perhaps — as evolving entities, they will not develop along
identical paths in the future. Even for an individual breed-
ing system, the future organization cannot be predicted
at the beginning of the program; adjustment from genera-
tion to generation will be essential. Therefore, flexibility
and the maintenance of genetic diversity are the most im-
portant features of any long-term breeding program.
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Abstract

In recent years, many tree breeding organizations around
the world completed their first generation tree breeding ef-
forts. These accomplishments made multiple generation
breeding a reality. The new development necessitated cri-
tical examinations of long-term tree breeding concepts. In
this paper, these topics in long-term tiree breeding are
discussed: (1) The need for classifying long-term breeding
into two kinds: systematic breeding and repetition of single
generation breeding; (2) Fundamental concepts necessary
to develop a systematic breeding; (3) Difficulties involved
in determining population size, structure, and breeding
zone; (4) Classification of population structure; (5) Distinc-
tion between breeding zone and production zone; and (6)
Distinction between population closure and breeding stock
closure.

Key words: Population size, population structure breeding zone,
production zone, population closure, systematic breed-
ing.
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Zusammenfassung

In den letzten 40 Jahren haben viele Ziichtungsinstitutio-
nen in aller Welt, die Waldbaumziichtung betreiben, die er-
ste Generation ihrer Ziichtungsversuche abgeschlossen.
Durch die erreichten Ergebnisse wird eine Ziichtung mul-
tipler Generationen zur Realitdt. Diese neue Entwicklung
macht es notwendig, langfristige zilichterische Konzepte kri-
tisch zu priifen. Zur langfristigen Waldbaumziichtung wer-
den deshalb in dieser Arbeit die folgenden Themen disku-
tiert: 1.) Es ist notwendig, die Forstpflanzenziichtung in 2
Kategorien aufzugliedern, d. h. in die systematische Ziich-
tung und in die Wiederholung der Einzelgenerationsziich-
tung. 2.) Es sind fundamentale Konzepte zur Entwicklung
einer systematischen Ziichtung zu entwickeln. 3.) zur Fest-
legung der Populationsgrofle, der Struktur und der Ziich-
tungszone, 4.) zur Klassifikation der Populationsstruktur,
5.) zur Unterscheidung zwischen der Ziichtungszone und
der Produktionszone und 6.) zur Unterscheidung zwischen
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einer geschlossenen Population und einer geschlossenen
Bestockung.

Introduction

During the last four decades, breeders have successfully
demonstrated short-term economic benefits of tree breed-
ing. Initially, a few breeding techniques were used, such as
provenance testing, and progeny testing of trees selected in
natural stands or plantations. The techniques, were com-
bined with seed productionn methods such as the develop-
ment of seed production areas and seed orchards, were
broadly applied to many different species.

Subsequently a wide range of biological, biochemical,
ecological, and silvicultural techniques have been intro-
duced into tree breeding. Tree breeders and forest gene-
ticists have discussed concepts such as advanced genera-
tion breeding, long-term breeding, and genetic resource
conservation.

When compared to the original breeding concepts and
techniques, the new ones tend to have a less direct rela-
tionship with short-term economic gain. We view the new
trend as an indication that tree improvement has reached
a juncture where its future outlook needs to be reevaluated.
This need has become increasingly serious because of a
growing awareness by tree breeders that whatever they
do today will influence future iree breeding for a long
time; what is good for today may not necessarily be good
for tomorrow. Decisions made or not made now will limit
future options.

In this paper, we take the view that tree breeding is ma-
turing as an important discipline in forest resource mana-
gement, and is no longer a collection of simple tools neces-
sary to add genetic gains to artificially regenerated trees.
With this premise we will attempt to construct some found-
ing concepts for future tree breeding. We will deal with
ideas at three different conceptual levels: 1) tree breeding
system and strategy, 2) long-term breeding as a functional
component of the tree breeding system, and 3) breeding
stock management techniques under long-term breeding.
We are primarily interested in discussing the third subject,
long-term management techniques of breeding stock. We
will, however, review the first two subjects because they
establish the long-term perspective necessary for subse-
quent discussion. More detailed discussion of the concepts
is found elsewhere (GuLLBerG and Kanc 1985).

Tree Breeding System and Strategy

A system represents a collective entity composed of in-
terdependent parts. The tree breeding system may, there-
fore, be defined as the collection of all available resources
including the institutional organizations — their staffs,
financial capabilities, and landbase; the breeding stock!);
and the available knowledge and techniques. Tree breeding
strategies represent the operating mechanisms that make
evolution of the system possible under changing environ-
ments and objectives (GuLLBerG and Kanc 1985). The above
strategy concept is different from an action plan, which
assumes the presence of a specific institution to perform
the breeding and describes actions to be taken to accom-
plish a fixed set of objectives.

Obviously, a strategy cannot exist without a correspond-
ing system, and a system cannot be directed without a

1) The term ,stock“ is used to represent the entire collection of
populations and individual trees a breeder (or a breeding orga-
nization) uses in breeding.

strategy. Any evolving system must have long-term evolu-
tionary strategies as well as short-term plans for maxi-
mizing values under the given environment. Past breeding
efforts have concentrated on the highly profitable short-
term end of the breeding system, and much is known about
develeping short-term plans and executing them. Little is
known about long-term strategies.

Currently many organizations have reached a point where
breeders have to consider their basic strategies for ad-
vanced generation breeding. The first strategic dichotomy
deals with the concept of long-term breeding. One could
consider repetitions of single generation breeding as long-
term breeding. Under this concept, continuous refinement
of single generation breeding techniques will be sufficient
for long-term breeding because they will be iterated over
generations. Alternately, a new conceptual frame called
long-term breeding can be created in addition to the on-
going short-term activities (Kanc 1982). This approach,
which will be referred to as systematic breeding (Fig. 1)
requires a new breeding philosophy and a new set of long-
term techniques.

8reeding population

\

Supportive
research

genetically

improved

seeds or plants,
knowledge & technique

Short-term activity

Long-term breeding

further

improved

seeds or plants,
knowledge & technique

Short-term activity

Supportive
research

Figure 1. — Functional components of a systematic breeding (From
GurLserc and Kanc 1985).

The definition of breeding system as it appears in the text deals
with physical components of tree breeding. The above figure re-
presents functional components of tree breeding. The long-term
breeding is aimed at maintaining an optimum balance between
continuous genetic improvement and diversity conservation by
manipulating the long-term breeding population in a structured
manner. The short-term activity is further divided into short-term
breeding and multiplication. The short-term breeding manipulates
long-term breeding populations through intensive testing, selec-
tion, and mating efforts to maximize the possible genetic gain with
respect to the economically important traits of the time. The pro-
ducts of such short-term efforts are subsequently multiplied,
research supports both long- and short-term breeding. Long-term
supportive research tends to emphasize solving inherent problems
in tree breeding. Short-term supportive research tries to develop
means of maximizing the short-term economic gain.
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Long-Term Breeding

Recently, many long-term philosophies have been discus-
sed (Namxoonc 1978, 1984, Kanc 1979, 1980, 1982, NAMKOONG
et al. 1980, GurLBerG and Kanc 1985). For the present pur-
pose it is enough to note that long-term breeding is a
functional component of tree breeding systems, designed to
provide genetic resources that can be used in short-term
breeding under changing environments and societal de-
mands. Its relation with short-term activities and suppor-
tive research is decribed in Figure 1. Some salient features
of the long-term (both breeding and supportive research)
concept under systematic breeding are summarized as fol-
lows.

1) many long-term breeding activities cannot be justi-
fied based on short-term economic merits.

2) the goal of long-term breeding is to make future short-
term breeding continuously successful under changing en-
vironments-and sociefal demands.

3) long-term activities tend to focus on inherent struc-
tural problems of tree breeding, such as the diversity in
breeding population, the generation turn-over period, and
the purging of deleterious alleles. In many long-term acti-
vities, economic traits are not involved. Under systematic
breeding, short-term activities deal with economic traits.

4) long-term breeding as described in this paper does not
imply long time. Frequently long-term activities will take
less time than short-term ones, because many of them can
be completed at a juvenile stage of tree growth.

5) population management concepts and technical re-
commendations for long-term breeding will frequently
contradict those short-term, or repetition of single-genera-
tion techniques (KanG 1982).

Many features of long-term breeding as described above
coincide with those of the control concept of gene conser-
vation (NamkoonG 1984). Long-term breeding attempts to
maintain an optimum balance between continuous genetic
improvement and diversity conservation. Therefore, con-
servation is an essential component of sound long-term
breeding.

Long-term breeding definitely deviates from the familiar
short-term concepts of tree breeding. The fifth distinction
is a natural consequence of introducing different sub-
jects of concern into tree breeding. Because of the distinc-
tion, tree breeders need to determine the conceptual foun-
dation of long-term management of breeding stock and
techniques in addition to their present tree breeding philo-
sophy. In this paper, we will classify and discuss various
concepts of breeding stock management, with emphasis on
long-term breeding. An elementary distinction between
long- and short-term views with respect to techniques has
been made elsewhere (Kanc 1982).

Breeding Stock

Breeding stock is a physical component of a tree breed-
ing system, needed for both long- and short-term breeding.
The breeding stocks available to breeders today represent
either base populations for long-term breeding or short-
term breeding populations, or both.

The organization of the population for long-term breed-
ing will be different from that for short-term breeding.
In short-term breeding, the measure of the genetic re-
source is performance of individuals with respect to some
known traits, and co-ancestry control and avoidance (espe-
cially early avoidance) of inbreeding will be emphasized.
The selection strategy will favor maximizing the genetic
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gain. Statistical estimation of population parameters and
gain prediction will dominate the research. In long-term
breeding, one measure of interest is the presence or absence
and frequency of various alleles. The strategy will employ
multiple options. Inbreeding will be used freely. Different
selection schemes will be adopted, but they will not neces-
sarily lead to immediate maximum gains in known traits.
For example, with respect to long-term breeding. 50%
selection might generate the best results (Dempster 1955,
RosertsoN 1960). Understanding of the breeding population
dynamics will be emphasized in the research (Kanc 1979,
1980). For most known breeding techniques, opposing ap-
proaches tend to be favored by the two different breeding
emphases (Kanc 1982).

Short-term breeding emphasizes the property of the
populations at a given time (static); long-term breeding
emphasizes the dynamic properties over time. At any given
time, it is conceptually possible to translate the dynamic
property of the population into its static property. The
reverse is not true, and tree breeders must avoid organizing
long-term breeding stocks based on the static property of
the population or on criteria that would primarily facili-
tate short-term breeding. On the other hand, the organiza-
tion of long-term breeding stock should consider the mecha-
nisms involved in transforming long-term stock into short-
term stock. Therefore, when organizing breeding stock in
systematic breeding, tree breeders must have a strategy
for maintaining the balance of different emphases while
directing the system.

Of the technical issues differentiating long- and short-
term breeding stock management, we will discuss popula-
tion size, structure, breeding zene,.sampling and origin of
base populations, and population closure. Our primary goal
is to facilitate the organization of long-term breeding stock.
The short-term aspect of breeding stock will be discussed
as needed.

Population Size

Population size and structure have been recognized as
essential factors to consider in developing breeding strate-

- gies.(NaMkooNG 1978). Most contemporary tree breeders are
‘creating base breeding populations. To do so, the breeder

must determine the overall base breeding population size.
Determining the size, however, is a complex matter, and
there is no fixed way of determining the size. To a breeder
who has to work with limited resources, an intuitive ans-
wer might be: The breeding population should be as large
as practically possible. Determining the “practically pos-
sible” size, however, is not as simple as it appears. Even for
a given breeding organization, the practically possible size
will vary. If the organization is primarily interested in col-
lecting open-pollinated seeds and in planting the progenies
in a test (or breeding) plot, 2000 selections may not be too
large. Incorporating more complex techniques in the scheme
will reduce the size; and elaborate schemes that will gene-
rate in-depth knowledge about the population will limit
the size even further. Future uncertainties make size esti-
mates of the breeding population even more difficult.
Alternatively, the ideal breeding population might be as
large as the natural population. This answer is based on
the assumption that the current natural populations are the
right size for further evolution within the natural system.
Excepting natural catastrophes — chestnut bligh or Dutch
Elm disease — they can survive and thrive in the face of
impacts from diseases, insects, or a changing environment.



However, this answer is also of little help in deducing the
desired population size. The assumption itself can be criti-
cised, and the natural population size and the mechanisms
involved in determining the natural population size vary.

Despite the difficulties associated with assigning actual
numbers, the above answers introduce two important limit-
ing conditions to consider in determining the population
size — the amount and distribution of available human
resources and the need to maintain genetic diversity to en-
counter potential catastrophes.

A third estimate is derived from theoretical numbers
generated on the basis of various breeding assumptions and
gene action models. Although the estimates are derived by
mathematical means, the assumptions and models are not
any more realistic than what might be used for finding ap-
proximate numbers for the first two answers. The approach,
however, helps in understanding the dynamics of tree
breeding populations. Therefore, both the process and the
numbpers are important sources of intuition necessary for
making management decisions.

In each investigation the researcher must define the pro-
perties (parameters) that will dictate the population size in
the model. The probability of fixing a favorable allele in
the population has often been used as a parameter (RoBERT-
soN 1960), and based on RosertsoN’s work some suggestions
on the population size have been made (Rawrincs 1970,
Kang 1979, NamkoonG et al. 1980). Another parameter that
has been used is the loss probability of neutral alleles at a
locus linked to a selected locus (Namkoonc and RoOBERDS
1982). The effects of small founder population sizes under
different population parameters have been discussed Den-
NistoN 1978, James 1971, Ne1 et al. 1975, Sirkkomaa, 1983). In
general, the conclusions suggest that the theoretically ac-
ceptable population size ranges between 500 and 2000.

The above models do not consider the impact on popula-
tion size of deleterious alleles, especially lethal alleles at
homozygosity. Tree breeding-is new, and deleterious alleles
have not been purged from breeding populations. There-
fore, the theoretical population size could increase further
when models incorporating purging of deleterious alleles
are evaluated.

The population size also depends on other factors such
as the structure of the natural population from which
samples are drawn, the structure of the breeding popula-
tion to be created, and the nature of population closure.
These factors will be discussed in subsequent sections.
Note, however, that the purpose of discussing the factors is
to point out subjects to consider in developing tree breed-
ing systems and strategies; it is not to recommend a spe-
cific population size.

Population Structure: Classification

The need to differentiate population types in tree im-
provement has been recognized for some time (NAMKOONG
et al. 1966, 1980, NamkoonG 1976, 1978, vaNn BunTeNen 1975,
LinpereN and Grecorious 1976, Kanc 1980, 1982). Broad
functional categories such as breeding, multiplication, and
(wood) production populations have been used to classify
the populations, and it has been pointed out that the func-
tional populations do not have to coincide with physical
populations (Kang 1982). Each of the functional populations
can be classified further according to subfunctions. For
example, multiplication populations can be subdivided into
seed orchards, hedged clones for cuttings. and cultured
tissues. Production populations may be classified according

Table 1. — Classification of Breeding Populations*)

Nsp Single Miltiple
ENY . i
NBP B8 Single Multiple (m-) Single Multiple
Single Single m-Single Sublines Subgroups
distributed d-Single dm-Single d-Sublines d-Subgroups
Multiple -
confounded - - c-Sublines c-Subgroups

{c-)

*) NSP Breeding subpopulations.
ENV Environment.
B-B Arrangement of origins in breeding populations.
NBP Number of origins of base populations.

to the management intensity, and similarly,
populations can be classified further.

breeding

Although terms such as multiple populations and sublines
have been discussed before (Gurpon and NamkoonG 1983),
explicit classification of breeding populations has not been
made in the past. An explicit classification is useful be-
cause it helps in 1) communicating, 2) developing breeding
strategies, and 3) determining the particular types of
breeding populations whose merits need to be evaluated.

Many different criteria can be used to classify breeding
populations. The most well-known criterion is the number
of breeding subpopulations — single vs. multiple. Examples
of other classification criteria are as follows:

a. Origin of population — single vs. multiple origins.

b. Environment — single vs. multiple environments
(caused by different selection criteria as well as the
geography).

¢. Base and breeding population combination — when
base populations of multiple origin and multiple
breeding populations exist, the base populations can
be distributed over or confounded with the breeding
populations.

d. Breeding for different gene action — within subpopu-
lation vs. reciprocal recurrent selection or other inter-
population selection schemes.

e. Gene flow — gene flow among breeding subpopulation
(artificial migration), or that from source (natural)
populations to breeding populations (open vs. closed
breeding population).

f. Special functions — speciality breeding subpopulation,
inbreeding copy, control line for selection, etc.

Because of space, we will limit our classification to four
factors: The number of breeding subpopulations (NSP),
origin of base populations (NBP), environment (ENV), and
base-breeding population combinations (B-B) (Table 1).

Single population breeding, in the most rigorous sense,
is unlikely to exist in tree breeding. Regardless of the main
emphasis, breeders are likely to have copies of the main
breeding population in some way. Therefore, it is necessary
to distinguish copies from multiple populations. Any two
populations that share the same ancestors will be referred
to as copies. We define multiple populations as a collection
of populations originating from non-overlapping subsets
of the base population. In this case each subset functions
as an independent basis of selection, mating, and gene flow.
The definition of multiple populations includes both sub-
lines and multiple populations as discussed by Burpon and
NaMmkoonG (1983). The subgroups in Table 1 are equivalent
to their multiple populations.
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The m-single population represents the situation where
the multiple copies are complete and are subjected to dif-
ferent environments. The completeness means that all the
entries of the copies share exactly the same ancestors.
Therefore, except for the lack of the original subdividing
procedures, m-single population is identical to multiple
populations. Because of the heavy replication needs, breed-
ing by using m-single population will tend to be costly. In
most practical situations, breeders will either use single
populations with partial copies to perform specialized func-
tions, or they will use multiple populations. Therefore, we
will not consider m-single populations here.

Treating breeding populations with multiple origin as if
they came from one origin will, as selection and breeding
progresses, reduce the population diversity and, conse-
quently, the population size. We will discuss this further in
a later section. When multiple origins exist, breeders have
the choice of- assigning them in separate populations (con-
founding: c-population), or distributing them in many dif-
ferent populations (d-population). Most currently available
breeding populations are of multiple origin. If multiple
populations are chosen, breeders will have to make two
step decisions; single vs. multiple populations, and distri-
buted vs. confounded population.

Population Structure: Single VS. Multiple Population

The single population approach will breed the entire
population without any subdivision. Although difficult, the
associated testing at different locations may included all the

LONG
TERM
BREEDING

-

BREEDING
ZONE
(Ontario,
Lake States
etc.)

INPUT 1

INPUT 2

2 nd
Genera.

BP

INPUT 3

3 rd
Genera.

BP

suon'r-'rsa‘.n‘«‘
"‘BREEDINS

SHORT-TERM BREEDING

members of the population. Even if completely replicated
testing is not possible, selection will be performed on the
entire population basis. The emphasis of selection will be
broadly adapted individuals regardless of the trait of in-
terest. For multiple trait selection, a form of indexing will
be used. The single population approach is production
oriented and lends itself well to short-term breeding.

The multiple population approach frequently assumes
the presence of & transition phase between the subdivided
breeding population and the multiplication population.
During this phase, trees from various subpopulations un-
dergo short-term breeding designed to determine or re-
combine individuals to be included in multiplication popu-
lations (Fig. 2). Selection criteria and breeding objectives
will be, as in the case of the single breeding population
strategy, i.e., broad adaptability, and well-balanced perfor-
mance in different traits, etc. Additional testing designed
to verify the selections will take place during this phase.
It is, of course, possible to bypass this transition phase,
especially in low budget breeding operations such as recur-
rent maintenance of seed production areas (NiensTAEDT and
Kanc 1982), or multiplication populations converted directly
from breeding populations (progeny test seedling seed or-
chards). Because the transition phase is an extra breeding
step, the use of the multiple population strategy is not
attractive if the overall breeding principle is guided by
short-term economics. Only in systematic breeding as dis-
cussed in previous sections, does the use of multiple popu-
lations pecome attractive. It provides the foundation for

WISCONSIN
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\
-

-

Figure 2. — An interpretation of breeding zone and production zone.
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If breeding zone is defined as the region from which the breeding population is sampled, Input 1 corresponds to areas
such as provenances, or seed sources. It is, however, more useful to represent Input 2 and Input 3 by the names of the
previous generation breeding populations. The outputs, such as improved trees, of breeding efforts must have a geo-
graphic area(s) in which they perform well (Production Zone).

BP: Breeding population, MP: Multiplication population, PZ: Production zone.



multiple strategies. By subdividing populations, breeders
can prevent the centralizing tendency of the single large
population management, which encourages the reduction in
diversity of all kinds. The multiple populations facilitate
long-term breeding; the transition phase represents short-
term breeding. In the single population approach, one popu-
lation has to accommodate both long- and short-term
breeding functions.

Population Structure: Sublines

In seed orchards, the crossing of sublines not only pre-
vents inbreeding, but if directional dominance genes are
involved, seeds resulting from crossing of sublines may
show heterosis. Because sublines represent small inbreed-
ing groups, genetic drift will cause the populations to vary
in gene frequencies. When populations with different gene
frequencies are crossed, the resulting population will have
an excess of heterozygotes (Rosertson 1965), and they may
therefore show heterosis (Kanc 1980).

Sublines will aiso respond to selection more quickly
than the large single population (Baker and Curnow 1969,
MapaLeNa and Hir 1972, MapaLeNna and Rosertson 1975,
Maruyama 1970, NamxooNG et al. 1980, RosertsoN 1960, Younc
and SkavariL 1976). It has also been suggested that the use
of sublines resulting from within full-sib family selection
may increase the selection limit (DemprLe 1975). This is be-
cause such a selection system would maintain a larger
population size than mass selection (Rosertson 1961).

As long as all the sublines combined do not have a lower
selection limit than the large single population, the advan-
tage of sublines is their rapid response to selection in-early
generations. Roserrson (1960) estimated the half-life, i.e.,
the tinie required to reach halfway to the selection limit, to
range between N and 2N, where N represents the effective
population size. For most tree species, in single populations
of 100 selections, the actual time required to reach the selec-
tion limit will be more than 1,000 years. Therefore, it is
unrealistic to begin a long-term breeding program with
the idea that some day the single large population will
reach its selection limit with respect to the traits of current
interest. The selection limit is a conceptual restriction, it is
not an operational guide. It is important to know that the
alternate strategy will not lower the limit. Within this
constraint, however, tree breeders must search for ways of
maximizing early progress. In theory, the smaller the sets,
the greater the early gains would be. For example, BAKER
and Curnow (1969) showed that the replicate with a size of
1 had the fastest progress from selection for between 1 and
5 generations. A population of size 1 represents a selfing
population with within-family selection. As the selected
generation progresses, the breeder will always have a
chance to modify the population structure. If the selection
criteria and breeding environment do not change, but the
lines are reaching their limits, they could be combined to
create a more productive system.

In single population breeding, breeders frequently sam-
ple portions of the population to generate information,
which in turn will be used to make inferences about the
entire population. By carefully sampling and organizing
the individual lines, breeders can facilitate the information
gathering and inference making process. The need for in-
formation about the entire population can be minimized,
and the resources can be redistributed to obtain within-
line information. Such redistribution can apply to both
mating and testing designs. For example, for a given cros-

sing capability, breeders can choose mating designs that
will increase the number of families within subsets, rather
than those that are good with respect to estimating overall
population parameters. The information from different sets
can be combined to determine the average and variance of
the subline parameter estimates. This will help the breeders
improve their confidence in the parameter estimates of any
particular subset. Because selection is performed within
the sublines, increasing the number of families within a
line will certainly be useful if the selection scheme consi-
ders family merits.

Parameter estimates of a small number of traits can be
performed on all the sublines or subgroups. This is not pos-
sible when many different traits are of interest and/or in-
tensive studies on the basic properties of trees are needed.
If the lines represent random samples of a homogeneous
base population and have the same subsequent breeding
history, the differences among them only represent the
initial and subsequent sampling errors. In that situation,
breeders can, by choosing a small number of 3 to 4 sets
(index populations), generate information on other popu-
lations with confidence (Ka~nc 1980). In the single popula-
tion approach, on the other hand, it is difficult to define a
subunit of the entire population suited for integrating in-
formation. This is because subunits are not independently
reproducing units under breeding. It follows that subunits
are not effective means of generating information on the
dynamic behavior of the entire population.

Population Structure: Subgroups

Relaxing the assumption that all the subpopulations are
subjected to identical breeding environment and the same
breeding practices makes subgroups substantially more
complex than sublines. Subgroups have different kinds of
populations, and the management of such populations be-
come quite cumbersome. Because subgroups are small, they
share some of the advantages of sublines. Unlike the case
of sublines, subgroups and single large populations cannot
be contrasted directly. However, comparing subgroups
with m-single populations will yield results similar to
comparing sublines and single populations. The properties
of the subgroups to be discussed primarily deal with con-~
trasting single vs. multiple environment breeding, which
could apply to comparing single vs. m-single population
breeding. Our discussion will, however, assume small popu-
lations.

In short-term breeding, it is desirable to develop trees
that are broadly adapted and perform well with respect to
many traits. A multiple-trait index selection can be used in
this development. In long-term tree breeding, however,
repeated use of the indices is not necessarily the best ap-
proach because it will reduce the intensity of selection for
a given amount of resources (Turner and Younc 1969, Kanc
1982). The strict application of high selection intensity to
many locations or traits could reduce the population size
dramatically, and the population could become extinct
(HarLpane 1957). The response to selection will be fastest
when a single selection criterion is applied to a population.
Therefore, an alternate strategy in long-term breeding is
to assign different functions and use different selection cri-
teria in different populations. From the diverse populations,
multiplication populations can then be derived by using
inter-population index selection schemes such as discussed
in NamkoonG (1976).
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Within each subgroup, selection tends to encourage the
fixation of favorable alleles, unless the trait is influenced
by a strong non-additive gene action. Therefore, in the ab-
sence of such strong non-additive gene action, breeding in
a small population will lead to early fixation or loss of al-
leles. In multiple population breeding, different alleles are
likely to be fixed in different subpopulations; in the overall
population the impact of fixation or loss of alleles may not
be as great as in a single population. In sublines, the dif-
ferences among populations only stem from genetic drift,
and the degree of fixation of alternate alleles in different
subpopulations is small if favorable alleles have high ini-
tial frequencies, say more than 0.2. In subgroups, on the
other hand, both differential selection and genetic drift
operate. Therefore, depending on the nature of the selec-
tion scheme, the entire population can maintain almost all
the alleles existing in the base population for a much ex-
tended peritd, maintaining different alleles in the overall
popuulation by wise organization of the subgroups is equiva-
lent to changing the additive gene action to dominance gene
action at the entire population level (Levene 1953). In prac-
tical terms, it neables the breeder to respond to changing
economic values of different alleles (NamkoonG et al. 1980).
The maintenance of subgroups is therefore an effective
means of gene conservation for long-term breeding. An ex-
treme form of within-subgroup organization is selection in
opposite directions for the same trait. This approach is con-
sidered to be better than maintaining a selected and a con-
trol line for statistical evaluation of the progress from selec-
tion (Hi 1972). If possible, it would of course be desirable
to maintain all three lines; selection upward, control, and
selection downward.

The multiple population breeding does not solve the in-
breeding problems within the breeding population. Unless
the subpopulation is very small, the rate of purging will not
be as tast as that of intensive inbreeding such as selfing.
Therefore, subpopulations are not effective means of pur-
ging. Creating inbreeding copies of the subpopulations is
desirable if purging is to be done properly. It is conceptual-
ly possible to combine purging and selection in a single
subpopulation. Combining the activities, however, will
bring a new set of problems. For example, if the selection
age and reproductive age are not synchronized, the generé-
tion turnover will be dictated by the longer of the two. The
breeder may also wish to create extra population to prepare
for cases in which the subpopulation may not be continued
because of the combined effect of selection and purging.
ErikssoN et al. (1984) suggested using both inbreeding-copy
and inbreeding-selection copy for Salix breeding in Swe-
den.

In practice, many different combinations of sublines and
subgroups can be used. The breeder can split the base popu-
lation into two parts, and convert one part into sublines
and the other into subgroups. Similarity, this can be done
by making two copies of the base population. It is also
possible to nest sublines in subgroups so that each subgroup
is composed of smaller sublines.

Although sublines and subgroups are differentiated ac-
cording to the number of environments involved, they are
not necessarily opposing models. Each approach reflects
different aspects of tree breeding. Decisions on the organi-
zation of the breeding population can only be made when
the specific breeding circumstance is known. Only then
will it be possible to discuss the advantages and disadvan-
tages of the structure of the breeding stock.
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Breeding Zone VS Production Zone

Concepts such as breeding zone and seed zone have been
used for many years in tree breeding. They have been con-
sidered important tools for organizing breeding stock and
for distributing the production populations. In the past, it
was frequently assumed that fixed breeding zones could
be determined, and many attempts were made to identify
geographic regions within which genotype X environment
interaction was negligible. In the first generation breeding
or in a strict single generation breeding, the concepts of the
breeding zone and production zone may be used inter-
changeably. In multiple-generation breeding both zones
tend to change with time, and could cause communication
problems. Therefore, it is desirable to differentiate the two
zone concepts, and to define possible alternate meanings
of the zones.

Breeding zone

After removing the production aspect, breeding zone may
be defined in two ways: 1) The region from which the
breeding population is sampled. For example, in provenance
testing a provenance can be used to represent a breeding
zone to which breeders can return to obtain superior seeds
(Fig. 2). 2) The region to which an initial breeding popula-
tion is distributed. This region could also be the place where
the trees are bred in subsequent generations.

Under the first definition, the breeding zone represents
the area where the input (selection) for the breeding popu-
lation was sampled. In multiple population breeding, the
source ot input for an advanced generation breeding popu-
lation is the previous generation breeding population. In
this situation keeping the breeding zone concept is no
longer critical. The zones will reduce to dots on the map. At
that time using the cultivar names becomes more conve-
nient than using the breeding zone concept.

Even in a breeding scheme where migrations are allowed
among some subpopulations, the breeding zone concept be-
comes cumbersome. Even if all the subpopulations in an
area exchange genes among themselves every generation
and the area does not change over generations, a finite
cluster of subpopulation does not represent a zone.

Under the second definition, the breeding zone has a
historical significance; it does not have subsequent opera-
tional significance. Suppose a breeding zone is defined such
that tree breeders can interchange the breeding stocks at
the first generation. As long as multiple population breed-
ing is applied, the subpopulations will diverge in the sub-
sequent generations. One might choose to determine the
area where the products of each subpopulation perform
well. This area is better defined as a production zone. Con-
ceivably, it is possible to determine an area where a breed-
ing subpopulation can be transferred in the following gene-
ration, and the area might be referred to as a breeding
zone. If the determination involves extra testing, this
would create much additional work under multiple popula-
tion breeding. In general, breeders are likely to try to keep
the following generation near the parental population sites.
Therefore, the breeding zone concept can easily be replaced
by the cultivar names.

The same is not true in a single population breeding, in
which incomplete replicates of the population are distri-
buted in a zone. If the distribution is random in different
generations and the individuals from different replicates
can be combined freely to form the following breeding
generation, the breeding zone concept is useful.



Production zone

On the output side of Figure 2 production zones can be
defined as the area to which the products of the multipli-
cation populations are distributed. At this stage, breeders
will determine the impact of genotype X environment in-
teraction, using candidates for the multiplication popula-
tion. Therefore, the production zone can only be delimited
with reference to a specific multiplication population. It
will change as the breeding population evolves and will de-
pend on the combination of subpopulations in the multi-
plication population. Because of the hybrid nature of the
production population, the production zone in a multipopu-
lation breeding model may become larger than it would be
in short-term, single population models in which the breed-
ing population is converted to a multiplication population
as, for example, in the progeny test seedling seed orchard
approach.

Sampling and Origin of Base Populations
and Population Closure

Most currently available tree breeding stocks were sam-
pled with short-term breeding in mind. Provenance tests,
for example, were created to identify the best seed sources
for production populations. Plus tree selection in natural
populations also emphasized the performance of trees.
Questions such as maximizing the number of alleles sam-
pled in the base population were not considered. Sampling
for allelic diversity, however, is a more important criterion
for creating base populations than the performance of in-
dividuals. Contemporary breeders are responsible for the
decisions that must guide the sampling. Some limited infor-
mation on allelic sampling is available (MAarsuaLL and
Brown 1975, Grecorius 1980). The size and adequacy of the
sampling are some of many questions breeders must con-
sider in establishing base breeding populations. For exam-
ple, should the breeding populations be left open in case
the base population does-npot-have sufficient genetic diver-
sity? If closing the populations is necessary for making
progress from selection, when should the populations be
closed? At the initiation of a multigeneration breeding ef-
fort, most tree breeding organizations have access to large
numbers of collections of different origin. Can such ma-
terials be used to form a diverse base population? Will the
base population thus synthesized be as good as that sam-
pled new from natural populations using different sampling
schemes?

Breeding Stock Closure

The two kinds of population closure are; closing (1) the
entire breeding stock, or (2) individual subpopulations
regardless of the structure, i.e., replicates in single popula-
tion breeding, sublines, subgroups, and combinations of
such units.

The closing of individual subpopulations is not a critical
factor in determining the genetic diversity of the entire
breeding stock. Unless artificial migration among subpopu-
lations is used, subpopulation closure is desirable to make
selection efficient. Should it become desirable to augment
the breeding stock with new superior individuals, it is best
to create new closed subpopulations using the new intro-
ductions or combinations of the new individuals and sam-
ples from other closed subpopulations. Subpopulations can
be discarded if there are viable alternative in the entire
stock. For example, if the inbreeding copy of a closed sub-
population is more desirable, the breeder might discard the
original subpopulation.

The openness of the entire breeding stock is a more cri-
tical issue, and we may define two kinds of openness. ac-
tive and passive. Breeders tend to save and use good or
rare individuals whenever they encounter them. Very little
cost is involved in being passively open for such indivi-
duals. Therefore, passive openness always is likely to exist
in tree breeding.

Active search occurs either during the initial stage when
the base population is sampled, or later when the breeders
encounter some limiting conditions that compel them to
make more samples. For example, breeders will actively
search for new genes if and when the selection limit of the
entire breeding stock is reached, or when they need rare
genes useful for specialty breeding.

Many tree breeders engaged in short-term breeding cur-
rently have available populations that might be converted
into base populations. Therefore, active search for allelic
diversity for long-term breeding does not have economic
incentives (Nienstaept and Kanc 1985). Furthermore, the
potential performance disparity between the new samples
and available materials makes it difficult to justify resam-
pling. As the generation progresses, this difficulty will be
compounded. In active searches in future generations, the
disparity will be the primary difficulty. At that time other
limiting conditions such as a need for diversity or specific
genes will generate sufficient economic incentives.

Tree breeders tend to emphasize the need for the second
type of search, but little is said about the first. For example,
many advocate the need for gene banks to prepare for the
future. The more critical need, however, is to determine
the long-term values of currently available breeding stocks.
If a good base population is established and the subsequent
breeding is organized carefully, the gene bank may never
become necessary.

Because of the increasing genetic disparity, shortcomings
in the initial search will become more and more difficult
to correct with progressing generations. Therefore, breed-
ing stock closure is now occurring in the initial phases of
the multigeneration breeding efforts — much sooner than
has been generally recognized.

If we are closing our breeding stock already, is our sam-
pling of the genetic diversity adequate? To determine ade-
quacy, we require information on the relation between
sampling for alleles and selecting for performance. Little
is known about the subject, and each breeding organization
will need to investigate the matter separately.

Should such an investigation lead to the conclusion that
more sampling is necessary, the following questions will
become pertinent. Should the resampling be done at once
or over many generations? Should the short-term popula-
tions that are the sources of the original sampling be dis-
carded after they complete their intended functions? Should
the short-term populations be merged with new selections?
Should their identity be maintained? The answers to these
questions depend on the philosophy and strength of the
breeding organization. We can, however, discuss problems
associated with managing breeding stock of multiple ori-
gins because resampling results in multiple origins.

Managing Breeding Stocks of Multiple Origins

Breeding organizations have several alternatives for
managing breeding stocks of multiple origins. If single
population breeding is adopted, breeders may consider
maintaining two complete replicates of the entire popula-
tion. One replicate is used in short-term breeding: the other
is allowed to repeatedly inter-mate until the breeder feels
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that the genes from different sources have recombined ex-
tensively. As an alternative, the breeder could pool pro-
genies of different origins immediately and use the pooled
population as the basis for the first generation selection.
In this case, if the origin differences in the trait of interest
are great, the selection will eliminate many inferior sour-
ces and reduce the allelic diversity available in the initial
sampling. An alternative approach is to keep the identity
of the origins separate and make within subpopulation
crossings for generation turnover, but apply two sets of
selection schemes. For intensive two-stage selection in
short-term breeding, within and between populations may
be used. For long-term breeding, the selection intensity of
the populations may be adjusted over generations until all
populations become equalized. After equalization, the popu-
lations may be pooled to form a single large breeding base
population. Until that time, however, the breeding scheme
is c-sublinesirather than a single population breeding (Ta-
ble 1). As a final step, different breeding population types
such as single, d-sublines, and subgroups may be developed
from the single large breeding base population.

The process of equalization is likely to take at least two
generations, and the need for the single large breeding
base population can be questioned. There are no biological
reasons that would suggest that the use of a confounded
population structure would be inferior. Furthermore, a
particular source can be distributed over different locations
or subdivided to form d-sublines or d-subgroups. There-
fore, populations of some origins can be confounded and
others can be distributed. The main problem with using
confounded sub-populations of multiple origin is the diffi-
culty in managing the populations and information. For a
given management capability, the large number of origins
will weaken the management intensity. The most extreme
form of low intensive breeding management that could
result from such confounding is the maintenance of a seed
production area network.

Any intensive management of breeding stocks and infor-
mation will require a certain amount of homogenizing of
the breeding stocks. Therefore, the management of distri-
buted populations is easier than that of confounded popu-
lations. In view of the difficulty and long time associated
in equalizing populations of different origin, one may ask:
Why shouldn’t breeders discard the short-term populations
when their purposes are met and resample trees from
a natural population for the long-term multigeneration
program? If the breeding organization has the resources,
then making an allelic sampling might simplify many ma-
nagement problems in the subsequent generations.

Concluding Remarks

Long-term breeding is a reality, and breeding actions
taken by contemporary breeders will have a long-lasting
impact. Therefore, breeders must deal with futuristic pro-
blems. The uncertainty of the future is itself the guiding
principle in dealing with such problems. Breeders must
define the broad scope of the tree breeding function rather
than only outline specific goals. They have to develop a
breeding system and a strategy for the evolution of the
system. They should not be only asking which techniques
will yield higher genetic gain.

We have discussed the breeding system from a philoso-
phical point of view. We have also discussed a functional
component, long-term breeding, and a physical component.
the breeding population, of the system. We have made a

38

conceptual classification, which can be useful for develop-
ing an actual breeding system design and strategy.

The extent to which contemporary tree breeders can
prepare for long-term breeding is influenced by the amount
of available resources. However, the way the limited re-
sources are used will differ significantly. after the tree
breeding organization has gone through the classification
process of defining the actual breeding system and initial
strategy.
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Genetic change between life stages in Pinus sylvestris: allozyme variation
in seeds and planted seedlings

By O. Muonal), R. Yazpant®) and D. Rubin?)

{(Received 11th March 1986)

Summary

Genetic changes during artificial regeneration of pine
were studied in northern Sweden. Open pollinated seeds
were collected from ten maternal trees. Samples of these
seeds were germinated and grown in a nursery from
January 1980 to April or September 1981. Thereafter the
seedlings were planted at their original site in a2 X 2 m
planting design. The genetic structure of the original seed
population and that of the surviving population in the field
at age three were compared. The genotypic frequen-
cies at four polymorphic enzyme loci were obtained by
electrophoresis of the embryos in seeds and buds from the
surviving plants (Got-B, F-Est, Gdh, and Mdh-B). There
had been no statistically significant changes in allelic fre-
auencies. The original seed population had positive fix-
ation indices at all loci (average 0.12), presumably due to
some inbred progeny among the seeds. In the surviving
population, the fixation index was 0.006, which indicates
that the more inbred individuals had been virtually elimi-
nated between the seed stage and the three year old plant
stage. There was no detectable relationship between the
change in heterozygosity for individual families and survi-
val in the field.

Key words: artificial regeneration, Scots pine, allozyme variation,
inbreeding, selection.

Zusammenfassung

In Nord-Schweden wurden Kiefernkulturen aus kiinstli-
cher Verjiingung auf genetische Veridnderungen hin unter-
sucht. Hierzu wurden 1980 Samen von 10 Mutterbdumen in
einer autochthonen Population gesammelt, ausgesit, in einer
Baumschule angezogen sowie dann wieder auf dem Ur-
sprungsstandort in 2 X 2 m Abstand ausgepflanzt. Nach
drei Jahren wurde die genetische Struktur der kiinstlich
eingebrachten iiberlebenden Kiefern mit der urspriingli-
chen Samenpopulation verglichen. Hierzu wurden die
Embryos in Samen und die Knospen der iiberlebenden
Samlingspflanzen auf 4 polymorphe Enzym-Loci (Got-B,
F-Est, Gdh und Mdh-B) elektrophoretisch untersucht. Es
gab keine signifikanten Verinderungen in den Allelfre-
quenzen. Die urspiingliche Samenpopulation hatte einen
positiven Inzuchtkoeffizienten fiir alle Loci (Mittelwert 0,12),
wahrscheinlich wegen teilweiser Inzucht. Bei den Pflanzen,
die iiberlebt haben, war der Mittelwert des Inzuchtkoeffi-
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zienten 0,006. Der Anteil an Homozygoten hatte also abge-
nommen, weil die durch Selbstbestdubung entstandenen
Pflanzen eliminiert worden waren.

Es wurde versucht, auch den Umfang der genetischen
Verdnderung in einzelnen Familien und die Mortalitat
nach der Pflanzung zu schitzen. In fast allen Familien
wurde der Heterozygotiegrad héher. Zwischen der gene-
tischen Veranderung und der Mortalitdt gab es keine Be-
ziehung. Fiir solche Zwecke sind genauere Untersuchungen
notig.

Introduction

The reproductive system of Scots pine (Pinus sylvestris
L.) is characterized by a very large number of seeds. Esti-
mates of early seed production in southern Finland range
from 100 and 200 seeds per m? (Koskr and TaLLovist, 1978).
Among these seeds, severe mortality takes place. Much of
this mortality is probably random, but some could be selec-
tive resulting in genetic change between different life
stages of the population. Unfit plants, e.g. those suffering
from inbreeding depression, may be removed from the
population at an early stage.

It is well known that some Scots pine zygotes result
from self-fertilization (Sarvas, 1962). Some of these selfed
embryos are eliminated at a very early stage due to em-
bryonic lethals (see Koski, 1973), so that the proportion of
selfed embryos is lower in mature seed than in early em-
bryogeny. Estimates of the proportion of selfed seed vary.
Sarvas (1962) gave an estimate of 7%, Koskr has suggested
that only 1% of mature seed are due to selfing. Work with
marker alleles has resulted in higher estimates, e.g. about
10% by MuLLER-STARCK (1977). RuDIN et al. (1977) found even
higher values in a seed tree stand, up to 24%. Mating be-
tween relatives may also occur, but this has not been stud-
ied in Scots pine. Inbreeding has been found to be reflect-
ed in a higher proportion of homozygotes among the seed
than expected on the basis of the Harpy-WEINBERG theorem
(Suaw and ALLarp, 1982, in Douglas-fir; Yazoani et al., 1985,
in Scots pine). At the adult stage such excess homozygo-
sity has disappeared, and in fact, in some cases excess
heterozygosity has been found (Suaw and AvLarp, 1982;
Yazpany, et al. 1985). We (Yazpani et al., 1985) found earlier
that in natural regeneration, excess homozygosity was eli-
minated in a stand aged 10—20 years. Thus adult stands of
Scots pine do not seem to suffer from the presence of in-
bred individuals.
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