in susceptibility between subpopulations within these
populations.
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Abstract

Needle tissue from approximately 500 adjacent trees in
each of two lowland black spruce stands was electro-
phoretically analysed to resolve 5 and 8 loci respectively.
All trees were mapped and clonal groups were identified
on the basis on field evidence, identity of multilocus
genotypes ,and map distances. Revised maps of all seed-
origin trees were constructed to portray genotypes for
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each locus and examined visually for evidence of spatial
genetic patterning. Genotype data matrices were statisti-
cally analysed for spatial autocorrelation by calculating
Moran’s I. The visual and statistical approaches yielded
similar results indicating an overall distribution of geno-
types that is nearly random with a few loci indicating
a patchy substructure. Evidence for low levels of in-
breeding in black spruce may be related to this spatial
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genetic structure. It is proposed that isozyme determina-
tion of adjacent population members is a valuable ap-
proach for elucidating population structure by distinguish-
ing sexual versus asexual origin and that spatial auto-
correlation analysis can be a robust statistical procedure
for assessing genetic patterning within forest tree pop-
ulations.

Key words: Black spruce, Picea mariana, genetic structure,
isozymes, spatial autocorrelation, family structure.

Introduction

It has been well established that levels of genetic
variation in tree species are relatively high with most of
it residing within populations (Hamrick, 1979). To date,
research emphasis has focused mainly on examining the
pattern of wvariation over widespread geographic areas,
that is, among populations (e. g., WueeLer and Guriss,
1982; Lepic and Conkie, 1983; Dancik and Yen, 1983;
Furnier and Apawms, 1986). Such work is crucial for eluci-
dating evolutionary processes operating on a macrogeo-
graphical scale. However, an obvious question remains
conspicuous for its neglect. Is there a spatial pattern to
the substantial genetic variation residing within popula-
tions of forest trees? Such information would provide
valuable progress in ascertaining the extent of micro-
geographical evolutionary processes such as family clus-
tering or microsite selection effects.

Detection of spatial patterning or clustering of bio-
logical traits has traditionally involved a spatial auto-
correlation analysis that was introduced into the
scientific literature more that a decade ago (Jumars
et al., 1977; SoxaL and ObeN, 1978a, 1978b). Methodological
refinements and new statistical techniques since then
have been numerous (Curr and Orp, 1981; SokaL and WARr-
TENBERG, 1981; 1983; Open, 1984; Geris and FrankLiN, 1987).
Such procedures have proven useful for determining ge-
netic and geographic associations in a variety of species
such as salamanders (Karun et al., 1984), aphids (Birp et
al., 1981), beetles (King, 1987), and perennial plants (WAsERr,
1987).

Clustering of genetic traits within stands of forest
trees remains relatively obscure. Evidence of non-random

distribution of genotypes within a population has been
provided by Sakar and Parx (1971) for Cryptomeria
japonica, Sakat and Mivazaki (1972) for Thujopsis
dolabrata, LiNnnarr et al. (1981) for Pinus ponderosa,
Knowres (1984) for Pinus contorta, Furnier et al. (1987)
for Pinus albicaulis, and Sproure (1988) for Picea mariana.
On the other hand, a number of investigators failed to
find evidence supporting genetic clustering such as
TicersTEDT (1973), Guries and Lepic (1977), TiGerRsTEDT et al.
(1982), and Roserps and ConkLe (1984). Epperson and
ArrLarp (1989) found a nearly random distribution of geno-
types over space within lodgepole pine populations with
a few loci demonstrating a pattern.

The objective of the present study is to apply spatial
autocorrelation procedures to assess whether electro-
phoretically determined genotypes are distributed ran-
domly over space within each of two lowland stands of
black spruce (Picea mariana (ML) B.S.P.)- This species
is a widely distributed boreal conifer that can reproduce
sexually or asexually by layering of lower branches
(Stanek, 1968)- It is considered to have evolved with fire
resulting in semiserotinous cones and the demographic
characteristic of even-aged stands.

Materials and Methods

Two widely separated lowland black spruce stands were
chosen, one within the city limits of Thunder Bay, On-
tario, and the other 90 km west of tlie city- The fisrt site
(Balmoral) had naturally regenerated after a clearcut in
1968 and was bordered to the north by an undisturbed
mature black spruce stand. The second stand (Spruce
River) was less dense, undisturbed and bordered to the
north and west by a clearcut. The processes of sampling,
mapping and isozyme analyses for the two sites were
conducted in consecutive years; procedural differences
reflect technical improvements over time or site-specific
limitations.

Sampling for the Balmoral stand consisted of mapping
all black spruce trees within a 30 meter radius of a ran-
domly chosen central position and collecting needle tissue
from each tree. Likelihood of clonal origin was noted
for each tree based on field observation by tugging foliage

Table 1. — Enzyme systems assayed in needle tissue of Black Spruce.

Enzyme System

Aspartate aminotransferase
Aldolase

Diaphorase
Glycerate-2-dehydrogenase
Malate Dehydrogenase
Phosoglucose isomerase
Phosphoglucomutase

Shikimic acid dehydrogenase

1) Buffer Systems:

E.C. Locus Buffer
Number Abbreviation System?)
2.6.1.1 Aat B
4.1.2.13 Ald A
1.6.4.3 Dia-3 B
1.1.1.29 Gad A
1.1.1.37 Mdh-3 A
5.3.1.9 Pgi-2 B
2.7.5.1 Pgm A
1.1.1.25 Skdh A

A: Histidine-EDTA-tris pH 7.0 gel buffer; tris-citrate pH 7.0 elecirode buffer (Frorencs,

1981). Run at 200 volts.

B: Tris-citrate pH 8.5 gel buffer; lithium borate pH 8.1 electode buffer (Ripceway et al.,

1970). Run at 300 volts.
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of small trees to note movement in any adjacent stems.
Such observation for clonal origin was inappropriate for
the Spruce River census plot due to its more advanced
maturity. This plot was rectangular in shape, approxi-
mately 42 m by 140 m. Trees were mapped and needle
tissue was removed for laboratory analysis.

Isozyme analysis for the Balmoral site was conducted
by grinding 0.5 g of needle tissue in liquid nitrogen with
a buffer solution (extraction buffer #5: Cueuiak and PiTEL,
1984a). Five enzyme systems on four buffer systems were
resolved as follows: aspartate aminotransferase (AAT) on
tris-citrate (MirroNn et al., 1977), glycerate-2-dehydro-
genase (G2D) and phosphoglucose isomerase (PGI) on
citric acid (Ribcewayx et al., 1970), shikimic acid dehydro-
genase (SKDH) on histidine-citric acid (Fipes and HARris,
1966), and phospholglucomutase (PGM) on histidine
(Cueuiak and Prrer, 1984a). The Spruce River site samples
were ground in the same extraction buffer without liquid
nitrogen. Running procedures are listed in table 1. Allele
and genotype frequencies were tallied and an F-
statistic (Fjg) was calculated using the procedures of Nu
(1977).

Genotypes were plotted graphically for examination of
clonal membership and spatial patterning of genetic
markers using a two-step process- First, clonal member-
ship was determined for the Balmoral site on the basis of
map distances (only propinquitous trees could reproduce
by layering), identity of multilocus genotype, and field
observation data. For the Spruce River site, clonal iden-
tity was determined for each group of trees with identical
multilocus genotypes by evaluating map distances with
the calculated probability of that particular multilocus
genotype. In other words, any two trees with identical
multilocus genotypes that were close enough for lay-
ering were considered to be of clonal origin- The mapping
data matrix was then revised for each site to represent
individual seed-origin trees. A single representative for
each clone was mapped at the Euclidean centre of the
clonal group. Second, 14 computerized plots were con-
structed, one for each locus at each site with distinct
symbols for each genotype.

Randomness of the distribution of genotypes was as-
sessed visually from these single-locus genotype plots as
well as statistically using a spatial autocorrelation statis-
tic, Moran’s I (Curr and Orp, 1973) calculated with the
Fortran program SAAP written by D. Warrenserc which
uses the equations presented by Curr and Orp (1973).
Generally, this procedure calculates the distance between
each pair of seed-origin trees within a site and assigns

each pair to one of four distance classes, the ranges of
which were determined by equalizing sample sizes among
the classes. Binary weightings of 1 are assigned to pairs
within each distance class and 0 to all other possible
pairs. These weightings are then correlated using non-
parametric techniques to genetic similarity with sepa-
rate correlations for each distance class.

The assessment of genetic similarity between pairs of
individual trees is made possible by the transformation of
the raw data matrix of genotypes according to Smouse
and NeeL (1977) which acts to quantify the nominal geno-
type data, thus incorporating a portion of the meaning of
an allele frequency into each genotype score. For each
locus all alleles except the most common were analysed
in this manner. This transformation has proven useful for
delineating patterns over geographically widespread ares
using multivariate procedures (e-g., Dancik and YEen, 1983).
The present application however, is a novel approach to
the assessment of spatial patterning over microgeo-
graphical distances. Previous analyses of spatial auto-
correlation within plant populations have used gene
frequencies of sampling units of groups as small as 3
plants (Waser, 1987) or autocorrelation of the raw geno-
type scores (EppersoNn and Airarp, 1989). The present
transformation combines the advantages of both these
approaches-

Finally, spatial correlograms were constructed by plot-
ting the autocorrelation coefficients against the distance
classes- These correlograms were tested for significance
using the Bonferrroni procedure (Open, 1984). This tests
for significance in the trend of a series of non-independ-
ent Moran’s I values.

Results

The two sampled stands differed markedly in age and
number of clonal members (Table 2) with the older stand
(Spruce River) showing a lower density and fewer clonal
representatives. A description of the genetic data is
presented in table 3 and the calculated Fig statistics for
the loci in common are listed in table 4.

The computerized plots of genotypic distributions indi-
cated a variety of patterns as detected by visual inspec-
tion. The spatial distributions of genotypes in the major-
ity of plots (e. g. Pgm-2, Skdh both sites; Pgm-3,
Balmoral; Pgi, MdH, Aat-2, Ald, G2d, Spruce River) were
best interpreted as random. Figure 1 illustrates this for
the second allele of Aat at Spruce River with the third
allele indicating a grouping trend. Similarly, patterns
detected in alleles 2 and 3 of Pgi at Balmoral show

Table 2. — Stand Description Data.

Mean age (approx)

No. of trees sampled

No. of seed-origin trees
No. of non-clonal trees
No. of clones
#trees/clone

Mean:

Range: No. of trees/clone

‘Balmoral Spruce River

9 110
507 496
244 411
182 350

62 61
5.24 2.39
2-44 2-4
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Table 4, — F

Table 3 — Allele frequencies at the Balmoral and Spruce River sites.

Balmoral Spruce River Road
Aat 1 .920 .955
2 .072 .039
3 .008 .006
Ald 1 -- .982
2 - .018
Dia 1 - .991
2 -- .009
Ged 1 .969 .927
2 .012 .033
3 .040 .019
Mdh-3 1 -- .883
2 -- .089
3 -- .009
3 - .006
5 - .001
6 -- .012
Pgi-2 1 .897 .904
2 .076 .075
3 .027 .021
Pgm 1 .479 .542
2 .292 .276
3 .224 .175
4 .0 .007
Skdh 1 .636 .500
2 .348 .499
3 .016 .001

statistics for the black spruce populations at

evidence of tight and slightly looser clumping respectively

the Balmoral and Spruce River sites.

FIS

(Figure 2). Of the 20 correlograms tested for significance
using the Bonferroni procedure, 5 showed statistically
significant trends.

Locus Balmoral Spruce River
The spatial autocorrelation statistic (Moran’s I) for the
Aat - 042 013 four distance classes at each site (Tables 5 and 6) confirms
’ : the visual interpretation from the graphical plots- The
G2d .113 .004 significant positive correlations in the shortest distance
. classes indicate that like genotypes are more often
pgi-2 171 -073 associated than unlike genotypes. Most of the significant
Pgm .037 063 Moran’s I values occur as negative correlations in the
longest distance classes which is interpreted as the tend-
Skdh .159 .010 ency for data pairs or joins to have dissimilar genotypes
in these classes. Finally, an example correlogram repre-
senting a summary graphical portrayal of the Moran’s I
Mean .093 .011 values for one locus is presented in figure 3.
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Figure 1. — Spatial distribution of Aat alleles in the Spruce River site. Symbol locations designate mapped tree locations.
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Figure 2. — Spatial distribution of Pgi alleles in the Balmoral site. Symbol locations designate
mapped tree locations.

Table 5. — Spatial autocorrelation coefficients (Moran’s I) for seven alleles and four
distance classes in Black Spruce at the Balmoral site. Only those alleles with a minimum
absolute occurence of 6 were included.

Distance Class (meters)

Significance

Locus  Allele 0-7.5 7.5-12 12-16.50 16.50-30.0 COrre?ggram
Aat 2 .004 -.009 .016 -.027%* *
G2d 1 .007 -.001 .005 -.028%* n.s.
Pgi 2 .035** .001  -.017 -.037** *x

3 .016 -.035%* 002 .001 **
Pgm 2 -.006 .002  -.007 -.005 n.s.

3 -.007 -.002 -.011 +.004 n.s.
Skdh 2 +.009 -.018 -.004 -.003 n.s.
b <o
*) p < 0.01

Discussion

In other words, clumping of genotypes is detectable but

These results indicate that the distribution of alleles is not necessarily consistent among loci, nor does it
over space within two lowland black spruce stands is impose a strong pattern to the distribution of genotypes
almost random with evidence of a small amount of over space. These findings are consistent with those of
genetic patterning: However, the extent of this sub- ErprersoN and Arrarp (1989) who proposed that the ab-
structuring might best be described as patchy and subtle. sence of strong evidence of patch structure in their
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Table 6. — Spatial autocorrelation coefficients (Moran’s I) for thirteen alleles and four
distance classes in Black Spruce at the Spruce River Road site. Only those alleles with
a minimum absolute occurence of 6 were included.

Distance Class (meters) Significance
Locus Allele 0-24 24-43.5 43.5-73 73-147 Corrg{ogram
Pgm 2 .006 -.002 -.003 .011 n.s
3 .002 .009 -.005 .015** n.s.
Skdh 2 .000 -.005 -.010 .006 n.s
Pgi 2 -.009 -.002 .000 .001 ~n.s.
3 -.009 .002 -.002 -.001 n.s.
Mdh-3 2 -.006 -.006 .001 .004 n.s.
3 -.006 .000 -.004 .000 n.s.
Aat 2 -.001 -.010 .002 .000 n.s.
3 .017%*  -.013 .012 ~.001 bl
Ald 2 .000 .009 .002 ~.017%* *
Dia 2 -.008 -.001 .001 .000 n.s.
G2d 2 .006 -.005 .012 .002 n.s.
3 -.001 -.005 -.003 .000 n.s
“p < 001
¥ p < 0.05

lodgepole pine study sites may result from high levels of
gene flow.

Interpretation of the significant positive Moran’s I coef-
ficients in the shorter distance classes of this study is
straightforward and taken as evidence of clumping of
individuals caused by undetermined forces such as as-
sortative mating, restricted dispersal of pollen and seed,
or microsite selection. The significant negative coefficients
in the longest distance classes is potentially caused by
similar forces. Alternatively, it may be evidence of “gen-
ealogic clusters” (Seroure, 1988), which are distantly relat-
ed trees (descendants of a common, distant generation)
distributed more widely throughout a stand.

oa}
o2}
Moran’s | ok
s

-02
-04 b
- N
3.75 9.75 14.25 23.25
Distance class means (meters)
Figure 3. — Correlogram of spatial autocorrelation coefficients

(Moran‘s I) for Pgi-2 allele at the Balmoral site.
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Is this weak pattern of substructuring consistent with
slightly restricted gene flow or assortative mating in
these stands? The Fg statistic would support such an
association. A substantial excess of homozygotes as
indicated by the sizeable positive mean for the youngest
stand (Balmoral) coincides with the larger proportion of
statistically significant correlograms. The older Spruce
River site, on the other hand, shows less evidence of
both inbreeding with the quantitatively lower Fig value,
and substructuring, with the smaller proportion of signi-
ficant correlograms. Note that alternative or additional
explanations such as heterogeneous selection regimes over
space or time cannot be ruled out due to lack of salient
evidence.

Further, these results supplement those of previous
studies (Cueuax and Prrer, 1984b; HuenNeke, 1985) in un-
derscoring the value of the electrophoretic technique for
identifying clonally reproduced individuals within a pop-
ulation. These two populations differ markedly in their
clonal structiire with proportions of seed-origin trees
varying from 48% in the Balmoral site to 83% in the
Spruce River population. The major ecological factors
differentiating these two stands include age, density, and
type of disturbance before stand establishment. Is there
any biological foundation to the association of anthro-
pogenic disturbance such as clear-cutting and increased
dependence on vegetative reproduction as seen in the
Balmoral stand? This question awaits a closer scrutiny
with a greater selection of stand types.

Finally, the results of this study validate the use of
the statistical procedure, spatial autocorrelation analysis,



for delineating genetic substructure using data matrices
comprised of transformed individual genotypes. A com-
parison between the computer maps of genotypes over
space with the spatial autocorrelation coefficients, Moran’s
I, for each site and locus indicates excellent agreement.
All of the relatively tight clusters that were visually
identified were also detected statistically and vice versa.
The negative significant correlations in the longer dis-
tance classes were easily identifiable on the computer
maps.

This statistical approach to delineating spatial genetic
structure warrants caution and a knowledge of the pop-
ulation biology of the species under investigation. De-
pendence on the calculation of Moran’s I correlation
coefficients without visual mapping procedures risks mis-
interpretation of rare clustering configurations over space.
For example, tight clusters of infrequent alleles separated
by relatively long distances can escape detection by this
correlation coefficient depending on cluster number, size,
and allele frequency. Furthermore, the establishment of
biologically reasonable distance classes would be optimally
based on knowledge of neighbourhood sizes such as the
inbreeding-effective genetic neighbourhood wvalue of
WricHT (1969). Such information is unfortunately limited,
particularly for forest tree systems. In the absence of
actual metnic distances associated with neighbourhood
sizes for this species, I have used the statistical justifica-
tion of equalizing sample sizes as criterion for distance
class establishment. However, given the magnitude of
the data matrix (>82,000 joins or data pairs at the Spruce
River site), the analysis would remain robust with slightly
unequal class sizes. A biological justification for determi-
nation of sizes of distance classes should take precedence.
It is hoped that the present objective of introducing a
method to quantify spatial genetic structuring within
populations will provide a useful statistical tool for ac-
celerating the understanding about microevolutionary
forces operating in forest tree populations.
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