. Values represent means ± SE. Different lowercase
letters denote statistically significant pairwise (pooled over drought) differ-
ences (P < 0.05) in defoliation based on a post hoc Tukey’s HSD test.

Fig. 4. Effects of drought and density on (a) spruce budworm percent survival,
and (b) total number of adult spruce budworm recovered. Values represent
means ± SE. Different lowercase letters denote statistically significant pair-
wise (pooled over drought) differences (P < 0.05) based on a post hoc Tukey’s
HSD test.
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density closely mirrors defoliation in balsam fir (Régnière and Nealis,
2007), and reflected the relationship between overall survivorship and
defoliation present in our study.

4.2. Body condition

Larval density has important consequences for fitness in many insect
groups (Peters and Barbosa, 1977; Harrison, 1980; Fescemyer and
Hammond, 1986; Brent, 2010) and is reflected in the results from our
study (Fig. 5). Furthermore, we observed a clear sexual dichotomy in
responses. Increasing larval density had a significant, negative effect on
the size of male wings, resulting in a 20% decrease in length (Fig. 5d).
Similar results have been reported for gypsy moth (Lymantria dispar
(L.)) when population outbreaks result in extensive defoliation
(i.e., > 40%; Carter et al., 1991). Likewise, high larval densities re-
duced wing size in male autumnal moths (Ruohomäki, 1992). In turn,
reduced wing size could influence dispersal capacity of male spruce
budworm. Wing load, for example, could be increased during outbreaks
because male body mass was insensitive to density (Fig. 5b). However,
overall impacts on mating success would likely be minimal given that
spruce budworm exhibits protandry (Nealis and Régnière, 2004), with
females being mated immediately following eclosion and therefore
prior to any significant dispersal event.

For the purposes of reproduction, a positive relationship between
density and wing size is highly beneficial for female insects, given that
local resources for offspring may become depleted as populations in-
crease. Indeed, for many insect groups increasing density promotes the
development of wings (i.e. alate or macropterous morphs) to facilitate
dispersal to a more favorable environment (Harrison, 1980; Applebaum
and Heifetz, 1999). Despite this benefit, female spruce budworm wing
length was unaffected by density (range 8.85–9.33mm; Fig. 5c),

although net dispersal capacity may still increase with population size
because female body mass decreased with increasing density (Fig. 5a).
However, this effect was only significant on water-stressed trees, pos-
sibly because it depended on insect performance in later stages, when
impacts of drought on trees would have likely been most pronounced.
This response is consistent with the negative effects of drought on insect
mass reported elsewhere (Koricheva et al., 1998), and represents the
only significant insect performance response to drought observed in our
study. Additionally, because insect body size is correlated with fe-
cundity (Honěk, 1993), any dispersal benefit arising from mass reduc-
tion would likely be offset by a loss in reproductive potential.

5. Conclusion

The outbreak of insect forest pests often coincides with warm, dry
periods (Rouault et al., 2006; Raffa et al., 2008), intuitively suggesting
that drought and density function in tandem to the benefit of insect
performance. As with many other ecological relationships, however, the
nature of the mechanisms that drive insect epidemics are highly com-
plicated given the interspecific variation in insect life history and de-
velopmental plasticity. Additionally, despite our current knowledge of
drought effects on plant–insect interactions, the extent to which water
stress matters once populations reach epidemic levels is poorly under-
stood (Jactel et al., 2011). Our results demonstrated that, across a broad
range of outbreak densities, drought had a minor impact. The only
significant insect response to rain exclusion was restricted to the per-
formance of female moths, and given that drought can influence phy-
tochemistry (McDowell et al., 2011), this may reflect higher sensitivity
female insects tend to have to variations in host quality (e.g. Johns
et al., 2010). Moreover, because larvae emerge early in the growing
season, coupled with a potential lag period prior to trees exhibiting a

Fig. 5. Effects of drought and density on (a) adult female mass, (b) adult male mass, (c) adult female wing length, and (d) adult male wing length. Values represent
means ± SE. Different lowercase letters denote statistically significant pairwise (pooled over drought in panel d) differences (P < 0.05) based on a post hoc Tukey’s
HSD test.
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water stress response, spruce budworm may temporally escape much of
the drought effect during the early part of their development. Despite
evidence that climate change could fundamentally alter spruce bud-
worm outbreak dynamics (Gray, 2008; Régnière et al., 2012), our re-
sults suggest that once populations approach epidemic levels, the in-
fluence of density on defoliation, insect survival and body condition
may outweigh impacts of (moderate) drought stress.
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