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Abstract

Genetic differentiation among white spruce popula-
tions in Alberta, Canada, was studied using time series
data of height and diameter and a climatic index devel-
oped by principal component analysis. The objectives
were to discern patterns of variation for growth poten-

tial and predicted optimum climate; compare optimum
climate between populations, between height and diam-
eter at the same age and between height or diameter at
different ages; and to see if optimum climate differed
from the climate inhabited by populations. Using cluster
analysis we found that: (1) populations from mid-lati-
tudes (54° – 57°N) and mid-elevations (600 – 800 m)
were grouped together and exhibited high growth poten-
tial; populations from north of 57°N were grouped with
those from elevations higher than 900m in the Rocky
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Mountains and exhibited low growth potential; and (2)
With minor exceptions, populations from similar cli-
mates or geography were grouped together in terms of
predicted optimum climate. (3) Analysis of variance
showed that optimum climate differed significantly
(P < 0.05) among populations; among heights at differ-
ent ages; among diameters at different ages and
between height and diameter at the same ages. Howev-
er, there was no consistent trend in the direction of
change in optimum climate with tree age. (4) The range
of climate inhabited by the populations (PI1

= –5.792 to
4.483) was much wider than the range of their predicted
optimum climate (P̂O

–
1

= –1.001 to 0.842), which suggests
that in terms of growth potential some populations
inhabit sub-optimal climates. Implications of the results
on management of white spruce in Alberta are dis-
cussed.

Key words: Multivariate Climatic Index, Cluster Analysis,
Genetic Variation, Optimum Climate, Principal Component,
Response Functions.

Introduction

Uncovering the pattern of genetic variation among
populations is a primary step in the domestication of
forest trees. Although genotypes arise through mutation
and recombination, their survival and frequency
depends on natural selection (FUTUYAMA, 1979). If we
ignore biotic interactions among species, elements of the
physical environment such as climate, soils and pho-
toperiod are the main agents of natural selection in
plants. Studies have shown that the pattern of genetic
variation among populations for growth potential fol-
lows closely the pattern of variation in the environment
(e.g., LANGLET, 1971; LINHART and GRANT, 1996; RWEY-
ONGEZA et al., 2007).

Although there are many abiotic factors affecting sur-
vival, growth and phenology of forest trees, climate has
been a major focus of genecological studies in conifers.
For example, variation for height growth in Jack pine
(Pinus banksina Lamb.) and black spruce (Picea mari-
ana [Mill] BSP) populations corresponds to variation in
thermo environment (MATYAS and YEATMAN, 1992; THOM-
SON and PARKER, 2008; THOMSON et al., 2009). In lodge-
pole pine (Pinus contorta Dougl.), variation in height
growth potential among populations correlates with
measures of climatic severity (e.g., REHFELDT et al.,
1999). More recently, the relationship between climate
and population differentiation has been used to simulate
climate change in an effort to predict survival, growth
and productivity of future forests in a changed climate
(e.g., REHFELDT at al., 2001; WANG et al., 2006; RWEY-
ONGEZA et al., 2007).

Most studies have used climate to describe or predict
height and occasionally diameter growth usually at the
current tree age (e.g., REHFELDT et al., 2002; ANDALO et
al., 2005; SCHMIDTLING, 1994). Because trees are peren-
nial species, the relationship between growth and cli-
mate may vary with age as shoot and root biomass, and
structure changes. Thus, there is a need to study the
relationship between climate and tree growth at differ-
ent ages. Height growth studied by foresters arises from
meristematic activity of the terminal shoot. In northern

conifers, terminal annual height growth is restricted to
complete elongation of preformed shoot components
(LANNER, 1976) and last only for a few weeks. In con-
trast, growth in diameter depends on the activity of the
cambium, growth hormones and photosynthates translo-
cated from the needles (KRAMER and KOZLOWSKI, 1979).
In addition, growth in diameter occurs over a longer
period than height growth. While the number of pre-
formed terminal shoot components depends on moisture
and temperature of the previous growing season, diame-
ter growth depends on moisture and temperature of the
current season (KRAMER and KOZLOWSKI, 1979). Thus,
height and diameter may respond differently to climatic
displacement.

Many studies (e.g., REHFELDT et al., 1999; RWEYONGEZA

et al., 2007; THOMSON et al., 2009) have used individual
climatic variables to model the response of height or
diameter to the climate of the test sites. However, cli-
mate is a complex variable of moisture and precipitation
and their seasonal variation. Climatic variables are nor-
mally highly inter-correlated, because they are either
derived from each other or are integral components of a
single compound variable. Characterizing tree popula-
tions based on single variable response or transfer func-
tions fails to recognize this complexity of climate, and
does not account for the effect of unknown but impor-
tant interactions among variables. Thus, there is a need
to model population response to climate using multivari-
ate climatic indices that integrate all climatic variables
based on their relative weights in describing population
and test site locations.

In the present study, we examined genetic variation
among white spruce (Picea glauca [Moench] Voss) popu-
lations in Alberta, Canada, using time series data of
height and diameter measurements, and multivariate
climatic indices as predictor variables. Time series data
are used to discern possible age trends in the response
of populations to climate, whereas multivariate climatic
indices are used to synthesize many climatic variables
into single meaningful descriptors of population and test
site climates. Our objectives were to determine if (1)
population differentiation for growth potential exhibits
a pattern that can be environmentally described, (2)
populations differ with respect to predicted optimum cli-
mate, (3) predicted optimum climate change with tree
age, (4) predicted optimum climate differ between
height and diameter, (5) predicted optimum climate dif-
fer from the climate inhabited by the populations, and
(6) populations from similar climates or locations exhibit
similar predicted optimum climate. 

Materials and Methods

Biological Data

The data were measurements of height and diameter
of 19 populations planted at 8 locations in Alberta,
Canada (Table 1; Figure 1), which are a subset of the 46
populations described by RWEYONGEZA et al. (2007).
Because some of the analyses in this study used data
derived from population response functions, the 27 pop-
ulations planted on fewer sites were omitted because
their response functions could not be reliably developed.
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However, the 19 populations are sufficient for describing
the pattern of variation of white spruce, because they
span the range of the 46 populations tested in this series
of provenance trials and most of the climatic range of
white spruce in Alberta (Figure 1).

Prior to sowing, seeds were cold stratified at 2°C for
21 days. Seedlings were raised in a greenhouse for one
growing season, transplanted to nursery beds and
grown for three more years. The 4-year old seedlings
were used to establish field trials between 1980 and
1983. All sites have a randomized complete block design
with 5 replications, 9-tree row plots and 2.5 x 2.5-metre
spacing between trees. Traits covered in this study are
total height in metres at ages 12, 15, 21, 24 and 27, and
diameter at breast height in centimetres at 21, 24 and
27 years from seeds. These traits are coded as H12, H15,
H21, H24, H27, D21, D24 and D27, respectively.

Climatic Data

Because weather data were not available for remote
forest areas in Alberta, we used data generated by the

Alberta Climate Model (ACM) as described by ALBERTA

ENVIRONMENT (2005). The model predicts values of indi-
vidual climatic variables for the 1961–1990 period based
on a location’s latitude, longitude and elevation. The
1961–1990 period was chosen for developing ACM to
conform to IPCC guidelines (CARTER et al., 1999).
Monthly weather data for Alberta and adjacent areas in
Saskatchewan, British Columbia and the USA were
obtained from ENVIRONMENT CANADA (1993), US DEPART-
MENT OF COMMERCE (1994) and EARTHINFO (1994). Pri-
mary variables were monthly averages of daily tempera-
ture, daily maximum temperature, daily minimum tem-
perature and monthly mean precipitation. An additional
14 biologically relevant variables were derived from
these 48 base climatic variables. These are mean annual
temperature (MAT); mean temperature for the coldest
month (TCM); mean temperature for the warmest
month (TWM); mean minimum daily temperature for
the coldest month (MMN); mean maximum daily tem-
perature for the warmest month (MMX); degree days
below 0°C, also called negative degree days (NDD);
degree days above 5°C, normally called growing degree
days (GDD); summer-winter temperature differential
(TWM minus TCM), used here as an index of continen-
tality (CI); mean annual precipitation (MAP); mean
summer precipitation (MSP), expressed as total precipi-
tation during a potential growing season (April to Sep-
tember); winter precipitation (WP), derived as MAP
minus MSP; annual moisture index (AMI), expressed as
GDD ÷ MAP; summer moisture index (SMI), expressed
as GDD ÷ MSP; and mean Julian day on which the GDD
sum reaches 100 (GDD100).

We used 11 of the 14 derived climatic variables to
obtain climatic indices by principal component analysis
(PCA) using PROC PRINCOMP (SAS INST., 2004). Cli-
matic variables were selected by fitting population
response functions of individual variables to identify
variables that fit the data well and also based on knowl-
edge from published work (e.g., REHFELDT et al., 1999,
2002, RWEYONGEZA et al., 2007). To simplify the interpre-
tation of PCA axes, we avoided using the ratio variables
AMI and SMI in conjunction with GDD, MAP and MSP
from which they were derived. The use of MSP and WP
in conjunction with MAP was considered appropriate
because MSP and WP describe the seasonal distribution
of annual precipitation. Thus, the 11 variables explain
population and test site locations in terms of average
temperature, seasonal temperatures and their extremes,
annual precipitation and its seasonal distribution, and
continentality. In performing PCA, data for the 46 popu-
lations and all test sites were combined into a single
dataset to provide climatic index scores for the whole
white spruce range in Alberta covered by this series of
provenance trials.

The Eigenvalues for the first (PI1
) and second (PI2

) cli-
matic principal components were, respectively, 8.22 and
1.85 or 74.8% and 16.9% of the variance in climate. All
other components accounted for less that 1% of the vari-
ance in climate. Thus, only PI1

and PI2
were retained for

describing tree growth. Population and test site scores
for PI1

and PI2
are in Table 1. Correlations between indi-

vidual climatic variables and Eigenvectors are summa-
rized in Table 2.

Figure 1. – Distribution of populations (numeric ID; dot mark-
ers) and test sites (character ID; triangle markers) in a white
spruce series of provenance trial in Alberta, Canada. Popula-
tions covered in this article are identified by numeric ID and
square markers.
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Biological Data Analysis

Data for mean height and diameter used to describe
growth potential of populations were predictions from
the following single-site mixed model, which was fitted
in PROC MIXED (SAS INST., 2004):

Yijn = µ + αi + βj + αβij + εijn [1]

where Yijn = height or diameter for the nth tree in the jth
population planted in the ith replication (block), µ = test

site mean, αi = effect of the ith replication, βj = effect of
the jth population, αβij = population x replication inter-
action (experimental error) and εijn = residual (sampling
error). Except µ, all terms on the right side of the model
were considered random effects with zero expectations
and respective variances (variance components are of no
of further interest in this study).

To obtain a measure of population response to climate,
population response functions were developed by

Table 1. – Location and climatic description of populations and test sites for white spruce provenance trials in Alberta, Canada.
Numeric and character ID identify populations and test sites, respectively.

+ – latitude and longitudes minutes expressed in decimals; LAT – latitude (°N); LON – longitude (°W); ELE – elevation (m); 
MAT – mean annual temperature (°C); TCM – mean temperature for the coldest month (°C); MMN – mean minimum daily tem-
perature for the coldest month (°C); NDD – degree days below 0°C; TWM – mean temperature for the warmest month (°C); 
MMX – mean maximum daily temperature for the warmest month (°C);  GDD – degree days above 5°C; MAP – mean annual 
precipitation (mm); MSP – mean summer precipitation; WP – winter precipitation or snowfall (mm); CI – continentality index
(TWM-TCM); PI1 and PI2-population and test site scores for the first and second principal components derived from PCA of the 11
climatic variables.

Table 2. – Correlation coefficients between climatic variables at population and test site locations and Eigenvectors for the first
and second climatic principal components from PCA of 11 climatic variables.

MAT – mean annual temperature (°C); TCM – mean temperature for the coldest month (°C); MMN – mean minimum daily tem-
perature for the coldest month (°C); NDD – degree days below 0°C; TWM – mean temperature for the warmest month (°C); 
MMX – mean maximum daily temperature for the warmest month (°C);  GDD – degree days above 5°C; MAP – mean annual pre-
cipitation (mm); MSP – mean summer precipitation; WP – winter precipitation or snowfall (mm); CI – continentality index (TWM-
TCM); PI1 and PI2-population and test site scores for the first and second principal components derived from PCA of the 11 climatic
variables.
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regressing predicted population means (Eq. 1) on test
site PI1

and PI2
(Table 1) on an individual population

basis using PROC REG in SAS follows:

Yi = β0 + β1Xi + β2X 2
i + εi [2]

where Yi = population mean height or diameter at the
ith test site; β0, β1 and β2 = regression coefficients; εi =
residual; and Xi = PI1

or PI2
score for ith test site. A qua-

dratic model (Eq. 2) was selected based on preliminary
analyses and our previous study on these populations
(RWEYONGEZA et al., 2007). Regression coefficients were
then used to obtain predicted optimum climate (else-
where simply called “optimum climate”), which is a PI1

or PI2
score corresponding to the maximum predicted

height or diameter (P̂O = –β1/2β2
, where P̂O = optimum cli-

mate) on the response function. The response functions
for PI2

had low coefficients of determination (r2) and
were largely simple linear, which made them unsuitable
for estimation of P̂O needed for further analyses. Thus,
characterization of populations based on their growth
response to test site climate was done only for PI1

. As
previously discussed (RWEYONGEZA et al., 2007), site C is
located on an abandoned sawmill with significant soil
compaction. Consequently, trees on this site were much
smaller than trees on sites with comparable climate and
soil fertility. Because tree growth on this site is affected
by soils not climate, site C was omitted when fitting
response functions. However, site C was included in all
other non-climatic analyses.

The pattern of population differentiation was exam-
ined using two criteria, namely, variation in growth
potential and variation in optimum climate. The objec-
tive of the growth potential analysis was to answer the
following question: does variation in growth potential
among white spruce populations in Alberta exhibit a
pattern that can be environmentally described? To
achieve this objective, predicted population means
(Eq. 1) for H12, H15, H21, H24 H27, D21, D24 and D27
from all 8 sites were combined into one dataset, that is,
152 data points (19 populations from 8 sites) for 8 traits.
This 152 x 8 table was subjected to a canonical discrimi-
nant analysis (CDA) using PROC CANDISC in SAS
with population as a classification variable. The result-
ing matrix of Mahalanobis distances between popula-
tions was used to perform a cluster analysis in PROC
CLUSTER in SAS with the unweighted pair-group
method with arithmetic mean (UPGMA). The dendro-
gram of population clusters was developed using PROC
TREE in SAS.

The objective of the predicted optimum climate analy-
sis was to answer the following questions: (1) Does the
optimum climate differ among populations? (2) Does a
population’s optimum climate change with tree age? (3)
Does the optimum climate differ between height and
diameter at the same age? (4) Does the overall optimum
climate for growth differ from the climate currently
inhabited by the populations? (5) Do populations of simi-
lar geographic or climatic origins exhibit similar opti-
mum climates? These questions were addressed using
optimum climate (P̂O1

) for the first PCA climatic index
(PI1

). 

To answer questions (1) through (3), P̂O1
score for all 8

traits (H12, H15, H21, H24, H27, D21, D24 and D27)
were combined into one dataset (N = 19 populations x 8
traits) to perform the following analysis of variance:

Yij = µ + γi + τj + εij [3]

where Yij = P̂O1
for the jth population and ith trait; µ =

general mean; γi = effect of the ith trait, i.e., height and
DBH at different ages (i = 1, 2, …, 8); τj = effect of the
jth population ( j = 1, 2, …, 19); and εij = residual. We
used PROC MIXED with the DIFF option to perform
multiple comparisons for the trait and population as
fixed effects. In this model, the significance test for τ
addresses question (1), multiple comparisons between
serial height or diameter measurements (γ) address (2)
and multiple comparisons of height and diameter at the
same age address (3).

To answer question (4), we first computed Pearson’s
correlation coefficients (rp) for population P̂O1

between 8
traits. The resulting 28 correlations ranged from 0.89 to
0.98 (P < 0.0001). We also observed that rp for population
mean heights and diameters at the same age ranged
from 0.88 to 0.94. Age-to-age rp of population means
ranged from 0.72 to 0.97 for height and 0.92 to 0.97 for
diameter. These high correlations show that populations
with high mean heights also had high mean diameters
and vice versa; populations with better growth at a
young age had better growth at all subsequent ages and
vice versa; and populations with high P̂O1

for one trait
had high P̂O1

for other traits and vice versa. Consequent-
ly, we averaged the eight P̂O1

values to obtain a single
mean optimum climate (P̂O

–
1
) for each population. The

resulting P̂O
–

1
was compared with PI1

of population origin
(column 17 in Table 1) in a paired T-test.

Question (5) was analyzed by developing the pattern
of population grouping with respect to P̂O1

of both height
and diameter. To do this, growth in height and diameter
were treated as two traits each with P̂O1

at age 21, 24
and 27 years. Thus, predicted P̂O1

for H21, H24, H27,
D21, D24 and D27 were combined in a single dataset.
The resulting 57 x 2 table was then subjected to CDA to
generate a matrix of Mahalanobis distances between
populations, followed by a cluster analysis and dendro-
gram developed similar to that previously described for
absolute heights and diameter growths.

Results and Discussions

Interpretations of Climatic Indices

The interpretation of the PI1
climatic index is essential

for better understanding of the pattern of population dif-
ferentiation described in subsequent sections. Table 1
shows that PI1

describes a continuum of climatic gradi-
ent ranging from the highest latitudes and lowest eleva-
tions in the north (most negative PI1

scores) to the low-
est latitudes and highest elevations in the southwest
(most positive PI1

scores). The northernmost part of
Alberta has the coldest winters, warm summers due to
long summer days, lowest precipitation and highest con-
tinentality (the difference between winter and summer
temperature extremes). The Rocky Mountains in the
southwest have the warmest winters due to the Pacific
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Ocean influence, shortest growing seasons due to low
GDD at high elevations, highest precipitation and low-
est continentality. At mid-latitudes and mid-elevations
is a relatively mild climate (low negative and low posi-
tive PI1

scores), which is transitional between the north
and southwest.

Differences among Sites

Table 3 summarizes site means and range of popula-
tion means for height and diameter. The northernmost
lowest elevation (B) and southernmost highest elevation
(F) sites had the lowest height and diameter. In con-
trast, the highest growth occurred on sites such as E
and J located at mid-latitudes and mid-elevations. This
shows that realization of full growth potential requires a
balance between moisture and heat (e.g., STEPHENSON,
1990; THORTHWAITE, 1948). Sites B and F lack either
adequate moisture or heat leading to low annual
growth.

Variation for Growth Potential

Graphically, the dendrogram developed from heights
and diameters (Figure 4) suggests the existence of four
main groups. Population 48 (Group I) is separated from
all others. Although it grew better at site F and D, it
had the lowest growth potential across sites. In terms of
the Mahalanobis distance, population 48 differs signifi-
cantly (P < 0.05) from all populations, except 31, 32 and
46. Together with population 40, populations 31, 32, 46
and 48 are from the highest elevations (> 1300 m) and
based on GDD (< 1000), the shortest growing season.
In addition, the four populations are very similar in
terms of overall climate with the highest positive PI1

scores (Table 1).

In other species, high elevation populations exhibit
low growth potential (e.g., WU and YING, 2004;

REHFELDT, 1978), which is also demonstrated in the pre-
sent study. Moreover, populations 31, 32, 46 and 48 are
from a region where white and Engelmann spruce (Picea
engelmannii Parry ex Engelm) coexist and hybridize
(LA ROI and DUGGLE, 1968; RAJORA and DANCIK, 2000).
Thus, due to their geographic proximity to Engelmann
spruce, these populations are potentially putative
hybrids, which could also account for their distinctively
low growth potential.

Populations 2, 4, 32, 37, and 40 (Group II) and 6, 10,
31 and 46 (Group III) are mixtures of populations from
north of latitude 57°N or from elevations higher than
900 m in the Rocky Mountains (Table 1). Populations in
both groups had low growth potential across sites, but
grew better than average on sites closest to their ori-
gins. In terms of the Mahalanobis distance, populations
in Groups II and III do not differ both within and
between the two groups. A common characteristic of
these populations is that they originated from regions
characterized by either very cold winters (Table 1) or
warm winters but short growing seasons with potential
for mid-season frosts (see AARD, 2005). Thus, although
these populations are geographically separated, they all
belong to climatically marginal environments, which
may explains their overall low growth potential
(NAMKOONG, 1969; GIERTYCH, 1979; KRUTZSCH, 1992;
LOEHLE, 1998).

Populations 8, 12, 15, 16, 17, 21, 23, 27 and 29 (Group
IV) exhibited high growth potential across sites,
although their superior growth tended to decline com-
pared to local populations when planted at a high lati-
tude (B) and high elevation (F) site. In terms of the
Mahalanobis distance, populations in this group do not
significantly (P > 0.05) differ from each other. With
minor exceptions (8, 21 and 29), populations in this
group are from between latitude 54°N and 57°N and

Table 3. – Overall mean (± – standard error) and range of population means for height (m) and diameter
at breast height (cm) for 19 populations planted across eight white spruce provenance trials in Alberta,
Canada.

H12, H15, H21, H24 and H27 – total height at ages 12, 15, 21, 24 and 27 years from seeds, respectively;
D21, D24 and D27 – total diameter at breast height at age 21, 24 and 27 years from seeds, respectively.
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elevation of 600 to 800 m (Table 1). Based on PI1
, popula-

tions in Group IV have evolved in a region where the cli-
mate is transitional between high latitude climates
(highly negative PI1

scores) and high elevation climates
in the Rocky Mountains (highly positive PI1

scores).
Studies of other species have shown that populations
from warm and moist climates normally found at low
latitudes and elevations tend to have high growth poten-
tial when planted across a range of environments (e.g.,
LANGLET, 1959; NAMKOONG, 1969; REHFELDT, 1978).
Thus, growth potential of populations in Group IV con-
forms to our expectations.

Generally, this study shows that population differ-
ences in growth potential are determined by their geo-
graphic and climatic proximity. For example, in terms of
the Mahalanobis distance, the most northern population
10 in Group III differs significantly (P < 0.05) from all
populations in Group IV, except 21 (P = 0.0628) and 23
(P = 0.2022). In contrast, population 6 located about 1°
of latitude south of population 10 differ with populations
in Group IV at the 5% (12 and 15 and 16) and 10%
(17, 21 and 27) levels of probability. It differs only slight-
ly (P = 0.1122) from population 8 located less than 1° of
latitude north at approximately the same longitude and
elevation (Table 1). Likewise, the highest elevation pop-
ulation 46 (Group II) differ significantly with all popula-
tions in Group IV (P < 0.05), and only slightly with 23
(P = 0.0830). While population 2 does not differ signifi-
cantly from any population in Group IV, population 31
and 32 differ from some members of Group IV depend-
ing on elevation proximity. Thus, the four generalized
groups serve only to illustrate a discernable gradual
decline in growth potential from the centre of white
spruce’s natural range in Alberta to climatically margin-
al environments at high latitudes and high elevations.

In this case, the most distinct populations are found at
the extreme ends of the climatic continuum (Table 1).

Height vs. Diameter Response Functions

Table 4 is a summary of the coefficients of determina-
tion (r2) and P̂O1

for the 19 population response func-
tions, and averages of r2 across populations (P̂O

–
1
). Exam-

ples of response functions are illustrated by Figures 2
and 3 using H27 and D27, respectively. The pattern of r2

shows that: (1) the relationship between height and site
climate was lower for populations from high latitudes (2,
4, 6, 8, 10) than populations from other areas, (2) the
relationship between diameter and site climate was sim-
ilar for all populations, (3) site climate explained diame-
ter better than it explained height growth.

For northern conifers, current year height growth is
only an extension of stem components preformed in the
bud in a previous year (DOAK, 1935; CANNELL, 1974;
LANNER, 1976). Thus, height growth ceases in mid-sum-
mer once available stem components have fully elongat-
ed, even though temperature and moisture are still suit-
able for shoot growth. In contrast, growth in diameter is
due to cambial activity, photosynthesis and action of
growth hormones translocated from needles (KRAMER

and KOZLOWSKI, 1979), which extend into autumn
depending on temperature and moisture availability.
This suggests that, physiologically, terminal height
growth is only partially dependent on site climate. In
contrast, annual diameter growth is wholly dependent
on site climate. Thus, the fact that site climate
explained diameter better than height growth is not sur-
prising.

Low r2 for high latitude populations is due to choice of
test sites. The fitted response functions depended great-

Figure 2. – Graphic presentation of 27-year height response functions for 19 white spruce populations plant-
ed at seven sites in Alberta, Canada. Similar response functions were observed for height growth at previous
ages (see Table 4 for r2).
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ly on growth at sites B and F, which are at the opposite
ends of the PI1

continuum. The strength of the response
functions depended on how climatically distant PI1

of the
populations were from PI1

of site B and F. High latitude
populations are climatically the closest to site B where
they grew better than other populations. Growth of
these high latitude populations was considerably
reduced only when they were planted at site F leading
to relatively weak response functions. Implicitly, this
would equally apply for high elevation populations when
planted at site F.

The reason why the location of populations with
respect to site B and F affected height more than diame-
ter (Table 4) is generally unclear. However, probable
physiological differences regarding control of height and
diameter by climate may be partly responsible as previ-
ously described. Population variation in height growth
could also be strongly controlled by non-climatic factors.
The most plausible non-climatic factor that would affect
height and diameter differently is photoperiod. Although
we had no data to test the contribution of photoperiodic
adaptation to population variability in growth potential
and response to climate, population adaptation to pho-
toperiod is well established. Photoperiod is considered
the main reason for high latitude populations showing
superior height when locally planted and inferior height
when transferred to low latitudes (e.g., VAARTAJA, 1954;
1959). Day length recognition affect the onset of shoot
dormancy (TAIZ and ZEIGER, 2006), which may affect
height more than diameter growth (WAREING and
ROBERTS, 1956; MELLEROWICZ et al., 1992). Diameter is
only partly dependent on the activity of terminal shoot
elongation (WAREING and ROBERTS, 1956; LARSON, 1962).
Thus, there is theoretical evidence to suggest that pho-
toperiod may influence the way climatic indices fit
height and diameter growth data. Because variation in

day length and its recognition by plants is dependent on
latitudes (TAIZ and ZEIGER, 2006; MORGENSTERN, 1996),
adaptation to climate is likely to be confounded with
adaptation to photoperiod in studies such as ours where
population origins span almost 10° of latitudes.

Variation for Optimum Climate

Generally, P̂O1
differed significantly among popula-

tions (F = 81.66; P < 0.0001). However, multiple compar-
isons showed no significant (P > 0.05) difference among
populations in groups A1 (4, 8, 15, 21 and 23), A2 (6, 10
and 46), A3 (12, 16, 27 and 29), A4 (17 and 31), A5 (32
and 37) and A6 (40 and 48). These groups can be visual-
ized in Figure 5, even though the dendrogram of P̂O1

is
more complicated than that of growth potential. There
are similarities and differences among populations
grouped together. In A1, all populations are from north
of latitude 56°N and south of 58°N, whereas in A3 all
populations are from north of latitude 54°N and south of
56°N. Populations 40 and 48 in A6 are among the south-
ernmost and highest elevation (> 1300 m) sources. Thus,
groups A1, A3 and A6 suggest that populations of simi-
lar geographic or climatic origins can be expected to
have similar optimum climate.

In A2, populations 6 and 10 are grouped with 46,
although they differ from it by at least 8° of latitudes
and 1365 m in elevation. Large elevation differences
also exist between populations in A4 and A5 (Table 1).
There is no simple explanation for populations of differ-
ent climatic or geographic origins having similar opti-
mum climates. However, it is conceivable that because
temperature decreases with an increase in latitude and
elevation, similar thermo climates may exist at low ele-
vations in high latitudes as well as at high elevations in
the low latitudes allowing populations with similar
adaptation to thermo climate to evolve in geographically

Figure 3. – Graphic presentation of 27-year diameter at breast height response functions for 19 white spruce
populations planted at seven sites in Alberta, Canada. Similar response functions were observed for diame-
ter growth at previous ages (see Table 4 for r2).

Rweyongeza et. al.·Silvae Genetica (2010) 59-4, 158-169

DOI:10.1515/sg-2010-0019 
edited by Thünen Institute of Forest Genetics



166

disparate regions. The Alberta side of the Rocky Moun-
tains is an exception, in that winters are warmer at
higher than at lower elevations, and summers are
warmer at lower than at higher elevations.

ACM prediction of the frost-free period (FFP) at site B
and F is 88 and 45 days, respectively. Sites located in
mid-latitudes and mid-elevations have FFP of 81 to 110
days, which overlap considerably with FPP of popula-
tions at high latitudes (data not presented). Thus, FFP
is an unlikely distinguishing feature between popula-
tions in groups such as A2. AARD (2005) shows that the
number of days with temperature below 5°C is similar

between much of northern Alberta and lower to medium
slopes of the Rocky Mountains. Thus, there may be some
climatic similarities between distantly separated
regions that are not captured by PI1

, which is based on
average temperatures and precipitations. Identifying
and characterizing regions in terms of climatic indica-
tors that capture critical growth limiting factors would
better explain the association of populations in A2.

An example of geographically separated populations
with similar climate only for some of growth limiting
variables can be seen in A5. Populations 32 and 37 are
separated by 395 m in elevation and about 1° of latitude.

Figure 5. – Dedrogram illustrating the clustering of white spruce populations based on predicted optimum
climates (P̂O1

) for height and diameter growth in Alberta, Canada.

Figure 4. – Dedrogram illustrating the clustering of white spruce populations based height and diameter
growth measured at different ages on eight sites in Alberta, Canada.
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With a slightly northerly origin, population 37 has about
the same NDD as population 32 at a higher elevation
south (Table 1). Thus, climatic similarity for populations
in A5 is reflected in overall winter temperature defined
by NDD. In addition to chilling, the correlation between
winter temperatures and tree growth is related to the
timing of initiation and cessation of growth, which
determines the length of the growing season and the
amount of annual shoot growth. Similarity in P̂O1

for
populations in A4 is probably a statistical anomaly,
because there is no conceivable climatic similarity
between the two populations.

Figure 5 shows population 2 slightly separated from
other high latitude populations. From multiple compar-
isons, this population differ significantly (P > 0.05) from
all others, except 4, 8 and 23. Population 2 is geographi-
cally and climatically the closest to site B. As previously
discussed, site B does not anchor the response functions
for population 2 at the same extent as it does for other
populations. Consequently, population 2 has the lowest
r2 for 7 of the 8 traits (Table 4). Poorly fitting response
functions are generally less likely to produce reliable
predictions of optimum climates, which may explain the
separation of populations 2 from all others.

Generally, incidences in which populations of distinct
geographic or climatic origins were grouped together in
terms of P̂O1

constitute a minor component of results in
this study. This suggests that populations from similar
climates may generally be expected to have similar opti-
mum climates.

Optimum Climate: Height vs. Diameter

Multiple comparisons of height and diameter showed
that predicted P̂O1

differed significantly (P < 0.0001)
between D24 and H24, D27 and H27 but not H21 and
D21. The P̂O1

for diameter growth was warmer, moister
and less continental than that of height growth (Table

4). This may be explained partly by differences in the
strength and trajectory of the response functions where-
by r2 was higher for diameter than height (Table 4). In
addition, if non-climatic factors were to affect height
more than diameter as previously explained, improve-
ment in heat and moisture would be reflected in an
increase in diameter more than height growth.

Optimum Climate: Age Trend

The change of P̂O1
with tree age was analyzed by com-

paring P̂O1
of the earliest measurements of height and

diameter with P̂O1
of the same trait at subsequent ages.

Multiple comparisons showed that P̂O1
of H12 was signif-

icantly (P < 0.01) different from that of H21 and H24 but
not H15 and H27. For diameter, P̂O1

for D21 differed
with that of D24 and D27 (P < 0.01). Similarity of P̂O1

between H12 and H27, and inconsistencies in the direc-
tion of change in the value of optimum climate for both
height and diameter renders a few observed significant
cases inconsequential. Because ages at which measure-
ments were made do not correspond to any ontogenetic
stage in the development of white spruce, observed sig-
nificant cases probably represent random events.

Inhabited vs. Optimum Climate

Inhabited population climate (PI1
) scores ranged from

–5.792 to 4.485, indicating a high variability in the cli-
mate of seed origin (Table 1). In contrast, the mean opti-
mum climate for populations (P̂O

–
1
) ranged from –1.001 to

0.842 with 14 of the 19 populations having P̂O
–

1
between

0.0 and –1.001 (Table 4). In absolute value, PI1
and P̂O

–
1

differed by 0.133 to 4.947 (average 2.459), with the
largest differences (2.339 to 4.947) involving populations
from high latitudes and high elevations (Table 4). In
contrast, PI1

and P̂O
–

1
differed only by 0.133 to 1.481 for

populations at mid-latitudes and mid-elevations. The
paired T-test showed that the differences between PI1

Table 4. – Coefficient of determination, optimum climate and differences between optimum climate and climate currently inhabit-
ed by the populations.

PI1-inhabited population climate; P̂O1 – predicted optimum climate for individual traits; P̂O
–

1 – mean predicted optimum climate
averaged over response function on individual traits (1/2 Σ P̂O1); H12, H15, H21, H24 and H27 – total height at ages 12, 15, 21, 24
and 27 years from seeds, respectively; D21, D24 and D27 – total  diameter at breast height at age 21, 24 and 27 years from seeds,
respectively. All response functions with r2 ≥ 0.78 and r2 ≥ 0.70 are significant at 5% and 10% level of probability, respectively.
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and P̂O
–

1
were significant (t = 7.49, P < 0.0001). These

results show that populations at high latitudes and
those at high elevations in Alberta inhabit suboptimal
climates.

Studies in lodgepole pine (REHFELDT et al., 1999) and
Scotch pine (Pinus sylvestris L.) (REHFELDT et al., 2002)
showed that populations, especially those at high lati-
tudes and high elevations often inhabit suboptimal cli-
mates. This was also evident in the Ontario studies by
THOMSON and PARKER (2008) and THOMSON et al. (2009)
where the differences between inhabited and optimum
climates of jack pine and black spruce were greater for
populations from north of the sampled area than those
from the central and southern latitudes. In lodgepole
pine (REHFELDT et al., 1999; WANG et al., 2006) and
white ash (Fraxinus americana L.) (ROBERDS, 1990), a
population’s optimum location existed at the centre of
the species’ natural range where climate is the mildest
and populations of highest growth potential have also
evolved. In the present study, PI1

was developed using
data from most of the white spruce range in Alberta
(Figure 1). Generally, the P̂O

–
1

for 14 of the 19 populations
(Table 4) correspond to the PI1

of populations from a
region between latitude 54°N and 56°N and elevation of
550 m and 823 m (mostly 600 to 700 m). This region is
also a source of populations with the highest growth
potential over wide range environments in Alberta.
Thus, results of this study are consistent with expecta-
tions from studies of other conifers.

Conclusions

In this study, we used time series height and diameter
data to characterize populations according to their
growth potential and optimum climate for growth. With-
in the limits of the sampled populations, test environ-
ments and the analyses performed, we conclude that (1)
white spruce in Alberta is genetically differentiated for
growth potential along a climatic pattern determined by
latitude and a complicated topography; (2) populations
differ significantly in terms of predicted optimum cli-
mate, even though the range of their optimum climate
may be narrower than the range of their inhabited cli-
mate; (3) the predicted optimum climate for diameter
was warmer, moister and less continental than optimum
climate for height growth suggesting that a better cli-
mate may support higher diameter than height growth;
(4) in light of inconsistent age trends of predicted opti-
mum climate for both height and diameter, there was no
evidence to suggest that the optimum climate for growth
potential is age-dependent; (5) although exceptions may
be found, geographically or climatically similar popula-
tions can be expected to exhibit similar optimum cli-
mate; and (6) populations at high latitudes and high ele-
vations inhabit climate that is highly suboptimal than
populations at mid-latitudes and mid-elevations.

Management Implications

Findings of this study many be used to (1) modify seed
transfer guidelines across existing seed zone boundaries
in the interim, and in the long term, amalgamate some

of the seed zones to align them with the observed pat-
tern of genetic variation; (2) realizing the pattern of
genetic variation provides a mechanism for designing an
effective gene conservation programme for white spruce
in Alberta; and (3) although climate change is out of the
scope of this study, the observed pattern of genetic vari-
ation may be used to plan for assisted population migra-
tion in the event of climate change. 
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