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Abstract
We investigated how the surrounding environment inﬂuences the growth of dominant trees and their responses to temperature and insect epidemics in boreal forests of eastern Canada. We focused on 82 black spruce and jack pine focal trees in stands
spanning a double gradient of species diversity and soil texture within a 36 km2 area of western Quebec. For these trees, we
compared their diameter at breast height, growth rates, temperature–growth relations, and growth during insect defoliator
epidemics. We used linear models to study how surrounding tree attributes and soil properties affected the growth of focal
trees. Models showed that tree growth responses and responses to temperature and insect epidemics were generally negative
with higher intraspeciﬁc competition and positive with greater tree species diversity. Growth of both species beneﬁtted from
lower soil sand content. Our research offers novel insights on the potential role of the surrounding environment, notably tree
competition and species diversity, in mitigating the vulnerability of eastern Canada’s boreal trees to anthropogenic climate
change and insect epidemics.
Key words: basal area increments, forest tent caterpillar, growing season length, eastern spruce budworm, summer heat stress

Résumé
Nous avons étudié comment le milieu environnant inﬂuence la croissance d’arbres dominants et leurs réponses à la température et aux épidémies d’insectes dans les forêts boréales de l’est du Canada. Nous nous sommes concentrés sur 82 épinettes
noires et pins gris dans des peuplements couvrant un double gradient de diversité d’espèces et de texture du sol dans une
zone de 36 km2 de l’ouest du Québec. Pour ces arbres, nous avons comparé leur diamètre à hauteur de poitrine, leur taux
de croissance, les relations température–croissance et la croissance pendant les épidémies d’insectes défoliateurs. Nous avons
utilisé des modèles linéaires pour étudier comment les attributs des arbres environnants et les propriétés du sol affectaient la
croissance des arbres focaux. Les modèles ont montré que les réponses de la croissance des arbres et les réponses à la température et aux épidémies d’insectes étaient généralement négatives avec une compétition intraspéciﬁque accrue entre arbres et
positives avec une plus grande diversité d’espèces d“arbres. La croissance des deux espèces a bénéﬁcié d’une teneur en sable
plus faible dans le sol. Notre recherche offre de nouvelles perspectives sur le rôle potentiel du milieu environnant, notamment
de la compétition et de la diversité des espèces d’arbres, dans l’atténuation de la vulnérabilité des arbres boréaux de l’est du
Canada au changement climatique anthropogénique et aux épidémies d’insectes.
Mots-clés : accroissement de la surface terrière, livrée des forêts, longueur de la saison de croissance, tordeuse des bourgeons
de l’épinette, stress thermique estival
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1. Introduction
Anthropogenic climate change is expected to impact the
growth of trees in boreal forests of Northeastern America directly through increasing temperatures (D’Orangeville et al.
2016; Pau et al. 2022) and indirectly through more frequent
disturbances such as insect epidemics (Navarro et al. 2018).
For these forests, simulations reveal that high temperature
increases in the range of 4–6 ◦ C are expected by 2071–2100
(Price et al. 2013), which may lead to irreversible changes in
forest composition and loss of forest cover (Boulanger et al.
2022). At the species level, growth of trees can vary based
on life-history strategies and sensitivity to climate and insect
epidemics (Brecka et al. 2020). Apart from these strategies
and sensitivities, growth of trees can also depend on the surrounding environment, including soil properties (Marchand
et al. 2019), and within stand competition and species diversity (Aussenac et al. 2019). Concerns about vulnerabilities
of boreal forests to increasing temperatures and insect epidemics (Gauthier et al. 2014) and the paucity of knowledge
on how site-speciﬁc factors could affect their impacts mean
that additional information about the growth of boreal tree
species in different surrounding environments is warranted.
Testing relations between monthly to seasonal temperature and tree growth (i.e., temperature–growth relations) and
estimating the impact of insect epidemics on tree growth
are approaches that can be used independently or in combination (Drobyshev et al. 2013; Chavardès et al. 2021). Such
approaches offer information on how temperature beneﬁts
or limits growth of different tree species, and whether these
species have positive or negative growth responses associated
with insect epidemics. With this information, alongside future climate and insect epidemic scenarios, researchers can
better anticipate the growth of boreal trees.
The enhancement of tree species diversity within stands
is often invoked in boreal regions as an approach to mitigate direct and indirect impacts of increasing temperatures
on forests (Felton et al. 2016; Hisano et al. 2019). Diversity
within stands can beneﬁt growth of trees in several ways, for
example through niche partitioning over space, including via
rooting systems (Houle et al. 2014; Mekontchou et al. 2020)
and canopy layers (Jucker et al. 2020), or over time such as
via distinct start and end dates for vegetative growth across
tree species (Huang et al. 2010). Diverse tree species in forest stands can also exhibit differing growth responses to disturbances such as insect epidemics (Chavardès et al. 2021),
thereby stabilizing tree biomass (Aussenac et al. 2016). Conversely, dominance by tree species with given traits can affect
ecosystem processes (i.e., selection effects), and functional
identity of some species rather than species richness per se
can be the most important promoting factor of ecosystem
multifunctionality (i.e., species identify effect) (Mouillot et al.
2011; Jochum et al. 2020).
The beneﬁts of tree species diversity could be outweighed
by other factors in the surrounding environment, particularly under the pressure of increasing temperatures and more
frequent insect epidemics. For example, stand tree structure
affects the diffusion potential of insects via crown contact
among nearby trees (Régnière and Fletcher 1983). Stand tree
structure also affects competition among neighboring trees
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(Luo and Chen 2011), with larger and nearer trees increasing interspeciﬁc and intraspeciﬁc competition and reducing
growing space for other trees (Looney et al. 2016); consequently, dense stands tend to have fewer large trees than
more open stands (Casperson et al. 2011). Apart from stand
tree structure, the type and depth of the soil surﬁcial deposit
accessible to roots may determine the availability of key nutrients and water conditions inﬂuencing the growth of boreal tree species (Belleau et al. 2011). Compared to soil surﬁcial deposits with ﬁner clay, coarser textured deposits composed of sand and gravel tend to have more rapid drainage
(Bartlett et al. 2002) and are often less productive for tree
growth (Béland and Bergeron 1996). When overlaid by a deep
organic layer, shallow-rooted tree species are less productive
(Laamrani et al. 2014), in part because of difficulty reaching
key nutrients from deeper surﬁcial deposits (Dimitrov et al.
2014). To date, the relative importance of environmental factors for the growth of boreal trees, temperature–growth relations, and impacts from insect epidemics remains insufﬁciently understood. A comprehensive approach including
multiple environmental factors can help identify how tree
growth in this biome could be enhanced or limited in the future. Furthermore, a comprehensive approach may be used
to determine whether a speciﬁc factor is signiﬁcant even after accounting for confounding factors.
In our study, the main objective was to investigate how
temperature and insect epidemics impact the growth of boreal tree species across a double gradient composed of tree
species diversity and soil texture. The objective can help ascertain whether diversity effects are persistent under climate
change and whether tree responses depend on the species
(e.g., via selection and species identify effects), biotic composition (e.g., via stand structure, biodiversity, and complementarity effects), or the physical environment (e.g., via the
soil) (Loreau and Hector 2001; Loreau et al. 2001). We focused
on two regionally dominant tree species, black spruce (Picea
mariana (Mill.) BSP), and jack pine (Pinus banksiana Lamb.) in
stands with a range of tree species diversity and growing
on clay to sandy surﬁcial deposits within the black spruce–
feather moss bioclimatic domain of western Quebec, Canada.
We applied an individual-based sampling and measured a
suite of characteristics on focal trees and variables from their
surrounding environment to analyze their impact on the
individual tree responses. Namely, we aimed to determine
which tree attributes (i.e., composition and structure) and soil
properties (i.e., organic layer depth, soil texture, and chemical properties) mostly inﬂuenced the growth of the two tree
species and their responses to temperature and insect epidemics of eastern spruce budworm (Choristoneura fumiferana
Clem.) and forest tent caterpillar (Malacosoma disstria Hübn.).
Our main working hypotheses were that greater tree species
diversity, lower competition, and richer clay soils decrease
boreal tree vulnerability to increasing temperatures and insect epidemics, and that sandy soils with faster drainage increase moisture limitations and exacerbate impacts of summer heat stress.
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Fig. 1. Map of the study area with the 82 trees located on clay
or sand surﬁcial deposits in boreal forests of western Quebec,
Canada (Ministère des Forêts, de la Faune et des Parcs 2020a).
The inset map shows the study area relative to the La Sarre
weather station.

2.2. Double gradient of species diversity and
soil texture
In a restricted study area (6 km × 6 km), we selected trees in
nine forest stands providing a local gradient of different environments from low to high neighboring species diversity and
from clay to sandy soil surﬁcial deposits. Within this study
area, we selected dominant or co-dominant trees ≥10 cm diameter at breast height (DBH) of two different species (black
spruce and jack pine) in environments spanning a range of
composition types (from pure to mixed-species stands according to basal area proportion) and over surﬁcial deposits with
a range of particle sizes (from clay to sand). Of the 128 selected trees, only 82 were sampled because they satisﬁed the
following criteria: there were no signs of later disturbances
in the encompassing environment relative to the 1916 large
ﬁre that originated in the stands and organic layer depth was
<30 cm. As a result of our individual based sampling, we obtained the double gradient of species diversity and soil texture (Fig. 2).

2.3. Growth characteristics measured on focal
trees

2. Materials and methods
2.1. Study area

The study area extends from 49◦ 09 to 49◦ 12 N and 78◦ 48
to 78◦ 53 W within the clay belt of the black spruce-feather
moss bioclimatic domain of western Quebec (Saucier et al.
2011) (Fig. 1). Forest stands in the study area are at a comparable successional stage, having established after a ﬁre that
had occurred in 1916 (Légaré et al. 2005). These stands are
mostly dominated by black spruce and to a lesser extent by
trembling aspen (Populus tremuloides Michx.) on clay surﬁcial
deposits and dominated by jack pine and black spruce on
sand surﬁcial deposits (Ministère des Forêts, de la Faune et
des Parcs 2020a). The climate normals from 1991 to 2020 generated for the nearest weather station at La Sarre (48◦ 47 N,
79◦ 13 W, 244 m.a.s.l.) using ClimateNA show mean annual air
temperature is 1.8 ◦ C, with mean monthly temperatures of
17.6 and −16.8 ◦ C for July and January, respectively (Wang
et al. 2016). Total annual precipitation averages 836 mm, with
555 mm (66%) occurring as rain from April to November
(Wang et al. 2016).
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For each sampled tree (hereinafter “focal tree”; n = 82), we
measured a suite of characteristics (Fig. 3). For each focal tree,
we recorded the species (n = 41 black spruce and n = 41 jack
pine) and measured the DBH. To assess radial growth of each
focal tree, we extracted increment cores taken ∼20 cm from
the ground. All cores were mounted on wooden supports and
sanded and then scanned at 1200 dots per inch resolution to
measure ring-widths series using the program CooRecorder
9.6 (Larsson 2020). We visually cross-dated and statistically
veriﬁed ring dates using the programs COFECHA (Holmes
1983) and Cdendro 9.6 (Larsson 2020). For each ring-width series, we estimated the distance to pith to calculate basal area
increments (BAIs) using the R package “dplr” (Bunn 2008). We
estimated the cambial age for each series to identify the start
of maximum sample depth (n = 82) and omit juvenile growth
in our analyses. This resulted in the period 1955–2018 with
stable tree sample depth without juvenile growth. Using the
chronologies of BAIs for black spruce and jack pine, we calculated average growth rates (cm2 ·year−1 ) over 1955–2018 (hereinafter, “GR”).
To quantify associations between focal tree growth responses and interannual climate variability or growth responses and insect epidemics, we detrended individual BAI
chronologies. Following a sensitivity analysis using splines
of different lengths, we selected a 30-year spline to attenuate variation due to stand-level dynamics. Using the detrended BAI chronologies, we tested temperature–growth relations and compared the impacts of recorded insect epidemics on growth. Speciﬁcally, we focused temperature–
growth relations on two surrogates of the growing season
length and summer heat stress. These surrogates are two important temperature variables for tree growth in the study
area (Chavardès et al. 2021) and were obtained by calculating the mean of average temperatures for April and September and June–August, respectively, between 1955 and 2018 at
the La Sarre weather station with climate data generated us3
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Fig. 2. (a) Double gradient of species diversity and soil texture visualized by the Standardized Shannon diversity index (standardized SDI or Shannon Equitability Index = SDI/log(S), measured on the nearest 30 trees) versus percentage sand content
in the soil for the 82 trees, including black spruce (n = 41) and jack pine (n = 41). Dotted lines represent minimum spanning
ellipses, including all data of one species. (b) Toposequence showing the two dominant and three companion species along
with surﬁcial deposits. [Colour online.]
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Fig. 3. Summary of the sampling design for each (a) focal tree (n = 82) and its (b) surrounding environment. We measured
growth characteristics of focal trees (orange boxes) and environmental variables (blue boxes; only variables that were not
excluded due to high multicollinearity according to Pearson’s correlation coefficients are shown). Growth characteristics were
represented by diameter at breast height (DBH), average growth rates over 1955–2018 (GR), tree response to growing season
length (RespGSL) or summer heat stress (RespSHS), and growth response during spruce budworm epidemics (GSBW) or forest
tent caterpillar epidemics (GFTC). The selected environmental variables were organic layer depth (Depth), percentage sand
content (Sand), total carbon (C), phosphorous (P), pH, competition indices a and b (CIa; CIb) and corresponding interspeciﬁc
and intraspeciﬁc competition indices (CIainter , CIbinter , CIaintra , and CIbintra ), total basal area (BA), total density (Density), total
density of dead trees (Density (dead)), Shannon diversity index (SDI), total density of trembling aspen (Aspen), and total density
of balsam ﬁr (Fir). Yellow boxes represent procedures used to calculate growth characteristics. [Colour online.]
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ing ClimateNA (Wang et al. 2016). The correlations between
detrended individual BAI chronologies and growing season
length or summer heat stress were used as an index of tree
response to temperature (hereinafter, “RespGSL” and “RespSHS,” respectively). We calculated Pearson’s product-moment
correlations functions using the R package “treeclim” (Zang
and Biondi 2015).
To describe the impacts on radial growth by recorded
spruce budworm and forest tent caterpillar epidemics in the
study area, we ﬁrst deﬁned the intensity of epidemic years
over the study area. We deﬁned budworm epidemic intensity with a 9-year triangular impact (0.2, 0.4, 0.6, 0.8, 1.0, 0.8,
0.6, 0.4, and 0.2) (after Rossi et al. 2018) centered on 1974
(value = 1.0), the most widespread epidemic year during the
1970s in our study area. Forest tent caterpillar epidemic intensity was assigned to 1.0 for the years 1980 and 2001 and
to 0.5 for the year 2000, according to recorded intensity of
epidemics (Bergeron et al. 2002; Ministère des Forêts, de la
Faune et des Parcs 2020b). To obtain an index of epidemic impact on the growth of speciﬁc trees, we calculated mean detrended BAI values weighted by intensity during budworm or
caterpillar epidemic years for each tree (hereinafter, “GSBW”
and “GFTC”, respectively).

2.4. Variables measured on the surrounding
environment
We characterized the surrounding environment of each focal tree by establishing a cell including 30 neighboring trees
using a modiﬁed n-tree design (Jonsson et al. 1992; Lessard
et al. 2002). In each cell, we measured a suite of variables
to characterize the environment (Fig. 3). We assessed the surrounding tree structure and composition based on the focal
tree and its nearest 30 trees as follows. We measured the DBH
of each tree or snag (DBH ≥ 5 cm) and distances from the focal
tree to distal trees. For each distal tree, we recorded species
(black spruce, jack pine, trembling aspen, balsam ﬁr (Abies balsamea (L.) Mill.), or paper birch (Betula papyrifera Marsh.)) and
status (live or dead). With these measurements, we calculated
two competition indices (CIa and CIb) developed by Rouvinen
and Kuuvulainen (1997) and a distance-independent competition index (CIc) as follows:

(1)

CIai =

30


 

j=1

(2)

CIbi =

30


dj
di

L2i j
 2

j=1
30
j=1

(3)

CIci =

dj
di

Li j
dj

30

di

where CIai , CIbi , and CIci are competition indices CIa, CIb,
and CIc, respectively, for focal tree i; dj is the DBH of distal
tree j; di is the DBH of the focal tree i; and Lij is the distance between the focal tree and distal tree. To assess interspeciﬁc and
intraspeciﬁc competition separately based on CIa and CIb, we
calculated CIainter , CIbinter , CIaintra , and CIbintra , respectively.
For the 30 nearest trees from each focal tree, we calculated toCan. J. For. Res. 53: 1–12 (2022) | dx.doi.org/10.1139/cjfr-2022-0114

tal basal area (m2 ·ha−1 ) and density (stems·ha−1 ) of living and
dead trees and of dead trees only. With the recorded species
information, we calculated the Shannon diversity index (SDI)
(Shannon 1948) as follows:
(4)

SDI = −

S


ph lnph

h=1

where ph is the proportion of species h relative to the total
number of individuals, and S is the total number of species.
We calculated the total basal area and total density of trembling aspen trees around focal trees to assess whether presence of trembling aspen, the preferred diet of forest tent
caterpillar (Nicol et al. 1997), could impact during caterpillar epidemics the growth of companion species like black
spruce or jack pine. We also calculated the total basal area
and total density of balsam ﬁr trees around focal trees to
assess whether presence of balsam ﬁr, the preferred diet of
spruce budworm, could impact the growth of black spruce,
another host species of budworm (Hennigar et al. 2008). To
assess soil properties in each cell, we determined the organic
layer depth and collected a sample of the underlying soil surﬁcial deposit (from 21 to 44 cm in depth depending on the organic layer depth) to measure percentage clay and sand content, an indication of soil texture, and to measure the following chemical properties: total C, total N, C/N, K, P, CEC, and
pH.

2.5. Statistical analyses
We assessed signiﬁcant differences in individual tree
growth responses between species by using viola plots and by
conducting six Mann–Whitney rank sum tests due to some
signiﬁcant departures from normality. Speciﬁcally, we assessed for differences in median values between species for
each of the six characteristics: DBH, GR, RespGSL, RespSHS,
GSBW, and GFTC.
To describe associations among the variables measured on
the surrounding environment (hereinafter, “environmental
variables”), we calculated Pearson’s correlation coefficients
among environmental variables for all 82 trees and for all
trees by species. To address multicollinearity among environmental variables, we excluded those with high Pearson’s correlation coefficients (≥0.80; Berry and Feldman 1985) from
subsequent analyses (namely, percentage clay content, total
N, C/N, K, CEC, CIc, total basal area of dead trees, total basal
area of aspen, and total basal area of ﬁr).
We ﬁtted linear regression models including the species effect and interaction terms to assess associations between the
six growth characteristics measured on the focal tree (DBH,
GR, RespGSL, RespSHS, GSBW, and GFTC) and the remaining 17 environmental variables (organic layer depth, percentage sand content, total carbon, phosphorous, pH, CIa, CIb,
CIainter , CIbinter , CIaintra , CIbintra , total basal area, total density,
total density of dead trees, SDI, total density of aspen, and total density of ﬁr). We initially explored models with forward
and backward stepwise selections with the MASS package in
R (Venables and Ripley 2002). To obtain parsimonious models, we also removed iteratively non-signiﬁcant variables (p
values ≥ 0.05) from the ﬁnal models if present. For all models,
5
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Fig. 4. (a) Viola plots showing diameter at breast height (DBH)
and (b) average growth rates over 1955–2018 (GR) of black
spruce and jack pine. Signiﬁcant differences between species
were assessed by conducting Mann–Whitney rank sum tests.
Different lowercase letters denote signiﬁcant differences between median values (α = 0.05).
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niﬁcantly higher for black spruce relative to jack pine
(p value < 0.001) (Fig. 5a). RespSHS was mostly negative for
spruce and positive for pine, leading to signiﬁcantly different median values between species (p value < 0.001). GSBW
was below average and signiﬁcantly lower for black spruce
relative to jack pine (p value < 0.001), whereas GFTC was not
signiﬁcantly different between species (p value = 0.441), with
both species mostly displaying positive growth responses
(Fig. 5b).

3.2. Predictions of tree growth responses from
environmental variables
Environmental variables describing surrounding tree attributes (i.e., composition and structure) and soil properties
(i.e., organic layer depth, soil texture, and chemical properties) explained tree growth responses across linear regression
models (Table 1). We present below the results for strongly
signiﬁcant models with p values < 0.001. For the ﬁve presented models, the proportion of variance explained (adjusted R2 ) ranged from 0.36 to 0.62.
Black spruce and jack pine DBH decreased signiﬁcantly
with greater intraspeciﬁc and interspeciﬁc tree competition (CIb; p values < 0.001) and higher soil sand content (p
values ≤ 0.020) but increased signiﬁcantly with greater surrounding trembling aspen density (p values ≤ 0.004) (model
adjusted R2 = 0.62). For both species, GR decreased significantly with greater intraspeciﬁc competition (CIbintra ; p
values ≤ 0.001) but increased signiﬁcantly with greater surrounding tree species diversity (SDI; p values < 0.001) (model
adjusted R2 = 0.36). With black spruce, RespGSL increased signiﬁcantly with greater diversity (p value < 0.001) (model adjusted R2 = 0.37) and RespSHS increased signiﬁcantly with
higher surrounding balsam ﬁr density (p value = 0.001)
(model adjusted R2 = 0.42). GSBW decreased signiﬁcantly
with greater intraspeciﬁc competition for black spruce (p
value < 0.001) and decreased signiﬁcantly with higher aspen
density for jack pine (p < 0.001) (model adjusted R2 = 0.46).

we assessed multicollinearity among variables by computing
variance inﬂation factors with the VIF function of the CAR
package in R (Fox and Weisberg 2019) and veriﬁed that model
assumptions were met with regards to normality and homoscedasticity using Shapiro–Wilk and Breusch–Pagan tests,
respectively, in addition to quantile–quantile and residual
plots. We applied a VIF threshold of 5.0 (Zuur et al. 2010;
Dorman et al. 2013) and threshold of p ≥ 0.05 for Shapiro–
Wilk and Breusch–Pagan tests. Given heteroscedasticity in
models using DBH, GR, and SBW, we applied transformations
and used instead the inverse of DBH, the natural logarithm
of GR, and the inverse of SBW.

Our approach based on a double gradient provided insights
on boreal tree growth responses explained by life-history attributes, temperature, and insect disturbances and the importance of surrounding tree attributes and soil properties
in predicting focal tree growth. We ﬁrst discuss individual
tree growth responses for each of the dominant boreal tree
species, followed by our model interpretations that decipher
the relative strength of surrounding environmental variables
in explaining boreal tree growth.

3. Results
3.1. Individual tree growth responses

4.1. Explaining individual tree growth
responses by species according to
life-history attributes, temperature–growth
relations, and insect epidemics

Compared to jack pine, black spruce had signiﬁcantly
smaller DBH (p value = 0.038) (Fig. 4a) but higher GR (p
value = 0.049 and p value < 0.001, respectively) (Fig. 4b). RespGSL was generally positive for both species but was sig-

Individual tree growth responses for black spruce and jack
pine were inﬂuenced by life-history attributes, temperature,
and insect epidemics. In our study area, we found that jack
pine generally had larger DBH than black spruce, likely due to
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4. Discussion
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Fig. 5. Viola plots showing (a) temperature–growth relations for the detrended basal area increment chronologies of black
spruce and jack pine with growing season length (mean average temperature values for April and September during the year
of ring formation) and with summer heat stress (mean average temperature values from June to August during the year of
ring formation) from 1955 to 2018 and (b) weighted mean detrended basal area increment (BAI) indices of black spruce and
jack pine during epidemic years of spruce budworm or forest tent caterpillar. Signiﬁcant differences between species were
assessed by conducting Mann–Whitney rank sum tests. Different lowercase letters denote signiﬁcant differences between
median correlation values (α = 0.05).
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differences in shade tolerance and initial growth rates following the 1916 ﬁre. Compared to shade-tolerant black spruce,
jack pine is shade intolerant (Burns and Honkala 1990). Following a disturbance like a high-severity stand-replacing ﬁre,
black spruce can establish, persist in the subcanopy, and
grow slowly, whereas jack pine requires high initial growth
rates following establishment to maintain its crown in the
rising canopy with access to sunlight (Burns and Honkala
1990). From 1955 to 2018, jack pine growth rates decreased
and were lower relative to black spruce, likely due to greater
tree competition over time and age-related BAI decline.
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Black spruce
(n = 41)

Jack pine
(n = 41)

We found that longer growing seasons beneﬁtted black
spruce more than jack pine, corroborating results by
Hofgaard et al. (1999) who documented increased radial
growth with warmer conditions during spring especially for
black spruce. Warmer springs imply an earlier onset of the
growing season, resulting in increased radial growth for
both species (Boakye et al. 2021). Moreover, Chavardès et al.
(2021) found that black spruce in the study area beneﬁts
from warmer temperatures during fall when the species is
in mixed stands with trembling aspen. As aspen loses foliage during fall, neighboring black spruce receive more sun-

7

Canadian Science Publishing

Table 1. Variable statistics for the linear regression models predicting growth characteristics of focal black spruce (n = 41) and
jack pine (n = 41) by environmental variables.

Characteristic of the focal tree

Inverse(DBH)

Ln(GR)

RespGSL

RespSHS

Inverse(GSBW)

Variable

Estimate

SE

t value

p value

Intercept

0.021

0.004

4.81

<0.001

Species:Spruce
CIb:Spruce

0.015

0.006

2.76

0.007

0.002

4e-4

5.28

<0.001

CIb:Pine

0.005

0.001

8.16

<0.001

Aspen:Spruce

−2e-5

5e-6

−3.29

0.002
0.004

Aspen:Pine

−1e-5

4e-6

−2.93

Sand:Spruce

1e-4

4e-5

2.38

0.020

Sand:Pine

1e-4

4e-5

2.76

0.007

Intercept

5.526

0.182

30.39

<0.001

SDI:Spruce

1.299

0.292

4.46

<0.001

SDI:Pine

1.076

0.242

4.45

<0.001

CIbintra :Spruce

−0.108

0.032

−3.34

0.001

CIbintra :Pine

−0.168

0.042

−4.03

<0.001

Intercept

0.104

0.034

3.03

0.003

SDI:Spruce

0.189

0.046

4.08

<0.001

SDI:Pine

0.006

0.045

0.13

0.900

Intercept

0.071

0.016

4.28

<0.001

Species:Spruce

−0.170

0.023

−7.31

<0.001

Fir:Spruce

0.001

3e-4

3.38

0.001

Fir:Pine

5e-5

3e-4

0.20

0.840

Intercept

1.049

0.017

60.61

<0.001

CIbintra :Spruce

0.021

0.005

3.86

<0.001

CIbintra :Pine

−0.012

0.006

−1.98

0.051

Aspen:Spruce

1e-4

5e-5

1.50

0.138

Aspen:Pine

2e-4

7e-5

3.47

<0.001

Adjusted
R2

0.62

0.36

0.37

0.42

0.46

Note: Growth characteristics were represented by DBH, average GR over 1955–2018, RespGSL, RespSHS, and GSBW. Given heteroscedasticity in models using DBH, GR, and
GSBW, we applied transformations and used instead Inverse(DBH), Ln(GR), and Inverse(GSBW). The retained environmental variables in the models were Species, Sand,
CIb, CIbintra , SDI, Aspen, and Fir. All explanatory variables were tested considering interactions with species identity. Statistics include the variable coefficient estimate,
standard error, t value, and p value, and the model adjusted R2 . DBH, diameter at breast height; GR, growth rates; RespGSL, tree response to growing season length;
RespSHS, tree response to summer heat stress; GSBW, growth response during spruce budworm epidemics; Inverse(DBH), inverse of DBH; Ln(GR), natural logarithm of
GR; Inverse(GSBW), inverse of GSWB; Species, species identity; Sand, percentage sand content; CIb, competition index b; CIbintra , intraspeciﬁc competition index b; SDI,
Shannon diversity index; Aspen, total density of trembling aspen; Fir, total density of balsam ﬁr.

light (Constabel and Lieffers 1996), and, when this coincides
with seasonally warmer than average conditions, spruce radial growth may be prolonged due to the combined effect
of light and temperature (Way 2011). Between species, black
spruce showed a marked decrease in growth with warmer
summers, an indication of summer heat stress, whereas jack
pine did not. This ﬁnding likely reﬂects shallow black spruce
rooting systems (Mekontchou et al. 2020) and low adaptability to dry atmospheric conditions (Marchand et al. 2021), indicating that spruce is more susceptible to summer heat stress
and associated lower moisture availability in the soil and air,
respectively. Conversely, jack pine growth could respond positively under moderate temperature-increase scenarios (Pau
et al. 2022).
Black spruce was signiﬁcantly impacted by the 1970s
spruce budworm epidemic and presented generally above average growth alongside jack pine during the 1980 and 2000–
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2001 forest tent caterpillar epidemics. Black spruce is not the
preferred diet of spruce budworm (Hennigar et al. 2008), but
its presence across stands in the study area is common relative to balsam ﬁr, thus making spruce a ubiquitous target
tree for budworm. Moreover, the 1970s generally coincided
with warmer than average temperatures during the growing season in the region (Environment Canada 2022). These
warmer temperatures may have induced an earlier budburst
for black spruce during this decade, making them more susceptible to budworm attack (Bellemin-Noël et al. 2021). During the two forest tent caterpillar epidemics, non-host black
spruce and jack pine may have beneﬁted from severe reductions of growth in surrounding host trembling aspen in the
study area (Chavardès et al. 2021). This latter ﬁnding suggests
tree species diversity could attenuate some negative impacts
from future forest tent caterpillar epidemics.
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4.2. Importance of surrounding tree attributes
and soil properties in explaining
species-level growth responses
4.2.1. Impact of the surrounding environment on
species-level DBH and growth rates
By analyzing DBH, alongside average growth rates during
the last circa 60 years, we found that size and radial growth
of black spruce and jack pine beneﬁtted from surrounding
species diversity but were limited by greater competition,
notably of intraspeciﬁc nature. Black spruce, with its shade
tolerance and shallow root system, is complementary with
other species like shade intolerant and deeper-rooted jack
pine or trembling aspen (Burns and Honkala 1990). For example, potential hydraulic lift from deeper-rooted species like
trembling aspen (Way et al. 2013) can provide additional soil
moisture to shallower-rooted species like black spruce. In addition, niche partitioning for the recovery of nitrogen (N) is
documented by Houle et al. (2014), whereby black spruce recovers N from the organic layer, and jack pine recovers it
from deeper mineral soils. Interestingly, jack pine DBH increased with higher density of surrounding trembling aspen.
Aspen in the study area was commonly found on clay surface deposits but rarely found on sandy deposits, likely due to
its susceptibility towards root damage from ﬁre on sandy deposits with faster drainage and thus lower moisture content
(Zasada et al. 1992). Live trembling aspen on rich clay surface
deposits grows well in the study area, implying that surviving
shade-intolerant jack pine also needs to grow well to compete
for sunlight access (Longpré et al. 1994). On less rich and more
xeric sandy deposits, jack pine and black spruce growth was
limited and reﬂected in smaller DBH.

4.2.2. Impact of surrounding tree diversity on
black spruce growth responses to
temperature
We found positive black spruce responses to longer growing seasons with greater surrounding tree species diversity.
We also found that spruce growth beneﬁts from surrounding balsam ﬁr when summers were warmer. Our ﬁndings
corroborate other research showing that diversity can mitigate impacts from increasing temperatures on forest growth
(Hisano et al. 2018, 2019; Fichtner et al. 2020; Searle and Chen
2020). In the same study area, growth rates of black spruce are
higher during longer growing seasons in mixed stands with
trembling aspen (Chavardès et al. 2021). Moreover, diverse
stands including balsam ﬁr could beneﬁt spruce growth during unfavorable periods such as warm summers because of
how ﬁr recycles nutrients efficiently, thereby enhancing soil
productivity and tree growth (Nagati et al. 2019). The presence of ﬁr and its mycorrhizal associates in the study area
(Nagati et al. 2019) could also retain ground moisture more
efficiently (Augé et al. 2001), thereby supporting black spruce
during periods of higher heat stress. These interpretations
promote the beneﬁts of greater tree species diversity within
stands and forests in the context of increasing temperatures,
Can. J. For. Res. 53: 1–12 (2022) | dx.doi.org/10.1139/cjfr-2022-0114

at least for black spruce. Indeed, diversity could better sustain ecosystem functioning and enhance resilience to rising
summer temperatures (Hisano et al. 2018).

4.2.3. Surrounding tree structure explains
species-level growth responses to spruce
budworm
During the 1970s spruce budworm epidemic, black spruce
growth was limited in cells with greater intraspeciﬁc competition, an indication that increased presence of surrounding
host spruce with crowns more likely to be in contact facilitated budworm diffusion (Régnière and Fletcher 1983). The
effects of such contact could amplify the severity of budworm
epidemics should spruce budburst and budworm emergence
synchronize (Bellemin-Noël et al. 2021). During the budworm
epidemic, higher jack pine growth was predicted by lower
surrounding trembling aspen density. Our ﬁnding suggested
that non-host jack pine responded positively with fewer surrounding non-host trees competing for resources. These interpretations underscored that tree responses to epidemics
were spatially heterogenous and inﬂuenced by surrounding
tree structure and composition.

5. Conclusion
Our ﬁndings highlighted how stand composition and structure could play key roles in inﬂuencing the vulnerability of
boreal forests to anticipated changes in climate. Notably, promoting tree species diversity and limiting intraspeciﬁc tree
competition were emphasized in our models as enhancing
growth of focal trees regardless of the focal species. Our
ﬁndings complemented those of Jucker et al. (2020) who review the beneﬁts of boreal tree diversity towards growth because of niche complementarity and those of Wu et al. (2012)
who advocate for lower stand densities to mitigate impacts
on growth and tree mortality from anticipated droughts.
We also found that sandy soils with faster drainage limited
growth of black spruce and jack pine, an indication that
increased moisture stress could affect growth of these tree
species in the future, although the impact would likely vary
under different climate change scenarios (Pau et al. 2022).
Our research revealed complex interactions across the double gradient of tree species diversity and soil texture but generally support management practices that maintain or enhance tree species diversity and mitigate intraspeciﬁc competition to decrease forest vulnerability to anthropogenic
climate change and its indirect inﬂuence on insect disturbances.

Acknowledgements
We thank A. Leduc and D. Charron for technical advice and
support, A. Slegers and A. Demers for conducting analyses on
soil samples, and A. Siminea de Castro Lima and T. Châtellier
for assistance in the ﬁeld.
9

Canadian Science Publishing

Article information
History dates
Received: 22 April 2022
Accepted: 23 August 2022
Accepted manuscript online: 27 September 2022

Copyright
© 2022 The Author(s). This work is licensed under a Creative
Commons Attribution 4.0 International License (CC BY 4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original author(s) and
source are credited.

Data availability
The data that support this study are archived at the International Research Laboratory on Cold Forests and will be shared
upon reasonable request to the corresponding author.

Author information
Author ORCIDs
Raphaël D. Chavardès https://orcid.org/0000-0002-4984-4023
Fabio Gennaretti https://orcid.org/0000-0002-8232-023X

Author contributions
RDC, LB, PG, HM, YB, and FG conceptualized the project. RDC
wrote the original draft. RDC collected data. RDC and FG conducted formal analyses. RDC, LB, PG, HM, YB, and FG acquired
funding. YB and FG provided supervision. VP provided resources and visualization. All authors reviewed manuscript
drafts and gave ﬁnal approval for publication.

Funding information
Funding was provided by the Fonds de recherche du
Québec —
— Nature et technologie (FRQNT) and the International Research Network on Cold Forests (R.D. Chavardès), the
Discovery Grants program of the Natural Sciences and Engineering Research Council of Canada (grant number RGPIN2021-03553), the Canadian Research Chair in dendroecology and dendroclimatology (CRC-2021-00368), the Ministère
des Forêts, de la Faune et des Parcs (MFFP; contract No.
142332177-D), and the Alliance grants program of the Natural Sciences and Engineering Research Council of Canada
(Alliance grant No. ALLRP 557148-20, obtained in partnership
with the MFFP and Resolute Forest Products).

Competing interests
The authors declare there are no competing interests.

References
Augé, R.M., Stodola, A.J., Tims, J.E., and Saxton, A.M. 2001. Moisture retention properties of a mycorrhizal soil. Plant Soil, 230(1): 87–97.
doi:10.1023/A:1004891210871.
Aussenac, R., Bergeron, Y., Gravel, D., and Drobyshev, I. 2019. Interactions among trees: a key element in the stabilising effect of species
diversity on forest growth. Funct. Ecol. 33(2): 360–367. doi:10.1111/
1365-2435.13257.

10

Aussenac, R., Bergeron, Y., Mekontchou, C.G., Gravel, D., Pilch, K., and
Drobyshev, I. 2016. Intraspeciﬁc variability in growth response to environmental ﬂuctuations modulates the stabilizing effect of species
diversity on forest growth. J. Ecol. 105(4): 1010–1020. doi:10.1111/
1365-2745.12728.
Bartlett, P.A., McCaughey, H.J., Laﬂeur, P.M., and Verseghy, D.L. 2002. A
comparison of the mosaic and aggregated canopy frameworks for
representing surface heterogeneity in the Canadian boreal forest using CLASS: a soil perspective. J. Hydrol. 266(1–2): 15–39. doi:10.1016/
S0022-1694(02)00090-2.
Béland, M., and Bergeron, Y. 1996. Height growth of jack pine (Pinus
banksiana) in relation to site types in boreal forests of Abitibi, Quebec. Can. J. For. Res. 26(12): 2170–2179. doi:10.1139/x26-246.
Belleau, A., Leduc, A., Lecomte, N., and Bergeron, Y. 2011. Forest succession rate and pathways on different surface deposit types in the
boreal forest of northwestern Quebec. Écoscience. 18(4): 329–340.
doi:10.2980/18-4-3393.
Bellemin-Noël, B., Bourassa, S., Despland, E., De Grandpré, L., and
Pureswaran, D.S. 2021. Improved performance of the eastern spruce
budworm on black spruce as warming temperatures disrupt phenological defences. Glob. Change Biol. 27(14): 3358–3366. doi:10.1111/
gcb.15643.
Bergeron, Y., Denneler, B., Charron, D., and Girardin, M.P. 2002. Using
dendrochronology to reconstruct disturbance and forest dynamics
around Lake Duparquet, northwestern Quebec. Dendrochronologia.
20(1–2): 175–189. doi:10.1078/1125-7865-00015.
Berry, W.D., and Feldman, S. 1985. Multiple regression in practice.
Sage Publications, Inc., Thousand Oaks, CA, USA. doi:10.4135/
9781412985208.
Boakye, E.A., Bergeron, Y., Girardin, M.P., and Drobyshev, I. 2021. Contrasting growth response of jack pine and trembling aspen to climate warming in Quebec mixedwoods forests of eastern Canada
since the early twentieth century. J. Geophys. Res.: Biogeosciences,
126(5):e2020JG005873. doi:10.1029/2020JG005873.
Boulanger, Y., Pascual, J., Bouchard, M., D’Orangeville, L., Périé, C., and
Girardin, M.P. 2022. Multi-model projections of tree species performance in Quebec, Canada under future climate change. Glob. Change
Biol. 28(5): 1884–1902. doi:10.1111/gcb.16014.
Brecka, A.F.J., Boulanger, Y., Searle, E.B., Taylor, A.R., Price, D.T., Zhu, Y.Y.,
et al. 2020. Sustainability of Canada’s forestry sector may be compromised by impending climate change. For. Ecol. Manage. 474: 1–10.
doi:10.1016/j.foreco.2020.118352.
Bunn, A.G. 2008. A dendrochronology program library in R (dplR). Dendrochronologia, 26(2): 115–124. doi:10.1016/j.dendro.2008.01.002.
Burns, R.M., and Honkala, B.H. 1990. Silvics of North America: volume 1.
Conifers. In Agriculture handbook 654. United States Department of
Agriculture (USDA), Forest Service, Washington, DC, USA.
Casperson, J.P., Venderwel, M.C., Gole, W.G., and Purves, D.W. 2011. How
stand productivity results from size- and competition-dependent
growth and mortality. PLoS ONE, 6(12): 1–12. doi:10.1371/journal.
pone.0028660.
Chavardès, R.D., Gennaretti, F., Grondin, P., Cavard, X., Morin, H., and
Bergeron, Y. 2021. Role of mixed-species stands in attenuating the vulnerability of boreal forests to climate change and insect epidemics.
Front. Plant Sci. 12: 1–12. doi:10.3389/fpls.2021.658880.
Constabel, A.J., and Lieffers, V.J. 1996. Seasonal patterns of light transmission through boreal mixedwood canopies. Can. J. For. Res. 26(6):
1008–1014. doi:10.1139/x26-111.
D’Orangeville, L., Duchesne, L., Houle, D., Kneeshaw, D., Côté, B.,
and Pederson, N. 2016. Northeastern North America as a potential
refugium for boreal forests in a warming climate. Science, 352(6292):
1452–1455. doi:10.1126/science.aaf4951.
Dimitrov, D.D., Bhatti, J.S., and Grant, R.F. 2014. The transition zones
(ecotone) between boreal forests and peatlands: ecological controls
on ecosystem productivity along a transition zone between upland
black spruce forest and a poor forested fen in central Saskatchewan.
Ecol. Modell. 291: 96–108. doi:10.1016/j.ecolmodel.2014.07.020.
Dormann, C.F., Elith, J., Bacher, S., Buchmann, C., Carl, G., Carre, G., et al.
2013. Collinearity: a review of methods to deal with it and a simulation study evaluating their performance. Ecography, 36(1): 27–46.
doi:10.1111/j.1600-0587.2012.07348.x.
Drobyshev, I., Gewehr, S., Berninger, F., and Bergeron, Y. 2013.Species
speciﬁc growth responses of black spruce and trembling aspen

Can. J. For. Res. 53: 1–12 (2022) | dx.doi.org/10.1139/cjfr-2022-0114

Canadian Science Publishing
may enhance resilience of boreal forest to climate change. J. Ecol.
101(1):231–242. doi: 10.1111/1365-2745.12007.
Environment Canada. 2022. Canadian Daily Climate Data. National Climate Data and Information Archive. Ottawa, ON, Canada. Available
from https://climate.weather.gc.ca/historical_data/search_historic_d
ata_e.html[accessed 24 January 2022].
Felton, A., Nilsson, U., Sonesson, J., Felton, A.M., Roberge, J.M., Ranius,
T., et al. 2016. Replacing monocultures with mixed-species stands:
ecosystem service implications of two production forest alternatives
in Sweden. Ambio, 45: 1–16. doi:10.1007/s13280-015-0749-2.
Fichtner, A., Schnabel, F., Bruelheide, H., Kunz, M., Mausolf, K., Schuldt,
A., et al. 2020. Neighbourhood diversity mitigates drought impacts on
tree growth. J. Ecol. 108(3): 865–875. doi:10.1111/1365-2745.13353.
Fox, J., and Weisberg, S. 2019. An R companion to applied regression.
Sage Publishing, Inc., Thousand Oaks, USA.
Gauthier, S., Bernier, P., Burton, P.J., Edwards, J., Isaac, K., Isabel, N., et al.
2014. Climate change vulnerability and adaptation in the managed
Canadian boreal forest. Environ. Rev. 22(3): 256–285. doi:10.1139/
er-2013-0064.
Hennigar, C.R., MacLean, D.A., Quiring, D.T., and Kershaw, J.A. 2008.
Differences in spruce budworm defoliation among balsam ﬁr and
white, red, and black spruce. For. Sci. 54(2): 158–166. doi:10.1093/
forestscience/54.2.158.
Hisano, M., Chen, H.Y.H., Searle, E.B., and Reich, P.B. 2019. Speciesrich boreal forests grew more and suffered less mortality than
species-poor forests under the environmental change of the past halfcentury. Ecol. Lett. 22(6): 999–1008. doi:10.1111/ele.13259.
Hisano, M., Searle, E.B., and Chen, H.Y.H. 2018. Biodiversity as a solution to mitigate climate change impacts on the functioning of forest
ecosystems. Biol. Rev. 93(1): 439–456. doi:10.1111/brv.12351.
Hofgaard, A., Tardif, J., and Bergeron, Y. 1999. Dendroclimatic response
of Picea mariana and Pinus banksiana along a latitudinal gradient in
the eastern Canadian boreal forest. Can. J. For. Res. 29(9): 1333–1346.
doi:10.1139/x99-073.
Holmes, R.L. 1983. Computer-assisted quality control in tree-ring dating
and measurement. Tree-Ring Bull. 43: 69–78.
Houle, D., Moore, J., Ouimet, R., and Marty, C. 2014. Tree species partition
N uptake by soil depth in boreal forests. Ecology, 95(5): 1127–1133.
doi:10.1890/14-0191.1.
Huang, J.G., Tardif, J.C., Bergeron, Y., Denneler, B., Berninger, F., and
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. Change Biol. 16(2): 711–731. doi:10.
1111/j.1365-2486. 2009.01990.x.
Jochum, M., Fischer, M., Isbell, F., Roscher, C., van der Plas, F., Boch, S.,
et al. 2020. The results of biodiversity–ecosystem functioning experiments are realistic. Nat. Ecol. Evol. 4(11): 1485–1494. doi:10.1038/
s41559-020-1280-9.
Jonsson, B., Holm, S., and Kallur, H. 1992. A forest inventory method
based on density-adapted circular plot size. Scand. J. For. Res. 7(1–4):
405–421. doi:10.1080/02827589209382733.
Jucker, T., Koricheva, J., Finér, L., Bouriaud, O., Iacopetti, G., and Coomes,
D.A. 2020. Good things take time —
—diversity effects on tree growth
shift from negative to positive during stand development in boreal
forests. J. Ecol. 108(6): 2198–2211. doi:10.1111/1365-2745.13464.
Laamrani, A., Valeria, O., Bergeron, Y., Fenton, N., and Cheng, L.Z. 2014.
Effects of topography and thickness of organic layer on productivity
of black spruce boreal forests of the Canadian clay belt region. For.
Ecol. Manage. 330: 144–157. doi:10.1016/j.foreco.2014.07.013.
Larsson, L. 2020. CDendro package version 9.6. Cybis Elektronik & Data
AB. Available from http://www.cybis.se[accessed 24 January 2022].
Légaré, S., Paré, D., and Bergeron, Y. 2005. Inﬂuence of aspen on forest
ﬂoor properties in black spruce-dominated stands. Plant Soil, 274:
207–220. doi:10.1007/s11104-005-1482-6.
Lessard, V.C., Drummer, T.D., and Reed, D.D. 2002. Precision of density
estimates from ﬁxed-radius plots compared to n-tree distance sampling. For. Sci. 48(1): 1–6. doi:10.1093/forestscience/48.1.1.
Longpré, M.H., Bergeron, Y., Paré, D., and Béland, M. 1994. Effect of companion species on the growth of jack pine (Pinus banksiana). Can. J. For.
Res. 24(9): 1846–1853. doi:10.1139/x94-238.
Looney, C.E., D’Amato, A.W., Fraver, S., Palik, B.J., and Reinikainen, M.R.
2016. Examining the inﬂuences of tree-to-tree competition and climate on size-growth relationships in hydric, multi-aged Fraxinus nigra

Can. J. For. Res. 53: 1–12 (2022) | dx.doi.org/10.1139/cjfr-2022-0114

stands. For. Ecol. Manage. 375: 238–248. doi:10.1016/j.foreco.2016.05.
050.
Loreau, M., and Hector, A. 2001. Partitioning selection and complementarity in biodiversity experiments. Nature, 412(6842): 72–76. doi:10.
1038/35083573.
Loreau, M., Naeem, S., Inchausti, P., Bengtsson, J., Grime, J.P., Hector, A.,
et al. 2001. Biodiversity and ecosystem functioning: current knowledge and future challenges. Science, 294(5543): 804–808. doi:10.1126/
science.1064088.
Luo, Y., and Chen, H.Y.H. 2011. Competition, species interaction and ageing control tree mortality in boreal forests. J. Ecol. 99(6): 1470–1480.
doi:10.1111/j.1365-2745.2011.01882.x.
Marchand, W., Girardin, M.P., Hartmann, H., Gauthier, S., and Bergeron,
Y. 2019. Taxonomy, together with ontogeny and growing conditions,
drives needleleaf species’ sensitivity to climate in boreal North America. Global Change Biol. 25(8): 2793–2809. doi:10.1111/gcb.14665.
Marchand, W., Girardin, M.P., Hartmann, H., Lévesque, M., Gauthier, S.,
and Bergeron, Y. 2021. Contrasting life-history traits of black spruce
and jack pine inﬂuence their physiological response to drought and
growth recovery in northeastern boreal Canada. Sci. Total Environ.
794: 1–14. doi:10.1016/j.scitotenv.2021.148514.
Mekontchou, C.G., Houle, D., Bergeron, Y., and Drobyshev, I. 2020. Contrasting root system structure and belowground interactions between black spruce (Picea mariana (Mill.) B.S.P) and trembling aspen
(Populus tremuloides Michx) in boreal mixedwoods of eastern Canada.
Forests, 11(2): 1–19. doi:10.3390/f11020127.
Ministère des Forêts, de la Faune et des Parcs. 2020a. Cartographie
du 5e inventaire écoforestier du Québec méridional —
— méthodes
et données associées. Ministère des Forêts, de la Faune et des
Parcs, Direction des Inventaires Forestiers, Québec, Canada. Available from https://www.donneesquebec.ca/recherche/dataset/carte-e
coforestiere-avec-perturbations[accessed 24 January 2022].
Ministère des Forêts, de la Faune et des Parcs. 2020b. Données sur les perturbations naturelles—
—insecte. Ministère
des Forêts, de la Faune et des Parcs, Direction de la Protection des Forêts, Québec, Canada. Available from https:
//www.donneesquebec.ca/recherche/dataset/donnees-sur-les-per
turbations-naturelles-insecte-tordeuse-des-bourgeons-de-lepinette,
https://www.donneesquebec.ca/recherche/dataset/donnees-sur-les-p
erturbations-naturelles-insecte-livree-des-f orets[accessed 24 January
2022].
Mouillot, D., Villéger, S., Scherer-Lorenzen, M., and Mason, N.W.H. 2011.
Functional structure of biological communities predicts ecosystem
multifunctionality. PLoS ONE, 6(3): e17476. doi:10.1371/journal.pone.
0017476.
Nagati, M., Roy, M., Desrochers, A., Manzi, S., Bergeron, Y., and Gardes,
M. 2019. Facilitation of balsam ﬁr by trembling aspen in the boreal
forest: do ectomycorrhizal communities matter? Front. Plant Sci. 10:
1–12. doi:10.3389/fpls.2019.00932.
Navarro, L., Morin, H., Bergeron, Y., and Montoro Girona, M. 2018.
Changes in spatiotemporal patterns of 20th century spruce budworm
outbreaks in eastern Canadian boreal forests. Front. Plant Sci. 9: 1–15.
doi:10.3389/fpls.2018.01905.
Nicol, R.W., Arnason, J.T., Helson, B., and Abou-Zaid, M.M. 1997. Effect of
host and nonhost trees on the growth and development of the forest tent caterpillar, Malacosoma disstria (Lepidoptera: Lasiocampidae).
Can. Entomol. 129(6): 991–999. doi:10.4039/Ent129991-6.
Pau, M., Gauthier, S., Chavardès, R.D., Girardin, M.P., Marchand, W., and
Bergeron, Y. 2022. Site index as a predictor of the effect of climate
warming on boreal tree growth. Global Change Biol. 28(5): 1903–
1918. doi:10.1111/gcb.16030.
Price, D.T., Alfaro, R.I., Brown, K.J., Flannigan, M.D., Fleming, R.A., Hogg,
E.H., et al. 2013. Anticipating the consequences of climate change
for Canada’s boreal forest ecosystems. Environ. Rev. 21(4): 322–365.
doi:10.1139/er-2013-0042.
Régnière, J., and Fletcher, R.M. 1983. Direct measurement of spruce budworm (Lepidoptera: Tortricidae) larval dispersal in forest stands. Environ. Entomol. 12(5): 1532–1538. doi:10.1093/ee/12.5.1532.
Rossi, S., Plourde, P.Y., and 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. doi:10.3389/fpls.2018.01061.

11

Canadian Science Publishing
Rouvinen, S., and Kuuluvainen, T. 1997. Structure and asymmetry of tree
crowns in relation to local competition in a natural mature Scots pine
forest. Can. J. For. Res. 27(6): 890–902. doi:10.1139/x97-012.
Saucier, J.P., Robitaille, A., Grondin, P., Bergeron, Y., and Gosselin, J. 2011.
Les régions écologiques du Québec méridional (4e version). Carte à
l’échelle 1 : 1,250,000. Ministère des Ressources Naturelles et de la
Faune, Direction des Inventaire Forestiers, Québec, Canada.
Searle, E.B., and Chen, H.Y.H. 2020. Complementarity effects are
strengthened by competition intensity and global environmental
change in the central boreal forests of Canada. Ecol. Lett. 23(1): 79–87.
doi:10.1111/ele.13411.
Shannon, C.E. 1948. A mathematical theory of communication. Bell Syst.
Tech. J. 27: 379–423. doi:10.1002/j.1538-7305.1948.tb01338.x.
Venables, W.N., and Ripley, B.D. 2002. Modern applied statistics with S.
Springer Science+Business Media, New York, USA. p. 498. doi:10.1007/
978-0-387-21706-2.
Wang, T.L., Hamann, A., Spittlehouse, D., and Carroll, C. 2016. Locally
downscaled and spatially customizable climate data for historical and
future periods for North America. PLoS ONE, 11(6): 1–17. doi:10.1371/
journal.pone.0156720.
Way, D.A. 2011. Tree phenology responses to warming: spring forward,
fall back? Tree Physiol. 31(5): 469–471. doi:10.1093/treephys/tpr044.
Way, D.A., Crawley, C., and Sage, R.F. 2013. A hot and dry future: warming
effects on boreal tree drought tolerance. Tree Physiol. 33(10): 1003–
1005. doi:10.1093/treephys/tpt092.
Wu, X.C., Liu, H.Y., Guo, D.L., Anenkhonov, O.A., Badmaeva, N.K., and
Sandonov, D.V. 2012. Growth decline linked to warming-induced water limitation in hemi-boreal forests. PLoS ONE, 7(8): 1–12. doi:10.
1371/journal.pone.0042619.
Zang, C., and Biondi, F. 2015. Treeclim: an R package for the numerical
calibration of proxy-climate relationships. Ecography, 38(4): 431–436.
doi:10.1111/ecog.01335.
Zasada, J., Sharik, T.L., and Nygren, M. 1992. The reproductive process in
boreal forest trees. In A systems analysis of the boreal forest. Edited
by H.H. Shugart, R. Leemans and G.B. Bonan. Cambridge University
Press, New York, USA. pp. 85–125.
Zuur, A.F., Ieno, E.N., and Elphick., C.S. 2010. A protocol for data exploration to avoid common statistical problems. Methods Ecol. Evol. 1(1):
3–14. doi:10.1111/j.2041-210X.2009.00001.x.

12

Can. J. For. Res. 53: 1–12 (2022) | dx.doi.org/10.1139/cjfr-2022-0114

