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Abstract The ability of forests to provide ecosystem services and renewable goods
faces several challenges related to insect defoliation. Spruce budworm outbreaks
represent one of the major natural disturbances in the boreal forest of eastern North
America. In this chapter, we will focus on the effects of defoliation by eastern spruce
budworm in balsam fir and black spruce trees. We first describe tree water status
depending on the duration of defoliation. We then present the response of springtime
starch reserves and radial growth at different levels of defoliation. We summarize
four mechanisms to explain mortality under defoliation and the consequences for

forest management.
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9.1 Introduction

Insect outbreaks, fire, and drought are the major disturbances in forest ecosystems
(Seidl et al., 2017). Worldwide, about 345 million ha of forests are affected annually
by such disturbances (van Lierop et al., 2015). Because of their impact on growth
and survival, insect outbreaks have serious economic and ecological implications for
the boreal ecosystem (Sturtevant et al., 2015). Outbreaks of eastern spruce budworm
(Choristoneura fumiferana (Clemens), hereafter SBW) occur periodically in eastern
North America (Morin et al., 2010; Zhang et al., 2014). Cyclical SBW outbreaks
during the twentieth century caused more than a 50% annual productivity loss and
widespread mortality in spruce and fir species (Morin, 1994; Pureswaran etal., 2016).
Since 2006, there has been a new and ongoing SBW outbreak in Québec, Canada,
affecting more than 8 million ha of forest in 2018 (Bouchard et al., 2018; MFFP
2018).

Climate factors, such as temperature and precipitation, determine the distribution
of SBW (Pureswaran et al., 2015). Ongoing climate change thus alters the interactions
between plants and insects (Fleming & Volney, 1995; Haynes et al., 2014; Singer &
Parmesan, 2010), directly influencing the frequency of outbreaks and their spatial
distribution (Despland, 2018; Foster et al., 2013). Moreover, under global warming
scenarios, future outbreaks will last six years longer than at present and produce
15% greater defoliation (Gray, 2008), thereby influencing the soil-plant-atmosphere
continuum and the associated forest carbon, water, and energy dynamics (Balducci
et al., 2020; Fierravanti et al., 2019; Liu et al., 2018).

Given the ongoing global change, a 20 to 40% reduction in soil water content is
expected in eastern North America (Houle et al., 2015). During the twentieth century,
SBW outbreaks increased in duration and severity in eastern Canada (Navarro et al.,
2018). However, insect defoliation may offset the negative impact of water deficit
on tree growth, thereby reducing mortality (Bouzidi et al., 2019; Itter et al., 2019).
Nonetheless, the interactive effect of water availability and defoliation on tree water
status remains puzzling (Quentin et al., 2012), especially when considering the short-
term chewing effect of SBW (Bouzidi et al., 2019) and the long duration (ca. 10 years)
of their outbreaks (Candau et al., 1998; Gray et al., 2000), which affect long-term
water uptake and tree growth (Balducci et al., 2020).

Outbreaks result in a tree mortality of approximately 50% (Bergeron et al., 1995)
and volume losses of 32-48% (Ostaff & MacLean, 1995) Thus, outbreaks play a
significant role in the carbon (C) flux of forests, with losses estimated at 2.87 t C-ha™!
over the course of an outbreak. Insect outbreaks represent a major disturbance that
affects the entire physiology of a tree. The changes in carbon allocation patterns under
defoliation have important physiological consequences, including the modification
of bud burst (Deslauriers et al., 2019), a drastic reduction in radial growth rate,
i.e., wood formation (Bouzidi et al., 2019; Deslauriers et al., 2015), and increased
tree mortality (Fierravanti et al., 2019). As the mortality of defoliated trees depends
on many factors, including water status and carbon allocation, disentangling these
effects can help predict tree mortality under defoliation.
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This chapter aims to describe the effect of defoliation by SBW on the water status
and carbon allocation of balsam fir (Abies balsamea L. Mill.) and black spruce (Picea
mariana (Mill.) BSP). We first describe the short- and long-term effects of budworm
defoliation on the tree and soil water status. We then describe how growth reduction
following defoliation is associated with a reduction in carbon reserves. Last, we
describe how changes in tree water status and carbon allocation affect tree mortality
and discuss the related implications for forest management.

9.2 Change in the Water Status of Trees and Soils During
Budworm Defoliation

Depending on the specific plant—insect interaction, the direct effects of defoliation
on plant water status range from positive to negative (Aldea et al., 2005; Nardini
et al., 2012; Pittermann et al., 2014). An improvement in tree water potential, i.e., an
increase in leaf water potential, has been observed at the beginning of a defoliation
event in partially defoliated eucalyptus trees (Eyles et al., 2013; Quentin et al., 2011,
2012). In contrast, insect attacks on broadleaf species reduce leaf size and, therefore,
midday water potential, leading to morphological and physiological changes that are
similar to drought responses (Nabity et al., 2009; Peschiutta et al., 2016). Similarly,
lower water content has been observed on defoliated twigs in balsam fir (Deslauriers
et al., 2015), black spruce (Bouzidi et al., 2019), and Scots pine (Pinus sylvestris
L.) (Salmon et al., 2015), indicating a higher evaporative demand in defoliated trees
and a consequent decrease in tree water status during defoliation. The responses of
defoliated conifers to water must therefore consider the cumulative effect of defo-
liation over both shorter and longer periods to better understand the impact on tree
mortality.

9.2.1 Short-Term Effects

The plant water status of black spruce saplings defoliated by eastern SBW shows
time-dependent effects (Bouzidi et al., 2019). During defoliation, i.e., when the
budworm is feeding vigorously on the needles, a higher evaporative demand and
lower midday leaf water potential (W ,,4) were observed, whereas there was an oppo-
site pattern after the period of defoliation (Fig. 9.1) (Bouzidi et al., 2019). This was
closely related to the timing of measurements linked with the period of larvae feeding.
Although plant water status changes rapidly during and after defoliation, no effect
of defoliation has been observed on soil moisture (Bouzidi et al., 2019).

In the short term, W4 is often lower in defoliated plants than nondefoliated
controls, indicating a higher evaporative demand during or immediately following
defoliation (Salmon et al., 2015). Eyles et al. (2013) also report a decrease in W g
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Fig. 9.1 Predawn (Wpd, MPa) and midday (md, MPa) leaf water potential of black spruce
saplings subjected to defoliation. The shaded gray areas indicate defoliation periods. Different
letters indicate significant differences (P < 0.05) in the defoliated treatments per sampling period.
Modified by permission of Springer Nature from Bouzidi et al. (2019)

in saplings subjected to different levels of defoliation—50% or 100% apical bud
damage. The decrease of W4 occurs over a short period (approximately two weeks)
and is caused by the mechanical chewing action of larvae during active defoliation
(Bouzidi et al., 2019). In contrast, predawn leaf water potential (W ,q) is not affected
during or after defoliation by SBW (Fig. 9.1). Budworm feeding habits damage
many growing needles, resulting in a loss of turgor or even localized cavitation
because of the entry of air into the water conduits of damaged needles; this likely
decreases leaf water potential. However, an opposite pattern is observed afterward
during the post-defoliation period when leaf Wmd is higher in nondefoliated saplings
(Fig. 9.1); this observation agrees with similar patterns for defoliated Larix decidua
Mill., Pinus strobus L., and Quercus velutina Lam. (Vanderklein & Reich, 2000;
Wiley et al., 2013). When direct defoliation ceases, the reduced leaf area leads to
lower transpiring woody tissues (Schmid et al., 2017; Wiley et al., 2013), thereby
decreasing water transport. In the short term, therefore, defoliation affects the plant—
water relationship both negatively (during active defoliation by growing instars) and
positively (after defoliation).
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9.2.2 Long-Term Effects

An event of several years of needle loss reveals a different response than that observed
for short-term defoliation, i.e., one year. We define long-term effects as mean various
defoliation intensities lasting between 5 and 15 years. To study the long-term effects
of recurrent defoliation on the water status of trees and soil, we measured soil volu-
metric water content (VWC), shoot relative water content (SWC), and midday water
potential (W,q) along a defoliation gradient in black spruce and balsam fir during
a two-year period (2014-2015) at several sites in Québec, Canada (Balducci et al.,
2020). The decrease in SWC and V¥ ,q with increased total tree defoliation reveal that
the plant water status reflects the quantity of foliage loss in mature trees (Fig. 9.2).
In the long term, the water potential of both fir and spruce (W ,q) decreases with
greater defoliation; values range from —1.01 MPa at 0% defoliation to a maximum of
—1.84 MPa in completely defoliated plants. Plant water status lowers as defoliation
increases (Fig. 9.2). Atlow defoliation levels between 5 and 15%, W ,,4 increases from
—0.96 to —0.87 MPa but becomes more negative at higher defoliation levels (>20%),
suggesting a threshold effect. Therefore, at the beginning of defoliation (<20%), the
reduced leaf area shows a similar effect to the post-defoliation period (Fig. 9.1), also
leading to lower leaf transpiration (Schmid et al., 2017; Wiley et al., 2013).

In defoliated trees, W4 is also more negative (reaching values of between —0.96
and —1.36 MPa) with an increasing vapor pressure deficit (VPD) (ranging from 0.1
to 0.8 kPa, Fig. 9.2). High VPD decreases the midday water potential, i.e., an increase
in water tension in the xylem. Trees having a more negative water potential because
of high VPD are also more likely to lose hydraulic conductivity, with a consequent
increase in the risk of xylem embolism (Tyree & Sperry, 1989) and eventual death
by hydraulic failure (Adams et al., 2017; Anderegg et al., 2013). In two consecutive
years of defoliation, an increase in defoliation also resulted in a significant decrease
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Fig. 9.2 Midday water potential (W ,q) expressed as a function of vapor pressure deficit (VPD)
and defoliation (%) in both balsam fir and black spruce. The solid lines represent the fitted linear
regression, the dashed lines refer to the 95% confidence interval for the data points, and the vertical
bars represent the standard deviation of the mean. Modified with permission from Elsevier from
Balducci et al. (2020)
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Fig. 9.3 Soil volumetric water content (VWC, %) and shoot relative water content (SWC, %)
expressed as a function of defoliation for sampled trees in 2014 and 2015. Data includes the fitted
linear regression (solid black line), the 95% confidence intervals (dashed lines), and the standard
error of the individual data points (vertical bars)

in the SWC (Fig. 9.3). Similar results have been found in the twigs of mature balsam
fir, where the SWC decreased by 8% in defoliated trees compared with nondefoliated
trees (Deslauriers et al., 2015).

Although W4 dropped as defoliation increased (Fig. 9.2), soil VWC increased
in both 2014 and 2015 (Fig. 9.3). In both years, VWC was close to 14% in lightly
defoliated trees, whereas, in fully defoliated trees, VWC increased from 17% in
2014 to 25% in 2015. These results for the plant and soil water content of defoli-
ated trees therefore suggest a reduced water transfer throughout the soil-plant—air
continuum. As also observed by Dietze and Matthes (2014), a slight increase in
soil water content occurs following defoliation. Such an increase can be explained
by (i) a loss of foliage at a greater rate than fine root production and (ii) reduced
transpiration. Defoliated trees markedly alter water storage in the soil and the water
balance of a stand by changing the ratio between water input (precipitation) and
output (evapotranspiration) (Dietze & Matthes, 2014; Hata et al., 2016).

When defoliation increases canopy transparency, such as via canopy openness
(Hata et al., 2016), less precipitation is intercepted by the canopy, and, consequently,
the soil receives more water (Sun et al., 2015). As vegetation cover reflects water
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movement in the soil-plant sphere, a higher percentage of cover (a larger leaf area
index, LAI) increases evaporation from interception, thereby compensating for the
reduced evaporation from the soil (Fatichi & Pappas, 2017). Defoliation thus changes
the water storage, i.e., the difference between precipitation and evapotranspiration
(Viglizzo et al., 2016) through a reduced interception and canopy evaporation. An
ecophysiological framework applied to ponderosa pine (Pinus ponderosa Dougl. ex
C. Lawson) in western North America showed that canopy transparency at higher
defoliation levels increases soil moisture in response to reduced canopy transpiration
and dryness of the soil surface because of increased evaporation (Dietze & Matthes,
2014). In the boreal forest of eastern Québec, however, temperatures are generally
low and precipitation abundant, i.e., greater than soil evaporation (Gauthier et al.,
2015); this is particularly true in boreal forest peatlands where the contribution of
transpiration to evapotranspiration is limited to 1% (Warren et al., 2018).

9.3 Carbon Allocation in Conifers Defoliated by Budworm

The intra-annual carbon allocation is severely modified during defoliation (Figs. 9.4
and 9.5) because recurrent defoliation represents a special case of carbon source limi-
tation (Korner, 2015). The changes will be reflected in carbon sink priority, which is
ordered according to organ priorities with seed production having the highest priority
and reserves the lowest (Minchin & Lacointe, 2005). In conifers, carbon reserves in
the form of starch increase before the resumption of shoot and stem growth (Desalme
et al., 2017; Hoch et al., 2003; Little, 1970; Martinez-Vilalta et al., 2016), and the
highest amounts of starch are found in the needles (Deslauriers et al., 2015, 2019).
Regardless of host species (balsam fir, white spruce, or black spruce), recurrent defo-
liation prevents the accumulation of starch during the spring (Deslauriers et al., 2015,
2019), thus reflecting sink priority. The reduction in the buildup of carbon reserves is
followed by an earlier bud burst, promoting needle growth at the expense of cambium
activity; thus, ring width decreases. Multiple studies on conifers have illustrated the
changes occurring in the carbon reserves of nondefoliated and defoliated trees, the
latter having a lower starch content (Webb, 1980, 1981; Webb & Karchesy, 1977).
In conifers (except for larch), the older needles assimilate and store carbon, espe-
cially during the period preceding bud burst and growth. Under defoliation condi-
tions, any change in carbon balance thus occurs initially in the starch reserves of
older needles (Deslauriers et al., 2019; Vanderklein & Reich, 1999) because of
reduced starch accumulation during the spring (Wiley & Helliker, 2012) before defo-
liation (Fig. 9.4). Therefore, the defoliation level closely corresponds to differences
in springtime starch reserves (Fig. 9.5) and radial growth (Fig. 9.6); both variables
decrease at higher defoliation levels. Within a wider annual context, the metabolism
of starch and soluble sugars during the year (Figs. 9.4 and 9.5) becomes biologically
meaningful compared with growth activity and bud dormancy. After bud break, starch
levels slowly decrease during the summer to sustain primary and secondary growth
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(Deslauriers etal., 2019; Webb & Karchesy, 1977); however, when the starch reserves
fail to increase under defoliation, radial growth decreases proportionally.

The absence of starch buildup during the spring reveals the changes occurring in
carbon allocation under defoliation. Rather than allocating carbon to starch reserves
during the spring (Figs. 9.4 and 9.5), this carbon is allocated to shoot growth, which
has a higher sink strength, at the expense of radial stem growth and reserve accumula-
tion; this change represents a shift in the trees’ priorities for physiological resources
to ensure survival (Deslauriers et al., 2019). In deciduous conifers such as larch
(Larix decidua Mill.) affected by budmoth (Zeiraphera griseana Hiibner), however,
replenishment of carbon storage for refoliation is prioritized (Peters et al., 2020).

In conifers, newly assimilated carbon by older needles is mainly allocated to the
canopy during primary growth (85% of the allocated '*C), with only a minor fraction
(1.6%) translocated to the lower stem (Heinrich et al., 2015). During primary growth,
the substantial loss of needles under defoliation produces a carbon limitation in other
parts of the tree, mainly in the stem wood where starch starvation can occur (Fig. 9.5,
right). Carbon allocation to the roots is also severely impaired after defoliation (Li
et al., 2002; Reich et al., 1993). As bud growth competes with other sinks, such as
wood formation (Antonucci et al., 2015; Deslauriers et al., 2016; Huang et al., 2014;
Traversari et al., 2018) and root growth (Reich et al., 1993), prioritizing carbon
allocation to the buds has a positive impact on bud opening and successive shoot

Budbreak
Starch l
Sugar

Non-structural carbohydrate
With defoliation Without defoliation

—

Fall Winter Spring Summer

Fig. 9.4 Variations of starch (orange) and sugar (blue) concentrations over a year in the shoots of
boreal conifers. The cases of no defoliation (fop) and after several years of defoliation (bottom) are
presented. Bud break generally occurs around the maximum of starch accumulation during spring.
Under recurrent years of defoliation, needle loss impairs starch accumulation during the spring and
can reduce soluble sugar concentrations in several tree organs (e.g., needles, twigs, stem, and roots).
Photo credits Annie Deslauriers
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Fig. 9.5 Variation in starch (mg- g_ldw) measured in leaf (right) and stem wood (left) of balsam fir
during the growing season for the different defoliation classes (nondefoliated, moderately defoliated,
and heavily defoliated). Vertical bars represent the standard deviation among six trees. Note the
different scales of the vertical axes. Modified from Deslauriers et al. (2015), CC BY 4.0 license
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Fierravanti et al. (2019), CC BY 4.0 license
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growth but negatively affects secondary growth, i.e., tree-ring formation (Fig. 9.6; see
also Peters et al. (2020) and Deslauriers et al. (2015) for impacts on wood formation
and wood anatomy).

9.4 How Changes in Water Status and Carbon Allocation
Affect Tree Mortality

Exploring the effect of SBW defoliation on tree water status and carbon alloca-
tion reveals that four mechanisms can trigger tree mortality: the difficulty in water
reaching the remaining needles, hydraulic failure, the decrease in carbon storage
during spring, and the decrease in radial growth.

9.4.1 Decreased Shoot Water Content in Defoliated Trees
and the Related Mortality

Needle damage and death due to defoliation are visible effects of insect feeding,
and these signs integrate a series of physiological changes within plants. First, they
represent a direct constraint on transpiration (Pincebourde et al., 2006), linked to a
decrease in water reaching the remaining needles as defoliation increases (Sack &
Holbrook, 2006). Therefore, the relative water content of shoots gradually drops
with increasing defoliation (Deslauriers et al., 2015). Consequently, water potential
decreases and gradually impairs water relations in defoliated trees (Fig. 9.7; also see
Sect. 9.1). In the twentieth century, cumulative climatic stresses—two cold springs
that reduced photosynthetic activity followed by a warmer summer that induced
higher evapotranspiration—preceded SBW outbreaks and induced tree mortality in
black spruce and balsam fir (De Grandpré et al., 2019). A better understanding of
water status imbalance by defoliation and its consequences on tree mortality must
consider (i) tree ontogeny, as the physiology of young and mature trees can differ
within the same species, and (ii) the interaction between defoliation (biotic stress)
and environmental stress (reduced soil moisture and atmospheric drought, including
a high VPD.

Under controlled conditions, four-year-old saplings of fir, white spruce, and black
spruce affected by severe defoliation after a full year of SBW outbreak show mainly
bud phenological shifts. This alteration modifies the carbon allocation within the trees
to primary rather than secondary growth (Deslauriers et al., 2019) and thereby ensures
tree survival. Similarly, in young black spruce, a mild defoliation intensity (~40%)
observed in current-year defoliation does not compromise tree survival, although
water status is negatively affected during active insect feeding (Bouzidi et al., 2019).
Under concomitant defoliation and drought stresses, however, the effect of drought
prevails over defoliation-related stress. Drought alone increases the sapling mortality
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Fig. 9.7 Summary of the effect of environmental (VPD, vapor pressure deficit) and biotic stresses
(spruce budworm) on the water status of trees (RWC, root water content; ¥ .., leaf water potential)
and soil in defoliated and nondefoliated trees. Symbols (—) and (+) represent the limiting and
optimal soil water availability, respectively. Modified with permission from Elsevier from Balducci
et al. (2020)

of black spruce immediately after the stress period. Nondefoliated drought-related
saplings show higher mortality rates during the first two weeks after resuming irri-
gation (0.3 dead saplings-day~') compared with defoliated drought-related saplings
(0 dead saplings-day~!) (Bouzidi et al., 2019). The detrimental effects observed
in needles during active defoliation become positive for tree water balance in the
first few weeks. After two weeks, the mortality rate in defoliated saplings remains
similar (0.05-0.1 dead saplings-day~!) to defoliated drought-related spruce. This
difference in mortality rates occurs mainly because of the water storage effect in
defoliated plants, as the reduced foliar biomass temporarily decreases water loss
through transpiration.

As the hydraulic pathway from roots to canopy can be jeopardized by defoliation,
trees maintain leaf water potential within functional limits to avoid critical levels
of hydraulic failure and death (Benito Garzén et al., 2018). The hydraulic safety
margin (HSM), which is the difference between the minimum leaf water potential
measured in the plants (W ,;,) and that inducing 12 and 50% embolism, acts as an
internal hydraulic buffer and provides information about the thresholds of leaf water
potential inducing hydraulic failure. These physiological mechanisms involved in
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the resistance to cavitation are species-specific (Delzon et al., 2010); plants can
differ in their safety margins. Atmospheric demand also negatively influences water
potential (VPD). Trees experiencing a greater negative water potential because of an
increase in VPD, i.e., increased summer temperatures and decreased air humidity, are
also more likely to lose hydraulic conductivity following xylem embolism (Tyree &
Sperry, 1989) and eventually die (Adams et al., 2017).

In young black spruce trees, the xylem tension induces a 50% loss of conductivity
(P50) to —4.26 MPa, whereas the xylem air entry pressure (P12) is —2.9 MPa
(Balduccietal.,2015). Therefore, the HSM of young defoliated trees is large (Bouzidi
etal., 2019), explaining the low mortality rate. Juvenile wood is also more resistant to
xylem failure by embolism than mature wood, decreasing the former’s vulnerability
to cavitation relative to that of older trees (Domec et al., 2009). This greater resistance
to xylem failure by embolism in younger trees is mainly due to their smaller xylem
cell diameter. In mature stands during the period of active defoliation, shoot water
potentials surpassed W, thresholds, inducing 12% xylem embolism in mature black
spruce but not in balsam fir (Balducci et al., 2020). The W ,;, reached —2.95 MPa,
which corresponds to the onset of xylem embolism in balsam fir—average xylem air
entry pressure, P12, being around —2.8 MPa in nondefoliated trees. Mature balsam
fir might therefore have experienced greater xylem embolism during defoliation
compared with defoliated black spruce and, thus, showing a narrower HSM under
defoliation and a higher risk of hydraulic failure than the latter. Trees show a narrow
HSM; therefore, they operate close to the hydraulic failure level (Choat et al., 2012).
But populations that experience a narrower HSM are strongly associated with higher
mortality (Benito Garzén et al., 2018). Conifers in North America, Europe, and
Australia exhibit a large interspecific variability of cavitation resistance (Delzon
etal., 2010). Although the phenotypic variability is considered negligible in the point
of critical loss of xylem conductivity, intraspecific variability in P50 has recently
been reported in some species (Anderegg, 2015; Benito Garzoén et al., 2018). In this
context, the HSM for young black spruce is greater than for mature black spruce,
which is greater than that for mature balsam fir. Therefore, the mortality rate under
defoliation follows an opposite pattern, suggesting that in future scenarios of more
frequent and intense drought events and SBW attacks, balsam fir could be more
vulnerable than black spruce.

The integration of knowledge regarding water status and the hydraulic conduc-
tivity of trees can help us understand mortality dynamics in natural conditions
(Martinez-Vilaltaet al., 2019). In mature trees, SBW outbreaks of longer duration and
higher intensity limit tree survival (Chenetal., 2017; MacLean, 1980). Several studies
agree that mature firs are more sensitive, i.e., higher tree mortality, after five years
of severe defoliation by SBW than other host species, e.g., white and black spruce
(MacLean, 1980, 2016; Virgin & MacLean, 2017). However, species susceptibility
to SBW depends on the stand, with higher mortality rates in balsam fir-dominated
stands than in mixed boreal stands, although mortality remains high for the host
species (Bouchard et al., 2005). A greater abundance of hardwood in stands signif-
icantly reduces the dispersion of the second instars (L2) of SBW, thereby helping
limit balsam fir defoliation (MacLean, 2016; Zhang et al., 2020). A similar consensus
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exists for the survival of balsam fir regeneration, where the type of forest overstory
(as hardwood, softwood, and mixed) reduces or increases seedling mortality rate to
17% and 24% to 26%, respectively (Nie et al., 2018). Furthermore, seedling height
is likely associated with a larval density increase, as taller seedlings of balsam fir
and black spruce are more defoliated than shorter seedlings (10%) (Cotton-Gagnon
et al., 2018; Lavoie et al., 2019; Nie et al., 2018). Balsam fir at 1.2 m height has a
50% probability of sustaining severe defoliation, whereas for black spruce the same
probability of severe defoliation is attained only when seedlings are taller than 3.5 m.
Thus, balsam fir is 15% more defoliated than black spruce (Cotton-Gagnon et al.,
2018; Lavoie et al., 2021; Nie et al., 2018). Nonetheless, taller seedlings grown in
open conditions should show greater survival than seedlings under shaded conditions,
even if the defoliation level reaches 75% (Nie et al., 2018).

9.4.2 Decreased Carbon Storage and Growth in Defoliated
Trees Leads to Greater Mortality

Boreal stands of spruce and fir can tolerate extended periods of spruce budworm
defoliation because trees allocate most of their carbon resources to the production of
new shoots and needles (Deslauriers et al., 2019; Piene, 1989a, b) rather than storage
(Figs. 9.4 and 9.5) or stem radial growth (Fig. 9.6). This allocation strategy allows
trees to endure several years of defoliation before eventually succumbing when very
few needles remain. Compensatory mechanisms are also used to maximize carbon
gain under defoliation, such as longer needle retention (Doran et al., 2017) and greater
epicormic bud production (Piene, 1989a).

Under defoliation, drastic growth reductions in dying balsam fir trees occur simul-
taneously with declines in starch reserves, especially in May and June. A nominal
logistic regression can calculate the probability of tree mortality on the basis of
starch concentrations (Fig. 9.8). The starch concentration in needles in May explained
the increase in tree mortality, with the minimum values indicating mortality during
spring (Fig. 9.8). The starch concentration at which the probability of plant mortality
exceeds 50% is significant in May, having a value of 28 mg-g~'4, of starch in
needles (Fig. 9.8). This threshold is reached only in defoliation classes higher than
66%, although the probability of mortality begins to increase between 33 and 66%
defoliation (Fierravanti et al., 2019).

By using canonical correlation, Fierravanti et al. (2019) showed how defoliation
intensity is inversely correlated to changes in both growth (Fig. 9.6) and carbon
allocation (Fig. 9.8). In balsam fir, mortality is related to both reduced radial growth
(i.e., as measured by tree-ring width) and starch reserves; however, a direct causal
link requires further testing, including carbon allocation at the whole tree level in
relation to the tree water status (see Sect. 9.1). The physiological mechanisms that
lead to mortality and the associated change in growth rates remain poorly known,
although mortality is preceded by growth reductions in 84% of cases (Cailleret et al.,
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Fig. 9.8 Logistic function linking starch concentrations in May with the probability of balsam fir
mortality. The box plot represents starch concentrations across the different defoliation classes.
The gray rectangles represent the threshold of tree mortality at a probability of 50%. DO represents
nondefoliated trees, and D1, D2, and D3 represent 1%—33%, 33 %—66%, and 66%—100% defoliation,
respectively. Reproduced from Fierravanti et al. (2019), CC BY 4.0 license

2017), as observed in balsam fir (Fig. 9.6). Moreover, for shade-tolerant species such
as balsam fir, the probability of tree mortality is a function of the growth rate with
increasing size (Das et al., 2016; De Grandpré et al., 2019; Kneeshaw et al., 2006).
In the absence of environmental changes, the common assumption is that the tree
growth rate is inversely associated with the probability of mortality and the slowest-
growing trees having a higher probability of dying (Das et al., 2016; De Grandpré
et al., 2019; Kneeshaw et al., 2006). Co-occurring past disturbances—climatic and
biotic stress events—result in a reduced tree growth (Das et al., 2016; De Grandpré
et al., 2019; Kneeshaw et al., 2006); thus, a lower growth rate appears to be an early
signal of tree vigor in boreal conifers.

9.5 Implications for Forest Management

Improved knowledge of the changes in water status and carbon allocation of fir
and spruce in relation to water deficits, meteorological conditions, and defoliation
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will help refine current forest management practices to reduce the impacts of SBW
outbreaks. A better understanding of the factors driving mortality is particularly
critical in the case of SBW-caused mortality in eastern Canada, as trees that die
following SBW defoliation generally decay too quickly to be salvaged and used in
conventional transformation processes such as pulp and paper or sawmills.

We highlight that over several years of defoliation, a tree’s capacity to absorb
and conduct water decreases as defoliation increases. Over the long term, i.e., 5
to 15 years (as described above), defoliated trees are therefore more susceptible to
drought, potentially generating synchronous mortality in defoliated trees when severe
drought conditions occur. Moreover, larger trees, which tend to have a higher portion
of their energy budget devoted to supporting their existing biomass, are probably even
more exposed to such events. This reinforces the idea that the most effective means of
preventing defoliation-caused mortality, other than spraying insecticides, is probably
to harvest susceptible trees relatively early during outbreak development, e.g., less
than five years after defoliation is first observed at the stand level. The sudden bursts
of mortality likely to occur during eventual droughts can therefore be anticipated and
prevented, at least in part.

Although the main harvesting method in a SBW outbreak context is clear-cutting
(followed or not by plantation), partial harvesting can be used under particular condi-
tions. We suggest that when partial cuts are used, black spruce—Iless likely to be
severely defoliated and more likely to maintain hydraulic conductivity—and smaller
or younger trees should be left unfelled, as they are less likely to suffer mortality.
To further refine guidelines for partial harvesting in a SBW outbreak context, future
studies should look at differences in susceptibility to defoliation and water deficit in
trees that belong to a range of size classes (from seedlings to large trees) and canopy
positions, i.e., acclimated to different shade levels.
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