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Abstract Tree genetic makeup may provide an important
control of growth dynamics; however, no studies have previ-
ously attempted to evaluate its effects in natural trembling
aspen stands. In this study, we examined the relative contribu-
tion of genetics (i.e. clonal diversity, observed heterozygosity)
and environmental conditions (i.e. insects, climate) on aspen
growth as represented by mean inter-tree correlation (RBAR),
tree basal area increment (TBAI) and inter-annual growth var-
iability (MS). We sampled 440 trees in 22 even-aged natural
stands dominated by aspen along an east-west continental gra-
dient of decreasing annual precipitation in the Canadian boreal
forest. Linear and mixed-effect models tested the relationships
between tree growth, genetics and environmental factors. We
showed that clonal diversity and number of years with forest
tent caterpillar (FTC) defoliation (NFTC) reduced and in-
creased the level of growth synchronicity (RBAR), respective-
ly. Clonal diversity explained 30 % of variation in RBAR
among sites. TBAI was positively influenced by high

moisture conditions while NFTC and climate explained the
variation in MS among trees for each site. No genetic effect
could explain either TBAI or the MS variation. Climate and
NFTC drive annual growth variability in trembling aspen at
stand and subcontinental scales. Tree genetic makeup contrib-
uted to these dynamics, the annual growth dynamics of multi-
clonal stands being less homogeneous than those of monoclo-
nal stands. Maintaining diverse aspen stands may ensure a
wider range of growth responses to environmental variability,
which in turn may help maintain resilience of aspen stands
under future climate.

Keywords Climate moisture index . Forest tent caterpillar .

Geneticdiversity .Heterozygosity .Radialgrowth .Trembling
aspen

Introduction

Trembling aspen (Populus tremuloides Michaux) is the most
widely distributed and abundant deciduous tree species in
North America (Little 1971), particularly in Canadian boreal
forests, where it covers 11.6 % of the national forested land
base (Peterson and Peterson 1992). Over the last two decades,
widespread aspen decline and mortality has been observed
mainly in western North America and, to a lesser extent, in
eastern Canada. These observations have led to a growing
interest in understanding the causes and underlying mecha-
nisms of aspen growth variation (e.g. Frey et al. 2004; Hogg
et al. 2008; Michaelian et al. 2011).

Species-specific responses to short-term environmental
variation suggest that tree growth responses to climatic fluc-
tuations would not likely be synchronised among species in a
mixedwood boreal forest that was composed of aspen and
spruce (Drobyshev et al. 2013). This could thus lead to
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changes in the structure and composition of future forest com-
munities (Drobyshev et al. 2013). Tree-ring width analysis is a
powerful proxy for estimating tree growth (Fritts 1976) and
has been successfully used in trembling aspen to evaluate
stand productivity (Hogg et al. 2008) and climate-growth re-
lationships (Hogg 2001; Hogg and Bernier 2005; Leonelli
et al. 2008). Variation in inter-annual aspen growth is espe-
cially sensitive to the effects of defoliation by the forest tent
caterpillar (FTC;Malacosoma disstria Hübner), soil moisture
availability (as measured using a climatic moisture index,
CMI), accumulated growing degree days and snow depth
(Hogg et al. 2002a). However, the genetic composition of
populations under investigation is not explicitly considered
in most studies, and the observed changes are assumed to be
driven primarily by physiological responses to climatic
change, without a significant genetic contribution (King
et al. 2013).

In a clonal species such as trembling aspen, one single
genotype (also referred to as Bclone^) can cover vast areas
(e.g. the 43 ha Pando clone in south-central Utah; Grant
et al. 1992; DeWoody et al. 2008) that could be affected by
sudden declines following severe environmental variations,
such as drought (e.g. Worrall et al. 2013), due to maladapta-
tion of certain genotypes to the new conditions. It is equally
possible that either no response or a positive response would
be observed for some genotypes that are better adapted to the
changing conditions. The growth performance of a population
could thus be, on average, similar over time if populations
consist of multiple clones with different climatic tolerances.
Most of the variation would then be observed between geno-
types within populations.

Mitton and Grant (1996) hypothesised that regional differ-
ences in terms of genetic and clonal structures in aspen pop-
ulations reflect the aridity of the climate, the propensity for
clonal reproduction or the predominant mode of reproduction
(sexual or asexual). Within its range, clonal diversity is gen-
erally assumed to decrease fromwest to east, while population
heterozygosity would tend to increase. However, few studies
have examined this source of variation at a continental scale
(Callahan et al. 2013). Recent work has shown that regional
differences in genetic variation among populations across as-
pen’s distributional range are less important than was previ-
ously thought due to recent sexual reproduction events (Mock
et al. 2008; Long and Mock 2012). However, at regional and
local scales, Mitton and Grant (1984) made the hypothesis that
higher individual heterozygosity could provide greater flexi-
bility in their growth responses to environmental variation,
resulting in higher average aspen radial growth (Jelinski and
Cheliak 1992; Cole et al. 2010). An average 20 % of tree
growth variation (a value between 10 and 40 %, depending
upon the species) is under genetic control (Cornelius 1994;
Beaulieu and Bousquet 2010). Geographic variation between
aspen provenances that were tested in common garden

experiments has been reported (Gray et al. 2010; Li et al.
2010; Schreiber et al. 2013), showing that growth is partly
under genetic control. Broad-sense heritability (h2: proportion
of phenotypic variance that is subject to genetic control) for
height and diameter at breast height (DBH at 1.3 m) respec-
tively averaged 0.45 and 0.43 for aspen clones in common
garden trials (Gylander et al. 2012).

In most studies, intra-population genetic structure has not
been considered and was not expected to affect stand growth
responses. In this study, our specific objective was to investi-
gate whether the level of genetic variation in natural aspen
stands is associated with differential growth responses to en-
vironmental conditions, viz severe FTC defoliation and water
stress (estimated by the average CMI). Tree growth was
analysed using a dendrochronological approach (Fritts 1976)
to quantify the tree basal area increment (TBAI), the mean
sensitivity (MS) of growth, and the mean inter-tree correlation
(RBAR). TBAI is the mean annual basal area increment cal-
culated for each tree sampled and measures wood production
in volume. MS quantifies the inter-annual variation in tree-
ring widths (Fritts 1976), while RBAR is a measure of the
strength of the common variation in radial growth between
all possible pairs in tree-ring width chronologies (Cook and
Pederson 2010). Higher values ofMS are associated with high
tree growth sensitivity to inter-annual climatic variations,
whereas variation in RBAR illustrates changes in the strength
of common patterns of tree growth over time. More specifi-
cally, we hypothesised that (i) higher aspen TBAI is correlated
with higher genetic diversity of aspen stands and (ii) both
growth synchronicity (RBAR) among trees within a site and
year-to-year growth variability (MS) are negatively correlated
with genetic diversity of aspen stands.

Materials and methods

Study area and sampling

The study sites consisted of 22 plots, each measuring 400 m2

(11.28 m radius), which had been established in dominant
(>75 % basal area), even-aged and mature (50 years old)
trembling aspen stands across Canada (48° 33′ 36″ N to 58°
20′ 01″ N; 67° 59′ 07″ W to 117° 14′ 13″ W; Fig. 1). The 22
plot locations coincided with the 0±1 °C isothermal envelope
over the period 1971–2000 (Environment Canada 2014), ex-
cept for two sites that were 2 °C above this value (ON95 and
ON94) and two sites that were 2 °C below this value (MB97
and MB99). This pan-Canadian transect represents an east-
west gradient of decreasing annual precipitation (from 1000
to 400 mm/year; Fig. 1), which allowed a wide range of envi-
ronmental conditions and genetic variability to be covered.
The general topography was gently rolling, with elevations
ranging from 195 to 675 m asl (Table 1). Soil conditions were

 96 Page 2 of 14 Tree Genetics & Genomes  (2015) 11:96 

Author's personal copy



selected to be as similar as possible (mesic clayey soils) to
reduce variation between sites. Site index was obtained from
stem analysis of three dominant trees (suppression-free trees
with a normally formed canopy) per plot that were sampled in
2010 and 2011, as explained in Hanson et al. (2003). Cookies
were taken every metre from the base to the top of each tree,
and ring widths were measured. We obtained age-height
curves for these trees and computed a site index (SI) based
on the average of the mean height at age 50 years in a given
plot. Within each plot, the DBH and the height of every ma-
ture tree (DBH≥10 cm) were measured. Among these indi-
viduals, 20 trees were selected per plot. Each tree was tagged,
mapped and sampled (DNA from root cambium tissue and
increment cores) for analysis. All analyses were performed
based on ring widths over the period between 1959 and
2009 (50 years).

Tree-ring width measurement and cross-dating

Tree increment cores were mounted on wood and progressive-
ly polished with up to 600-grit sandpaper to permit clear rec-
ognition and differentiation of annual rings under the micro-
scope (magnification ×20). Annual ring widths were mea-
sured with +0.01 mm accuracy using a LINTAB measuring
stage (RINNTECH Inc., St. Charles, IL, USA) and TSAP 3.0
software (Rinn 1996). For each plot, the individual ring width
series were visually compared during ongoing measurements
to avoid any evident shifts between chronologies. The chro-
nologies were then carefully cross-dated by progressively de-
tecting regional pointer years using the method developed by
Becker (1989). Methods and thresholds that were used to

define pointer years were performed according to Lebourgeois
et al. (2013). Pointer years were calculated in the R statistical
environment (version 2.15.0, R Development Core Team
2013) using the function pointer in the package dplR (Bunn
2008). Absolute dating was checked with the application
INTERDAT (Bunn 2008), which identifies locations within
each ring series that may be subject to erroneous cross-
dating (Becker 1989; Mérian and Lebourgeois 2011).

Tree basal area increment calculation TBAI (mm2) was
preferred to ring width because the former provides a better
estimate of annual growth (Valentine 1985; LeBlanc 1990;
Briffa et al. 1998; Yang et al. 2009). We calculated the TBAI
at breast height, following the equation TBAI=π (Rt

2−Rt-1
2),

where Rt is the stem radius at the end of the annual increment,
and Rt-1 is the stem radius at the beginning of the annual
increment. For cores with missing pith, the first radius R cor-
responding to the distance between the pith and the first re-
corded ring was estimated with the pith locator method
(Applequist 1958). In some cases (107 cores, i.e. 12 % of total
cores), this method could not be used accurately due to a
broken core or branch in the pith, and thus, the TBAIs were
calculated backwards with the radius of the last year of growth
(2010; see Online Resource 1). Eventually, the TBAI series
were averaged to create a single basal area increment series for
each site (40 cores for 20 trees), and the mean TBAI for the
1959–2009 period was calculated for each tree and then used
in the later analysis. Due to incomplete core series, we were
not able to calculate the TBAI for 23 trees over all sites. A
final data set of 417 trees with complete TBAI values was then
used to analyse relationships with selected variables.

Fig. 1 Study sites along the east-west gradient of decreasing annual precipitation (Environment Canada 2014) where 22 Populus tremuloides popula-
tions were sampled
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Inter-annual growth variability and growth synchronicity
calculations The raw tree-ring chronologies were computed
and detrended to remove medium- and low-frequency signals,
thereby emphasising inter-annual variation. The maximum
period that was common to all chronologies within a data set
was used (1959–2009). Each series was detrended by fitting a
cubic smoothing spline with 50 % frequency response cut-off
and a rigidity of 33 % of series length (Cook and Peters 1981;
Bunn 2008; Mérian 2012). For each tree (two series per tree)
and then each plot (20 trees per plot), the growth indices were
averaged by year using a bi-weighted robust mean to develop
a mean growth chronology, which represented the common
high-frequency variation of the individual series (Cook 1985).
To evaluate the effect of climate, insects and genetic diversity
on inter-annual growth variability and inter-tree growth syn-
chronicity across sites, the MS (Briffa and Jones 1990; Cook
and Pederson 2010) and the RBAR (Cook and Pederson
2010) were respectively calculated on the growth indices.
MS is a measure of the relative change in ring width index
from one year to the next and reflects the proportion of high-
frequency variance (short period) in the chronology (Cook
and Kariukstis 1990). MS was calculated for each tree to mea-
sure year-to-year variability (Fritts 1976) as follows:

MS ¼ 1

n−1

Xn

i¼2

2 xi−xi−1ð Þ
xi−xi−1ð Þ

����

����

where xi is the arithmetic mean for tree-ring series of length n.
Bunn et al. (2013) showed that MS is nearly proportional to
the standard deviation of a time series when using random
data sets and we used this definition of MS in our study (stan-
dard deviation of detrended ring widths). The RBAR is the
arithmetic mean of the correlation coefficient rjj′ between each
possible pair of chronologies j and j′ over the t trees calculated
within each plot as follows:

RBAR ¼ 1

2t t−1ð Þ
Xt¼1

j¼1

Xt

j0 ¼ 1
j0 > j

r j j0

0
BBBB@

1
CCCCA

This metric varies from 0 when series are strictly independent
of one another to 1 where the trees show identical growth
patterns (Briffa and Jones 1990; Cook and Pederson 2010).
RBAR also measures the proximity between the theoretical
population chronology and the observed mean growth chro-
nology (Wigley et al. 1984).

Environmental data

Climatic data The CMI was selected as the climatic variable
to estimate water stress (Hogg 1997; Hogg and Bernier 2005;

Hogg et al. 2005; Lemprière et al. 2008; Michaelian et al.
2011). CMI was previously calculated from mean monthly
precipitation (mm) and potential evapotranspiration (PET;
mm) that were simulated for all sites using BioSIM 10
(Régnière et al. 2013), based on the daily database for Canada
covering the years 1901 to 2011. The CMI is the difference
between precipitation and PETand is calculated for the period
between August and the following July to take into account
possible winter water deficits that could affect the next year’s
growth (Hogg 1997; Hogg et al. 2005; Hogg et al. 2008).

Forest tent caterpillar defoliation Forest tent caterpillar de-
foliation causes the non-systematic presence of Bwhite tree
ring^ or Bmissing ring^ values, which are indicative of a severe
FTC defoliation causing a reduction in growth and an increase
in tree mortality (Hogg et al. 2002b; Moulinier et al. 2014).
White tree rings are anomalously pale-coloured, low-density
tree rings that are formed during severe early season defoliation
in both young andmature aspen (Hogg et al. 2002b; Hogg et al.
2005). Years in which white tree rings occurred were recorded
for each core and on three stems per site during stem analysis.
For each plot and year during the 1959–2009 period, years with
severe defoliation were calculated as described in the Online
Resource 2. The cumulative number of years with severe FTC
defoliations (NFTC) over the past 50 years (1959–2009) was
then used as an explanatory variable in model building.

Clonal structure and genetic diversity

Root cambium tissue was collected, dried in silica gel and
conserved at room temperature. DNA was extracted using
Extract-N-AmpTM Plant kit (Sigma-Aldrich, St. Louis, MO,
USA). Individuals were genotyped at seven microsatellite loci
(Table 2). Each PCR was performed upon a 10-μL total vol-
ume: 2 μL DNA extract, which was diluted to one tenth; 5 μL
QIAGEN® Multiplex PCR Kit (Qiagen, Venlo, Limburg,
The Netherlands); and 1 μL H2O and 2 μL primer mix solu-
tion at 2 μM, for a final concentration of 0.4 μM. PCR was
carried out separately for each primer. Reactions were per-
formed in a Mastercycler® Pro Thermal Cycler (Eppendorf,
Hamburg, Germany) with the following protocol: an initial
denaturation step at 95 °C for 15 min, followed by 36 cycles
of 94 °C for 30 s, primer-specific annealing temperature for
90 s, 72 °C for 60 s, and a final extension at 60 °C for 30 min.
PCR products were analysed on an ABI 3730 Automated
Capillary DNA Sequencer (Applied Biosystems, Foster City,
CA, USA). Allele sizes were scored using GeneMapper ver-
sion 5.0 (Applied Biosystems) and only nine samples were not
genotyped at all seven loci. We used GenoDive (Meirmans
and Van Tienderen 2004) to assign clone identities based on
the stepwise mutation model. The ramet data set included all
of the trees (440 sampled trees), while the genet set included
the unique multi-locus genotype (118 unique genets). Ramet
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data were used to estimate clonal heterogeneity (Dorken and
Eckert 2001), which was calculated as the Simpson diversity
index (D) and evenness (E). Clonal diversity (R) was also
estimated, which is the proportion of different genotypes in
a population (Arnaud-Haond et al. 2007). Genet data were
used to evaluate genetic diversity: observed heterozygosity
(Ho), observed heterozygosity per individual (individual Ho),
expected heterozygosity (He), average allelic richness (aver-
age number of alleles observed per loci: A) and the inbreeding
coefficientGis (an analogue ofFis). All of these measures were
estimated with the software GenoDive (Meirmans and Van
Tienderen 2004), except individual Ho, which was calculated
as the sum of loci with more than one allele divided by the
total number of loci that were used.

Statistical analysis

Annual growth and inter-tree growth variability Mixed
effects modelling was used to analyse the fixed effects of
the genetics (Ho or individual Ho, A and D), the environment
(moisture index CMI and NFTC) and tree ages on TBAI and
MS, while including random effects that were due to the
experimental design (CloneID nested in SiteID). The random
effects only consisted of the (random) intercepts. Nesting of
CloneID within SiteID allowed us to take into account that
each clone within a population responds differently to the
explanatory variables for a given response variable. We con-
sidered a set of 10 candidate models to explain the variation
in TBAI and MS (see results tables for the models list). The
same set of models was tested with eitherHo or individualHo.
Clonal diversity (R) was not included since R and D are
highly correlated measures of clonal richness (Pearson
product-moment correlation: r=0.86, P<0.01). Assumptions
of homogeneity of variance and normality were verified
graphically. TBAI and MS were transformed with a log and
a square root function, respectively, to meet normality and

constant variance assumptions. Parameters in the candidate
models were estimated by maximum likelihood with the
lme function from the nmle package in R (Pinheiro et al.
2013; R Development Core Team 2013). We compared the
models using the Akaike information criterion corrected for
small sample sizes (AICc; Burnham and Anderson 2004)
with the aictab.lme function from the AICcmodavg package
(Mazerolle 2013). When the top-ranked model had an Akaike
weight (ωi) <0.9, we computed the model-averaged esti-
mates of the explanatory variables and their 95 % confidence
intervals (Burnham and Anderson 2004) with the
modavg.lme and modavgpred function of the AICcmodavg
library (Mazerolle 2013). A confidence interval excluding 0
indicated that the response variable varied with the explana-
tory variable of interest. Multi-model predictions and figures
were obtained with the modavg function of the AICcmodavg
library (Mazerolle 2013).

Mean inter-tree correlation Lastly, we carried out multiple
linear regressions with the function lm to evaluate the relation-
ship between RBAR and a set of 5 explanatory variables
(CMI, FTC defoliation, R, A and Ho), which were combined
in a set of 10 different models (see results table for the models
list). Amaximum of three different explanatory variables were
included in each model to maintain high statistical power (a
large number of parameters decrease precision of estimates;
Kullback and Leibler 1951; Verbeke and Molenberghs 2009;
Zuur et al. 2009). The variable D was not included because it
was strongly correlated with R. We tested the set of 10 models
with different combinations of the explanatory variables. We
then compared the models using the Akaike information cri-
terion with the functions described above. The model assump-
tions (homogeneity of variance and normality) were verified
and partial regression plots were computed with the function
avPlots of the car package (Fox and Weisberg 2011).

Table 2 Primer sequences, size range (in base pairs, bp) and number of alleles observed for seven microsatellite loci of Populus tremuloides

Locus Repeat Primer sequence (5′→3′) Dye
colour

Size range
(bp)

Number
of alleles

Source

PTR1 (GGT)n
(AGG)n

AGCGCGTGCGGATTGCCATT (F)
TTAGTTTCCCGTCACCTCCTGTTAT (R)

FAM
(blue)

239–278 12 Dayanandan et al. (1998)

PTR2 (TGG)n AAGAAGAACTCGAAGATGAAGAACT (F)
ACTGACAAAACCCCTAATCTAACAA (R)

VIC
(green)

202–229 10 Dayanandan et al. (1998)

PTR3 (TC)n CACTCGTGTTGTCCTTTTCTTTTCT (F)
AGGATCCCTTCCCTTTAGTAT (R)

NED
(black)

186–260 19 Dayanandan et al. (1998)

PTR4 (TC)n AATGTCGAGGCCTTTCTAAATGTCT (F)
GCTTGAGCAACAAACACACCAGATG (R)

PET
(red)

200–234 11 Dayanandan et al. (1998)

PTR6 (AT)n AGAAAAGCAGATTGAGAAAAGAC (F)
CTAGTATAGAGAAAGAAGAAGCAGAAA (R)

VIC
(green)

184–211 9 Rahman et al. (2000)

PTR14 (TGG)n TCCGTTTTTGCATCTCAAGAATCAC (F)
ATACTCGCTTTATAACACCATTGTC (R)

NED
(black)

140–200 14 Rahman et al. (2000)

WPMS16 (GTC)n
(ATCCTC)n

CTCGTACTATTTCCGATGATGACC (F)
AGATTATTAGGTGGGCCAAGGACT (R)

FAM
(blue)

148–196 9 Smulders et al. (2001)
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Results

Descriptive tree-ring analysis

The variables of interest per site are presented in Table 1.
The average TBAI was 6.206 mm2/year. The minimum
TBAI per site was 3.711 mm2/year, while the maximum
was 10.622 mm2/year. With respect to MS, its average
value for all sites was 0.296; MS ranged from 0.21 to
0.658 for trees. We found higher values of MS (ANOVA,
F1,438=130.8, P<0.001) and lower values of TBAI
(ANOVA, F1,415=64.72, P<0.01) in western Canada
(ON94 to HIG2) than in eastern Canada (QC68 to
ON92). RBAR averaged 0.585 and ranged from 0.341 to
0.735. The average total number of years with severe FTC
defoliation (NFTC) between 1959 and 2009 was 6.4 defo-
liations, with extreme values of 13 and 1, meaning that a
severe defoliation occurred every 8 years on average. The
climate moisture index (CMI) and NFTC were not signifi-
cantly correlated (Pearson product-moment correlation: r=
−0.26, P=0.2415).

Descriptive genetic statistics

All 7 loci were highly polymorphic and the number of alleles
per locus ranged from 9 (PTR6 and WPMS16) to 19 (PTR3;
Table 2). All descriptive genetic data are presented in Table 3.

Ramet data set Clonal (genotypic) diversity and the Simpson
diversity index (D) ranged between 0 (monoclonal sites) and
1, but did not vary significantly along the longitudinal gradi-
ent (Pearson product-moment correlation: r=0.0064, P=
0.7223). The highest value for evenness (E) was E=1 and
the lowest value was E=0.308, where the differences in the
size of each clone within the stand were large.

Genet data setAveraged allelic richness (A) ranged from 1.3 to
6.1, with an average value of 3.5 across populations. Observed
heterozygosity (Ho) had a mean value of 0.622 and varied from
0.286 to 0.857. The mean He was 0.603, with values ranging
from 0.429 to 0.724. Values of Ho were slightly higher than He,
but these differences were not significant (paired t test: t=1.37,
df=21, P=0.19). Ho did not vary significantly along the

Table 3 Genetic variability of 22
aspen populations sampled across
Canada

Population N Ga Ra Ab Ho
b He

b Gis
b Da Ea

HIG2 20 2 0.053 1.714 0.286 0.429 0.333 0.1 0.552

RED2 20 4 0.158 3.286 0.679 0.658 −0.031 0.432 0.424

CAL1 20 4 0.158 3.429 0.75 0.674 −0.113 0.553 0.526

PET2 20 11 0.526 4.429 0.656 0.642 −0.022 0.9 0.627

MOR3 20 3 0.105 2.143 0.571 0.438 −0.304 0.279 0.454

PAS3 20 4 0.158 3.429 0.607 0.594 −0.022 0.432 0.424

MB99 20 5 0.211 3.857 0.564 0.585 0.036 0.558 0.426

MB97 20 3 0.105 3 0.714 0.694 −0.029 0.279 0.454

ON95 20 5 0.211 4.143 0.857 0.686 −0.25 0.511 0.388

ON94 20 1 0.000 1.286 0.286 0.286 0 0 1

ON92 20 6 0.263 4.143 0.643 0.621 −0.035 0.674 0.463

ON90 20 8 0.368 4.429 0.633 0.62 −0.021 0.868 0.714

ON87 20 7 0.316 4.286 0.694 0.61 −0.137 0.679 0.402

ON85 20 5 0.211 3.429 0.543 0.566 0.04 0.368 0.308

ON83 20 8 0.368 5.714 0.768 0.677 −0.135 0.7 0.373

ON81 20 9 0.421 5.714 0.667 0.694 0.04 0.853 0.585

QC78 20 20 1 6.143 0.677 0.636 −0.065 1 1

QC75 20 4 0.158 3.143 0.607 0.6 −0.012 0.363 0.382

QC73 20 2 0.053 2.714 0.714 0.724 0.013 0.189 0.61

QC71 20 1 0 1.714 0.714 0.714 0 0 1

QC69 20 1 0 1.429 0.429 0.429 0 0 1

QC68 20 5 0.211 4.286 0.629 0.692 0.092 0.505 0.385

N number of individuals genotyped,G number of unique genets, R clonal diversity, A average allelic richness,Ho

observed heterozygosity,He expected heterozygosity,Gis interbreeding coefficient,D Simpson diversity index, E
evenness
a Calculated from the ramet data set
b Calculated from the genet data set
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longitudinal gradient (Pearson product-moment correlation: r=
0.01896, P=0.5412). Individual Ho varied from 0.143 to 1. For
each locus, Gis varied from −0.092 (PTR14) to 0.038 (PTR3),
with a global Gis value of −0.015.

Modelling growth responses to genetics
and environmental data

Annual growth and inter-tree growth variability Many
candidate models (ΔAICc<3) could explain the differences
in TBAI. Therefore, multi-model inference was used to
calculate the averaged predictors for the different variables

in these models (tree age, NFTC, CMI, D, A and Ho or
individual Ho; Tables 4 and 6). TBAI was best explained
in the mixed-effects models by CMI, NFTC and tree age
(estimated R2=0.45, P<0.001). On average, TBAI was
significantly higher on sites with lower CMI (Fig. 2a),
while the other variables were not significant (Table 4
and Fig. 2b–f). This analysis revealed no significant effects
of the tested genetic parameters. Annual growth was only
influenced by climatic conditions (Table 6).

Concerning the inter-tree growth variability that was esti-
mated by the MS, only one model had a ΔAICc<3 and, there-
fore, multi-model inference was not used (Table 5). NFTC and

Table 4 AICc candidate models
for the log-transformed average
tree basal area increment (TBAI)
of Populus tremuloides in
Canada, derived from raw ring
widths

Candidate models Ka AICcb ΔAICcc AICcWtd Cumwt

TBAI∼CMI+FTC+age 7 487.23 0 0.52 0.52

TBAI∼CMI 5 489.8 2.58 0.14 0.66

TBAI∼age 5 490.1 2.87 0.12 0.78

TBAI∼Ho+A+D+age 8 491.07 3.84 0.08 0.86

TBAI∼CMI+FTC+Ho+A+D+age (global model) 10 491.55 4.32 0.06 0.92

TBAI∼CMI+FTC 6 491.75 4.52 0.05 0.97

TBAI∼Ho+A+D 7 495.68 8.45 0.01 0.98

TBAI∼D 5 496.56 9.33 0 0.99

TBAI∼FTC 5 496.63 9.4 0 0.99

TBAI∼Ho 5 496.8 9.57 0 1

TBAI∼Ho 6 496.95 9.72 0 1

TBAI (ΔAICc<3) and therefore multi-model inference was performed
aNumber of parameters
b AICc coefficient
c AIC relative to the best model
d AIC model weight (for more details see Burnham and Anderson 2004)

0 10 20 30 40 50 60

0.
0

1.
0

2.
0

3.
0

Mean CMI

T
B

A
I

(a)

50 60 70 80 90 100

0.
0

1.
0

2.
0

3.
0

Age (years)

(b)

0 2 4 6 8 10 12

0.
0

1.
0

2.
0

3.
0

FTC defoliation

(c)

0.0 0.2 0.4 0.6 0.8 1.0

0.
0

1.
0

2.
0

3.
0

Simpson diversity

T
B

A
I

(d)

0.0 0.2 0.4 0.6 0.8 1.0

0.
0

1.
0

2.
0

3.
0

Observed heterozygosity

(e)

1 2 3 4 5 6 7

0.
0

1.
0

2.
0

3.
0

Allelic richness

(f)

Fig. 2 a–f Observed (filled diamonds) and predicted logarithm of mean basal area increment (TBAI; solid line) in response to all explanatory variables
that were used for multi-model averaging of the best candidate models (n=417) in Canada. Dashed lines show 95 % confidence bands
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CMI were the most significant predictors explaining variation
inMS (estimatedR2=0.87, P<0.001). Our results showed that
MS was not influenced by genetic diversity (neither Ho nor
individualHo, D and A) or tree ages. These variables were not
included in the best-fitting models (Table 6). Model predic-
tions suggested that an increasing NFTC increased MS
(Fig. 3a), while a higher CMI (wetter conditions) tended to
decrease MS (Fig. 3b).

Mean inter-tree correlation Only one model (R2=0.683,
P<0.001; ΔAICc<3), which included clonal diversity (R),

NFTC and CMI, explained the variability in RBAR across Can-
ada. CMI was not a significant predictor (P=0.083; Table 6) in
the model. Therefore, multi-model inference was not used
(Table 7). When taken separately, a total of 30 % of variation
in RBAR was explained by clonal diversity (R2=0.304, P=
0.007), while 28 % was explained by NFTC (R2=0.279, P=
0.012). Clonal diversity was negatively associated with RBAR
(Fig. 4a) and positively associated with NFTC (Fig. 4b). CMI
had no significant effect (Table 6, Fig. 4c) on the RBAR even
when this predictor was included in the best-fitting model.

Discussion

Variability in growth responses to climate for trembling aspen
have been acknowledged in the literature (Hogg et al. 2005;
Drobyshev et al. 2013; Huang et al. 2013), although few stud-
ies have attempted to quantify this variation in terms of genet-
ic diversity. This study on aspen populations along an east-
west Canadian transect demonstrated that higher levels of
clonal diversity were associated with lower growth response
synchronicity (low RBAR values). In contrast, environmental
factors such as NFTC and soil moisture conditions (CMI) were
the major factors explaining variation in mean sensitivity
(MS) between populations, while average tree basal area in-
crement (TBAI) varied only with CMI.

Descriptive genetic statistics

The level of genetic polymorphism that was observed with the
set of seven loci was similar to what has been found in previ-
ous studies and reflected the highly diverse genetic pool of
aspen in Canada’s boreal forest (Dayanandan et al. 1998;

Table 5 AICc candidate models
for the MS (square root-
transformed mean sensitivity) of
Populus tremuloides growth in
Canada, determined from
detrended ring widths

Candidate models Ka AICcb ΔAICcc AICcWtd Cumwt

MS∼CMI+FTC 6 −1617.48 0 0.99 0.99

MS∼FTC 5 −1607.82 9.66 0.01 1

MS∼CMI 5 −1585.58 31.9 0 1

MS∼Ho 5 −1578.07 39.41 0 1

MS∼D 5 −1577.32 40.16 0 1

MS∼CMI+FTC+age 7 −1576.64 40.84 0 1

MS∼Ho+A 6 −1576.1 41.38 0 1

MS∼Ho+A+D 7 −1575.75 41.73 0 1

MS∼CMI+FTC+Ho+A+D+age (global model) 10 −1573.89 43.59 0 1

MS∼age 5 −1539.31 78.17 0 1

MS∼Ho+A+D+age 8 −1535.58 81.9 0 1

Only one model explained √MS (ΔAICc<3) and no multi-model inference was performed
aNumber of parameters
b AICc coefficient
c AIC relative to the best model
d AIC model weight (for more details see Burnham and Anderson 2004)

Table 6 Results of the best-fitting models (linear mixed-effect (LME)
and multiple linear regression) explaining the relationship between TBAI
(a), MS (b) and RBAR (c), and the explanatory variables (Ho, R, A, D,
age, FTC and CMI)

Response Predictor Estimate Lower 95 % CI Upper 95 % CI

(a) TBAI CMI 0.0081 0.0023 0.014

FTC 0.0042 −0.0362 0.0447

Age 0.0003 −0.0085 0.0091

D −0.7249 −1.8957 0.4458

Ho −0.3288 −1.4236 0.766

A 0.2234 −0.0491 0.4958

(b) MS FTC 17.452e−03 13.641e−03 21.263e−03
CMI −1.064e−03 −1.625e−03 −0.503e−03

(c) RBAR R −0.2804 −0.4154 −0.1453
FTC 0.02065 0.00939 0.03192

CMI −1.422e−03 −2.942e−03 0.097e−03

In the LME, each unique genotype within sites was treated as a random
effect, nested within each of the 22 sites. The best model was selected
according to AICc (Tables 4 and 5 for LME and Table 7 for multiple
linear regression).
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Rahman et al. 2000; Smulders et al. 2001; Namroud et al.
2005). Mean Ho and He were very high for most sites,
reflecting substantial genetic diversity (Wyman et al. 2003;
Namroud et al. 2005). For all loci that were considered, we
observed slightly higher values of Ho compared to He, with a
slight excess of heterozygotes. This trend was confirmed by
negativeGis values for each locus. Generally, if heterozygotes
have a fitness advantage, this tends to generate negative G
values, although a negative G does not necessarily mean that
there was heterozygote advantage (Jelinski and Cheliak
1992). Further, negative Gis are observed when a relatively
small number of samples (unique genotype) are analysed per
site (Meirmans and Van Tienderen 2004), which was the case
with the genet data set. No relationship between the level of
genetic diversity and environmental conditions could be
established. Clonal diversity (R) similarly varied along the
climatic gradient, but no significant differences in this value
were found between eastern and western Canada. Indeed,
monoclonal and highly diverse polyclonal aspen stands were
encountered throughout Canada.

Modelling growth responses to genetics
and environmental data

Annual growth and inter-tree growth variabilityTBAIwas
best explained by regional differences in CMI. Genetic diver-
sity (Ho, A and D) could not explain the differences in TBAI
that have been observed in the Canadian boreal forest. Mitton
and Grant (1980) and Jelinski and Cheliak (1992) have sug-
gested that heterozygotes may have greater physiological ver-
satility than homozygotes, which would permit more flexible
responses to environmental variation. In general, heterozy-
gotes had no better growth than homozygotes in terms of
TBAI (Fig. 2) and mean Ho was not significant. Clonal rich-
ness had no effect on the standard deviation of TBAI (data not
shown), meaning that the mean growth of all genotypes varied
with similar amplitude in response to external environmental
conditions. Our results supported a relationship between CMI
and TBAI, as has been previously reported by Hogg et al.
(2005) in the western boreal forest. In a recent study, Anyomi
et al. (2014) also showed a decline in aspen productivity with
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(b)Fig. 3 a–b Observed (filled
diamonds) and predicted square
root-transformed mean sensitivity
(MS; solid line) in response to the
explanatory variables present in
the best candidate model (n=440)
in Canada. Dashed lines show
95 % confidence bands

Table 7 AICc candidate models
for the RBAR (mean inter-tree
correlation) of Populus
tremuloides in Canada, deter-
mined from detrended ring widths

Candidate models Ka AICcb ΔAICcc AICcWtd Cumwt

RBAR∼CMI+FTC+R 5 −49.53 0 0.8 0.8

RBAR∼CMI+FTC+R+Ho+A (global model) 7 −46.03 3.5 0.14 0.94

RBAR∼FTC+Ho+A 5 −44.2 5.33 0.06 0.99

RBAR∼CMI+FTC 4 −37.18 12.35 0 1

RBAR∼R 3 −36.25 13.28 0 1

RBAR∼CMI+Ho+A 5 −36.14 13.39 0 1

RBAR∼FTC 3 −35.46 14.06 0 1

RBAR∼CMI 3 −33.53 15.99 0 1

RBAR∼R+Ho+A 4 −33.49 16.04 0 1

RBAR∼CMI+Ho+A 5 −33.08 16.44 0 1

RBAR∼Ho+A 3 −30.84 18.69 0 1

Only one model explained √MS (ΔAICc<3) and no multi-model inference was performed
aNumber of parameters
b AICc coefficient
c AIC relative to the best model
d AIC model weight (for more details see Burnham and Anderson 2004)
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high moisture deficits at a continental scale. In their study,
King et al. (2013) reported that tree-ring width variation in
European larch (Larix decidua) and Norway spruce (Picea
abies) that were growing in the Alps were more strongly driv-
en by climate than by genetics at regional and larger scales.

A high MS value is characteristic of high inter-annual var-
iation in growth (Cook and Kariukstis 1990; Biondi and
Qeadan 2008; Schreiber et al. 2013) and is an approximation
of the time series standard deviation (Bunn et al. 2013). Hogg
et al. (2002a) demonstrated that defoliation by FTC was the
most important factor causing inter-annual variation in annual
growth before pointing out the combined influence of inter-
annual variation in the CMI and FTC defoliation on those
variations in growth. During years of severe early season de-
foliation by insects, anomalously pale-coloured, low-density
tree rings are formed (Hogg et al. 2005), and reduced growth
or no growth is observed. Our results (Fig. 3) supported the
idea that the frequency of these outbreaks (NFTC) increased
inter-annual variation, given that year-to-year growth variabil-
ity was observed. Climatic conditions are the other important
component that would explain this variation. A more
favourable climate (high CMI) reduced inter-annual differ-
ences in growth, thereby lowering MS. Regions with moister
climate are less subject to extreme drought events, and thus,
variation in inter-annual growth responses are expected to be
more homogeneous in eastern than in western Canada. The
fact that genetic variables (Ho, D and A) did not significantly
influence variation in MS demonstrated that even in extreme
climatic conditions, there were no differences in growth

response among genotypes within sites. It is possible that
higher levels of diversity could allow the trees to have a more
flexible response in the case of poorer than normal environ-
mental conditions (Nicotra et al. 2010). Contrary to our hy-
pothesis, clonal (R or D) and genetic diversity (Ho, A) of
the population did not explain variation in MS and higher
levels of diversity could not buffer growth reductions and
variation during extreme events.

Mean inter-tree correlation Our results partly validated our
hypothesis for a relationship between genetic characteristics
and growth responses in aspen. RBAR was mainly
influenced by clonal diversity and NFTC. Clonal diversity
was the most important factor. It increased the differences
between individual chronologies and the average growth
response per site. In contrast, NFTC had a homogenising
effect on RBAR, suggesting that insects similarly and
severely affect all of the trees and genotypes. Osier and
Lindroth (2001) showed that the primary source of variation
in gypsy moth (Lymantria dispar) performance was aspen
genotype (different ranges of resistance against this insect),
which we did not observe here, most probably because we
focused only on severe defoliation. Severe defoliation is
known to reduce tree growth (Moulinier et al. 2014), which
could affect all genotypes. Consequently, the growth re-
sponse was more homogeneous within ramets (high RBAR,
with low R) of the same genotype than between ramets of
different genotypes. In general, a complex assemblage of
different genotypes (high R) would likely increase differ-
ences in genotype growth patterns (phenotypic responses
for this trait) to the same environmental factors of low in-
tensity, whereas severe events would affect them strongly
and similarly. The effect of other environmental factors, such
as moisture, could not be isolated because of the predomi-
nant effects of NFTC and clonal diversity, together with the
noise that was introduced by these factors. Differences in
genetic diversity could not explain variation in RBAR and
no signal was detected. This response can probably be ex-
plained by the high level of genetic diversity that was mea-
sured by Ho and by the fact that Ho is quite homogenous,
even when RBAR varies among sites. Phenotypic differ-
ences that were observed among clones (genotypes), rather
than overall genetic diversity, likely created most of the var-
iability and are the source of the differences among
chronologies.

Conclusions and perspectives

The current study is the first continental-scale study to
examine trembling aspen radial growth in relation to pop-
ulation genetic data in the Canadian boreal forest. In gen-
eral, the assumption that has been made regarding growth
studies is that inter-annual variation in growth is driven
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Fig. 4 Partial regression plots showing the relationship between aRBAR
residuals vs clonal diversity residuals, b RBAR residuals vs forest tent
caterpillar extreme defoliation residuals and c RBAR residuals vs CMI
residuals for 22 populations of Populus tremuloides that were located
across boreal Canada
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primarily by physiological responses to climatic variables
(Parmesan 2006; King et al. 2013). This work confirmed
previous findings (Hogg et al. 2005), showing that envi-
ronmental disturbances are the main drivers of average
and inter-annual growth variation and that annual growth
variation is more strongly driven by climate than by ge-
netics at regional and broader scales.

Higher aspen TBAI was not correlated with higher genet-
ic diversity. We cannot exclude the possibility that the ab-
sence of correlation between Bmulti-locus heterozygosity^
and the fitness of our trees (evaluated by different radial
growth measures) could be due to an insufficient number
of markers considered to represent the genome-wide diver-
sity (Hansson and Westerberg 2002). However, the correla-
tion between genome-wide heterozygosity and multi-locus
estimates is relatively high with a median value across stud-
ies of 0.83 for microsatellites (Mittell et al. 2015). Mittell
et al. (2015) argued that a relatively small number of micro-
satellite loci and number of individuals genotyped are suffi-
cient to give an accurate estimate of genome-wide diversity.
However, they also shown that the ability of current molec-
ular genetic diversity estimates to predict average heritability
has an upper bound of 0.26 and that additional genotyping
will probably not improve the ability of these markers to
predict adaptive potential.

Genetic factors should subsequently be taken into account
in future studies, since our results have shown their impor-
tance in growth synchronicity. Multi-clonal aspen stands
would likely be, on average, more resilient to year-to-year
events of small intensity (e.g. climate or insect outbreaks)
and less sensitive to rapid declines because their growth re-
sponses were less homogeneous due to the complex assem-
blage of many different genotypes. Our results emphasise the
importance of trying to maintain highly diverse (genetic and
clonal diversity) aspen stands. It is especially crucial in the
context of global change where an alteration in the genetic
composition could lead to a reduction in the ability of a stand
to resist and recover from environmental disturbances (Jump
and Peñuelas 2005), thereby causing extensive stand decline,
especially in the western part of the species’ range (e.g. Hogg
et al. 2008; Worrall et al. 2008; Worrall et al. 2013).
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