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Abgtract

Mating system parameters }or an upland and a lowl;né‘
black spruce population were estimated simultaneously fbr
the 1983, 1982, 1981 seed 'e‘ars, and for bulk seed “
collecttoﬁs from the 1976-78‘Seed years. The population
multilocus outérossing estimates increased frem 0.62 in the
1953 seed crop, to 0.85 in the 1976-78 bulk -collections.

There were no significant differences in outcrossing

e

estimates among years or between populationg.

Values of Wright's Fixation index stwed Qn excess of
homozygotes 1in tpe-?mbryo populations. The excess was
greatest in the 1983 embryo populafion and decreased, but
remained statistically significant, in the 1982%&nd 1981
embryo populafions. The maternal population was in
Hardy-Weinberg equilibrigm. It_is ssggei§ed that homozygotes
‘are removeq poth by pre-germination selection and also by
post-germination selection dur%pg'the life of the stand.

Three factors suggeétgd thatyghése populafions'were
substructured: (i) Single-locus estimates of outctossing\
vere cénsistént&y lover than multilocus estimates (ii) There
was significant spatial heterodéneity of the outcross pollen
pool and (iii) wWright's Index of Fixation was higher éhan
the equilibrium inbreeding cbefficient‘Fe.‘ |

.

There was no significant correlation between

.
.

outcrossing estimates and stand density, so that
substructure in these populations is\probablj the result of

clustering of related trees rather: than being due to spatial

iv

[



separation of trees. _
The lowland population was also invelstigated for
substrucéure. Trees were sampled along four intersecting
transects, each 120 meters long. Cluster analysis of
genétypes, distribution ﬁatterns of rare alleles and!the
runs test for non-ranrdom distribution of allelic sequences
all indicated thé’&resence of spatial glusters of related
‘d?rees as well as some larger genealogic clusters. There was
no significant correlation between spatial distance and the
level of genotypic dissimilarity among trees, probably
because of the irregular shape ang size of the clusters.
Gene freguency differences among.clusters at the Gah, Pgi2,
Pgm and 6pg! loci (used in the mating system study)
suﬁported tﬁe model of significant familial structure.
Frequency of marker alleles in prégeny“of sampled trees ——~.
implied a high rate of self}ng and nearest neighbour
polli;ation, and relatiyeI; short pollén dispersal
distances. | | . \ -
»'It‘is suggested that the population is subdivided into
groupg related treés, possibly resulting from continued
nearest neighbour pollination. It is further suégested~tha§
subdivision of the population in this waf depressed the

single-locus estimates of outcrossing, and possibly -also the

mulfilocus estimates.
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1. GENERAL’ INTROD\UCTION

Black Spruce (Picea mariana (Mill.) B.S.P.) is a ~

<
'

characteristic speciesﬁgf the boreal forest, ranging from
Alaska go‘ acrador acd south to the Lake States (Hosie 1973).
In the southern pafg 5f its range it is confined most{y‘to
sphagnum bogs and swamps,. where it is generally regarded as a
pioceer (Dansereau and Segadas-Vienna 1952) .1t is often !
preceded by tamarack (Larix laricina (Du Roi) K.Koch) as it
invades the sedgq_mat'in fi§led-lake bogs (Dansereau and.
Segadas Vienna 1952). Although classed a§\a pioneer, stand

hlstory shows that in these habitats, it may also, for

practical purposes be regarded as an edaphic or physiographic

climax (Moss 1953). It is the onli tree, other than tamarack,

which can subyive the cold microclimates, unfavourable soils

and high water tables of the bogs (Heinsedman 1957; Moss

1953). In the north and west of its range itbmay be found on
. . L 4

4

drier slopes and hillsides, in pure. stands or in mixtures

with white spruce (Picea glauca Moench), balsam fir (Abjes.:

balsamea (L.) Mill.), jack pine (Pinus banksiana Lamb.),
white b" h (Betula papyrifera Marsh. ) and trembling aspen;
€

(Populus tr'emuloldes Michx.). On these 51tesf1t ig beheved-

to establlsh follow1ng fire and is succeeded by white spruce

vaﬁa”balsam £1r in the absence of fxre or other d1sturbance

v, n

(Moss 1953). In centrab Alberta black spruce may ‘be found on
both types of habztat, mostly"occurrxng §n small d1screte

populations (Moss 1953),

l



Because of 1ts extensive and diverse natural
dirgtribution, black spruce shows considerable phenotypic
vartataon TKhalil 1979) in response to microevolution undet
widely dittering environmental Conditions. Lowland &
populations are typically short, slow growing and generally
inferiot tc the more robust upland populationd (Moss 1953).
Taxonomically, however, the stunted lowland black spruce 1s
not recognised as a separate vari\ety. Only 1n the extreme
north where 1ts needles arg consi;tently shorter has a form
(Picea mariana var,bvevifolfa (Peck) Rehd.) been recognised
as a taxonomically separate variety (Hosie 1978).

Investigations 1nto the natlﬂ”e of variation between
upland and lowland black spruce hav;e been reported by several
authors. Based on vegetative morphological éharacters there
is no evidence of edaphic ecotypes (Morgenstern 1969, 1978;
Fowler and Mullin 1977: Parker et al. 1983). However, 1n an
1sozy‘me StLde, lowland populations were reported to have
significantly higher levels of polymorphic loci ajwd average‘
heterozygosities (O'Reilly et al. 1985).

Black spruce is a moderately long-lived”species with
\ \ .
individuals attaining ages of over 250 years. Flowering
begins at about age six (Morgenstern and Fowler 1969), and
mature stands bear cones for up to at least 150 years
(Heinselman 1957). It is unique in the genug Picea in that
its seed; are borne in semi-serotinous cones and can be

released gradually over a number of years (Heinéelma' 1957).

Cone. opening is promoted by heat, suggesting that many



\

even aged stands ot pure black spruce are of fire origin

.

(Vincent 1be)l Another unigue feature of black spruce 1s 1ts
capacity to r;produce iéqetatively. Two methods ot vegetative
repgoduct ion have been reported. Layering 1s the rooting of
lower pendant branches or sub-branches with each growing into
an 1ndividual tree, where moss or duff build-up 1s fast
enquh to cover the lower branches (Horton and Lees 1961;
Sta;ek 1975). A second type of vegetative reproduction called
"rooting' was described by Horton and Lees (1961). Rooting
involves the development of a root sprout, which emerges to
form a vegetative stem calied a rootling. Both layering and
Tootlng were more prevalent on wetter sites (Horton and Lees
1961; Stanek 1975) .

The strength derived from its long fibres make black
spruce the most valuable pulpwood species in the boreal
fgbest region, and it is widely utilised and planted from N
Manitoba eastwards to the Maritime Provinces (Morgenstern
1975). Its importance in the pulp and paper industry has
given impetus to breeding programs designed to improve the
material used in reforestation. Nursery and field experimepts
have been established in many regions (Morgenstern 1975;
Morgenstern and Kokocinski 1976; Nienstaedt 1984).

Information from the;e genetic studies indicates that
black spruce is highly variable at the provenance level (Park
and Fowler 1983). Optimisation of tree improvement
strategies, however, requires information not only on the

»

genetic variation present in the species, but also on those



factors which affect the amount and organisation of this
variation. One such factor is the degree of outcrossing and
selfing which occurs 1n a Sbecies, i.e., the type of mating
system (Allard 1975). In turn, the estimation of these-.mating
system componengs can itself be affected by the division of a
population into smaller breeding units, (i1.e. population
substructure) (Ellstrand and Foster 1983). Apart from studies
in central New Brunswick (Boyle and Morgenstern 1984, 1986),
there has not been any published report on the mating system
or population substructure in natural populations of black
b2

spruce. In this study 1 estimate, simultaneously, the mating
system parameters for seed crops of four difgerent ages 1in
two natural black spruge populations. Population A is a
lowland black spruce population growing on at least one meter
of peat. Population B is an upland population growing on a'
g%in layer of peat overlying mineral soil. In addition, I
examine the population substructure in population A.

The formal objectivés of this study, deséribed in two
sections, were firstly to egtimate the mating system

|
parameters, outcrossing and selfing, and secondly to

investigate population substructure. =



2. MATING SYSTEM

2.1 INTRODUCTION

The mating system is "the pattern of mating in sexdally
reproducing organisms” (Ayala 1982). It forms the éssential
link in transmission of genetic material between generatibns.
By controlling the amount of assortative and disassortative
mating which takes Q’éce, it determines the degree of :
relatedness among of fspring.

Virtually all estimators uséd in conifer mating system
studies are based on the mixeé mating model, which agsumes
eéﬁh mating event to be either a self-fertilisation or an/
outcross (Fyfe aad Bailey 1951). Recently, however, a
one-pollen pérent model was formulated (Schoen and Clegg
1986) . .Both models were used to estimate outcrossing rates in
. ‘)rni\ng glory (Ipomoea purpurea Roth) and white spruce (Picea
glauca (Moench) Voss.). Comparison of the results showed that
the mixed mgting model was more Guitable for eséimation of ¢
outcrossing rates in anemophilous (wind-pollinated) species,
which receive pollen from more than one pollen parent (Schoen

and Clegg 19386).

Knowledge of the. proportion of selfed seed produced by a

species is of practical significance. Sqlfed progeny often
exhibit marked inbreeding'depression,affecting{many aspects
of growth and survival (Franklin 1970; Sorensen and Miles
1974, 1982; Ying 1978). Inbreeding violates a basig

assumption of most open-pollinated tree breeding programs -

5
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that the parents of wind-pollinated progeny are unrelated.
Violation of this assumption causes a bias in estimates of
additive genetic variance, heritability and genetic gain
(Namkoong 1966; Fujishima ana Fredeen 1972; Squillace 1974).
Tradit{onally, mating system studies were based on
morphological markers, such as albino seedlings (Fowler 1965;
Morgenstern 1972), percentage. of filled seed (Morgenstern
1972; Coles and Fowler 1976) and relative germination rate§
(Morgenstern «1972). Recently ge{\electrophoresis has been
used élmost exclusively to separate polymorph;c_allozymes aé
genetic markers in mating system studies (Yeh et al.'1983;
King et al. 19B4; Farris and Mitton 1984; Boyle and
Morgenstern 1986; Furnier and Adams 1986; “Perry and Dancik
1986; Yeh and Morgan 1987). Gymnosperms are particularly-
suitable for allozyme study, since the megagametophyte is
haploid, representing the maternal contribution to the
embryo, while the embryo contains both maternal and paternal
contributions. Comparison of allozyme variants in the
megagametophyte and diploid\émbryo permits direct
determination of the genefic contribution from the male
(pollen) parent, ;ssuming that the paternal allelé.is not a.
null allele. Direct genotyping of diploid,conifer tissue ias
been used in isozyme studies &Cheliak et al. 1985). With
diploid tissue the maternal contrihutionecan be direqtly
obsérved, rather than being inferred, as is the case in the

genotyping of haploid tissue. However, in the present

situation, results of direct genotyping of diploid needle

Y



tissue were not consistent enough to be used as a basis for
the étudy. '
Several statistice%l\i;c;cedures have been developed to
estimate mating system pa eters. Theséﬁincludé méthods that
use information from sindle loci (Brown et al. 1975; Shaw and
Allard 1982; Cheliak et al. 1983)‘and ﬁh@ﬁe which combinF
information from multiple loci (Green et al..1980; Ritland
and Jain 1981; Shaw et al. 1981; Morgan and Yeh 1985; Neale °
and Adggs 1985). All give estiméges_of the mating system
parameters t, the proportigon of viable progeny resulting from
outcrossing, and s (=1-t), the proportion res&lting from
self-fertilisation. They also share the assumﬁtions that gene
frequency distribution in pollen is i8entical over all

X
maternal plants and the rate of outcrossing is independent of

the maternal genotype (Clegg 1980). Both types of esti;ator
are based on 1) detection of outcrosses by direct observation
of the phenotypes of progeny that carry non-maternal allelesA
and 2) compensation for ouScresses that are not directly
observed. As more loci are observed the probability of -~
directly identifying an outcross increases and the impbrtégce
of compensation in step 2 decreases. The multilocus
estimator, therefore, i§ a more efficient estimator of t,
since‘it recovers information from multilocus data sets that
is not recovered in single-locus eséimatipn (shaw et al.
1981). The singie-locus estimators are, in géne:al, mdre
sensitive to violations of the assﬁmptipns:of the mixed

mating model (Epperson and Allard 1984). Because of this,



comparison‘of multilocus and siagle—locUs t‘estimates can

yield informationlconcerning the phenomena that caused the

singlz—locys estimate to depart from its paraméﬁric values
. _

(Shaw and Allard 1982). | \

The semi-serotinous cones of bj}ack spruce permit
simultaneous collection of seed crops from different years
and ellow one to examine variation in the mating system of
viable seeds from different seed crbps. Estimation of mating
system pdrameters in current seed crops, 1.e. soon after the
actual mating event, can provide information on the
contribution of the mating system to genetie variation in the
population. Comparison of mating system parameters in
different seed crops could indicate differential survival of
selfed and outcrossed seeds. If survival:is random, one woeia
expect mating system parameters to remain relatively constant
from year to year, apart from fluctuations due to
environmental effects, and assuming-no signi{icant temporal
variation in selfing events themselves, and other violations
of assumptiéns of the model. In a species which shows
periodicity of cone crops, and where older seed may be
collected ana used in reforestation, information on.the
nature oflelder eeed crops fs extremely useful,

In this section of the stedy'an isozyme analysis was
conducted on seed from the 1983, 1§82 and 1981 cone crops,
plus a bulked _seed collection from the 1976-78 cone crops.

Results of .the isozyme study were examined fofrvarlatlon in

pollen pool ‘allele frequencies, which can affect the amount

,



of gene exchange in the population. A possible cause of
spatigl heterogeneity in the pollen pool, which has been
documented‘in.white spruce (Cheliak 1985) and Eucalyptus
obliqua L'Herit (Brown et al. 1975), is spatial variabil}ty
in the genetic composition of the population. This can be
ééﬁsed by the Wahlund effect, i.e. clustering of relativés,
with each group of related trees comprising a ‘subpopulati

P

(L1 1955;, or by wide spacing between indfvidual trees

(Cheliak et al. 1985). The objective of this portion of the
study was to estimate t for seed crops of different ages in
two- black spruce populations and to examine variation in

pollen pool allele frequencies.
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2.2 MATERIALS AND METHODS
2.2.1 Collecsyions and Electrophoretic assay

Seed collections were made in October 1983, from two
black sprd&e populations near Virginia Hills, 50 km northwest
of Whitecourt, Alberta (Figure 1). The populations were a%out
20 km apart; Population A was on a poorly drained peaty site
and population B was growing on a well-drained upland site.
The avVerage age of both populations was 116 years.

Forty-nine trees were sampled in each éopulation,on a7
by 7 grid, with grid points being 30 metres apart. At each
gnid intersection the nearest cone-bear}ﬁg tree was chosen as
a sample tree. With a spacing‘of 30 metres betweern tree$
sampling was regularly distributed over a 180 metre séuare in
each population. This should have been a large enough area- to
avoid clustering of samples in one or a few néighbourhoods,
in the event that these populations contained any groups of
related trees (Wright 1953). Each sample tree wés felled.

L Sub-samples of cones were taken from the 1983, 1982 and 1981
crops, and a bulked sub-sample from the 1976-78 crops. Black
spruce cones are borne on the previous year's branéhes
(Heinselman’1957), so cone age can de identified by internode
counts. A further aid to aginy is thébburp}e colour of
current cones, which has turned to brown by the 3rd year
(Vincent 1965). Bulked sub-samples were. made from fhe 1978,

1977 and 1976 crops, since they were not expected to contain
o

-many viable seeds. Viable seeds per cone in a peatland stand

-Q . 7‘. h
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Figure 1: Location of black spruce population A (used in
the mating system and population substructure
study) and B (used in the mating system study).
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in Ontario decreased from 7.8 for the current year's cones,
to 1.3 in six-year-old cones (Haavisto 1980). While it must
be recognized that there is regional variation 1in seed
retention and disposal, in the absence of information on

Albertan black spruce it was felt that the figures from

ntario would be a réasonabﬁe_iﬁdication of seed availability
he older crops. Height, DBH' and age (determined by ring

codnt at stump height) of each sample tree were recorded. At

s

each grid intersection a circular fixed-area plot of radius
five meters was marked out, with the sample point sefving as

plot centre. The number of trees in each plot was recorded.
\

This provided an estimate- of population density at each

sample point. The exact location of each sample tree was

~

R B
mapped, to provide fixed reference points for 'comparison of

results obtained.

. -

All sub-samples were labelled and kept separate. In the
laboratory, seeds were extracted by repeated cycles of
wetting, drying and heating after the method of Wang (Safford

-

1974). The dewinged. and cleaned seeds weéé stored at 4°C.

until analysed to prevent loss of seed viability (Safford
1948). Seeds were germinated under unifofm conditiops on
éilter paper in a growth chamber, with 30°C‘day (16 _Xours)
and 20°C night temperature (8 hours), until the radicle
.extendéd‘4 mm beyond the seed coat (apprgx. 4-5 days). The

megagametophyte and embryo tissues were prepared for

electrophoresis following the methods of Conkle et al. .

'Stem diameter, 1.3 m above ground leével.
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(1982). Ten seeds were randomly chosen from each sub-sample
.and assayed by horizontal starch gel electrophoresis for the
four enzymes .which could be successfully stained and scored
in both megagametophyte and embryo tissue: glutamate
dehxgrogénase (GDH, E.C. 1.4.1.3 ), phosphoglucose isomerase
(PGI, E.C. 5.3.1.9.), phosphoglucomutase (PGM, E.C. 2.7.5.1.)
and 6—phosphogluconati dehydrogenase (6PG: E.C. 1.1,5.44.)
(Conkle et al. 1982). These en;yme systems ;re coded by four
polymorphic loci (Gdh, Pgi2, Pgm and 6pgl). All four loci

have been shown to segregate ihdependently (Boyle "and

Morgenstern 1985).

/

4

2.2.2 Statistical Analysis

Maternal genotypes were inferred from allozyme v
segrggation of the four loci. The number of megagametophyteé
andlembryos per maternal tree ranged from 10, where only one
seed crop could be~germinated, to 40, when all fourfse;d-
crops germinated. The«gotal germinénts per year for each

population are shown in Table 1.

Table 1. Numbers of embryos analysed by v
population and year, from two black ‘
spruce populations .near Whitecourt,
Alberta. °
: - : Year - :
Pop'n  T983 1982 1981 1978~76
A 410 .390 420 180 . L
B 360 350 340 - 40 ’

The probability (p)'of’misclaésifying\a'hgterozygpte at 2
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Y
particular locus, assuming there are no 'nu{}g' and that
segregation is normal, is given by the -formula
| p=(1/2)%° T,
where k is the number of megagametophytes sampled.
With 10 megagametophytes p=0.0019. ‘ |
Alaele frequency distributions émong yegrs were compared
by a contingenc? table, 2 # m for Gdh, Péi? and 6pgl?, which
each had two alleles, and 3 x m for Pgm ', which had thrse
alleles, where m represented the nuhber of embryo

pop:lations, an embryo population being the germinants from a
partic&lar seed year.

Single-locus, t_, and multilocué, to outcrossing rates
-and thé outcross pollen allele frequencies were estimated by:
the maximum likelihood procedure of Neale and Adams (1985)
"and the EM algorithm (Yeh a&d Morgan 1987). Both of these
procedures are based on the mixed mating model (Fyfe and

e

Bailey 1951) and assume that there is no selection between
fertilization and progeny analysis, that the éate of
ouécrossing is }ndepepdent-of the maternal genotype and that
the gene frequency distribugioﬁ amoné pollen pools is
identical over maternal planté (Clegg 1§80).’

A likelihood ratio test .(Sokal ;nd Roh}f 1981) was used
to test the hypotheses Ho: s=1 apd Ho:»tmsﬁ for the |
pééulation,estimates. The likelihood ratio test is a test for
goadness of fit; It computgs{é‘ratio\betwéen/fhe.probability‘
‘br likelihood .of obtaining‘ihe observed. results, on the

o~

hypothesis that the population parameter equals the pBServed
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sample proportion, and the probabiiity of observ?ng the
sample results as per the null hypothesis. When these two
quantﬂgigs are equal, the fatio betwgen them is unity. The
g:eater‘the difference between them, the higher the .
likelihood ratio will be (Sokal and kohlf‘1981). )

Differences among quécrossing’estimates by years and
populations were tested by Fisher's chi-square homogeéeity
test (Rao 1973), ‘with three degreés of freedom for the four
loci tested. |

Qutcrossing estimates from the older subsamples were
used to construct a graph:-of t, VS seed age, but because of
their large standard errors they were not used in any other
analysfs.

The deviation of observed heterozygosity from that

>

- expected under Hardy-Weinberg equilibrium in each embryd

population and in the adult populations was calculated as

F,g = 1-H/h,

=

where F.  is Wright's fixation .index (Wright 1951), i.e. the

‘correlation of genes.within individuals, within the

population-in question. H is the observed proportion- of

heterozygotéélin the population and h is the ‘expected -

. proportion of heterozygotes under panmixia. Expected

<

heterozygosity is calculated as
; o 5
h =1 Zpi ’

where P; is the estimated frequency of fhefith allele at the

-locus.

-
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ig:@" The tree count obtained in the fixed-area plot at each
1i :
sapling point was used as an estimate of population density
Yo . .
10 ;’,@ﬁ*noiqhbourhmod of that sample tree. Sample trees were
qrdnped into density classes and a multilocus outcrossing
1ate, tm’ estimated for each class 1n each pépulation.
Since the nature of the distributions was not known, a
non parametric te;t was used to compare density classes with
multilocus outcrossing rates in each population. The values
ot each variable were ranked from lowest to highest and the
correspondence between ranks of the paired variables was
measured by Spearman’'s coefficient of rank correlation (rs):
c s 16l (R]V_-R2>2 ,

(n-1)n(n+1)
where (R]—Rz) computes the differences between the ranks of

the paired variables (Steel and Torrie 1980). The correlation

coeffhcient r_, can be tested by n
. - .

t=r n-2 4
s .
1-r 2
s

which 1is dfstr{buted as Student's t with n-2 degrees of
freedom.

In order to test local heterogeneity of gene freguencies
in the outcross pollen pool, the number of detectable
outcrosses (heterbzygotes) compared with homozygetes for each

-homozygous mother was entered in a 2 x m contfhgency table,
where‘m was the numger of maternal trees of oﬁe hoﬁozygous
genotype in the sample (Brown et al.1975). In Gdh, Pgm and
6pg1,;§hich had moré than one maternal tree homozygous for

§-

£ ' .



more than.one genotype, a chi-square value was obtained for

each genotype and the population value was obtained by

summat 1on. All tests of significance were conducted at the

a=0.05 level.

17



2.3 RESULTS AND DISCUSSION

2.3.1 Multildcus\outcross&ng estimates

Allele f}equencies of the four polymorphic loci 1n the
mating system study are presented in Table 2 for the maternal
population and the 1983, 1982 and 1981 polleh poolé,from
sampling sites A and B. There was no significént
heterogeneity in allele frequency distribution among
populations. The contingency chi-square for population A was
9.99 with 10 degrees of ?reedom. In population B the
contingency chi-square was 17.44 with 10 degrees of freedom.
There was little difference in the multilocus outcrossing
estimators obtaingd by the two procedures (Neale and Adams
1985; Yeh and Morgan 1987), although Yeh and Morgan's (1987)
estimator gave slightly gigher estimates in all but one
sample (Table 3). To avoid needless complication, and since
the two methods gave such similar results, all references to
outcrossing estimates in the remainder of the study are to
- those obtained by the maximum likelihood method of Neale and
Adams (1985).

"Estimates of the outcrossing rate, tm' increased
significantly from the 1983 seed crop (0.626 in population A,
0.616 in population B) to the bulked sample from the 1976-78
seed crops/&DlSZ in population A, 0.856 in population B)
(Table 3, Figure 2). Year to year estimates of th in both

populations show a large, though not significant increase

from the 1983 to the 1982 seed crop, going from 0.626 to

A
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Table 2: Allele frequencies for four polymorphic enzyme loci
i in two black spruce populations, near Whitecourt,
! Alberta.

Pollen pool frequency

Maternal . -
<) tree

Pop. Locus Allele ff%quency 1983 1982 1981
A (n=45)2  (n=440)2 (n=389)2 (n=410)%

Gdh 1 0.711 0.700 0.717 0.713

2 0.289 0.300 0.283 0.287

Pgi2 1 0.867 0.831 0.837 0.838

2 0.133 0.169 0.163 0.162

Pgm 1 0.611 0.601 0.617 0.589

2 0.200 0.217 0.210 0.254

3 0.189 0.182 0.174 0.157

6pg! 1 0.811 0.850 0.875 0.848

0.189 0.150 0.125 0.152

B (n=340) (n=350) (n=360)

0.697 Q.667 0.683

0.303 0.833 0.317

Pgi2 1 0.811 0.751 0.724 . 0.790

2 0.189 0.249 0.276 0.210

Pgm 1 0.568 0.538  0.517 0.567

2 0.284 0.319 0.360 0.311

3 0.149 0.143 0.123 0.122

6pg1 1 0.676 0.781 0.753 0.769

2 - 0.324 0.219 0.247 0.231

8 h = number of individuais (trees or embryos)
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Table 3: Comparison of maximum likelihood and E-M multi-
locus outcrossing estimates, for two black
spruce populations near WhiteCSurt, Alberta,
estimated by the E-M algorithm (Yeh and Morgan
(1987) and the maximum likelihood method (Neale
and Adams 1985).

t Estimator
m

Population Year »
- Neale and Yeh and
Adams (1985) Morgan (1987)
A 1983 0.626 a 0.617
(0.036)
1982 0.727 0.729
. (0.037)
1981 0.731 0.743
(0.03%6)
1976-78 0.833 0.876
(0.089)
B . 1983 0.616 0.624
(0.035)
1982 0.696 , 0.713
(0.032)
1981 0.667 ; 0.695 .
(0.033)
1976-78 0.856 0.850
(0.046)

3

~

3 standard errors in parentheses.
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0.727 in population A and from 0.616 to 0.696 1in Popglgi on
B. From 1982 to 1981, however, the to of populatﬁon A only
increased from 0.727 to 0.731, while that of population B
showed a slight,'alfhough not éignificant, decrease from
0.696 to 0.667. The estimate of t, then increased in |
population A, to 0.833 in the bulked seed from 1976-78. The
estimate in population B showed a parallel increase, to 0.856
in the bulked seed from 1976-78. |

Amongst conifers with serotinous cones, the trend of
increasing th estimates with age of seed, has also beeq
reported for jack pine (Cheliak et al. 1985; Snyder et al.
1985), but not in lodgepole pirfe (Pinus contorta var.
latifolia Dougl.) (Per and Dancik 1986). While this trend
could have been the result of temporal variation variation of
the mating system in fggponse to fluctuating en?ironmental
factors, it is unlikely that suchlb similar directional trend
could have occurred simultaneously in’two separate
populations; Although the estimates of t, were consistently
lower in population B than in population A, the differences
between the two populations were small and were not
significant for any seed year. A more iikely hypothesis is
that the decrease in proportion of selfs was due to
pre-germination selection against selfed seeds, so that a
greater proportion of viable seeds from older samples arose
from outcfo§$ing events. Pregermination selection would ..
eliminate some of those embryos which were hombzygous for

recessive lethal and deleterious alleles, a situation which



23
1

@aﬂ,arise after inbreeding inm natural stands.of
wind-pollinated species (Sarvas 1962; Sorensen 1982). Some

’

species may have up to 50% self pollination (Muller 1976;
Sorensen 1982). However, a single, one-time analysis, as {n
this project, cannot distinguish between temporél
heterogeneity and pregerminatéon selection., Further
exploration of the problem would require repeated estimates
of mating system parametefs on ;uccessive seed crbps, along
with estimates of various mating events over various storaq?
times. Such studies have not }et been reported.

The anomaly for the 1981 seed year is of interest in
both populaEions. Unseasonal weather in 1981 might have
interfered with pollen production énd/or dispersal duriﬁg
that year. Pollen dispersal }n,black spruce in §he Whitecourt
Forest in receht years has taken place in early to mid-June
(personal oqfervation sinée 1982). Pollen production can be
af?é;ted by irregularities in the sensitive.pollen mother
cells.if temperatures fall below a critical threshold value
during meiosis (Eriksson 1968), which in black spruce
precedes pollen dispersal by three to four weeks (Winton -
19645} Weather records ﬁor the regibn do not show any

rtemperatﬁre abnormalities for the period, but precipitation
was more or less cont1nuous during June of 1981 and 1983
while it was qu1te dry in 1982. This c§uld have’ reduced the
.amount_of pollen reaching the fem&le strobili, thus leading

'fté increased selfiﬁg in both 1981 and 1983. An altgrpatibe,

and perhaps more—likéIy explanation, is that so mhny‘selfed

©
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seeds were eliminated by selection dhring the first year that

t would then increase at a slower rate. A similar trend was

m -
reported for jack pine, with t increasing from 0.73 to 1.0 in
one year (Snyder et al. 1985). ¢

The estimates of t from this study are coﬁparabie to the
estimate of tos 0.83 for black spruce ip a seed orchard in
Ontario (Ba£rett et al. 1987). However, they are lower than
than the estimate of tm=0.924, averaged over six black spruce
populations in central New Brunswick (Boyle and Morgenstern
1986) . Neither 6f these studies specifieé the age of the
seeds used. The only published reports of temporal trends in
estimates of outcrosgsing for serotinous-coned species %re for
jack pine (Cheliak et al. 1985; Snyder et  al. 1985). Although
the estiﬁates of fm for the black sbfuce in this study show a
similar trend, they are generally lower than those reported
for jack pine. In addition, the likeliheod ratio test showed
all estimates of tn gor‘black spruce in this study to be
significantly lower than the null hypothesis of tm=1, the
estimate for a population in Hardy-Weinberg equilibrium.

.Low estimates of t ~could be due. to a number of factors.
We_would expect black spruce to be reasonably self-compatible
because it is a pioneer speciés'(Stebbiné 1957; Lande and
Schemske 1985). This allows new habitats to be colonised by
isolated individuals. Park and Fowler (1983) concluded that
black spruce had a relatively high self-fertility (47.2%) and

J carried a lower genetic load than late successional species.

-~
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Outcrossing estimates can also be depressed by spatial
variation in,the population due to wide spacing between trees
or clusterjhg of related trees (i.e., substructuring of the
population). Stand density has been shown to be positively
related to outcrossing. levels in ponderosa p&ne (Pinus
ponderosa Laws.) (Farris and Mitton 1984) and has been
suggested as a possible explanation for low estimates of t 1in
tamarack (Knowles et al. 1987)14§owever, in this study, the
result of the comparison of these palred variabl&s was not
significant in either population. Spearman's coefficient of
r;nk correlatjon'(rs) gave values of —0.332 and 0.127 for
populatipﬁs A and B, respeétively; i.e;, the test did not
reveal any relationship between stand density and the

multilocus outcrossing estimate, tm (Table 4).

2.3.2 Single-locus outcrossing estimates

The singlg—locus estimates of outcrossiqg,ranged from
0.326 (Pgm) to 1.03 (Pgi2) (Table 5).;There was significant
heterogeﬁéity amongst loci in all three years in population
'A. Chi-square values were 35.3 (1981), 19.8 (1982) and‘54.6
(1983), all with three degrees of freedom. In ﬁopulation B
chi~square values were 14.9 (1981), 7.0 (1982) and 2.0 o
(1983), all with three degrees of freedom, with only the 1981
population showing significant heterogeneity. Heterogenéity
of single-locus estimates was also obser#ed in EucélythS'

obl iqua (Brown et al. 1975), Eucalyptus delegatensls (Moran
and Brown' 1980), Douglas-fir (Pseudotsuoa menzies! | (M1rb )

“ 2



Table 4: Valu

7

(tree count from fixed area plots), and
in two.black

multilocus outcrossing rate, t
spruce populations near Whitec

26

es of the paired variables, stand density

’
8urt, Alberta.

Population A

Population B

.p.2 /¢ b .p.2 t P
m m
7 ()€ 0.721 (23)° 5 (1)°€ 0.879 '(16)°
8 (2) 0.416 (2) 6 (2) 0.725 (11)
9 (3) 0.824 (16) 7 (3) 0.492 (4)
10 (4) 0.542 (7) 9 (4). 0.527 (5)
11 (5) 0.557 (8) 10 (5) 0.865 (15)
12 (6) 0.855 (17) 11 (6) 0.538 (6)
15 (7) 0.937 (19) 12 (7) 0.661 -(9)
16 (8) 0.618 (9) 13 (8) 0.423 (2)
18 (9) 0.744 (14) 14 (9) 0.636 (8)
19 (10) 0.637 (10) 16 (10) 0.431 (3)
20 (11) 0.684 (11) 17 (11) 0.781 (13)
21 (12) 0.875 (18) 18 (12) 0.221 (1)
22 (13) 0.801 (15) 20 (13) 0.560 (7)
23 (14) 0.430 (4) 21 (14) 0.698 (10)
24 (15) 0.510 (5) 22 (15) 0.796 (14)
26 (16) 0.512 (6) 23 (16) 0.969 (17)
28 (17) 0.418 (3) 26 (17) 0.753 (12)
30 (18) 0.698 (12)
38 (19) 0.415 @) .
- <

a

b

Stand density, re
plots.

Multilocus, outcrossing rate, tm'

¢ Rankings of paired variables in parentheses.

»

presented by tree counts in fixed area

A NN
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Table 5: 8ingle-locus estimates of outcrossing, t a’ by
year, in two black spruce populations, pgar
Wh@tecourt, Alberta.

Population Enzyme _ 1983 1982 1981
A Gdh 0.712 0.831 0.728
(0.072) (07074) (0.072)
Pglb 0.892 0.848 1.030
(0.077) (0.090) (0.069)
Pom 0.326 -  0.501 0.543
. (0.042) (0.050) (0087
‘ 6pg1 0.358 0.653 0.613 .
. (0.075) (0.071) . (0.072)
B Gdh~ ¢ 0.480 0.666 0.638
- (0.061) (0.066) (0.065)
Pgi2 0.504 0.441 0.353
(0.086) (0.089) (0.086)
Pgm 0.587 0.590 °0.568
) (0.051) (0.052) (0.051)
* 6pg1 0.535 0.48 0.741
(0.056) (0.057)

(0.064)

2 Method of Neale and Adams {1985).

b

°

Standard errors in parentheses.
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Franco) (El-Kassaby et al. 1981; Shah and Allard 1982; Yeh
and Morgan 1987) and tamarack (Knowles et al. 1987).
Variation amongst loci in single-locus outcrossing estimates
could be due to spatial changes.of genotypic frequencie{ as
would result from clustering of related individuals (Shaw and
Allard 1982). |

Because t_ is more sensitive to violations of the

assumptions of the mixed mating model, single-locus estimates
of t are expected to be lower than estimates of tm (Shaw ‘and

Allard 1982). Estimates,of<ts'jn experimental‘populations of

EN AN

morning glory and sorghumvwere,lower where clusters of
related individuals‘occurred than in populations without

clustering (Ennos and Clegg 1982 Ellstrand and Foster 1983).
Shaw and Allard (1982) suggested comparlson of te and t, as a
poss1b1e 1nd1cator of fam1ly structure. To make thls‘

(
comparison, means for the  single- locus estlmates for each

7
>

year were calculated by welghtlng 1nd1v1dual estimates of ts

|

by the inverse of their standard errors. Thls*adjustmezt
compensated for‘the—difference in precision among estimates
made" w1th dlfferent marker loci.- The vesults (Table 6) show
that wath the exceptlon of the 1981 estlmate in populatlon A,
the mean vaers of t ‘are con51stent1y lower than the t
est1mates. Further ev1denoe of spat1al variation in the

Agenetlc comp051tlon of the populatlon is presented 1n the

-
14

results of the ch1~square test for spat1al heterogenelty in

the pollen pool (Table 7).
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Table 6: Comparison of multilocus, t_, and mean of single-
locus, t_, outcrossing estillates for two black
spruce pgpulgtions near Whitecourt, Alberta,
method of Neale and Adams (1985).

/  Population Year t "t -
}
A 1983 0.626 0.565
(0.036)
| 1982 0.727 0.713°
(0.037) ' .
1981 0.731 0.733
© (0.036)
1978-76 ©0.833 0.906
! (0.089)
»
B 1983 0.616 0.552
© (0.035)
v
1982 0.696 0.598
— . (0.032)
1981 0.667 - 0.615
(0.033)
1978-76 0.856 0.795

- « (0.046)

AN

2 Mean of the single-locus, t_, outcrossing estimates over
four loci ( Gdh Pgi2 Pgm: aRd 6pg1) weighted by their
standard errors. _ = .

® standard errors in parentheses.
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Table 7: Chi-squire test for spatial heterogeneity in the

pollen pools of two black spruce populations
near Whitecourt, Alberta.

VA,,,,\ e Ml - e o — . A . [,
Enzyme Pop. A Pop. B
&a s (S
Gdh : 34.057 31.58
(n=22) (n=24)
pgid 27.45 32.50
(n-31) ‘ (n=22)
pgm 54.47° 74.41°
(n=19) (n=18)
6pg1 44.67° 55.24% o
. (n=26) (n=24d) &

Significant heterogeneity at the 0.05 level.

b

g

A

o

N

n = the number of inferred homozygous trees at ‘that locus.
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\
Pgm and 6pg!, which had low estimates of tg in

population A, and Pgm, which had A low estimate in population
B, showed significant spatial heterogeneity in the pollen
pool. Spatial changes 1in the genetic composition of the
population are the most likely cause of pollen pool
heterogeneity (Cheliak et al. 1985). Given that low estimates
of t_ can be due to spatial variation of gene frequenciles,
one could expect that loci with low estimates of tg might
also show significant spatial heterogeneity in the pollen
pool. One qualification that should be made, however, 1is that
maintenance of such spatial variation would imply limited
gene flow within the populations, 1.e., limited dispersal
distances of both pollen and seed.

Another reason for the low estimates of both
single-locus and multilocus outcrossing rates could be that
both estimates were depressed, although tm less than ts' by
population substructure and consequent heterogeneity of
pollen pool allele freguency. Multilocus estimates of
outcrossing in a Douglas-fir seed orchard were felt to have
been depressed by matings between relatives (Ritland and El
Kassaby 1985). Investigation of the relationship between the
multilocus outcrossing estimate and the number of loci
studied was not one of the objectives of this study. However,.
this type of informatidn would be useful .in mating system

studies.
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2.3.3 Wright's Index of Fixation

Estimates of Wright's Index of Fixation (Wright 1951)
showed a significant désiation from Hardy Weinberg
equilibrium at all loci i; the embryo populations. This was
due to an excess of homozygotes in the embryos of both
populatibhs. The homozygote excess, as indicated by the
Fixation lndex, decreases with increasing age of the seed
crop. In the adult populations there 1s a slight,
non45i§nificant excess of homozygotes (Table 8). This
suggests ‘that natural selection during the life of the stand
may be acting to remove the excess homozygotes. Since 1nbred
seeds are more likely to be homozygous, this could possibly
be interpreted as selection against selfs and other 1nbreds.
Poor performance of selfed individuals has been observed 1in
many specles, and a significantLY‘iOWer survival rate has
been documented fpr selfed seediings of Douglas-fir and
ponderosa pine (Sorensen and Mﬁles 1974), white spruce (Ying
1978) and black spruce (Park and Fowler 1982).

An excess of homozygotes can result from (i)-inbreeding,
(i1) selection against heterozygotes, or (iii) the Wahlund .
effect - subdivision of the population into groups, each
forming a breedigg unit by itself, with allelic frequencies
differing between groups (Li 1955). If the population is in
inbrggding equilibrium, an equilibrium inbreeding
ceefficient, Fer can be calculated from ﬁhe outcrossing

estimate th (Spiess 1977):



Table 8: Wright's Fixation Indices,
for two black spruce popula

t18ns

33

by engzyme and year,
near Whitecourt,

\\S» Alberta.
Filial Populations
Pop. Enzyme Maternal
. Population
1983 1982 1981
A “Gdh 0.3802’ 0.2962 0.383: -0.048
Pgi2 0.0847 0.088° 0.0407 0.082
Pgm 0.4557 0.278% 0.2417 0.157
6pg1 0.591 0.345 0.432 -0.045
Mean 0.377 0.252 0.274 0.0365
B Gdh 0.5252  0.312] 0.4123 0.297
Pgi2 0.4223 0.3207 0.346 -0.064
Pgm 0.285_ 0.290, 0.250 0.238
6pg1 0.436 0.424 0.252 0.169
Mean 0.4172 0.336 0.315 0.160

a

<

Significant (a =0.05) deviation from Hardy-Weinberg.
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Given the situation that any deficilency of heterozygotes
was due solely to the mating system, Fe for any seed year
would then be eqgual to the mean of Fis' over the four loci,
for that seed year. Calculation of Fe for the most recent
seed crop (1983) minimises the effects of selection, but
stlll ghows F to be much larger than Fe in both populations
(Tablé\g). This could be explained by variatioﬁs in local
géne frequency that would bias Fis upwards and t downwards

«

({i.e., the Wahlund Effect).

Table 9. Comparxson of Fxs
(arithmetic mean of the four IOC1)
and Fe for the 1983 seed crop from
two black spruce populat1ons near
Whitecourt, Alberta.

Year Pop. Mean F. Fe
1s -
1983 A 0.377 0.230
B B 0.417 0.238

|

The fact that tg is consjistently lower than tor that
loci with the lowest t, estimates show significant spatial
heterogeneity of outcross pollen pool allele ffequencies, and
that Fis,is larger than Fe suggesfg that there may be:some
substructuriné of these populations.

The results of this study show that in natural staqas'of
black spruce the excess of selfed seedlings in the embryo

generations is probably reduced by natural selection as the
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stand matures. However, the industry practice of collecting
the most recent cones as a seed source for nursery production
of seedlings may lead to germination of large numbers of
selfed seed. To some extent this increase in the number of

— selfed seedlings may be counterbalanced by'the nursery
practice of culling the poorer seedlings, many of which are
presumably selfed, from the seédbed. The time and effort
spent in germinating selfed seedlings (which would later be
culled from the seedbed) could be reduced by collecting only
one- year-old cones which would mean that some of the selfed
seeds had already been eliminated, while little seed
viability would have been lost. However, since collection of
new cones 1s the accepted practice, it would be instructive
to examine directly the effects of different methods of
storage of cones or seeds on the estimate of apparent

outcrossing. N
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3. POl;UtATION SUBSTRUCTUkE
f":. 1 INTRODUCTION
. ) Mating.system~estimateslmay vary from species to species
—and both spatially-and tempo%allybwithin species (Hamrick
1982). One oﬁ the-factors whieh can affect mating system
parameters~is departure'ffom-panqixia, br random outcrossing.
This could happen if a’popﬁlatioh\were s&pétructured into
groups or clusters of related trees)\with random mating only
- occarriﬁg within each cluster. in the\boreal'forest, groups
of relategd t?ees may develop from regeneratlon Qy “ -
serotinoas—coneq species after a forest f{re, as a result of
aeed falling and germinating around the survlvors of the fire
(Heinselman 1957) Such clusters could obv1oué{y develop over
a 51ngle generatxon. Clusters of related trees may. al%o be
the result of llmited seed dispersal distance 1n\con1fe¥s.
Although conlfer seeds are generally small and l1ght there
is a tendency for seed to fall close to the ynaternal parent
leading to the development of'groups of related trees within
natural stands (Shaw,and Allard 1982). This type of clﬁster
‘may require several generatlons to develop. Development: ef
clusters of related trees may also be aided by the process of
layering, (Stanek 1975), and by rooting (Horton and Lees
1961). The progeﬂy'resulﬁing from iayering or‘rooting
constitute a clone, and therefore haveiidentical genotypés to

the parent tree. However, in the natural stand, ‘they

'represenhha group of ciosely related trees with potential for

42
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A

interbreeding. By whichever method a group of related;trees
is established, if pollen dispersal distance is limitea,
clustering leads to inbreeding, due to mating am@ngst related
trees. b

The'area over which pollen is homogeneously distributed
(i.e., over which mating is truly random) has been described
as the neighboq;hood (Wright 1946). The size of the
neighbourhood is generally felt to-be a function of pollen
dispersal distance,'seed dispersal distance and §tand density
(Wright 1946; Levin and Kerster 1968). In addition to fhese.‘
‘factors however one mugt also recognize that tree phénology
éan play énAfﬁportant role in determining neighbourhood size.
The concept of the néighbourhood and thgqimpliéatioﬁ of
mating amongst neighbouring treeé is'extremely importaéé not
only in naturalﬁregéneration, but also in ﬁree breeding; This
is especially true in superior tree selection‘wheré one
wishes £0‘ayoid selecting related trees, énd in the désign of -
seed orchards, where the‘a{m is to promote putcrossing.

The belief that conifer seeds generally fall close to
.the maternai parerit is sdpported §y obsefvatians°6f'
Douglas-fir (Iséac 1930):ané engelmaﬂnfspfuce Picea
engelméqnji‘(Roe 1967; Ronco 1970),-wh1ch gﬁowed few seeds
were dispersed fuéther than 60~metreé from the matérnal ‘
parent. However, Bann1ster (1968) reconstruct1ng the spread _i
of radlata piné . (PinUs negiata) on SOuth Icland New Zealand,:
reasoned that seeds had been w1nd dlsp@rsed in cohorts over .

several k1logetres in Qpen count;y, T;ge:sgedt et ql (1987) ffﬁf

3
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in a study of Scots pine (Pinus sylvestris L.) in Finland

suggested that although Soeds.moved in cohorts, they often

!’ .
oAame to rest at some distance from the parent tree. A

t&u-year study in Minnesota reported a maximum dispersal
diﬁtance of 90 metres for blackrépruce seed 1n a cut over
atea (Anon 1939), and 1n another Minnesota clearcut,
dispersal of black spruce seed at 30 meters had dropped to 6%
of dispersal at the edge of the stand (Le Barron 1939).
Dispersal of seeds 1s qreak{y affected by the height of the

-

maternal-tree and wind speed (McEwen 1971). Ground cover can

.
also be important, especially 1n much of Canada where 1t can
be snow-covered for much of the year. Up to €9% of black

spruce seedfall occurs between October and April (Heinselman

1957; Vincent 1965; Howard 1962; Haavisto 1975). Greater

. . . . .
-dispersal distances could be expected during the winter

months, since seeds are blown along the surface of crusted
snow (Helnselman 1957).

Results of studies of pollen dispersal distance are also
variablé. Koski (1973), studied an areally continuous stand
of Scots pine in Finland and concluded that pollen dispersgal
distance a?d the neighbourhood could be measured in
kilometres. In North America, Wright (1953) reported
dispersal distances ranging- from a minimum of 90 m for white
spruce to over 300 m for poplar (Populus deltoides L.) and
elm (UImus americana L.). Norway spruce (Picea abies (L.)

Karst.) and Douglas-fir showed similar patterns of pollen

dispersal with the pollen capture for Norway spruce at 3.5
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metres, 6.5 metres and 18.5 metres from the source tree being
20%,10% and 4%, respectively, of the amount captured at
source (Strand 1957). Douglas fir pollen dispersal declined

1dly from 15 to 90 m, but persisted 1in small amounts
?;j)nd 90.m (Silen 1962). More recently, Cheliak (1984)
estimated a pollen dispersal distance of approximately eight
metres in a Scots pine seed orchard in Ontario. Published
research on anemophilous species is rather limited, with most
recent work devoted to entomophilous herbs (Levin and Kerster
1968; Schaal 1975; Ennos and Clegg 1983; Brown and Clegg
1984) .

Consanguineous matings, which might occur in a
substructured population, depreésed single-locus estimates of
outcrossing, ter in experimental populations of and Sorghum
ticolor (Ennos and Cleqgg 1982; Ellstrand and Foster 1983). In
these studies an inverse relationship between the estimate of
outcrossing and the degree of population substructure was
also demonstrated. Reports in the literature tend to
emﬁhasise the effect of population substructure on
single-locus estimates of outcrossing. However, in a
multilocus study of a Douglas-fir seed orchard, both
single-locus and multilocus (using five loci) estimates of
outcrossing were considered to have been depressed by ‘
consanguingous matings (Ritland and El Kassaby 1985).
Computer simulation of continued nearest-neighbour

pollination showed the development and persistence of patches

of homozygotes and microgeographic differentiation of the
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population (Turner et al. 1982). From an initially random
distribution of genotypes, population substructure had become
evident by the fifth generation. Continued interbreeding
between neighbours eventually should be reflected in the
genéalogy of the population. Meagher and Thompson (1986) [ ~-
developed a model which can be used to determine genealogical
~relationships in a population by jointly estimating the
parent pair for each progeny, based on progeny genotype and
gene trequencies of all possible parents. However, this
method would only be applicable where all possible parent
trees can be genotyped, as in a seéd orchard or a small
natural stand, and where there 1s no risk of polleﬁ
contamination from other stands.

The indirect evidence from the matigg syséem estimates
suggest that the black spruce study populations were
substructured, possibly into groups of related trees. This
section of the study attempts to determine the existence of
groups of putative relatives in populatign A by comparing
allozyme profiles from neighbouring trees for genetic
similarit{és. The assumptions are that trees that are
Agenetically similar are more likely to be related than trees
which are genetically dissimilar, and that groupings of
related trees would form patterns of genotypic distribution
that would not be found under a purely random genotybic
distribution. 5y

Various methods have been employed to investigate

population structure. Linhart et al. (1981) used Wright's F
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statistics and Nei's concept of genetic distance to analyse

allozyme data and demonstrate significant diffeltences among
£

~
spatially separated groups of ponderosa pine. The allozyme

study was substantiated by comparison of reproductive and
morphological featyres. The spatial separation, howéver,
meant that the groups were already defined, prior to the
study.

Multivariate statistics have become a popular method of
investigating population structure. Discriminant analysis of
allozyme data was used to confirm differences among
populations of black spruce in Newfoundland (Yeh et al. 1986)
and lodgepole pine in British Columbia (Yeh et al. 1985).
Patterns of morphological and allozyme variation among the
four subspecies of Pinus contorta Dougl. were examined by
cluster analysis (Wheeler and Guries 1982a). The clustering
technigue used was the Unweighted Pair Group Means Analysis
(UPGMA) . The variables clustered were Nei's genetic distancei‘
between populations, and morphological ‘data from cones aﬁd //
.seeds combined into a single variable, for all possible
pair-wise combinations Bf populations. Results confirmed
earlier taxonomic treatment of the species. As part of th%/
same study, distribution of rare alleles was summarised by
»popuiation to provide evidence of common co-ancestry of»
populations (Wheeler and Guries 1982b). Populations sharing
rare alleles were felt to have a recent co-ancestry. Yellqw
birch (Betula alleahanienslis Britton), bog birch (Betula \

pumila L.) and their hybrids were separated b§ multivariate

N
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analysis of 19 morphological characters (Dancik and Barnes
1975). Five multigariate procedures were employed, with
disgriminant analysis and principal components analysis being
the most helpful in separating the taxa. Their study
resembled the present one on black spruce in that the SRde
population did not contain any predefined groups. An
investigation of intra-population structure of Thujopsis
dolobrata (L.F.) Sieb and Zucc. (Sakai and Miyazakai 1972)
was based on allelic differences, described as
"disagreements". Sakai and Miyazakail also used the same
method to investigate inter-population differences. In a New
Brunswick study of within-population genetic diversity 1in
black spruce, a coefficient of relationship was calculated as
the expected number of allele differences, wéighted by allele
frequency for various 1ivels of relationship, for each .
observed multilocus genotype. A regression was then computed
for the coefficient of relationship on distance between trees
(Bewle and Morgenstern 1984), . \\
The present study utilised a number of different
approaches to investigate population substrutture. Following
the philosophy of Mitton et al. (1977) and Smouse et al.
(1982) that a large number of small differences at allozyme
loci can be as useful in separating groups as a small number
of large differences, a cluster analysis was performed, using

o

n-1 alleles as the variables, to take account of the total

variation over all loci for each tree. The clustering

procedure chosen was the Complete Linkage Clustering Method

e
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(CLINK) (Wishart 1978; Romesburg 1984). Its teqhnrque of
merging clusters by comparing the most dissimilar individuals
from each cluster made it particularly appropriate for this
analysis, since the aim of the cluster analysis was to
identify clusters whose members had a certain minimum
resemblance to each other, based on their level of allelic
similarity. Cluster analysis was supplemented by an
examinatioﬁ of the distribution of rare alleles and by a
"runs" test of randomness of the spatial distribution of each
allele at each locus. The runs test is designed to uncover
mon-random sequences of events (Sokal and Rohlf 1981). For
example, in the study population non-random sequences of
alleles along a transect could be due to the transect passing
through groups of related trees. In conjunction with these
techniques, a sample-wide pairwise comparison of trees was
made to compile levels of allelic difference and spatial

- distance between trees, which would help to interpret results
qf the cluster analysis.

In addition to the cluster analysis on the maternal
trees, the pattern of pollen dispersal in the study
population, a key factor in the establishment and maintenance
of poéulation substruéture (Levin and Kerster 1968), was
examined by analysing the frequency and distribution of

seleééed alleles in the progeny of the maternal trees.
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3.2 MATERIALS AND METHODS

3.2.1 Collections and Electrophoretic Assay

Population A (Figure 1) was chosen for this part of the
study in the belief that layering, which could contribute to
the subdivision of the population into groupsfof related
trees, would be more likely to occur in the e ty soil.

Four intersecting transects were established in the
stand: north-south, northeast—éouthwest, east—wé&f:and
southeast-northwest, the sampling layout resembling the
spokes of a wheel. All trees on or within abproximately five
metres of the transect (94 trees) were sampled, including ten
trees used in the mating system study. The mean spacing
between neighbouring trees was just over five meters
(pairwise average over all trees). For the subsequent
analyses, trees were numbered consecutively from the north
end of the north-south transect, through the
northeast-southwest, east-west and southeast-northwest
transects (Figure 3). If the existence of clusters, and their
size and shape had been known in advance, a sampling strategy
could have been designed to provide the maximum information
on the structure of the population. However, in the present
situation where there was no prior information on the nature
~of population Substructure, or indeed, i® it existed, the
sampling design used had two main advantages. Firstly; it
provided total enumeration of the trees|{ around the

Q.

intersection of the transects, allowing a more complete study
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Figure 3: Numbering system followed in sampled trees along
four transects in a black spruce population near

Whitecourt, Alberta.
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of relatedness ?f neighbouring trees and patterns of polien
dispersal in this area. Secondly, comparison of neighbouring
trees along the extremes of the transect would help to
corroborate any pattern detected in the fully éamplgd area
around the transect intersections, while minimising the
number of samples collected and time required for laboratory
analysis. \

Each sample tree was felled, and sub-samples of cones
were takén from the 1983 and 1982 crops. If 1983 and 194?
coneé were absent, a bulked sub-sample of the next available
cone year was taken. Height, DBH® and age (determined by ring
count at stump height) were recorded for e;ch tree, and the
position of the tree along the transect was mapped. All
sub-samples were labelled and kept gepa{gte. Seeds were
extracted, stored and germinated as in the mating system
study.

Sample trees were genotyped by electrophoretic assay of
‘eight megagametophytes per maternal tree, after the method of
Conkle et al. (1982). Genotype was based on the segregation
of allozy;es in the eight enzyme systems (ten loci) which
could be scored: aspartate amino tranéférase (AAT, E.C. )
2.0.1.1.), aconitase (ACO, 4.2.71.3.), glutamate dehydrogenase
(GDH, 1.4.1.3.), malate dehydrqgenase (MDH, 1?1.1.37.),
menadione reductase (MNR, 1.6.99.2.), phosphoélucose
isomerase (PGI, 5.3.1.9.), phosphoglucomutase (PGM, 2.7.5.1.)

and 6-phosphogluconate (6PG, 1.1.1.44.) These enzymes were

*Stem diameter, 1.3 m above ground level.
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coded by ten polymorphic loci (Aat4, Aco, Gdh, Mdht, MdhZ2,
Mnri1, Pgil, Pgi2, Pgm and 6pg1). All ten loci have been shown
to be independently inherited (Barrett et al. 1987). With\
eight megagametophytes.the probability (p) of misclassifying
a heterozygote at a particular locus is p=0.0078.

In addition, progeny of the maternal trees were assayed
for polymorphic allozymes at the Mdhl and Pgm loci. The
numbers of progeny analysed per maternal tree ranged from
five for both Mdh!l and Pgm in tree 12 of the east-west
transect to 222 (Mdh1) and 214 (Pgm) in tree 8 in the
north-south transect. Mdh! was used, because the {Pre allele
Mdh1-3 was present in the strategically located maternal tree ~’
at the intersection of the transects andyrtherefore was uéeful
in estimating pollen dispersal digtance. However, to obtain
separation and clear resolution of the Mdh! alleles, embryos
had to be germinated and grown for eight to ten days, by
which time Pgm was the only other locus that could be scored:
{n the prgge;y, and enzymes from the megagametophytes could
no longer be scored. This meant that maternal tree
outcrossing rates could nofibi)pstimated for these loci.

Maternal tree genotypes, however, were available for these

loci, having been determined in the megagametophyte anéljsis.



3.2.2 Statistical procedures

3.2.2.1 Maternql Trees

Four techniques were used to investigate population
substructure: -

(i) investigation of genotypic similarity among trees

versus physical distance between them;

(ii) cluster analysis of trees based on their level of

genotypic similarity, as shown by the results of the

isozyme study;

-(iii) examination of the distribution of rare alleles;

({iv) the runs test to investigate allelic seguences;

(1) Genotypic similarity versus distance between trees

Since the concept of the degree*of relafedness among
trees versus the distance between them was central to this
ﬁart of the study a program was written to address this
question.

Each tree was compared with.every other tree to
determine their genotypic dissimilarity. The pairwise
comparison of trees was performed for each allele at each
logus. Each compérison“showed the. number of alleles at which
the two trees differed i.e. a dissimilarity index for each
pEssible pairwise comparison of trees. For example a pair of
trees. with five-locus genotypes 11, 12, 12, 11, 12 and 11,
13, 22, 11, 11 would be classed as differing by three alleles

‘Qﬂdeflined)), a dissimilarity index of three.

Y

L 4
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Allele-by-allele comparison has the advantage of compensating
for the fact that although two individuals may differ at a
particular locus, they could still have an allele in common
at that locus.

The inter—t#ee distance for each comparison was
calculated from the X and Y coordinates for each tree as the
straight line distance between them. For example, tree number
30, which had X and Y coordinates of 52.7 and 48.7 meters,
and tree number 78, which had X and Y coordinates of -30.7
and 31.3, meters were computed as 82.23 meters apart. The
dissimilarity index for each pairwise coméarison was assigned
to a distance category,.with distance intervals being set at
20 metres. A table was thenvcompiled showing the observed and
expected number of dissimilarity classes in each distance
category. A table of observed comparisons by itself would be
misleading, as the number of comparisons decreased with

1
increasing distance between trees. For example, total
comparisons decreased from 1220 in distance class 3 to 10 in
distance class 8. |

: A Chi- squa}e test of the null hypothesis, that the
u*degfge of d1551m11ar1ty of any two trees was 1ndependent of
the distance between them, was conducted by entering the

_ v é o/
observed numbers of each dissimilarity level from each

distance category in a éréss-ciassificatibn of distance (8)
by dissimilarity (12) for pairwise comparisons, and computing
the expected values as a function of the tpta1~obserVations

made in that distance category and the total observations .
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made at that dissimilarity level. Distance classes.ﬁ, 7 and 8
were combined, as were dissimilarity classes 0 and 1, and
classes 10, 11 and 42 to give a minimum exéected value ofr3
in any cell. If the expected value in the chi-square equaﬁion
is too small it leads to large chi-square values which

reflect only the smallness of the "expected"” value rather
than the departure of "observed from expected” (Ostle and
Mensing 1975). The relationship between' the variables,
between-tree-distance and genotypic-dissimilarity, was
investigated byekhe non-parametric Mantel Test of Matrix
Correspondence (Mantef 1967, Smouse et al. 1986). étandard
parametric tests of significance were not appropriate in this
situation as the distance measures had unknown distfibutional
properties and dependencies among the‘pairwise distances in

each matrix violated the assumption”of normal theory. The

problem being that in a sample of size n there are n(n-1)
2

comparisons but not n{n-1) independent items.
Conventional parametric tegts of significance have been used
in some studies involving distance matriées, but they have
been shown to over-estimate the siénificance of observed
statistics (Dietz 1983). The test statistig for the null
hypothesis that the measures of X and Y are i;dependent is
the sum of cross products:

, zyx =Eij (‘xijyij)

where X and Y are the distance matrices, 2:

i3 }ndlcates
' '

summation over all ij pairs other than i=j, and ' ~

ihdicates the observed value. This test criterion is then .
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‘ compared with the distribution of Zyx values obtained when
the corresponding elements of the-two matrices are not
associated in aﬁy way, i.e. a null distribution. The null
distribution in this study was obtained by holding the
between-tree-distance matrix rigid and randomly permuting the
rows and columns of the genotypic—dissimilar{ty matrix by
Monte Carlo randomization. A total of 25 permutations were
run. The number of permutations had to be curtailed due to
the high computer cost of permuting a matrix of 4,371
observations. For the test statistic large values ‘suggest
positive ass9ciation‘between the 3-3 s and the Y13 s. The
P-value (p) of the observed statistic is therefore the

yx is greater

than or egqual to the observed value (Zyx)' For large values

of n, where complete enumerdtion of the n! permutations is

proaprtion of the n! permutgiions for which Z

not feasible, random sampling of the n permutations allows

estimation of p (Dietz 1983). For example, 1f the

zyx'
observed value, is exceeded only 5 times in 500 permutations,

=

fhen
p = 5 = _Q:o‘].
500 (o~
~

The mean, variance and standard deviation were also
calculated for the distribution of~alle1ic-differencés.
The correlatlon between genetlc and.gqographxc distance

in a clumped populatzon of vhltebark pxﬁe (Plnus alecaulIs )
3 -
Englm,.). was s;ud1ed by Furnzer et al (1237) They used

e o
v
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’
allelic comparison coupled with regression technigues.

(11) Cluster analysas

The term cluster analysis covers é number of techniques
that have the common purpose of separating cases oOr
individuals described by multivariate data into constituent
groups or clusters. In this analysis each allele represented
a variqble, the purpose beilng to group the trees into
clusters based on the similari‘;f.their. 1sozyme vprofiles,
with the underlying assumption that genotypically simllar
trees would be more likely to be related. Therefore, the
.requi(ij property of each cluster formed ;as that every
: s
member Of the cluster would have a minimum specified .
resemblance to every other member of that cluster. The most
appropriate clustering technigue was found to be the Complete
Linkage Clustering Method, known by the acronym CLINK. CLINK

»

is not the most widely used clusferinq technigue 1in research
analyses (Romesbury 1}84). However, its technique of forminé
clusters based on the largesf‘gingle dissimilarity
coefficient between two individuals, one from each préposed
merging cluster (Wishart 1978), meant that it identified
clusters whose members had a certain minimum resemblance to
each other, based on their allelic dissimilarity. This was
particularly suitable for the present study, where the aim

N
was to identify clusters of genotypically similar individuals _

based on their level of allelic dissimilarity. When CLINK

scans potenttial merging clusters, it computes a dissimilarity
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-

matrix based on the the de&ree of resemblance between each
cluster and every other cluster. The dissimilarity
coefficient is actually based on a compariscn of individual
cases from each cluster, with the two most unlike cases
providing the measure of dissimilarity. In this‘important
respect it differs from more widely used procedures such as
UPGMA and Ward’s minimum variance method, which compute
dissimilarity coefficients based on average values of each
variable over all cases within a cluster (Romesburg 1984).
Its technigue of forming each new cluster on the basis of the
two most qnlike cases from the two combining clusters, allows
one to set a maximum level of<wwithin-cluster dissimilarity.
The Clustan package presents its results as a dendrogram,
with the dissimilarity coefficient shown for each new cluster
produced by a fusion cycle. Examination of the clusters
formed at different levels im the clustering dendrogram
allows one to ascertain the within-cluster level of
dissimilarity at each stage of cluster formation.
Consequentl;, a cutroff point can be set which will identify
‘
clusters whose members differ by no more than a pre-set level
of dissimilarity. In this study the cut-off level for cluster
acceptance cog}d be set to identify clusters whose members
differed by.ﬁb more than a pre-sef number of alleles. An
early problem encountered in using the clustering procedure
was that the clustering package used the {ixeral value for
each variable. This meant that in the present situation,

where each allele was a variable, a '3' compared with a

v g
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would obviously give a different dissimilarity coefficient
than a '3' compared with a '2', or a '2' with a '1'. To avoid
this involuntary weighting of varisbles allozyme profiles
were coded, with each allele being assigned the value of 0.5
1f present, and 0 ;XLabsent, following the method of Smouse
and Neel (1977). Sinte,the frequency of the alleles at a¥
locus has to add (g I there are n-1 independent dimensions to
)
describe inisfmggjon at the locus. A diallelic locus with the

alleles A, and A, would therefore be described by the vector

1 2
Yy = (1, 0.5, 0) for the genotypes (A A, A,A,, and A2A2).
Similarly, the vector Y = (1 0, 0.5 0.5, 0.50, 01, 0 0.5, O

0) represents the six possible genctypes A]A]; Ay, AAS,

AsA,, A2A3 and AsAg, respectively, ?t a triallelic locus. The

preliminary step in this clustering procedure is computation
of a df@similarity matrix to give a dissimilarity coefficient
for each possible pair-wise comparison of cases (trees). The
Clustan dissimilarity coefficient is actually a distance
measure, the squared Euclidean distance between each of the
two clusters being compared, summed over all variables. It 1is

computed from the formula:
2 Z T 2
da® = 1 U. - U. ,
ﬁ ( lp Jq)

where M is the number of variables, is the value of

U.
. ip
variable j for the cluster P and qu is the value of variable

j for cluster g. As an example, cases 1 and 2 differed only

at variables 12 and 13, with case 1 having values of 0.5 and

!
0.5 and case 2 having values of 1 and 0, respectively. Since

¥
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the two cases were i1dentical at all other variables, the

dissimilarity coefficient was actually computed over

variables 12 and 13 as follows: - PS
a? = 1 ((0.5-1) %+ (0.5-0)2)
14
3’ = 0.036

After each new cluéter 1is formed by a fusion cycle, the
dissimilarity matrix is recomputed anqryﬁe hybsequent scan to
form a new cluster is based on the new dissimilarity matrix
(Romesburg 1984).

A problem common to many types of cluster analysis,
including CLINK, is that of the local optimum vergus the
global solution (Wishart 1978). Once a cluster is formed it
remains intact throughout the analysis. This means that, with
some data sets, different st;ising points can produce
different clustering solutions. These solutions are known as
local optima, as opposed to a global optimum, which is the
perfect solution. As a check on the type of clustering
solution reached, option Relocate in the Clustan package
allows one to reform the clusters from predetermined or
random starting points. With the present data set, procedure
Relocate was run (a) using the 10-cluster stage computed by
CLINK. and (b) using 10 randomly formed clusters as a starting
point. Reloca%e scans the clusters and compares the
similarities of each case with-all clusters, and {f necessary
moves cases to differenf‘clusters. Each of these analyses

produces a local optimum. If the same classification results
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from the three analyses, something better than a local
optimum has been reached, although it could only be claimed
to be a global solution if every possible random starting
point had been used (Wishart 1978).

Interpretation of the clustering dendrogram was
facilitated by reference to the dissimilarity indices
resulting from the pairwise comparison of trees. Coefficients
corresponding to different levels of allelic dissimilarity
were found by examining the level of allelic difference among
the members of tjffnew cluster formed at each hierarchical
step. This permitted identification of clusters based on the
level of dissimilarity of their members. A decision had to be
made on _akat constituted a meaningful cluster, i.e. wvhat
level of dissimilarity between cluster members could be
tolerated. It was decided to set the cut-off point at five
allelic différences, i.e. clusters whose members differed
from each other by no more than five alleles were accepﬁed as
meaningful clusters. While the choice of a dissimilarity
level is obviously arbitrary, the five-allele level was
chosen for two reasons. It identifies clusters whose members
show a high level of genotypic‘ﬁimilarity, while, by not
being too stringent, it also allows for the fact that genetic
recombination and the input of different paternal genotypes
could result in half-sibs and outcrossed full-sibs that need
not have identical, or even very similar genotypes. This

level would be adjusted for greater numbers of loci or a

higher average number of alleles pef locus.
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(ii1i) Rare alleles

The comparison of allozyme profiles placed individuals
“into groups based on their similarity over all loci. Maternal
trees were also studied for the occurrence of rare alleles in
neighbouring trees. The presence of a rare éllele, defined
here as having a frequency of less than 0.05 in the total
sample of 94 maternal trees, in neighbouring trees would
suggest that these trees might comprise.a related group.QFive
alleles had a frequency of less than 0.05. They were Aatq-2
(0.048), Mdh1-3 (0.032), Mdh2-3 (0.021), Pgi1-2 (0.016) and
Pgm-3 (0.042). Local occurrence of rare alleles was suggested
as a possible indicator of relate@ness amongst neighbouring
trees in Jeffrey pine (Pinus jeffreyi Grev. and Balf.)
(Furnier and Adams 1986). At the population level, the
occurrence of the same rare alleles in different populations
has been suggested as an indicator of ‘recent co-ancestry of
lodgepole pine populations (Wheeler and Guries 1982b).
(iv) Runs test of allelic sequences

Based.on its frequency in ;'transect, one can test
whether an allele is randomly distributed along the transect.
Non-random distribution could be due to (a) the presence of
too few groﬁps or (b) the presence of too many groups, i.e;
over-dispersion of the allele. For examplel if the presence
of the allele is signifigd by P and its absence by A, the
sequence P, P, P, A, P, P, P, P,.A, A, along a transect shows

that the allele was present in seven and absent from three
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individuals. Each sequence of like individuals, preceded
and/or followed by an unlike individual is called a run. The
above sequence therefore contains four runs. We can test
whether this sequence represents a random distribution of the
allele or whether the number of runs is:fewer or greater than
would be expected with a random distribution. Non-random
distribution of an allele could be due to the clustering of
related trees whose genotypes contain that allele. The
standard test for random distribution of a sequence of
alternatives is called a runs test. It tests whether events
occur in a random sequence or whether the probability of a
given event is a function of the outcome of a previous event
(Sokal and Rohlf 1981). Runs tests are widely used in plant
ecology to detect species associations in transect sampling
(Knight 1974; Pielou 1977). ‘

Mathematically, if there are "x" objects of one kind,
e.g. x A's and y objects of another kind e.g. y B's in a

sequence, the number of possible arrangements can be

calculated from the binomial coéfficient

(x+y)! _  x+y
xty! x

To find the number of arrangements of A's and B's that will

give a total of K runs, thgre are two possible situations. If

(

there are m runs of A's and m runs of

K is even (e.g. K=2m

B's. The number of atrangements that will give K runs is

A
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since there are ;-1 ways of placing x objects into m cells
so that each cell has at least one object, and similarly for
the B's (Feller 1968). Since the sequence may start with a
run of either A's or B's the number of ways of obtaining m’

runs of both A's and B's 1s therefore

and the probability of o?taining K runs P(K) is

x-1 y-1
2 m-1 m-1

P(K)=
X"‘Y
X
If K is odd there will be m+1 runs of A's and m runs of B's
which can happen in

x-1 y-1
m m-1

P . .
ways or m runs of A's and m+1 runs of B's which can happen in

x-1 y-1
m-1 m
ways.

The probability of K runs P(K) is then
. ,

and the probability of obtaining R or fewer runs is

o
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EE:R P(K) ,

K=2
~

with K=2 since there must be at least two runs (Stevens 1939;
Pielou 1969).

Tables are available that list the probabilities
associated with different values of a and b (corresponding to
x end y) and R, for sample sizes between 2 and 20 (Swed and
Eisenhart 1943). For larger sample sizes the probabilities
were calculated by hand calculator. A runs t®st was performed
on-allelic sequences in each of the four transecgg, based on
presence or absence of each allele at each locus in each
transect.® The method Bf calculation therefore, was the same
for both di-allelic andg tri-allelic loci. The probability of
obtaining each particula;‘seduence in each transect was found
by entering the tables (Swed and Eisenhart 1943) at the ~
appropriate levels of a, b and R. Sequences with a
probability Qf p< 0.05 were regarded as having a non-random
distribution, in the sense -of having too few groups.

The foregoing techniques were used to identify clusters
of putative relatives. Once the clusters were assembled,
comparison of their gene frequencies provided some insight on
the degree to which substructuring had proceeded in the
population. Spatial variation of gene frequencies among‘
clusters is regarded as a possible indicator of substructure
in a population (Hartl 1980).

Spatial variation of gene frequencies was tested by

calculating frequencies for Gdh, Pgi2, Pgm and 6pgl?, the

& :
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enzymes used in the mating system study, for clusters wiap
more than five members, and assessing the significance of
gene frequency differences between clusters by a chi-square
test of gene frequency heterogeneity (Snedeco} and Irwin

\

1933)

’

. X2 = 2n2o ?
Pi
P:
2 *
v 2
where N is the total number of individuals, o is the
variance in allele fregquency and Ei is the wei%hﬁed mean

th allele.

frequency of the %
By using cluster gene freqguencies, one can compute
expected mean heterozygosities over all cleéters and, for
comparison, an expected heterozygosity for the entire
population. These expected heterogygosities can be used to

cghpute Wright's Index of Fixation, F which is a measure

st’
of the extemt to which population substruc re has proceeded.
It measures ﬁhe differeneiption ofAéene fXequencies among
neighbourhoods (Ritland 1985), and can alsq) be described as
the reduction in heterozygosity associated with division of
the population into subpopulations Il is computed as

r/ "’Etg(ﬂt - HS)/Ht ’

where H, is the total heterozygosity in the populatirn ch Hg

'is the sub- populatlon hiFerozy9051ty. As sub-population

heterd‘igos1ty decreases in relation to total populat1on

heterozygosity the ratio F ‘approaches unity. Fst was

alculated for each cluster whn’ had more than five membets.
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3.2.2.2 Progeny
A contributing factor to the formation and maintenance
of population swbstructure is limited pollen dispersal
distance (Turner 1982). To gain some insight into the
patterns of pollen dispersal in this population,allele
fgequencies of Mdh! and Pgm for the progeny of each maternal

tree were computed from the formula

f_= 2D+H ,
a
2N

where fa is the frequency of the allele, D is the number of
individuals homozygous for that allele, H is the number of
individuals hetq{zfygous for that allele and N is the total
progeny from that maternal tree. The standard error was

computed as

. S.E.=[pq L~
B BT

where p is the fréquency of the common allele} g is the
frequency of other alleles (g=1-p) and N is the total progeny
from that maternal tree: Progeny sets (i.e. from the same
maternal tree) with more than 30 members were included in the
statistical analysis, and rgBresented a total of 54 matqrnai
trees, with a mean of 87 progeny per maternal tree. Standard
érrors ranged from a minimum of 0.10 to a maximum of 0.18 for
Mdhi! and from 0.017 to 0.058 for Pgm. ,The distribution of the

54 maternal trees is shown in Table 10.

”n
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Table 10. Distribution of maternal trees in black

spruce population A whose progeny were
statistically analysed for frequency of Mdh’-2 and

Pgm-2.

Enzyme /
Transect Mdhi1-2 Pgm-2
North-south (n=28) 17 .17
Northeast-southwest (n=22) 7 7
East-west (n=25) 14 : 14

Southeast-northwest (n=19) ‘19 16

n=number of maternal trees along each transect.

Frequencies of the Mdhi-2 and Pgm-2 alleles were calculated
for each progeny set. Both Mdh7-2 (frequency 0.13Ain all
maternal trees alchg the transects) and Pgm-2 (freqguency 0.31
in all matergﬁJ trees along the transects) were well
distributed along the transects. Because the alleles were
present in some maternal trees thé contribution from outcross
pollen could not i'yays be‘unamb?guously ascertained. |
However, since none‘of these maternal trees carried the '3' .
allele, the pfogeny could be sgparated_into three classes
based on maternal genotype, for both the Mdh1-2 and Pgm;2
alleles:

1) Progeny of maternal trees with a '11' genotype at
that' locus (i.e. progeny sets whose maternal trees did
not have the '2' allele).

2)&Progeny ;; maternal tfees with a '12' genotype at
‘that 1o;us (i.ef progeny sets whose%matezhai;tnaes vere

®

heterozygous for the '2' allele).
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3) Progeny of maternyl trees with a '22' genotype at

that locus (i.e. progeny sets whose a§ternal trees vere

homozygous for the '2' al%ﬁle).
Comparison of the three classe;"of progeny allowed inferences
to be made on the possible origin of Mdh1-2 and Pgm-2 alleles
present in the progeny. Mdh1-2 and Pgm-2 alleles in the
‘progeny of class 1 trees must have come from outcross pollen.
Although the source of the alleles in the progeny of classes
2 and 3 could not be unaybiguously determined,* examination of
the relative frequencies of Mdh71-2 and Pgm-2 in these progeny
classes allowed inferences to be made on the possible origin
of the alleles. . !

A 2 x m contingency table was set up for each class to
test the null hypothesis that the '2’ al}ele was randomly
distribut;; throughout the progeny of that maternal class.
For each progeny set the number of progeny with the allele
was compared with the number which did not have the allele,
where m was the-number of progeny sets and maternal trees in
the particular class. If the null hypothesis was accepted,
classes 1 and 2, classes 1 and 3, and classes 2 and 3 were
then compared by chi<square test, to test the null hypothesis

. . . . )
that distribution of the '2' allele in the progeny was

—
T -

independent - of parental genotype."

In addition,‘the distribution of the rare MQh1-3 allele
(freqqucy 0.04 fof all maternal trees along the transects)
in the progeny of maternal trees in the fully éampled area

drourid the transect intersections was examiqed. The allele

&
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was present in the maternal tree at the intersection of the
transects, but not in the neighbouring.maternal trees. The
neighbouring trees were placed ‘into disténce classes
according to their distance fronl the maternal tree.
Heterogeneity of distribution of the allele in the progeny
was tested by compaging the number of progeny in g%ch
distance class whose genotype contained the allele with the
number of progeny which did not have it. The respective
numbers.were entered in a chi—iquare 2 %;m contingency table,
where m was the number of distance classes ig the fully
sampled area that had a radius of approximately 17 meters.
The test was repeated, with the maternal source tree
excluded, to test the heterqgenelty of Exstrlbutlon of the
allele amongst the progeny of maternal treai_whose genotype
did not include the allelef>Corre1ation of |
distanée—from—séuré‘vwith frequency dt Mdh1-3 in the progeny
at each distapce‘class was,éﬁamihed éy computing Spearman's
Coefficient of Rank'CorrgIétion‘(rs): | .

0 2
= 1- 6L (leﬁz) o,

(n-1)n(n+1)
where (R,-R,) computes the differences between the ranks of

the paired variables (Steel and Torrie 1980). As in' the.

méting system,study,_rsh the chrelétioh‘éoefficient, Lgr
tested by e ‘
/ ‘t=r5, n-2 .,
A-r 2

whichais distributed as Studentfs_t,with_n-z'

wa9 '

R .
S et
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3.3 RESULTS AND DISCUSSION

3.3.1 Maternal Trees
The frequency distribution of the level of allelic

difference observed in the 4,371 pairwise allelic comparisons
was symmetrical about the modal value of 5, and mean of 5.3
(Figure 4 and Table 11). Standard deviation was 1.79. The
listing of allelic differences between trees showed three
genotypically identical trees, numbers 13, 28 and 73 (at the
ten loci examined) in the sample. However, they could not
have originated by either branch or root layering from a
common parent as the distance between the closest pair, 13
and. 73, was 60 meters. In addition, being identical at ten
loci i§ not necessarily an indication of total geno®ypic
identity. The level of allelic difference ranged from zero,
amohg trees 13, 28 and 73, to twelve between trees 17 ana.53.

. A probability of p=0.48 for the Mantel Test of Matfix

| Correspondence indicated no significant correlationebetween
genotypic-dissimilarity and between-tree-distance. In other
@ords, one would expect to obgain the observed results 48

",times in 100 trials by chance alone. Due to-the considerable-
expense'of permutiﬁg an array of 4371 obsqrvations it was
onlyAposs;ble'to run 25.permutations of the
allelic-aissipilarigé—métrix for the Mantel test of Matrix
Correspondence. Ho;éyér, the results of the test should be
reliable as tﬁe'prob_bility of obtaining the observed.q:?“lts

el

.. (p=0.48) is well, fepgyed frop both tails of the distribution,

a

o+ .
- : ¥y . h N
R T A ®



g four transects

n a black- spruce population near Whitecourt,

pair-wise comparisons of trees alon
Alberta.

Figure 4: Distribution of allelic differences tabulated in
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Table 11 : Comparison of the genotypic dissimilarity between
trees versus the distance between them in pairwise
comparisons in a black spruce population near
Whitecourt, Alberta.

Average Distance

Genotypic Between Trees No. of
Dissimilarity ‘(meters) Comparisons
0 84.43 3
1 56.57 54
2 56.35 170
3 55.28 444
4 54.67 780
5 54.73 953
6 55.53 868
7 53.32 629
8 56.24 286
9 . 53.03 136
10 60.73 : 37
11 58.45 10
12 o 55.69 1

™
{

a measured as the number of allelic differences between trees
in each pairwise comparison.
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Results of the Mantel Test of Matrix Correspondence were
confirmed by the chi-square analysis of the
genotypic-dissimilarity. by distance contingéncy table (Table
12). The Chi~sFuare value of 42.01 with 45 degrees of freedom
was not significant, so the null hypothesis that genotypic
dissimilarity between trees was independent of the distance
between them could not be rejected.

Twenty-five groups of putative relatives were identified
by the three clustering techniques. The Clustan procedure
CLINK assigned a total of 90 trees to 20 clusters, (Table 13
and Figure 5), with meﬁbers of ind?\idual cTusters differing
at no more than five alleles. The smallest cluster membership
was two 1n clusters N, O, R aﬁd T. Ciuster K ¥&4d the largest
membership with t@elve. Cluster diameter ranged from sixfeen_
meters in cluster N to 119 meters in cluster B.

iive rare alleles were sco}ed in the isozyme analySis,
Aat4*2‘(frequency 0.047 in the transect samples), Mdhi1-3 .
(0.032), Mdh2-3 (0.021), Pgi1-2 (0.016) and Pgm-3 (0.043).
Details of the'clusterSAidéntified by the distribution of
these alleles are shown (Téble 14 and Figure 6). Of the
clysters identified by the distgibution of rare alleles,
clugter X, based on the distribution of Mdh?-3, covered the
lar‘ st area, with a maximum inter-tree distance of 84 ‘

meters. Mdh1-3 did not show up in any neighbouring trees, the

mirfimun distance between trees in the cluster being 26

.me s. Each of the other four rare alleles was found in at

legst one pair of neighbouring trees, with the minimum

L4
-

-i
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Table 13: Ciusters of putative relatives from four intof:octinq

transect samples in a black spruce population’'near

Whitecourt, Alberta, identified by the CLINK clustering
procedure.

» -~/
Clucter Tree § Cluste Rgrs (yea-s s Rge Heigtts tmete—s! Mea Ht
’ Length (s (years) (meters!
[} o2 8 15, 108 126, 95, 118, 120, 108.7 15, 31, 13, 17, 12.9
2, X, 51, 62, : %, 12, 115, N, 9, 16, 14, 9,
R, & 110, %, 14, 11,
B 7, 10, 13, 28, 19 127, 112, 15, 106, 13.¢ 12, 11, 17, 9, 12.7
n, 13 105, 112, 13, 14,
¢ 12, &, &7 56 105, 110, 130> 115.0 12, 13, 12. 12.2
) 5, 69, 70, 8 9 105, 145, 105, 115. 1HLY 12, 12, 13, 15. 13.0
£ 9, 17, & Al 129, 105, 129, 118.0 12, 12, 13. 1.3
L
¢ 29, 35, 3, 0, 106 115, 128, %, 111, 115.0 13, 16, 14, 14, 13.3
43, 45, 106, 135, 12, 11.
€ o8, 49, 62, 84, n 134, 125, 140, 123, 128.4 11, 14, 15, 15, 13.4
9. 120. 12.
N , 30, B4 o 7S, 127, 105 10¢.3 7, 18, 11. 1.0
i 16, &, 75, @9, 9% 123, 142, 130, 115, 119.0 13, 16, 13, 13, 13.0
[T KA 105, 9. 1, 1L
J 5 6 85 W 109, 13, 125. 12.0 1L, 12, 14, 12.3
t ok 10, 14, &, &, 87 127, 118, 107, W, 1‘2 12, 14, 13, 8, 12.2
%, b, %, 57, 85, 115, 125, 102, 7, 16, 16, 11,
60, 63, 78, 86. 124, 120, 100, 105, 14, 13, 1, 12.
L M O%, N 130, 115, 12 123.7 13, 11, 15 13.0
" A1, 65, 68. k4 95, 147, 145, 129.0 1&, 15, 15. 14.0
N 5, 64 16 103, 146. 120.5, . 12, 16. 14.0
0 rl, N 7 90, 110. 1000 11, 1. 11.0
p 3 19, 53, %, bA] 112, 75, 115, 100, 106. 4 12, 9, 12, 1P, 11.6
T .. 10, 1,
0 s, 33, 83, 87. % Jos. 124, 130, 147 126.5 11, 14, 15, 14, 13.5
R 23, % 45 85, 105, %.0 b, 13. 9.5
3 8 1'%, 58, - & 106, 130, 118, 125,  MT.7 1, 15, 12, 18, 13.2
&, 7. 134, 9. 15, 12.
1 N, . 101 145, 105 125.0 13, 13. 430
LY
-

78



Figure 5:
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Clusters of putative relatives along four transects

in a black spruce population near Whitecourt,
Alberta, identified by the CLINK clustering

procedure.
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A}

Figure 6: Clusters of putative relatives along four transects
in a black spruce population near Whitecourt,

Alberta, identified by the distribution of rare
alleles.

® _ cluster U (4atd-2) O - cluster X (Mdh1-3)
'® - cluster W (Pgf1-2) ' " & _ cluster Y (Mdh2-3)

i = clustefrv'(Ppm-3) ot ' .

-
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intertree distance being 5 meters between trees 52 and 53
(Pgi1-2), 23 énd 24, and 25 and 26 (Pgm-3). Cluster U
(Aat4-2), a six-member cluster, had members in three
adjoining transects, north-south, east-west and
southeast-northwest. Clusters V (Pgm-3) and Y (Mdh2-3) each
had cluster members 1in two adjoining transects, ’
north-south/northeast-southwest and
northeast-southwest/ebst—west respectively. Pgil-2 (cluster
W) was present-iﬁ two neighbouring trees (52 and 53) in the
east-west transect, but did not show up again until tree 62,
forty one me%ers away 1n the same transect. Cluster

membership in the clusters identified by the distribution of

. . R S
rare alleles ranged from three in cluster W (Pgil-2) and Y

”~

(Mdh2-3) to seven in cluster vV (Pgm-3).
The runs test identified one allele with a noh-random\
distribution along a transect (Table 15 and Figure 7). Based
purely on sequénces of its presence and absence there was a
probability of only p=0.034 of 6pg?-2 having~its observed
aidribution along the north-south transect. The low
probability indicated the presence of too féw groupé, i.e. it
tended to be present or absent in sequences of neighbouring
trees. There was no indication of over-dispersion oﬁ gny
allele, i.e. no allele had a noh-randdm distribution ih;the
sense.of having too mény groups; Taking accouqt of the
overafl distributgoh of 6pg1-2 élong the north-south transect
tgere'are four sequénqes suggestive of clustériﬁg, Cluster.z‘

(trees 5 through 9, cluster AA (trees.11-14) and ciustgr[CC .
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Figure 7:
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L~

Clusters of putative relatives along foug;transects
in a black spruce population near whitecourt,
Alberta, identified by the runs test of allelic
sequences. .

° -

cC -

< cluster Z'Opresence of‘6pg1-2) [
- cluster AA (presenc \of‘6pg1—2) \

cluster BB (absence of 6pgl-2)

® O o .o
!

.~ cluster CC (p;esehce of 6pg1-2)



'by the different techniques. Cluster. BB (Figure 7). s

. 85
- s ‘ “ .
(trees 24-28) are defined by .the preseuee of 6pgl.;Cluster BB
(trees 18 through 23) 1s defined by the absence of 6pg!. The
clusters defined by the runs test are, in general, shorter

ﬁﬁan those identified by the distribution of rare alleles'or

- . . : L
by the CLINK clustering procedure. This is not surprising as

- the runs test is based on unbroken sequences of the presence

e .

or absence of a particular allele - segquences which might not

persevere through the entire length of a cluster identified
» ) -

by the distribution of .rare alleljé or by CLINK.

There was some overlap ﬁnd inclusion of clusters formeds 'ﬁf;_‘

Ay

-
~

-

identified by a sequence of the 6pgl-2 allele was also
included in cluster v (Figure 6) defined by'the presence of -
the rare allele Pgm 3 Clusters E and P (Figures 5 (a), (d))

defined as separate clusters by -the CLINK technlque wem#

1ncluded in cluster U, 1dent1f1ed by the- dlstrzbutxon oA‘

rare allele Aat4-2 (Fidure 6). -
The CLINK clusterlng procedure’ used 1nformatxon'from .

both the rare allele d1str1but10n énd sxgn1f1cant ndﬁ random '

allelic sequences. The 1nclus1on of the CLINK clusters ‘E and

- /
P in the rare‘allele cluster U therefore, 1s.not/unexpected

‘and cannot be‘taken as ‘an 1nd1cat10n that these clusters have
any spec1a1 51gn1f1cance. BOWever, the overlap of cluste* CC
(runs test) and cluster v (dlstr1but10n of Pbm-3) confxrms
the rellab111ty of 1dent1frcatlou of. these clusters, since
the techn1ques used te 1dent1fy thei'&ustets,a%e 1ndependent

.oﬁ each other and each- techn1que_analysedjﬁ_d;iigsent allele.’

[ : S T

-
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Clusters occurring in a natural population aré unlikely
to be discrete entities with ﬂégdla\, well defined
boundaries. Since each seed-bearing t}e; could be the source
of a cluster, there 1s obviously the L}kelihood of overlap

between clusters, an9*deﬁg;ding on factors such as the apeed

/ /

and direction of B{évaﬂfTQg winds, and the transport and

storage of cones and seeds by seed-eating animals, cluster

size andAshape may be expected to var onsiderably. Also,
Y i Yy

some clusters may be the, result of a chance phenomenon.
h 4

_ RecomBination among different genotypes may just happen to

-

produée individua}s with some alleles in common.

This is borne out by the results. Compact clusters
include M and N (Figure 5(c)), Y (Figure 6) and clusters I,
AA, BB and CC (Figure 7). They have maximum inter-treéf

ra

distances of 32, 16, 29, 15, 15, 27 and 32 meters

respectively. At the other extreme, cluster B (Figure 5(a))

had clsster members ranging from the northeast to the
southern part of the sampled area, with a maximumv}nter-tree
distance of 119 meters.

X different cluster type is shown by clusters B (Figure
5 (a)), J (Figure 5 (b)), and U (Figufe 6). They each have a
clearly defined nucleus of‘neighbouriné trees as well as a
number of farther removed 'outlying’' members. This type gf
cluster would probably be the most 'natural', in that éne
would intuitively expect a cluster of related trees to
consist of a number of near-neighbours at the cluster centre,

with cluster members becoming more scattered as one moves

»
-



away from the centre, since dispersal of pollen and/or seeds
from the maternal tree would decrease wi;h distance. However,
while the transect sample shows the existence of this type of
cluster structure, it would require a complete sample of the
areas bpetween the transects to fully demonstrate it.

One would‘expect clusters in a natural population to
vary, both in size and shape. There is the likelihood that
larger genealogic clusters are present with members randomly
distributed fhroughout thevstand. I1f the stand 1is
substructured there would also be smaller clusters consisting
of spatially clustered, related trees. It is also likely,
however, that the sampling method may have confributed to the
variation in cluster éize, with the transects passing through :>
ﬁhe dentre of some clusters while perhaps just catching the
edge of others. |

Assuming that many membgrs of a cluster probably v
originated as half sibs from a common maternal parent,
cluster size becomes a function é?’%eed dispersal distance,
implying effective dispersal distances of up to 100 meters.
This compare?fwith a maximum reported distance of 90 meters
for black spruce (Anon 1939), which was, however, recorded
‘over a clear cut. One would not expect lgnger dispersal
distances in a reasonabl;twell stocksd stand. Ho@evér, longer
seed dispersal distances coﬁldﬁbe due to seeds being blown on

ﬂthé surface f crusted winter snow (Heihselman_1957).'ﬁnother
possible expianation is found in the number,of squirrel

- \
caches encountered in the stand, suggesting that. seed



- -
dispersal, at least in the‘sampled area, may té Lided
considerably by squirrels.r

Apart from yafying size and shape, two o%erall patte<ns

of clustering are apparent (Figures 5, 6 and jl)/with the
)

exception of clusters A, B, P and S (Figure 5 d)), whgch

have members dispersed over most of the sampf;d area, al]l
clusters are confined to a part of the sampled area. Thisii$
well demonstrated by clusters F, G (Figure 5 (b)). Cluster-F
is confined to the northeést—southwestVtransect, while
clus&er G is confined to the western part of "the sampled-
area.

- In the maternal trees used in the mating syétem study it
was felt that the patchy occurrence. of the Pgm-3 allele might
have been an artifact of the 30 meter spacing between sampled
trees. However, aparf from trée number 1 (Figure 3) in“the
north-south transect, its occurrence was limited to the

southern and western part of the transect sample. This -
implies thatlit has only.local distribution in the ;
populat1on. In fact Pgm-3 was present in only seven of the
maternal trees sampled,vtrees 1 and 23 through 26 in the
north-south transect, and trees 45 and 47 in the
northeast-southwest transect (Figure 3). Presumably ié(would
- also include -trees from the unsampled area between the
transects. The distribution of Aat4-2 (Figure 6) showed a
simi;ar pattern, with trees from the nofth-south,
southeast7northwe§t and east-wvest transects forming a single

élusten¢ The occurrence of these rare alleles in the

J s
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genotypes of neighbouring trees suggests that these trees may
in fact be related. Possession of raré alleles has been

suggested as an indicator of clustering of related trees in a

“jeffrey pine population (Furnier and Adams 1986). The second

pattern which can be observed (Figures 5 and 6) is that of

intermingling of clusters. Clusters F and P, and I and §, for
« A

example, demonstrate this phenomenon, with cluster F beirg

entirely surroynded by cluster P and cluster I almost

enclosed by cluster S (Figures 5 (b),(d)). This type of
overlapping and intermingling is not unexpected.rsince all
saqﬁTed‘trees were seed bearing, each tree was potentially
the centre of a cluster, with the entire populatron probably
copsisting of a series of overlapping cluéters of related
trzbef/kn interesting foliow—ﬁp would?be to conduct a similar

gtudy in a population with-a wider tree spa®ing. Presumably

with wider spécing, there would be less cluster oveflap and

L]

“more clearly defined cluster structure.

The concept of overlapping, intermingled-clusters, does
not ‘agree with the results of computer simulation studies of
continued nearest neighbour pollina;ionT(Turn;? et al. 1982).
Their'computer simulation showed the development, over
several generations,_cf well defined clusters of highly
homozygous related trees. Two factors could account for the

difference between the computer simulation projections and

the situation which exists in the study area. On the one

"hand, the study population méy not have existed long enough

. to have developed well defined, distinct clusters. The fact

L4
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a
that upland black spruce wusually occupiés a site for just one
generation, combined with its freguent fire origin, was
N 0 : . .

suggested as a possible reason for absence of family
. ;

structure in a central~New Brunswick population (Boyle and
Morgenstern 1984). It\hquld seem more likely, however, that
the proximity of maternal trees to each other would lead to a
considerable degree of intermixing of seeds from Aifferent
maternal trees. Also there is the possibility that many Bf
'the selfed seeds would be suscep;ible to Prg- or
post-germination selection, as suggested gy\tﬁe(?esults of

the mating system study. Thus the nuterical advantage of

haviﬁg many seeds fall close to the maternal tree would tend

to be nullified by the fact that many of these would be selfs.

and would not spfvive,.while outcrossed seeds pollinated by
neighbouring or more distant trees would have a hetter chance
of survival. From the point of view of population |
“substructure, the coptinuing loss of selfs and close
relatives would reduce the level of relationship within the

clusters., In a study such as this, which is really just a

N

single window on the population, we may therefore be seeing a

levél of substructure which has in fact decreased steadily
during the lifetime of this generation of ma&e:nailtrees.
Results of the genotypic—dissimilarity‘versus disténcrI
study, at first glance, apparently contradict the results of
the cluster analys1s, since they shov no correlation betvecn
Agenotyg1c 51m11ar1ty among trees and the spatig} distance.

between them. However, examination of the size of clusters

Bt e,
PR
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and of thehgmount of int;rmingling among clusters sh@ﬁs that
the results of the dissimilarity/distance study actually
support the type of populat{oﬁ substructure‘suggested by the
phree“clustéring techniques. The intermingling of clusters
means that ﬁeighbouring'trees are sometimes’geqotypically
quite dissimilar. This, combined with the faqt that in the
larger clusters genotypically similar trees are widely

separated, effectively masks any correlation between spatial
distance and genotypic similarity. The distaAce bétween ;rees
is, therefore, not a,reliable indic;tor of‘gep5z§pié
similartty in tﬂ; sampled area. Had the sampled area beent
larger, a relationship between distance and degree of
similarity might have been revealed.

. The seeming paradox of the'resultg from the two
épp?éaches empthizés the importance of'ﬁging different N
methods of invésgigation. Had the study been based ®nly on
thevinvgstigation of genotypic §imiiarity and spatial
distance between ;rees one would have had'to conéludg that
theﬂgppulation éid not have any substructure. Results of the
allelic compérison from this‘%tqdy do not agree with an
investigation of T jobsfs dolobrata (Sakai and Miyazakai
1972). Théy found(gunegative corrélation between spatial.
distance and degree ,of relationship and sugggsted that
geneticaliy relatéd individuals occurred.in circular clusters
of 20 .to 25 meters diameter. The statisﬁicél anal;kis ;f
their.observations is not detailed. Thujopsis dolobrata ié an

orﬂgntal species and hds not been extensively covered in the

L S

3]
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nglish language. However, those Eyblications that have deal{
with it (e.g., Rehder 1967) do not report any biological
features unique to the species which might account for this
type of clear-cut regular clustering of related trees. Had
this type of clustering exisfed in black sﬁruce popdlation A,

Y

it would have been revealed‘by\mhe pairwise comparisops of ’
genotypic-dissimilarity versus physical—distance'for all
trees. .

Clusters may arise by two methods. Isolated trees that

survive a fire, insect infestation, or other natural

disturbance can serve as cluster centres (Shaw and Allard

- (
1982; Knowles et al. 1986) Due to the isolation of the 7~
; i e

maternal tree, the related seedlings have a much greater

chance of survival. In.this way a cluster could develop in a
single generation. Alternatively, even in the absence of

stand disturbance, continued nearest neiggpoﬁr pollination,

3
-

coﬁbined wiEh restricted seed dispersal could lead, over
several generations, to development of clus;ers of reléted)
trees (Turner et al. 1982). Since a'disturbance such as fire,
by.reducing stand,density, creates. conditions favouring
longer seed-dispersal di;tances, one might expect largerr
clusters to develop follouingla naturél'disturbance than
would develoﬁias a ré%ult of continued naturai regeneration

in a fully or evgn'moderately stocked stand. In addition,.

regeneration of groups of. trees after a local distufbgnce

®

< e

wbuld probably result in groups with a more even-aged \ ;

structure than clusters résurting from gqnfinued natural

’

s *
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,
regeneration, as most regeﬁeration og;urs in the years
immediately following the diéturbahce\(Lutz 1956; Ahlgren
1959) . The"expécted profile of a cluster deve}opihg after a
local disturbance would\be of a groﬁp of relatively even-aged
trees'covering a relatively large area. Thea;esults of tﬁis'

study, however, do not show any large even-aged clusters
¢ . <)

(Tables 13, 14 and 15). The study area contained one group of

" neighbouring even-aged trees, 64 through 69 from the
. ; -

o?

east-west tranéect, 42 from‘thé northeast-southwest transect
. * ) /

and tree number 87 from the southeast-northwest transect. The

ages of these eight treés rangea from 140 to 147 years.

However, the.cluster dnalysis assigned them to seven

different clusters. If they did arise following a-natufal,

disturbance the seeds may have come from several different

‘maternal trees. _ .

Within-cluster age differences ranged from 15 years in

cluster L, to 55 years in cluster P, suggesting thQE if thd

trees truly are related, fthese clusters are the result of

continued natural regenergtion f&&her than' the aftermath of a
* > .- ‘. :

1

local disturbance. In addition, there was no‘evideneg, either

in the form of charred tree remains-or a charcoal lens in the

4 soil,’of fire having burned through the stand. Neither were
! \N.

there¢ any remains to indicate the stand having been subject
, : ;

) . . . . . . : L 4
"to insect infestation. The possible development of clusters

of related trees following fire or othérzlocal disturbance

4

has been suggested by many authors. However, apart from

Ahlgren (1959) who documented the proﬁbrtion of regeneration

[N

"
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N
‘occurring in the .years immediately folloﬁing a fire in a
black spruce stand, thérerhaS*not yet been a documéﬁtéd study &
of regeneration following a natural disturbance, detajling
factors such as temporal and spatial patterns of regeneration
that help to‘determine cluster size. With the present
widespreéd use of electrophoresis, such a project would bg
feasible, and could prévide insight into the effects of local
disturbance on the development of popﬁiation substruéture.
Interestinglx, the severf&y of fires hasibeen suggested as a
possible reason for the laék of family structure in"so&e *
upland black sprﬁée'sfands in Central New Brunswiqk (Boyle
and Morgenstern 1986). .

Heights™ were recofded for all trees and are shown for
the- trees in each cluster (Tables 13, 14 and 15). However,

s . I

within-cluster tree height‘couid not be used to substantiate
the family structure of any of these clusters bécause oE the
within-cluster age differences.

The development in isd}gtion, of clgsters of trees, i.e. —-
the Wahlund,E;f;ct, is?usugiiy accompanied by two measurable
phenomena: fncreased hodbi&gosity within groups and the
developmént of gene frequenéy differences between groups (Li
1955). Both prdbesées‘chn be%cauSed by sampling errorb
associated with small population size. - . )

Since v1rtually all sampled trees were. assigned to
‘clusters a comparxson could nhot be made between
'#iphxn—cluster hom::ygos1ty ?nd homozygosify'of nonfglusteredv

' trees.
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Gene frequency differences among the clusters at the
Gdh, Pgi2, Pgm and 6pgl! loci were significantly
heterogeneous, with chi-square values of 86.3, 113.7, 114.3

and 103.1, respectivel}, and ten degrees of freedom (Table

f
16). This sugggests that there is limited gene flow between

different parts of the"population.'The significant gene

frequehcy differences among clusters could be interpreted as

supporting the model of significant familial structure. It

could also be that the clusters are a response to natural

Y :
selection, with certain.genotypes responding to\ environmental

factor(s) in different parts of the sampled area. In the <(///l
absence of an exhaustive ecologlcal survey of the stand ne
cannot be certain that there are no microsite differences.
However, both the peat cover and ground vegetation Qere
uniform throughout the stand, so that limited dispersion d?
offspring may.indeed be due to restricted pollen and seed

\ .
dispersal, i.e: evidence of familial structure in the stand.

) Given the facs that there is'limited gene fiaw aefween'
‘different parts of the bopulation one would expect alleles at
some loci.to be proceeding tbwafds fixation. This progress
-towards fixation can be measured by Wright's Index of
Fixation, Foy e The values of Wright's Index of F1xat1on were
0.26, 0.08, 0.13 and 0.23, for Gdh, -Pgi2, Pgm and 60g1,
respect1vely (the loci analysed in the mating system study)

with a mean of 0.175. Comparable F values are not available

st
for other tree species, but a value ot F ~-0 069 (mean of 15

loci) was reported from a study of Liatris cyllndnaceae

-
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. . ® . : ,
(Schaal 1975), and a value of 0.01 (for the Esterase-5 locus)

from a stpdy ofF;us muscul is (Selaéder et al. 1969). Both
authoré felt that these values wefe too low to indicate
differentiation among sub-populations relative to the tota}
population. In more general comments on Fepo Hartl (1$8b)

felt that values of 0.05 to 0.15 could indicate moderate
differentiation among sub-populations, while Wright (1978)
stateq that‘"differentia€}on is by no means negligible if Fop
is as vsmall as 0.05 or *even less”. The mean of‘_0.175 for (he'

four loci in the present study suggests a moderate to stroﬁb

differentiation among clusters.

3.3.2 Progeny analysis ,
The frequency of @he Mdh1-3 allele in the‘progeny of
trees sur;oundingﬁthe transect intersections»declined rapidly
with distance from the maternal sdurce to approximately 10%

of the source value at three meters. It then maintaimed a
fluctuating, but low level, to the sampled distance of 17

" meters from the source tree (Figure 8). There wa§\sfqnificant
heferogeneity of distribution-of the Mdh1-3 allele in the y
progeny of all trees around the transest intersections with )
vX2=108.7 with eight degrees of freedom. However, when the.
central source tree was excluded, chi-sqpare wés no longer
significant with a value of 11.54 ang sev;h degrees of
freedom. The,lafég;Ehi—squére value.§a§ obviously-due ;5 the .
‘ comparison of zero distance versus all ofher classes.

Spearman's Test of Rank Correlation gave a value of ts=0.4,

r
o



98

o

.
v ‘
.

T

‘(s49312W) 9843y sounos CLO.C wocoum_o

*v3I0qIV ‘3IN0CO83TYM IveU uotjzevindod mo:umm.deHn - &
Ul SYOT3IOSSIIJUT 3IOISURIJ PUNOIR §99I3 TRUISIRW JO

L4 9L SU ¥l €L TL LL OL 6 8 s v £ z L 0O -
R . — ¢ o
Zaass 1 IR R I I
GF Bl S g |
Z \ Z £o
- I BN
Z R
| “ “
,_ Zh . o
“ e &
_wmmw: 5
“ .w.n»....rm. .
. A fe 2
1o B
“ P
N R
\. s
, ‘ “ + vz
- I
®9.43 @0.ncs —> & T8
. A . _
- Loc-

kusboxd 9yy uy 9fefTTe noﬁaon muh2b2 oyl uo auaoswmuh :8 uu:mmh ﬁ



99

showing that there was no sigpificant &rrelation between

distance trom source and frequéncy of the Mdhl-3 allele 1n

the progeny of maternal tirees ground the transect

e

Intersections.

Since the Mdh! 3 pollen was not present 1n the maternal
titees around the transect Intersections its éresence an the
progeny of these trees must be due to outcross pollen. Some
of this outcross pollen undoubtgaly came from nearby,
unsampled, maternal treeS:'The results however, bear out what
1S aéparent,in Figure 8, namely that pollen frequency
declines rapidly with distance from the source tree, but
persists at a low, fluckuating level, even with 1ncreasing
distance ftrom the source tree. These results are cbmparable
to those obtained for Norway spruce, which showed a decrease
of over 50% in pollen count at 6.5 meters from the pollen
source (Strand 1957). They also concur‘with a pollen
dispersal distance of* eight meters estimated'from an isozyge
study in a Scots‘pine seed orchard (Cheliak 1984). However,
Koski (1973) repérted a pollen dispersal distance of several
kilometers, calculated fot an aréalfy continuous tand of
Scots pine. A problé% with the interpretation of pollen
dispersal studies is the question of total versus effective
dispersal distance. Effective pollen fertilises the female

4 .
ovule, leading to the developmeﬁt of an embryo. Most reports

~.

_of pollen dispersal distance are based on total pollen count
at different distances from the pollen source, which may not

be a true reflection of the effectivVe pollen count. With one

s I\

14



K . 100
\ = N 1N

exception (Cheliak 1984), the above studies referred to total
pollen counfn Although one can compare trends, the comparison
would be more valid if the proportion of effective poljen,
esé;cially in long distance dispersal, was known. °

Results of the analysis of the frequency of the Pgm-2
and Mdht1-2 alleles in the progeny of the maternal trees were
consistent for all transects. The profiles presented for the
southeast-northwest transect (Figures 9 and 10) are typicél
of the other three transects.

N

There was no significant heterogeneity in distribution

cf Mdh1-2 within the maternal genotypic classes. Chi-square

values‘were 12.39 with 12 degrees of freedom, and 0.275 with
two degrees of freedom, for progeny=of the '11' and '12'
maternal genotypic classes. The Mdh1-2 allele, however, was
present in significantly higher frequency in the progeny of
the '12' maternal genotypic class than in progeny of tﬁe\'1ﬁ'
class, with a chi-square value of 123.3 and one degree of
freedom.

—

Results for Pgm-2 showed a similar pattern, although

Pgm-2 had an extra maternal genotypic class - the '22'

maternal genotype. Within-class heterogeneity chi-square
- (e

values were 1.94 with four degrees of freedom, 15.26 wigh

~ eight degrees of freedom and 1.28 with one degree of freedom-

for maternal genotypic classes '11', '12' and '22'
respectively. None of these results was significant. Again,
there were significant differences in frequency of the allele

among progeny of the different maternal genotypic classes.
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"Frequency of Pgm-2 in progeny of maternal gemotypic cl és

'22' was significantly higher than in class '12' (X2= 3.8

with one degree of freedom). It was also significantly higher
than in class '31' (X2=219.37 with one degree of fseedom). As
well its frequency in progeny of maternal génotypic class
"12' was significantly higher than in class '11’ (X2=78.5
with one degree of freédom).

The '2' alleles in the progeny of '"11! materna} genotype
must have come from outcrpss pollen. In the case of the '2'
alleles present in the pfogeny of '12' -and '22' maternal -
genotypes, those originating from outcross pollen cannot be

ERY

distinguished from those originating from selfed pollen.
Howeve: . the frequency of the '2' allele: both at the Mdh and
Pgm loci, was signifiiantly higher in the '12' than in the
'"11' maternal genotypic class. Alsd, at the Pgm locus, the

frequency of Pgm-2 was significantly higher in the progeny of

‘the '22' maternal genotypic class than in the progeny of the

12! genotypic class.

The suggestion trom both profiles i; that the high
frequency of the ynarker alleles in the progeny of the source
trees is probably the result of self-poliina%ion. This agrees
with the pattern of pollen dispersdl shown by Mdh1-3 (Figure
8), with most pollen béﬁng dispersed withiq a few meters of
the source tree. Soﬁe of the’ fluctuatiofs in the frgquencies
of tthe Mdh1-2 and Pgm-2 marker alleles, particularly Pgm-2,
which had a higher freqdenéy in the population, are ‘

? ) . .
undoubtedly due to the presence of other sources of these
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alleles However, one would expect this effect to be
randomised over the transects, so that the pattern shown by
the profiles should be a reasonable appr ximatidn gf_reality.
Also, the evidence from the mating system Etudy (Table 5) is

supportive with Pgm having the lowest single~locus estimate

of outcrossing, tes

in population A fog aid three years .
studied. 4

The presence of clusters of related individuals (i.e.
population spbstructure) differing¥in gene frequencies and
with iimited inter-cluster gene flow violates an assumptidn
' of the mixed mating model, that pollen is equgily dispersed -
through the population. This violation was felt to be‘
responsible for depressed single—locus estimates of
outcrossing in several species (Ennos and Ciegg~;982; Shaw
and Allard 1983; Ellstrand and Foster 1983), and was also
suggested as a reason for depressed multilocus outcrossing
estimates (Ritland and El Kassaby 1985) in a Douglas-fir
matlng system study.,6 It would appéar that the single-locus
estlmates of outcr0551ng and p0551b1y also the mult1locus
estimates in the present study were depressed by the presence
of substructure in the population, combined with_resrricted
pollen dispersal distances. While the overall picture is one
of rap1d decline w1th d1stance from source, there is a need
for caution in the interpretation of the- diagrams showing
progeny frequenc1es of Mdhi1-2, Mdh1-3 and Pgm. Of all
maternal trees and progeny an@iysed in both parts of the

study,knone was homozygous for Mdh1-3. This may have been due

¥
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the résults of this invéstiga;ion‘shov that, in this caée,'

106

3.4 CONCLUSION

-Results of the mating system study, with single-locus

" estimates of outcrossing, tg being consistently lower than
”»

the multilocus estimates, t suggest the possibility of

ml

substructure in these two black spruce populations. Further

evidence is provided by spatial heterogeneity of the outcross

-

' . . : <
pollen pool at the loci with the lowest ty estimates, and the

fact that Wright's Index of. Fixation, Fis’ is higher than the
equilibrium inbreeding coefficient, Fo

Results of the cluster analysis of population A by the
CLINK clustering procedure .provided further evidence of the
presence of clusters of related t;ees in this population.
Results of the investigation of the distribution of rare

alleles and the runs test of allelic seguences are also

supportive. Each identified new clusters and also confirmqg

.some clusters previously identified by the CLINK clustering

procedure.

1

While transect sampling can give an incomplete picture

-

" of cluster shape, it nevertheless appears that cluster size

in? this population . varies from titht clusters of near

neighbours, to clusters ‘with a makimum inter-tree distance of

over 100 meters. The results indicate that this type of

e

cluster analysis is a suitable method of investigating

population substructure. At the same time, howe#et, they cast’

o+

‘doubt on the'usgfulhess of a simple comparisoh of genotypic

similarity versuswgbatial distance betveen treQSs Certainly o

L

|



107

the two methods were better used separately.
Clusters are frequently thought to develop from
disper8al of seeds close to thei%aternal parent after a fire
or other local disturbance (Knowles et al. 1986; Shaw 1982).
However, although this part of Alberta has a history of
frequent fires, none of the usual evidence of fire,_ﬁharcoal
in the soil or charred remains of trees or stumps, was found.
The clusters present in this population are, therefore; more
‘likely to have arisen from continued natural regeneration,
rather than regeneration around maternal trees agfter a fire
or other local disturbance. Followihg this concept the'
presence of areally large clusters of genotypically similar
individuals 1is n§t unex;ecxed. Large clusters, suZh as A, B
and F, probably represent genealogic clusters with members ..
randomly distributed through the sampled area. It fol}ows
then, that if - there is substructure in the stand, a mosaic of
two types of cluster would be present:
(i) genealogic clusters with members randomly distgibutea
over large areas of the stand. These are distantly related
trees, rélated b& virtue of being descended from a common) .
but distant, ancestral generation.
(ii) spatial clusters of releted trees. This type of cluster
might arise, e.g. from assortative mating with ;imited" '
dispersion 6f‘offspring due to selection pressure, or from.
restricted dispersals.of pollen and’seed;i

Ip the present situation, the question to be addressed

_ -~ ‘
is whether the clusters representing genetically different
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: gfoups are simply genealogic clusters or whether grbups of

related, spatially clustered, trees are also present.
Intuitively one would feel that, of the clusters

identified by the CLINK procedure, the 1ar§er clusters would

represent genealogic groupings while the smaller could

represent spatial clustering of relatives. However, the

strongest evidence for spatial clustering comes from the

-~

distribution of rare alleles. All except Mdh!-3 showed a very
' |

"limited distribution. The fact‘that a group of neighbouring

trees all possess the same rare allele suggests that they are

_ probably relagéd, while their limited distribution indicates

limited dispersion of offspring. Limited dispersion of
offspring could be due to local selective pressures or i;
could be the result of restricted.pcllen and/ot seed

diépersal.‘

Habitat appeared uniform throughout the stand, so

"that limited dispersion of offspring may indeed be due to

restricted pollen and seed dispersal. Results of the study of
the fréquency of pollen alleles in the progeny of maternal

trees.along the transects suggest that pollen flow is indeed

limited. The high frequency of the Mdh!-2, Mdhi1-3 and Pgm-3

aileles in the progeny of the source trees indicates a high
level of selfing, also indidated'by the resulxs\of the-mating
system study, emphasxs1ng the role of- self-pollination in
this populat1on. Computer simulations show that with N

' contﬁnued nearest nelghbour pollxnatlon ‘populations will

evolve into clearly defined groups of closely related,_highly

homozygous trees (Turner et al. 1982), qugvekt‘in this
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population, while the evidence from the thrée clustering
technigques indicates that the mature population contains
clusters of relatives, the evidence from the Fixation Indices
in the mating system study suggests that selfs are heavily
selected against in both the pre- and post-germination
phases. Thus, the related ;rees in the mature population are
therefore probably half-sibs or outcrossed full-sibs.

There are two possible explanations’ for the divergence
of population substructure in this population from that
'predicted by computer simulation:‘studies. OneNpossibility 1s
that the population has not evolved over a long enqugh period
to have generated the c¢losely knit, discrete type of
predicted cluster. A more likely exblanation, however, 1is
that computer simulations do not take into aécount some of
the processes which occur in natural populations. Studies
have sh;wﬁ that selfed seedlingf are heavily selected
.against. If the intensity of selection was correlated with7
the level of inbréeding, it would efféctively place an upper.
limit on th& level of relatednesshamongst ne@ghbguring&trees.
This would mean that popﬁiatioﬁs would not evolve into the
.discrete groups. of highly related trees with wellydefined
boundaries, as is/suggested by studies‘based only on pollen
and seed disperéél distahcesT Also, computer simulations do
not take into account oceurrences such as the activities of
seed-eating animals. They can be effective agents of segd

dispersal. . : ¢
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One cannot be certain whether an equilibrium state s
been reached in the development of population substrugture in
this stand. However, the eviflence indicates that the Q
population presently hqs a relatively high degree of
substrdcture, so that a stage m%y have been reached where

selection against inbreds counterbalances the development of

more-closely reélated grgups resulting from limited seed and
/

pollen dispérsal. As part of the evolutionary strategy of

black spruce, self-compat}bility, shown from the analysiévof
its mating s§§tem and f;om the study of the disrersion of
pollen alleles, would be ad#antageous.during tte pioneer'
stage, while within-stand selection against highly inbred
indiQiduals would maintaih a robust, and éompetitivg .

¥

population once it had become established.

¢

Since the study population is approximately ten

kilometres from the nearest black spruice stand, there is

S

probably little effective gene flow into the’popﬁlation by
éigher pollen ‘or seeds. The'limited pollen dispersal distance
suggests that there is mostly self-pollination or
néarest-neighbohr pol}ination.'AssistEd by limited
seed-dispersal di§tanée; this would maintain the level, of
sugstructure in the population. o y -
L 2 ,Eviéence from”the seéond part of the study suggests tﬁat .
the level of‘substruétﬁre, combined with self-fertilisation
\ and nearest neighbour poilination; probablyrdeptegﬁod‘the |
'visingle—lo‘c\:sf,‘ and possibly also the nultilocus, outc‘ros’ﬁsi-ng |

*

‘estimates. .. ’ _ : S

’
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The results reinforce the typical ;ree breeding practice
of avoiding selection of nearby<2rees.as superior trees %Q;
the establishment of seed orchards. They also reaffirm the
principles of effective seed orchard design. To fulfil the
objecti?e of producing seed ghich fulﬂy represents the
genetiz structure of the parents,vpanmixia (ranéom mating) is
vrequired in a seed orchard (Van Buijtenen 1971). This
requires a homogeneouslf distribﬁted pollen pool throwgh the
entire orchard. With limited pollen dispersal there would be
_heterogeneity of the pollen pool and conseqﬁent violation of
‘the assumption of panﬁixia. ‘
The juxtapesing of‘inbred trees from sucﬁ populations, .
or even the carrying out of controiled crosses between
inbreds from small populations, could promote heterosis
(Simmonds 1979), as is thought -to- have- happened with radiata
”pine in New Zealand. Seed from many'different shelterbelts
and small populations was physically mjxed and the resulting
seedlings outplanted in f?rest blocks,‘effectively '

eliminating isolation by distance and promoting the greatest

possible degree of outcrossing (Bannister 1968).

L
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