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Comparison of canonical correlation and
regression based focal point seed zones of white
spruce

Mark R. Lesser and William H. Parker

Introduction

White spruce (Picea glauca (Moench) Voss) has a trans-

Abstract: The focal point seed zone methodology determines spatially explicit areas of adaptive similarity for any se-
lected geographic point and is used to match seed sources and planting sites. A total of 127 seed sources (provenances)
of white spruce (Picea glauca (Moench) Voss) from Ontario and western Quebec were established at a greenhouse and
in six field trials throughout Ontario. Growth and phenological variables were measured over three growing seasons.
Two focal point seed zone methodologies were employed: (i) using models derived from principal components analysis
(PCA) of biological response variables followed by multiple linear regression against climate variables and (ii) using
models derived from canonical correlation analysis (CANCOR). While both approaches use climate data to model
adaptive variation, CANCOR reduces the number of steps in the analysis by simultaneously finding the relationships of
biological and climatic variables that maximize the covariance between the two data sets. Although more of the varia-
tion in adaptive biological traits was actually described by climate variables using the PCA-regression approach, this
method produced intuitively less realistic patterns. Both methods showed similar overall geographic trends, but the
CANCOR method had a finer resolution, especially in southern Ontario, presumably due to statistical efficiency;
growth was modeled by all climate variables.

Résumé : La méthode de détermination des zones semencieres a partir de points focaux permet de délimiter de fagon
spatialement explicite les zones d’adaptation similaire pour n’importe quel point géographique sélectionné. Cette mé-
thode est utilisée pour associer les sources de graines et les sites de plantation. Les auteurs ont étudié 127 sources de
graines (provenances) d’épinette blanche (Picea glauca (Moench) Voss) de I’Ontario et de I’ouest du Québec établies
en serre et dans six tests au champ a travers I’Ontario. Des variables reliées a la croissance et la phénologie ont été
mesurées pendant trois saisons de croissance. Deux méthodes de détermination des zones semencieres a partir de points
focaux ont été utilisées : (i) des modeles découlant de I’analyse en composantes principales des variables de réponse
biologique, suivie de la régression linéaire multiple avec des variables climatiques et (i) des modeles découlant de
I’analyse des corrélations canoniques. Bien que les deux approches utilisent les données climatiques pour modéliser la
variation liée a I’adaptation, I’analyse des corrélations canoniques réduit le nombre d’étapes en identifiant simultané-
ment les relations entre les variables biologiques et climatiques qui maximisent la covariance entre les deux ensembles
de données. Quoiqu’une plus grande partie de la variation des caracteres biologiques indicatifs de 1’adaptation ait pu
&tre prise en compte par les variables climatiques avec I’analyse en composantes principales et la régression, cette mé-
thode a produit des patrons intuitivement moins réalistes. Les tendances géographiques étaient généralement similaires
avec les deux méthodes, mais la résolution obtenue avec 1’analyse des corrélations canoniques était meilleure, particu-
lierement dans le sud de 1’Ontario, vraisemblablement a cause de 1’efficacité statistique. La croissance a ét€ modélisée
par toutes les variables climatiques.

[Traduit par la Rédaction]

Zasada 1990). White spruce possesses a high level of ge-
netic variation (Nienstaedt and Teich 1972; Hamrick et al.
1992). While the majority of this variation has been found

continental range in North America and is found extensively
throughout both the Boreal and Great Lakes — St. Lawrence
forest regions of Ontario (Rowe 1972; Nienstaedt and
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within provenances, significant amounts of variation have
evolved between provenances for a wide variety of traits
(Khalil 1985; Blum 1988; Li et al. 1993; Lesser and Parker
2004). Determination of the resulting pattern of adaptive
variation is important from an ecological perspective to use
best-adapted seed. Understanding patterns of variation is
also important to the forest industry and to our understand-
ing of biodiversity in white spruce at the genetic level.
Species-specific seed zones should be developed based on
genetic information obtained from provenance testing or
other genetic experiments (Morgenstern 1996). The focal
point seed zone concept (Parker 1992; Parker and van
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Niejenhuis 1996a, 1996b) builds on work by Rehfeldt
(1984, 1991, 1994) and Campbell (1986) to characterize and
map multivariate patterns of variation. The focal point ap-
proach delineates a unique spatially explicit seed zone for
any selected point based on demonstrated adaptive variation
for the species rather than by management jurisdictions or
untested climate—species relationships. This definition of
seed zone is similar to the definition given by van Buijtenen
(1992) for seed deployment zones, where the zone for any
given planting location is characterized by a similar pattern
of variation in traits with a significant climate—trait correla-
tion. Focal point seed zones have previously been developed
for black spruce (Picea mariana (Mill.) BSP) and jack pine
(Pinus banksiana Lamb.) in northwestern Ontario (Parker
and van Niejenhuis 1996a, 1996b) using principal compo-
nents analysis (PCA), multiple linear regression, and GIS.

The purpose of this study was to develop focal point seed
zones that best model the observed patterns of adaptive vari-
ation in white spruce across Ontario and western Quebec
(Lesser and Parker 2004). The previously used focal point
methodology (Parker and van Niejenhuis 1996a, 1996b) was
compared to an alternate approach using canonical correla-
tion analysis (CANCOR). By its nature CANCOR is statisti-
cally a more appropriate method and highly suitable for
ecological applications such as seed zone development
(Gittins 1985; Westfall 1992).

Materials and methods

Test establishment and data collection

A total of 127 white spruce seed sources (here the term
“seed sources” is used synonymously with populations and
provenances) from across Ontario and western Quebec were
obtained from several cooperatives and seeded in Jiffy pot
3065-140’s in January 2002 in the Lakehead University
greenhouse. Seed source collections came from wild stands
(see Fig. 3) and comprised five or more open-pollinated
families from within a 1 km? area. Families were bulked into
population samples for the trials. Detailed provenance loca-
tion information is given in Table Al.

Five field trials and a Lakehead University greenhouse
trial were established in June and July 2002. A sixth field
trial was established in fall 2003 at Angus, Ontario, using
the seedlings from the greenhouse trial. Each trial consisted
of three completely randomized blocks with 10 single-tree
plot replications of all 127 seed sources. Field trial locations
from west to east are Dryden, Kakabeka, Longlac,
Englehart, Angus, and Petawawa (see Fig. 3).

Data were collected over three field seasons (2002-2004)
for 94 biological variables. Seedling height and survival
were measured in all 3 years. Root-collar diameter was mea-
sured in 2003 and 2004. Bud flush (six stages) and bud set
(five stages) were scored in 2003. For a more complete de-
scription of scoring stages and field methods refer to Lesser
and Parker (2004). Each measured trait was considered a
separate variable in the analysis by trial site and year. The
exception was 2002 height, which was treated as a single
variable across all trial locations, as it reflects greenhouse
growing conditions and not field trial conditions.
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Climate data

Climatic data for the period 1961-1990 were obtained
from Dr. Dan McKenney, Canadian Forest Service, Land-
scape Analysis and Application Section, Great Lakes For-
estry Centre (McKenney 2004). Canada-wide grids along
with point data for the 127 provenance locations were pro-
vided for 67 climate variables (Table 1). The grid scale is
approximately 6 min. Maximum monthly temperature, mini-
mum monthly temperature, and monthly precipitation consti-
tuted 36 of these variables. The remaining 31 variables were
derived using the BIOCLIM-ANUCLIM and SEEDGROW
prediction systems. These variables consisted of growing de-
gree-days, temperature and precipitation amounts by quarter,
and growing period, along with growing season length, start
time, and end time. These variables rather than the primary
climate variables may be more closely related to potential
vegetation community responses (Mackey et al. 1996). More
complete definitions of individual climate variables can be
found in Lesser and Parker (2004) and Mackey et al. (1996).

Screening process

Two criteria were used to select which of the 94 biologi-
cal variables would be used to determine focal point seed
zones. First, significant differences (genetic variation) had to
be present among sources. Second, the observed variation
had to correspond to a climatic or geographic variable. Anal-
ysis of variance was used to detect significant differences
(p £ 0.05), and the intraclass correlation coefficients were
calculated to determine how much of the expressed variation
could be attributed to genetic variation expressed among
seed sources. Simple linear regressions of the selected bio-
logical variables were run based on provenance mean values,
against climatic and geographic variables, to determine
whether differences were attributable to climatic or geo-
graphic factors.

PCA-regression analysis

Following the screening process, provenance mean values
of the 57 retained biological variables were analyzed using
PCA. PCA summarizes the main components of variation in
a data set. PCA was run using the Princomp procedure in
SAS (SAS Institute Inc. 2000). Eigenvalues were examined
to determine which of the PC axes would be retained, and
analysis of the eigenvectors showed each variable’s contribu-
tion to each axis.

Normalized provenance factor scores were calculated for
the three main axes of variation. These factor scores were
then used as new summary variables in multiple linear re-
gressions against the 67 climate variables. Multiple regres-
sions were run using the R? regression procedure in SAS
(SAS Institute Inc. 2000). To avoid issues of correlated inde-
pendent variables and overfitting of the model, predictor
variables with tolerances less than 0.1 and nonsignificant ¢
values (p < 0.05) were eliminated, and the model was refit-
ted (Wilkinson et al. 1992). The regression equations were
then used to model the three main PCA axes by conversion
to spatial data using GIS. Predicted scores for each axis
were reproduced as contoured geographic grids using grid
algebra in the Grid subpackage of ArcGIS (ESRI 2002).
These grids summarized the spatial pattern of adaptive varia-
tion.
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In the final stage of the focal point seed zone procedure,
an Arc Macro Language (AML) computer program was used
to produce a unique seed zone for white spruce at any given
point within the study area based on data from the 127 seed
source locations. Contoured geographic grids for each of
three axes were overlaid and intersected using the INTER-
SECT command in ArcGIS (ESRI 2002). The three grids
were given equal weighting in the intersection process. The
resulting grid identified areas of similarity in terms of stan-
dard deviations from the source location (Parker and van
Niejenhuis 1996a, 1996b). Zones of decreasing adaptive
similarity from the focal point were identified by lighter
shading patterns. All grids were produced in ArcGIS 8.3
(ESRI 2002).

CANCOR

Provenance means for the 57 retained biological variables,
along with the provenance values for the 67 climatic vari-
ables, were entered into CANCOR (SAS Institute Inc.
2000). CANCOR considers both sets of data (biological and
climatic) simultaneously and selects linear functions that
maximize the covariance between the variable sets. By this
procedure CANCOR finds linear functions of each variable
set that maximize the correlation between the sets. As in
PCA, the successive pairs of canonical variates are
uncorrelated, or orthogonal, to each other (Thompson 1984).

Canonical variates were assessed for level of significance
using an F test (p > 0.05). Significant variates were retained
for further analysis. Correlations of variables from each vari-
able set and each canonical variate were calculated to deter-
mine which variables were contributing the most to each of
the canonical variates. For each of the significant variates
the standardized canonical coefficients for the climate vari-
able set were calculated. The canonical coefficients are es-
sentially equivalent to partial regression coefficients in
multiple linear regressions (Gittins 1985). Canonical coeffi-
cients from one variable set can therefore be used to predict
values of the other variable set for each of the canonical
variates in question.

The climatic canonical coefficients were used to model
the biological scores for the three significant canonical vari-
ates. The three models were converted to spatial data using
the Grid subpackage of ArcGIS 8.3 (ESRI 2002). Each of
the 67 supplied climate variable grids (McKenney 2004) was
multiplied by its respective coefficient, and the 67 resulting
grids were then summed, producing a single grid that repre-
sented the predicted biological pattern of variation for each
respective canonical variate.

To facilitate comparison with PCA-regression based focal
point seed zones, CANCOR grids were standardized using
the provenance point means and standard deviations. The re-
sulting standardized grids summarized the spatial pattern of
adaptive variation in relation to the 67 climate variables. The
computer program written to produce focal point seed zones
for the PCA-regression method was adapted to intersect and
overlay the three CANCOR grids, showing areas of similar-
ity in standard deviations from the focal point.

For demonstration purposes, focal point seed zones were
produced using both the PCA-regression and CANCOR
methods for four points across the study area. Methods were
compared based on visual interpretation of the resulting seed

Can. J. For. Res. Vol. 36, 2006

zones and quantitatively by comparing the cumulative
amount of variation explained by each method. For the
PCA-regression approach, this was calculated as the sum of
the products of variation explained by each principal compo-
nent and its coefficient of determination (R?) from the asso-
ciated multiple regression model. For the CANCOR
approach, the cumulative proportion of variance that the cli-
matic variables explained in the biological data set was de-
termined by canonical redundancy analysis (SAS Institute
Inc. 2000).

Results

PCA-regression analysis

Fifty-seven biological variables were retained from the
double screening process used to select the variables exhibit-
ing adaptive variation. The first three axes from PCA were
retained (Table 2) for modelling patterns of adaptive varia-
tion and described 54.5% of the total. PC1 described 34% of
the total variation. PC2 and PC3 described an additional
12.5% and 8%, respectively. The remaining 54 PC axes (re-
sults not shown) had low eigenvalues (less than 3.5) and in-
dividually contributed little to the accounted for variation.

Principal components are uncorrelated (orthogonal) by
definition and represent the structure of multivariate data
(Morrison 1990). In this case the axes reflect the influence
of different categories of variables with different biological
significance. PC1 mainly represented growth potential, as
seen by the relatively large positive eigenvectors associated
with growth variables (Table 2). PC1 was also strongly de-
termined by Englehart survival variables, the final green-
house elongation variable (day 70), and greenhouse bud
flush variables. The first four greenhouse elongation vari-
ables showed a negative relationship with PC1, indicating
that the opposite of growth potential was being expressed in
the early stages of greenhouse growth; however, the final
elongation measurement at day 70 had a positive correlation
with PC1 of the same magnitude as that with field-trial
growth variables. This result indicates that the fastest grow-
ing sources during the early weeks of the greenhouse study
tended to grow slower in later weeks. We hypothesize that
this result likely reflects bud-flush timing in the greenhouse.
The northern sources flushed earlier and began elongation
earlier, before eventually being surpassed by faster growing,
but later flushing, southern sources.

PC2 was strongly determined by phenological traits at the
five field trials. Bud set and bud flush variables showed rela-
tively large positive relationships with PC2, with the excep-
tion of later-stage bud flush variables at the Longlac trial,
which were weaker, but still positive (Table 2). PC3 showed
a relatively large negative relationship with greenhouse bud
flush variables. PC3 also showed a strong positive relation-
ship with the first four greenhouse elongation variables. The
day 70 elongation variable had a much weaker correspon-
dence. This result, coupled with the large positive correspon-
dence of the day 70 elongation variable to PC1, suggests
that the pattern of growth initiation in the greenhouse is es-
sentially uncorrelated with the two main components of vari-
ation, that is, growth and phenology in the field.

PC1 factor scores were fit to a model (R> = 27.1%) con-
taining the following climatic variables: precipitation in the
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Table 2. Summary of principal components analysis for principal
components (PC) 1-3.

PC1 PC2 PC3
Eigenvalue 19.37 7.10 4.63
Percent variaton 33.98 12.5 8.13
Cumulative variation 33.98 46.4 54.56
Eigenvector
Dryden bud flush stage 2 0.06 0.16 0.05
Dryden bud flush stage 3 0.07 0.17 0.04
Dryden bud flush stage 4 0.06 0.21 -0.02
Dryden bud flush stage 5 0.05 0.17 -0.01
Dryden bud flush stage 6 0.04 0.18 0.05
Longlac bud flush stage 2 0.11 0.13 -0.13
Longlac bud flush stage 3 0.13 0.11 -0.15
Longlac bud flush stage 4 0.14 0.09 -0.17
Longlac bud flush stage 5 0.12 0.03 -0.21
Longlac bud flush stage 6 0.10 0.00 -0.17
Greenhouse bud flush stage 2 0.14 -0.01 -0.19
Greenhouse bud flush stage 3 0.17 -0.02 -0.21
Greenhouse bud flush stage 4 0.17 -0.02 -0.19
Greenhouse bud flush stage 5 0.11 0.00 -0.20
Greenhouse bud flush stage 6 0.10 0.02 -0.28
Dryden bud set stage 5 0.06 0.26 0.12
Kakabeka bud set stage 3 0.05 0.24 0.07
Kakabeka bud set stage 4 0.11 0.24 0.13
Kakabeka bud set stage 5 0.10 0.21 0.14
Longlac bud set stage 4 -0.02 0.22 0.10
Longlac bud set stage 5 0.03 0.20 0.18
Englehart bud set stage 3 0.02 0.20 0.15
Englehart bud set stage 4 0.09 0.21 0.14
Englehart bud set stage 5 0.04 0.16 0.12
Petawawa bud set stage 3 0.01 0.17 0.06
Petawawa bud set stage 4 0.05 0.25 0.13
Height 2002 0.19 -0.15 0.06
Dryden height 2003 0.10 -0.04 -0.12
Kakabeka height 2003 0.17 -0.11 0.09
Longlac height 2003 0.19 -0.07 0.02
Englehart height 2003 0.18 -0.12 0.10
Petawawa height 2003 0.19 -0.05 0.09
Dryden height 2004 0.15 -0.07 -0.03
Kakabeka height 2004 0.18 -0.08 0.10
Longlac height 2004 0.17 -0.08 0.00
Englehart height 2004 0.19 -0.08 0.13
Petawawa height 2004 0.18 -0.03 0.07
Angus height 2004 0.17 -0.09 0.02
Dryden diameter 2003 0.11 0.00 -0.04
Longlac diameter 2003 0.18 0.01 0.06
Englehart diameter 2003 0.19 -0.07 0.13
Petawawa diameter 2003 0.17 —-0.06 0.07
Dryden diameter 2004 0.16 -0.06 -0.05
Kakabeka diameter 2004 0.18 -0.11 0.08
Longlac diameter 2004 0.17 -0.02 0.05
Englehart diameter 2004 0.19 -0.03 0.16
Petawawa diameter 2004 0.17 -0.02 0.09
Angus diameter 2004 0.18 -0.05 0.07
Petawawa survival 2002 0.08 -0.09 0.00
Englehart survival 2003 0.13 0.00 0.11
Englehart survival 2004 0.14 0.00 0.11
Longlac survival 2004 0.02 -0.13 -0.03
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Table 2 (concluded).
PCl1 PC2 PC3
Greenhouse elongation day 18 -0.11 -0.13 0.25
Greenhouse elongation day 22 -0.12 -0.14 0.29
Greenhouse elongation day 26 -0.11 -0.19 0.25
Greenhouse elongation day 30 -0.06 -0.24 0.20
Greenhouse elongation day 70 0.18 -0.11 0.09

wettest period (coincides with the growing season), August
maximum temperature, and August precipitation (Table 3).
The inclusion of two summer precipitation variables, along
with a late-summer temperature variable, suggests the im-
portance of moisture conditions during bud development for
the following year’s growth potential. Mapped predicted fac-
tor scores showed a trend of greater growth potential occur-
ring in the southeast portion of the study area and decreasing
through central Ontario and into northern areas (Fig. la).
Growth potential increases again to the southwest of Lake
Nipigon, showing values similar to those in south central
Ontario. A similar trend of increasing growth potential mov-
ing west across northwestern Ontario was reported for a re-
gional study of jack pine (Parker and van Niejenhuis 1996a).

The best model (R*> = 48.5%) for predicting PC2 factor
scores contained only June minimum temperature (Table 3),
reflecting the importance of late spring — early summer tem-
peratures for phenological characteristics, especially bud-
flush timing. The same geographic trend evident for PC1
(Fig. 1a) can also be seen for PC2 (Fig. 1), with differences
in western Quebec and the eastern shore of Lake Superior.
Higher scores corresponding to later bud-flush timing in the
spring and later bud-set timing in the late summer — early
fall are located predominantly in the southern portions of the
study area. The influence of the Algonquin Highlands in cre-
ating an environment similar to that of more northern areas
can be seen on the grid in south central Ontario.

PC3 factor scores were predicted (R? = 28.0%) by annual
precipitation, March maximum temperature, and October
precipitation (Table 3). A strong north—south trend is evident
in the mapped factor scores (Fig. 1c), closely resembling
winter temperature patterns in Ontario (McKenney 2004).

CANCOR

The first three canonical variates (CVs) were significant
(p < 0.05) (Table 4). The total amount of covariance in the
data sets explained by the three variates is 72% (Table 5).
Bud-set variables all had relatively high positive correlations
with CV1, ranging from 0.28 for Petawawa stage 3 to 0.13
for Englehart stage 3. Bud-flush variables showed a mixture
of positive and negative correlations that were all relatively
weak. Growth variables showed a wide range of both posi-
tive and negative correlations.

Correlations of the biological variables to CV2 showed a
similar pattern, with no identifiable trend in variable catego-
ries that would give this variate a clear biological interpreta-
tion (Table 5). For this axis, as canonical scores increased
growth trait values decreased and climatic variables with
negative correlations had a positive relationship with growth.

CV3 showed a generally strong positive relationship to the
bud-set variable category (Table 5). Bud-flush and growth
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Table 3. Multiple regression models of principal component analysis factor scores against climate variables.

Dependant variable p >F Independent variables Coefficient Tolerance p >t
Principal component 1 <0.0001 Constant -8.572 — <0.0001
(R* = 27.1%) Precipitation wettest period —0.043 0.348 0.0078
August max. temperature 0.287 0.882 <0.0001
Aug. precipitation 0.068 0.376 <0.0001
Principal component 2 <0.0001 Constant -3.393 — <0.0001
(R? = 48.45%) June min. temperature 0.400 1 <0.0001
Principal component 3 <0.0001 Constant 2.986 — 0.0005
(R* = 27.96%) Annual precipitation -0.011 0.165 <0.0001
March max. temperature 0.427 0.541 <0.0001
Oct. precipitation 0.080 0.219 <0.0001

Table 4. Correlations, eigenvalues, proportions, significance levels, and variance explained by the climate variables for canonical vari-

ates 1-3.

Canonical Canonical Cumulative Approx. Cumulative proportion

variate correlation Eigenvalue Proportion covariance F value p >F explained by climate variables
1 0.999 754.446 0.443 0.443 1.360 <0.0001 0.0175

2 0.998 300.067 0.176 0.620 1.230 <0.0001 0.1100

3 0.997 172.887 0.102 0.721 1.140 0.008 0.1310

variable categories had a range of both positive and negative
correlations. This can be interpreted as meaning that as ca-
nonical scores increase the timing of field bud set tends to
increase, while height and diameter at some field sites tends
to decrease.

Correlations of the climate variables with CV1 reflect a
strong influence of temperature-related variables (Table 1).
Monthly temperature variables all showed relatively high
positive correlations. Overall, precipitation-related variables
had lower correlations, with variables from the summer
months and those associated with the growing season gener-
ally being negative. Correlations with CV2 overall were
much weaker, with the highest correlation being negative for
total precipitation in period 3. Only 7 of the 67 variables
showed a positive relationship. The strongest correlation for
CV3 was —0.43 for precipitation seasonality. Again, monthly
temperature variables all showed relatively high positive cor-
relations, with monthly precipitation variables relatively
lower. The summer month precipitation variables (June—
September) all showed negative correlations. Overall, corre-
lations do not give any clear interpretation of how any given
“set” of climate variables interacts with a set, or category, of
biological variables, pointing to the complexity of the rela-
tionship between climate and biological variables.

Canonical coefficients for the climate variables were used
to model the biological variable scores for each canonical
variate (Table 1). These coefficients, or weights, reflect the
association of each variable after the influence of all other
variables in the set have been removed (Gittins 1985). While
in principle the coefficients can be used as an indication of
the effects and direction that variables have, interpretation is
more difficult and not as reliable as using the correlation
values for such purposes. This issue is a result of the drasti-
cally different magnitudes of scale between climate variables
(Gittins 1985). While the coefficients are individually not in-
terpretable to any great degree, the standardized grids devel-
oped by modeling the climate variables based on their

coefficients show meaningful trends. A clear north—south
trend is shown in the grid for canonical variate 1, with
scores generally decreasing with movement northwards
(Fig. 2a), off the east coast of Lake Superior and from the
Algonquin Highlands in central Ontario. This grid reflects
winter temperature patterns and shows a strong resemblance
to the PC3 grid (Fig. 1¢). The trend for canonical variate 2
grid is latitudinal in the east and longitudinal in the west
(Fig. 2b). Higher scores are found in northeastern areas, with
scores decreasing with movement south. Northwestern On-
tario shows similar scores to those in more southern areas.
Lakeshore effects are evident along both the north and east-
ern shores of Lake Superior. There is also a noticeable ef-
fect, once again, in the central Ontario area caused by the
Algonquin Highlands region. There is a strong parallel be-
tween the grid for canonical variate 2 and the grid for PC2
(Fig. 1b). Both grids show similar trends in the southeast to
north central and the northwest to north central regions;
however, the scores in the two grids show opposite polarity.
The grid for canonical variate 3 (Fig. 2¢) emphasizes both
the lakeshore effect of Lake Superior and the highland effect
of the Algonquin area that were seen in the first two vari-
ates. Overall the trend is primarily longitudinal.

Focal point seed zones

Overall, focal point seed zones developed from CANCOR
appear quite similar to regression-based seed zones. The
same lakeshore effects and the effect of the Algonquin High-
lands are readily apparent in both sets of seed zone maps
(Fig. 3). Both methodologies show a transition at approxi-
mately 47°N as focal points move from northeastern Ontario
into southern Ontario and Quebec. This transition corre-
sponds to the boreal Great Lakes — St. Lawrence forest re-
gion transition in eastern Ontario (Rowe 1972). Focal points
located north of 47°N generally show little acceptable area
to the south, with southern points showing little to no ac-
ceptable area north of that latitude.
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Table 5. Correlations of the biological variables to canonical

variates 1-3.

Canonical variable

Biological variable 1 2 3

Dryden bud flush stage 2 0.004 -0.280 -0.118
Dryden bud flush stage 3 0.093 -0.266 -0.091
Dryden bud flush stage 4 0.026 -0.169 0.054
Dryden bud flush stage 5 0.120 -0.120 0.053
Dryden bud flush stage 6 0.102 —0.141 0.094
Greenhouse bud flush stage 2 0.032 -0.082 -0.002
Greenhouse bud flush stage 3 -0.091 -0.086 0.015
Greenhouse bud flush stage 4 -0.039 -0.128 -0.040
Greenhouse bud flush stage 5 -0.070 -0.121 -0.031
Greenhouse bud flush stage 6 -0.120 -0.124 0.020
Longlac bud flush stage 2 0.017 —-0.028 0.159
Longlac bud flush stage 3 0.017 -0.095 0.184
Longlac bud flush stage 4 0.032 -0.094 0.110
Longlac bud flush stage 5 -0.058 -0.023 0.063
Longlac bud flush stage 6 -0.004 0.040 0.046
Dryden bud set stage 5 0.164 0.09 0.176
Englehart bud set stage 3 0.135 0.000 0.185
Englehart bud set stage 4 0.138 -0.156 0.214
Englehart bud set stage 5 0.233 -0.242 -0.127
Kakabeka bud set stage 3 0.156 -0.081 0.235
Kakabeka bud set stage 4 0.232 -0.294 0.214
Kakabeka bud set stage 5 0.264 -0.157 0.212
Longlac bud set stage 4 0.230 -0.121 0.223
Longlac bud set stage 5 0.191 -0.116 0.214
Petawawa bud set stage 3 0.281 0.073 0.055
Petawawa bud set stage 4 0.224 0.074 0.116
Angus height 2004 0.061 —-0.169 —-0.156
Dryden height 2003 0.022 —-0.035 -0.102
Dryden height 2004 0.053 -0.025 -0.235
Englehart height 2003 0.002 -0.297 -0.129
Englehart height 2004 0.110 -0.339 —-0.103
Height 2002 -0.036 —-0.227 —-0.183
Kakabeka height 2003 -0.096 —0.299 —-0.033
Kakabeka height 2004 -0.032 -0.328 0.065
Longlac height 2003 0.017 -0.217 -0.089
Longlac height 2004 -0.062 -0.217 —-0.052
Petawawa height 2003 0.103 -0.328 0.007
Petawawa height 2004 0.155 -0.320 -0.037
Angus diameter 2004 0.107 -0.180 0.023
Dryden diameter 2003 0.033 —0.248 0.128
Dryden diameter 2004 0.055 -0.017 -0.027
Englehart diameter 2003 0.134 —0.348 -0.010
Englehart diameter 2004 0.162 -0.367 0.009
Kakabeka diameter 2004 -0.026 -0.398 0.048
Longlac diameter 2003 —0.035 -0.374 0.044
Longlac diameter 2004 0.000 -0.263 0.017
Petawawa diameter 2003 0.162 -0.279 0.023
Petawawa diameter 2004 0.211 -0.345 0.032
Englehart survival 2003 0.308 -0.237 -0.011
Englehart survival 2004 0.290 -0.222 0.031
Longlac survival 2004 -0.098 —-0.054 -0.289
Petawawa survival 2002 -0.115 -0.137 -0.066
Greenhouse elongation day 18 0.020 -0.186 -0.133
Greenhouse elongation day 22 -0.060 -0.091 -0.107
Greenhouse elongation day 26 -0.103 -0.024 —-0.103
Greenhouse elongation day 30 —-0.080 -0.016 -0.072
Greenhouse elongation day 70 0.075 -0.174 -0.096
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Fig. 1. Predicted factor scores based on 57 biological and 7 cli-
matic variables for PC1 (a), PC2 (b), and PC3 (c).
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While broad patterns of similarity are the same, there are
also notable differences in the produced zones. For the two
northern points, the clear “boundary” at approximately 50°N
seen in the PCA-regression based zones is not apparent in
the CANCOR zones. The CANCOR zones for the same
northern points show zones extending north and south of
50°N but being more limited longitudinally (Fig. 3a-3d).
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Fig. 2. Predicted standardized biological scores based on 57 bio-
logical and 67 climate variable canonical coefficients for canonical
variate 1 (a), canonical variate 2 (b), and canonical variate 3 (c).
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This longitudinal zonation parallels the north—south divides
seen in Hills’s (1961) site subregions (e.g., 4S, 3W and 3E)
in terms of area, but differs in terms of the floating bound-
aries inherent to the focal point seed zone method.

The examples in Fig. 3 illustrate a general pattern; that is,
PCA-regression based zones are relatively coarser, and
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CANCOR-based zones are relatively finer. The lakeshore ef-
fect of the north shore of Lake Superior is more pronounced
in the CANCOR zones than in the regression-based zones
for focal points located across northern Ontario (Fig. 3D).
Generally, CANCOR-developed zones for southern focal
points show less acceptable areas in the northwest as com-
pared to regression-based zones for the same points.
CANCOR-developed zones for southern points are also gen-
erally smaller than their regression-based counterparts and
appear to be more heavily influenced by lakeshore effects
and the Algonquin Highlands area. This result is not surpris-
ing, since PCI accounts for growth traits at all trial loca-
tions, while CV1 has a greater association with southeastern
trials. Southern CANCOR zones are also more fragmented
than regression-based zones within the local area of the fo-
cal point, but show fewer remote disjunct areas of similarity
(Fig. 3e-3h). These differences are due in part to the regres-
sion being a special case of CANCOR with only one de-
pendent variable.

Discussion

Focal point seed zones

Generalized seed zones initially used in Ontario were
based on a combination of Hills’s (1961) site regions and ad-
ministrative boundaries. Site regions were determined based
on geology, vegetation, climate, and soils. More recently a
new approach was developed through climate analysis
(Mackey et al. 1996). When compared to the focal point
seed zones, these generic zones create zones that may be too
specific in many cases and may not be specific enough in
others.

Focal point seed zones are species specific and are based
on the unique pattern of adaptive variation that each individ-
ual tree species will have within its range and within specific
areas of that range. While these patterns will generally fol-
low climatic, geological, and geographic trends in the land-
scape, a level of uncertainty is imposed by basing seed
transfers on such generalizations without knowing the indi-
vidual patterns of adaptation for a given species. Linear re-
gressions were used to characterize the relationship of
adaptive variation to climate. While nonlinear equations are
often used to model this relationship (Rehfeldt 1991), these
instances are typically in mountainous terrain. For the less
variable terrain in Ontario, we felt that a linear model was
appropriate. Previous studies in Ontario on jack pine and
black spruce have both used linear models to explain the
adaptive variation — climate relationship and have shown this
to be an acceptable method (Parker 1992; Parker and van
Niejenhuis 1996a, 1996b).

Focal point seed zones represent the areas of greatest
adaptive similarity to the selected focal point. This approach
is ideal in jurisdictions including Ontario, where local seed
is considered best for reforestation efforts. Some have ar-
gued that the assumption of local being best adapted may
not be true in some cases, possibly because of migration lag,
evolutionary lag, or competitive exclusion (Rehfeldt et
al.1999). The focal point method indicates an indeterminate
range of locations corresponding to the selected focal point
based on the interaction of key climate variables. This range
can be refined by narrowing the mapped contour intervals,
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Fig. 3. A comparison of white spruce focal point seed zones created for four points: 49°N, 91°W (a, b); 49°N, 83°W (c, d); 47°N,
79°W (e, f); and 46°N, 76°W (g, h). PCA-regression based method seed zones are shown in the left-hand column (a, c, e, and g), and
canonical correlation approach seed zones are shown in the right-hand column (b, d, f, and h). Shading indicates level of adaptive sim-
ilarity in standard deviations to the focal point.
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thus creating narrower, more specific zones from which to
obtain seed collections (Parker and van Niejenhuis 1996a).
However, while the identified sources are the most similar in
terms of adaptive traits, focal point zones do not necessarily
identify seed sources that will maximize growth potential at
a given point.

Response functions developed for white spruce (based on
410 provenance series) by Cherry and Parker (2003) showed
that increased growth will generally be achieved in north-
western Ontario by moving southern sources north. Al-
though this approach may produce maximum yield for a
given site, care must be taken to avoid planting maladapted
seed. Hence, the use of focal point zones to delineate areas
of similar adaptation, combined with response and transfer
functions to identify the sources that will produce the great-
est growth from within these zones, becomes a powerful
strategy.

PCA versus CANCOR-based zones

In spite of its ability to relate two sets of variables,
CANCOR is often viewed sceptically by ecologists (Gittins
1985). CANCOR was first used in an ecological application
by Austin (1968), who found the results to be unsatisfactory
in comparison to results from other ordination techniques.
Other studies, however, have shown that CANCOR can be
used as an effective statistical tool in ecological applications
(Pélissier et al. 2001; Glimaret-Carpentier et al. 2003).
Westfall (1992) demonstrated the applicability of CANCOR
in seed zone development, using it as the basis for seed
zones of white fir (Abies concolor (Gord. & Glend.) Lindl.
ex Hildebr.) in California. A previous attempt to use
CANCOR as the basis of building focal point seed zones for
black spruce in northwestern Ontario was viewed as less sat-
isfactory than the PCA-regression based approach. The re-
sulting zones contained more geographic discontinuities than
the regression-based counterparts, such that, as with the re-
sults presented here, no biological interpretation of the axes
was possible (Parker and van Neijenhuis 1996b).

When only the zone of greatest similarity (+0.5 standard
deviation (SD)) is considered, the degree of similarity
between focal point seed zones produced by the PCA-
regression approach and CANCOR is very high. The fact
that two independent statistical techniques produce such
similar results strengthens the overall result, regardless of
which approach is used. Even though both methods use the
same data set to obtain the results, that they both produce
such similar outcomes strengthens the conclusion that true
patterns of adaptive variation are being identified and mapped.

When considering zones of lesser similarity (1.0 and
+1.5 SD), differences in the results from the two approaches
become more apparent. A general longitudinal trend
throughout northern portions of the study area is present in
the CANCOR results, but less evident in the PCA-
regression results, which better corresponds to actual ob-
served patterns of adaptation (Lesser and Parker 2004) and
patterns observed for black spruce and jack pine (Parker and
van Niejenhuis 1996a, 1996b). Also, CANCOR-derived
zones show fewer disjunct areas and more localized zones of
similarity than the PCA-regression based zones over the
central and northern parts of the study area. Greater frag-
mentation is seen in southern CANCOR zones; however, this
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fragmentation may reflect finer scale weather patterns and
be more accurate. Finally, lake shore and highland effects
are seen more clearly in the CANCOR results. These effects
are seen in the PCA-regression based results as well but do
not persist across the landscape in the same way.

The two methodologies can be compared quantitatively by
determining the cumulative variation explained by each ap-
proach. The sum of the products of R? values and fractions
of variation accounted for by each of the three PC axes to-
tals 17%. Canonical redundancy analysis showed that the
climate variables explained a cumulative 13% of the varia-
tion in the biological data set (Table 4). However, the PC
components were determined based on magnitude rather
than correspondence to climate data. Although the PCA-
regression approach explains 4% more of the variation, the
covariance between biological and climate variables is not
maximized, since it is only based on 54.5% of the total vari-
ation explained by the first three PC axes. Hence, the greater
explained variation may be misleading because of the two
independent statistical steps used to obtain it. Furthermore,
the portion of the variation that is not included in the regres-
sion step does not relate well to climate and if included
would likely reduce the ability of the model to explain pat-
terns of variation.

It is notable that the amount of variation explained by ei-
ther the PCA-regression or CANCOR approach is less than
20%, indicating that most of the observed variation detected
in this study is not adaptive and results from other sources,
including experimental error. In a parallel study using ca-
nonical correlations of climate variables to summarize
genecological variation in coastal Douglas-fir from Oregon
and Washington, St. Clair et al. (2005) found that the first
two canonical correlations accounted for 20% and 7% of the
total trait variation. Presumably the bulk of the nonadaptive
variation reflects within-population variation that was not
measured in this study, but which has previously been dem-
onstrated for white spruce in earlier work (Nienstaedt and
Teich 1972).

Genotype x environment interaction

By definition, genotype x environment (GXE) interaction
can only exist if more than one field trial is employed. With
multiple field trials, a GXE interaction may exist and may be
very complex in nature depending on the number and differ-
ences of the trial environments and the specific adaptations
of the sources being tested.

The number of PCA axes needed to adequately describe
adaptive variation in a series of provenance trials is partly
related to GxE interaction, but the relationship is not clear.
Even at a single site, PCA may produce as many orthogonal
(uncorrelated) axes as there are response variables; for ex-
ample, height, survival, and cold-hardiness traits might not
be correlated for a group of seed sources at a single location
and would require three axes to express the variation. Addi-
tional PCA axes will be needed to accomodate GxXE interac-
tion, that is, when rank changes exist among seed sources at
different sites for the same response variable.

While the purpose of this study was not to determine the
complexity of existing GXE interaction, the presence of the
interaction drives the need for the focal point zone approach
involving the overlay of different PCA-based geographic
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grids. In this study significant interaction values were calcu-
lated for seed source x test site for all response variables:
height, diameter survival, bud flush, and bud set (results not
shown). Nonetheless, our results suggest that the GxE inter-
action is not as important for growth traits, since all sites are
correlated on PC1, but more important for bud flush, as indi-
cated by different coefficients on PC2 (Table 2). The accu-
rate prediction of adaptive zones by our approach strongly
depends on accounting for GXE interaction with the chosen
axes, and this representation in turn depends on the nature of
the test sites. The ability to generalize adaptive suitability
over a geographic area depends upon covering the range of
environmental conditions represented by the chosen test sites.

With regard to the CANCOR approach, it is more difficult
to determine the effect of GxE interaction, but a parallel
trend to the PCA result is evident in CV2. All growth and
survival variable correlations have the same negative sign,
while bud flush and bud set have mixed signs on the same
axis. Perhaps in some cases separate CANCORs per test
site, or similar sites, might be justified, but synthesis of the
separate analyses would be complex. Solution of this prob-
lem is beyond the scope of this study, but will provide the
basis for a further research contribution.

Conclusion

CANCOR offers an appealing statistical alternative to the
PC-regression based methodology previously used to de-
velop focal point seed zones. The former approach requires
two independent steps, while CANCOR accomplishes the
same result in one step. CANCOR simultaneously considers
and relates the biological and climatic data sets together by
maximizing the covariance between the two data sets
(Gittins 1985). The CANCOR method retains all the climate
variables, and the resulting seed zones are based on the
weighted contributions of the full array. Thus, the orthogonal
components are selected sequentially to give the best fit and
optimize the predictive ability of the climate data. Informa-
tion on relationships between biological and climate vari-
ables may be discarded by the independent PCA and
regression analysis. The PCA segregates the biological data
set into its various orthogonal components with no regard to
their relationship to the climate data set, although there are
exceptions to this when two or more variables coincidentally
are jointly related to climate (Namkoong 1966). The approx-
imate correspondence of the biological variables into growth
potential (PC1), phenological timing (PC2), and greenhouse
effects (PC3) allows a meaningful biological interpretation
of the resulting patterns of variation, but is really an arbi-
trary mathematical determination that does not necessarily
lend itself to explaining the true relationships between the
biological and climate data sets (Gittins 1985). In the regres-
sion phase of the analysis, suitable equations are developed
that, while seeking to explain the greatest amount of correla-
tion between each PC axis and the climate array, may actu-
ally limit the explanatory power of the model.
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Table Al. Seed source number, location, and geographic coordinates for 127 white spruce provenances

in Ontario and Quebec.

No. Location Lat. (°N) Long. (°W) Elevation (m)
1 Cornwall 45.07 74.83 80
2 St-André Avellin 45.67 74.97 155
3 St-André Avellin 45.73 75.05 152
4 Camp 27 46.25 75.08 259
5 Thurso 45.62 75.23 100
6 Poupée 45.65 75.45 15
7 Lac Iroquois 46.03 75.57 213
8 Ruisseau Murphy 46.25 75.58 304
9 Val-Des-Bois 45.82 75.60 168

10 Augusta 44.83 75.63 100
11 Marlborough Township 45.12 75.80 90
12 Breckenridge 45.47 75.92 107
13 Wakefield 45.62 75.93 244
14 Bouchette 46.2 75.95 183
15 Aylwin 45.97 76.03 152
16 Grand-Remous 46.63 76.07 244
17 Antrim 45.32 76.18 121
18 Wyman 45.52 76.30 91
19 Lac Cayamant 46.15 76.33 274
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No. Location Lat. (°N) Long. (°W) Elevation (m)
20 Lac Du Faucard 46.85 76.35 305
21 Ladysmith 45.75 76.40 213
22 Lac Usborne 46.25 76.63 274
23 Renfrew 45.47 76.63 121
24 Silver Lake 44.82 76.68 180
25 Beachburg 45.68 76.80 137
26 Grove Creek 45.90 76.27 244
27 Riviere-Coulonge 46.35 76.87 274
28 Lac Cranson 45.83 76.95 122
29 Tyendinaga 44.33 77.13 107
30 Barrie 44.78 77.15 274
31 Sheenboro 45.97 77.25 152
32 Denbigh 45.08 77.28 305
33 Alice 45.77 77.28 150
34 Petawawa National Forestry Institute 45.98 77.45 160
35 Rolphton 46.17 77.67 183
36 Carlow 45.27 77.70 366
37 Marmora 44.55 77.75 229
38 Bancroft 45.1 77.97 396
39 Dummer 44.48 78.02 236
40 Anstruther Township 44.92 78.07 365
41 Haldimand 44.17 78.12 274
42 Whitney 45.53 78.27 396
43 Harvey 44.60 78.38 300
44 Canton Sébille 47.70 78.40 305
45 Lister 45.87 78.45 442
46 Canton Cameron 46.25 78.50 183
47 Osler 45.87 78.70 442
48 Lac Wawagosis 49.35 78.70 289
49 Lac Smith 46.72 78.83 335
50 Rutherglen 46.28 78.85 229
51 Baie Kelly 47.03 78.87 335
52 Mattawan Township 46.38 78.90 305
53 Eldon 44.47 78.92 280
54 Hindon Township 45.03 78.93 335
55 Canton Gaboury 47.33 79.00 305
56 Jocko Township 46.60 79.02 306
57 Lac Guay 47.20 79.03 305
58 Sinclair Township 45.47 79.08 370
59 Canton Mercier 46.78 79.12 305
60 Bonfield Township 46.23 79.13 245
61 Scott 44.12 79.18 290
62 Chisholm 46.13 79.27 275
63 Lac Hébécourt 48.53 79.30 224
64 Strong 45.78 79.42 381
65 Armour Township 45.62 79.42 300
66 Lac Labyrinthe 48.22 79.48 289
67 Notre-Dame-des-Quinze 47.58 79.50 213
68 Lorrain Township 47.25 79.52 240
69 Peck Township 45.48 78.75 460
70 Cobalt 47.03 79.68 306
71 McKellar 45.58 79.87 275
72 Englehart 47.87 79.92 215
73 East Mills 45.92 79.93 245
74 Erin 43.75 80.12 427
75 Osprey 44.35 80.33 503
76 Kirkland Lake 48.03 80.37 304
77 Bowman Township 48.48 80.42 290
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Table A1 (concluded).
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No. Location Lat. (°N) Long. (°W) Elevation (m)
78 Bentinck 44.17 81.00 305
79 Clute 2 49.02 81.23 289
80 Pagwa 49.77 85.42 245
81 Fraserdale 49.03 81.58 215
82 Robb Township 48.58 81.62 290
83 St. Edmunds 45.25 81.63 206
84 Nairn Township 46.32 81.65 243
85 Gurney Township 49.05 82.25 215
86 Proctor 46.33 82.50 249
87 Cargill 49.3 82.70 289
88 Elizabeth Bay 45.83 82.75 191
89 Meldrum Bay 45.95 83.08 183
90 Arnott Township 49.62 84.58 275
91 Wawa 47.92 84.75 306
92 Bouchard 48.78 85.05 457
93 White River 48.62 85.32 305
94 Highway 11 49.77 85.47 236
95 Mobert Township 48.7 85.58 305
96 Strathearn 48.72 85.87 335
97 Manitouwadge 49.28 85.97 305
98 Caramat 49.6 86.15 305
99 Pic River 48.70 86.25 240

100 Kenogami 49.92 86.48 305

101 Nakina 50.2 86.78 335

102 False Creek 49.87 86.87 365

103 O’Sullivan 50.53 87.02 335

104 Long Lake 49.22 87.07 335

105 Maun/Anaconda Road 50.32 87.09 328

106 Eastnor 4498 81.37 191

107 Terrace Bay 48.78 87.12 200

108 Grandpa Road 49.55 87.18 404

109 Jellicoe 49.7 87.42 365

110 Parks Lake 49.47 87.57 460

111 South Onaman River 50.03 87.65 305

112 Mountain Bay 48.91 87.77 195

113 Auden 50.15 87.88 335

114 Beardmore 49.55 88 365

115 Limestone 49.07 88.02 245

116 Nipigon 49.20 88.22 229

117 Stewart Lake 48.98 88.54 267

118 Chief Bay 49.05 89.05 275

119 Waweig Lake 50.15 89.12 305

120 Lakehead University woodlot 48.65 89.41 457

121 Pigeon River 48.02 89.65 306

122 Twist Lake 49.37 89.75 425

123 Shabaqua 48.62 89.90 410

124 Shebandowan 48.62 90.18 459

125 Upsala 49.07 90.52 489

126 Eva Lake 48.07 91.42 428

130 King 44 79.67 240
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