Agricultural and Forest Meteorology 339 (2023) 109548

4
L

LSEVIER

Contents lists available at ScienceDirect
Agricultural and Forest Meteorology

journal homepage: www.elsevier.com/locate/agrformet

Agricultural

an
Forest Meteorology

Climatic conditions modulate the effect of spruce budworm outbreaks on

black spruce growth

Check for

updates

Anoj Subedi® ", Philippe Marchand ?, Yves Bergeron *”, Hubert Morin ¢, Miguel

Montoro Girona *¢

2 Ecological Research Group in MRC Abitibi (GREMA), Forest Research Institute (IRF), University of Québec in Abitibi-Témiscamingue (UQAT), 445 Bd de 'Université,

Rouyn-Noranda, Québec, J9 x 5E4, Canada

b Department of Biological Sciences, University of Québec in Montréal (UQAM), 405 Rue Sainte-Catherine Est, Québec, H2L 2C4, Canada
¢ Department of Fundamental Sciences, University of Québec in Chicoutimi, 555 Bd de I'Université, Chicoutimi, Québec, G7H 2B1, Canada

d Universidad de Huelva, dr. Cantero Cuadrado 6, Huelva 21004, Spain

ARTICLE INFO ABSTRACT

Keywords: Current ecological models predict profound climate change-related effects on the natural disturbance regimes of
Climate change forests. Spruce budworm (Choristoneura fumiferana) (SBW) is the principal insect defoliator in eastern North
D?fﬂliaﬁ’m America, and SBW outbreaks have a major impact on the structure and function of the Canadian boreal forest, as
g;i;;z::gﬁfgy defoliation leads to decreased tree growth, increased mortality, and lower forest productivity. SBW outbreaks

have become more severe over the last century with the changing climate; however, little is known about how
climate fluctuations affect the growth of SBW host species during the outbreak period. Here we evaluate how
climate and outbreak severity combined to affect black spruce (Picea mariana) growth during the SBW outbreak
that occurred between 1968-1988 and 2006-2017. We compiled dendrochronological series (2271 trees),
outbreak severity (estimated by observed aerial defoliation), and climate data for 164 sites in Québec, Canada.
We used a linear mixed effect model to determine the impacts of climatic parameters, cumulative defoliation (of
the previous five years), and their coupled effect on basal area growth. At maximum outbreak severity, basal area
growth of black spruce was reduced by 14%-18% over five years. This outbreak growth response was affected by
climate: warmer previous summer minimum temperatures and a higher previous summer climate moisture index
further decreased growth by 11% and 4%, respectively. In contrast, a preceding year’s warmer spring minimum
temperatures (9%) and summer maximum temperatures (7%) attenuated the negative SBW effect. This study
adds knowledge to our landscape-level understanding of combined insect—climate effects and helps predictions of
future SBW-related damage to forest stands to bolster sustainable forest management. We also recommend that
projections of boreal forest ecosystems include several classes of SBW defoliation and multiple climatic scenarios

Ecological modeling
Forest management

in future simulations.

1. Introduction

Disturbance shapes the structure and functioning of the boreal forest
ecosystem (Gauthier et al., 2014; Girona et al., 2019; Labrecque-Foy
et al., 2020). Natural disturbances in the boreal biome, such as fire and
insect outbreaks, are likely to become more severe and frequent because
of climate change (Aakala et al., 2023; Dale et al., 2001; Seidl et al.,
2017; Volney and Fleming, 2000). Including disturbances and their
relationship to climate variables within ecological models will help
managers attain sustainable management goals and adapt these forests
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to the context of global change (Bergeron and Leduc, 1998; Ciesla, 2011;
Girona et al., 2023a; Kwon et al., 2021; Pickett and White, 1985; Reyes
et al., 2010). Though forests are directly impacted by climate change,
the complexity of interactions in the forest ecosystem indicates that
growth can also be affected indirectly as climate influences the distur-
bances like insect outbreaks (Gauthier et al., 2023; Girona et al., 2023b).
Hence, forecasting the impacts of future climate requires understanding
how climate change alters forest ecosystem dynamics including distur-
bance regimes (Achim et al., 2022; Hof et al., 2021; Molina et al., 2022).

In the boreal forest, insect outbreaks are major disturbances
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(Bergeron et al., 1998, 2002; MacLean, 2016). The eastern spruce
budworm (Choristoneura fumiferana Clemens, hereafter SBW), a tortricid
moth, is recognized as the most important defoliator in the North
American boreal forest because of its wide distribution and the marked
impact on forest productivity and forest dynamics (Blais, 1983;
Cappuccino et al., 1998; Gray and MacKinnon, 2006; MacLean, 2016).
The economic and ecological consequences of SBW disturbances have
placed these events among the priority topics of Canadian forestry
research. Decades of continuous research by various organizations and
agencies have improved our understanding of the epidemic cycle
(Boulanger and Arseneault, 2004; Girona et al., 2018; Navarro et al.,
2018; Ryerson et al., 2003), SBW effects on forest succession (Bergeron
et al., 1995; Lavoie et al., 2021; MacLean, 1980, 2016; Martin et al.,
2020), the synchrony of outbreaks over large areas (Bouchard et al.,
2018; Sturtevant et al., 2015), and SBW population dynamics (Pure-
swaran et al., 2016; Régniere and Nealis, 2007; Régniere et al., 2019a;
Royama, 1984).

The population density of this lepidopteran moth increases periodi-
cally to reach an outbreak level (Boulanger and Arseneault, 2004;
Régniere and Nealis, 2007; Royama, 1984). In eastern Canada, SBW
outbreaks follow a synchronized 30-40 year periodicity (Boulanger and
Arseneault, 2004; MacLean, 1996). Over the twentieth century, out-
breaks were concentrated into three main periods: 1905-1930 (mod-
erate severity), 1935-1965 (long and less severe), and 1968-1988 (short
and severe) (Aakala et al., 2023; Berguet et al., 2021; Navarro et al.,
2018). These outbreaks have became more severe (Blais, 1983), syn-
chronized over large forest territories (Jardon et al., 2003), and reached
more northern latitudes (Navarro et al., 2018). The final outbreak of the
last century (1968-1988) in eastern Canada affected a maximum area of
6 million ha at a moderate defoliation level and 21 million ha at a severe
defoliation level. At its peak in 1975, SBW had killed 3 million ha of
forest (Lavoie et al., 2019; MNRF, 2021).

The increasing trend of SBW defoliation is interlinked to complex
processes occurring within the forest stands. The extent and intensity of
defoliation are influenced by factors such as species, tree age, stand
composition, the presence or absence of non-host species, the ecoregion
(Houndode et al., 2021; Kneeshaw et al., 2015; MacLean, 2016), and
climate (Candau and Fleming, 2005, 2011; Debaly et al., 2022). The
vulnerability of the host (Nealis and Régniere, 2004), phenological
synchrony or resistance (Blais, 1957; Pureswaran et al., 2015), nutri-
tional composition of the needles (Bauce et al., 1994; Fuentealba and
Bauce, 2012), and food quality provided by the host (Carisey and Bauce,
2002) also play roles in intensifying or limiting the defoliation impacts
on growth. During the defoliation period, SBW generally starts affecting
the architecture of the host by causing major damage and/or mortality
of the terminal buds and parts of the axes (Hughes et al., 2015; Krause
et al., 2012; Simard and Payette, 2003). Eventually, successive defoli-
ation over multiple years leads to growth suppression and heightens the
probability of tree mortality (Houndode et al., 2021; MacLean, 1980;
Pothier et al., 2012). Balsam fir (Abies balsamea [L.] Mill.), white spruce
(Picea glauca [Moench] Voss), black spruce (Picea mariana [Mill.] Brit-
ton, Sterns & Poggenburg), and red spruce (Picea rubens Sargent) are the
main host species of SBW (Hennigar et al., 2008). Black spruce has
become increasingly vulnerable to defoliation, leading to marked
growth losses (Girona et al., 2023c; Hennigar et al., 2008; Hughes et al.,
2015; Lavoie et al., 2019; Simard and Payette, 2003). In sum, defoliation
has a multidimensional impact linked to multiple ecological factors
interacting within the forest ecosystem (species, stand, climate, and
ecoregion), including the active feeding phase of the SBW.

The SBW completes its life cycle within 12 months, which extends
over two different years. In late summer, the adult moth mates and lays
groups of 10 to 150 eggs on the needles of host trees. The hatched larvae
(1st instar) build a silk cocoon to start diapause and be protected during
the winter (Ciesla, 2011; Natural Resources Canada, 2018; USDA,
1985). The 2nd instar larvae—inside the hibernaculum—do not feed
and their survival depends on the quality of food reserves. Once suitable
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conditions occur, the larvae emerge (Dickison et al., 1986; Marshall and
Roe, 2021). At the beginning of spring, the larvae molt into the 3rd
instar phase, and successive larval phases (4-6th instars) feed vora-
ciously on the buds, foliage, and new shoots of host species. The defo-
liation/infestation peak occurs in summer, mainly in June; such
voracious feeding on nutritious foliage strengthens a larva’s chances of
survival and the following generation’s offspring overwintering success
(Marshall and Roe, 2021). The 6th instar larvae metamorphose into the
pupal phase and then develop into a moth form in July or August
(Boulanger et al., 2017). Adult moths lay eggs on the foliage under
favorable climate conditions (Régniere and Nealis, 2007).

All the biological events of SBW are linked to climate conditions
(Dale et al., 2001; Gray, 2013; Han and Bauce, 1997; Wellington et al.,
1950). Temperature and precipitation affect SBW development
(Bellemin-Noél et al., 2021; Régniere and Nealis, 2007; Régniere et al.,
2012), survivability and mortality (Han and Bauce, 1995, 1997;
Régniere et al., 2012), range expansion (Régniere and Nealis, 2007;
Régniere et al., 2019b), and SBW behavior in defoliating their hosts
(Candau and Fleming, 2011; Gray, 2013). During spring, for example, an
increased larval emergence from diapause is observed once the tem-
perature increases above 10 °C (Pureswaran et al., 2018a), and moisture
availability in summer alters the SBW diet during its active feeding
phase (Carisey and Bauce, 2002). Climate changes in spring and summer
(past and current) can affect both the insect and the host species;
therefore, climate is a critical element influencing the SBW life cycle
activities, e.g., accelerates or delays each stage to affect SBW feeding.
This is linked directly to the growth of the host species.

Similarly, tree growth and development are influenced by climate
(Girard et al., 2011; Girardin et al., 2012, 2016a; Pappas et al., 2022a).
Factors such as temperature, precipitation, and moisture availability
influence the phenological cycle and, thus, growth (Guo et al., 2021;
Girona et al., 2017; Pureswaran et al., 2018a; Rossi et al., 2011). An
example is the earlier budburst because of recent warming (Blais, 1983;
Pureswaran et al., 2018a). Several studies have documented that the
radial growth of black spruce can be influenced in response to changes in
climate—specifically climate of the growing season (Chavardes et al.,
2021; Girard et al., 2011; Li et al., 2020; Walker et al., 2015). For
example, the onset of growth in black spruce, occurring from late May to
mid-June, confirms the importance of favorable temperatures and
moisture levels in the summer months (Rossi et al., 2011). Warmer
temperatures in the short growing period in cold boreal regions favor
black spruce growth (D’Orangeville et al., 2016; Rossi et al., 2011), and
increased precipitation also benefits spruce by lowering moisture stress
(Fierravanti et al., 2015). As climate also mediates SBW activity, the
response of black spruce growth is modified by the SBW-climate links.

Climate fluctuations affect both the insect population and its impact
on tree growth (De Grandpreé et al., 2018a; Pureswaran et al., 2018b). It
is expected that the spring and summer climate of the current and pre-
ceding year—closely associated with the active feeding period of SBW
larvae and the tree growth—mainly regulate the characteristics of
defoliation and the growth of the host species. Moreover, altered tem-
peratures and precipitation during the summer (June-August), the
active feeding period of SBW, can influence host-SBW interactions.
Recent climate change, for example, has reduced the phenological and
climatic mismatch existing between black spruce and SBW (Fuentealba
etal., 2017; Pureswaran et al., 2018a). Thus, the recent defoliation trend
during SBW outbreaks has raised questions about whether climate
change is a major driver of the increased defoliation severity and
decreased forest productivity observed during more recent outbreaks.
This understanding of climate-defoliation links during insect outbreaks
remains incomplete, despite their importance within the context of
global change (De Grandpré et al., 2018b; Pureswaran et al., 2018b;
Robert et al., 2017). Specifically, no studies have yet to analyze the
historical evidence of how climate fluctuations affect SBW defoliation
severity, causing growth reductions for vulnerable host species like
black spruce.
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Fig. 1. Location of study sites across the various bioclimatic domains in Québec, Canada. The colored circles correspond to those projects included within the
dendrochronological database; circle size indicates the number of tree series for each site. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

Here, our main goal is to evaluate the influence of climate and
outbreak severity on black spruce growth during outbreaks in the latter
part of the twentieth century (1968-1988) and a part of the first
outbreak of twenty-first century (2006-2017). We rely on a den-
droecological database for the province of Québec, Canada, to deter-
mine the climatic drivers influencing defoliation severity and leading to
growth reductions in black spruce stands during outbreaks. We propose
that (1) high temperatures and greater precipitation in the previous
spring and summer reduce the current year growth of black spruce
because of increased defoliation severity during an outbreak period; and
(2) higher June temperatures limit growth by favoring a greater abun-
dance and impact of SBW. Although there are ubiquitous factors influ-
encing growth—defoliation interactions, directly and indirectly, spring
and summer climate conditions are expected to have a greater influence.
Therefore, this project aims to improve our understanding of how
temperature and precipitation modulate growth and SBW severity in the
context of climate change.

2. Materials and methods
2.1. Study area

The study area covers nearly 900 000 km? of the boreal and northern
temperate vegetation zone of Québec (Canada) from 45° to 51°N and

65° to 80°W (Fig. 1). Regional climate is subpolar-subhumid conti-
nental, characterized by long, cold winters and short, cool summers

(MNRF, 2008). The northern region is characterized by relatively col-
der/lower precipitation conditions with an annual average temperature
of —7.5 °C and annual precipitation of 500 mm, whereas the southern
portion is warmer with an annual average temperature of 1 °C and an
annual precipitation of 1000 mm (MNRF, 2008). In Québec, the closed
boreal forest is dominated by pure black spruce stands in the north and
the mixed forests of white spruce, fir, and broadleaf trees in the south
(Rossi et al., 2009). The black spruce domain has a relatively short
growing period of 93 to 122 days, extending between late May to early
October (Rossi et al., 2011).

In the eastern Canadian boreal forest, SBW outbreaks represent one
of the major natural disturbances affecting these forests (Cappuccino
et al., 1998; MacLean, 2016; Navarro et al., 2018). In the twenty-first
century, 170 000 km? of forest has already experienced severe defolia-
tion by SBW since the onset of an outbreak in 2006 (Fig. A.1; MNRF,
2021). Fire, with a return interval of 270 to >500 years, is another
disturbance influencing insect outbreak dynamics in the boreal forest
(Bergeron and Leduc, 1998; Cyr et al., 2007), and consecutive defolia-
tion from insect increases the risk of fire (James et al., 2017). In eastern
North America, the frequency of fire and the outbreaks are recorded to
have inverse occurrence over the Holocene (Morin et al., 2021).

2.2. Data compilation and experimental design

Our study relied on collected cross-dated dendrochronological series,
defoliation surveys, and interpolated weather data sets. We selected to
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Table 1
Dendrochronological projects compiled for this study.
ID  Project name Sampling year =~ Number of sampled trees  Total number of sites  Trees per site (Min.-Max.)  Max. tree age  References
1 281 MRNF 1999 162 16 9-12 218 -
2 51-521 2004 116 11 10-16 247 (Tremblay et al., 2011)
3 51-52 11 2008 90 8 10-15 200
4 Abitibi 1990 7 1 7 212 -
5 Cassy 2017 1084 57 14-22 227 (Berguet et al., 2021)
6 Fantin 2000 124 12 9-15 179 (Fantin and Morin, 2002)
7 Gradiant 2011 38 5 3-12 171 -
8 Helico I 1998 65 7 7-11 131 -
9 Helico II 1999 49 5 9-11 229 -
10  Jardon 1995 88 6 9-21 352
11 Levasseur 1999 40 2 20 173 (Levasseur, 2000)
12 MRNQ Abitibi 1998 62 7 8-10 198 -
13 Natalief 1982 31 3 10-11 157 -
14 Navarro 2013 40 2 20 278 (Navarro et al., 2018)
15 Nestaocana 1997 34 1 34 175 -
16  Pasfini 2000 42 4 7-20 191 -
17  Primitive forests 2009 78 8 9-10 276 -
18 Surannees 2006 121 9 8-20 251 -
Total 2271 164
25004
/
2000+
- ]
o
S 1500+
kel
il ]
O
g 1000+
Z B
500+
0 -

1950 1960 1970 1980
Years
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Fig. 2. Number of annual tree cores sampled for each year from 1951 to 2017. The colored area represents the two SBW outbreak periods, 1968-1988 and
2006-2017. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

study the period from 1951 to 2017 (a period for which all data sets
overlapped), which covers the third SBW outbreak of the twentieth
century (1968-1988) and part of the current outbreak (2006-present;
our data set covers 2006-2017). We compiled cross-dated dendrochro-
nological series from 18 existing/previous projects conducted in Québec
over the past three decades (1982-2017). The combined database
included approximately 4700 trees. From this compilation, we retained
only those series corresponding to black spruce, except for a few
southern sites that included red and white spruce, which resulted in a
total of 2271 tree-ring series (Table 1). These trees were distributed
across 164 sites, with an average of 14 trees sampled per site; site size
was 400 m2. In some cases, trees from the same project and ecoregion
were merged based on the geographic proximity in ArcGIS; in particular,
sites with few black spruce trees were manually merged with a nearby
site with more black spruce trees.

2.3. Dendrochronological data sets

Dendrochronology is a powerful tool for studying tree response to
anthropogenic and natural disturbances (Gennaretti et al., 2018; Girona
et al., 2016; Labrecque-Foy et al., 2020). All selected dendrochrono-
logical projects followed standardized protocols for collecting, prepar-
ing, measuring, and cross-dating (Krause and Morin, 1995). The ring
cores were taken from the field, air-dried, and then sanded after

mounting on wooden boards. Ring width was measured either with a
WinDendro™ system (Guay et al., 1992; Tremblay et al., 2011) or a
manual Henson micrometer having an accuracy of 0.01 mm. The annual
growth rings were counted for each sample, and diagnostic rings (light,
dark, narrow, or incomplete) were identified to facilitate dating (Girard
etal., 2011). These tree rings were cross-dated visually, and cross-checks
were made using statistical software such as COFECHA (Holmes, 1983)
to identify missing or false rings and verify measurement errors. Accu-
rate cross-dating minimizes errors related to growth anomalies, e.g.,
missing or false rings (Swetnam et al., 1985). Ring records in our
database covered 67 years and varied in yearly abundance from 381 to
2248 tree cores per year (Fig. 2). We converted these ring-width series
into basal area increments (BAI, basal area growth is named growth
hereafter) using the bai.out function of the dplR package in R (Eq. (1);
Bunn et al., 2021). We used BAI over detrending methods since the latter
might eliminate some of the effects of climate on growth: i.e. differences
in the mean growth levels between sites and differences due to long-term
climate trends (Girardin et al., 2016b).

BAIL = nr — mrl |, (@)

where r denotes tree radius, and t is the year of ring formation.
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2.4. Defoliation surveys

The defoliation survey data were collected from Québec Ministry of
Natural Resources and Forests (MNRF). The collected defoliation data
were derived from annual defoliation maps produced by the ministry on
a yearly basis since 1967 from aerial surveys of SBW-affected areas
(Fig. A.2; Gray et al., 2000). Surveys were conducted from late June in
the southwest to early August in the northeastern areas. A topographic
map was used to delineate the polygons of insect damage for SBW, and
each polygon was assigned a defoliation level for the current year (Gray
and MacKinnon, 2006). The defoliation was categorized as light (1%—
35%; loss of foliage in the upper third of the crown of some trees),
moderate (36%-70%; loss of foliage in the upper half of the crown of
most trees), and severe (71%-100%; loss of foliage across the entire
length of the crown of most trees) (Gray et al., 2000; MRNF, 2020).
Though the variation in the accuracy of the aerial survey across each
defoliation class could make the defoliation estimation a bit coarse
(MacLean and MacKinnon, 1996), the data was used as it was the only
source of annual information about SBW outbreak severity at the pro-
vincial scale in Quebec. Because the survey primarily detects defoliation
of balsam fir, we created a circular buffer of 20 km around each site and
retained only those sites in which balsam fir was present (by relying on
the Québec forest inventory data). The buffer of 20 km was selected so as
to have an actual idea about the stand composition around the sites,
considering the size of the study area (Navarro et al., 2018). Therefore,
we used the defoliation class as a proxy of SBW outbreak severity in the
landscape surrounding our sampled black spruce stands. For each stand
in our dendrochronological data set, we computed for each growth year,
the cumulative defoliation of the last five years. For this, the defoliation
class for each year was converted to a numerical value: 0 for no active
defoliation, 1/3 for light, 2/3 for moderate, and 1 for severe defoliation.
We used the five years preceding the sample year, as SBW defoliation
generally does not affect radial growth of the same year but rather af-
fects growth with a lag up to five years (Bergeron et al., 1995; Krause
etal., 2003, 2012; MacLean, 1980); this means that the defoliation index
can reach up to 5 at a maximum. Thus, we obtained a time series of
outbreak severity within our study zone from 1968 to 2017.

2.5. Climate series

For each site, we modeled elevation using digital elevation model
(DEM) data for Québec. We relied on latitude, longitude, and elevation
to interpolate weather variables (at a daily resolution) for each site and
year between 1951 and 2017 using the BioSIM software (Régniere et al.,
2017). The weather database used were of normal and daily statistics
accessed through ftp://ftp.cfl.scf.rncan.gc.ca/regniere/Datall/
Weather/ as indicated in the BioSIM User’s Manual. The software in-
terpolates the climate parameters utilizing the normal and daily weather
records obtained from nearby meteorological stations, acquired from the
historical North American (Canada-USA) database accessible by default
(Régniere et al., 2017). For selecting the predictors for our model, we
calculated climatic summary variables related to important stages in the
phenology and biology of SBW (Candau and Fleming, 2005, 2011).
These variables included temperature (°C, minimum and maximum) and
precipitation (mm) at a seasonal scale—spring (March-May) and sum-
mer (June-August)—and at a monthly scale for June, July, and August.
We also calculated the climate moisture index (CMI) for the spring,
summer, and June-August (for each month) following D’Orangeville
et al. (2018); monthly potential evapotranspiration (PET) values were
estimated with the Standardized Precipitation Evapotranspiration Index
(SPEI) package in R and running the Penman-Monteith algorithm with
inputs of monthly average daily minimum and maximum temperature,
latitude, incoming solar radiation, temperature at dew point, atmo-
spheric pressure, wind speed at 2 m, and elevation, where all the
weather variables were interpolated using BioSIM. The spring and
summer CMIs were calculated as the difference between precipitation
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and potential evapotranspiration over a period I (in mm of water; Eq.
(2)).

CMI; = Prec; — —PET; (2)

In the models presented in the next section, we consider as predictors
both the previous year values of the climate variables (calculated at the
seasonal scale, i.e., previous spring and previous summer) and current
year values (calculated at the monthly scale, from June to August).

2.6. Statistical analysis

Statistical modeling was performed in two steps. In the first step, we
modeled the logarithm of the basal area increment (log BAI) for each
ring as a function of the log of the current basal area (cumulative BAI of
previous rings) and its cambial age (Eq. (3)) using a generalized additive
model (GAM) to evaluate tree-specific effects on growth. The basal area
(BA; cross-sectional area of the tree at breast height) was calculated for
each year for each tree as the cumulative sum of the BAI up to that year.
The effect of logarithm of the basal area was expected to be linear,
whereas the age effect was modeled as a smoothing spline with k = 50
basis functions using the mgcv package in R (Wood, 2011).

log(BAI) = log(BA) + s(Age, k =50) + Residuals, 3)

The first model, thus, removed the long-term trend specific to each
tree (i.e., because of the differences in age, size, genetics, and microsite
conditions). The residuals therefore contain the effects of interannual
climate variation and SBW outbreaks, which we modeled in the second
step. This two-step approach was applied in part because of the excessive
computational costs associated with including all effects within the same
model, given the size of our database.

In the second step, we used linear mixed effect (LME) models to es-
timate the effects of climate, outbreak severity, and the links between
the two using lme4 package (Bates et al., 2015). At this step, the
response variable consisted of the residuals of log(BAI) from the GAM
model, averaged by site and year. The predictors were different com-
binations of cumulative defoliation of the last five years with seasonal
(previous spring and summer) and monthly (June, July, and August)
climatic variables, along with their relationship to cumulative defolia-
tion. All climatic predictors were standardized before including them in
the models to simplify comparing the effect size between the predictors.
We also included the random effects of site and year in the models.

Because precipitation and CMI are correlated—via the definition of
CMI—we used Akaike’s information criterion (AIC) to determine which
of these two predictors to use in our models. We also used AIC to
determine whether to include a random effect of site, year, or both.
(Mazerolle, 2020). For the base model (including all climate variables
and their effect on cumulative defoliation), we used diagnostic plots to
assess whether the model assumptions were met (normality of residuals
and random effects, homoscedasticity, absence of residual trend). We
also verified that there was no important collinearity between the var-
iables (VIF <10, Graham (2003); Fig. A.3 & A.4). Then, we determined
the statistically significant relationship between predictors and the
response on the basis of 95% confidence intervals (« = 0.05). Finally, we
tested whether we could create a more parsimonious model from our
base model by using a backward selection approach to eliminate asso-
ciations between some of the climate predictors and defoliation; we
selected the best model using the model with the lowest AIC. We
repeated the same process—analysis of the base model and creation of a
parsimonious model—for the monthly climate variables since both
seasonal and monthly variables can interchange the interaction effect on
the growth of black spruce. All statistical analyses were performed using
various packages in R version 4.2.0 (R Core Team, 2022).


http://ftp://ftp.cfl.scf.rncan.gc.ca/regniere/Data11/Weather/
http://ftp://ftp.cfl.scf.rncan.gc.ca/regniere/Data11/Weather/
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Table 2
Summary of the GAM results for the effect of tree size and age.
Estimate  Std. p- Adj.
error value R?
Intercept —3.853 0.023 0.001 0.65
log(BA) 1.001 0.002 0.001
Significance of the smoothing edf F p-value
predictor
s (age) 42.11 2504 0.001
3. Results

3.1. Growth, defoliation, and climate trends

All predictors of the GAM model had a significant effect on tree
growth, and the model explained approximately 65% of the variation in
basal area increment (Table 2). The model indicated that the average
growth—-increment process decreased continuously, following a
nonlinear trend with tree age.

Mean individual tree growth varied year to year across all sites. Black
spruce growth peaked around 1960 and again around 2010 (Fig. 3a). A
sharp drop in growth occurred between the early 1960s to around the
1980s, after which there was growth release in the ring widths for
approximately five years. The minimum growth was observed between
1995 and 2000. Similarly, the mean cumulative defoliation across all
sites reflected peak defoliation between 1970 and 1990; this period
overlapped with a period characterized by a steep decline in black
spruce growth (Fig. 3b).

Regional climate, averaged across all sites over the 67 years, showed
several patterns. Mean spring and summer temperatures were —0.5 °C
(min. = —7.0 °C, max. = 5.9 °C) and 14.8 °C (min. = 8.5 °C, max. = 21.1
°C), respectively. Similarly, the average spring and summer CMI were
—6.5 mm and —19.1 mm, respectively. Nevertheless, the seasonal
climate variables showed a significant (p < 0.05) increasing trend for the
spring and summer temperatures, whereas the observed decreasing
trend for spring and summer CMI was not significant (Fig. 4).
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3.2. Growth in response to defoliation and climate

We found that the model with site and year and the model with
CMI—rather than precipitation— produced the lowest AIC when
choosing between different versions of the random effects and precipi-
tation or CMI as a predictor. Therefore, for all models we used both site
and year as random effects and CMI rather than precipitation.

The mixed effect model revealed that the variance of the intercept
described by the random effects of the site and year were 0.09 and 0.01,
respectively, with a residual variance of 0.04 (Fig. 5a). These model
parameters comprising both random and fixed effects explained
approximately 70% of the variation in black spruce growth. The main
effect of SBW was that for every year with a severe outbreak level within
the previous five years (i.e. for an increase of the defoliation index by 1),
black spruce growth was reduced by 14%. This effect on growth varied
according to its relationship with the climate variables and, here, it is
interpreted as a standardized effect, i.e., based on a change of one
standard deviation of the climate predictors. In the absence of out-
breaks, the previous summer minimum temperature is positively related
to growth (11% growth increase), but during the outbreak, this climate
effect is null (reduced by 11% from its no-outbreak baseline for a unit
increase in the defoliation index). Also, one standard deviation increase
in the previous summer CMI further increases the annual growth of
black spruce by 8%; this positive response was reduced to 4% due to the
SBW effect during the outbreak period. In contrast, the decrease in
growth due to an increase in the summer maximum temperature was
attenuated by 7% due to the SBW effect. Also, the growth was signifi-
cantly increased by 9% with increasing spring minimum temperatures
during an outbreak. Thus, the SBW effect on black spruce growth varied
with the change in temperature and CMI among the levels of defoliation
severity.

Our best model improved its predictive performance, as measured by
AIC, when we removed the effects of cumulative defoliation coupled
with the previous spring CMI and the previous spring maximum tem-
perature (Table 3a & Table A.1). The effect on growth was not signifi-
cantly lower or higher, i.e., this optimal model preserved almost the
same effects of the predictors as they had on our base model, and we
identified a linear relationship between growth and the climatic pa-
rameters. The prediction graph showed that at the same defoliation
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Fig. 3. Trends over study period; a) Estimated yearly basal area increment of black spruce after the removal of tree-specific effects; and b) the cumulative defoliation
by the SBW. The colored regions represent two SBW outbreak duration covered by our study periods. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 4. Trends of the averaged climatic metrics of the previous year for all sites during the study period; a) spring minimum and maximum temperatures; b) summer
minimum and maximum temperatures; and ¢) spring and summer CMI.
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Fig. 5. Effect of seasonal climate variables (a), monthly climate variables (b) and SBW pressure (measured by cumulative defoliation) on the annual growth of black
spruce. The climate variables were standardized to represent the number of standard deviations above or below the mean across sites and years, and the cumulative
defoliation represents the sum of number of years at maximum outbreak severity across a site over the past five years. Significance: *** P < 0.0001; ** P < 0.001; * P
< 0.01.
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Table 3
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The detailed parameter estimates for the best model identified after comparing the AIC for seasonal predictors (a) and monthly predictors (b). The response represents
the residuals of log(BAI) from GAM model that accounts the effects of tree size and age. The climate variables were standardized to represent the number of standard
deviations above or below the mean across sites and years, and the cumulative defoliation represents the sum of maximum outbreak severity across a site over the past
five years. SD and SE are the standard deviation and the standard error respectively. Note: The width of the confidence interval may be underestimated as the estimates

were obtained after the model comparison.

(a) Seasonal predictors
Response: LogBAI

(b) Monthly predictors
Response: LogBAI

Random effects Marginal Conditional Random effects: Marginal Conditional
R? R? R? R?
0.032 0.702 0.028 0.715
Variance SD Variance SD
Site 0.09123 0.302 Site 0.095 0.308
Year 0.01387 0.1178 Year 0.014 0.119
Residual 0.04525 0.2127 Residual 0.045 0.212
Fixed effects Fixed effects
Predictors Coefficients  SE Confidence interval Predictors Coefficients SE Confidence interval
2.5% 97.5% 2.5% 97.5%
Cumul. Defoliation (Cum. -0.028 0.003 -0.034 -0.022 Cumul. Defoliation —0.032 0.003  -0.039 -0.026
Def.) (Cum.Def.)
Prev spring temp. min. 0.009 0.010 -0.010 0.027 June temp. 0.006 0.007 -0.008 0.021
Prev spring temp. max 0.051 0.011 0.031 0.072 July temp. -0.016 0.008 -0.032 0.000
Prev summer temp. min. 0.019 0.008 0.004 0.035 August temp. 0.013 0.008 -0.004 0.029
Prev summer temp. max. -0.053 0.009 -0.071 -0.036 June CMI 0.016 0.004  0.009 0.024
Prev spring CMI -0.053 0.009 -0.071 -0.036 July CMI 0.019 0.003  0.013 0.026
Prev summer CMI 0.016 0.004 0.008 0.024 August CMI 0.007 0.003  0.000 0.013
Cum.Def.:Prev spring temp. 0.010 0.003 0.004 0.016 Cum.Def.:June temp. -0.032 0.003  -0.038 -0.025
min.
Cum.Def.: Prev summer -0.018 0.003 -0.023 -0.013 Cum.Def.:July temp. 0.030 0.004 0.023 0.038
temp. min.
Cum.Def.:Prev summer 0.010 0.003 0.004 0.016 Cum.Def.:Aug temp. 0.005 0.003 -0.001 0.012
temp. max.
Cum.Def.:Prev summer -0.008 0.002 -0.013 -0.004 Cum.Def.:June CMI -0.020 0.002  -0.024 -0.016
CMI
Table A.1

Model sets for the seasonal climatic variables reported with their AICc score. Models were produced using different combinations of seasonal climate and defoliation
with a backward selection approach, and the best model was identified using AIC. Note: All these models have the random effect of the site and year in addition to the

variables presented.

ID Models K AICc Delta_AICc AICcWt Cum. LL
Wt

1 prev_spr_temp_max + cum.def *(prev_spr_temp_min + prev_sum_temp_min + prev_sum_temp_max + 15 —1345.81 0 0.27 0.27 687.9
prev_sum_CMI)

2 prev_sum_temp_min + cum.def *(prev_spr_temp_min + prev_spr_temp_max + prev_sum_temp_min + 17 —1344.6 1.21 0.15 0.42 689.3
prev_sum_temp_max + prev_spr_CMI + prev_sum_CMI)

3 cum.def *(prev_spr_temp_min + prev_spr_temp_max + prev_sum_temp_min + prev_sum_temp_max + 17 —1344.6 1.21 0.15 0.57 689.3
prev_spr_CMI + prev_sum_CMI) (BASE MODEL)

4 prev_sum_temp_max + cum.def *(prev_spr_temp_min + prev_spr_temp_max + prev_sum_temp_min + 17 —1344.6 1.21 0.15 0.72 689.3
prev_sum_temp_max + prev_spr_CMI + prev_sum_CMI)

5 prev_spr_temp_max + cum.def *(prev_spr_temp_min + prev_sum_temp_min + prev_sum_temp_max + 16 —1344.42 1.4 0.14 0.86 688.2
prev_spr_CMI + prev_sum_CMI)

6 prev_spr_CMI + cum.def *(prev_spr_temp_min + prev_spr_temp_max + prev_sum_temp_min + 16 —1344.27 1.54 0.13 0.99 688.2
prev_sum_temp_max + prev_sum_CMI)

7 prev_sum_CMI + cum.def *(prev_spr_temp_min + prev_spr_temp_max + prev_sum_temp_min + 16 —1338.54 7.27 0.01 0.99 685.3
prev_sum_temp_max + prev_spr_CMI)

8 prev_spr_temp_min + cum.def *(prev_spr_temp_max + prev_sum_temp_min + prev_sum_temp_max + 16 —1337.39 8.42 0 1 684.7
prev_spr_CMI + prev_sum_CMI)

9 prev_spr_temp_max + cum.def *(prev_spr_temp_min + prev_sum_temp_min + prev_sum_temp_max + 14 —1337.12 8.69 0 1 682.6
prev_sum_CMI)

10  prev_spr_CMI + cum.def *(prev_spr_temp_min + prev_sum_temp_min + prev_sum_temp_max + 14 -1324.18 21.63 0 1 676.1
prev_sum_CMI)

11 cum.def *(prev_spr_temp_min + prev_sum_temp_min + prev_sum_temp_max + prev_sum_CMI) 13 —1323.38 22.43 0 1 674.7

level, the slope linking black spruce growth with climate conditions was
either negative or positive depending upon the specific climate variable
(Fig. 6a).

The model with monthly climate predictors described approximately
72% of the variation in black spruce growth with the inclusion of the
random effects of site and year. During the outbreak period, the growth
was reduced by 18% for five years of cumulative severe defoliation
(Fig. 5b). Black spruce showed an improved growth with increased June
temperature (not significant) and June-August CMI (4-10%), but a

significantly negative response with warmer July temperatures (8%).
However, all these climate effects were reversed in the presence of a
SBW outbreak. With this impact, an increased standard deviation of one
for June temperature and June CMI led to a further growth reduction of
17% and 11% respectively (Fig. 6b). Nevertheless, the SBW effect led to
increase the growth by 17% with the increase in July temperature—-
even if it has negative growth relation in the absence of defoliation. Our
best-selected monthly model improved its performance when the com-
bined effect of cumulative defoliation and July and August CMI was
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Fig. 6. The effect of the interaction of seasonal climate variables (a) and monthly climate variables (b) with SBW pressure (cumulative defoliation index) on basal
area growth among different levels of cumulative defoliation. The climate variables were standardized to represent the number of standard deviations above or below
the mean across sites and years, and the cumulative defoliation represents the sum of maximum outbreak severity across a site over the last five years.

removed (Tables 3b & A.2).

4. Discussion

Climate change and disturbance regimes are major drivers in the
Canadian boreal forest (Dale et al., 2001; Seidl et al., 2017). We found
that 70% of growth variation in black spruce depended on site charac-
teristics, growth-year, and the relationship between insect disturbance
and climate. Because climate can alter the life cycle of SBW, which de-
pends on a host tree species for survival, the SBW effect on growth are
also driven by climate. Multiple previous studies have found an

independent relationship between defoliation and/or climate (Candau
and Fleming, 2005, 2011; Debaly et al., 2022) and host species’ growth
in the boreal forest (D’Orangeville et al., 2018; Marchand et al., 2019;
Walker and Johnstone, 2014). In contrast, here we highlight the effect of
climate-defoliation on black spruce growth by relying on dendrochro-
nological databases and SBW outbreak records covering the large
province of Québec (Canada).

Our models highlighted a reduced black spruce growth in response to
defoliation and climate change. This defoliation-related growth reduc-
tion (14%-18% per cumulative five-year defoliation when the other
climatic variables are at their mean value) is ecologically significant,
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Fig A.1. Area affected by SBW defoliation in Québec from 2006 to 2021, representing the first major SBW outbreak in the twenty-first century (MNRF, 2021).

particularly for a slow-growing species within the boreal zone, which is
characterized by a relatively short growing period (93-122 days). The
normal growth was hindered (a reduced growth of approximately 3%
per year) due to the continuous stress imposed from the SBW defoliation.
As a secondary host, black spruce holds the possibility of being less
affected by SBW relative to balsam fir and white spruce (Houndode
et al., 2021; Nealis and Régniere, 2004). However, some studies previ-
ously indicated that the defoliation can cause a growth reduction that
could reach up to 50% (Erdle and MacLean, 1999; Krause et al., 2012;
Rossi et al., 2018). These studies indicated the direct defoliation impact
on growth; whereas, our study highlighted the effect due to the SBW
pressure on black spruce during the outbreak period. Nevertheless, the
variability in the accuracy of the defoliation survey in categorizing
levels of severity can also affect the estimated effect of defoliation on
growth (MacLean and MacKinnon, 1996). The disparity of underesti-
mation could be due to the broad spatial scale of the defoliation data that
we averaged over the landscape, but it was the only historical infor-
mation available on yearly basis in the province.

Furthermore, our study demonstrated that the SBW effect on growth
is modulated significantly by climate (Fig. 5). Climatic variation in-
fluences outbreak severity and the extent of defoliation (Gray, 2013);
however, the degree of defoliation also determines the extent to which
climate affects host tree growth (Boakye et al., 2022). Both the direct
climate effect on growth and the manner by which climate mediates the
SBW effect depend on the specific climate variable undergoing change
(e.g., spring—summer temperature and precipitation) and time of the
year. From an ecological point of view, this complex relationship is
modified by other associated factors, e.g., forest composition, site
characteristics, and other prevailing disturbances such as fire (Bergeron
et al., 2002; Dale et al., 2001); however, we restricted our study spe-
cifically to the effect of climate and SBW disturbance. Thus, this macro
perspective (large scale in space and time) to detect climate effect
determining how much black spruce loses growth during a SBW
outbreak is hoped to improve our understanding of the disturbance
impact in the boreal region. Nevertheless, we suggest incorporating
multi-year tree-level defoliation estimates, in future studies, that could
further widen insect-climate effects on growth, in addition to the result
obtained here.

4.1. Effect of climate on growth

In years outside of SBW outbreaks, we found black spruce growth to
be regulated either positively or negatively depending upon whether the
models considered seasonal or monthly climate variables. Temperature
(minimum and maximum), precipitation, available water, and winter
snowfall have been identified as some of the important factors
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influencing black spruce growth (D’Orangeville et al., 2018; Hoffer and
Tardif, 2009; Marchand et al., 2019). During the period when black
spruce achieves peak growth, radial growth release occurs in response to
increasing temperature (Rossi et al., 2011). In contrast, warmer tem-
peratures in the late summer negatively affect growth (Fierravanti et al.,
2015; Huang et al., 2010). The reduced growth with warmer maximum
summer temperatures may relate to the heat stress imposed on trees as
temperature increases, leading to lower photosynthetic activity and a
water deficit (Fierravanti et al., 2015; Girardin et al., 2016b); this
reduced growth may also be explained by carbohydrate loss (Amthor,
2000). Such warmer temperatures also increase water stress during
photosynthesis for black spruce, thereby suppressing growth (Girardin
etal.,, 2012; Huang et al., 2010). Girard et al. (2011) identified the close
association of black spruce growth with precipitation, spring and sum-
mer temperature, and snowmelt/snow cover. Our results also support
these black spruce growth responses to seasonal temperature and
moisture. Moreover, the carbon isotopic analysis of Walker et al. (2015)
identified drought stress, i.e., warm spring temperatures and low CMI, as
the underlying cause of reduced black spruce growth through desicca-
tion. Walker et al.’s findings are confirmed in part by our study; the
growth was limited by lower spring maximum temperature and spring
CMI. Moisture availability in spring and summer was also predicted to
help trees compensate for the stresses caused by warmer temperatures.
Chavardes et al. (2021) identified that higher June and July tempera-
tures limited black spruce growth, and increased precipitation in August
favored growth. However, July temperature was nonsignificant in our
study. This difference can be explained by the geographic location of the
sampled trees and differences in the species composition of the two
studies; Chavardes et al. (2021) studied either pure spruce or mixed
structure stands with non-host in a region around 49°N, whereas our
sites had mixed proportions of balsam fir covering a vast ecoregion from
45° to 51°N. Nevertheless, the observed effects of higher monthly (June,
July, and August) CMI indicates the need for sufficiently humid condi-
tions to favor radial growth of black spruce. Overall, we found that black
spruce growth was driven more by the effect of temperature than pre-
cipitation; nevertheless, various other underlying factors could also
affect growth, including the soil organic layer (Drobyshev et al., 2010),
soil characteristics (Dufour and Morin, 2013; Girardin et al., 2016a,
2016Db), latitudinal constraints (D’Orangeville et al., 2016; Huang et al.,
2010), and species composition (Chavardes et al., 2021). We recom-
mend incorporating these factors within future growth-climate models
to provide additional insight into the response of boreal tree growth to a
changing climate.
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Fig. A.2. Spruce budworm defoliation intensity within the study sites from 1968 to 1989 at three-year intervals; levels 1(blue) to 3 (red) reflect the increase from
light to severe defoliation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

4.2. Response of black spruce growth to coupled defoliation and climate

Black spruce growth was influenced by the effect of SBW coupled
with climate conditions. Positive climate anomalies of the previous
summer can favor SBW activity at all levels of defoliation (Navarro et al.,
2018). The warmer summer minimum temperatures create a favorable
window for the earlier emergence of SBW larvae from
hibernation/winter-sleeping. Pureswaran et al. (2018a), in an experi-
mental setting, observed a similar pattern of earlier larval emergence
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from diapause with increasing temperatures; therefore, it can be ex-
pected that warmer temperatures enhance SBW infestation, which can
augment the pressure on black spruce stands leading to the growth
reduction. Beyond the active defoliation period, we also observed
growth favored by higher summer minimum temperatures. These posi-
tive growth response with warmer conditions are reversed during out-
breaks period with greater SBW severity. Hence, warmer summer
minimum temperatures made black spruce significantly more suscepti-
ble to SBW during the active defoliation period.
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At a monthly scale, June is a critical month for black spruce growth
and the SBW life cycle, as changes in climatic conditions affect bud
phenology in black spruce and the defoliation behavior of SBW.
Increased temperatures favor an earlier budbreak in black spruce
(Bellemin-Noél et al., 2021; Pureswaran et al., 2018a; Rossi and Isabel,
2017), whereas regardless of climate-driven bud bursting, host trees that
have undergone previous defoliation tend to advance their budbreak

phenology approximately by a week in the year following defoliation
(Deslauriers et al., 2019). Thus, we observe the narrowing of the
phenological offset with the actively feeding phase of SBW larvae.
Moreover, greater budbreak in black spruce increases SBW food avail-
ability and enhances feeding opportunities for the SBW larvae. Contin-
uously produced fresh foliage limits any feeding competition among
larvae when their populations begin to peak. The increasing damage of
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Model sets for the monthly climatic variables reported with their AICc score. Models were produced using different combinations of seasonal climate and defoliation
with a backward selection approach, and the best model was identified using AIC. Note: All these models have the random effect of the site and year in addition to the

variables presented. The numbers 6, 7, and 8 correspond to June, July, and August, respectively.

D Models K AICc Delta_ AICc  AICcWt Cum. LL
Wt
1 CML7 + CMIL8 + cum.def *(Air.Temperature_6 + Air.Temperature_7 + Air.Temperature_8 + CMI_6) 15 —-13876 0 0.33 0.33 708.8
2 CML_7 + cum.def *(Air.Temperature_6 + Air.Temperature_7 + Air.Temperature_8 + CMI_6 + CMI_8) 16 —1386 1.59 0.15 0.47 709.01
3 CML_7 + Air.Temperature_8 + cum.def *(Air.Temperature_6 + Air.Temperature_7 + CMI_6 + CMI_8) 15 —1385.9 1.69 0.14 0.62 707.96
4 CMI_8 + cum.def *(Air.Temperature_6 + Air.Temperature_7 + Air.Temperature_8 + CMI_6 + CMI_7) 16 —1385.7 1.82 0.13 0.75 708.9
5 CMIL_7 + cum.def *(Air.Temperature_6 + Air.Temperature_7 + Air.Temperature_8 + CMI_6) 14 13856 1.93 0.12 0.87 706.84
6 Air.Temperature_8 + cum.def *(Air.Temperature_6 + Air.Temperature_7 + CMI_6 + CMI_7 + CMI_8) 16 —1384.3 3.26 0.06 0.94 708.18
7 cum.def *(Air.Temperature_6 + Air.Temperature_7 + Air.Temperature 8 + CMI_6 + CMI_7 + CMI_8) 17 —1384.3 3.27 0.06 1 709.18
(BASE MODEL)

8 CMI_8 + cum.def *(Air.Temperature_6 + Air.Temperature_7 + Air.Temperature_8 + CMI_6) 14 —1356.5 31.05 0 1 692.28
9 cum.def *(Air.Temperature_6 + Air.Temperature_7 + Air.Temperature_8 + CMI_6) 13 —1351.3 36.25 0 1 688.67
10 Air.Temperature_7 + cum.def *(Air.Temperature_6 + Air.Temperature_8 + CMI_6 + CMI_7 + CMIL_8), 16 —1330.8 56.77 0 1 681.42
11  CML7 + Air.Temperature_7 + cum.def *(Air.Temperature_6 + Air.Temperature_8 + CMI_6 + CMI_8) 15 13248 62.74 0 1 677.43
12 CML7 + CML6 + cum.def *(Air.Temperature_6 + Air.Temperature_7 + Air.Temperature_8 + CMI_8) 15 —1302 85.58 0 1 666.01
13 CML 6 + cum.def *(Air.Temperature_6 + Air.Temperature_7 + Air.Temperature_8 + CMI_7 + CMI_8) 16 —1300 87.57 0 1 666.02
14  CML7 + Air.Temperature_6 + cum.def *(Air.Temperature_7 + Air.Temperature_8 + CMI_6 + CMI_8) 15 —1295.3  92.23 0 1 662.69
15 Air.Temperature_6 + cum.def *(Air.Temperature_7 + Air.Temperature 8 + CMI_6 + CMI_7 + CMI_8) 16 —1293.5 94.07 0 1 662.77

the foliage results in a loss of tree vigor that can eventually be lethal to
host trees. It also limits the ability of the host trees to expedite photo-
synthetic processes, specifically for boreal coniferous trees with the
short growing period (Liu et al., 2019). Hence, increased synchroneity
between budbreak in host species and larval emergence heightens SBW
effect on growth in successive years (Bognounou et al., 2017; Candau
and Fleming, 2005), and this is enhanced further by the warmer tem-
peratures (Pureswaran et al., 2015).

The growth release due to increase humidity in summer and June
was reversed during the active defoliation period, which indicates the
higher benefits for the SBW i.e., moisture availability favored SBW more
than that for the black spruce, during outbreak. Appropriate moisture
availability is recognized to be an important climatic metric contrib-
uting to insect activity and outbreaks (Weed et al., 2013). With
increased humidity of the summer, the SBW larvae are able to obtain
suitable moisture contents from fresh foliage/buds (Carisey and Bauce,
2002). Since SBW do not feed during diapauses, their survivability solely
depends on energy reserves transferred to the eggs from parent moth.
Nutritious food increases the energy reserve for eggs which favors the
survival of the early instar larva and escape potential mortality (Dick-
ison et al., 1986). This means that the larva tends to get higher nutritive
advantage from the humid foliage leading to the higher success of the
overwintering larva during the hibernation (Carisey and Bauce, 2002).
Eventually, this will lead to the high survival rate of SBW larvae in black
spruce during the peak defoliation period (Fuentealba et al., 2017).
Besides, the moth dispersal is sometime facilitated by suitable humidity
and precipitation (Larroque et al., 2022), which suggests the higher
possibility of the extension of defoliating larva and immigrating to a new
site in successive year. Such circumstances enhanced SBW population
level and favored its expansion by elevating defoliation, consequently,
leading to the significant growth reduction in black spruce.

However, the interaction effect of spring minimum temperature,
summer maximum temperature, and July temperature with SBW
favored the growth, i.e., SBW-related growth reductions on black spruce
being less at higher values for these listed climate variables. We can
explain this pattern through two possibilities: i) such increased tem-
perature values make black spruce less vulnerable to SBW defoliation; or
ii) the conditions are less favorable for SBW because of adverse climate
conditions for this insect. Fierravanti et al. (2015) identified a reduced
vulnerability for black spruce to SBW damage with warmer tempera-
tures. During the spring, when the minimum temperature is almost al-
ways below freezing, warmer temperatures can favor greater
photosynthesis activity leading to increased growth. Defoliation in-
tensity can be lower with warmer minimum spring temperatures when
the temperature increase is insufficient for the larvae to end their

13

diapauses (Han and Bauce, 1997; Pureswaran et al., 2018a). Whereas
higher summer maximum temperatures not only stress trees and limit
growth (Chavardes et al., 2021; Fierravanti et al., 2015) and produc-
tivity of black spruce (Girardin et al., 2016a), but also affect SBW per-
formance because the temperatures may be too warm for SBW survival
(Regniere et al., 2012). Although some studies have found that high
temperatures can limit black spruce growth (D’Orangeville et al., 2018),
we found that the coupling of warmer temperatures and defoliating SBW
favored growth. This is potentially because late summer high tempera-
tures can be detrimental to larval survival (Régniere et al., 2012); a
heat-related mass mortality of SBW larvae may occur, reducing the SBW
effect on growth. Even variable temperatures before the onset or during
the diapause phase of larvae profoundly affect the development, sur-
vivability, and mortality of the SBW larvae (Han and Bauce, 1997;
1998). Because warmer conditions heighten the metabolic activity in
insects, larval forms could develop faster and proceed earlier through
their life stages (Bellemin-Noél et al., 2021; Candau and Fleming, 2005;
Parmesan, 2007). Given that black and white spruce have similar
phenological cycles, SBW larvae can feed on the foliage of white spruce
to lower the herbivory pressure on black spruce, thereby increasing
black spruce growth (Nealis and Régniere, 2004). Similar circumstances
could be expected with increasing July temperatures (negative effect
without SBW but positive with SBW presence). In July, the biological
stages of SBW have already reached the reproductive period; therefore,
limited defoliation can be observed. However, we cannot ignore the
influence of natural enemies of the SBW (mainly birds, spiders, bugs,
ants, and parasitoids) in the boreal forest that limit SBW populations and
favor the growth of SBW host trees (Régniere and Nealis, 2007; USDA,
1985; Venier and Holmes, 2010). Thus, the survivality and mortality of
SBW population determines defoliation severity, and ultimately, the
extent of SBW pressure on the growth of host species like black spruce in
a landscape. All these complex interrelationships raise questions
needing to be addressed to broaden our understanding of climate-
—insect-host dynamics and their interrelationships in the boreal forest.

5. Conclusion

The relationships between defoliation and climate strongly influence
black spruce growth. Our seasonal model explained 70% of the growth
variation in black spruce modulated by the additive effect of SBW
defoliation (14% growth reduction for a cumulative five-year period)
and the interactive effect of spring and summer climate (growth
reduction 4%-11%). The increased growth response to summer mini-
mum temperature and CMI during the growing season reversed because
of how these climate factors influenced the effect of SBW defoliation.
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Our monthly model, explaining 72% of the variation, showed a 18%
growth reduction because of defoliation, which varied between 11% and
17% because of the interactions of SBW effect and climate. Heightened
growth suppression was evident with the warmer June temperatures
because of a greater vulnerability of black spruce to SBW-related dam-
age. Hence, seasonal and monthly climate modulates the complex
growth—defoliation relationship while also making host trees like black
spruce more vulnerable to changing climate.

This observed pronounced effect on growth and productivity is ex-
pected to be heightened with future climate change. Our identification
of the complex relationships between biotic and abiotic factors within
the boreal landscape will help the sustainable management of the boreal
forest by identifying stands situated in zones vulnerable to defoliation,
given the current trends of climate change across large spatial and
temporal scales. We suggest incorporating historical data for landscape-
level studies, given their broad applicability within ecological research.
This long-term knowledge provides an important direction for future
research in building predictive forest growth models with the inclusion
of defoliation classes and future climate and forecasting disturbance
dynamics in the context of altered climate.

Funding

PM and MMG in collaboration with HM, YB et al. obtained funding
from the Natural Sciences and Engineering Research Council of Canada
(NSERC) Alliance and the Québec Ministry of Natural Resources and
Forests (MRNF) to understand the dynamics of spruce budworm (ALLRP
558267-20). MMG obtained additional funding from an NSERC Dis-
covery grant to reconstruct the regime of natural disturbances in forest
ecosystems (RGPIN-2022-05423).

CRediT authorship contribution statement

Anoj Subedi: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Software, Visualization, Writing — original
draft, Writing — review & editing. Philippe Marchand: Conceptualiza-
tion, Data curation, Funding acquisition, Investigation, Methodology,
Project administration, Resources, Software, Supervision, Validation,
Writing — review & editing. Yves Bergeron: Validation, Writing — re-
view & editing. Hubert Morin: Data curation, Validation, Writing —
review & editing. Miguel Montoro Girona: Conceptualization, Data
curation, Funding acquisition, Investigation, Methodology, Project
administration, Resources, Software, Supervision, Validation, Writing —
review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgements

We thank A. Lemay, L. Navarro, and C. Berguet for their assistance
during the database compilation and G. Tougas for help with data
preparation and curation during the preliminary phase of the project.
We recognize the role of F. Gennaretti and K. Waldron in providing
constructive suggestions to the manuscript. We acknowledge all the
previous projects and researchers from which we compiled the
dendrochronological data. We express our sincere gratitude to the
Québec Ministry of Natural Resources and Forests (MRNF), from whom

14

Agricultural and Forest Meteorology 339 (2023) 109548

we acquired information related to defoliation severity. Additional
thanks are given for SmartForest equipment from the Canada Founda-
tion for Innovation (CFI) (Pappas et al., 2022b). We appreciate the time
and efforts from the editor and three anonymous reviewers whose sug-
gestions and feedbacks improved the manuscript. This article is a part of
the M.Sc. thesis of AS (Subedi, 2023).

References

Aakala, T., Remy, C.C., Arseneault, D., Morin, H., Girardin, M.P., Gennaretti, F.,
Navarro, L., Kuosmanen, N., Ali, A.A., Boucher, E., Stivrins, N., Seppa, H.,
Bergeron, Y., Girona, M.M., 2023. Millennial-scale disturbance history of the boreal
zone. In: Girona, M.M., Morin, H., Gauthier, S., Bergeron, Y. (Eds.), Boreal Forests in
the Face of Climate Change. Springer International Publishing, pp. 53-87. https://
doi.org/10.1007/978-3-031-15988-6_2. Vol. 74.

Achim, A., Moreau, G., Coops, N.C., Axelson, J.N., Barrette, J., Bédard, S., Byrne, K.E.,
Caspersen, J., Dick, A.R., D’Orangeville, L., Drolet, G., Eskelson, B.N.I., Filipescu, C.
N., Flamand-Hubert, M., Goodbody, T.R.H., Griess, V.C., Hagerman, S.M., Keys, K.,
Lafleur, B., White, J.C., 2022. The changing culture of silviculture. Forestry 95 (2),
143-152. https://doi.org/10.1093/forestry/cpab047.

Amthor, J., 2000. The McCree—de Wit—Penning de Vries—thornley respiration paradigms:
30 years later. Ann. Bot. 86 (1), 1-20. https://doi.org/10.1006/anbo.2000.1175.

Bates, D., Machler, M., Bolker, B.M., Walker, S.C., 2015. Fitting linear mixed-effects
models using Ime4. J. Stat. Softw. (1), 67. https://doi.org/10.18637/jss.v067.i01.

Bauce, E., Crépin, M., Carisey, N., 1994. Spruce budworm growth, development and food
utilization on young and old balsam fir trees. Oecologia 97 (4), 499-507. https://
doi.org/10.1007/BF00325888.

Bellemin-Noél, B., Bourassa, S., Despland, E., De Grandpré, L., Pureswaran, D.S., 2021.
Improved performance of the eastern spruce budworm on black spruce as warming
temperatures disrupt phenological defences. Glob. Chang. Biol. 27 (14), 3358-3366.
https://doi.org/10.1111/gcb.15643.

Bergeron, Y., Denneler, B., Charron, D., Girardin, M.-P., 2002. Using dendrochronology
to reconstruct disturbance and forest dynamics around Lake Duparquet,
northwestern Quebec. Dendrochronologia 20 (1-2), 175-189. http://www.urba
nfischer.de/journals/dendro.

Bergeron, Y., Engelmark, O., Harvey, B., Morin, H., Sirois, L., 1998. Key issues in
disturbance dynamics in boreal forests: introduction. J. Veg. Sci. 9 (4), 464-468.
https://doi.org/10.1111/j.1654-1103.1998.tb00931..x.

Bergeron, Y., Leduc, A., 1998. Relationships between change in fire frequency and
mortality due to spruce budworm outbreak in the southeastern Canadian boreal
forest. J. Veg. Sci. 9 (4), 492-500. https://doi.org/10.2307/3237264.

Bergeron, Y., Leduc, A., Morin, H., Joyal, C., 1995. Balsam fir mortality following the last
spruce budworm outbreak in northwestern Quebec. Can. J. For. Res. 25, 1375-1384.

Berguet, C., Martin, M., Arseneault, D., Morin, H., 2021. Spatiotemporal dynamics of
20th-century spruce budworm outbreaks in eastern canada: three distinct patterns of
outbreak severity. Front. Ecol. Evol. 8 (January), 1-12. https://doi.org/10.3389/
fevo.2020.544088.

Blais, J.R., 1957. Some relationships of the spruce budworm, choristoneura Fumiferana
(Clem.) To Black Spruce, Picea Mariana (Moench) Voss. Forest. Chron. 33 (4),
364-372. https://doi.org/10.5558/tfc33364-4.

Blais, J.R., 1983. Trends in the frequency, extent, and severity of spruce budworm
outbreaks in eastern Canada. Can. J. For. Res. 13, 539-547. https://doi.org/
10.1016/0033-5894(73)90008-2.

Boakye, E.A., Houle, D., Bergeron, Y., Girardin, M.P., Drobyshev, 1., 2022. Insect
defoliation modulates influence of climate on the growth of tree species in the boreal
mixed forests of eastern Canada. Ecol. Evol. 12 (3), 1-11. https://doi.org/10.1002/
ece3.8656.

Bognounou, F., De Grandpre, L., Pureswaran, D.S., Kneeshaw, D., 2017. Temporal
variation in plant neighborhood effects on the defoliation of primary and secondary
hosts by an insect pest. Ecosphere 8 (3). https://doi.org/10.1002/ecs2.1759.

Bouchard, M., Régniere, J., Therrien, P., 2018. Bottom-up factors contribute to large-
scale synchrony in spruce budworm populations. Can. J. For. Res. 48 (3), 277-284.
https://doi.org/10.1139/cjfr-2017-0051.

Boulanger, Y., Arseneault, D., 2004. Spruce budworm outbreaks in eastern Quebec over
the last 450 years. Can. J. For. Res. 34 (5), 1035-1043. https://doi.org/10.1139/
x03-269.

Boulanger, Y., Fabry, F., Kilambi, A., Pureswaran, D.S., Sturtevant, B.R., Saint-Amant, R.,
2017. The use of weather surveillance radar and high-resolution three dimensional
weather data to monitor a spruce budworm mass exodus flight. Agric. For. Meteorol.
234-235, 127-135. https://doi.org/10.1016/j.agrformet.2016.12.018.

Bunn, A., Korpela, M., Biondi, F., Campelo, F., Mérian, P., Qeadan, F., Zang, C., Buras, A.,
Cecile, J., Mudelsee, M., Schulz, M., Stefan, K., David, F., Ronald, V., 2021. dplR:
Dendrochronlogy Program Library in R. https://github.com/AndyBunn/dplR.

Candau, J.-N., Fleming, R.A., 2005. Landscape-scale spatial distribution of spruce
budworm defoliation in relation to bioclimatic conditions. Can. J. For. Res. 35 (9),
2218-2232. https://doi.org/10.1139/x05-078.

Candau, J.N., Fleming, R.A., 2011. Forecasting the response of spruce budworm
defoliation to climate change in Ontario. Can. J. For. Res. 41 (10), 1948-1960.
https://doi.org/10.1139/X11-134.

Cappuccino, N., Lavertu, D., Bergeron, Y., Régniere, J., 1998. Spruce budworm impact,
abundance and parasitism rate in a patchy-landscape. Oecologia 114 (2), 236-242.
https://doi.org/10.1007/s004420050441.


https://doi.org/10.1007/978-3-031-15988-6_2
https://doi.org/10.1007/978-3-031-15988-6_2
https://doi.org/10.1093/forestry/cpab047
https://doi.org/10.1006/anbo.2000.1175
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1007/BF00325888
https://doi.org/10.1007/BF00325888
https://doi.org/10.1111/gcb.15643
http://www.urbanfischer.de/journals/dendro
http://www.urbanfischer.de/journals/dendro
https://doi.org/10.1111/j.1654-1103.1998.tb00931.x
https://doi.org/10.2307/3237264
http://refhub.elsevier.com/S0168-1923(23)00239-3/sbref0010
http://refhub.elsevier.com/S0168-1923(23)00239-3/sbref0010
https://doi.org/10.3389/fevo.2020.544088
https://doi.org/10.3389/fevo.2020.544088
https://doi.org/10.5558/tfc33364-4
https://doi.org/10.1016/0033-5894(73)90008-2
https://doi.org/10.1016/0033-5894(73)90008-2
https://doi.org/10.1002/ece3.8656
https://doi.org/10.1002/ece3.8656
https://doi.org/10.1002/ecs2.1759
https://doi.org/10.1139/cjfr-2017-0051
https://doi.org/10.1139/x03-269
https://doi.org/10.1139/x03-269
https://doi.org/10.1016/j.agrformet.2016.12.018
https://github.com/AndyBunn/dplR
https://doi.org/10.1139/x05-078
https://doi.org/10.1139/X11-134
https://doi.org/10.1007/s004420050441

A. Subedi et al.

Carisey, N., Bauce, E., 2002. Does nutrition-related stress carry over to spruce budworm,
Choristoneura fumiferana (Lepidoptera: Tortricidae) progeny? Bull. Entomol. Res.
92 (2), 101-108. https://doi.org/10.1079/BER2001148.

Chavardes, R.D., Gennaretti, F., Grondin, P., Cavard, X., Morin, H., Bergeron, Y., 2021.
Role of mixed-species stands in attenuating the vulnerability of boreal forests to
climate change and insect epidemics. Front. Plant Sci. (April), 12. https://doi.org/
10.3389/fpls.2021.658880.

Ciesla, W.M., 2011. Forest entomology : a global perspective. Forest Sci. 7 (Issue 4)
https://doi.org/10.1093/forestscience/7.4.351.

Cyr, D., Gauthier, S., Bergeron, Y., 2007. Scale-dependent determinants of heterogeneity
in fire frequency in a coniferous boreal forest of eastern Canada. Landsc. Ecol. 22 (9),
1325-1339. https://doi.org/10.1007/s10980-007-9109-3.

D’Orangeville, L., Duchesne, L., Houle, D., Kneeshaw, D., Coté, B., Pederson, N., 2016.
Northeastern North America as a potential refugium for boreal forests in a warming
climate. Science 352 (6292), 1452-1455. https://doi.org/10.1126/science.aaf4951.

D’Orangeville, Loic, Houle, D., Duchesne, L., Phillips, R.P., Bergeron, Y., Kneeshaw, D,
2018. Beneficial effects of climate warming on boreal tree growth may be transitory.
Nat. Commun. 9 (1), 1-10. https://doi.org/10.1038/s41467-018-05705-4.

Dale, V.H., Joyce, L.A., Mcnulty, S., Neilson, R.P., Ayres, M.P., Flannigan, M.D.,
Hanson, P.J., Irland, L.C., Lugo, A.E., Peterson, C.J., Simberloff, D., Swanson, F.J.,
Stocks, B.J., Wotton, B.M., 2001. Climate change and forest disturbances: climate
change can affect forests by altering the frequency, intensity, duration, and timing of
fire, drought, introduced species, insect and pathogen outbreaks, hurricanes,
windstorms, ice storms, or landslides. Bioscience 51 (9), 723-734. https://doi.org/
10.1641/0006-3568(2001)051[0723:CCAFD]2.0.CO;2.

De Grandpré, L., Pureswaran, D., Bouchard, M., Kneeshaw, D., 2018a. Climate-induced
range shifts in boreal forest pests: ecological, economic, and social consequences.
Can. J. For. Res. 48 (3), v-vi. https://doi.org/10.1139/cjfr-2018-0058.

De Grandpré, L., Waldron, K., Bouchard, M., Gauthier, S., Beaudet, M., Ruel, J.-C.,
Hébert, C., Kneeshaw, D., 2018b. Incorporating insect and wind disturbances in a
natural disturbance-based management framework for the boreal forest. Forests 9
(8), 471. https://doi.org/10.3390/f9080471.

Debaly, Z.M., Marchand, P., Girona, M.M., 2022. Autoregressive models for time series of
random sums of positive variables: application to tree growth as a function of
climate and insect outbreak. Ecol. Modell. 471 (June), 10. https://doi.org/10.1016/
j.ecolmodel.2022.110053.

Deslauriers, A., Fournier, M.P., Carteni, F., Mackay, J., 2019. Phenological shifts in
conifer species stressed by spruce budworm defoliation. Tree Physiol. 39 (4),
590-605. https://doi.org/10.1093/treephys/tpy135.

Dickison, R.B.B., Haggis, M.J., Rainey, R.C., Burns, L.M.D., 1986. Spruce budworm moth
flight and storms, further studies using aircraft and radar. J. Clim. Appl.Meteorol. 25
(11), 1600-1608, 10.1175/1520-0450(1986)025<1600:SBMFAS>2.0.CO;2.

Drobyshev, 1., Simard, M., Bergeron, Y., Hofgaard, A., 2010. does soil organic layer
thickness affect climate-growth relationships in the black spruce boreal ecosystem?
Ecosystems 13 (4), 556-574. https://doi.org/10.1007/s10021-010-9340-7.

Dufour, B., Morin, H., 2013. Climatic control of tracheid production of black spruce in
dense mesic stands of eastern Canada. Tree Physiol. 33 (2), 175-186. https://doi.
org/10.1093/treephys/tps126.

Erdle, T.A., MacLean, D.A., 1999. Stand growth model calibration for use in forest pest
impact assessment. For. Chron. 75 (1), 141-152. https://doi.org/10.5558/tfc75141-
1.

Fantin, N., Morin, H., 2002. Croissance juvénile comparée de deux générations
successives de semis d’épinette noire issus de graines apres feu en forét boréale,
Québec. Can. J. For. Res. 32 (8), 1478-1490. https://doi.org/10.1139/x02-053.

Fierravanti, A., Cocozza, C., Palombo, C., Rossi, S., Deslauriers, A., Tognetti, R., 2015.
Environmental-mediated relationships between tree growth of black spruce and
abundance of spruce budworm along a latitudinal transect in Quebec, Canada. Agric.
For. Meteorol. 213, 53-63. https://doi.org/10.1016/j.agrformet.2015.06.014.

Fuentealba, A., Bauce, E., 2012. Carry-over effect of host nutritional quality on
performance of spruce budworm progeny. Bull. Entomol. Res. 102 (3), 275-284.
https://doi.org/10.1017/5S0007485311000617.

Fuentealba, Alvaro, Pureswaran, D., Bauce, E., Despland, E., 2017. How does synchrony
with host plant affect the performance of an outbreaking insect defoliator? Oecologia
184 (4), 847-857. https://doi.org/10.1007/s00442-017-3914-4.

Gauthier, S., Lorente, M., Kremsater, L., De Grandpré, L., Burton, P.J., Aubin, I., Hogg, E.
H., Nadeau, S., Nelson, E.A., Taylor, A.R., Ste-Marie, C., 2014. Tracking Climate
Change Effects: Potential Indicators For Canada’s Forests and Forest Sector. Natural
Resources Canada, Canadian Forest Service.

Gauthier, Sylvie, Kuuluvainen, T., Macdonald, S.E., Shorohova, E., Shvidenko, A.,
Bélisle, A.-C., Vaillancourt, M.-A., Leduc, A., Grosbois, G., Bergeron, Y., Morin, H.,
Girona, M.M., 2023. Ecosystem management of the boreal forest in the era of global
change. In: Girona, M.M., Morin, H., Gauthier, S., Bergeron, Y. (Eds.), Boreal Forests
in the Face of Climate Change. Springer International Publishing, pp. 3-49. https://
doi.org/10.1007/978-3-031-15988-6_1. Vol. 74.

Gennaretti, F., Boucher, E., Nicault, A., Gea-Izquierdo, G., Arseneault, D., Berninger, F.,
Savard, M.M., Bégin, C., Guiot, J., 2018. Underestimation of the Tambora effects in
North American taiga ecosystems. Environ. Res. Lett. 13 (3) https://doi.org/
10.1088/1748-9326/aaacOc.

Girard, F., Payette, S., Gagnon, R., 2011. Dendroecological analysis of black spruce in
lichen-spruce woodlands of the closed-crown forest zone in Eastern Canada.
Ecoscience 18 (3), 279-294. https://doi.org/10.2980/18-3-3438.

Girardin, M.P., Guo, X.J., Bernier, P.Y., Raulier, F., Gauthier, S., 2012. Changes in growth
of pristine boreal North American forests from 1950 to 2005 driven by landscape
demographics and species traits. Biogeosciences 9 (7), 2523-2536. https://doi.org/
10.5194/bg-9-2523-2012.

15

Agricultural and Forest Meteorology 339 (2023) 109548

Girardin, Martin P, Hogg, E.H., Bernier, P.Y., Kurz, W.A., Guo, X.J., Cyr, G., 2016a.
Negative impacts of high temperatures on growth of black spruce forests intensify
with the anticipated climate warming. Glob. Chang. Biol. 22 (2), 627-643. https://
doi.org/10.1111/gcb.13072.

Girardin, Martin P., Bouriaud, O., Hogg, E.H., Kurz, W., Zimmermann, N.E.,
Metsaranta, J.M., de Jong, R., Frank, D.C., Esper, J., Biintgen, U., Guo, X.J.,
Bhatti, J., 2016b. No growth stimulation of Canada’s boreal forest under half-
century of combined warming and CO 2 fertilization. Proc. Natl. Acad. Sci. 113 (52),
E8406-E8414. https://doi.org/10.1073/pnas.1610156113.

Girona, M.M., Morin, H., Gauthier, S., Bergeron, Y., 2023a. Boreal Forests in the Face of
Climate Change (Vol. 74). Springer International Publishing. https://doi.org/
10.1007/978-3-031-15988-6.

Girona, M.M., Aakala, T., Aquilué, N., Bélisle, A.-C., Chaste, E., Danneyrolles, V., Diaz-
Yanez, O., D’Orangeville, L., Grosbois, G., Hester, A., Kim, S., Kulha, N., Martin, M.,
Moussaoui, L., Pappas, C., Portier, J., Teitelbaum, S., Tremblay, J.-P., Svensson, J.,
Gauthier, S., 2023b. Challenges for the sustainable management of the boreal forest
under climate change. In: Girona, M.M., Morin, H., Gauthier, S., Bergeron, Y. (Eds.),
Boreal Forests in the Face of Climate Change. Springer International Publishing,
pp. 773-837. https://doi.org/10.1007/978-3-031-15988-6_31. Vol. 74.

Girona, M.M., Morin, H., Lussier, J.-M., Ruel, J.-C., 2019. Post-cutting mortality
following experimental silvicultural treatments in unmanaged boreal forest stands.
Front. For. Glob. Change 2 (March), 1-16. https://doi.org/10.3389/
ffgc.2019.00004.

Girona, M.M., Morin, H., Lussier, J.M., Walsh, D., 2016. Radial growth response of black
spruce stands ten years after experimental shelterwoods and seed-tree cuttings in
boreal forest. Forests 7 (10), 1-20. https://doi.org/10.3390/f7100240.

Girona, M.M., Moussaoui, L., Morin, H., Thiffault, N., Leduc, A., Raymond, P., Bosé, A.,
Bergeron, Y., Lussier, J., 2023c. Innovative silviculture to achieve sustainable forest
management in boreal forests: lessons from two large-scale experiments. In:
Girona, M.M., Morin, H., Gauthier, S., Bergeron, Y. (Eds.), Boreal Forests in the Face
of Climate Change. Springer International Publishing, pp. 417-440. https://doi.org/
10.1007/978-3-031-15988-6_16.

Girona, M.M., Navarro, L., Morin, H., 2018. A secret hidden in the sediments: lepidoptera
scales. Front. Ecol. Evol. 6 https://doi.org/10.3389/fev0.2018.00002.

Girona, M.M., Rossi, S., Lussier, J.M., Walsh, D., Morin, H., 2017. Understanding tree
growth responses after partial cuttings: a new approach. PLoS One 12 (2), 1-18.
https://doi.org/10.1371/journal.pone.0172653.

Graham, M.H., 2003. Confronting multicollinearity in ecological multiple regression.
Ecology 84 (11), 2809-2815. https://doi.org/10.1890/02-3114.

Gray, D.R., MacKinnon, W.E., 2006. Outbreak patterns of the spruce budworm and their
impacts in Canada. For. Chron. 82 (4), 550-561. https://doi.org/10.5558/tfc82550-
4.

Gray, David R., 2013. The influence of forest composition and climate on outbreak
characteristics of the spruce budworm in eastern Canada. Can. J. For. Res. 43 (12),
1181-1195. https://doi.org/10.1139/cjfr-2013-0240.

Gray, David R., Régniere, J., Boulet, B., 2000. Analysis and use of historical patterns of
spruce budworm defoliation to forecast outbreak patterns in Quebec. For. Ecol.
Manage. 127 (1-3), 217-231. https://doi.org/10.1016/50378-1127(99)00134-6.

Guay, R., Gagnon, R., Morin, H., 1992. A new automatic and interactive tree ring
measurement system based on a line scan camera. For. Chron. 68 (1), 138-141.
https://doi.org/10.2331/suisan.1.113.

Guo, X., Klisz, M., Puchaika, R., Silvestro, R., Faubert, P., Belien, E., Huang, J., Rossi, S.,
2021. Common-garden experiment reveals clinal trends of bud phenology in black
spruce populations from a latitudinal gradient in the boreal forest. J. Ecol. 1-11.
https://doi.org/10.1111/1365-2745.13582. December 2020.

Han, E.-N, Bauce, E., 1995. Non-freeze survival of spruce budworm larvae, Choristoneura
fumiferana, at sub-zero temperatures during diapause. Entomol. Exp. Appl. 75 (1),
67-74. https://doi.org/10.1111/j.1570-7458.1995.tb01911.x.

Han, E.N., Bauce, E., 1997. Effects of Early Temperature Exposure on Diapause
Development of Spruce Budworm (Lepidoptera: Tortricidae). Environ. Entomol. 26
(2), 307-310. https://doi.org/10.1093/ee/26.2.307.

Han, E.R.N., Bauce, E., 1998. Timing of diapause initiation, metabolic changes and
overwintering survival of the spruce budworm, Choristoneura fumiferana. Ecol.
Entomol. 23 (2), 160-167. https://doi.org/10.1046/j.1365-2311.1998.00111.x.

Hennigar, C.R., MacLean, D.A., Quiring, D.T., Kershaw, J.A., 2008. Differences in spruce
budworm defoliation among balsam fir and white, red, and black spruce. Forest Sci.
54 (2), 158-166. https://doi.org/10.1093/forestscience/54.2.158.

Hof, A.R., Girona, M.M., Fortin, M.-J., Tremblay, J.A., 2021. Editorial: using landscape
simulation models to help balance conflicting goals in changing forests. Front. Ecol.
Evol. 9 https://doi.org/10.3389/fevo.2021.795736.

Hoffer, M., Tardif, J.C., 2009. False rings in jack pine and black spruce trees from eastern
Manitoba as indicators of dry summers. Can. J. For. Res. 39 (9), 1722-1736. https://
doi.org/10.1139/X09-088.

Holmes, R., 1983. Program COFECHA User’s Manual. Laboratory of Tree-Ring Research.

Houndode, D.J., Krause, C., Morin, H., 2021. Predicting balsam fir mortality in boreal
stands affected by spruce budworm. For. Ecol. Manage. 496, 119408 https://doi.
org/10.1016/j.foreco.2021.119408.

Huang, J., Tardif, J.C., Bergeron, Y., Denneler, B., Berninger, F., Girardin, M.P., 2010.
Radial growth response of four dominant boreal tree species to climate along a
latitudinal gradient in the eastern Canadian boreal forest. Glob. Chang. Biol. 16 (2),
711-731. https://doi.org/10.1111/j.1365-2486.2009.01990.x.

Hughes, J.S., Cobbold, C.A., Haynes, K., Dwyer, G., 2015. Effects of forest spatial
structure on insect outbreaks: insights from a host-parasitoid model. Am. Nat. 185
(5), E130-E152. https://doi.org/10.1086,/680860.


https://doi.org/10.1079/BER2001148
https://doi.org/10.3389/fpls.2021.658880
https://doi.org/10.3389/fpls.2021.658880
https://doi.org/10.1093/forestscience/7.4.351
https://doi.org/10.1007/s10980-007-9109-3
https://doi.org/10.1126/science.aaf4951
https://doi.org/10.1038/s41467-018-05705-4
https://doi.org/10.1641/0006-3568(2001)051[0723:CCAFD]2.0.CO;2
https://doi.org/10.1641/0006-3568(2001)051[0723:CCAFD]2.0.CO;2
https://doi.org/10.1139/cjfr-2018-0058
https://doi.org/10.3390/f9080471
https://doi.org/10.1016/j.ecolmodel.2022.110053
https://doi.org/10.1016/j.ecolmodel.2022.110053
https://doi.org/10.1093/treephys/tpy135
http://refhub.elsevier.com/S0168-1923(23)00239-3/sbref0034
http://refhub.elsevier.com/S0168-1923(23)00239-3/sbref0034
http://refhub.elsevier.com/S0168-1923(23)00239-3/sbref0034
https://doi.org/10.1007/s10021-010-9340-7
https://doi.org/10.1093/treephys/tps126
https://doi.org/10.1093/treephys/tps126
https://doi.org/10.5558/tfc75141-1
https://doi.org/10.5558/tfc75141-1
https://doi.org/10.1139/x02-053
https://doi.org/10.1016/j.agrformet.2015.06.014
https://doi.org/10.1017/S0007485311000617
https://doi.org/10.1007/s00442-017-3914-4
http://refhub.elsevier.com/S0168-1923(23)00239-3/sbref0042
http://refhub.elsevier.com/S0168-1923(23)00239-3/sbref0042
http://refhub.elsevier.com/S0168-1923(23)00239-3/sbref0042
http://refhub.elsevier.com/S0168-1923(23)00239-3/sbref0042
https://doi.org/10.1007/978-3-031-15988-6_1
https://doi.org/10.1007/978-3-031-15988-6_1
https://doi.org/10.1088/1748-9326/aaac0c
https://doi.org/10.1088/1748-9326/aaac0c
https://doi.org/10.2980/18-3-3438
https://doi.org/10.5194/bg-9-2523-2012
https://doi.org/10.5194/bg-9-2523-2012
https://doi.org/10.1111/gcb.13072
https://doi.org/10.1111/gcb.13072
https://doi.org/10.1073/pnas.1610156113
https://doi.org/10.1007/978-3-031-15988-6
https://doi.org/10.1007/978-3-031-15988-6
https://doi.org/10.1007/978-3-031-15988-6_31
https://doi.org/10.3389/ffgc.2019.00004
https://doi.org/10.3389/ffgc.2019.00004
https://doi.org/10.3390/f7100240
https://doi.org/10.1007/978-3-031-15988-6_16
https://doi.org/10.1007/978-3-031-15988-6_16
https://doi.org/10.3389/fevo.2018.00002
https://doi.org/10.1371/journal.pone.0172653
https://doi.org/10.1890/02-3114
https://doi.org/10.5558/tfc82550-4
https://doi.org/10.5558/tfc82550-4
https://doi.org/10.1139/cjfr-2013-0240
https://doi.org/10.1016/S0378-1127(99)00134-6
https://doi.org/10.2331/suisan.1.113
https://doi.org/10.1111/1365-2745.13582
https://doi.org/10.1111/j.1570-7458.1995.tb01911.x
https://doi.org/10.1093/ee/26.2.307
https://doi.org/10.1046/j.1365-2311.1998.00111.x
https://doi.org/10.1093/forestscience/54.2.158
https://doi.org/10.3389/fevo.2021.795736
https://doi.org/10.1139/X09-088
https://doi.org/10.1139/X09-088
http://refhub.elsevier.com/S0168-1923(23)00239-3/sbref0069
https://doi.org/10.1016/j.foreco.2021.119408
https://doi.org/10.1016/j.foreco.2021.119408
https://doi.org/10.1111/j.1365-2486.2009.01990.x
https://doi.org/10.1086/680860

A. Subedi et al.

James, P.M.A., Robert, L.-E., Wotton, B.M., Martell, D.L., Fleming, R.A., 2017. Lagged
cumulative spruce budworm defoliation affects the risk of fire ignition in Ontario,
Canada. Ecol. Appl. 27 (2), 532-544. https://doi.org/10.1002/eap.1463.

Jardon, Y., Morin, H., Dutilleul, P., 2003. Périodicité et synchronisme des épidémies de
la tordeuse des bourgeons de 1’épinette au Québec. Can. J. For. Res. 33 (10),
1947-1961. https://doi.org/10.1139/x03-108.

Kneeshaw, D., Sturtevant, B.R., Cooke, B., Work, T., Pureswaran, D., De Grandpre, L.,
MacLean, D.A., 2015. Insect disturbances in forest ecosystems. In: Peh, K.S.-H.,
Corlett, R.T., Bergeron, Y. (Eds.), Routledge Handbook of Forest Ecology. Routledge,
pp. 93-113. https://doi.org/10.4324,/9781315818290.

Krause, C., Gionest, F., Morin, H., MacLean, D.A., 2003. Temporal relations between
defoliation caused by spruce budworm (Choristoneura fumiferana Clem.) and
growth of balsam fir (Abies balsamea (L.) Mill.). Dendrochronologia 21 (1), 23-31.
https://doi.org/10.1078/1125-7865-00037.

Krause, Cornelia, Luszczynski, B., Morin, H., Rossi, S., Plourde, P.Y., 2012. Timing of
growth reductions in black spruce stem and branches during the 1970s spruce
budworm outbreak. Can. J. For. Res. 42 (7), 1220-1227. https://doi.org/10.1139/
X2012-048.

Krause, Cornelia, Morin, H., 1995. Changes in radial increment in stems and roots of
balsam fir [Abies balsamea (L.) Mill.] after defoliation spruce budworm. For. Chron.
71 (6), 747-754. https://doi.org/10.5558/tfc71747-6.

Kwon, S., Kim, S., Kim, J., Kang, W., Park, K.H., Kim, C.B., Girona, M.M., 2021.
Predicting post-fire tree mortality in a temperate pine forest, Korea. Sustainability 13
(2), 1-16. https://doi.org/10.3390/sul13020569.

Labrecque-Foy, J.-P., Morin, H., Girona, M.M., 2020. Dynamics of territorial occupation
by north american beavers in canadian boreal forests: a novel dendroecological
approach. Forests 11 (2), 221. https://doi.org/10.3390/f11020221.

Larroque, J., Wittische, J., James, P.M.A., 2022. Quantifying and predicting population
connectivity of an outbreaking forest insect pest. Landsc. Ecol. 37 (3), 763-778.
https://doi.org/10.1007/s10980-021-01382-9.

Lavoie, J., Girona, M.M., Grosbois, G., Morin, H., 2021. Does the type of silvicultural
practice influence spruce budworm defoliation of seedlings? Ecosphere 12 (4), 17.
https://doi.org/10.1002/ecs2.3506.

Lavoie, J., Girona, M.M., Morin, H., 2019. Vulnerability of conifer regeneration to spruce
budworm outbreaks in the Eastern Canadian boreal forest. Forests 10 (10), 1-14.
https://doi.org/10.3390/f10100850.

Levasseur, V., 2000. Analyse Dendroécologique De L’impact De La Tordeuse Des
Bourgeons De L’épinette (choristoneura fumiferana) Suivant Un Gradient Latitudinal
En Zone Boréale Au Québec : /. Université du Québec a Chicoutimi. https://doi.org/
10.1522/12048743.

Li, W,, Jiang, Y., Dong, M., Du, E., Zhou, Z., Zhao, S., Xu, H., 2020. Diverse responses of
radial growth to climate across the southern part of the Asian boreal forests in
northeast China. For. Ecol. Manage. 458 (19), 117759 https://doi.org/10.1016/j.
foreco.2019.117759.

Liu, Z., Peng, C., De Grandpré, L., Candau, J.-N., Work, T., Huang, C., Kneeshaw, D.,
2019. Simulation and analysis of the effect of a spruce budworm outbreak on carbon
dynamics in boreal forests of Quebec. Ecosystems 22 (8), 1838-1851. https://doi.
org/10.1007/s10021-019-00377-7.

MacLean, D.A., 1980. Vulnerability of fir-spruce stands during uncontrolled spruce
budworm outbreaks: a review and discussion. For. Chron. 56 (5), 213-221. https://
doi.org/10.5558/tfc56213-5.

MacLean, D.A., 1996. Forest management strategies to reduce spruce budworm damage
in the Fundy Model Forest. For. Chron. 72 (4), 399-405. https://doi.org/10.5558/
tfc72399-4.

MacLean, D.A., 2016. Impacts of insect outbreaks on tree mortality, productivity, and
stand development. Can. Entomol. 148 (S1), S138-5159. https://doi.org/10.4039/
tce.2015.24.

MacLean, D.A., MacKinnon, W.E., 1996. Accuracy of aerial sketch-mapping estimates of
spruce budworm defoliation in New Brunswick. Can. J. For. Res. 26 (12),
2099-2108. https://doi.org/10.1139/x26-238.

Marchand, W., Girardin, M.P., Hartmann, H., Gauthier, S., Bergeron, Y., 2019.
Taxonomy, together with ontogeny and growing conditions, drives needleleaf
species’ sensitivity to climate in boreal North America. Glob. Chang. Biol. 25 (8),
2793-2809. https://doi.org/10.1111/gcb.14665.

Marshall, K.E., Roe, A.D., 2021. Surviving in a frozen forest: the physiology of eastern
spruce budworm overwintering. Physiology 36 (3), 174-182. https://doi.org/
10.1152/physiol.00037.2020.

Martin, M., Girona, M.M., Morin, H., 2020. Driving factors of conifer regeneration
dynamics in eastern Canadian boreal old-growth forests. PLoS One 15 (7 July), 1-27.
https://doi.org/10.1371/journal.pone.0230221.

Mazerolle, M.J., 2020. AICcmodavg: Model Selection and Multimodel Inference Based on
(Q)AIC(c). R Package Version 2.3-1. https://cran.r-project.org/package=A
ICcmodavg.

MNRF, 2008. Sustainable Management in the Boreal Forest: A Real Response to
Environmental Challenges. Gouvernement Québec, Direction de |’environnement et
de la protection des foréts, Québec. https://mffp.gouv.qc.ca/documents/fores
t/boreal-forest.pdf.

MRNF, 2020. Aires infestées par la tordeuse des bourgeons de 1'épinette au Québec en
2020. Gouvernement Du Québec, Direction de La Protection Des Foréts.
Gouvernement du Québec, Direction de la Protection des Foréts, Québec. http
s://mffp.gouv.qc.ca/documents/forets/fimaq/tordeuse/RA_TBE_2020.pdf.

MNREF, 2021. Aires infestées par la tordeuse des bourgeons de I’épinette au Québec en
2021. Gouvernement Du Québec, Direction de La Protection Des Foréts, Québec.
https://mffp.gouv.qc.ca/documents/forets/fimaq/tordeuse/TBE _aires_infestees
_2021.pdf.

16

Agricultural and Forest Meteorology 339 (2023) 109548

Molina, E., Valeria, O., Martin, M., Girona, M.M., Ramirez, J.A., 2022. Long-term
impacts of forest management practices under climate change on structure,
composition, and fragmentation of the Canadian Boreal Landscape. Forests 13 (8),
1292. https://doi.org/10.3390/f13081292.

Morin, H., Gagnon, R., Lemay, A., Navarro, L., 2021. Revisiting the relationship between
spruce budworm outbreaks and forest dynamics over the Holocene in Eastern North
America based on novel proxies. In: Johnson, E.A., Miyanishi, K. (Eds.), Plant
Disturbance Ecology (Second). Elsevier. https://doi.org/10.1016/b978-0-12-818813-
2.00013-7.

Natural Resources Canada, 2018. Spruce Budworm. https://www.rncan.gc.ca/nos-resso
urces-naturelles/forets-foresterie/feux-de-vegetation-insectes-pert/principaux-insec
tes-maladies-des/tordeuse-des-bourgeons-de-lepinette/13384.

Navarro, L., Morin, H., Bergeron, Y., Girona, M.M., 2018. Changes in spatiotemporal
patterns of 20th century spruce budworm outbreaks in eastern canadian boreal
forests. Front. Plant Sci. 9, 15. https://doi.org/10.3389/fpls.2018.01905.

Nealis, V.G., Régniere, J., 2004. Insect-host relationships influencing disturbance by the
spruce budworm in a boreal mixedwood forest. Can. J. For. Res. 34 (9), 1870-1882.
https://doi.org/10.1139/X04-061.

Pappas, C., Bélanger, N., Bastien-Beaudet, G., Couture, C., D’Orangeville, L.,
Duchesne, L., Gennaretti, F., Houle, D., Hurley, A.G., Klesse, S., Desrosiers, S.L.,
Girona, M.M., Peters, R.L., Rossi, S., St-Amand, K., Kneeshaw, D., 2022a. Xylem
porosity, sapwood characteristics, and uncertainties in temperate and boreal forest
water use. Agric. For. Meteorol. (June), 323. https://doi.org/10.1016/j.
agrformet.2022.109092.

Pappas, C., Bélanger, N., Bergeron, Y., Blarquez, O., Chen, H.Y.H., Comeau, P.G., De
Grandpré, L., Delagrange, S., DesRochers, A., Diochon, A., D’Orangeville, L.,
Drapeau, P., Duchesne, L., Filotas, E., Gennaretti, F., Houle, D., Lafleur, B.,
Langor, D., Lebel Desrosiers, S., Kneeshaw, D., 2022b. Smartforests Canada: a
network of monitoring plots for forest management under environmental change.
Climate-Smart Forestry in Mountain Regions. Springer, Cham, pp. 521-543. https://
doi.org/10.1007/978-3-030-80767-2_16.

Parmesan, C., 2007. Influences of species, latitudes and methodologies on estimates of
phenological response to global warming. Glob. Chang. Biol. 13 (9), 1860-1872.
https://doi.org/10.1111/j.1365-2486.2007.01404.x.

Pickett, S.T.A., White, P.S., 1985. The Ecology of Natural Disturbance and Patch
Dynamics. Academic Press, London/Orlando.

Pothier, D., Elie, J.G., Auger, 1., Mailly, D., Gaudreault, M., 2012. Spruce budworm-
caused mortality to balsam fir and black spruce in pure and mixed conifer stands.
Forest Sci. 58 (1), 24-33. https://doi.org/10.5849/forsci.10-110.

Pureswaran, D.S., De Grandpré, L., Paré, D., Taylor, A., Barrette, M., Morin, H.,
Régniere, J., Kneeshaw, D.D., 2015. Climate-induced changes in host tree-insect
phenology may drive ecological state-shift in boreal forests. Ecology 96 (6),
1480-1491. https://doi.org/10.1890/13-2366.1.

Pureswaran, D.S., Johns, R., Heard, S.B., Quiring, D., 2016. Paradigms in Eastern Spruce
Budworm (Lepidoptera: Tortricidae) population ecology: a century of debate.
Environ. Entomol 45 (6), 1333-1342. https://doi.org/10.1093/ee/nvw103.

Pureswaran, D.S., Neau, M., Marchand, M., Grandpré, L.De, Kneeshaw, D., De
Grandpré, L., Kneeshaw, D, 2018a. Phenological synchrony between eastern spruce
budworm and its host trees increases with warmer temperatures in the boreal forest.
Ecol. Evol. 9 (1), 576-586. https://doi.org/10.1002/ece3.4779.

Pureswaran, D.S., Roques, A., Battisti, A., 2018b. Forest insects and climate change. Curr.
For. Rep. 4 (2), 35-50. https://doi.org/10.1007/540725-018-0075-6.

R Core Team, 2022. R: A language and Environment For Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria. https://www.r-project.org/.

Régniere, J., Nealis, V.G., 2007. Ecological mechanisms of population change during
outbreaks of the spruce budworm. Ecol. Entomol. 32 (5), 461-477. https://doi.org/
10.1111/j.1365-2311.2007.00888.x.

Régniere, J., Cooke, B.J., Béchard, A., Dupont, A., Therrien, P., 2019a. Dynamics and
management of rising outbreak spruce budworm populations. Forests 10 (9).
https://doi.org/10.3390/f10090748.

Régniere, J., Delisle, J., Sturtevant, B.R., Garcia, M., Saint-Amant, R., 2019b. Modeling
migratory flight in the spruce budworm: temperature constraints. Forests 10 (9),
1-18. https://doi.org/10.3390/f10090802.

Régniere, J., Saint-Amant, R., Béchard, A., Moutaoufik, A., 2017. BioSIM 11 User’s
Manual. Update of information report LAU-X-137. In National Resources Canada.
Can. For. Serv. Info Rep LAU-X-155 https://cfs.nrcan.ge.ca/publications?id=34818.

Régniere, J., St-Amant, R., Duval, P., 2012. Predicting insect distributions under climate
change from physiological responses: spruce budworm as an example. Biol. Invas. 14
(8), 1571-1586. https://doi.org/10.1007/s10530-010-9918-1.

Reyes, G.P., Kneeshaw, D., De Grandpré, L., Leduc, A., 2010. Changes in woody
vegetation abundance and diversity after natural disturbances causing different
levels of mortality. J. Veg. Sci. 21 (2), 406-417. https://doi.org/10.1111/j.1654-
1103.2009.01152.x.

Robert, L.E., Sturtevant, B.R., Cooke, B.J., James, P.M., Fortin, M.J., Townsend, P.A.,
Wolter, P.T., Kneeshaw, D., 2017. Landscape host abundance and configuration
regulate periodic outbreak behavior in spruce budworm (Choristoneura fumiferana
Clem.). Ecography 41 (February), 1556-1571.

Rossi, S., Isabel, N., 2017. Bud break responds more strongly to daytime than night-time
temperature under asymmetric experimental warming. Glob. Chang. Biol. 23 (1),
446-454. https://doi.org/10.1111/gcb.13360.

Rossi, S., Morin, H., Deslauriers, A., Plourde, P.Y., 2011. Predicting xylem phenology in
black spruce under climate warming. Glob. Chang. Biol. 17 (1), 614-625. https://
doi.org/10.1111/j.1365-2486.2010.02191.x.

Rossi, S., Plourde, P.Y., Krause, C., 2018. Does a spruce budworm outbreak affect the
growth response of black spruce to a subsequent thinning? Front. Plant Sci. 9, 1-8.
https://doi.org/10.3389/fpls.2018.01061.


https://doi.org/10.1002/eap.1463
https://doi.org/10.1139/x03-108
https://doi.org/10.4324/9781315818290
https://doi.org/10.1078/1125-7865-00037
https://doi.org/10.1139/X2012-048
https://doi.org/10.1139/X2012-048
https://doi.org/10.5558/tfc71747-6
https://doi.org/10.3390/su13020569
https://doi.org/10.3390/f11020221
https://doi.org/10.1007/s10980-021-01382-9
https://doi.org/10.1002/ecs2.3506
https://doi.org/10.3390/f10100850
https://doi.org/10.1522/12048743
https://doi.org/10.1522/12048743
https://doi.org/10.1016/j.foreco.2019.117759
https://doi.org/10.1016/j.foreco.2019.117759
https://doi.org/10.1007/s10021-019-00377-7
https://doi.org/10.1007/s10021-019-00377-7
https://doi.org/10.5558/tfc56213-5
https://doi.org/10.5558/tfc56213-5
https://doi.org/10.5558/tfc72399-4
https://doi.org/10.5558/tfc72399-4
https://doi.org/10.4039/tce.2015.24
https://doi.org/10.4039/tce.2015.24
https://doi.org/10.1139/x26-238
https://doi.org/10.1111/gcb.14665
https://doi.org/10.1152/physiol.00037.2020
https://doi.org/10.1152/physiol.00037.2020
https://doi.org/10.1371/journal.pone.0230221
https://cran.r-project.org/package=AICcmodavg
https://cran.r-project.org/package=AICcmodavg
https://mffp.gouv.qc.ca/documents/forest/boreal-forest.pdf
https://mffp.gouv.qc.ca/documents/forest/boreal-forest.pdf
https://mffp.gouv.qc.ca/documents/forets/fimaq/tordeuse/RA_TBE_2020.pdf
https://mffp.gouv.qc.ca/documents/forets/fimaq/tordeuse/RA_TBE_2020.pdf
https://mffp.gouv.qc.ca/documents/forets/fimaq/tordeuse/TBE_aires_infestees_2021.pdf
https://mffp.gouv.qc.ca/documents/forets/fimaq/tordeuse/TBE_aires_infestees_2021.pdf
https://doi.org/10.3390/f13081292
https://doi.org/10.1016/b978-0-12-818813-2.00013-7
https://doi.org/10.1016/b978-0-12-818813-2.00013-7
https://www.rncan.gc.ca/nos-ressources-naturelles/forets-foresterie/feux-de-vegetation-insectes-pert/principaux-insectes-maladies-des/tordeuse-des-bourgeons-de-lepinette/13384
https://www.rncan.gc.ca/nos-ressources-naturelles/forets-foresterie/feux-de-vegetation-insectes-pert/principaux-insectes-maladies-des/tordeuse-des-bourgeons-de-lepinette/13384
https://www.rncan.gc.ca/nos-ressources-naturelles/forets-foresterie/feux-de-vegetation-insectes-pert/principaux-insectes-maladies-des/tordeuse-des-bourgeons-de-lepinette/13384
https://doi.org/10.3389/fpls.2018.01905
https://doi.org/10.1139/X04-061
https://doi.org/10.1016/j.agrformet.2022.109092
https://doi.org/10.1016/j.agrformet.2022.109092
https://doi.org/10.1007/978-3-030-80767-2_16
https://doi.org/10.1007/978-3-030-80767-2_16
https://doi.org/10.1111/j.1365-2486.2007.01404.x
http://refhub.elsevier.com/S0168-1923(23)00239-3/sbref0106
http://refhub.elsevier.com/S0168-1923(23)00239-3/sbref0106
https://doi.org/10.5849/forsci.10-110
https://doi.org/10.1890/13-2366.1
https://doi.org/10.1093/ee/nvw103
https://doi.org/10.1002/ece3.4779
https://doi.org/10.1007/s40725-018-0075-6
https://www.r-project.org/
https://doi.org/10.1111/j.1365-2311.2007.00888.x
https://doi.org/10.1111/j.1365-2311.2007.00888.x
https://doi.org/10.3390/f10090748
https://doi.org/10.3390/f10090802
https://cfs.nrcan.gc.ca/publications?id=34818
https://doi.org/10.1007/s10530-010-9918-1
https://doi.org/10.1111/j.1654-1103.2009.01152.x
https://doi.org/10.1111/j.1654-1103.2009.01152.x
http://refhub.elsevier.com/S0168-1923(23)00239-3/sbref0119
http://refhub.elsevier.com/S0168-1923(23)00239-3/sbref0119
http://refhub.elsevier.com/S0168-1923(23)00239-3/sbref0119
http://refhub.elsevier.com/S0168-1923(23)00239-3/sbref0119
https://doi.org/10.1111/gcb.13360
https://doi.org/10.1111/j.1365-2486.2010.02191.x
https://doi.org/10.1111/j.1365-2486.2010.02191.x
https://doi.org/10.3389/fpls.2018.01061

A. Subedi et al.

Rossi, S., Tremblay, M.J., Morin, H., Levasseur, V., 2009. Stand structure and dynamics
of Picea mariana on the northern border of the natural closed boreal forest in
Quebec, Canada. Can. J. For. Res. 39 (12), 2307-2318. https://doi.org/10.1139/
X09-152.

Royama, T., 1984. Population dynamics of the spruce budworm choristoneura
fumiferana. Ecol. Monogr. 54 (4), 429-462. https://doi.org/10.2307/1942595.
Ryerson, D.E., Swetnam, T.W., Lynch, A.M., 2003. A tree-ring reconstruction of western
spruce budworm outbreaks in the San Juan Mountains, Colorado, U.S.A. Can. J. For.

Res. 33 (6), 1010-1028. https://doi.org/10.1139/x03-026.

Seidl, R., Thom, D., Kautz, M., Martin-Benito, D., Peltoniemi, M., Vacchiano, G., Wild, J.,
Ascoli, D., Petr, M., Honkaniemi, J., Lexer, M.J., Trotsiuk, V., Mairota, P.,
Svoboda, M., Fabrika, M., Nagel, T.A., Reyer, C.P.O., 2017. Forest disturbances
under climate change. Nat. Clim. Chang. 7 (6), 395-402. https://doi.org/10.1038/
nclimate3303.

Simard, M., Payette, S., 2003. Accurate dating of spruce budworm infestation using tree
growth anomalies. Ecoscience 10 (2), 204-216. https://doi.org/10.1080/
11956860.2003.11682768.

Sturtevant, B.R., Cooke, B.J., Kneeshaw, D.D., MacLean, D.A., 2015. Modeling insect
disturbance across forested landscapes: insights from the spruce budworm. In:
Perera, A.H., Sturtevant, B.R., Buse, L.J. (Eds.), Simulation Modeling of Forest
Landscape Disturbances. Springer International Publishing, pp. 93-134. https://doi.
org/10.1007/978-3-319-19809-5_5.

Subedi, A., 2023. Evaluating the Impact of Climate Change on the Black Spruce
Defoliation by Spruce Budworm. The University of Québec in Abitibi Témiscamingue
(UQAT), Québec, Canada. M.Sc. Thesis. https://depositum.uqat.ca/id/eprint/1408/.

Swetnam, T.W., Thompson, M.A., Sutherland, E.K., 1985. Spruce Budworms Handbook:
Using Dendrochronology to Measure Radial Growth of Defoliated Trees. United
States Department of Agriculture (Vol. 639).

17

Agricultural and Forest Meteorology 339 (2023) 109548

Tremblay, M.J., Rossi, S., Morin, H., 2011. Growth dynamics of black spruce in stands
located between the 51st and 52nd parallels in the boreal forest of Quebec, Canada.
Can. J. For. Res. 41 (9), 1769-1778. https://doi.org/10.1139/x11-094.

USDA, 1985. Spruce Budworms Handbook: Predators of the Spruce Budworm (Issue
644). https://naldc.nal.usda.gov/download/CAT86864305/PDF.

Venier, L.A., Holmes, S.B., 2010. A review of the interaction between forest birds and
eastern spruce budworm. Environ. Rev. 18 (1), 191-207. https://doi.org/10.1139/
A10-009.

Volney, W.J.A., Fleming, R.A., 2000. Climate change and impacts of boreal forest insects.
Agric. Ecosyst. Environ. 82 (1-3), 283-294. https://doi.org/10.1016/50167-8809
(00)00232-2.

Walker, X.J., Mack, M.C., Johnstone, J.F., 2015. Stable carbon isotope analysis reveals
widespread drought stress in boreal black spruce forests. Glob. Chang. Biol. 21 (8),
3102-3113. https://doi.org/10.1111/gcb.12893.

Walker, X., Johnstone, J.F., 2014. Widespread negative correlations between black
spruce growth and temperature across topographic moisture gradients in the boreal
forest. Environ. Res. Lett. 9 (6) https://doi.org/10.1088/1748-9326/9/6/064016.

Weed, A.S., Ayres, M.P., Hicke, J.A., 2013. Consequences of climate change for biotic
disturbances in North American forests. Ecol Monogr 83 (4), 441-470. https://doi.
org/10.1890/13-0160.1.

Wellington, W.G., Fettes, J.J., Turner, K.B., Belyea, R.M., 1950. Physical and biological
indicators of the development of outbreaks of the spruce budworm, Choristoneura
fumiferana (Clem.). Can. J. Res. 28, 308-331.

Wood, S.N., 2011. Fast stable restricted maximum likelihood and marginal likelihood
estimation of semiparametric generalized linear models. J. R. Stat. Soc. Series B 73
(1). https://doi.org/10.1111/j.1467-9868.2010.00749.x.


https://doi.org/10.1139/X09-152
https://doi.org/10.1139/X09-152
https://doi.org/10.2307/1942595
https://doi.org/10.1139/x03-026
https://doi.org/10.1038/nclimate3303
https://doi.org/10.1038/nclimate3303
https://doi.org/10.1080/11956860.2003.11682768
https://doi.org/10.1080/11956860.2003.11682768
https://doi.org/10.1007/978-3-319-19809-5_5
https://doi.org/10.1007/978-3-319-19809-5_5
https://depositum.uqat.ca/id/eprint/1408/
http://refhub.elsevier.com/S0168-1923(23)00239-3/sbref0130
http://refhub.elsevier.com/S0168-1923(23)00239-3/sbref0130
http://refhub.elsevier.com/S0168-1923(23)00239-3/sbref0130
https://doi.org/10.1139/x11-094
https://naldc.nal.usda.gov/download/CAT86864305/PDF
https://doi.org/10.1139/A10-009
https://doi.org/10.1139/A10-009
https://doi.org/10.1016/S0167-8809(00)00232-2
https://doi.org/10.1016/S0167-8809(00)00232-2
https://doi.org/10.1111/gcb.12893
https://doi.org/10.1088/1748-9326/9/6/064016
https://doi.org/10.1890/13-0160.1
https://doi.org/10.1890/13-0160.1
http://refhub.elsevier.com/S0168-1923(23)00239-3/sbref0138
http://refhub.elsevier.com/S0168-1923(23)00239-3/sbref0138
http://refhub.elsevier.com/S0168-1923(23)00239-3/sbref0138
https://doi.org/10.1111/j.1467-9868.2010.00749.x

	Climatic conditions modulate the effect of spruce budworm outbreaks on black spruce growth
	1 Introduction
	2 Materials and methods
	2.1 Study area
	2.2 Data compilation and experimental design
	2.3 Dendrochronological data sets
	2.4 Defoliation surveys
	2.5 Climate series
	2.6 Statistical analysis

	3 Results
	3.1 Growth, defoliation, and climate trends
	3.2 Growth in response to defoliation and climate

	4 Discussion
	4.1 Effect of climate on growth
	4.2 Response of black spruce growth to coupled defoliation and climate

	5 Conclusion
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	References


