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Abstract .--Canonical variate scores representing the age and
location of eastern white pines in a three hectare unmanaged forest
stand show a relationship to canonical scores representing genotypes
of eastern white pines. Trees with similar genotypes and age grow
in groups. The patterns of clustering may be related to
establishment.
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A large proportion of genetic variability in eastern white pine appears
to be within stands, rather than among stands (Ryu and Eckert 1983), but the
spatial distribution of the genetic variability within stands is not well
understood. Electrophoretic analysis of tree enzymes can help in
understanding genetic variability in forest stands. A better understanding of
local genetic variability in eastern white pine could be applied to decisions
affecting stand thinning and seed collection for breeding purposes. This
paper describes the relationship of tree location to the allelic composition
of eastern white pines growing in a three hectare unmanaged forest stand, and
presents evidence suggesting that tree establishment may be in part
responsible for clustering of trees with similar genotypes.

METHODS

The Study Site

The forest stand selected for this study is located in Durham, N.H. It
is representative of the unmanaged eastern white pine and hemlock stands in
New Hampshire. The stand is bordered by previously thinned stands on two
sides, a wet area on the third, and a red pine stand on the fourth side. The
location of all 500 eastern white pines in the stand was recorded on a x/y
coordinate map, and the age of 160 randomly selected trees was estimated from
incremental cores taken at breast height.

Isozvme analysis

Foliar tissue samples were collected from all 500 eastern white pines.
sling shot was used to remove one year old foliage from sun-exposed portions
of tree crowns. Samples were stored on ice while in the field and frozen (-
20°C) in the laboratory until analyzed.
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Horizontal starch gel electrophoresis was used to determine allelic
composition of foliar samples for the following seven enzymes: Leucine
aminopeptidase (LAP E.C. 3.4.11.1), Phospho-glucose isomerase (PGI E.C.
5.3.1.9), Glutamate-oxaloacetate transaminase (GOT E.C. 2.6.1.1), Shikimate
dehydrogenase (SDH E.C. 1.1.1.25), Fluorescent esterase (F-EST E.C. 3.1.1.2),
Phosphoglucomutase (PGM E. C. 2.7.5.1), and Malate dehydrogenase (MDH E. C.
1.1.1.37). Each sample was frozen in liquid nitrogen and ground to powder
with a mortar and pestle. An extraction buffer (Table 1) was added, the
mixture was stirred until a paste formed, and then the extracts were absorbed
into paper wicks through lens paper covering the paste (Gorman and Kiang,
1977). Electrophoresis was carried out at 3º- 5ºC. Migration of most
enzymes required approximately four hours under conditions described by Adams
and Joly (1980), however malate dehydrogenase gels required twenty hours at 20
milli-amperes. Gel and electrode buffer recipes, and electrophoretic
conditions are summarized in Table 2. Stain recipes are described in Table 3.
The agar overlay method was used for SDH and MDH. F-EST gels were scored
immediately, all other stains were developed at least one hour in darkness at
37ºC.
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Evidence for genetic control of enzyme variants 

Preliminary evidence for genetic control of enzyme variants was obtained
from segregation ratios in haploid tissue of heterozygous trees. Cones were
collected in a clonal orchard where the genotypic identity of open pollinated
parent trees is known from previous isozyme analyses. The clones are
representative of trees growing in New Hampshire. Cones were not available in
the natural stand. Cones were allowed to dry in sunlight, seeds were
extracted, and stored at -15 °C until needed. Two days preceding analysis,
seeds were removed from storage, soaked in 10% H 2 0 2 for twelve hours, and
retained in distilled water for the remaining 36 hours. The two day seed
treatment was carried out in plastic petri dishes, illuminated by a 60 watt
tungsten lamp. Megagametophyte tissue of each seed was dissected from the
seeds up to 12 hours before analysis, and was stored individually in one drop
of water at -15 °C. Immediately preceding electrophoretic analysis, the tissue
was crushed with a glass rod, and an extract of the paste was absorbed into
paper wicks. Electrophoresis and staining of the megagametophyte enzymes was
identical to that described for foliar tissue enzymes.

Data analysis 

The raw isozyme scores were converted into continuous "Smouse Scores"
(Smouse et al. 1982), and analyzed by canonical correlation analysis (Gittins
1979). Canonical correlation analysis was used to evaluate the strength of
relationship between the set of genotypic variables (represented by isozymes)
and the within-stand location of the trees. The relation of age to the
spatial distribution of the genotypes and to enzyme composition was also
explored. Plots of predicted canonical variate scores for the enzymes were
used to identify regions of the stand which contain trees with similar
genotypes. Plots showing the distribution of trees with selected enzyme
variants important in the formation of the canonical variate scores were used
to explain the basis for some of the observed patterns. The relationship of
tree age to allelic composition of individual trees, and the distribution of
trees with similar age were used to suggest a possible reason for the patterns
that were observed.

RESULTS AND DISCUSSION

Enzyme variants observed 

The electrophoretic analysis showed the presence of enzyme variants for
six of the seven enzymes surveyed. Foliar isozyme band patterns will be
discussed separately for each enzyme system. Tests of significance for
deviation from expected 1:1 ratios of enzyme variants in haploid
megagamethophyte tissue of seeds from heterozygous mother trees are summarized
in Table a. A graphic summary of patterns for each system at corresponding
values is shown in Figure 1. Each zone of staining activity on a particular
gel is encoded by a gene, with one or more allozymes encoded by allelic forms
of the gene. The fastest migrating zone of each enzyme is designated locus
one, the following locus two, etc. Alleles at each locus are identified as
"a" for the fastest allele, "b" for a slower allele, etc.; the fast allele of
the first Mdh locus is represented as Mdh-1a, for example. Heterozygote
genotypes are represented as "a/b", and homozygotes as "a/a".
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Leucine aminopeptidase (LAP) E.C. 3.4.11.1 

A single enzyme band appeared consistently on gels with foliar samples
stained for LAP. Two other isozymes, one slower and one faster, were
occasionally observed, but not included in this study. The three zones of
activity correspond to those seen by Ryu (1982). Eckert et  al. (1981)
observed similar bands in megagametophyte tissue of heterozygous white pines,
but also detected additional loci. 1:1 segregation of allozymes in
heterozygous white pine megagametophytes indicated the allozymes were under
genetic control in megagametophyte tissue.
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Phosphoglucose Isomerase (PGI) E.C 5.3.1.9

Two zones of activity were observed on gels with foliar samples stained
for PGI. One band was observed for Pgi-1 and two variants were observed for
Pgi-2. Pgi-2 bands of homozygotes appeared darker than those of
heterozygotes. The heterozygotes displayed a dimeric pattern, with a darker
band between the two lighter fast and slow bands. This type of pattern was
reported for other conifers by Adams and Joly (1980), and by Guries and Ledig
(1978). The first and second allozymes of Pgi-2 in heterozygous
megagametophyte tissue segregated in a 1:1 ratio.

Phosphoglucomutase (PGM) E.C. 2.7.5.1

Two zones of activity were seen on gels with foliar samples stained for
PGM. The fast migrating zone contained one dark band similar to that observed
by Eckert et al. (1981) in megagametophyte tissue. Three different lighter
bands were seen in the slow migrating zone, both in homozygous and
heterozygous monomeric form. Heterozygote bands were lighter than homozygote
bands. All six possible band combinations were observed at the slow locus.
Ryu (1982) observed nearly identical numbers of enzyme bands at compatible Rf
values in foliar tissue and in the megagametophyte. Eckert al, al. (1981)
observed 1:1 variant segregation ratios in megagametophyte tissue of
heterozygous eastern white pines, suggesting the allozymes are under genetic
control.

Glutamate-oxaloacetate Transaminase (GOT) E.C. 2.6.1.1. 

Two zones of activity were observed on gels stained for GOT, the fast
zone had one isozyme band and the slow zone had two variants. Got-2 was
present in only two of the 500 trees examined. No heterozygotes were
detected. A third, even slower zone was occasionally visible, but was not
intense enough for consistent scoring. Three GOT zones with compatible Rf
values and nearly identical numbers of enzyme bands have been reported for
both megagametophyte and foliar tissue, with two monomeric bands at the second
locus (Ryu 1982). Eckert et al. (1981) used segregation of allozymes in
heterozygous white pine megagametophytes to demonstrate genetic control of the
GOT variants.

Fluorescent Esterase (F-EST) E.C. 1.1.1.2

One F-est locus containing two isozyme variants was scored for foliage.
One slower locus was also visible, but its interpretation was unclear. First
locus heterozygotes exhibited a dimeric pattern as reported for eastern white
pine (Ryu, 1982) and for ponderosa pine foliage (Mitton al., 1979). The
allozymes segregated in megagametophyte tissue as expected.

Shikimate Dehydrogenase (SDH) E.C. 1.1.1.25

One zone of three isozyme variants was observed for this enzyme in foliar
samples. All six possible monomeric patterns were seen in the trees sampled
for this study. Homozygote bands stained more intensely than did heterozygote
bands. The first and second allozymes segregated as expected in
megagametophyte tissue. No seeds were available to test segregation of the
third allozyme.
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Malate Dehvdrozenase (MDH) E.C. 1.1.1.17

Two zones of activity were seen for MDH in foliar samples, a fast zone
with three enzyme variants and a slow zone fixed for one variant. All three
homozygote and three dimeric heterozygote patterns of bands were observed at
Mdh-1. Megagametophyte enzyme band pairs from heterozygous mother trees
segregated in a 1:1 ratio as expected for a single locus under genetic
control. Homozygote stains of Mdh-1 appeared darker than heterozygote stains,
but comparison of the foliar band patterns to those of megagametophytes was
hampered by differential migration of isozymes from the two tissues.
Chemicals present in the foliar extracts, not found in the megagametophyte
extracts may be responsible for this problem (Pitel and Cheliak, 1983).

Relationship of tree location to genotype 

Canonical correlation analysis of enzyme scores and tree location
variables showed two significant canonical correlations (Table 5). The first
correlation accounted for 11.6 percent of variation in the data, the second
correlation accounted for 6.8 percent of variation in the data. The
correlations between the canonical variates were statistically significant and
sufficiently strong for identifying spacial distribution patterns. Two levels
of relationship were observed between the isozyme scores, and the distribution
of the 500 trees. The first level is represented by the first pair of
canonical variates V1 and W1 and the second level is represented by V2 and W2.
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Remember that V represents a linear combination of the enzyme variables
and W represents a linear combination of the location variables. In canonical
correlation analysis the linear combination of each set of variables is
calculated so that the correlation between V1 and W1 is maximized. The second
set of canonical variables (V2 and W2) is then extracted, using a portion of
the remaining variance not extracted by the first set of canonical variables.
The canonical correlation coefficient (r) is a measure of the relationship
between each pair of canonical variates. The relative importance of
individual raw variables that contributed to the formation of the canonical
variate scores may be determined from correlations between the canonical
variates and raw variables (table 6). F-EST and SDH were most highly
correlated with V1 and PGI was most highly correlated with V2. Y and Y 2 were
most highly correlated with both W1 and W2. This indicates that the canonical
variates represent the distribution of trees by F-EST and SDH (first canonical
pair) and PGI (second canonical pair) isozyme scores in predominantly the Y or
the SE to NW direction (see figure 2). The XY term is also important, and
represents the bi-directional south to north pattern seen in figure 2b. This
diagram shows that predicted canonical variate scores change in two directions
(X and Y). A change in predicted scores represents a change in allelic
composition or genotype of trees.
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Figure 2.-- Regions of a three hectare forest stand containing eastern white
pines with similar predicted canonical variate scores representing allelic
composition. The scores were predicted from tree location. The arrows show
the direction in which predicted scores increase in the stand. Differences in
scores reflect allele frequency changes throughout the stand.

The change in tree genotype is directional and continuous in the stand
when described by predicted canonical variate scores, and the change is
related to the discrete variation in single enzymes. A simple plot showing
the distribution of trees homozygous for the slow allele of PGI, one of the
enzymes important in forming the second canonical variate, helps interpret the
PV2 patterns. All but two trees with this genotype are found primarily in the
southern section of the stand (figure 3). Trees in this section of the stand
also have the lowest predicted PV2 score (figure 2b).

Figure 3.--Spatial distribution of eastern white pines homozygous for the slow
allele of Phosphoglucose Isomerase.
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Relation of age to distribution of genotypes

Additional canonical correlation analysis (not shown), using the reduced
set of 130 trees for which age is known, and including location variables,
produced predicted genotype distribution patterns similar to those discussed
above. The contribution of raw variables to the formation of the canonical
variates also remained similar. The first correlation coefficient was .48 and
the second canonical correlation was not statistically significant. Age was
more highly correlated with its canonical variate (W1) than was the Y
coordinate, but it was less strongly correlated with W1 than was the X
coordinate. Canonical correlation analysis for the same 130 trees excluding
the variable age yielded almost identical results as did the analysis with
age. This suggests that although age is related to enzyme composition of
eastern white pines in this stand, the spatial distribution of trees explains
most of the variation in the enzyme composition. The apparently unimportant
role of age in explaining enzyme composition of the trees may be in part due
to the fact that tree age measurements were estimates, and the number of trees
with exactly the same age was also low. This hinders evaluation of the true
association between age and genotype.

Plots of age categories (figure 4) show that trees of younger age occur
in distinct clusters along the outer perimeter of the study area. These
clusters could have formed following the death or fall of mature trees. If
only one, or a small number of trees contributed seeds for the establishment
of seedlings in these openings, clustering of trees by similar allelic
component could be expected. No cones were seen on the white pines in the
study area during the past four years and fewer than ten seedlings were found.
It is not known how many mature trees contributed to the establishment of the
white pines which play a role in the patterns seen in this study, but cone
production, limited to a small number of mature trees could have resulted in
the establishment of adjacent trees with similar genotypes.

Significance of the observed patterns

Interpretation of the relationship between the enzyme canonical variate
scores and the location canonical variate scores is difficult, because the
biological significance of X and Y is not clear. The coordinates would have
more meaning over an extended latitudinal and longitudinal range. The value
of the canonical correlation analysis therefore remains in its ability to
summarize groups of variables, to point out patterns in the data, and to show
which raw variables are important in forming those patterns. Those raw
variables must then be used to help explain the patterns. The clustering of
trees by age (figure 4) and by genotype (figure 3) support results from the
canonical correlation analysis. Both canonical variate plots and raw variable
plots suggest the distribution of trees with similar isozyme makeup is not
random. Most of the isozymes related to the genotypic clustering observed
this study occured in low frequencies. The significance of the patterns
therefore depends in part on whether rare alleles are considered biologically
important. Pare alleles may not be important for the current population of
trees, but they may help white pine survive through environmental changes in
the future. Additional studies are necessary to search for patterns of
genotype distribution in other white pine forest stands. Until such studies
are completed, this study will serve to remind foresters that local eastern
white pine stands can be genetically structured. This information is

136



important to foresters whose objective is to conserve current genetic
resources, and who wish to understand better how selective thinning of trees
may affect the genotypic composition of future generations.

CONCLUSIONS

The distribution of eastern white pines with similar allelic composition,
growing in an unmanaged three hectare stand is not random and may be related
in part to the establishment of young trees in natural openings, created
following the death of mature trees. Plots of canonical data can be used to
map genetic variation in forest stands.
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