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1 | INTRODUCTION

Abstract

Climate change is altering phenology; however, the magnitude of this change varies
among taxa. Compared with phenological mismatch between plants and herbivores,
synchronization due to climate has been less explored, despite its potential implica-
tions for trophic interactions. The earlier budburst induced by defoliation is a pheno-
logical strategy for plants against herbivores. Here, we tested whether warming can
counteract defoliation-induced mismatch by increasing herbivore-plant phenologi-
cal synchrony. We compared the larval phenology of spruce budworm and budburst
in balsam fir, black spruce, and white spruce saplings subjected to defoliation in a
controlled environment at temperatures of 12, 17, and 22°C. Budburst in defoliated
saplings occurred 6-24 days earlier than in the controls, thus mismatching needle de-
velopment from larval feeding. This mismatch decreased to only 3-7 days, however,
when temperatures warmed by 5 and 10°C, leading to a resynchronization of the
host with spruce budworm larvae. The increasing synchrony under warming coun-
teracts the defoliation-induced mismatch, disrupting trophic interactions and energy
flow between forest ecosystem and insect populations. Our results suggest that the
predicted warming may improve food quality and provide better growth conditions
for larval development, thus promoting longer or more intense insect outbreaks in

the future.
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for example, the timing of pollinator feeding must coincide with

plant flowering to ensure both the acquiring of food and pollina-

Phenology, the seasonal timing of life events such as growth, repro-
duction, and migration, is one of the key mechanisms for organisms
to adapt to and survive in their environment (Badeck et al., 2004;
Chuine & Régniére, 2017; Piao et al., 2019). Phenological synchrony
refers to the temporal convergence of the phenology of interacting

species. In mutualistic interactions between plants and pollinators,

tion; this temporal convergence allows the populations of the two
species to persist (Hegland, Nielsen, Lazaro, Bjerknes, & Totland,
2009). In antagonistic interactions between a plant host and par-
asite, host feeding must correspond to a specific stage of plant
development to ensure a sufficient quality of the food resource

(Singer & Parmesan, 2010) and thus the survival and growth of the
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parasite (Regniere & Nealis, 2018). These synchronies between
species ensure that resource demand matches availability, a critical
aspect that underlies trophic interactions and energy-flows across
ecosystems (Miller-Rushing, Hoye, Inouye, & Post, 2010).

Anthropogenic climate change is altering the phenology of plant
and animal species; however, the magnitude of this change in sea-
sonal timing varies among taxa (Penuelas & Filella, 2001; Thackeray
etal., 2016). This non-uniform shift leads to a divergence in the timing
of life events of interacting species (Thackeray et al., 2010) and al-
ters the strength of the interaction (Both, van Asch, Bijlsma, van den
Burg, & Visser, 2009). A meta-analysis of 54 pairs of interacting spe-
cies showed that phenological synchrony began to change at a rapid
and accelerating rate after 1981, with an average of 6.1 days/decade
of increased or decreased synchrony between species (Kharouba et
al., 2018). The phenological mismatch between species related to
the warming climate is well known and widely described (Durant,
Hjermann, Ottersen, & Stenseth, 2007; Edwards & Richardson,
2004; Stenseth & Mysterud, 2002). For example, birds that have a
phenological timing that no longer coincides with that of the cater-
pillars upon which they feed are susceptible to population decline
(Moller, Rubolini, & Lehikoinen, 2008; Saino et al., 2011). Similarly,
Memmott, Craze, Waser, and Price (2007) simulated the effects of
global warming on a plant-pollinator network and found that 17%-
50% of all pollinator species suffer from a disruption of their food
supply due to mismatch.

In contrast, phenological shifts can also remove temporal barri-
ers, synchronizing activities that were previously separated in time,
and thereby establishing climate-induced interactions (Kharouba
et al., 2018). For example, during years of anomalously warm springs,
brown bears switch their food preferences from salmon to elderber-
ries, which usually mature several weeks earlier (Deacy et al., 2017).
Such a shift in feeding alters the trophic network that is based on the
ecological interaction between salmon and their predators (Helfield
& Naiman, 2006). Relative to examples of climate-related mismatch
between species, climate-related increase in phenological synchro-
nization has been described only at plant species and regional level
(Liu et al., 2019; Vitasse, Signarbieux, & Fu, 2018) despite the poten-
tially big implications for trophic interactions.

Phenological synchrony between herbivores and their hosts is
particularly important for pests (Renner & Zohner, 2018). Years of
high synchrony between an insect and an optimal food source may
promote insect outbreaks (van Asch & Visser, 2007); these events
have adverse effects on nutrient cycling, carbon sequestration, and
biodiversity (Ayres & Lombardero, 2000). Compared to plants, in-
sects exhibit a greater sensitivity to interannual variations in tem-
perature (Parmesan, 2007). Climate warming is expected to advance
insect phenology more rapidly than plant phenology. Nonetheless,
an earlier budburst has also been observed in trees previously de-
foliated by insects, resulting in a phenological mismatch between
host and herbivore (Carroll & Quiring, 2003; Deslauriers, Fournier,
Carteni, & Mackay, 2019; Quiring & McKinnon, 1999). To the best of
our knowledge, no studies have assessed whether warming will af-

fect the defoliation-induced mismatch between budburst and insect.
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Here, we compare the development of spruce budworm
(Choristoneura fumiferana Clemens), an important defoliator of the
boreal forest, with budburst and shoot development in saplings
of its host species growing under different thermal conditions in
a controlled environment. We selected three species—balsam
fir (Abies balsamea L. Mill.), white spruce (Picea glauca Moench,
Voss), and black spruce (Picea mariana B.P.S. [Mill.]). Balsam fir is
the main host of spruce budworm due to the tight synchrony with
larval development via food quality, that is, needle characteristics
(Despland et al., 2011; Fuentealba, Sagne, Pureswaran, Bauce, &
Despland, 2018; Maclean, 1984). The timing of budburst is critical
for young larvae because the suitability of foliage as food declines
quickly after budburst (Quiring & McKinnon, 1999). We aimed to
compare budburst on both defoliated and non-defoliated sap-
lings with the timing of insect phenology under different thermal
conditions. We hypothesized that warming counteracts the defo-
liation-induced mismatch by increasing the herbivore-plant pheno-

logical synchrony.

2 | MATERIALS AND METHODS
2.1 | Plant preparation and defoliation treatment

We used three conifer species to represent the main spruce bud-
worm hosts: balsam fir, white spruce, and black spruce. In spring
2015, we placed 72 5 year old saplings (24 plants x 3 species) in
a greenhouse in Chicoutimi, QC, Canada (48°25'N, 71°04'W,
150 m a.s.l.). We planted the saplings in 4.5 L plastic reverse-
conical pots filled with peat moss, perlite, and vermiculite. Each
pot received a dose of 1 g/L of NPK (20-20-20) fertilizer dissolved
in 500 ml of water. The plants were split into 36 control and 36
defoliated saplings, each host having 12 control (non-defoliated)
and 12 defoliated saplings. To simulate a natural defoliation, we
placed 60 second-stage (L2) larvae of C. fumiferana (standard code
Glfc:IPQL:CfumO01 to Cfum16; Roe, Demidovich, & Dedes, 2018)
in groups of 15 individuals near the terminal buds of branches in
the upper half of the saplings in the spring of the previous grow-
ing season. No larvae were placed on the control saplings for
non-defoliation (Deslauriers et al., 2019). In mid-September, fol-
lowing defoliation and after the adult budworms had mated and
females laid their eggs on the remaining foliage, the saplings were
moved into an open field and exposed to natural winter conditions.
Defoliation in 2015 was similar among species with observed
levels ranging from 80% to 95% of defoliation (Deslauriers et al.,
2019). In spring 2016, the second instar larvae emerged naturally

on the defoliated saplings.

2.2 | Experimental design

In spring 2016, the saplings were placed in three growth chambers

(Conviron), and submitted to temperatures of 12, 17, and 22°C,
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which were kept constant during day and night. Photoperiod was
maintained at 18 hr during the experiment. A 12°C temperature with
a photoperiod of 18 hr is representative of conditions during the
budbreak phase in the southern limit of the boreal forest in Quebec
(Antonucci et al., 2015; De Barba, Rossi, Deslauriers, & Morin, 2016).
We installed a white net (Proteknet 60 g, 1.9 mm x 0.95 mm) in the
middle of each chamber. The net allowed 93% of the light to pass
through but isolated the defoliated saplings to prevent the dispersal

of larvae toward the controls.

2.3 | Phenological and growth measurements

For each sapling, we made observations and measurements every
2 days on the three lateral shoots of the first verticil. We classified
the budburst phases according to Dhont, Sylvestre, Gros-Louis,
and Isabel (2010): (a) open bud, with a pale spot at the tip of the
bud; (b) elongated bud, with lengthening brown scales; (c) swollen
bud, with smooth and pale-colored scales but no visible needles;
(d) translucent bud, with needles visible through the scales; (e) split
bud, with open scales but needles still clustered; and (f) exposed
shoot, with needles completely emerged from the surrounding
scales and spreading outward. We used an electronic caliper to
measure shoot growth at an accuracy of 0.001 cm.

We determined the larval stages of spruce budworm based on
the size of the head capsule following McGugan (2012). For deter-
mining larval stage, we randomly selected three larvae per sapling.
After observation, we placed the larvae back on the shoots. The
percentage of defoliation was visually assessed on the three lat-
eral shoots, using the shoot-count method based on six defoliation
classes corresponding to a median percentage of defoliation of shoot
(Maclean & Lidstone, 1982; Piene, MacLean, & Wall, 1981), and re-
corded as a percentage from O (absence of defoliation) to 100%

(complete defoliation).

2.4 | Statistical analysis

We described the temporal dynamics of shoot growth and defolia-
tion using a modified von Bertalanffy growth equation according to

the formula:
y=ax(1-e b))

where y is shoot growth or defoliation, x represents the day from the
beginning of the experiment, a represents the asymptote, k is the
growth rate, and b is the horizontal intercept representing the start-
ing date of shoot growth and defoliation (Butto, Rossi, Deslauriers, &
Morin, 2019). The nonlinear analysis regresses the residuals onto the
model's partial derivatives and evaluates combinations of initial values
that produce the smallest residual sums of squares until the estimates
converge. We analyzed standard errors and distribution of the residu-

als to evaluate the goodness of fit of each regression.

We estimated the probability of co-occurrence of intensively
feeding larvae (fourth to sixth instars) and buds susceptible to de-
foliation (phases 3-6) for each tree species and temperature combi-
nation as well as for defoliated and non-defoliated (control) saplings.
The classification method adopted a parametric approach based on
multivariate normal distributions within each group to derive discrim-
inant quadratic functions. We assumed unequal variances between
groups using the observed within-group covariance matrices. All sta-
tistics were performed using SAS 9.4 (SAS Institute Inc.).

3 | RESULTS

3.1 | Budburst

On average, the first phase of budburst occurred 5-35 days after the
beginning of the experiment (Figure 1). We observed the last phase
of budburst 14-68 days after the beginning of the experiment; this
resulted in the budburst process lasting 6-33 days.

In the control saplings, budburst for balsam fir and white spruce
began almost at the same time, after 8 days from the beginning of
the experiment at 17 and 22°C and about 1 week later at 12°C. The
duration of budburst decreased with increasing temperature, last-
ing 19-12 days in balsam fir, and 26-10 days in white spruce. The
budburst in black spruce began 13 days after the beginning of the
experiment at 22°C, and after 19 and 35 days at 17 and 12°C, re-
spectively. The duration of budburst was similar between species at
17 and 22°C but lasted 1-2 weeks longer for black spruce saplings
at 12°C.

Defoliated saplings had an earlier and shorter budburst compared
with the controls (Figure 1). At 12°C, budburst on the defoliated
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FIGURE 1 Budburst phases (mean and SD) detected on balsam fir,
black spruce, and white spruce at 12, 17, and 22°C. The six budburst
phases correspond to open bud (1), elongated bud (2), swollen bud (3),
translucent bud (4), split bud (5), and exposed shoot (6)



REN ET AL.

saplings in balsam fir and white spruce was 6 and 9 days earlier than
the controls, respectively; this difference was 3 days at 17 and 22°C.
For defoliated black spruce saplings, budburst began 24 days earlier
than the controls at 12°C; this difference reduced to 13 and 7 days
at 17 and 22°C, respectively.

3.2 | Larval phenology

We observed third instar larvae on average 8-22 days after the
beginning of the experiment, and pupae (seventh instar) emerged
29-82 days after the beginning of the experiment (Figure 2). Thus,
we observed a larval development process that lasted 21-63 days.
Temperature explained much of this variability in the timing of lar-
val development with host species accounting for another portion
of the variability. Larval phenology at 17°C started 7-10 days ear-
lier than at 12°C; at 22°C, larval phenology started only 2-4 days
earlier than at 17°C. The duration of larval phenology at 17°C was
about 27 days for all species, much shorter than that at 12°C but
similar to that at 22°C. At the same temperature, larval develop-
ment was very similar on the different host species, differing by

3 days or less.

3.3 | Shoot growth

Shoot growth was quicker at the beginning of the season (Figure 3;

Table S1). Although we observed some trends in the models’ residuals,
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FIGURE 2 Larval phases of spruce budworm (mean and SD)

feeding on the balsam fir, black spruce, and white spruce at 12, 17,
and 22°C
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the studentized residuals were distributed around zero and ranged
mostly between -2 and 2, that is, the 95% confidence interval. We
therefore considered these analyses to be reliable (Figure S1). We
observed a similar growth trend for all species and temperatures;
however, final shoot lengths differed between species. Growth began
15-58 days after the beginning of the experiment at a growth rate of
0.03-0.47 mm/day. Final shoot lengths ranged between 5 and 40 mm.

In the non-defoliated saplings, the earliest shoot growth of bal-
sam fir was observed at 18 days after the beginning of the experi-
ment at 22°C, then 3 and 12 days later at 17C and 12°C, respectively.
The fastest and slowest growth rates for balsam fir were 0.13 and
0.04 mm/day at 17 and 12°C, respectively. Average final shoot length
decreased with temperature from 20 to 14 mm. The timing and
growth rates for white spruce matched those for balsam fir, although
final shoot length increased with temperature from 23 to 40 mm.
Black spruce shoot development occurred later than for balsam fir
and white spruce. For the 22°C treatment, we observed the earliest
growth in black spruce 23 days after the beginning of the experiment;
shoot growth began 11 and 35 days later for saplings at 17 and 12°C,
respectively. The growth rate of black spruce was 0.08 mm/day at
both 17 and 22°C, a rate that was four times higher than that at 12°C.

Relative to the controls, defoliated saplings grew earlier and faster
at 12°C, and produced a shorter final shoot length at 17 and 22°C
(Figure 3; Table S1). For balsam fir, lateral growth in the defoliated
saplings began only 3 days earlier than in the non-defoliated saplings
at all temperatures. Under warming conditions, the growth rate in-
creased from 0.18 to 0.47 mm/day, but final shoot length decreased
by 14 mm. The growth patterns of white spruce generally matched
those of balsam fir, although warming affected final shoot length more
strongly in the defoliated saplings. In black spruce, the temporal dif-
ference in the initiation of shoot growth between the defoliated and
control saplings decreased from 22 to 8 days as temperature increased
from 12 to 22°C. The highest growth rate and shortest final shoot

length were observed at 17°C.

3.4 | Defoliation

Defoliation trends mirrored those of shoot growth, with a rapid in-
crease observed at the beginning of the experiment, followed by
a decreasing trend (Figure 4; Table S2). The studentized residu-
als were uniformly distributed within the 95% confidence interval,
although they clearly underestimated defoliation during its earlier
stages, 30-40 days after the beginning of the experiment (Figure S2).
However, the error was small in terms of absolute value and was sys-
tematic across the different groups. Defoliation at 17 and 22°C was
synchronous in the period ranging between 10 and 30 days after
the beginning of the experiment. Defoliation occurred later at 12°C,
30-80 days after the beginning of the experiment. The defoliation
rate at 17 and 22°C was higher than that at 12°C. The percentage of
total defoliation varied with species and temperature. Balsam fir was
completely defoliated at all three temperatures. In the two spruce spe-

cies, the percentage of defoliation ranged between 73% and 100%.



ZOLI_ G H REN ET AL.
\W2IB 2% Global Change Biolog

12°C 17°C 22°C FIGURE 3 Growth trends of lateral

40 ] 1 N shoots on balsam fir, black spruce, and
é) white spruce at 12, 17, and 22°C
309 ] ] =
Q
20 4 b b E
=
10 4 1/ .
: |
E ot e R Aaamansasssasnasss T S RAass
2 40 1 1
=}
2 o
©v 30 A - - Q
3 :
£ 20 -] ] <
I na &
S 10 ] / 1 1 /77 A
G= / P
© / [
‘: L |
‘é’n 0 T T T T T T T T T T T T T T T T T T
3 40 7 ] —— Non-defoliated
Defoliated
30 1 -
=
20 . 1 §
10 4 1 7 1 7/ Eé
‘ pa
20 40 60 80 100 120 20 40 60 80 100 120 20 40 60 80 100 120
Days from the beginning of the experiment
100 ] e 3.5 | Phenological synchrony of plant-insect
# interactions
YA °
75 /o Q
[ 4 E
/ ] o The gap between the optimal larval feeding stage and optimal foliage
i
50 1 I/ 2 availability varied between 0 and 22 days, depending on treatment,
; =
,’v = species, and temperature (Figure 5). In general, larval phenology
2 ’1" was better synchronized with the non-defoliated controls than de-
g I: foliated saplings. At 12°C, larvae were observed 15, 12, and 7 days
- I I I I I I after budburst on the non-defoliated (control) saplings of balsam fir,
white spruce, and black spruce, respectively. At 12°C, we observed
e\i 75 ] & a longer gap of 18-22 days between the optimal larval feeding win-
Q
g 2 dow and foliage availability in the defoliated saplings of all species.
R a,
_‘§ 50 1 ; This gap decreased to only 2-9 days at 17°C and 0-6 days at 22°C.
< ks
[
A 25 M
4 | DISCUSSION
0 .
100 1 In this study, we compared the timing of larval development of
spruce budworm with budburst on defoliated and non-defoli-
75 4 . i
8= ated saplings under three thermal conditions (12, 17, and 22°C).
561 g On defoliated saplings, budburst occurred 6-24 days earlier
Hi T‘v; than on non-defoliated saplings; therefore, defoliation increased
T — 12°C M . . N
251 0 ) 17°C the mismatch with larval development. This mismatch, however,
|
l‘ : ——— 20o¢ decreased to only 3-7 days when growth chamber tempera-
0 L : - - : - . . tures increased by 5 or 10°C. The phenological convergence
0 20 40 60 80 100 120 140 160 between plants and herbivore observed at higher temperatures

Days from the beginning of the experiment supports our initial hypothesis and demonstrates the complex

FIGURE 4 Defoliation (%) for balsam fir, black spruce, and white mechanisms that underlie species interactions under warming
spruce at 12, 17, and 22°C conditions.



REN ET AL. 2077
lobal Change Biology ga\%A| LEYJ—
FIGURE 5 Probability of co- 10 - 17°C I 22°C
occurrence of intensively feeding il N
larvae (fourth to sixth instars) and buds ek ] g
susceptible to defoliation (phases 3-6) on 0.6 4 9 &
defoliated and non-defoliated (control) 04 ] ] %
saplings for balsam fir, black spruce, and =
white spruce at 12, 17, and 22°C 02 1 ]
8 00 T : T T T
g 1.0 7 1
g
3 0.8 7 ] 3
2 ] ] 2
5 06 &
E‘ 0.4 7 ] 2
) i
= 02 ] M
e
& 00 : . :
1.0 -
—— Non-defoliated
0.8 o Defoliated
——— Feeding larvae =
0.6 “é
[
0.4 7 Z
m
0.2 7
0.0 ‘ ‘ . :
0 60 40 60 80

4.1 | Species interaction and
phenological synchrony

The interaction between a pair of species can affect the pheno-
logical timing of either one or both taxa. Juenger and Bergelson
(1998) observed that herbivore damage delays the date of first
flowering in scarlet gilia by 7-14 days. When infected by anther
smut, members of the white campion family exhibit a larger pro-
portion of later flowering individuals (Biere & Antonovics, 1996;
Elzinga et al., 2007). These phenological shifts in flowering can
therefore generate a mismatch between species. In our study,
budburst on defoliated saplings advanced by 6-24 days. Similarly,
buds on white spruce flushed 2 days earlier on shoots damaged by
spruce bud moth (Zeiraphera canadensis) compared to the flushing
on undamaged branches (Carroll & Quiring, 2003). These earlier
phenological events in defoliated conifers can be explained by
a sugar-mediated response, via an earlier starch breakdown and
higher sugar availability supplied for budburst (Deslauriers et al.,
2019). Barbier, Lunn, and Beveridge (2015) demonstrated that
high sucrose levels promote bud release and growth by repress-
ing the expression of the key transcriptional regulator responsible
for maintaining bud dormancy (Mason, Ross, Babst, Wienclaw, &
Beveridge, 2014), a response mediated by trehalose-6-phosphate
(Fichtner et al., 2017).

A phenological mismatch between antagonistic species can neg-
atively affect herbivore feeding. A lower quality of food increases the
risk of starvation for herbivores, thus decreasing their survival and
reproduction (Fuentealba, Pureswaran, Bauce, & Despland, 2017).
As a consequence of the phenological mismatch, the young larvae

try to disperse to prospect for food elsewhere. During this process,

Days from the beginning of the experiment

the movement, particularly ballooning, can increase larval exposition
to different mortality factors (Regniere & Nealis, 2018). Moreover,
due to the mismatch, shoot growth exceeded 50% of its final length
before the maturity of spruce budworm larvae (Deslauriers et al.,
2019).

4.2 | Climate change and phenological synchrony

Climate change is expected to affect phenological synchrony
by altering the timing of life-cycle events of interacting species.
Diverging phenological events result from differential responses to
increased temperatures among species (Thackeray et al., 2016). For
example, climate warming steadily increased the mismatch between
the phenology of the great tit and its caterpillar prey (Reed, Grotan,
Jenouvrier, Saether, & Visser, 2013); the timing of peak caterpillar
development in the spring advanced at a rate of more than twice
that of great tit egg-laying. Butterfly emergence or migratory arrival
advanced at a rate three times faster than that of the first flowering
of herbs, portending an increased asynchrony in insect-plant inter-
actions (Parmesan, 2007).

In our study, spruce budworm exhibited a greater sensitivity to
temperature than its host species. Under conditions of 5 and 10°C
of warming, larval phenology advanced by 26 and 32 days on aver-
age, respectively, whereas bud phenology advanced by only 18 and
22 days, respectively, in non-defoliated saplings; this advance was
10 and 13 days for defoliated saplings for 5 and 10°C of warming,
respectively. The relationship between temperature and phenol-
ogy tends to be stronger for species such as spruce budworm that

undergo an earlier spring reactivation (Forrest, 2016); this early
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reactivation could explain the faster larval development at higher
temperatures. As such, the phenological mismatch between larvae
and saplings narrowed from 21 to 4 days as temperatures warmed
from 12 to 17°C, leading to a resynchronization of the host with
the herbivore. Similar results are the consequence of the variable
responses to temperature between species; for example, the mean
interval between the forest tent caterpillar (Malacosoma disstria)
and its host trees, that is, aspen and birch, decreased by 3 days
with a warming by 3.4°C, thus, increasing the synchrony between
trees and insects (Schwartzberg et al., 2014).

Black spruce exhibits a greater sensitivity to temperature than
balsam fir and white spruce. When temperatures increased by 5 and
10°C, budburst on the black spruce control saplings advanced by 16
and 22 days; this advance was less than 10 days for the other two
host species. Similarly, Pureswaran, Neau, Marchand, De Grandpre,
and Kneeshaw (2019) found that budburst in black spruce occurred
2.8 days earlier under a warming of 1°C. For spruce budworm, the op-
timal phenological matching occurs when larval emergence precedes
balsam fir and white spruce budburst by about 2 weeks (Lawrence,
Mattson, & Haack, 2012). In general, bud phenology in black spruce
occurs 2 weeks after that of balsam fir (Antonucci et al., 2015); this
delay is a major factor explaining the lower damage of black spruce
relative to balsam fir. However, this 2 week delay in black spruce bud-
burst decreased with warming. As such, this species could become
more suitable as a food source for spruce budworm as warming pro-
ceeds in the boreal zone (Pureswaran et al., 2019).

Additive or antagonistic effects of warming and defoliation on
tree physiology must also be taken into account (DeLucia, Nabity,
Zavala, & Berenbaum, 2012). An earlier or higher sugar availability
can advance budburst on defoliated trees (Deslauriers et al., 2019);
however, warming also decreases soluble sugars, especially glucose
and fructose (Deslauriers et al., 2014; Way & Sage, 2008). Black
spruce growing under warming conditions assimilate less carbon
due to a limited photosynthetic acclimation (Way & Sage, 2008),
thereby limiting the advance of budbreak. Therefore, a lower avail-
ability in soluble sugars could also explain the reduced differences
between budburst occurrence on the control and defoliated saplings
and favor improved synchrony between host and herbivore under
warmer conditions. These multiple interactive physiological and
warming effects must thus be considered in cases of herbivore host
(Forrest, 2016).

5 | CONCLUSION

Phenological shifts related to ongoing climate warming are receiv-
ing increased attention given the consequences of altered pheno-
logical timing between interacting species (Fuentealba et al., 2017,
Pureswaran et al., 2019). Although phenological mismatches under
warming have been widely explored, few studies have documented
greater synchronization among species subjected to warmer climatic
conditions. Here, we compared larval development of spruce bud-

worm and the budburst of its host species at different temperatures

within a controlled environment. We observed an earlier budburst
on saplings defoliated by spruce budworm to produce a pheno-
logical mismatch of 18-22 days at 12°C. However, warmer tem-
peratures (17 and 22°C) increased the synchrony between larval
development and plant budburst. The phenological timing of a plant
host is critical for the young larvae as the food quality of foliage
drops quickly after budburst. Our results suggest that increased
synchrony with warming can counteract the defoliation-induced
mismatch and provide better growth conditions for larval develop-
ment. The enhanced food quality that is available for spruce bud-
worm larvae under warming conditions could affect the growth of
spruce budworm populations and result in longer or more intense
insect outbreaks. Thus, accurately predicting insect outbreaks
with future warming requires a consideration of how temperature
affects the phenological timing of both the insect and its host

species.
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