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Genetic consequences of in situ and ex situ conservation
of forest trees
by Rong-Cai Yang and Francis C. Yeh

To counteract loss of genetic diversity crucial for current and
future tree improvement, tree breeders have conserved forest
genetic resources in situ in their natural ecosystems in protected
areas or ex situ in plantations, seed orchards, and breeding
arboreta. This article reviews the genetic consequences of these
two conservation methods in terms of single-locus and multilocus
population structure from electrophoretic studies of natural
forests and breeding populations. Although natural forest popu-
lations have maintained high level of genetic diversity and
exhibited low level of population differentiation, loss of genetic
diversity would occur during the entire conservation process,
from population establishment to management of breeding and
production populations. Since forest trees are still at their earliest
stage of domestication in Canada, loss of genetic diversity comes
primarily from the initial sampling process during population
establishment. We discuss the optimal sampling strategy during
population establishment to conserve common and widespread
alleles, common and localized alleles, rare and widespread
alleles, and rare and localized alleles. We also discuss three
methods for studying the multilocus structure of forest trees and
show how such information would be useful for conserving co-
adapted gene complexes. We conclude that being small and main-
tained in controlled environments, ex siru conserved populations
would retain less genetic diversity than in situ conserved forest
populations. While ex situ conservation is operationally con-
venient for the short-term gains in tree improvement, we believe
in situ conservation is essential for renewing the genetic diver-
sity to meet the changing environments of an uncertain future.

Afin de contrebalancer la perte de la diversité génétique essen-
tielle & I’'amélioration génétique des arbres en cours et pour |"avenir,
les généticiens ont conservé les ressources génétiques forestieres
in situ au sein de leurs écosystémes naturels dans des zones pro-
tégées ou ex situ dans des plantations, des vergers a graine et des
arboretumns destinés aux croisements génétiques. Cet article fait état
des conséquences génétiques de ces deux méthodes de conserva-
tion en terme de structure de population issue d’un seul endroit
et répartie en plusieurs endroits & partir des études électrophoré-
tiques des foréts naturelles et des populations destinées aux croise-
ments. Méme si les populations des foréts naturelles ont maintenu
un haut niveau de diversité génétique et ont démontré un faible
degré de différenciation des populations, une perte de la diversité
génétique pourrait survenir au cours de I’'ensemble du processus
de conservation, soit entre la mise en place des populations et
I’aménagement des populations destinées aux croisements et a la
production. Compte tenu que les espéces forestieres sont encore
au tout début du processus de domestication au Canada, la dimi-
nution de la diversité génétique surgit principalement suite a 1'échan-
tillonnage initial effectué lors de I'établissement de la population.
Nous discutons de la stratégie optimale d’échantillonnage 2 utiliser
lors de |'établissement de la population afin de conserver les alleles
communs et largement répandus, les alléles communs et localisés,
les alleles rares et largement répandus, ainsi que les alléles rares
et localisés. Nous abordons également trois méthodes pour étudier
la structure des arbres répartis en plusieurs endroits et nous démon-
trons également qu'une telle information pourrait étre utile pour
conserver des complexes génétiques susceptibles d’étre utilisés.
Nous concluons que les petites populations conservées ex situ et
maintenues dans un environnement controlé contiendraient moins
de diversité génétique que les populations forestieres conservées
in situ. Méme si la conservation ex situ est opérationnellement utile
pour obtenir des gains & court terme en amélioration génétique,
nous croyons que la conservation in situ est essentielle au renou-
vellement de la diversité génétique afin de faire face a des
environnements en transformation dans un avenir incertain.

Introduction

The forest is Canada’s most important and valuable natural
resource, covering about 45% of the total land base (Brand
1990). It provides nationwide economic, environmental, and
recreational benefits. However, the provision of such benefits
is being threatened because the level of biodiversity in forest
ecosystems is declining at an accelerating rate. The respon-
sible factors for loss of biodiversity range from global
environmental effects (e.g., urban and agriculture develop-
ment, water and air pollution, and global climatic change)
to breeders’ intensified efforts on tree improvement. There-
fore, conservation of biodiversity has been the subject of
strong debate among Canadian scientists.

Ledig (1986) gave three distinct reasons why tree breeders
should be concerned with the maintenance of biodiversity: (1)
genetic uniformity increases vulnerability to pests and other
environmental stresses (2) genetic diversity permits construc-
tion of new strains which have breeding values in future and
(3) the loss of species diversity may reduce the stability of entire
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ecosystems. Thus, declining genetic diversity in both natural and
breeding populations will restrict the potential for genetic adjust-
ment to the ever changing natural, economic, and social com-
ponents of the environment (Frankel 1977; Namkoong 1986).

Forest genetic resources consist of both primary and secon-
dary gene pools (Frankel 1977). The primary gene pools are
the undisturbed natural forests and the secondary gene pools
are the remaining forests after ecosystem disturbance
(including breeding populations). Many believe that genetic
diversity in the primary gene pools can be conserved without
the need to maintain it. However, as natural areas become
progressively modified by human and non-human interfer-
ences, maintaining genetic diversity of natural forests and
their ecosystems will increasingly depend on application of
specific technologies (OTA 1987).

In situ and ex situ conservation are the two principal
methods to maintain genetic diversity (Frankel and Soulé
1981). In situ conservation maintains the natural forests in
their native environments in protected areas. Thus, the pro-
tected forests evolve continuously and dynamically with their
living and non-living environments (Frankel and Soulé 1981).
On the other hand, breeding populations or collections
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from disturbed ecosystems are preferably grown in controlled
(ex situ) environments either for easier and better genetic
manipulation or for safety reasons. While tree breeders
improve the genetic structure of breeding populations to max-
imize economic gain, natural selection and other evolutionary
forces shape the genetic structure of in sifu conserved natural
populations. Therefore, during the conservation process,
from the establishment of populations to the managing
process, changes in genetic diversity through in situ and ex
situ conservation will be very different. In this article, we
first review the electrophoretic studies on population struc-
ture of forest trees, with special reference to the optimal
population structure for gene conservation and/or tree
improvement. We then examine and predict the loss of
genetic diversity for in situ and ex situ conservation from
sub-optimal sampling of population structure during popu-
lation establishment and during subsequent managing
processes. Finally, we elucidate the contribution of mul-
tilocus associations to the development of population struc-
ture and its implication for genetic conservation.

Characterization of Population Genetic
Structure

Level of genetic diversity in a population is affected by
an array of ecological, life history and genetic characteristics
that collectively define the population genetic structure. The
population genetic structure can be characterized by two sets
of measurable parameters (Brown 1989). The first set is the
geographic parameters which describe and quantify the geo-
graphic variation patterns of populations at the single-locus
level. The second set is the genomic parameters which
describe and quantify the non-random associations of genes
or gametic disequilibria of populations. The genomic varia-
tion patterns of forest populations are far less investigated
than the geographic variation patterns. This is due to their
more severe sampling problems than the single-locus pat-
terns and the associated statistical and analytical complexity
when studying associations of multiple alleles among many
loci (Brown 1984). Both sets of parameters describe the out-
comes of selective and non-selective events in natural and
domesticated populations.

Geographic Variation Patterns

Electrophoretic studies of natural populations of plants
have been reviewed by several workers (Brown 1979; Love-
less and Hamrick 1984; Hamrick and Godt 1990). The most
common measures of geographic variation are percentage
of polymorphic loci (P), average number of alleles per locus
(A), gene diversity index (H) and proportion of total diver-
sity among populations (G,). A significant proportion of
isozyme variation of plant species can be explained by the
variation in their life history and ecological characteristics
(Loveless and Hamrick 1984). Consequently, many studies
(Moran and Hopper 1987) have focused on whether or not
a species’ geographic range is a reliable predictor of the dis-
tribution of its genetic diversity.

Theoretically, loss of genetic diversity to random drift,
founder effect and directional selection is more likely for
geographically restricted species with few individuals than
for widespread species with many individuals (Frankel and
Soulé 1981). Many electrophoretic studies have confirmed

this theory (Hamrick and Godt 1990). However, contrary
to expectations, some widespread species exhibited higher
levels of population differentiation than some geographically
narrow species (Loveless and Hamrick 1984). Thus, geo-
graphic range alone is not a reliable predictor of the popula-
tion genetic structure. Other characteristics such as mating
system and population size can overwhelm the effect of geo-
graphic range. Based on an extended allozyme data, Ham-
rick and Godt (1990) suggested the combined effect of geo-
graphic range and mating system was a better predictor of
a species’ population structure.

As large and long-lived plants with widespread distribu-
tion, high fecundity, predominantly outcrossing mode and
wind pollination, natural populations of forest trees main-
tained high level of genetic variation and exhibited low level
of population differentiation (Yeh 1989). The estimates of
gene diversity and proportion of population differentiation
for eleven North American tree species were summarized
(Table 1), each with relatively large sample of loci and popu-
lations to minimize the sampling bias. Levels of isozyme var-
iation as measured by gene diversity were moderate to high
for most species in comparison to the 0.126 average for thir-
teen inbred plant species (Brown 1979). The observed low
levels of isozyme variation in Thuja plicata and Pinus
resinosa were due to restricted population size and severe
bottlenecks (Fowler and Morris 1977; Yeh 1988). Levels
of differentiation among forest populations were low but
statistically significant (Table 1), ranging from 1% for Picea
mariana (Boyle 1985) to 16.8% for Pinus radiata (Moran
et al. 1988). These estimates of differentiation among forest
populations differed sharply from the near 100% average
population differentiation in 13 inbred plant species (Brown
1979). Thus, diversifying selection and the outcrossing mode
might be important determinants of the level and distribu-
tion of genetic diversity in forest trees. Nevertheless, non-
selective historical events, such as past migration patterns
and changes in population size and colonization, with
associated founder effects, could also be important deter-
minants of level and distribution of genetic diversity in forest
trees (Yeh 1989).

The geographic variation patterns within forest tree spe-
cies can be summarized as follows: (1) on average,
predominantly outcrossing forest trees exhibit higher level
of genetic diversity than inbred species (2) most of the genetic
diversity is maintained within populations (3) clinal patterns,
particularly associations of isozyme variation with the loca-
tion of population, are often observed; thus the small G
estimate should not be ignored and (4) departure of the
observed heterozygosity from the Hardy-Weinberg expec-
tation in either direction is the rule rather than the exception
and this may suggest that selection and population structuring
are common features of forest populations.

Population Structure and Sampling Strategies

The electrophoretic studies on amount and geographic dis-
tributions of isozyme variation in natural populations are con-
ducive to implementing efficient and practical genetic con-
servation programs. Both in situ and ex situ conservation
programs aim at capturing the maximum number of alleles
per locus in a sample of given size. However, it is difficult
to capture rare alleles unless the sample size is large and/or
when many populations are sampled. What is the optimal
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Table 1. Average heterozygosity per locus (H) and differentiation (G,)
in selected tree species

Table 2. The Marshall-Brown (1975) two-way classification of allele
distribution

Species H Gy Reference
Pinus contorta 0.160 0.041 Yeh and Layton (1979)
0.119 Wheeler and Guries (1982)
P. banksiana 0.115 0.024  Dancik and Yeh (1983)
P. resinosa 0.000 0.000 Fowler and Morris (1977)
P. rigida 0.146  0.023  Guries and Ledig (1982)
P. monticola 0.177 Steinhoff er al. (1983)
P. radiata 0.080 0.162 Moran et al. (1988)
Picea mariana 0.229  0.010  Boyle (1985)
P. glauca 0.183 Cheliak er al. (1984)
P. sitchensis 0.147 0.079  Yeh and El-Kassaby (1981)
Pseudotsuga menziesii
Coastal 0.155 0.026  Yeh and O'Malley (1980)
Interior 0.175 0.043  Yeh (1981)
Thuja plicata 0.039 0.033  Yeh (1988)
13 Inbred species 0.126  1.000  Brown (1979)

sampling strategy that captures the maximum number of
alleles is the question of major interest and importance to
forest geneticists. The answer to this question depends largely
on the knowledge of allele distributions within and among
forest populations.

In situ conservation of forest trees sets aside representa-
tive populations of sufficient size in an unique and easily
managed forest ecosystem. One frequently asked question
is: “*Should we set aside one large population or several par-
tially isolated subpopulations?’’ Based on data from a study
of population structure in coastal Douglas-fir, Pseudotsuga
menziesii (Mirb.) Franco at two locations, Adams (1981)
argued that populations within each region are similarly
adapted because the mean number of alleles is similar among
populations within a region and because no particular popu-
lation has appreciably fewer alleles than the whole region.
Thus, the optimal strategy for in situ conservation of coastal
Douglas-fir is to set aside a single, large population with the
maximum number of alleles.

Although a considerable amount of genetic diversity is
potentially conserved in situ in a large population, this does
not necessarily imply that the best sampling strategy for ex
situ conservation is to sample from just a large population.
The ability to sample an allele depends on its presence and
frequency in the population (Marshall and Brown 1975).
Allele distribution can be described by two variables. First,
alleles can be divided into those which are common (= 0.05)
and those which are rare (< 0.05). Potentially a population
can maintain many alleles. However, the number of common
alleles per population is usually less than four and the
remaining alleles are rare. Second, the alleles can be fur-
ther categorized as to whether they are widespread over popu-
lations or localized to few populations. Adams (1981) defined
any allele occurring in = 25% of populations as a widespread
allele; otherwise it is a localized allele. This kind of classifi-
cation results in four conceptual classes of alleles: (1)
common, widespread; (2) common, localized; (3) rare,
widespread; and (4) rare, localized (Table 2).

The first class of allele (common, widespread) is captured
regardless of the sampling strategy employed. Table 3
presents the sample size required to be 95% certain in cap-
turing at least one copy of each common allele (= 0.05) for
five allelic profiles. These allelic profiles simulate different
allelic distributions, ranging from the more even distributions

Allele frequency'

Allele Common (C) Rare (R)

occurrence = (.05 < 0.05

Widespread (W) (C.W) (R.W)
=25%

Localized (L) (C,L) (R,L)
<25%

!Allele frequency refers to the frequency of an allele in a population while
allele occurrence refers to the percentage of populations that have the allele
in question.

Table 3. Size (N,) of ex situ conserved population required to be 95%
certain of obtaining at least one copy of each common allele (>0.05)
for five allele profiles (Modified from Marshall and Brown, 1975)

Mutation-
Heterotic Neutral model selection
model '=05 6=1.0 6=20 model
Allele
frequency
P 0.25 0.76 0.63 0.49 0.80
P2 0.25 0.20 0.23 0.22 0.05
P 0.25 0.00 0.09 0.12 0.05
Pa 0.25 0.00 0.00 0.07 0.05
P’ 0.00 0.04 0.05 0.10 0.05
N, 19 15 37 43 80

r

'8 (=4N_u, N, = effective population size and p = mutation rate)
measures the level of polymorphism of neutral loci.
P =1 —(py + py + p3 + py) = sum of frequencies of rare alleles.

of heterotic models at one extreme to the highly skewed dis-
tributions of mutation-selection balance model at the other
extreme (Marshall and Brown 1975). The three neutral
models are between the two extremes and they differ from
each other only in their polymorphic levels (i.e., number of
common alleles and allelic frequencies). A random sample
of 15 gametes permits inclusion of two common alleles in
the neutral model of # = 0.5. Under the skewed distribu-
tion of mutation-selection balance model, a random sample
of 80 gametes is sufficient to obtain the required alleles with
95% certainty for each allelic profile. In the limiting case
of 20 alleles each with 0.05 frequency, a random sample of
120 gametes will accomplish the same objective. The prob-
ability of including the fourth class of allele (rare, localized)
in a sample of limited size is very small. Thus, obsession
with conserving such alleles will lead to the impractical sam-
pling strategies of saving everything (Zobel 1977).

The remaining two classes of alleles are relevant to for-
mulating optimal sampling strategies. The second class of
allele (common, localized) is of great importance in framing
the sampling strategies. Since such alleles are locally
common, the way to increase the probability of including
them in a sample of limited size is to sample more popula-
tions at the cost of fewer individuals per population. Because
population sampling is more expensive and time-consuming
than individual-tree collection within population, the choice
of this sampling strategy depends primarily on the propor-
tion of such locally common alleles in the population. Table 4
presents the proportion of alleles in each of the four classes
among populations of coastal Douglas-fir in British
Columbia, Washington, and Oregon. Those locally common
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Table 4. Percentage of alleles with four types of distributions (common
widespread, C,W; common localized, C,L; rare widespread, R,W; and
rare localized, R,L) among populations of Douglas-fir (Pseudotsuga
menziesii)

Allozyme

Source loci (C,w) (C,L) (R,W) (R,L)
11 British Columbia

populations' 18 65 i 13 11
4 Longview, Washington

populations? 10 70 13 10 7
4 Springfield Oregon

populations? 10 63 17 13 7

'From Yeh and O'Malley (1981).
2From Adams (1981).

alleles in class 2 make up an appreciable proportion
(11-17%) of the coastal Douglas-fir alleles. Therefore, the
optimal sampling strategy for ex situ collections of coastal
Douglas-fir would be to sample fewer trees from each of
many populations to cover a wide spectrum of environments
(Adams 1981). In sampling, populations exhibiting signifi-
cant genetic differentiation would be obvious targets.

The locally common alleles in class 2 are also important
to tree breeders. Common alleles presumably represent adap-
tive variants maintained in populations by some form of
balancing selection (Dobzhansky 1970). Thus, they represent
adaptations to particular local environments and provide tree
breeders with restricted (localized) source of disease and pest
resistance, and stress tolerances.

Inclusion of the rare and widespread alleles in class 3
requires the following consideration: What is the expected
number of alleles included in a sample of given size? Mar-
shall and Brown (1975) argued that the number of popula-
tions to be sampled is irrelevant to the formulation of sam-
pling strategies in this case. There is the optimal sample size
beyond which there is little or slight increase in the proba-
bility of capturing additional alleles even with a marked
increase in the sample size. The optimal sample size can be
estimated for the neutral model (Brown 1989). Despite the
complex ‘‘sampling’” structure involved in the natural popu-
lations, approximation of this model to actual data is very
good for rare alleles (Chapman 1984). For neutral models,
the expected number of alleles (n,) in an equilibrium popu-
lation of size N depends on N and the level of polymorphism
(6), and is

1 I
n,= giqh(x)dr:figl(i—x)@"x”dx (1)
N

2N
The probability density ¢(x) is approximately proportional

to the reciprocal of allelic frequency (1/x) when the allele
is rare (x < 0.05). Thus, formula (1) can be rewritten as

0,051 1 L
nazﬁgl—err&ﬁ L)
0

N X .05 X

01 (2)
= 0[log.2N)=3] + BS| L) i

0.05 X

The first part in the right hand side of formula (2) is the
expected number of rare alleles and the second part is the
expected number of common alleles in the population. For

L &

example, when 6 = [, there are approximate three common
alleles and [log, (2N) — 3] rare alleles in a population of
N individuals. For a sample of limited size (N,), not all of
these alleles can be included. The rare alleles are more likely
to be lost than the common ones in the sampling. Hence,
we are seeking the answer to the question: What is the
expected number of alleles present in the population but not
included in the sample? Following Ewen’s (1972) sampling
theory for selectively neutral alleles, this number is

N 1 1
a—n=0loge (—) —00-1) ({ — - =
ol = (N,) e (2}\!r 2N)

where n, is the expected number of alleles included in the
sample.

Brown (1989) computed an approximate 95% confidence
interval for the number of alleles #, in the sample, assuming
approximation to the normal distribution. He then plotted the
lower limit of n, as a fraction of all alleles in population (r,)
against the sample size (N,), expressed as the percent of the
original population size (N). From this plot, Brown concluded
that a random sample of 10% of the original population size
should retain at least 70% of the alleles in the population with
95% certainty. If Douglas-fir’s results (Table 4) are typical
of what might be found in other conifers, then Brown’s
conclusion suggests that a substantial amount of rare
widespread alleles should be captured in a sample consisting
of 10% of the original population. Thus, 10% of the original
population should be the manageable size for ex situ collecting
and conservation of forest genetic diversity.

Decay of Genetic Diversity in Conserved
Populations

Population genetic theory predicts that presence of small
number of individuals sustained over many generations in
a partially or completely isolated population will lead to
depletion of genetic diversity. The reduction of heterozy-
gosity can be very rapid if population size (N) is small
(Fig. 1). The expected hcterozygosiq under random mating
declines by a factor of [1 — (2N) '] per generation. For
example, with N = 4, after 10 generations of random drift,
only 26% of the heterozygous genotypes at a locus is left
in the population. Restricted population size also increases
the probability of loss of neutral alleles that are negatively
correlated with selected alleles at other loci (Namkoong and
Roberds 1982).

Inbreeding accelerates the reduction in heterozygosity
(Fig. 2) because it further reduces the effective population
size (N.). Under the mixed random mating and selfing
model, N, is reduced to %4(1 + r)N, where ¢ is outcrossing
rate (Strobeck 1983; Pollak 1987). Thus, the effective popu-
lation size is always smaller than the actual size unless the
outcrossing rate is unity. For example, with N = 4, and ¢
= 0.8, N, = 3.6. Most tree species have an outcrossing
rate greater than 0.8 (Yeh 1989; Muona 1990). Therefore,
inbreeding has relatively less impact on the decay of genetic
diversity than the impact of small population size in forest
trees.

Fitness-related traits such as survival and growth correlated
with the level of heterozygosity of populations (Ledig 1986).
In addition, a loss of genetic diversity in forest trees will
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Figure 1. Decay of genetic diversity in finite populations of size (N).
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Figure 2. Effect of inbreeding on decay of genetic diversity in populations of size N = 4 and N = 32, respectively. The extent of inbreeding
ranges from random mating (t = 1) to completely selfing (t = 0).
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result in a loss of ability to respond to the changing require-
ments and changing environments (Namkoong 1986). Thus,
it is important to maintain high levels of heterozygosity in
the conserved forest populations.

Breeding for multiple populations rather than simply
increasing population size is a suitable cure when dealing
with the problem of restricted breeding population size in
forest trees (Namkoong er al. 1980). Because of sampling
variation and differences in selection criteria or uncontrolled
error, the genetic gain will not be the same among the sub-
divided populations. However, average gain of some
sub-populations is expected to be greater than the average
of single large population due to variation among the sub-
populations. Furthermore, different sub-populations will use
and fix different alleles. Therefore, selection among sub-
populations and controlled crossing among them in future
breeding cycles will give greater gains and regenerate any
lost but useful variation in the recombined populations.

The above prediction of long-term behaviour of small
populations may prove inaccurate for the following reasons.
First, random genetic drift is a stochastic process and is
affected by a number of factors other than small population
size and inbreeding. Second, the sampling effect was for-
mulated under the neutral model. Heterozygosity advantages
or inbreeding depression may result in the maintenance of
greater variation than that expectation under the neutral
model. Third, the formulation is often the approximation with
respect to the assumptions and the underlying conditions.
Thus, direct monitoring of genetic diversity in the managing
populations is needed for forest trees.

Ex situ conserved populations and breeding populations
consist of individual trees selected from natural stands. It
is desirable to compare the level of genetic diversity in natural
populations with that of the ex situ conserved populations
and breeding populations. The level of genetic diversity in
the ex situ conserved populations and breeding populations
is expected to be lower than the genetic diversity in the natural
populations. This is because two stages of sampling effect
occurred during the establishment and maintenance of
breeding populations. The first stage of sampling is a
statistical effect and results in a limited number of alleles
being included in the sample. The second stage of sampling
is the genetic effect and it causes the decay of genetic diver-
sity due to small population size. Genetic improvement of
forest trees in Canada is still at the first generation. The loss
of genetic diversity in one generation should be very small.
Thus, reduced genetic diversity in the breeding populations,
if any, should be primarily due to the first stage of sampling
effect. Another difficulty in comparing breeding and natural
populations is that the breeding population is often the result
of sampling from a number of geographically differentiated
natural populations. This is the sampling strategy for the
locally common alleles in class 2 (see previous section). The
resulting population may have even higher genetic diversity
than a particular natural population.

Muona and Harju (1989) estimated heterozygosity (H),
number of alleles per locus (4), multilocus outcrossing rate
() and the inbreeding effective population size (Neen) in
two seed orchards and three natural stands of scots pine,
Pinus sylvestris (Table 5). While the average heterozygosity
in seed orchards and natural stands was similar, there was
a slight decrease in the number of alleles per locus in the

Table 5. Estimation of inbreeding effective population size (N,), het-
erozygosity (H), number of alleles per locus (A) and multilocus out-
crossing rate (f,)) in seed orchards and natural stands of Pinus sylvestris
(From Muona and Harju (1989))

Population Nen H A 8
Seed orchards

Viitaselka (25 clones) 23.2 0.276 2.2 0.976
Vilhelminmaki (28 clones) 18.5 0.259 2.4 0.978
Natural stands

Karvia - 0.271 2.5 0.986
Padajoki — 0.293 2.7 0.878
Kangasniemi — 0.286 2.8 0.919

seed orchards. These results corroborate the finding in Pinus
radiata (Brown and Moran 1981) and Pseudotsuga menziesii
(Adams 1981). The outcrossing estimate was higher in the
seed orchards than in the two natural stands (Table 5). Moran
et al. (1989) presented similar results for Pinus radiata and
Eucalyptus regnans. The higher outcrossing in seed orchards
was attributed to the effective reduction of family structuring
in seed orchards as compared to the level of family struc-
turing in natural stands (Muona 1990). Muona and Harju
(1989) did not estimate N, for the natural stands which
they assumed ‘large’ due to extensive pollen flow and the
lack of differentiation among populations. However, the esti-
mate of effective population size in the two seed orchards
was low. This suggests that decay of genetic diversity will
likely occur in later generations.

Multilocus Population Structure

Electrophoretic studies on geographic variation patterns
assume random recombinations of genes at different loci.
In such cases, single-locus estimates of the genetic parameters
is adequate for describing geographic varation patterns.
However, many selective and non-selective evolutionary
forces cause the non-random associations of alleles among
loci. Therefore, it is necessary to study the joint effects of
genes at different loci on population structure of forest trees
(multilocus structure).

A general conclusion from electrophoretic studies on geo-
graphic variation is that population difference in the fre-
quency of allozyme is small. This contrasts with the greater
morphological differentiation among populations in
provenance-family tests (Guries and Ledig 1982; Wheeler
and Guries 1982). Since one important prerequisite of
implementing conservation programs is to identify and
characterize the differentiated populations, the concern
among tree breeders is that isozymes cannot accurately iden-
tify and characterize the populations due to their limited
differentiation among populations. Such concerns have led
us to examine the multilocus structure and its impact on forest
population differentiation.

Another reason to study multilocus structure is the need
to resolve the contentious issue — just how important are
co-adapted gene complexes in the adaptation of natural popu-
lation to their environments and in domesticated plants for
productivity? Brock (1971, 1977) argued that the notion of
co-adaptation, not being supported by adequate data, is con-
jectural. He suggested that new variants created by
mutagensis could be an attractive and potentially more effi-
cient alternative to genetic conservation. Mutagenesis and
techniques of molecular biology have the potential to increase
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the genetic diversity of populations. At this time, however,
it is far from clear how co-adapted gene complexes, if they
do exist, can be manipulated by mutation and molecular tech-
niques. Therefore, it is vital for tree breeders or conserva-
tion geneticists to establish the factual evidences of the exis-
tence of co-adaptation in both natural and breeding
populations.

Co-adaptation also implies that the interlocus combination
of alleles found in different ecogeographical regions will be
nonrandom and correlated with local habitat (Allard 1977).
This leads to a different conservation strategy than the one
for the random combination of alleles. Later we will discuss
the implication of multilocus structure on tree improvement.

The key to analyzing multilocus structure is to study
gametic disequilibrium. We use the term ‘‘gametic dise-
quilibrium’’ rather than *‘linkage disequilibrium’” to refer
to non-random associations between independents as well as
linked loci. Consider a pair of loci A and B, gametic dise-
quilibrium between allele 4; at locus A4 and allele B; at locus
B is measured by

Dy = g; — pigj 3)
where g; = observed frequency of gamete 4,5

p; = frequency of allele 4;
g; = frequency of allele B;

and
0 = D; = Min[pi(l1—g), (1 — p)g;]
=Min[pg;,(1 = p) (1 — g)] = D; =0

This definition of gametic disequilibrium can be extended
to the case of multiple loci (Bennett 1954). We will describe
three different approaches to analyze multilocus structure in
natural populations of forest trees: (a) correlation between
zygotic loci (Smouse and Neel 1977), (b) multilocus heter-
ozygosity (Brown et al. 1980; Brown and Feldman 1981),
and (c) discrete multivariate log-linear analysis (Feinberg
1980).

(a) Discriminant Analysis of Population Differentiation
in Lodgepole Pine

Yeh er al. (1985) used the correlation between zygotic loci
(Smouse and Neel 1977) to study differentiation in seven-
teen populations of lodgepole pine, Pinus contorta spp.
latifolia from western North America. The first step was to
code the allozyme profiles of parent trees. For example,
genotypes AA, Aa and aa were represented by the vector
Y’ = (1, 1/2, 0). The next step was the construction of the
matrix of correlations between pairs of loci (R) for each
population:

Fia .. Fix

[CTINE T

R = 1 2k
W ohe o-.. 1

The genetic expectation of the pairwise correlation between
the ith and jth loci [E(ry)] is well known (Hill and
Robertson 1968, Wright 1969) and is:

D;
Vpil = pigl — g

E(ry =

Finally, canonical discriminant functions were established
on the basis of the correlation matrices.

The first two discriminant functions in lodgepole pine
accounted for 38% of the total variation in the 20 poly-
morphic loci (Yeh er al. 1985). Scatter plots of the 17 popu-
lations on the axes of these two functions showed that while
southern populations were grouped into a cluster, northern
populations were disjointly distributed over the whole
domain. Thus, there was greater differentiation among the
northern populations. This is most consistent with the popu-
lation structure of lodgepole pine. The northern populations
often occurred in small, more isolated stands and must adapt
to narrow ecological niches. The southern populations
occurred in large, dense stands with potential for extensive
gene flow and must adapt to the relatively stable environ-
ments. The fact that single-locus analysis of population struc-
ture in two earlier studies (Yeh and Layton 1979; Dancik
and Yeh 1983) revealed only slight population differentia-
tion of the same species demonstrates the importance of
studying gametic disequilibria to determine population struc-
ture and argue for the multilocus approach to differentiate
among populations of lodgepole pine.

The more differentiated northern populations of lodgepole
pine would require a different sampling strategy than the less
differentiated southern populations. In the north, alleles in
populations are common and localized and the optimal con-
servation strategy is to sample as many populations as pos-
sible. The alleles in the southern population are common or
rare but widespread. Thus, a random sample of 50 trees per
site optimize the latitudinal and altitudinal contrasts was the
recommended sampling strategy for genetic conservation of
southern populations in lodgepole pine (Yeh er al. 1985).

(b) Multilocus Structure in Three Sub-species of Pinus
contorta

Studies of gametic disequilibrium in natural populations
typically require the computation of individual pair-wise dis-
equilibrium coefficients (Brown er al. 1980). However, with
an increase in number of loci and alleles per locus, the
number of pair-wise disequilibrium coefficients quickly mul-
tiplies beyond comprehension. For all practical purposes, it
is desirable to have a set of summary statistics that adequately
describes the multilocus structure within and among sub-
divided populations. One such set of statistics was based on
the distribution f{iK) of the number of heterozygous loci in
two randomly chosen gametes (Brown er al. 1980). Brown
and Feldman (1981) further demonstrated that the variance
of f{K) could be partitioned into the single-locus and the two-
locus effects of population structure.

We have studied the influence of multilocus associations
on the population structure in three sub-species of lodge-
pole pine using a modification of Brown et al. (1980) and
Brown and Feldman (1981). We detected significant
gametic disequilibria in all 66 populations from a set of
modified summary statistics that assent to individual config-
uration of gametic disequilibrium phases. Two-locus
gametic disequilibria accounted for over sixty percent
of the average variance and about a third of the total
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Table 6. Components of total and average variances in number of het-
erozygous loci in three sub-species of Pinus contorta.

Component latifolia murrayana contorta
Single-locus effect

Mean diversity 2.128 2.037 1.962
Variance of diversity 0.103 0.147 0.188
Wahlund effect 0.032 0.045 0.068
Total 2.263 2.229 2.218
Two-locus effect

Mean disequilibria (MD) 0.605 0.658 0.291
Wahlund effect (WC) 0.310 0.788 0.931
Al (MD x WC) 0.002 0.005 0.003
Variance of disequilibria 0.276 0.157 0.142
Covariation of interaction 3.426 2.274 2.549
Average variance 6.437 5.131 4.947
% two-locus effect 66.9 60.3 60.3
Total variance 3.180 3.680 3.443
% two-locus effect 28.8 39.4 35.6

variance within subspecies (Table 6). Moderate two-locus
Wahlund effect and high covariation in the interaction of dis-
equilibria and the two-locus Wahlund effect suggested both
founder effect and population subdivision as the major causes
for the observed gametic disequilibria in natural populations
of lodgepole pine.

These findings have important implications for breeding
of lodgepole pine. First, the pooling of trees from popula-
tions in gametic disequilibria into a single breeding popula-
tion will disrupt the apparent disequilibria (Yeh 1989). This
increases the rate of decay of additive genetic variance in
the breeding population. Under such conditions, there is
selective advantage in subdividing the breeding population,
with repeated cycles of within and between sub-population
selection to exploit ‘‘multiple peak epistasis™ (Yeh 1989).
Second, pooling of selected trees into a single breeding popu-
lation from sub-populations each differing in allele frequen-
cies is problematic when estimating genetic covariances
among relatives for the construction of selection indices,
which requires the assumption of gametic equilibrium (Baker
1986). Thus, even if gametic equilibrium exists in natural
populations of lodgepole pine, conventional selection indices
cannot be constructed for progeny from crosses among trees
from sub-populations each having different allele frequencies.

(c) Log-linear Analysis of Multilocus Structure

The collapsing of multilocus data to generate summary
statistics to describe forest populations inevitably results in
loss of information on the multilocus structure. Log-linear
analysis (Fienberg 1980) is an alternative in studying the
structure of the entire multilocus array in natural and domes-
ticated populations in agricultural species (Jana and Pietrzak
1988; Zhang et al. 1990; Yang et al. 1991). It involves the
following steps: (1) construct an n-way contingency table for
n loci (2) fit different models of multilocus associations to
the observed data (3) test for goodness-of-fit of the different
models, and (4) select the best-fitting model by the step-wise
procedures and/or residual analysis. Using this procedure,
Yeh and Morgan (1987) detected five of forty-five signifi-
cant two-locus associations in pollen gamete pool of a coastal
Douglas-fir natural population. The residual analysis indi-
cated the apparent associations were attributable to the rela-
tive excess of the rare paternal gametes. Since the ten

polymorphic loci studied were physically unlinked, the
apparent gametic disequilibria were caused by biased
representation of parental genotypes in the sampled pollen
pool (Yeh and Morgan 1987).

Conclusions

Compared with agricultural crops, Canadian forest trees
are wild plants at their earliest stages of domestication. Thus,
the majority of Canada’s forest genetic resources is being
maintained in situ in their native and stable ecosystems at
the pre-breeding age. However, as tree improvement activi-
ties intensify and when ecosystems are being altered by
human and non-human interventions at an alarming rate, ex
situ conservation of genetic resources will become a common
practice in forest management. We analyzed the genetic con-
sequences of the entire in sifu and ex situ conservation process
and reached the following conclusions:

(1) Loss of forest genetic diversity in Canada will mainly
occur during the initial population establishment and during
the managing process. There is no clear evidence that selec-
tive breeding has reduced the level of genetic diversity in
the breeding populations because tree breeding is in the first
generation in Canada. Thus, sampling during population
establishment is the only contributing factor that has caused
any potential loss of forest genetic diversity.

(2) Ex situ conserved or breeding populations are typically
small, isolated, and maintained in controlled environments.
While it is possible to maximize the genetic gain in ex situ
conserved or breeding populations in the short-term, gener-
ations of selective breeding of such genetically restricted
populations will lead to reduced genetic diversity. This res-
tricts the potential for genetic adjustment of populations to
meet future demands.

(3) Genetic diversity of in situ conserved populations is
dynamically maintained and it evolves with the changing
environments. Therefore, in situ conservation of genetic
diversity is essential for the long-term success and survival
of tree improvement.

(4) While single-locus population structure provides a
preliminary guide for prescribing a genetic conservation
strategy, an enhanced understanding of multilocus structure
of forest populations will optimize the conservation strategy
and minimize the loss of genetic diversity.
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