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Abstract

Breeding programs and strategies for four major
tree species of Canada are presented, including
Douglas-fir (Pseudotsuga menziesii (Mirb.)
Franco), jack pine (Pinus banksiana Lamb), the
larch species (Larix spp.), and black spruce (Picea
mariana (Mill.) B.S.P.). The proposed breeding
strategies for the species incorporate several new
concepts and techniques for advanced-genera-
tion breeding plans.
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Résume

Des programmes et des stratégies d’hybridation
pour les quatres espéces principales au Canada
sont présentés, a savoir le Douglas taxifolié

-(Pseudotsuga menziesii (Mirb.) Franco), le pin gris

(Pinus banksiana Lamb), 'espéce des laricins
(Larix spp.), et I'épinette noire (Picea mariana
(Mill.) B.S.P.). Les stratégies d’hybridation
proposées pour les espéeces incorporent plusieurs
concepts et techniques nouveaux pour des plans
d’hybridation des générations anticipées.
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Foreword

By the late 1970s, operational tree improvement programs had been initiated in all regions of Canada. These
programs are often carried out cooperatively with industrial and governmental organizations and universities.
They deal with major commercial species for the region; genetically improved seed is currently being produced
for reforestation. Also, many of these programs are now initiating advanced-generation breeding plans.

During the 24th Canadian Tree improvement Association meeting, issues concerning advanced-generation
breeding will be discussed under the general theme of “Future Forests: Options and Economics.” While the
symposium will address a broader issue, we thought it would be an opportune time to organize a workshop
to learn about the specific tree breeding programs and strategies for important tree species in Canada. Due
to time constraints, we could include only four major species: Douglas-fir, jack pine, the larch species, and
black spruce.

The authors present outlines of advanced-generation breeding plans for the species. The breeding strategies
incorporate several new concepts and approaches, such as using modified genetic testing procedures,
breeding population management using sublines, and vegetative propagation techniques. All the breeding
strategies are aimed at obtaining an optimal genetic gain under biological constraints and economic realities.

It is also recognized that the breeding plans presented relate to the specific programs, and that further
refinement may be necessary as we gain more information and experience. Following the four lead
presentations, discussions on the issues and problems concerning tree breeding activities are expected to
take place. The purpose of this workshop is to exchange ideas and views in implementing operational tree
improvement programs for advanced generations.

We appreciate the contribution of the authors and the reviewers. Additional review comments were provided
by D.P. Fowler and C.B. Talbert. We thank Caroline Simpson for editing and publication of this report.

Yill Sung Park
Natural Resources Canada
Fredericton, N.B.

Greg Adams
J.D. Irving, Limited
Sussex, N.B.
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BREEDING PROGRAMS AND STRATEGIES
FOR DOUGLAS-FIR IN NORTH AMERICA

Jack H. Woods
Cowichan Lake Research Station, British Columbia Forest Service,
P.O. Box 335, Mesachie Lake, B. C. VOR 2NO

Abstract

Douglas-fir breeding programs in western North America are discussed and compared. The existing
programs have followed one of two basic strategies in the first generation; diallels or open-pollinated testing.
Large differences in breeding zone size exist between programs. Advanced-generation strategies have been
developed and are in progress for some programs. Where these strategies are fully designed, a complemen-
tary mating design is being implemented to estimate second-generation parental breeding values separate
from material for forward selection. The integration of the breeding programs with operational planting is an
important factor in breeding strategy, particularly with regard to subline structure.

Introduction

Douglas-fir (Pseudotsuga menziesii (Mirb.)
Franco) has a wide natural geographic distribution
in western North America, ranging from 55 de-
grees in central British Columbia to as far south as
20 degrees in Mexico (Harlow and Harrar, 1969).
It is one of the most important timber species on
the continent.

Douglas-fir wood is strong and highly valued as
dimension lumber. The first logging and reforest-
ation efforts on the west coast of British Columbia,
Washington, and Oregon were directed at Doug-
las-fir. This resulted in genetics research as early
as 1912 (Munger and Morris, 1936) in Washington
and Oregon. In British Columbia, inbreeding and
wide crossing work began in the mid 1950s (Orr-
Ewing, 1965; Orr-Ewing et al., 1972). These early
studies shaped the understanding of Douglas-fir
genetics, but contributed little material to later
efforts to produce genetically superior reforesta-
tion stock.

Efforts to understand the genecology of Douglas-
fir, in support of reforestation programs, began in
the 1950s (Schmidt, 1973; Ching and Hinz, 1978;
lllingworth, 1978; Rehfeldt, 1989; Sorensen, 1983;

Campbell, 1986). This work added greatly to the
knowledge of the genetics of Douglas-fir, and has
influenced the strategies of breeding programs in
different parts of the range.

The Players

Breeding and seed orchard programs for Douglas-
fir are structured around a variety of agencies and
cooperatives, with varying levels of exchange be-
tween them. In British Columbia, most forest land
is publicly owned and forest companies work
through license arrangements. Under this owner-
ship pattern, cooperatives have developed for the
coast and interior of the province, through which
all agencies meet to set goals and priorities. The
British Columbia Forest Service (BCFS) operates
separate coast and interior Douglas-fir breeding
programs for public land through the cooperatives.

In western Washington and Oregon, there is a
much larger percentage of privately owned forest
land than in B.C. Most forest companies and public
agencies involved in Douglas-firtree improvement
activities do so through the Northwest Tree im-
provement Cooperative (NWTIC), encompassing
35 organizations. The United States Forest Ser-
vice (USFS), the Bureau of Land Management,
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and the Washington State Department of Natural
Resources are members of the NWTIC, but carry
out testing independently when they are the only
landowner in a breeding zone.

Another significant player is Weyerhaeuser Com-
pany. Their 1.1 million-haland holdings in western
Washington and Oregon are primarily suitable for
-growing Douglas-fir, and they have been involved
in an aggressive improvement prog'ram since the
late 1960s.

In eastern Washington, ldaho, and western Mon-
tana, tree improvement efforts are coordinated by
the [nland Empire Tree Improvement Cooperative
(IETIC). Testing is done primarily by the USFS
with other cooperators participating relative to
their own needs and objectives. Seed orchard
establishment is done independently by coopera-
tors.

Breeding Zones

Breeding zone sizes differ substantially between
coastal U.S. and B.C. programs. In coastal B.C.
parent-tree selection and seed orchard planning
were originally based on seed zones that deline-
ated major climatic regions. A number of studies
were established to investigate source-related dif-
ferences, including wide-crossing work by Orr-
Ewing et al. (1972), early provenance testing by
Ching (Ching and Hinz, 1978), followed by more
provenance testing by Schmidt and lllingworth
(llingworth, 1978). These led to the observation
that source-related genetic differences were not
strongly exhibited among coastal populations and
maladaptation did not appear to be a problem
unless interior sources were used.

At present, both provenance and progeny test
data support the use of a single large Maritime
zone (west of the Coast mountains, below 650 m
and on sites ecologically suitable for Douglas-fir).
This zone ranges from 48.4 degrees on southern
Vancouver Island to about 50.7 degrees. In the
transition area between the coast-interior climates

{Coast mountains), seed movement is more re-
strictive as few data are available to suggest oth-
erwise.

In western Washington and Oregon, provenance
research began as early as 1912 (Munger and
Morris, 1936). Later work was carried out by Ching
(Ching and Hinz, 1978), Campbell, Sorensen
(Campbell, 1986; Campbell and Sorensen, 1978),
and also by Weyerhaeuser Company. The range
of Douglas-fir in western Washington and Oregon
is substantiaily larger than in B.C. (over 7 degrees
in latitude) and encompasses a wide range of
physiographic and climatic types. Results from
early provenanbe studies influenced the Western
Forest Tree Seed Council to take a conservative
approach to seed zonation (Anonymous, 1966).
This is supported by the short-term genecological
work of Campbell and Sorensen, particularly in
south-west Oregon. Weyerhaeuser results, how-
ever, show that broader movement of select fam-
ilies is acceptable across moderate environments
(Stonecypher, 1990). There is currently interest
within the NWTIC to consclidate some breeding
zones to reduce testing costs.

Weyerhaeuser geneticists originally established
six low elevation (<650 m) seed zones in western
Washington and Oregon to govern deployment of
improved planting stock on their lands. Deploy-
ment of first-generation families continues to be
primarily within these zones. Work is also ongoing
to screen parents for adaptive traits and link this
information to risk on specific sites (Wheeler et al.,
1990). As this information becomes more com- -
plete, their deployment strategy will focus more on
matching families to sites, both within and across
zones, but with continuing controls over the allow-
able “environmental distance” from origin to plant-
ing site. ”

The genecology of interior Douglas-fir in the U. S.
has been intensively studied by Rehfeldt (1989).
His work led to the delineation of breeding zones
based on geographic and elevational criteria. Pro-
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Table 1. Comparative statistics for the five principle Douglas-fir genetic improvement programs in

western North America.

P'rograma
Activity - BCcoast Weyco. NWTIC®  BC int. [ETIC®
No. Breeding zones - 2 6d 73 8 13‘
1st-generation parents in test 560 2700 20569 1700 2855°
Types of 1st-generation tests diallel, . diallel, o.P., O.P. O.P.
O.P., polymix, singl. pr.
factorial singl. pr.
No. 1st-generation tests 130 400 630 32 41
Primary traits Volume, Volume, Volume, Volume  Frost,
density form form volume
Secondary traits Form, Density, Density Density,  Pests,
frost frost frost form

a. Describes only principal programs by administrative group or agency; some programs are excluded, including USFS programs

outside cooperatives.

b. Source; 1992 Progress Report for Local Cooperative Programs, prepared by L. Ray, Daniels and Assoc., 1143 W. Roanoke St.,

Centralia, WA. 98531.

c. Source; Inland Empire Tree Improvement Cooperative, Sixteenth Progress Report, by L. Fins, M. Rust, and C. Amonson, Univ.

of [daho, Moscow, ID. 83843.

d. Will be moving toward the consolidation of some zones in advanced generations.
e. Actual number is somewhat less, as some families planted in greater than 1 zone.

grams within the IETIC follow Rehfeldt’s guide-

lines.

In the interior of British Columbia, little work was
done to determine breeding zones prior to 1980.
Delineation of areas for testing and seed orchard
establishment were based on results from
Rehfeldt’'s work and on biogeoclimatic classifica-
tion (Pojar et al., 1987). There are cutrrently eight
breeding zones and testing has proceeded within
each.

Breeding Strategies

Genetic improvement strategies differ among pro-
grams due to test age, cooperative structures, and
agency goals. Table 1 contrasts the programs for
several important criteria.

Traits

Douglas-fir is valued for dimension lumber and
veneer. It is also used for pulp and paper, but its
fiber characteristics for these products are not as
desirable as many other species which share its
range. Pests such as root rot (Phellinus weirii and
Armillaria ostoyae) and, Douglas-fir tussock moth
(Orgyia pseudotsugata), spruce budworm
(Choristoneura spp.), and Douglas-fir needle cast
(Rhabdocline pseudotsugae) are a problem in
some areas, but they are generally considered to
be better controlled through cultural manipulation
than through breeding. Therefore, with the excep-
tion of the IETIC program, the focus is on-yield
traits (height or stem volume), and quality traits
(wood density, stem form). Frost hardiness is also
considered where appropriate. Due to their more
extreme environments, the IETIC program is plac-
ing a higher emphasis on adaptive traits such as
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frost hardiness and susceptibility to spruce
budworm.

Selection of First-Generation Parents

Base populations for all the breeding programs,
were selected from natural stands within the
breeding zones. The B.C. coastal program also
included trees from western Washington. Selec-
tion criteria varied, but generally base population
parents were selected for form and size character-
istics relative to other trees in an even-aged stand.
Geographic coverage of the zone was a priority,
and avoidance of co-ancestry was achieved with
minimum distances between irees. The earlier
-coastal programs put significant effort into the
selection of base populations, but gains are esti-
mated to be small due to low individual tree
heritabilities in natural stands. Consequently, later
programs have put relatively less effort into this
phase.

First-Generation Breeding and Testing

Early test strategies varied among the coastal
programs, depending upon the material available.
On the B.C. coast, intensive parent-tree selection
and clonebanks provided material for controlled
matings. In the early 1970s, a six-tree half diallel
mating design (without selfs) was initiated to esti-
mate parental general combining abilities (GCA)
and variance components, and to make material
available for second-generation selections. Begin-
" ning in 1975, diallels were grouped in annual
series, and each series planted on 11 test-sites.
The large number of sites reflect uncertainty re-
garding genotype by environment interactions.
Three-hundred and seventy-two parents are cur-
rently in test across 88 test sites. An additional
group of 161 parents from Washington state are
being tested, using open-pollinated progeny,
across five sites each. These, in combination with
various other tests, bring the total number of tested
parents for the coastal area (Maritime seed zone)
to about 560. ’

Weyerhaeuser Company began their testing in
1973 with polymix crosses and single-pair mat-
ings, but switched to six-tree half diallels in 1980.
Their program encompassed six breeding zones,
and there are currently about 2700 low-elevation -
Douglas-fir parents in test. Their objectives are
similar to those of the coastal B.C. program, but
they-are generally testing each parent on three to
four sites, complemented by extensive research
trials across zones.

With the exception of the Weyerhaeuser and B.C.
coastal programs, virtually all first-generation test-
ing by other programs has been with open-polli-
nated seed. This strategy reflects the desire to
quickly obtain GCA information for orchard estab-
lishment or culling. As shown in Table 1, the
NWTIC program is a massive effort with 73 breed-
ing zones and 20,569 parents in test. The interior
programs also show substantial efforts, with about
1700 and 2800 parents in the B.C. Forest Service
and IETIC programs, respectively.

Progeny test designs differ somewhat among the
various first-generation programs. With the excep-
tion of some USFS tests within the IETIC, all
programs choose homogeneous logged areas
within the breeding zone. Site preparation is usu-
ally minimal, and trees are planted in non-contig-
uous or.small row plots. Weed and browse control
are used in various forms to allow the trees to
become free-to-grow. Within the IETIC, some
tests are established as described above, but the
USFSis also using farm-field early-selection trials
(Carlson, 1990) with intensive site preparation.

Interpretation and Deployment of First-Gener-
ation Test Results

Most programs have, or will establish, untested
first-generation clonal or seedling seed orchards.
The decision to use seedlings in some early
coastal orchards was based on high mortality due
to graft incompatibility (Copes, 1982). Within the
IETIC, some cooperators made a strategic deci-
sion to avoid the cultural problems associated with



grafts and to take advantage of early test data by
using better seedlings from within better families.
For all coastal programs, graft incompatibility
problems are now held to acceptable levels
through the use of compatible rootstock.

Decisions to establish non-tested orchards on the.

coast were, in some cases, due to unrealistic
expectations of genetic gains from parent-tree
selection in wild stands. As parental breeding
value data become available, many of these early
orchards are being culled or replaced and orchard
management techniques such as supplemental
mass pollination or controlled matings are being
implemented to increase gains.

Inthe B.C. interior, orchard establishment is being

delayed until 6-year test results are available. At

that time, the better 50-75% of the test clones will
be put.in an orchard. Further culling will proceed
as tests age.

Weyerhaeuser Company has adopted a more ag-
gressive strategy to obtain the highest possible
genetic gains for growth and quality traits based
on their test results (usually age 8). Using technol-
ogy developed for the production of rooted cut-
tings, they are able to vegetatively amplify seed
from controlled crosses among better parents.
They are also collecting and deploying wind-polli-
nated orchard seed by female parent.

Selection of Advanced-Generation Breeding
Populations

The different breeding programs are at different
stages of development, and varying levels of at-
tention have been given to advanced-generation
selection strategies. The coastal BCFS and the
Weyerhaeuser programs have fully developed
strategies that are currently being implemented,

whereas strategies are not yet fully developed for

the BCFS interior, IETIC, and NWTIC programs.

Current plans for the BCFS interior program are to
select parents represented in open-pollinated

Breeding Strategies of Important Tree Species in Canada

tests (backward selections) based on 6-year
heights. A later evaluation for wood density will
lead to some independent culling of clones with
low breeding values.

The USFS, within the IETIC, is using early-selec-
tion trials to screen populations based on an ad-
aptation index for shoot phenology. This reflects
the highly variable conditions within this zone and
the problems with frost damage. Advanced-gener-
ation breeding and testing strategies -are being
developed, and the expectation is that selections
from this material will be based on yield character-
istics and possibly resistance to diseases or in-
sects.

Within the organizational structure of the NWTIC,
12 second-generation Co-ops have been organ-
ized. Plans and test ages differ somewhat among
cooperators and breeding zones, however, breed-
ing populations are derived primarily from forward
selections within existing open-pollinated progeny
tests. Selections are based on stem volume and
wood density, with independent culling based on
stem form. To date, all 12 second-generation pro-
grams plan tests that will allow an expansion of
breeding-zone ‘boundaries and the merging of
concurrent programs operating in the same geo-
graphic area.

The coastal BCFS and the Weyerhaeuser Com-
pany programs are both currently selecting sec-
ond-generation populations. In B.C., selections
are primarily from the diallel test series, while
Weyerhaeuser Company selections are currently
from tests with polymix and single-pair matings.
Diallel tests will contribute more in the coming
years. Many similarities exist among the ad-
vanced-generation strategies for Weyerhaeuser
Company and the BCFS, however, there are some
important differences which relate primarily to
agency goals and the administrative structure of
each organization.

For most of their first-generation test series,
Weyerhaeuser established check lots which pro-
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vided a common base for comparison of selec-
tions. Analyses were developed to estimate
breeding and index selection values for all forward
selection candidates, as well as their parents,
across all test series relative fo this common
check. Current selection traits include stem vol-
ume, ramicorn branching, stem sinuosity, and
wood density, with frost hardiness considered at
the deployment stage. A “main” population is
being developed that emphasizes volume and
quality, while smaller “elite” populations are being
set up 'emphasizing low defect and high wood
density. Candidates are identified on paper and
then field verified. Family and within-family selec-
tion is erhployed for volume, ramicorn branching,
and sinuosity. A mass-selection approach is being
used for wood density. Forward selection within
these first-generation tests is progressing, and the
ultimate goal is to select 150 trees from each of
the two original Oregon zones and 300 across all
four of the original Washington zones.

The coastal B.C. breeding program is also select-
ing from within a variety of test projects. Different
deployment goals and mating strategies than
those of Weyerhaeuser, resultinless need to bring
breeding value estimates and index selection val-
ues to a common base. Most selections are being
made from the diallel test series using an index
based on 12-year stem volume and wood density.
Short-lists of candidate trees are developed based
on their index value and on goals for co-ancestry
control within sublines. Candidates are then
viewed in the field, and some trees are rejected if
form characteristics are not satisfactory.

Trait improvement goals for the coastal B.C. pro-
gram are to develop a general breed for high
volume production, without losses in wood-density
or stem-form potential. Index weights for selec-
tions within diallel sets vary based on the genetic
variances and correlations for volume and density.
This partially subjective procedure is designed to
take best advantage of each diallel set towards
meeting the overall population goal.

A total breeding population of 450 parents is
planned for the Maritime seed zone. This will likely
be reduced following a generation of testing all
selections using a common procedure.

Advanced-Generation Mating Designs

The various breeding programs can be catego-

rized into two groups: 1) programs with open-pol-
linated tests, moving to selections and matings for
full-sib tests, and on to the selection of pedigreed
breeding populations (BCFS-interior, IETIC,
NWTIC and USFS programs), and 2) programs
with full-sib tests in the first generation, that are
making forward selections for a second-genera-
tion population (BCFS coastal, Weyerhaeuser).
As programs in category 1 are in an earlier stage,
advanced-generation mating, testing, and deploy-
ment strategies are not yet fully developed. These
will be discussed only briefly. Programs in cate-
gory 2 have more complete plans at this point, and
a more thorough discussion of these strategies
follows.

Programs in category 1 are making both forward
and backward selections from parental popula-
tions, and mating these using designs such as
small factorials or diallels to develop full-sib mate-
rial for within-family selections. Subline structure
will be imposed at this point. Genetic variances
and correlations will be estimated using this full-sib
material, and will guide decisions related to further
selection and testing. The NWTIC and interior
BCFS programs are making selections primarily
on stem yield and quality traits, but due to their
environments, the IETIC programs will continue a
heavier focus on adaptive traits. ‘

The programs in category 2 are illustrated in Fig-
ure 1. Both the Weyerhaeuser and BCFS coastal
programs are using the following general' proce-
dure: a) subdivide the advanced-generation pop-
ulation into sublines, b) use separate
complimentary mating designs to estimate paren-
tal GCA and to generate pedigreed material for
selecting the next generation, ¢) test using inten-
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Weyerhaeuser

Selection in
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3rd generation O.P seed to 3rd generation O.P seed 1o fo plantation
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Figure 1. Flow charts of the coastal Douglas-fir breeding program strategies being implemented by the
B.C. Forest Service and Weyerhaeuser Company.

sively prepared and managed field trials, and d)
carry a main growth and quality breed, with asso-
ciated breeds for specific traits of interest. Differ-
ences in how these steps are being carried out
relate to different deployment strategies.

Weyerhauser is selecting second-generation pop-
ulations of about 150 to 300 individuals per breed-

ing zone. Within each original breeding zone, se-
lections are divided into two sublines (eight sub-
lines in the consolidated Washington zone).
Selections within each subline are divided into four
quartiles based on rank. Full-sib mating is carried
out using a mating design that is assortative in that
crosses are carried out within, but not generally
between quartiles. Trees in the top quartile are
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crossed four times each, three times in the next
quartile and so on. Elite breeds for various traits
such as high stem quality, wood density, and frost
tolerance will be made between the best individu-
als across sublines. In general, however, sublines
will be kept separate. This subline strategy is
designed to maximize gain within sublines, but
requires a controlled cross deployment strategy
(discussed later) to avoid inbreeding in plantation
stock.

Matings for GCA testing will use a four-parent
tester design, in which each breeding population
selection will be crossed as either a male or female
(whichever can be most quickly accomplished for
the clone) to four common testers. These testers
will be used for all selections within a breeding
zone and for testing in future generations. The
tester design will allow all GCA tests to be done
without the confounding of inbreeding depression.

In the BCFS program, a breeding population of
about 450 clones is being selected and subdivided
into small sublines of about 12 to 16 clones. All
co-ancestry is contained within sublines. Breeding
population clones (for the second generation and
beyond) are mated using a polymix of 15 clones.
These 15 clones are not related to any clones in
the breeding population, and are purposely se-
lected as having stem volume and wood density
breeding values that are close to zero. Breeding
values for these polymix clones are nearly equal
to reduce the impact of differential success of
certain male-female combinations. As with the
Weyerhaeuser program, inbreeding will not influ-
ence GCA testing.

Within sublines, crosses are made using a double- .

pair circular mating design. Clones are crossed

assortatively based on their estimated breeding

values, with better clones put in more crosses
when feasible. A restriction is placed on crosses
to limit inbreeding for any given cross to less than
F=0.125. This may be relaxed in future genera-
tions when inbreeding effects are better under-
stood.

Most sublines (about 80%) are being bred towards
the goal of maximizing stem volume while main-
taining stem form and wood density at existing
levels. Selections from first-generation diallel
groups that are exceptional for wood density or
stem form will be put in separate sublines to de-
velop specialty breeds. Selections in these sub-
lines will be for the appropriate specialty trait, with
some exchange with the main breed sublines,
over generations. The small subline structure is
designed to controlinbreeding in subsequent seed
orchard populations, but will be reviewed when
better data are available on inbreeding effects.

Advanced-Generation Testing Strategies

This section will only describe the strategies forthe
Weyerhaeuser and BCFS coastal programs. Both
these programs are using complementary breed-
ing designs, and will have separate tests to meet
specific objectives. GCA testing for both programs
will use non-contiguous plots, on three or four sites
representing the higher site qualities within the
respective ownerships. These sites will be distrib-
uted throughout the breeding zone. Experience
has shown that better sites allow faster and more
precise expression of genetic worth, and correlate
well with poorer sites. Also, stem sinuosity and
ramicorn branching are more strongly expressed
on high site-index areas, and cannot be assessed
adequately on poor sites.

Candidate sites will be evaluated on an individual
basis for site preparation needs but, in general,
testing will be done on areas cleared of stumps
and debris and then cultivated to homogenize
soils. Spacings will be narrower than those nor-
mally used in operational forestry. Weyerhaeuser
plans 2x2 m spacing and the BCFS plans 1x1 m
spacing, although this will be modified depending
on the site. Interlocking rep designs may be used
(modifications of Libby and Cockerham, 1980) to
allow thinning. Correlations between early data (3-
or 4-year) from this type of site and later data
(13-year) on more widely spaced field sites are
high for both volume and wood density (BCFS



unpublished data). Standard checks of natural
stand and test crosses to known clones will be
included.

For the BCFS program, a thinning will be per-
formed at age 4 from seed (after measuring height
and diameter) for the purpose of estimating wood
density GCA from the thinned material.

Each full-sib family from the circular mating design
will be deployed in two 25-tree blocks forthe BCFS
program. These will provide material for within-
family (forward) selections for the following gener-
ation.

Full-sib families in the Weyerhaeuser program will
be outplanted in a non-contiguous plot design on
four sites, paired where possible with the GCA
test. The test will be interspersed with blocks of
check lots for demonstration purposes. Non-con-
tiguous plots rather than family-block plots are
planned to allow specific combining ability effects
to be considered when choosing full-sib families
for deployment. 1t is felt the loss of efficiency for
forward selection will be minimal with good site
selection and maintenance.

Deployment of Improved Genotypes

All of the Douglas-fir programs use or plan to use
seed orchards to deploy improved material. These
orchards take various forms relative to the stage
of the various programs and the amount of data
available for culling. In addition, management var-
ies according to agency goals, from low levels with
little activity outside cone collection, to intensively
managed with supplemental mass pollination,
controlled matings and overhead irrigation for phe-
nology delay and compression. Seed collection
also varies from bulk to maintaining seed separate
by female parent.

Advanced-generation deployment strategies dif-
fer between the BCFS and Weyerhaeuser pro-
grams, and account for most of the breeding
strategy differences. Weyerhaeuser plans to use
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the best available material from the breeding pro-
gram, at any given time, to produce controlled
crosses that will be vegetatively amplified through
rooted cuttings (some open-poliinated orchard
seed will also be used by family). These cuttings
will then be deployed to plantations in family
blocks using families that meet the site conditions
and plantation objectives. Foresters within the
company will order specific families based on
known performance data. This aggressive strat-
egy makes possible the use of two sublines per
breeding zone without the concern of inbreeding
becoming a problem in the production population,
as all co-ancestry is kept within sublines.

Due to a mix of land tenures, ownerships, seedling
production facilities, and plantation management
objectives, the BCFS program is less able to
match specific families to sites as is done by
Weyerhaeuser Company. Consequently, program
objectives are to produce a general, stable breed
for growth, density, and form. The exceptions will
be the relatively minor use of good form or high
density breeds in some areas. Rooted cuttings or
other clonal options will not replace orchard seed
in the foreseeable future. As seed will continue to
be used, the breeding program and subline struc-
ture are designed to produce sufficient unrelated
selected clones (about 30), for an orchard, to
maintain genetic diversity, allow a continuum of
reproductive phenologies and result in little or no
inbreeding. As discussed above, when more data
on inbreeding are available, sublines may be
joined and some relatedness allowed in produc-
tion populations. At present, the BCFS has one
second-generation orchard established that will
provide most of the Douglas-fir seed for public land
over the next 15 to 20 years.

The use of rooted cuttings of specific families and
the careful matching of genotypes to sites will
allow Weyerhaeuser foresters to obtain more gain
per unit time and breeding effort than in British
Columbia. This strategy, however, requires a well-
defined wood production goal and efficient man-
agement to ensure accurate and fast delivery of
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research results to operational programs. On pub-
lic land in British Columbia, the mixture of tenures
and management goals precludes such a deploy-
ment strategy. The use of a general breed is
simpler and more acceptable within the context of
integrated resource management. The exception
may be the use of good form or high wood-density
families on specific sites.

Tracking Long-Term Performance

As breeding programs progress and more se-
lected material is established in operational plan-
tations, the need to track progress increases. One
such need is to link performance estimates based
on single-tree assessments (as in progeny tests)
with performance on a unit-area basis, particularly
for yield traits. The performance lifts must also be
linked to growth and yield models used for forest
management purposes.

Realized-gain trials, in some form, have been
established by Weyerhaeuser, the BCFS coastal
program and some cooperators in the NWTIC.
More are planned in all programs. Within the
BCFS program, such area-based plots will be
used to monitor long-term performance of im-
proved material at key times as the breeding pro-
gram proceeds through generations. This will
involve comparing a small set of the best available
material every one or two generations with natural
stand checks. These trials will be maintained for a
full rotation to monitor progress being made with
the early-selection and fast generation turn-over
of the breeding population.

Conclusions

The selection and breeding of Douglas-fir with
genetically superior economic potential is receiv-
ing substantial effort in western North America.
The many programs involved have been success-
ful in exchanging knowledge, but each have a
different set of economic, organizational, and bio-
logical constraints and opportunities that direct the
methods and progress. This is particularly demon-
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strated by the different deployment strategies
used by the Weyerhaeuser and BCFS coastal
programs.

The time taken to progress through the first gen-
eration of breeding will be greatly reduced in ad-
vanced generations, as early selection and
breeding techniques continue to be refined. In
addition, the knowledge of genetic parameters,
including genotype by environment interactions,
will allow programs to progress more efficiently in
the future.
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Abstract

The foundation of the proposed advanced-generation breeding strategy is based on: the conservation of
adaptive gene complexes by ensuring that breeding populations and zones are biologically sound, the
maintenance of a minimum effective population size of 100 for managing inbreeding, and the inclusion of
marginal gains analyses in determining the optimum selection age. A nucleus breeding system together with
a simple mating design will be used fo promote continued rapid genetic gains while minimizing the human
and financial resource required. Farm-field testing procedures will be used for assessing genetic potential
and small-scale field performance tests used for estimating realized gain. A pilot breeding population will be

used to work out the details for implementation.

Introduction

Over the last 3 years, tree improvement efforts in
Ontario have been revitalized through the estab-
lishment of an association of operational cooper-
atives. In spite of substantial industrial and
government commitment to tree improvement, fis-
cal constraint and limited manpower are likely to
continue for the foreseeable future. Budgeting de-
cisions will go beyond simple cost/benefit analy-
ses to include consideration of the opportunity
costs — every dollar spent on tree improvement is
adollar that is not available for other programs. As
a result, the goal of all advanced-generation
breeding efforts in Ontario will be to optimize ge-
netic gain in traits of commercial interest per unit
time and dollar spent. Because of marginal costs,
the optimum selection age is likely to be earlier
than the age that maximizes gain per unit time.

In recognition of these realities, this paper de-
scribes the general approach to advanced-gener-
ation breeding envisioned for Ontario’s jack pine
(Pinus banksiana Lamb.) breeding populations.
Although timing, goals, and selected traits may
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vary among programs, the proposed strategy is
viewed as the basic design for all jack pine breed-
ing populations. This paper begins by considering
some basic biological and economic principles
and how they apply to breeding programs. Then,
recent theoretical and technological advances in
the individual components of the breeding cycle
are presented as the philosophical basis for the
advanced-generation breeding strategy for jack
pine.

Adaptation

When breeding zones and populations are rigor-
ously constructed with regard to adaptive gene
complexes, the importance of genotype by envi-
ronment interaction will be greatly reduced and
substantial efficiencies in genetic testing can be
realized (Rehfeldt, 1984). However, even when
breeding zones and populations are biologically
sound, selection decisions must consider corre-
lated responses in growth rhythm to ensure adap-
tive gene complexes do not deteriorate in
advanced generations (Rehfeldt, 1992). Geneco-
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logy studies of jack pine, designed to identify the
patterns of adaptive variation, are currently in
progress in Ontario. Testing procedures for
Ontario’s genecology program follow Rehfeldt
(1986). The resulting information on adaptive vari-
ation will be used to ensure that breeding popula-
tions and the landbase they service are
biologically sound. Such informaticn provides the
foundation for building an efficient advanced-gen-
eration program.

Effective Population Size

One ofthe primary concerns of multiple generation
breeding strategies is the maintenance of a broad
genetic base in order to manage the effects of
inbreeding. Population genetics theory, as applied
to conservation biology, provides valuable insights
for tree breeders when considering the size of a
breeding population. Frankel and Soule’ (1981)
refer to the 1% ruleas the “basic rule of conserva-
tion genetics.” This rule states that selection for
performance and fertility can balance the effects
of inbreeding depression if the increase in the
inbreeding coefficient is no more than 1% per
generation. There is a simple relationship between
population size and the change in the inbreeding
coefficient (delta F).

Delta F = 1/(2Ne)

Where Ne is the effective population size, i.e., the
size of an “ideal population” that is subject to the
same degree of genetic drift as the actual popula-
tion being considered. “Ideal” refers to a popula-
tion that has random mating, a 1:1 sex ratio, and
the number of progeny per family are randomly
distributed. Deviations from this ideal reduce the
effective population size below that of the actual
population.

Therefore, the minimum effective population size
for managing inbréeding is approximately 50. If a
slightly more conservative criterion for the in-
breeding coefficient where applied (e.g., delta F =
0.5%) the minimum effective population size be-

14

comes 100 individuals. A second study identified
the conservation goal as the retention of 90% of
the original genetic variation after 200 years, and
considered the impact of generation length
(Hedrick and Miller, 1992). They found that when
the generation interval was 10 years, an effective
population size of between 50 and 100 would be
required.

Genetic testing in advanced generations will em- .

phasize within-family selection because family se-
lection reduces the effective population size. As a
result, beginning with the second generation, ge-
netic tests will have fewer families and a greater
number of individuals per family. Based on this
information, an effective population size of 100 will
be used as the initial standard for advanced-gen-
eration programs.

Economics

Over the last 15 years, a great deal of work has
been devoted to identifying the optimum selection
age for beginning the next breeding cycle. While
substantial advances have been made in this area
of study, the-work has largely been a biological
comparison of the trade-offs between gain per
generation versus gain per unit time. However, a
recent study (White and Hodge, 1992) examined
optimum selection ages from a new perspective.
The principles of marginal gains and economic
discounting were included in the identification of
optimum selection ages for slash pine (Pinus
elliotti). They found that the discount rate had a
large impact on selection efficiency (gain per year)
and optimum selection age (Figure 1). At a zero
discount rate (i.e., no economic weighting of time),
selection efficiency increased with increasing age
through to age 10. Although the relative efficiency
was less than for direct selection (volume at 15
years), the optimum selection age was estimated
to be at 9 years, because of the ability to turn over
generations more quickly. As the discount rate
increased, early selection became more efficient
than direct selection, and the optimum selection
age decreased. A discount rate as low as 3%
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Figure 1. Discounted selection efficiency (0, 3, 5, and 8%) for improvement of 15-year volume in slash pine
Efficiency is calculated on the basis of 12 test sites with good precision, i.e., high heritabilities
(From White and Hodge, 1992.)
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resulted in early selection being more efficient
than direct selection at age 15. That is, even for a
single generation, the gains from direct selection
were lower than from early selection. The authors
concluded that there appeared to be little opera-
tional value in maintaining tests past age 10, as
they become increasingly costly to measure with
little incremental genetic benefit to the operational
program.

The consideration of marginal gains will become
part of the decision-making process for determin-
ing optimum selection ages for all advanced-gen-
eration breeding in Ontario.

Ontario’s Jack Pine Program

There are several attributes of jack pine that make
it an ideal choice for applied tree improvement and
for forest genetics research purposes (Rudolph et
al., 1989). Jack pine is noted for its rapid juvenile
growth and responsiveness to silviculture (Yeat-
man, 1984). Jack pine occurs in extensive even-
aged stands throughout Ontario and is second
only to black spruce in the size of the planting
program. Flowering can occur at very young ages,

with significant flowering by age 7. The high phe-
notypic variability in jack pine make it a promising
candidate for genetic improvement in growth and
form (Magnussen and Yeatman, 1987; Polk, 1972;
Rudolph and Yeatman, 1982).

A tree breeder’s goal is to change allele frequen-
cies in economically important traits, while con-
serving allelic variation in adaptive traits. For ease
of presentation, however, height growth will be
used to illustrate the strategy. In practice, corre-
lated responses in other traits will be considered
when estimating breeding values. Although not
explicitly identified at this time, the breeding goal
for jack pine is likely to be oriented toward im-
proved growth rate and form, while holding wood
quality and phenology constant.

Since the early 1980s, 27 jack pine seed orchards
have been established in Ontario. Each orchard
contains seedlings from approximately 400 plus
trees (Ontario Ministry of Natural Resources,
1987). At final roguing (no later than age 20), each
orchard will contain no more than the best 25% of
the trees. Several orchards have already been
partially rogued to remove the poorest families.

Table 1. Heritability estimates for total tree height from field performance tests for four operational jack
pine tree improvement programs (approximately 400 families in each program).
Program
Age 1 2 3 4 Mean
Individual Tree Heritability
3 0.19 13 - - 0.160
5 12 A1 A7 - 133
6 - ‘ - - 14 14
7 14 13 - - .136
Family Heritability
3 0.42 .29 - - 0.345
5 .32 .25 52 - .363
6 - - - .32 .32
7 .35 .28 - - 315
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These roguings have been based on height (at
ages 5 to 7) information obtained from between
two and three genetic tests. Family heritabilities
from field performance tests have averaged about
0.35 with a range between 0.25 and 0.52 (Table
1). These relatively low heritabilities are, at least
in part, due to high levels of damage, especially as
a result of white pine weevil. A typical test has
fewer than 30% of the trees scored as undam-
aged. v

Propose Advanced-Generation
Breeding Strategy For Jack Pine

Selection

The selection of individuals to form the breeding
population for the next generation will be based on
ranking individuals based on their genetic worth,
or breeding value. The efficiency of this selection
is strongly dependent on the models, methodol-
ogy, and techniques used to calculate breeding
values. Theory and practice has shown that index
selection is the most efficient method of selection
(e.g., Cotterill and Jackson, 1985). White and
Hodge (1989) have described an index methodol-
ogy, Best Linear Prediction, that maximizes the
relationship between predicted and true breeding
values for tree improvement programs where data
are frequently unbalanced and messy.

Best Linear Prediction procedures are currently
used to guide seed orchard roguing decisions in
Ontario. These procedures will be extended to
support the establishment of second-generation
breeding populations that maximize selection effi-
.ciency. Second-generation breeding populations
will include both backward and forward selections
when warranted by breeding values estimates.

Mating Design
There are a number of mating designs of varying

complexity available for advanced-generation
breeding. The mating design, however, has con-
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siderably less impact on efficiency of gain than
does the selection methodology and the time re-
quired to complete the breeding. For example,
Cotterill (1986a) compared half-diallel mating with
single-pair mating and found that while the more
elaborate diallel mating provided the maximum
gain per generation, the single-pair mating design
provided greater gains per unit time because the
controlled crosses could be completed in less
time. Reductions of as litile as 1 year in the gen-
eration interval had a marked influence on gains
per unit time (Cotterill 1986b). The author noted
that ambitious plans can destroy a tree improve-
ment effort when executed poorly, and that it is
much better to do a good job of a simple strategy
thanto make a mess of an elaborate design. When
all else is equal, respect for Murphy’'s Law sug-
gests the wisdom of keeping the mating design
simple.

Given the limited resources available for con-
trolled pollination work, the relative efficiencies of
simple mating designs, the information available
on parental breeding values, and the focus on
within-family selection, controlled pollinations will
be limited (between 50 and 100) and will not follow
a rigid design. Rather, a “best mate” index will be
used to predict the most promising crosses
(Cotterill 1989).

Breeding System

Although sublining is the traditional approach to
advanced-generation breeding, the financial re-
turns under this system are diluted by spending
limited resources on extensive controlled crosses
across a relatively large breeding population. For
example, a sublining system with 400 selections
(Ontario’s standard program size) would require a
minimum of 200 controlied crosses with a single-
pair mating design. When multiplied by the 27 jack
pine breeding populations in Ontario the minimum
number of controlled matings required per gener-
ation using a sublining approach is 5,400. it is
highly unlikely that the limited staff in the province
can manage the logistics of such a large controlled
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mating effort, especially when the tree improve-
ment programs for other species are added in.

An innovative breeding system has recently devel-
oped for sheep improvement cooperatives in Aus-
tralia. Referred to as a “nucleus breeding system”,
it focuses investments on the best genetic material
(Jackson and Turner, 1972; James, 1977, 1978;
Rae, 1977). The nucleus breeding system as
adapted to radiata pine and eucalyptus, reduces
the number of controlled crosses substantially
while retaining the potential for continued rapid
genetic gains (Cotterill et al., 1988).

The nucleus breeding system reorganizes the tra-
ditional breeding population structure into a two-
tier population consisting of a large “main”
population and a smaller elite “nucleus” population
For radiata pine, the main population is regener-
ated via selection from open-pollinated progeny,
while the nucleus selections result from controlled-
pollinations (Cotterill et al.,, 1988). Each genera-
tion, a portion of the nucleus is derived from the
best individuals in the main population, and a
portion of the nucleus is returned to the main
population to promote more rapid improvement of
the main population. The nucleus breeding system
promotes rapid genetic gains each generation by
focusing financial resources and breeding effort
on a relatively few individuals with the highest
breeding values.

For radiata pine, the main population contains 300
female parents resulting from open-pollination
mating and mass selection, and a nucleus popu-
lation of 40 elite parents regenerated each gener-
ation via a circular mating design (Cotterill et al.,
1988). While exact numbers for jack pine have not
been determined, the intention is to have a nu-
cleus population no larger than 100 trees. This
together with a simple mating design would result
in minimal number of controlled crosses per gen-
eration (e.g., single-pair mating, 50 crosses). The
main population is not likely to exceed 300 selec-
tions and will be based on open-pollinated tests
and mass selection. ‘
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Testing

Genetic testing is a costly, yet essential compo-
nent of the breeding cycle. If the establishment of
biologically sound populations is the foundation,
then a well planned testing program is the corner-
stone for a program where genetic gains are real-
ized efficiently. A careful evaluation of the
duration, type, and number of genetic tests is one
ofthe keys to optimizing genetic gains per unittime
and dollar spent. Decisions regarding financial
investment in genetic tests should reflect the age
at which information is needed and the expected
precision of the tests at those ages.

Duration; While the ultimate goal of atree improve-
ment program is to improve the quantity and/or
quality of yield at an economic rotation, the costs
of maintaining and measuring appropriately de-
signed genetic tests for generating high quality
parameter estimates at ages of even 40 years is
impractical. In any case, mensurationists have
shown that, in the absence of severe environmen-
tal events, a growth curve of a single form charac-
terizes tree growth beyond ages 10 to 15 years
(Rehfeldt, 1984). As a result, assessment of opti-
mum selection ages in jack pine will be based on
age-age correlations with 20-year-old trees, rather
than at a poorly defined harvest age (with its
guestionable parameter estimates). Because of
the effect of generation interval, the reduction of
the reference age to 20 years carries with it the
requirement that age-age correlations be stronger
if the optimum selection age is to remain constant
(Lambeth, 1983).

Type of Test. Traditionally, tree improvement pro-
grams have been based on “field performance
tests” that are established on sites representative
of the target deployment environment and are
managed extensively, and performance data (i.e.,
genetic potential as modified by extraneous ran-
dom environmental events) collected at multiple
year intervals. The limitations of this type of testing
include low precision in the first few years while
trees are getting established, and variable test



precision at later ages. The primary arguments put
forward for field performance testing as the stan-
dard include: 1) a need for multiple tests repre-
senting the range of target environments for
evaluating genotype by environment interactions,
and 2) information regarding performance at older
ages is required in order for selection to be effi-
cient. However, the careful construction of biolog-
ically sound breeding populations greatly limit
genotype by environment interactions (Rehfeldt,
1984). And, with the recognition that optimum
selection ages are generally less than 10 years
(Lambeth, 1980), the role of field performance
testing (with its emphasis on long-term results)
relative to other types of tests must be carefully
evaluated.

Over the last 15 years, there has been substantial
emphasis on short-term testing and identification
of optimum selection ages (e.g., Burdon, 1989;
Carter et al., 1990; Lambeth, 1980, 1983; Mag-
nussen and Yeatman, 1987; Riemenschneider,
1988). Age-age correlations have been shown to
be predictable across species and optimum selec-
tion ages are less than age 10 for rotation ages as
high as 50 years (Lambeth, 1980). The work in
short-term testing has resuited in higher precision
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shorter term testing procedures being available to
tree breeders. These modified testing procedures
are generally referred to as “farm-field tests.”

The primary focus of farm-field testing is on gen-
erating high quality information on genetic poten-
tial between the ages of 3 and 10. Farm-field
testing is based on selecting a site that fosters
vigorous growth, practising clean cultivation, and
a design that emphasizes close initial spacing and
the ability to conduct thinnings as trees grow
larger. In addition, an explicit commitmentis made
to minimize random environmental effects and to
statistically purge damaged trees before analyses.
The age-age correlations for height of individual
trees, families, and provenances in Douglas-fir,
western white pine, lodgepole pine, and pon-
derosa pine at young ages in such farm-field tests
and heights in older field performance tests have
tended to be high, r = 0.8 (Rehfeldt, 1984).

For example, Carlson (1990) reported on 6-year
results of farm-field tests and their companion field
performance tests (Table 2). He found the farm-
field tests provided greater precision for estimating
family means and produced higher family
heritabilities than the associated traditional field

Table 2. Family heritabilities for 2- to 6-year heights for four farm-field tests (two separate programs) and
for 6-year height in five associated field performance tests (60 families). From Carlson (1 990).

Farm- Age Field

Field Performance

Test 2 3 4 5 6 Tests

Program 1

Skimikin 91 .88 91 91 .93 0.71

Grandview .92 .79 .79 .80 .80 0.36

Program 2

Wiliow Cr. 0.88 .81 71 .73 73 0.64

Red Rock .86 77 32 .38 .49 0.59
0.41
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Table 3. Heritability estimates for 1-, 2- and 3-year height from an operational black spruce
farm-field test in Ontario (400 open-pollinated families).
Heritability
Age Individual Tree Family
1 0.48 0.68
2 .60 79
3 45 .76

tests. The results from the farm-field tests were
also more stable across tests and populations.
The oldest farm-field testin Ontario has completed
three growing seasons, and contains a full com-
plement of black spruce plus tree selections (400).
Heritabilites for total height, thus far, have been
quite strong (Table 3). The gain estimate (i = 1.0)
for 3-year height from the farm-field test is 4.1%.
Average heritabilities for height atages 3, 5, 6, and
7 from field performance tests have been consid-
erably weaker (Table 1). As a result, the mean
estimated gain in 3-year height from field perfor-
mance tests (i = 1.0) is 2.5%. While age-age
correlations have not been factored in, these num-
bers demonstrate the importance of the improved
precision obtainable from farm-field testing.

Number of Tests: The last topic to consider under
testing is the optimum number of tests. Carson
(1991) reported on a study of the relationship
between the number of tests and selection effi-
ciency using data obtained from genetic tests of
radiata pine on 11 sites in New Zealand. The
author found that on average, the results from one
test site provided approximately 66% of the maxi-
mal estimated gain obtained from the full 11 test
sites. The mean relative efficiency of estimated
gains increased to approximately 82, 89 and 93%
for 2, 3, and 4 test sites, respectively. From a
purely marginal gains perspective, the use of more
than two test sites seems questionable.

A recent study of selection efficiency in slash pine
demonstrates the importance of test quality over
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quantity (White and Hodge, 1992). The authors
modified parameter estimates to represent the
increased precision associated with improved
testing techniques and compared the results with
the original first-generation parameter estimates.
Under this “improved testing” scenario, the num-
ber of test sites required for a given selection
efficiency was reduced by approximately 50%.
Also, within-family selection, which will be empha-
sized in advanced generations, favors increased
test size (i.e., more trees per family) over an
increased number of tests.

Testing in advanced generations will consist of a
minimum of two farm-field tests for assessing ge-
netic potential, and a series of small carefully
designed realized gain trials (i.e., block plantings
in field performance tests) to translate estimated
gains into growth and yield data. The advantages
of converting one or both farm-field tests into seed
orchards will be considered when developing the
plan for passing gains on to production plantings.

Next Steps

The Genetic Resource Management Program in
the Ontario Forest Research Institute will be work-
ing with operational program staff to identify an
operational breeding population to use as a “pilot”
for implementing the advanced-generation strat-
egy. The knowledge gained from this pilot program
will guide implementation on a broader scale. In
general, implementation plans include (See Fig-
ure 2):
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Figure 2. The nucleus breeding strategy for jack pine in Ontario
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1) Use genecological information to evaluate and,
if required, modify the selected operational
breeding population to ensure biological
soundness.

2) Use Best Linear Prediction to rank parents and
offspring as to their aggregate breeding value,
and make 100 elite selections for the nucleus
breeding population.

3) Make an additional 300 selections for establish-
ing the main breeding population. Collect
open-pollinated seed for testing purposes.

4) Develop a “best mate” index, identify the optimal
number of controlled crosses that can be sup-
ported, and implement the mating design for
the nucleus.

5) Establish a minimum of two farm-field tests for
assessing genetic potential. Consideration of
the third farm-field test will be based in part on
amarginal gains analyses. Tests will be rogued
after 5 years, and realized gain trials (field
performance tests) will be established based
on 5-year information. Final measurements in
farm-field tests will be no later than at age 10,
depending on results of marginal gains analy-
ses of optimum selection age.

6) Select best 50 individuals from the farm-field
tests and an additional 50 individuals from the
main population progeny test for the next nu-
cleus population.

7) Convert farm-field tests into seed orchards.

Many questions and concerns will undoubtedly
arise as the proposed strategy is implemented.
The Genetic Resource Management staff at the
Ontario Forest Research Institute will take the lead
in developing answers to the questions that arise.
The information needs are largely the same as
those under any other breeding strategy. The pri-
mary information needs are likely to include:

1) age/age correlations based on high quality data
at all ages from farm-field tests.

2) Economic analyses of marginal gains associ-
ated with delayed selection.

3) Developing an efficient testing protocol for the
“main population.”

4) Developing an understanding of the benefits
and risks (genetic gain vs. effective population
size) associated with multiple-tree selections
from the best nucleus families.

5) Determining optimal timing and roguing levels
in muitiple-stage selection.

6) Monitoring correlated responses in various
traits.

7) Efficient design for realized gain trials.

8) Determining optimal designs for the production
population (i.e., how and when are orchards to
be established, especially if farm-field tests are
not converted to orchard).

Summary

Obviously, there is a lot of work still needed to
translate the advanced-generation breeding strat-
egy described into an operational program. Bult,
the key attributes of the proposed strategy include:

1) Breeding zones and populations that are biolog-
ically sound.

2) Selection decisions based on predicted breed-
ing values generated by the Best Linear Pre-

diction methodology.

3) A nucleus breeding system that focuses limited
resources on the best genetic material.
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4) A combination of farm-field tests for evaluating
genetic potential and a design that supports
within-family selection, and small scale field-
performance tests for estimating realized
gains.

5) Optimal selection ages based on marginal gains
economic analyses.
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Abstract

An outline of the present and future status of larches in Canadian reforestation programs and the lumber
industry. The most important pest problems are enumerated, and breeding programs and strategies are
described by province. Breeding programs described deal with western larch (Larix occidentalis Nutt ) in
British Columbia and Alberta; tamarack (L. laricina (Du Roi) K. Koch) in Alberta, Ontario, Quebec, New
Brunswick, Prince Edward Island, and Newfoundland; Siberian larch (L. sibirica Ledeb. ) in Alberta, Saskatch-
ewan, and Manitoba; and European larch (L. decidua Mill.), Japanese larch (L. kaempferi (Lamb.) Carr) and
their hybrids in Ontario, Quebec, and the Maritimes. For western larch, tamarack and Siberian larch the
breeding strategy is based on clonal or seedling seed orchards combined with half-sib progeny tests to
evaluate general combining ability. For European larch, Japanese larch, and their hybrids, the breeding
strategy is based on intra- and inter-specific mating designs between selected trees to make intraspecific
improvement and to evaluate specific combining ability for the production of interspecific hybrids.

Introduction ’ This paper does not attempt to review all available

information on the genetics of larch spp.; that has

This report briefly reviews breeding programs for been covered by many other authors (Anonymous
larch species in Canada and outlines the breeding (1992a and b), Boyle et al. (1989), Fowler (1986a),
strategies employed in each program. Information Fowler (1986b), Fowler et al. (1988), Morgenstern
presented in this report was gathered by means of et al. (1984), Ying and Morgenstern (1991), efc.).

a circular letter sent to 23 tree breeders and ge-
neticists in Canada asking for details on the status
of larch breeding programs in their regions. Also,

the circular letter asked for information on the Larch Species in
status of larch species in the reforestation pro- Reforestation Programs
gram, use of wood, and disease and pest prob-
lems. All the information reported in this paper, on The number of larch seedlings planted in Canada
breeding program and larch species status in Can- in 1991 was about 5.0 million. Except for Prince
ada, has been supplied by correspondents, whose Edward Island, where larch seedlings represented
names are listed in the Acknowledgments (refer- 12.9% ofthetotal, the proportion of larch seedlings
ences were not always available). ~ varied from 3.5% to less than 1%. In British-Co-
lombia, Ontario, and Quebec, between one and
In Canada, the principal larch species and hybrids two million seedlings per year are planted. For all
included in breeding programs are: European the other provinces, the figure is less than 500 000
larch (Larix decidua Mill.), Japanese larch (L. seedlings. Reforestation levels with larch seed-
kaempferi(Lamb.) Carr), Siberian larch (L. sibirica lings are, in general, very low for all regions of
Ledeb.), tamarack (L. laricina (Du Roi) K. Koch), Canada and the increase forecast for the next few
western larch (L. occidentalis Nutt.), and the hy- years will only double that number.

brid European/Japanese larches.
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Larch Wood Use

Results of the survey concerning larch wood use
in Canada are as follows: '

In Newfoundland, less than 5% of total industry
consumption used for newsprint pulp is larch; lo-
cally, there is a demand for lumber in small quan-
tities, but no increase is forecast within the next 10

© years.

Prince Edward lIsland’s producers ship
3 500 m3/year of larch pulp wood to the mainland.
Locally, lumber is used for seed potato boxes and
ship building (12 000 m3/year), for domestic fire-
wood (22 000 m™/year), and for institutional heat-
ing as fuel chips (10 000 g tons). In the next 10
years, consumption should remain constant, but
an increase in use is foreseen in about 20 years
as plantations produce superior quality material.

New Brunswick’s and Nova Scotia’s industries use
larch wood for kraft pulp and in mixture (small
proportion) for other pulping processes. It is used
for lumber and is awarded the “north species”
lumber grade. Larch wood use is not expected to
increase.

Quebec’s industry uses a small quantity in mixture
for kraft pulp; locally, it is used for lumber in small
guantities and it sells at the same price as spruce
or fir lumber. Larch wood use is not expected to
increase in the near future.

Ontario’s industry used 1 477 m3 for pulp, 480 m3
as sawlogs, and 660 m™ as tree lengths (probably
as poles) in 1991-92. Larch wood use in the future
will not change and it will remain a minor species
as it is now (2 617 m3 compared to a total of 18
million m3 harvested in 1991-92).

Manitoba and Saskatchewan: no information was
received on larch wood use.

Alberta’s industry does not presently use larch
wood, but this kind of wood is desired for fence
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posts. No change is expected in larch wood use
over the next 30 years or so because of un-
changed supply status.

In British Colombia, western larch wood is easily
marketed as a structural product in the Douglas-
fir/larch species group. Specialty end uses include
glue-laminated beams and trusses, which com-
mand excellent prices. The annual harvest of
western larch is approximately 500 000 m3 and it
represents a small proportion of the total harvest
in the province. Little change in use is expected
over the next 10 years.

From this survey on larch wood use in Canada, it
can be concluded thatlarch spp. make only a small
contribution to the forest industry. There are two
explanations for this low use of larch wood:

a) natural stands of larch are, in general, a minor
component of the natural forest and are often
very scattered over a large territory;

b) for pulp and paper products and for sawed
products, the wood characteristics restrict use
in mixture with other softwood species that are
more important in the natural forests and thus
more used by industry.

Toobtain a greater degree of use, larch wood must
be processed separately but the available volume
of wood is very often too small to justify the full
operation of a typical mill in most of the regions of
Canada. To increase larch wood use, products
other than the traditional ones must be created,
with particular consideration given to higher value
products to counterbalance the higher costs of
logging resulting from the dispersal of the stands.

Pest Problems in Larch Plantations

The most important pest problems mentioned by
the correspondents are: a) Meria needle blight
(Meria laricisVuill.), larch casebearer (Coleophora
laricellaHbn.), and dwarf mistletoe (Arceuthobium
laricis [Piper] St. John) for western larch forests
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and plantations in British Colombia; and b) larch
sawfly (Pristiphora erichsonii Hartig.), larch
casebearer, eastern larch beetle (Dendroctonus
simplex Lec.), larch shoot borer (Argyresthia lari-
cella Kft.), cone midge (Resseliella spp.), and
porcupine (Erethizon dorsatum L.) for eastern
larch and other exotic larch species. Also, Euro-
pean larch canker (Lachnellula willkommii Hartig)
has been introduced in the Maritime provinces.

Breeding Programs and Strategies
in Canada

British Columbia

In British Columbia, three natural species of larch
occur: tamarack in the boreal forest; subalpine
larch (Larix lyallii Parl.) at the timberline of the
Rocky and Columbia Mountains below 52° Lat.
andinthe northern Cascade Mountains; and west-
ern larch, which forms a serial major component
throughout the upper Columbia river basin and
into the Okanogan highlands. Only western larch
attains commercial significance, but it is a minor
component of the province’s forest resource.

Within its natural range, western larch is an import-
ant timber species and has several characteristics
that make it an attractive reforestation species.
Reforestation with western larch has been con-
strained by seed supply (infrequent flower crops
damaged by spring frost, low seed yield, etc.), but
it is hoped that these problems will be overcome
in seed orchards (soil-based or greenhouse).
Western larch is the only larch species considered
in the tree breeding program for the Nelson and
Kamloops Forest Regions of British Columbia.
The objective of the program is to develop well-
adapted trees with improved height, diameter, and
volume growth and quality, while maintaining ac-
ceptable levels of genetic diversity and wood qual-

ity.

The program is based on a clonal seed orchard
established with grafts of plus trees selected from
natural stands. The target is 550 parent trees. To
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date, over 350 parent trees (five trees per stand)
have been selected and established by field-graft-
ing in two seed orchards, including 176 and 147
clones with respect to two breeding zones delim-
ited on the basis of biogeoclimatic information.

In 1993, a progeny test with 332 wind-pollinated
families from the selected plus trees will be estab-
lished across nine sites. Each family is included
on a minimum of four high-quality sites within its
zone of origin. This test will permit recurrent selec-
tion for general combining ability within the clones
inthe seed orchards. A gain of about 20% in height
is expected varying from 11 to 35% based on
breeding values for 7-year height and 10% selec-
tion intensity, as was obtained in the U.S.A. with
western larch (B. Jaquish, pers. comm.).

In addition, a provenance trial of 128 seed sources
from a range-wide collection is underway as part
of a cooperative USFS/ BCFS western larch
ecological genetics research project. The main
objective of this joint project is to describe patterns
of genetic variation for growth and adaptive traits,
in order to refine existing seed transfer rules and
breeding zone boundaries. Other research in-
cludes flower induction, pollen manipulation, pot-
ted or land-based seed/breeding orchards,
somatic embryogenesis, and juvenile-mature
wood relative density relationships.

Alberta

In Alberta, three larch species are included in the
breeding program: tamarack, Siberian larch, and
western larch. Each species has its own specific
objectives.

For tamarack, genetic improvement for growth,
yield, stem straightness, and wood quality are
desired. The program also aims to develop an
understanding of population variation in Alberta, to
determine seed zonation, and to identify superior
seed sources for reforestation, where feasible.
The breeding strategy for tamarack is based on
(1) natural seed collection from designated seed
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source areas; and (2) mass selection of superior
trees in natural stands and development of a small
clonal orchard for the central Alberta breeding
region. Seven trials of 20-22 seed sources were
established during 1985-87 across Alberta and
one clonal seed orchard (0.75 ha), including grafts
from nine selected trees (more will be added later).
An annual production of 5 kg of improved seed is
projected for the central region. It is expected that
this program will be expanded to other regions
depending on industry participation.

For Siberian larch, provenance testing is used to
identify suitable seed sources for various
ecoregions as well as for genetic improvement by
selection and breeding. The improvement strategy
is based on (a) seed source testing for mass intro-
duction in various regions in Alberta combined
with (b) tree selection within the Raivola proven-
ance of Finland and within local plantations. To
date, four provenance trials with 12 seed sources
from the USSR, two tests of 20-30 open pollinated
families, and two plantings with 19 and 56 full-sib
and selfed families have been established. These
trials and other young plantations in Alberta will
supply selected superior trees from which grafts
will be made to supplement a seedling seed or-
chard (1.2 ha) made with seed obtained from a
seed orchard originating from the Raivola proven-
ance. The production of improved seed forecast
from that orchard is 10 kg annually. Early results
of field trials have shown that, in northern Alberta,
Siberian larch grows 30% faster in height than
tamarack, but site selection is critical.

For western larch, the strategy is to improve cold
hardiness by the establishment of a clonal seed
orchard for southwestern Alberta and the moun-
tain forest ecoregions, with the selection and prop-
agation of hardy trees found in fringe populations
of the species in Alberta. From scions of these
hardy trees, a clonal seed orchard for an annual
production of 5 kg of improved seeds will be es-
tablished. To date, 15 ortets have been propa-
"gated and it is planned to outplant 300 grafts in
1994. Note that in a trial with eight British Colombia
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seed sources established in 1980, all trees suf-
fered severe winter damage and nearly 100%
mortality.

Saskatchewan and Manitoba

In Saskatchewan and Manitoba, the only larch
breeding program is being conducted by the Prai-
rie Farm Rehabilitation Administration Shelterbelt
Centre at Indian Head, Saskatchewan. Siberian
larch is the principal species considered by the
program, initiated in 1983 (Schroeder, 1987). The
objectives of the program are to develop trees with
superior growth rates, insect resistance, and
drought tolerance for planting in field and farm-
stead shelterbelts for wind protection, micro-cli-
mate -enhancement, and wildlife habitat. Crown
form and density are characteristics considered
for selection.

Seedling seed orchards are established using
progenies of superior phenotypes selected from
populations of Siberian larch at the Shelterbelt
Centre (particularly from a plantation established
in 1912 originating from near the Ural mountains).
To enlarge the genetic diversity of seed sources,
collections were made in Siberia. Twenty pro-
venances in 10 trials and 62 half-sib families in two
trials; as well as other plantation types of Siberian
larch and seven other larch species are now being
tested in Alberta, Saskatchewan, and Manitoba.
Ultimately the establishment of a progeny-tested
clonal seed orchard to capture the genetic gains
among provenances based on selection within the
best provenances is planned.

Ontario

The larch breeding program in Ontario is active
only in zone 6 of the six tree improvement zones
defined for Ontario by the Ontario Tree Improve-
ment Board (B. Elliott, pers. comm.). Zone 6 com-
prises the Southern Region, and the Parry Sound,
Algonquin Park, Pembroke, and Bancroft Districts
of the Central Region. The tree improvement pro-
gram of zone 6 is presently under revision and the



information on the larch breeding program re-
ported hereis based on past initiatives. Tamarack,
European, and Japanese larch are considered in
the breeding program.

For tamarack, the program consists of a base
component and an intensive component. The
objectives of the base program are gene conser-
vation and seed source control for artificial regen-
eration. For the intensive program, the aim is to
improve growth, stem form, and rooting ability of
cuttings. Due to the ease of rooting and the diffi-
culty experienced in obtaining seed for reforesta-
tion, the long-term strategy for improvement aims
at developing a bulk propagation of cuttings from
seedlings obtained from selected families inside
repeated cycles of selection, breeding, and test-
ing. The families will be produced by a polycross
mating design within a population of 200 plus trees
selected in zone 6, cloned by grafting, and allo-
cated to the breeding hall and archives. The fam-
ilies will be tested in both short- and long-term
trials. Based on short-term test results, the top-
ranked 10 clones will be used in crosses to pro-
duce donor stock for the cutting propagation
program. Short-term test results will be also used
to assign clones in an assortative mating scheme
to produce selection material for the next genera-
tion of breeding. A annual production of 500 000
rooted cuttings is planned and it is hoped that 18%
gain (probably in volume) will be achieved as
reported in the literature.

Aside from that strategy, a 3.2-ha clonal seed
orchard has been established in the eastern re-
gion of Ontario. Also the short-term program prop-
agation of superseedlings tested as clones in a
5-year nursery screening trial is being considered.

The breeding program strategy for European and
Japanese larch is to test the intra-specific crosses
of plus trees and, from progeny tests results, use
the best plus trees in inter-specific crosses to
produce hybrid seedlings. These will feed a cutting
propagation system for the production of steck-
lings. Hybrid crosses will be made in a breeding
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hall and, at this time, the project is to proceed only

- with the first generation.

Based on the observation that several clones con-
sistently produce female flowers every year and
that male flowers can be induced easily by branch
bending, the use of the female tester mating
scheme was retained to evaluate the breeding
values of the cloned plus trees.

A hybrid larch clonal seed orchard was estab-
lished in 1983 to produce L. x eurolepis seed. The
orchard includes 677 grafts at a spacing of 8x8 m
on 5.2 ha. The design was intended to allow
production of hybrid larch seed by completely
surrounding the self-sterile European larch by
Japanese larch.

E.B. Eddy Forest Products Ltd. from Espanola,
Ontario also established, in 1989, a small clonal
seed orchard comprising 288 ramets of tamarack
(72 clones x 4 repetitions). The company is cur-
rently planting 50 000 larch seedlings per year.

In Ontario, genetic research work on larch spp. is
also being carried out by scientists at the
Petawawa National Forestry Institute of Natural
Resources Canada. A synthesis of all the species,
provenance, and progeny tests of the genus Larix
has been published (Boyle ef al, 1989), giving
valuable information and results, especially on
European, Japanese, Siberian, tamarack, and hy-
brid larches. Research work on somatic
embryogenesis and genetic engineering are being
conducted at the Institute. The institute has con-
tributed to the establishment of tests in other
provinces by planting the tests itself or by dis-
tributing seedlings or seed to provincial or other
federal regional agencies. The Institute has also
contributed to provincial and company larch
breeding programs by supplying scientific and
technical information, scions of selected trees,
and by establishing seed orchards.
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Quebec

In Quebec, despite the current low interest in
planting larch species, the Ministry of Lands and
Forest agreed 20 years ago to start a breeding
program. Larch was considered as a fast-growing
species that could compete with the southern
pines planted in the southeastern U.S.A. The
breeding programs principally concern tamarack,
European, Japanese, and hybrid larches. Siberian
larch and its hybrids with Japanese and European
larches are tested for the northern region of Que-
bec (balsam fir and black spruce climax).

Tamarack is the preferred larch species for plant-
ing in the northern region of Quebec and on wet
sites in southern Quebec, because European and
Japanese larch have a very low survival rate when
they are planted on hydromorphic soils. On mesic
and somewhat dry sites, European, Japanese,
and hybrid larches produce more wood than tam-
arack for the same number of trees per hectare
because they have a better growth in diameter
(Vallée and Stipanicic, 1983).

For tamarack, the breeding program is based on
a seedling seed orchard with half-sibs or a clonal
seed orchard depending on the distribution, the
importance of the area, and the origin of the natu-
ral populations of the region covered by the or-
chard. In regions where we found many large
stands of tamarack with a low possibility of inbree-
ding, open-pollinated seed was collected from
plus trees. For each seedling seed orchard, there
are one to three progeny tests depending on the
ecological variation of the region to be serviced by
the orchard.

One clonal seed orchard has been established in
the Gaspésie region. In this region, tamarack
populations are distributed in a narrow strip along
the north shore of Baie-des-Chaleurs and follow
the settlement of the land. Many stands come from
a few trees left after the settlement and the larch
sawfly infestation, and they present a high risk of
inbreeding. This orchard will probably be rogued
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twice: once based on the phenotype of the clone
and again based on a half-sib progeny test of all
clones present in the seed orchard. Four seed
orchards have been established, for atotal of 13.5
ha with a potential production of 4.2 million seed-
fings annually (Lamontagne, 1992).

Because of the low number of tamarack seedlings
planted presently, no second-generation orchard
is planned. Nevertheless, 80 selected trees from
one provenance test have been grafted and in-
cluded in a clonal bank.

In addition to the standard seed orchard, two
progeny trials planted in 1982 will be converted to
seed orchards. They include 403 and 459 half-sib
families collected, respectively, in 30 and 31
provenances of Quebec located between latitudes
45° to 49°. These trials are located in the Lac
Saint-Jean and Estrie (Eastern Townships) re-
gions and are combined with two provenance trials
established in 1977; oneinthe Quebec region with
71 provenances and another in the Gaspé region
with 60 provenances. These trials will be used to
delimit seed zones and provenance regions for the
province of Québec.

The breeding strategy for European, Japanese,
and hybrid larches has two steps. In the first step,
clonal and seedling orchards were established
using grafts and half-sib families collected from
plus trees in Quebec and Ontario. Generally, the
plus trees were selected in the best plantations
known and in the best-tested provenances or
progenies. The Quebec Ministry of Forests has
established three European and one Japanese
seed orchards covering 8.9 and 1.8 ha, respec-
tively. The Japanese seed orchard has been es-
tablished in collaboration with Canadian Pacific
Forest Products Company.

To produce the hybrid, experimental orchards
have been made using seedlings of known pro-
venances or selected clones, with a special design
to expose the mother trees to the pollen of se-
lected fathers. For example, in an orchard to pro-



duce the hybrid L. decidua x L. kaempferi, each
mother tree of L. decidua was surrounded by four
lines of Japanese larch. Verification of the produc-
tion of hybrid seeds has not been made because
of the low production of cones. One clonal orchard
and two seedling orchards have been established
based on that design. '

In a second step, presently underway, inter-spe-
cific crosses between selected European and Jap-
anese clones will be done to identify the clones
having the best specific combining ability. The
best crosses evaluated from progeny tests will be
reproduced to supply a limited quantity of hybrid
seed for producing donor plants for cuttings pro-
duction. Until now, the crosses have been made
in outside clone banks, however, ramets from 20
selected clones of each species are presently
being established in a breeding hall. Half diallel
crosses within clones of each species and full
diallel interspecific crosses will be made and the
progeny tested to evaluate the specific combining
ability. The seedlings of the best families of pure
species and hybrids will be bulk propagated by
cuttings or, if available technology permits, mass
production of seed of the best crosses will be done
in an indoor seed orchard. In support of the breed-
ing program of European and Japanese larches,
many provenance and progeny tests have been
established in Quebec. Genotypes will be selected
from them in the future.

New Brunswick and Prince Edward Island

For New Brunswick and Prince Edward Island,
Fowler (1986a) suggests two very comprehensive
breeding strategies for tamarack. The first strategy
is based on a clonal seed orchard with three
successive generations over a period of 36 years,
and is designed to capture only the general com-
bining ability (GCA). The other strategy is based
on the bulk propagation by cuttings of seedlings of
the best identified progenies obtained by poly-
crosses from the first generation and by a discon-
nected half-diallel design for the subsequent
generation to capture the specific combining abil-
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ity as well. The two strategies start with the selec-
tion of 300 plus trees in New Brunswick and the
surrounding regions of Prince Edward Island and
Maine. The New Brunswick Tree Improvement
Council has proceeded with the clonal seed or-
chard strategy; 269 plus trees were selected,
grafted, and planted into the orchards and breed-
ing gardens of cooperators by 1987. The strategy
is presented in the flowchart of Figure 1 taken from
Fowler (1986a).

[n afirst step each clone obtained from a plus tree
will be crossed with a standard pollen mix (poly-
cross) to produce seedlings for a progeny tests.
These tests will provide GCA information for rogu-
ing the clonal seed orchard and identification of
superior full-sib families obtained by single pair
mated crosses of clones of the same seed zone.
The seedlings from single pair matings are planted
into selection plantations to provide material for
second-generation selection and breeding. From
these plantations, 400 best phenotypes (i.e., four
from each of the 100 best families) will be selected
and divided into 20 20-tree breeding groups, with
related trees from the same seed zone being
assigned to the same group. Based on family test
rankings, the phenotypically best 30-40 unrelated
clones will be selected within the 400 to establish
a second-generation clonal seed orchard.

These 20 20-tree breeding groups will be used for
the second cycle of breeding where polycross and
partial diallel crosses designs will provide infor-
mation for roguing the second-generation seed
orchard and for subsequent breeding generations
(Figure 1).

The objective of the tamarack breeding program
is to improve growth rate, stem straightness, and,
perhaps, relative density of wood. To date, three
cooperators have established seed orchards: New
Brunswick Department of Natural Resources and
Energy (one 0f 9.0 ha), J.D. ‘Irving, Ltd. (one of 9.8
ha), and the Prince Edward Island Department of
Energy and Forestry (two orchards, 2.0 ha). Only
one generation is planned for now. Progeny tests
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!
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\
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Figure 1. Flowchart for tamarack improvement strategy NBTIC Program, initiated 1977 (taken from

Fowler 1986a). ,
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! .
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Figure 2. Flowchart for the production of improved Eurolepis hybrid larch (taken from Fowler 1986b).
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are being conducted with most of the cooperators.
Fraser Inc. has established a small clone bank of
about 50 clones that may be used to produce
control-pollinated seed in the future, if required.

In the Maritime provinces, good provenances of
Japanese larch and hybrid larch outperform tam-
arack on upland sites (Fowler, 1986b). But even
more important, the hybrid proved to be more
resistant to the larch canker (Lachnellula willkomii
(Hartig) Dennis), which is now present in part of
the Maritime provinces. Fowler (1986b) has also
suggested a very complete breeding strategy for
the improvement of Japanese and European
tarches with the production of improved hybrids
over several generations. The strategy elaborated
by Fowler (1986b} is presented in a flowchart in
Figure 2.

In summary, the strategy suggested by Fowler
(1986b) is based on the improvement of each
species by the identification within the 100 se-
lected trees of each species of those having the
best interspecific general combining ability in a
first step and the best specific combining ability in
the subsequent steps. The 20 selected trees of
each species having the best GCA and SCA are
interspecific crossed to identify those having the
best specific combining ability. The same trees are
intraspecific crossed in a half diallel design and

progeny tested to provide the 100 best trees of

each species to form the second breeding popu-
lation. Then intraspecific improvement permit to
supply improved genotypes at each step for the
improvement of the interspecific hybrid.

Considering the information available, Fowler
(1986h) suggests selecting for quality within the
parental species, relying on the hybrid vigor to
obtain improvement in growth.

To date in the answers received from the corre-
spondents, there is no information from the New
Brunswick Tree Improvement Council on breeding
programs for European, Japanese, and hybrid
larches. For these species and other larch spe-
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cies, the principal work underway is species trials.
However, one small Japanese larch clonal or-
chard has been established by Valley Forest Prod-
ucts Ltd., including 22 clones selected in a
provenance trial. But the company no longer in-
tends to manage larch and has not collected cones
since 1984. The Prince Edward Island Forestry
Branch has proposed planting European, Japan-
ese, and hybrid larches to meet a shortage in
sawlog and studwood supply around year 2020
(information gathered in a draft report of W.M.
Glen).

Natural Resources Canada is carrying out a
breeding program on hybrid larches and other
studies on tamarack in the Maritimes. The objec-
tives are (a) to produce and test Japanese and
European hybrids to evaluate performance of hy-
brids in relation to either parental species and to
identify superior crosses, and (b) to investigate
population structure of natural stands of tamarack
and to determine genetic variation patterns. lt is
surprising that there is so little interest from indus-
try and provincial agencies with regard to Japa-
nese and hybrid larches, considering their
production potential. Fowler et al. (1988) reported
a production of 12 m”~/ha per year at age 25 years
for the best provenance of Japanese larch com-
pared to 4 m~/ha per year for tamarack. They
conclude that Japanese larch, managed over
short rotations, is capable of producing two to
three times more wood than other conifer species
commonly planted in the Maritimes region of Can-
ada. Moreover, in this study on yield and wood
properties, Fowler et al. (1988) found that “the
Japanese larch sawed, dried, and machined well.
It appears suited to general construction use and
may be eligible for a stress grade.”

Many other joint projects on larch are being con-
ducted in New Brunswick and Prince Edward Is-
land by Natural Resources Canada and the
University of New Brunswick. These include spe-
cies trials, clonal selection and variation experi-
ments, provenance trials with population and
genetic structure, and investigation of genetic vari-
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ances among clones and the implications for
clonal forestry (Park and Fowler, 1987; Fowler et
al., 1988; Morgenstern et al., 1984; Morgenstern,
1986; Morgenstern, 1987; Ying and Morgenstern,
1990, 1991; Carswell and Morgenstern, 1992).

Nova Scotia

The Nova Scotia Department of Natural Re-
sources does not have a breeding program for
larch species, butthe Department is evaluating the
potential for larch. In the meantime, a cutting or-
chard of hybrid larch derived from the same clones
of seed orchard established by Valley Forest Prod-
ucts Ltd., New Brunswick, has been realized and
will supply material for vegetative propagation if
desired. '

Scott, Canadian Timberlands company of Nova
Scotia has a breeding program for Japanese, Eu-
ropean, and hybrid larches. The company planted
135 000 larch seedlings in 1993; this represents
7% of the reforestation program. Within 5 years,
this proportion will increase to 25%. Larch wood is
used for kraft pulp. The objectives of the program
are “to establish a Japanese/European hybrid or-
chard to produce a high percentage of hybrid
seed, test each specific cross, and to expand the
orchard with material whose crosses exhibited the
highest degree of hybrid vigor based on growth
and yield” (Tom Matheson, Scott Worldwide Inc.,
pers. comm.). The strategy of the breeding pro-
gram is based on 20 tested Japanese larch clones
that were the best clones evaluated by polycross
and untested European larch clones. The clones
come from provenance tests at the Acadia Forest
Experiment Station, New Brunswick. Partial dialtel
crosses will'be made to test hybrid vigor. The
projected clonal orchard will consist of 30 clones
of Japanese (30 ramets each); and 30 clones of
European (10 ramets each). The orchard will be
based on a miniature orchard design, where all
material will be deployed in clonal rows. Pollen will
be supplied with supplemental mass poliination to
ensure a high degree of hybridization and a low
degree of selfing. Production is expected to be

35

between 750 000 to 1 000 000 viable seed per
year from that orchard and a genetic gain is ex-
pected in the order of 25% in height by selecting
the best crosses. Selection for a higher degree of
resistance to larch canker may be incorporated
into the program in the future.

Newfoundland

~ Tamarack is the only larch species in a breeding

program in Newfoundland. However, other larch
species like Japanese, European, Siberian, and
hybrids are in trials (Harrison, 1986). The objective
of the breeding program is to provide larch seed
for reforestation that is of better quality and greater
productivity than that gathered from wild stands.
The principal characteristics to improve will be
growth rate and stem straightness. The strategy
proposes two clonal seed orchards for the prov-
ince, one catering to Labrador and the Northern
Peninsula and the other to the rest of the island.
Both will be located at Wood Dale Provincial Tree
Nursery, near Grand Falls.

The strategy is based simultaneocusly on clonal
seed orchard and vegetative propagation of 100
cloned plus trees for each area. The strategy
combines two alternative strategies suggested by
Fowler (1986a), (Figure 3). The breeding values
of the clones will be checked by half-sib progeny
tests. The tested progenies obtained from partial
diallel and polycross with 100 new plus tree selec-
tion will produce material for the second-genera-
tion seed orchard and vegetative propagation.
This material is then divided in breeding groups of
20 x 20 trees, and bred to partial diallel and poly-
cross to prepare the next generations. It is hoped
that the first-generation seed orchard will produce
at least four million seed in a good seed year
between year 2005 and 2010. A minimum genetic
gain of 10% is envisioned for growth rate, a greater
gain for straightness and probably a 5% gain for
branch size and angle. However, plantations of
Japanese larch show promising results with a 20%
improvement in both growth rate and stem straigh-
tness compared to native tamarack, at least on the
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Time
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9. Full-sib 8. Polycross
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* All progeny tests are planned for roguing for use as additional sources of improved seeds.

Figure 3. Flowchart for tamarack tree improvement in Newfoundland and Labrador (supplied by C. Harri-
son). '
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main land mass of the island (Charles M. Harrison,
pers. comm.).

Northern United States

In the Northern Regions of United States, larch
breeding programs are conducted by coopera-
tives. The U.S. Forest Service/Inland Empire Tree
Improvement Cooperative are conducting a
breeding program on western larch with a strategy
based on selection of plus trees, clonal orchard,
and recurrent selection from results of half-sib
progeny tests.

The University of Minnesota/Institute of Paper Sci-
ence and Technology Aspen/Larch Genetics Co-
operative operates a breeding program for
European, Japanese, and hybrid larches only be-
cause they outperform tamarack on upland sites
in the north central and northeastern U.S. and
Canada (Wyckoff et al, 1992). The strategy is
based on recurrent selection for general combin-
ing ability to improve pure European and Japan-’
ese larch species. The objective is to increase the
adaptability and growth rate of the two species for
commercial plantations. The European larch plus
tree selections will be divided into breeding groups
according to their seed source origins to maintain
genetic diversity and avoid inbreeding in future
generations. Because of budget limitations and
the relatively small natural distribution and varia-
tion within species for Japanese larch, a single
population will be used for the recurrent breeding
program (Wyckoff et al., 1992).

For the hybrid larch breeding, a. single hybrid
population consisting of 160 full-sibs obtained
from single-pair matings will be created and will
serve as a base breeding population for future
improvement using recurrent selection. “Subse-
guent generations of hybrids will be selected from
crossings within the hybrid base population, and
no further hybridization between the two species
will be made in the future generations” (Wyckoff et
al., 1992). This strategy for a hybrid is based on
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information from maize breeding and pitch pine
(Pinus rigida Mill.) loblolly pine (Pinus taeda L.)
hybrid breeding programs. In the meantime,
based on field test results, seed of the best hybrid
full-sib families will be produced for commercial
planting by controlled crosses, establishing hybrid
seed orchards or supplemental mass pollination in
the breeding orchard. Wyckoff et al. (1992) do not
exclude vegetative propagation of superior hybrid
trees in subsequent generations, to capture all
genetic gain from the hybrid program and to pro-
duce uniform hybrid plantations.

Discussion and Conclusion

From this brief review, it appears that many breed-
ing programs for larch spp. have been initiated in
Canada and the U.S.A. Tamarack and western
larch are the native species considered in the
breeding programs. Of the exotic species, Euro-
pean and Japanese larches and their hybrids are
the ones on which most breeding work is done,
followed by Siberian larch in'the Prairie provinces.

Surprisingly, despite the existing breeding pro-
grams, consumption of larch wood and reforesta-
tion with larch are generally at very low levels
relative to spruce and pine. The low use of larch
wood can be explained by the scarcity of the
natural stands of larch in most provinces. But
knowing the potential for wood production of larch
plantations and the multiple uses of the wood, why
is there no major program of reforestation with
larch, as happened with southern pines in the
southeastern U.S.A.?

With their growth and production on short rotation
(20-30 years), larch spp. are the “southern pines”
of the northern regions. Reforestation with larch
and other fast-growing species like poplar is an
opportunity to create new resources of wood on
abandoned farm lands using short-rotation man-
agement and, at the same time, create jobs for
people in rural regions facing a very bad economic
situation.
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Another pointis also surprising: why create breed-
ing programs for tamarack when it has been dem-
onstrated that European and Japanese larch and
their hybrids produce a lot more than tamarack
(Loo-Dinkins et al., 1992; Boyle et al,, 1989)7 In
the Maritime provinces, southern Québec, and
Ontario, the hybrid can produce two to three times
more than tamarack on mesic to somewhat dry
upland sites.

Moreover, Paques (1992) reported the potential of
the hybrid L. Jaricinax (L. decidua x L. kaempferi):
at 8'years it has a height that is 19% superior to
tamarack and 12% lower than the eurolepis hy-
brid. Besides its exceptional vigor, this hybrid was
one of the best for rooting ability.

It may be possible for Newfoundland, the northern
regions of Quebec, Ontario, and the Prairie prov-
inces to develop this type of hybrid which has good
frost resistance and higher production than tama-
rack. To get the same production with tamarack, it
may take more than one generation of improve-
ment. Other hybrids are potentially interesting
using Siberian larch and genotypes of European
and Japanese larch which show frost resistance
and good performance in some ftrials done in
northern Quebec. Provenances of European larch
from high elevations in the Alps may also give
better adaptation to the boreal ecological condi-
tions. Considering the potential of the eurolepis
hybrid, there is a need to get a better sampling of
the alpine populations of European larch.
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Abstract

As an alternative to the current conventional seed orchard breeding, strategies using controlled breeding
followed by vegetative multiplication procedures are proposed for implementing the first set of second-gen-
eration black spruce selections. The 80 parents are divided into four 20-tree sublines, one of which is an elite
subline consisting of the best 20 parents. One purpose for using the elite subline is to use the best parents
intensively in the production population. A two-tiered breeding and testing scheme is followed, involving the
elite subline and the regular sublines. Within the elite subline, a disconnected diallel mating is used to produce
progeny for genetic testing, including clonally replicated, accelerated tests in a greenhouse. For the regular
sublines, an assortative mating is carried out within each subline to produce material for the third generation.
Conventional progehy tests, including the families from the elite subline, will be carried out and, subsequently,
converted to selection plantations for the third-generation selection.

Introduction

Black spruce (Picea mariana (Mill.) B.S.P.) is one
of the most widely distributed tree species in Can-
ada, ranging from Newfoundland to the Yukon
Territory. Itis an important commercial species for
pulp and paper industries owing to its favorable
wood density and fiber characteristics. Increased
utilization of forest resources has led to the devel-
opment of large-scale reforestation programs in
many parts of Canada. East of Manitoba, it is the
most frequently planted species (Smyth and
Brownright, 1986). Coinciding with these reforest-
ation programs, selection and breeding were
begun in some provinces as early as about 1960.
Since about 1975, large-scale tree improvement
programs have begun in all provinces where the
species is important. It is a major species for tree
improvement in the Maritimes (Coles, 1979).
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The development of efficient breeding strategies
requires detailed genetic information. At the time
these improvement programs were initiated, how-
ever, there was a general lack of such information.
The initial development of breeding strategies for
black spruce was based on experiences with other
species and on currently available information on
genetic and biological characteristics, but the
need for flexibility to accommodate new informa-
tion and technological advances was recognized
(Fowler, 1986, 1987). During the past 15 years,
since the beginning of regional black spruce
breeding programs, more detailed genetic infor-
mation has become available and many new tech-
nological advances have been made, such as
vegetative multiplication of juvenile seedlings by
rooted cuttings, techniques for accelerated breed-
ing and testing, and propagation by somatic
embryogenesis and cryopreservation.
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The purposes of this paper are: 1) to review prog-
ress of the black spruce breeding program in New
Brunswick, and 2) to propose an updated breeding
plan for advanced generations using the most
recent genetic information and techniques.

Breeding Strategies for the
First Generation

The breeding strategy adopted for the first gener-
ation was a “seedling seed orchard” approach,
where plus-tree selections were made in wild
stands based on individual phenotype followed by
planting of “seedling seed orchards” and family
tests using open-pollinated seeds of the selected
trees. This strategy is generally simpler and
cheaper than a “clonal seed orchard” approach
practised for many species world-wide. The early
flowering habit of black spruce, which can begin at
age 6 years (Morgenstern and Fowler, 1969), was
also an important reason for adopting this strategy
(Morgenstern and Park, 1991). -

A detailed breeding strategy for black spruce has
been developed for the New Brunswick Tree Im-
provement Council (NBTIC) (Fowler, 1986); how-
ever, some modification or change may be
necessary after the first generation. A total of 1200
plus trees was selected over a 10-year period for
establishment of open-pollinated family tests
(Simpson, 1992). As the trees generally have a
straight stem, narrow crown, and short branches,
selection efforts focused on superior height growth
(Coles, 1979). To date, a total of 85 ha of seed
orchards and 63 family tests have been estab-
lished. The seedling seed orchards were planted
using single-tree plots at a narrow.spacing (1x2
m), and each family was represented by about 100
trees randomized within the orchards. The family
tests were usually established at five locations
using 10 randomized blocks of four-tree row-plots
at each location. These family tests serve two
purposes: 1) to rank the performance of families
for roguing of seedling seed orchards, and 2) to
select the best 400 individuals for second-gener-
ation breeding.
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Advanced-Generation Breeding

In 1990, NBTIC began the second-generation im-
provement program of black spruce following the
strategy outlined by Fowler (1986), which begins
with the best tree from each of the best 400
families (i.e., 400 clones). Also, these 400 clones
are subjected to a polycross testto determine their
general combining ability (GCA) values. At the
same time, these 400 clones are single-pair
mated to produce 200 full-sib families to select the
best 400 trees (four best trees per family) and form
20 20-tree sublines for third-generation improve-
ment. Subsequently, for each generation, poly-
crossing will be used to determine GCA values of
clones, while a partial diallel mating system will be
used to produce the next generation breeding
population. In each generation, new clonal seed
orchards are established, which are subsequently
rogued on the basis of the polycross test.

Since the selection of plus-trees was carried out
over a 10-year period, the strategy is implemented
in phases with overlapping generations. By 1993,
the first four series of family tests had been eval-

_uated for 10-year performance. Based on the re-

sults of the family tests, the corresponding
seedling seed orchards have been rogued, and
176 trees in total have been selected from the
family tests for second-generation breeding. The
best 40 clones from the oldest series of family tests
are currently used to establish clonal seed or-
chards.

Alternative Breeding Strategies
Using Clonal Propagation

As an alternative to the current conventional seed
orchard breeding procedure, strategies using
“breeding-cloning” procedures are being im-
plemented on a pilot scale to produce improved
planting stock for reforestation. Although conven-
tional seed orchard breeding will likely continue to
satisfy a significant portion of reforestation re-
quirements, there is great potential to capture
even greater gain through the use of cloning tech-
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Figure 1. Flowchart of the second-generation black spruce breeding plan for New Brunswick. Solid lines
represent material flow; dotted lines represent information flow.

nology and recent advances such as flower induc-
tion, improved rooting of cuttings, somatic
embryogenesis, and cryopreservation.

Over the next several years, it is anticipated that
vegetative multiplication using rooting of cuttings
from juvenile plants and somatic embryogenesis
will become a viable alternative for the mass pro-
duction of planting stock for most northern conifers
(Park and Bonga, 1993; Park et al., 1993). Cur-
rently, for black and white spruce (Picea glauca
(Moench) Voss), vegetative propagation on a
large scale is possible using cuttings from ijeniIe
donor seedlings albeit at about 1.5 times the cost
of comparable seedling stock (White, 1992; Nova
Scotia Dept. Natural Resources, pers. comm.).
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The proposed alternative breeding strategy for
black spruce, and possibly for white spruce as
well, is based on incorporation of vegetative prop-
agation as a means of producing planting stock.
In a study to investigate factors that should be
considered in making choices for seedling and
clonal options for breeding and reforestation for
New Brunswick, Mullin (1992) indicated that veg-
etative multiplication of seeds produced in con-
trolled-pollinated orchards may be an
economically viable method, even at a high rate of
interest.

The general outline of the proposed alternétive
breeding strategy, including theoretical genetic
gains, is described by Mullin and Park (1992). In
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this paper, however, we describe operational de-
tails of the strategy for possible implementation in
New Brunswick.

General Overview

A flow chart for an alternative breeding strategy for
the first set of second-generation selections is
presented in Figure 1. In this first set, 80 clones
selected from the family tests (best tree from each
of the 80 best families) are used (1). Also, as part
of the existing NBTIC plan, conventional clonal
seed orchards have been established using the 40
best clones (2). All 80 selections are polycrossed
with a standard polymix and progeny tests are
established (3). Based on the results of a poly-
cross test in a nursery, the parents are ranked (4).
This information is used to form four 20-tree sub-
lines and possibly for low level roguing in the clonal
seed orchard. One of the four sublines will consist
of the best 20 GCA parents, namely, the “elite”
subline (5) as described by Williams and Lambeth
(1992). in the other three sublines, the ranked
parents are assigned uniformly across sublines
(6). The controlled polycross within the elite sub-
line as well as the best 5-10 trees from each of the
remaining sublines, are polycrossed among differ-
ent sublines (7) and the resulting seeds are
bulked, seedlings grown and vegetatively propa-
gated using serial rooting of cuttings for reforesta-
tion. A disconnected diallel mating is performed
within the elite subline in a breeding hall, produc-
ing 30 full-sib families (8). Assignment of parents
for mating will be random within the elite subline.
For the remaining three sublines, a scheme of
assortative mating will be performed based on
their GCA rankings. Progeny from the discon-
nected diallel mating (30 full-sib families from elite
subline) are raised in a greenhouse for progeny
testing. In addition, the 10 tallest seedings in each
of the families are clonally replicated. The seedling
donors (ortets) are maintained by hedging (10),
while the clonal replicates are used in progeny
testing (11). The progeny test will include an ac-
celerated greenhouse test (Sulzer et al., 1993) as
well as a conventional full-sib progeny test, that
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will be used for subsequent selection. The prog-
eny resulting from the other three sublines will be
used for establishing family tests (12), from which
subsequent selections for the third generation will
be made. When test results become available at
the various stages of progeny testing, the informa-
tion will be used to modify the polycross scheme
(7) used to produce stecklings. When the progeny
test identifies superior full-sib families, such
crosses may be repeated in the breeding hall (14)
and resulting seedlings vegetatively multiplied
using serial rooting of cuttings. Optionally, as the
clonally replicated test develops, the best clones
within the elite subline may be vegetatively multi-
plied (13) by using the ortets in the clonal hedges
(10). Based on the results of the progeny and
family testing, the best 20 clones within each
subline, a total of 80 clones, are selected for the
third-generation breeding population.

Polycross Test

The polycross test (Fig 1,(3)) is used 1o assess
GCA of the second-generation selections. A pol-
len mix consisting of equal volumes of pollen from
20 unrelated trees is used. This pollen mix ex-
cludes pollen from parents being tested, and the
same pollen mix is used for testing all the parents.
The pollen mix is maintained for future testing, as
recommended by Fowler (1986).

The polycross progeny tests are established at six
field locations using 15 blocks of two-tree plots,
including one nursery test. The field tests are
evaluated at 5-year intervals and the results will
be used to rogue the conventional clonal seed
orchards. The nursery test will be conducted for 3
years, and the parents ranked according to the
nursery test to form subsequent sublines. Alterna-
tively, an accelerated progeny test in a green-
house may be substituted, which would resultin a
time saving of about one year. Currently, the first
series of nursery tests is nearing completion and
the second-generation selections will soon be
ranked.
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Table 1. Composition of sublines represented by the rankings of the clones based on the polycross test.

Subline 1; 1, 2, 3, 4, 5, 6, 7, 8, 9, 10,
(Elite subline) 11, 12, 13, 14, 15, 16, 17, 18, 19, 20
Subline 2: 21, 26, 27, 32, 33, 38, 39, 44, 45, 50,
51, 56, 57, 62, 63, 68, 69, 74, 75, 80
Subline 3: 22, 25, 28, 31, 34, 37, 40, 43, 46, 49,
52, 55, 58, 61, 64, 67, 70, 73, 76, 79
Subline 4: 23, » 24, 29, 30, 35, 36, 41, 42, 47, 48,
53, 54, 59, 60, 65, 66, 71, 72, 77, 78

Sublining

All second-generation selections will be divided
into sublines as suggested by van Buijtenen and
Lowe (1979) by assigning 20 trees per subline. For
this series, the assignments are based on the GCA
rankings for height from the nursery test. The first

subline is formed by assigning the best 20 to .

develop the “elite” subline. The main reason for
developing the elite subline is to use the best
parents intensively in the production of planting
stock. For the remaining three sublines, the as-
signments are evenly distributed (Table 1). How-
ever, inthe future, sublines may also be developed
according to some specific constraints, such as a
subline that is frost hardy or suitable for specific
planting zones. The management of multi-gener-
ation breeding populations using sublines will
allow for flexibility while achieving progressive ge-
netic gain. In any multi-generation breeding pro-
gram, inbreeding is an inevitable consequence.
The use of sublines makes control of co-ancestry
conveniant by confining inbreeding within each
subline. Inbreeding is eliminated in the production
population by crossing among different sublines.
ltis also possible to develop highly inbred sublines
to use inbreeding as a breeding tool, as suggested
by Lindgren and Gregorius (1977).

45

Breeding-Cloning Strategies

The alternative breeding strategy proposed here
is focused on controlled breeding followed by veg-
etative multiplication, namely “breeding-cloning”
strategies. The potential for genetic gain from
breeding and deployment of clones is expected to
be greater than conventional seed orchard breed-
ing and planting of seedlings. For example, an
increase in genetic gain for black spruce was due
to capturing a greater portion of additive variance
as well as substantial non-additive variance (epi-
static variance) (Mullin et al., 1992). Although ad-
vantages of clonal reforestation have been
recognized (Carson, 1986; Libby and Rauter,
1984; Libby, 1990), the implementation of clonal
reforestation is limited by several factors. Perhaps
the mostimportant one is our inability to propagate
true-to-type atareasonable production rate, which
results from aging of donor plants. This can only
be partially controlled through serial propagation
of young hedged seedlings less than 5 years old
(Dekker-Robertson and Kleinschmit, 1991). Cur-
rently, operational true-to-type propagation in
black spruce is possible with very young seedlings
via rooting of cuttings.

Operational production of clonal black spruce
planting stock using the rooted cuttings has been
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Figure 2. Disconnected diallel mating design for the elite subline to produce progeny for testing
and selection. Parents are assigned randomly within the subline.

carried out on a limited scale in Ontario (Rogers,
1990), Quebec (Beaudoin ef al.,, 1991) and Nova
Scotia (Levy, 1983). For implementation of clonal
reforestation strategy in New Brunswick, we con-
sider three possible options of breeding-cloning
strategies as described by Mullin and Park (1992),
i.e., (1) backward GCA selection and polycross-
ing, (2) backward specific combining ability (SCA)
selection and repeat crossing and (3) forward
clonal selection.

Mating Designs
For the elite subline, a disconnected diallel mating

scheme will be used to produce offspring popula-
tions for progeny testing and selection for the third
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generation. Within the subline, five sets of four-
parent half diallels will be used resulting in 30
full-sib families (Fig 2). The parents are assigned
randomly among and within the diallel sets. The
use of disconnected sets within a subline can be
viewed as “sublines within a subline”, which may
be useful for managing sublines and selection of
the next generation breeding population. Since the
mating design is balanced, it is expected to pro-
vide sound estimates of GCA and SCA from prog-
eny testing. In addition, the progeny derived from
the elite subline are used to provide material for
clonal selection and deployment in reforestation.

For the remaining three sublines, a scheme of
assortative mating will be used. Within each sub-
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Figure 3. An assortative mating scheme within a subline for full-sib progeny test and selection. The
parental numbers correspond to their GCA ranking. v

line, the parents are arranged according to their
GCA ranking, and controlled mating will be per-
formed. For the top eight parents, three crosses
per parent will be made among them, and, among
the middle eight parents, two crosses per parent
will be made. The bottom four parents will be pair
mated with any one of the top eight parents. An
example of the mating scheme is shown in Fig 3,
and the mating scheme will result in 24 full-sib
families.

Considerable breeding work is required to carry
out the proposed assortative and disconnected
diallel mating designs. To perform the required
crosses in a reasonable timeframe, it is important
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that accelerated breeding techniques be em-
ployed as described by Greenwood et al. (1991).

Progeny Testing

Progeny testing is an expensive and critical com-
ponent of any tree improvement program. It is
often constrained by cost and logistical problems
and requires some compromises. For example,
increased number of genotypes in the test may
result in reduced number of test sites. Also, if the
test plantations are used for selection of next
generation breeding material, further trade-offs
may be necessary. Three types of progeny testing
will be carried out: (1) full-sib progeny test involv-
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ing all four sublines; (2) clonally replicated test
involving the elite subline; and (3) accelerated
greenhouse-nursery test of the elite subline with
clonal replicates.

The full-sib progeny test involving all four sublines
will be established at two or three different loca-
tions in New Brunswick. A total of 102 families are
available for progeny testing. At each test location,
ten blocks of four-tree plots will be planted. The
test will be evaluated at 5-year intervals. After
evaluation ofthe test at 10 years, selection for next
generation breeding population will be carried out
in atest plantation. It is likely that the test locations
with least environmental variability will be used for
selection. Since the selection for next generation
will be carried out in the test plantations, the test
site must be chosen and prepared carefully to
reduce environmental variability.

Both clonally replicated field and accelerated
greenhouse tests are conducted for the elite sub-
line. Seeds from the full-sib families derived from
the disconnected diallel mating are raised in a
greenhouse, and the ten tallest seedlings from
each of the 30 families are selected and desig-
nated as clones, thus, resulting in a total of 300
clones. These clones are vegetatively propagated
as described by Park and Fowler (1987) and Mullin
et al. (1992). Two cycles of serial rooted cuttings
may be necessary to produce sufficient number of
clonal replicates (ramets) for the tests.

The clonally replicated field test will be established
at one or two locations where operational clonal
forestry is expected to be practised. At each loca-
tion, ten blocks of single-tree plots will be planted.
Like the seedling progeny test, the test will be
measured at 5-year intervals. ‘

Accelerated greenhouse testing as described by
Sulzer et al. (1993) will be carried out using the
clonal replicates. It has been shown that the best
family correlation of 10-year field height in the
shortest time was obtained with potted green-
house studies with controlled growing seasons.
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The seedlings will be potted after initial growth (6
months). After a dormant period, the seedlings will
be grown for two growth cycles in “long growing
season” conditions to promote free growth.

The implementation of an effective clonal strategy
will require accurate genetic information. Shaw
and Hood (1985) explored the benefits of using
clonal replicates to increase precision in rankings
of individuals within families for selection and con-
cluded that clonal replicates should increase the
cumulative genetic gain obtained during each
breeding cycle. To predict genetic gains from
clonal strategies, it is necessary to obtain both
additive and non-additive variances including epi-
static variance. Mullin and Park (1992) used
cloned ramets from full-sib crosses to resolve
non-additive variance due to dominance and epi--.
static effects. Clearly, the efficiency of clonal se-
lection will benefit from detailed information on the
magnitude of genetic variances in the cloned pop-
ulation involving the elite subline.

In addition to the clonally replicated tests de-
scribed above, the original ortets and the first cycle
rooted cuttings (i.e., ortets for second cycle rooted
cuttings) will be maintained in clonal hedges until
clonal test results become available. Twenty best
clones in the hedge will be used as donor plants
for production of steckling stock for reforestation.
The clones in the hedge will be vegetatively prop-
agated every 3 years to maintain juvenility. This
process also allows for comparison of ramets from
different cycles of propagation to determine the
extent of possible c-effects (Lerner, 1958).

Production of Stecklings for Reforestation

Backward GCA selection and polycrossing is easi-
est to practise and can commence soon after
establishment of sublines, as shown in Fig 1, (7).
The breeding values of parents are determined by
a preceding polycross progeny test in the nursey.
The ten best-GCA parents from each of the sub-
lines are selected for use in controiled polycross-
ing, hence the terms “backward GCA selection
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Figure 4. An example of “backward general combining ability selection and polycrossing" scheme to
produce seeds for vegetative multiplication.

and polycrossing.” To take advantage of the elite
subline, the parents are divided into two groups
(ten trees each) and controlled polycrossing will
be carried out between them. Also, the polymixes
of the elite subline are used for polycrossing the
selected parents of the three regular sublines. In
addition, the selected parents of one subline are
polycrossed with a polymix of selected parents of
another subline; an example of a possible poly-
cross scheme is shown in Fig. 4. The limited
quantities of seedlings produced by the poly-
crosses are then vegetatively multiplied using se-
rial rooting of cuttings from young seedlings. This
strategy is equivalent to a conventional rogued
clonal seed orchard, but without most of the inef-
ficiencies associated with wind-pollinated seed
orchards such as pollen contamination and non-
synchronous flowering. Since the initial phase of
this strategy is based on 3-year nursery test re-
sults, the scheme may have to be revised as new
information becomes available from the periodic
evaluation of field polycross tests and progeny
tests, especially when there are significant rank
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changes among parents. Thus, this strategy is
readily adaptable to changing needs and more
flexible than land-based seed orchards.

Based on the results of progeny tests involving the
elite subline, the parents that produced the best
SCA pairs will be identified and the crosses will be
repeated, hence “backward SCA selection and
repeat crossing”, to produce seeds for steckling
production. Genetic gain from this strategy de-
pends on the amount of SCA variance (i.e., dom-
inance effect) within the elite subline. With
absence of SCA variance, the gain from this strat-
egy is likely to be similar to that of backward GCA
selection and polycrossing.

The greatest genetic gain will be obtained from
forward clonal selection and vegetative multiplica-
tion of selected clones because this strategy uti-
lizes total genetic variance including epistatic
variance. Clonally replicated progeny tests from
the elite population will identify the best clones for
reforestation, hence “forward clonal selection.”
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Vegetative multiplication of these clones will be
carried out from the clonal hedges where juvenility
was maintained by serial rooted cuttings. This
strategy is commonly referred to as “clonal for-
estry”, and many studies demonstrate that the
strategy yields consistently higher genetic gains.
The practice of this strategy is contingent on the
performance of rooted cuttings from clonal hedges
compared with.that of seedling stock. Thus, the
success of this strategy depends on how effec-
tively we arrest the maturation of donor plants
during clonal testing as well as how economically
we can produce steckling stock compared to that
of seedlings.

Selection for Next Generation

Selection for the third-generation breeding popu-
lation will be carried out from the full-sib progeny
test. Twenty clones each from the 24 or 30 full-sib
families, derived from the assortative or discon-
nected diallel crosses within subline, respectively,
will be selected and form a new subline for the
third-generation. The selection will be made using
an index based on perfomance of individuals
weighted with parental GCA information from the
polycross test.

Lindgren (1986) suggested a linear deployment of
clones based on GCA values for seed orchards
and breeding, including the mating designs, to
obtain optimal gain. As mentioned previously, the
mating design employed was a scheme of assor-
tative matings. Also, the disconnected diallel mat-
ing scheme used in the strategy has a subline
structure within a subline (ie., disconnected
diallels within each subline). Differences among
the five disconnected diallels will be compared,
and possibly, a linear deployment of clones from
different diallels may be practised. For example,
more clones are selected from best diallel sets
than poor ones.
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Controlling Genetic Diversity

The objective of any breeding strategy is the effi-
cient transformation of genetic variation into gain,
and requires that the strategy conserve as much
genetic variance as possible (Dempfle, 1990). The
design of the breeding strategy must consider the
paradox that selection methods that are efficient
for gain are not efficient for preserving diversity
(Wei and Lindgren, 1991). As mentioned earlier,
subdividing the breeding population into sublines
will assist in retaining variation across the entire
populativ‘on, although the combined effects of in-
breeding and random drift may cause the rapid
loss of variability within sublines. Random drift will
cause neutral alleles to be lost or fixed within the
small sublines, although subdivision will reduce
the effects of drift over the population as a whole.
Drift can be effectively countered by the occa-
sional introduction of new, unrelated selections
into the sublines (Lacy, 1987).

While polycrosses made between sublines will
always be out-crossed (assuming that all of the
original selections were unrelated), crosses made
within sublines will result in-accumulated inbreed-
ing. This accumulation is accelerated by methods
such as positive assortative mating and com-
bined-index selection which are designed to in-
crease levels of gain. Selection in future
generations may be adversely affected if deleteri-
ous inbreeding is permitted to accumulate to un-
acceptable levels. Furthermore, since clones from
these within-subline crosses are to be tested for
possible deployment, itis important that co-ances-
try be controlled to minimize the effects of inbreed-
ing on clonal performance. Provided that pedigree
records are maintained, computerized techniques
for the calculation of inbreeding coefficients (e.g.,
Meuwissen and Luo, 1992; Tier, 1990) make it
easy to calculate inbreeding coefficients of all
individuals in the breeding population and all pos-
sible crosses. Co-ancestry can, therefore, be con-
trolled by constraints on the number of related
selections made in each generation, or by control-
ling the tevels of inbreeding in mating designs that




produce progeny and clones for selection. The
efficiency of co-ancestry control strategies to min-
imize inbreeding and the loss of genetic diversity
requires further investigation (Wei and Lindgren,
1993). A simulation study currently in progress is
developing the necessary data to fine-tune co-an-
cestry controls to achieve efficient gain while min-
imizing inbreeding and loss of diversity (T.J.
Mullin, unpublished data).

Anticipated Problems
and Opportunities

The alternative breeding strategy discussed here
is based on controlled-poliinations followed by
steckling production for reforestation. Since the
plan is implemented on the first set of materials of
the second-generation breeding program, our
progeny testing scheme encompassed: several
objectives, which may result in some trade-offs.
For example, the mating design was intended for
production of progeny for next generation selec-
tion, as well as for progeny testing. Three different
testing schemes, i.e., a full-sib progeny test using
seedlings, a clonally replicated test, and an accel-
erated test, are used at an increased cost. How-
ever, breeding and testing is the most important
part of the strategy, and the information and expe-
rience gained from this plan will help implement
the next set of the second-generation material. For
example, if there is no substantial SCA variance,
backward SCA selection and the repeat crossing
scheme may not be practised for the next set.

Since stock production in the strategy is by rooting
of cuttings, itis essential that the stock plants grow
like seedings. This does not appear to be a prob-
lem for the backward selection schemes where
very young seedlings are used as donor plants. it
is, however, less certain that the procedure used
to maintain juvenility during the progeny test will
also eliminate cumulative c-effects (Lerner, 1958;
Libby, 1976) in the forward clonal selection. Dek-
ker-Robertson and Kleinschmit (1991) found that
by using serial propagation of Norway spruce, no
serious problem due to maturation occurred until
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after seven or eight cycles of propagation span-
ning about 20 years.

Somatic embryogenesis (SE) techniques may
hold future promise of a vegetative multiplication
system with greater efficiency, especially in con-
junction with cryopreservation (Klimaszewska et
al., 1992). Since the first reports of successful SE
(Nagamani and Bonga, 1985; Hakman et al,
1985), rapid progress has been made and plants
produced by SE (emblings) are routinely produced
with relatively high success rates (Park et al.,
1993, Adams et al.,, 1993). SE fits well into our
strategies. Especially, it will have a great impact
on the forward clonal selection strategy because
SE offers the opportunity to maintain clones in a
juvenile state by cryopreservation while field test-
ing is being carried out. SE is still labor intensive:;
however, research is being actively conducted at
Natural Resources Canada, in Fredericton, to de-
velop automated embling culture systems

As mentioned, a total of 400 ciones selected for
the second generation will be used in an overall
breeding program at different times because the
first-generation family tests are spread over 10
years. The current breeding strategy involves only
80 selections from three family-test series estab-
lished during 1979 - 1981, thus bringing the selec-
tions made during this period together. We expect
that implementation of the second-generation
breeding program will take a total of four stages
spanning the next 10 years, and, at each stage,
four to six sublines (80-120 clones) will be im-
plemented. It is also likely that third-generation
breeding may commence before implemention of
second-generation material has been completed,
and therefore, it is possible to develop breeding
plans for overlapping generations of breeding ma-
terial.

The updated breeding plans proposed here will
provide practical information and experience in
implementing the next sets of sublines or the
next-generation breeding material. If the pilot-
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scale implementation proves to be efficient, the '

conventional breeding strategy is likely to be re-
placed by appropriate alternative strategies. For
example, if most of the genetic variance is due to
additive effects with a lack of SCA variance, im-
plementation of backward SCA selection and a
repeat crossing scheme is not warranted. Further-
more, implementation of sublines at different times
permits the adoption of different strategies flexible
enough to meet changing goals when necessary.

Several researchers have also advocated in-
breeding as a tool for breeding (Lindgren and
Gregorious, 1977; Lindgren, 1986). This idea may
deserve further exploration. Breeding using sub-
lines will increase the rate of inbreeding primarily
due to subline size. Lindgren (1986) indicated that
inbreeding releases genetic variance and makes
it available for selection albeit at a cost in time and
difficulty. He suggested using only the top-ranking
genotypes for intentional inbreeding. Our elite
subline may be a good candidate for this. It may
" be divided into two sublines to develop highly
inbred sublines and backcrossed to the sublines
- of the previous generation.
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