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Preface

Enhanced forest productivity is recognized as a possible solution for meeting future wood supply demands
while protecting our vast forests from human disturbance. Among several forest management practices, tree
improvement can be a cost-effective way to increase forest productivity, and continues to be a priority for both
forest industries and government agencies around the wotld. The Ontario Ministry of Natural Resources (OMNR)
and forest industry in Ontario have been pursuing tree improvement programs since the 1980s. Ongoing
challenges, however, include how to effectively implement tree improvement programs and materialize genetic
gains from tree improvement investment by integrating forest genetics with other silvicultural and forest
management practices.

Social and economic benefits have been enormous from various successful tree improvement programs in
Canada and around the world. OMNR and its clients can benefit greatly from learning about some of these
success stories, and from communicating ideas and discussing key technical issues with experts from leading tree
improvement programs within and outside Ontario. Examples of tree improvement expetiences from around the
world serve to put Ontario’s programs into context. Additional challenges facing resource managers in Ontario
include cold soils, short growing seasons, and slow-growing tree species. Ontario is home to more than one-third
of all Canadians, who collectively place high demands on the forest landbase and its resources.

To provide a window for OMNR and forest industry staff to appreciate the role of tree improvement
programs in enhancing forest productivity, as well as an opportunity for Ontario’s tree improvement and
silvicultural professionals to advance their knowledge of tree improvement methods, the Ontario Forest Research
Institute (OFRI) hosted a 3-day Forest Genetics and Tree Improvement Information Session and Short Course June 25-27,
2002. About 45 participants attended the 1-day information session consisting of a series of seminars on the
experiences and achievements of notable tree improvement programs in North America. Half of the participants
(shown above) stayed for the 2-day short course to learn more about implementing operational tree improvement
programs.



During the workshop, the complex nature of forest genetics theory was acknowledged, making its application
to tree improvement programs challenging, and underscoring the need for practitioners to have adequate
knowledge to make informed decisions. As tree improvement involves balancing many factors, such as weighing
potential gains against diversity and deciding how to manage inbreeding, setting clear program goals from the
outset was emphasized.

Speakers sent some very clear messages: Those conducting current breeding programs were encouraged to
develop plans based on desired goals, focus on the best material available, establish well-designed tests that are
regularly maintained, consider building flexibility into programs in order to accommodate future advances by
following an adaptive management strategy, and maintain adequate levels of genetic diversity within programs.
Whete appropriate, amalgamation of breeding zones is encouraged for economic reasons.

We were pleased with the amount of interest that participants showed in the topics discussed, asking insightful
questions throughout and commenting that the workshop provided an excellent training opportunity that
enriched their knowledge. Participant questionnaire respondents noted that the talks were geared appropriately to
the audience, although some respondents requested more detailed coverage of subject areas in future events.
Suggestions given for future workshop topics include in-depth coverage of gene conservation principles and
theory; a hands-on breeding value estimation software applications course; hardwood breeding; BLUP (best linear
unbiased prediction) theory; and updates on further advancements in genetic theory.

The key messages presented over the 3 days are highlighted in this workshop synopsis. It became evident by
the end of the sessions that the field of forest genetics has moved ahead substantially over the past 2 decades.
The general level of knowledge among industry members has also increased immensely. We greatly appreciate the
participation of all those who attended and hope that those who could not be there find this synopsis helpful.

Comments and suggestions for future workshops in forest genetic resource management and utilization may

be addressed to Drs. Pengxin Lu (pengxinlu@mar.gov.on.ca) or Marilyn Cherty (matilyn.cherry@mnt.gov.on.ca),
ot by contacting information.ofri@mar.gov.on.ca at the Ontario Forest Reseatch Institute.

Pengxin Lu and Marilyn Cherry
July 2002
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Summary

*  Worldwide shortfalls in wood products are
forecasted for the coming decades — the result of
both growing demand and a shrinking forest
landbase. Increasing forest productivity through tree
improvement (TT) is one option for addressing the
projected shortage. All developed countries have now
implemented breeding programs for their plantation
species, targeting features such as growth rate, wood
quality, and pest resistance. Some of these programs
have produced impressive gains.

* A 3-day workshop was held in Sault Ste. Marie to
focus on TT developments in North America and to
provide context for Ontario’s programs, which are
now entering their second generation. New
developments, along with case studies from
successful programs in North America (e.g, J.D.
Irving in eastern Canada/northeastern US., and
southeastern U.S. programs for slash pine) were
presented, followed by an instructional course on TI
principles and approaches.

¢ Tree improvement programs vary widely in
strategy, intensity, and delivery — there is no single
recipe, but well-designed and implemented programs
achieve higher genetic gains. Programs must design a
workable format that suits their goals and resoutrces.
Intensive programs make a substantial investment,
which may be cost-effective in some situations. In
circumstances where fiscal constraints limit the use
of some very intensive methods or technologies (e.g,
in Ontario), costs must be weighed against gains and
an appropriate compromise sought.

¢ The basic elements in all programs are selection
of plus trees/families, breeding, progeny testing, and
mass propagation for planting. While these may be
handled differently across programs, it is important
that they are optimally designed to eventually deliver
better results for operational commercial use.
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 IT efficiency is determined primarily by the
number of breeding zones and the associated
number of breeding programs. In northwestern
Ontario, breeding zones for jack pine and black
spruce have recently been amalgamated, dramatically
reducing tree improvement costs. Further
investigations of reasonable breeding zone
boundaries are recommended, possibly by evaluating
the scale of genotype by environment interactions in
progeny tests through the use of recruiting
populations in the second generation.

* In advanced-generation selections, balancing gain
and genetic diversity (as indicated by the level of
inbreeding) is a challenge. An acceptable strategy is to
select more individuals from the best performing
families for subsequent breeding while retaining
relatively lower performers at a controlled level for
genetic diversity. Both backward (i.e., selecting for
parents in the previous generation) and forward (i.e.,
selecting for outstanding offspring) selection should
be pursued to efficiently increase the genetic value of

the breeding population.

* Ontario could adopt a complementary mating
design in its second-generation TI programs, e.g,
single-pair mating complemented by open pollination
(OP) for selected individuals. Single-pair mating
would allow for within-family selection with full
pedigree control, while open-pollinated seeds provide
an estimate of the general compatibility of the
selections. It is especially important that all top
selections be included in the OP progeny tests.

¢ While grafting is a time-consuming and expensive
practice in tree improvement, clonal seed orchards
theoretically realize double the genetic gains of
seedling seed orchards and are convenient for
archiving genotypes for backward selections and for
breeding the next generation.

* Ontario’s first-generation TT programs have seen
modest gains in tree height, despite various problems



with the implementation of these eatly efforts.
Planning for the second generation is under way and
requires long-term consideration for balancing
immediate and sustained gains with economic and
stewardship concerns.

* A basic (rather than intensive) program has been
suggested as most practical for Ontario, given finite
resources, but it will need to be adapted based on the
needs, resources, and future vision of forest industry
partners who are implementing the program.
Efficiencies in program management and delivery
may be realized through, for example, reducing the
number of breeding zones and improving progeny
test precision.
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* Knowledge gaps among operational TT staff, as
well as decision makers, are significant in Ontatio.
Field practitioners require more technical support,
training, and field aids to guide their decisions and
help them to evaluate progress. They want more
information on topics such as the economics of 11,
new advancements in data analysis, balancing gains
with maintaining genetic diversity, and addressing
hardwood issues. Future similar workshops would be
a valuable method of bringing new research
developments and TT issues to practitioners.



Introduction

Global demand for wood products is anticipated
to increase sharply over the next 20 years as the
world’s population grows to a projected 8 billion
(United Nations’ Food and Agriculture
Organization). Demand for both fuelwood and
industrial wood is expected to climb 30 to 50%.
Meeting that demand will be a substantial challenge
for forest management programs, given that the
forest landbase is presently shrinking. Almost half
of the world’s original forest cover has been lost in
the last 50 years, a result of factors such as
urbanization and deforestation. The problem is
further exacerbated by inaccessability of some
growing stock, environmental regulations, and
reduced harvest on government lands.

One solution to meeting the demand is to
enhance forest productivity. Among several forest
management practices, tree improvement (IT) can be
a cost-effective way to increase forest productivity,
and continues to be a priority for both forest
industry and government agencies around the world.
In theory, 5% of the world’s forests in well-managed
plantations could supply 100% of industrial wood

needs (assuming a mean annual increment of 10

m’/ha/yr).

In Ontario, TI programs have been under way
since the 1980s, and many programs are now
entering the second generation. But there are
ongoing challenges, notably how to implement and
manage TT programs to best capture genetic gains,
and how to integrate forest genetics, silviculture, and
forest management to produce measurable
improvements in productivity and quality.

To position Ontario’s programs for the future, a
3-day workshop was held for government and forest
industry professionals, focusing on forest genetics
and TT developments locally and elsewhere in North
America. Comprising an information session
followed by a short course on TT principles and
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techniques, the workshop provided context for
Ontario’s TT programs by showcasing examples of
leading-edge programs in eastern Canada and the
southeastern United States.

Speakers were from university, industry, and
OMNR (see also Appendix I):

Tim White, University of Florida — international
expert and leading scientist of a successful TI
program in the southeastern United States

Bill Parker, Lakehead University — contributor to
Ontario’s TT and genetics program, whose GIS-based
research tools are helping to establish new breeding
zone boundaries in Ontario and elsewhere

Greg Adams, |.D. Irving — representative of ].D.
Irving’s successful industrial TT programs in New
Brunswick, Nova Scotia, and Maine

Dennis Joyce, OMNR - coordinator of Forest
Genetics Ontario, which manages TT programs for
major forest species

Pengxin Lu, OMNR - forest genetics research
scientist at the Ontario Forest Research Institute

Messages from the workshop have been distilled
to capture key points summarized below.

Roles of Genetics and Tree
Improvement in Promoting Forest
Productivity

Improvements in tree growth rate, stem
straightness, branching characteristics, wood quality,
and insect and disease resistance confer important
practical benefits at stand and landscape levels. Some
of these benefits include faster stand growth, higher
wood volume production, shortened stand rotations,
increased resistance to pest attacks, and maintenance
(or enhancement) of population diversity.



Goals of Tree Improvement

Tree improvement programs seck to accomplish
several objectives in a timely, cost-effective manner:

* Increasing economic value of planted trees

* Achieving near-optimal short-term gains in a few
key traits

* Achieving near-optimal long-term gains

* Conserving genetic diversity in a species

* Ensuring flexibility for new markets, products,
and technologies

Since TT is primarily focused on enhancing the
productivity and quality of plantation forests, it
cannot fully preserve the natural patterns of genetic
variation. Regional forest management goals,
therefore, must be cleatly defined before a T1I
program is implemented. Tree improvement will not
be effective if the ultimate goal of forest
management Is to preserve natural patterns of
genetic variation, rather than increasing plantation

productivity and quality.

One of the great challenges for TT programs is
balancing short-term gains within a longer-term
context. Overemphasizing short-term gains in 1 or 2
traits may compromise other important
characteristics if they are negatively genetically
correlated and can constrain genetic diversity.
Including more than 3 to 4 target traits in a breeding
program will, however, substantially slow TI
progress and efficiency.

Economic Benefits

Substantial gains in marketable features have been
realized with TT programs in Canada and elsewhere.
For example, in eastern Canada, ].D. Irving’s
programs have resulted in significant increases in
projected annual allowable harvests through the use
of improved planting stock. J.D. Irving currently
derives about 100% of their genetically improved
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stock from their first-generation clonal seed
orchards for tree planting. Also, yields for conifers
and hardwoods are not expected to undergo the
usual decline over an 80-year horizon. These
improvements do not take into account the value
added by improved quality. In southeastern US.,,
genetic gains from clonal seed orchards of first
generation 1T of slash pine have produced 14-18%
increase in volume, and 9-15% improvement in rust
resistance in the first generation program. Gains for
slash pine are higher than might be expected for
species in more northerly regions with colder soils
and harsher climate. Nonetheless, in general, gains
of 10% in wood volume are fairly common within
the first few generations of TT programs in North
America and elsewhere.

How successful TI programs are in realizing gains
depends on factors such as:

* Amount of genetic variation (which results in
greater gain from selection programs)

* How fast seed becomes available at each stage of
improvement

*  How much improved stock is planted

Ecological Considerations

A global concern is loss of biodiversity.
Increasing pressure on the landbase, which has
reduced forest cover, has affected many plant and
animal species. Tree improvement may help reduce
harvest area to maintain larger undisturbed areas,
thereby helping to conserve biodiversity. Positive
contributions to diversity may also be realized from
TT programs that seek to retain key species that are
at risk of extirpation.

But T1, by its very nature, entails streamlining the
genetic base of breeding populations to favour high
performers for reforestation or afforestation. Thus,
within a TT program, genetic diversity will be




reduced somewhat. Theoretically, an effective
breeding population size greater than 300, which is
common to TT programs, can sustain near maximum
long-term gains even in intensive programs. At the
landscape level, an appropriate balance between
enhancing forest growth and maintaining genetic
diversity might be achievable by emphasizing both
intensively managed plantation forests and areas of
undisturbed natural forest.

J.D. Trving, which manages both freehold (private)
and Crown holdings in eastern North America, uses
various measures to reconcile economic and
ecological issues. On their private lands, the
company is much more aggressive in their TT
management programs. For example, seed orchards
for their private lands undergo more aggressive
roguing (culling of poor-performing genotypes) to
accelerate the realization of gains. They also invest
more heavily in producing rooted cuttings as
planting stock for these private lands. A relatively
more conservative approach is used on Crown land.

Principles and Techniques of Tree
Improvement Programs

Tree improvement is both an art and a science —
there is no single prescription that could be
considered suitable in all situations. Programs differ
markedly in strategy, intensity, and delivery, because
of differences in product goals, species biology,
silviculture, and economics, but all programs share
the common activities of selection, breeding, testing,
and mass propagation of varieties. Also, all
programs must be able to deliver gains to
operational commercial plantations. Many alternative
strategies will be near-optimal, and approaches can
change from one breeding generation to the next. It
1s important, however, to choose near-optimum
approaches for each key component of a TI cycle
and to have a vision for the future, decide upon a
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strategy, implement it, and apply the lessons learned
to the next generation.

Breeding Zones

Tree improvement programs are developed within
a breeding zone, so more zones mean more
programs with increased investment. Fewer, larger
zones are most cost-effective. However, the number
and size of breeding zones can be affected by
considerations such as the risk of maladaptedness
and goals for gene conservation and/or maintenance
of local patterns of geographic diversity. Several TI
programs in the world use one large breeding zone
(e.g, for slash pine in SE USA, radiata pine in New
Zealand, radiata pine in Australia, and black spruce
and jack pine in New Brunswick), which emphasizes
breeding trees for broad adaptability across a wide
range of climatic conditions. Other situations (e.g,
for Douglas-fir in the Pacific Northwest, black
spruce and jack pine in Ontario) rely on multiple,
smaller zones, many of which have been
amalgamated over the past few years.

Breeding zones are theoretically determined by
the scales of genotype by environment interaction as
revealed from multi-site progeny test data. When
genetic test data are not available, breeding zones are
typically delineated by ecological or climatic zones
(e.g, historically in Ontario Hill’s Site Regions or,
more recently, using a Digital Climate Model); or by
provenance testing. Traditional seed zones in
Ontario are generic, rather than species-specific.

In parts of Ontatio, a new concept has been
introduced that redefines breeding zone boundaries
based on GIS models of adaptive variation. This
approach uses field common-garden test data and
climatic information to delineate boundaries for a
given species. For black spruce and jack pine in
northwestern Ontatio (48.0° to 51.5° north latitude),
the approach has reduced the number of zones by
about half. The cost saving to Ontario’s TI




programs from such developments is estimated to
be several million dollars already. Extending the
approach to other parts of the province is now

being explored.

Another approach 1s to use recruiting populations
(from outside the current breeding zone) in the 2™
generation’s breeding population that would allow
genotypes to be tested outside the current generic
breeding zone boundaries. Data collected from
progeny tests of the recruiting populations can
provide an estimate of the scale of genotype by
environment interaction and indicate whether
further zone amalgamation is feasible.

Plus Tree Selection (Families)

In first-generation programs, trees typically are
selected from natural stands based on phenotype
(visual appearance). Common target traits are tree
size, form, freedom from disease, and wood quality.
This selection relies on existing genetic variation in
the natural base population, rather than the creation
of new alleles through genetic engineering. The
purpose of selection is to change allele frequencies
in the breeding and propagation populations that are
responsible for favourable improvement in target
traits.

Issues to be addressed during the selection
process include the number and relative emphasis of
traits, the appropriate age for selection, the method
of selection, the number of selections, and the
amount of gain expected for each trait. Generally,
the number of traits should be minimized, i.e., not
exceed 3 to 5 (unless separate populations are
maintained that emphasize improvement in different
traits), as each additional trait reduces potential gain
in others. Wood volume is a popular trait as it tends
to transcend all markets and products. Selection age
depends on juvenile-mature correlations, but is often
one quarter to one half of rotation age. For black
spruce and jack pine in Ontario, selection ages less
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than 20 years may be more desirable due to long
rotation ages and often heavy pest damage in
progeny trials.

In advanced-generation selections, balancing gain
and genetic diversity (as indicated by level of
inbreeding) is a challenge. An acceptable strategy is
to select more individuals from the best performing
families for subsequent breeding while retaining
relatively lower performers at a controlled level for
genetic diversity. An approach that uses the Poisson
distribution to determine the number of selections
per family was found to be near optimum in
balancing genetic gain and genetic diversity and is
currently used as a selection guide in Ontario. Both
backward (i.e., selecting for parents in the previous
generation) and forward (i.e., selecting for
outstanding offspring) selection should be pursued.
Focusing selection strictly within top families may
result in overly rapid streamlining of the genetic
base unless efforts are made to ensure a reasonable
degree of genetic diversity.

Breeding

The purpose of breeding among selected
individuals in a breeding population is to create new
genetic variation among the offspring of the next
generation that will provide the basis for further
selection.

Mating Designs and Breeding Population
Management

Many mating designs are used successfully for
management of the breeding population with
different purposes. Options for mating designs are:

* Open-pollinated families (least expensive option,
half pedigree control)

* Polycross (inexpensive option, half pedigree
control)

* Multiple-pair matings (more expensive option, full
pedigree control)




* Single-pair matings (inexpensive controlled-
pollination option, full pedigree control, but does
not itself allow the estimation of general
combining ability of the parents, which is a
reflection of the heritable portion of genetic
variation, used in estimating genetic gain).

While multiple-pair matings from the best trees are
an expensive option, they do increase the chances of
successful matings and more outstanding offspring in
the progeny with known pedigrees. More importantly,
multiple-pair mating allows for the estimation of the
general combining ability of the parents, which 1s
important for backward selection and the estimation
of genetic gain if used in clonal seed orchards.

Ontario could adopt a complementary mating
design in its second-generation TT programs, e.g,
single-pair matings complemented by open
pollination (OP) for selected individuals. Single-pair
mating would allow for within-family selection with
full pedigree control while open-pollinated seeds
provide an estimation of general combining ability of
the selections. It is especially important that seeds
from all top selections be included in the OP
progeny tests.

For effective management, breeding programs can
adopt a nucleus breeding strategy (currently used in
Ontario and other breeding programs). The breeding
population is stratified into tiers, based on predicted
breeding values, that receive different intensities of
management, mating top performers more frequently,
and testing top performers more precisely. Lower
performers are mated and tested less intensively; they
serve as a reservoir for infusing useful alleles into the
elite tier when needed and help to maintain the
genetic breadth of future generations.

Seed Orchards

The main purpose of seed orchards is to realize
genetic gains from breeding by mass propagating
improved genotypes. Seed orchards not only can
serve as reproduction populations to produce
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genetically improved seeds but can also partially
serve as breeding populations.

Selected trees may be used to provide seed or,
alternatively, scions for grafting into clonal seed
orchards. A limited amount of grafting has been
done in Ontario, but clonal seed orchards are used
routinely for slash pine in the US. and in some
other programs in North America. In ].D Irving’s
programs and in Florida, 100% of genetically
improved seeds are produced from clonal seed
orchards. While grafting is a time-consuming and
expensive practice, clonal seed orchards theoretically
realize double the genetic gains of seedling seed
orchards and are convenient for archiving genotypes
for backward selections and for breeding the next
generation.

In establishing seed orchards, it 1s crucial that
inbreeding be controlled by avoiding the use of too
many genetically related individuals in the same seed
orchard. While inbreeding is allowed in the breeding
population, it can cause substantial inbreeding
depression among seeds produced from seed
orchards, which can compromise the expected
genetic gain.

Genetic Diversity and Inbreeding

Mating among selected individuals in a closed
breeding population increases genetic relatedness of
the next generation. More within-family selection in
a few top-performing families in the first few
generations increases genetic relatedness (reduced
genetic diversity) even faster, so it is advisable to
move ahead more slowly in reducing the number of
tamilies. Inbreeding depression (decreased vigour
following crossing of closely related trees) must be
avoided in plantations and seed orchards. However,
inbreeding can be advantageous in breeding
populations to help rid them of poor alleles. These
issues permeate all advanced generation breeding
strategies.



An approach that helps to balance gain and
diversity is to start with large, structured breeding
populations, and to maintain many lower-ranking
(but desirable) selections for gene conservation and
protecting long-term diversity. In Ontatio, nucleus
or clite populations are managed intensively for
rapid short-term gains, and a larger main population
is managed less intensively for long-term progress
and diversity. Populations of about 300 to 400
tamilies (similar to that used in Ontario and in many
breeding programs wotldwide) can sustain long-
term gains while securing gene conservation.

Testing

Test Precision

Progeny testing is a lengthy and expensive
element of TI programs, typically taking decades to
accomplish. Efficiency of testing is affected by the
number of trees involved per test, the number of
tests (generally at least 3 are recommended), and the
degree of test precision.

A powerful tactic may be to develop greater test
precision by reducing the length of testing time and
the damage associated with the testing phase; this
has been recommended for Ontario’s second
generation programs.

Some ways to increase test precision include:

* Using homogenous, productive test sites (e.g.,
farm field tests, nursery beds) with minimal
competition and intensive site maintenance

* Using appropriate test designs

¢ Statistical purging of damaged trees before
analyses (assuming that damage is not genetically
correlated)

* Measuring frequently (annually if possible)

* Identifying eatly indicators of performance
potential
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* Making spatial adjustments at the statistical
analysis phase on heterogeneous sites

In the US. slash pine TI program , the use of
homogeneous test sites along with good preparation
and maintenance practices has translated into higher
heritabilities by reducing environmental noise.

Exploratory tests in Ontario and the Pacific
Northwest have yielded promising results that show
test periods may be condensed to 10 years or less.
For example, results for black spruce indicate these
shorter-term tests are twice as efficient as waiting to
age 20. Pilot programs in Ontatio (e.g, for jack pine)
using elite tests and 5-year data have also been
promising. Shortened tests can minimize the
environmental noise that can mask genetic effects.
Another advantage is that plant spacing, hence land
requirements, can be reduced, making it a cost-
effective option.

Data Analysis

Effective data analysis is critical to maximizing
gains. Unfortunately, large, messy data sets are
common in forest genetics, so proper analysis can
pose a challenge. Data sets are often unbalanced, or
are composed of multiple ages, precision, mating
and/or field designs, and generations.

Mixed-model methods that treat genetic effects as
random are replacing traditional analytical techniques
that treat genetic effects as fixed (ordinary least
squares analysis). Best Linear Unbiased Prediction
(BLUP) for fixed effects, along with Restricted
Maximum Likelihood (REML) for variance
component estimation, constitute an effective mixed
model approach that works well with messy data sets
to directly predict breeding values and genetic gains.

Mixed models are already in use in Ontario;
however, BLUP software needs improvement before
more widespread use in forestry (BLUP was




originally developed for animal breeding systems
rather than for species that can self-pollinate and
where individuals may serve as males and/or females
in breeding). It is recommended that these advanced
approaches be introduced into Ontario’s TI
programs over the course of the next few years,
likely via the research cadre of OMNR.

Asexual Mass Propagation
Bulking up the supplies of planting stock from TT

programs can be accomplished using seedlings or
rooted cuttings. While seedling production is most
common, some programs have been successful with
rooted cuttings, particularly for easy-to-root species
such as Eucalyptus spp. and black spruce. In
eucalypts, selection-age material can provide easily
rootable juvenile stump sprouts.

J.D. Irving uses rooted cuttings of conifers
despite the fact that the cost is twice that of
seedlings; gains of 10% in volume compensate for
the extra cost. Rooted cuttings in the ].D. Irving
programs deliver gains more quickly to the field, and
are an efficient way to propagate pest resistant
tamilies. For example, from 5,000 seedlings they are
able to sustain 1 mullion rooted cuttings per year for
operational planting. They use these on their best
sites and prepare the sites well prior to planting.

The use of somatic embryogenesis (discussed
below) is another avenue being explored by J.D.
Irving (and other forest companies) to mass
propagate clones. It is possible that this
biotechnological method will facilitate greater
efficiency in gains for certain traits, compared to
rooted cuttings or traditional seedlings. Validation of
the best approaches should be forthcoming in the
next few years. ].D. Irving’s operating philosophy is
one of flexibility for the future, thus they are
implementing a wide variety of methods.
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New Technologies

New technologies relevant to TT that are either
under development or have aleady been introduced
in various parts of the world are summarized briefly
below.

Clonal Forestry for Propagation

Clonal forestry for conifers is receiving worldwide
attention as a means to capture more gain from
selection, and to rapidly multiply precious lines.
While operational for some hardwoods such as
willow, poplar, and eucalyptus, it has been a
challenge for most mature-aged conifers. Somatic
embryogenesis, which uses tissue culture methods to
produce many plants from vegetatively induced
embryos, has had some success at the research scale
but is not yet operational (although about a dozen
companies are close). Field testing of clones derived
from somatic embryogenesis is well under way.

Hybrids

Hybrids are being tested more widely now than in
the past, and production is operational for a few
species. However, hybrids complicate breeding, and
are not right for all situations. Also, quantitative
theories underlying hybrid techniques need further
development. A clonal method is often needed to
propagate many hybrids.

Genetic Modification

Genetic engineering and transformation
techniques have been developed at the laboratory
scale for several species, but are not yet operational.
Challenges include lack of clonal propagation
methods for modified trees, instability of modified
traits, effects of transformation on other traits, and
adverse public opinion. The greatest application of
genetic modification is in elucidating causal
mechanisms (e.g, of glyphosate resistance, lignin



synthesis); thus its importance will likely remain at
the research level.

Functional Genomics

Functional genomics aims to understand the
function and regulation of genes underlying the
biology of traits. Potentially it can lead to swart
breeding and the production of designer clones, but is
still in its infancy. Challenges are largely
technological, and are punctuated by a highly
complex biology in tree species, which will make it
feasible to unravel only the simplest traits first.

Markers for Selection and Breeding

A considerable portion of the genome apparently
is not linked to desirable traits or functional gene
loci, but some of these genes may have important
applications as markers for genetic identification,
quality control, or population genetics studies. Also,
single base-pair mutations within functional genes
(called single nucleotide polymorphisms or SNPs)
might allow changes in DNA to be related directly
to phenotype. This work is still in the early stages.

Large-Scale Physiology

Physiological assessments have traditionally been
restricted to small-sample areas of leaf or branch.
But in recent years, larger-scale assessments of
whole trees or canopies are becoming possible,
thereby enabling greater understanding of functional
aspects. For example, techniques analyzing stable
carbon isotopes (ratio of C: *C, integrating carbon
and water dynamics), and heat balance sap flow
(whole tree transpiration) are promising methods
that may help to unravel the components of
desirable traits. Physiological methods may also
support increased precision in progeny testing and
shorten testing periods.
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Process Models and Simulators

Process models may help to grow stands more
predictably and to forecast what might happen in
untested situations, such as in a changing climate. The
models use many inputs and incorporate remote
sensing and GIS to integrate across scales. However,
they are complex and require a strong understanding
of basic mechanisms (which often does not exist).
Most models are still in the developmental stages, but
their development is considered to be a worthy long-
term goal that may facilitate smart breeding, risk
evaluations, and gene conservation.

Tree Improvement — Where Are We
Headed in Ontario?

The Next Generation

Tree improvement programs in Ontario are
entering their second generation. A major sense of
urgency has been created by requirements of Ontario’s
Living Legacy, which 1s providing financial support to
industry and has specified that second generation
breeding and test establishment must be in place by
2004 (the sunset date for funds).

While the level of knowledge among industry has
increased markedly within the last 20 years, more
training and guidelines are required to boost the
confidence level of many industrial partners in
planning their next steps.

Advanced-generation programs in Ontario will
likely look very different than those established for the
first generation. Those eatly programs, while
providing gains of 2 to 8% in height, experienced
their share of problems, which contributed to a
general reduction in test precision and loss in gains.
Problems included poor test-site selection and
preparation, poor quality stock, insufficient record-
keeping, inadvertent spraying of progeny test areas,
lack of vegetation management, and high incidence of
damaged trees.



Planning for second generation TT programs in
Ontario should occur with the long-term goal of
balancing immediate and sustained gains. At the
same time, it 1s likely that fiscal restrictions will
preclude a highly sophisticated program that
incorporates the higher-end biotechnological, clonal,
or large-scale vegetative technologies. A “no-frills”,
basic program that balances gains against costs has
been suggested as prudent for Ontario over the next
generation, but individual programs are encouraged
to adapt the approaches as appropriate, using these
recommendations as a guideline rather than a recipe.

Recommendations

Some of the suggestions offered to advance
Ontario’s TI programs include:

¢ Establish a nucleus breeding system of e/ze
families (50 families, single-pair matings) and
infusion families (300 families, open-pollinated)

* Develop a mating system of single-pair families

*  Apply complementary testing using (1) well-tended
tarm-field tests of less than 10 years, and (i1)
realized gain trials

* Adopt 2-stage selection in progeny tests (cull at
seedling stage to remove poor genotypes and then
again in farm-field tests). E/ife progeny tests to be
thinned (rogued) to become the seed orchards

o Use evolving seed orchards, into which the best
genotypes may be grafted to increase gain and
seed production

* Stimulate flower production (e.g., gibberellic acid)
in seed orchards

Efficiencies may be realized through, for example:
* Reducing the number of breeding zones

* Implementing pilot programs to evaluate
juvenile:mature age correlations, measurement
deficiencies, shoot phenology, wood density, and
cold hardiness
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Developing and applying knowledge and
assessment tools from complementary scientific

specialties (e.g., physiology, molecular biology)

Coordinating existing programs for greater
consistency

Ensuring cooperation among forestry groups and
cooperatives in Ontario (e.g., for leveraging

funds)

The context for second-generation programs is
provided by possible scenarios several generations
into the future. One such scenario is that, by the
year 2045, fifth generation programs may be under
way, assuming establishment of second generation
tests by 2005, an optimum selection age of 10 years,
and subsequent aggressive breeding programs of 5
years each. By that time, Ontario’s TT programs
would likely be targeting multiple traits, and within-
family selection should become more routine.

Knowledge Gaps

There is much to be learned to optimize each
stage of the TI process, and the knowledge base will
continue to grow as significant questions are
addressed. Questions about potential implications of
climate change for TT strategies, reconciling short-
term gains with maintenance of genetic diversity,
introducing new technologies, and establishing cost-
effectiveness, will require careful thought and study.
In Ontario, the issue of hardwood genetics and TT
has not been adequately addressed despite concerns
about potential losses of important heritage species
(e.g, butternut, which is being considered for status
on the VIE (vulnerable, threatened, endangered) list
by COSEWIC).

Some information will flow from provincial
research and science programs. Current efforts are
focussed on white pine genecology, screening white
pine for blister rust resistance, enhancing progeny
test precision through spatial data adjustments,
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developing methods for vegetative propagation,
assessing possible impacts of climate change, and
fine-tuning seed and breeding zones.

Meanwhile, many of the needs of the field are
pressing and immediate. Workshop participants
identified a range of subjects for which they are
seeking guidance, technical support, training aids,
and ongoing education. They include:

* Advances in data analysis, e.g., BLUP theory and
application

* Expected minimum gains by species
* Program-specific advice

*  Gene conservation principles and practices,
including effects of forest management on genetic
diversity

* Economics of TT and cost-sharing models for
Ontatio

* Genetic diversity and climate change

* Species recovery and tree breeding

* Hardwood breeding programs

¢ Advancements in genetics theory and techniques

e Relevant lessons from other kinds of tree
breeding programs (e.g., fruit and nut trees)
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Conclusions

Tree improvement is often assumed to be an
established science with clear lines of action. That is
only partly true. In reality, it is both art and science,
the science providing a suite of principles and
techniques, the practicality and suitability of which
must be judged in light of an individual program’s
overall goals and resources. The art is to creatively
reconcile the options and balance sometimes
conflicting objectives within a finite resource base.
Tree improvement is no longer strictly a research
instrument but a viable silvicultural tool. There are
some impressive examples of remarkable operational
gains achieved from TT programs in North America,
and these tend to be very intensive programs
applying sophisticated approaches. In Ontatio,
although concerns about the execution of first
generation programs have been noted, modest gains
have nonetheless been achieved, and future gains are
expected to improve along with the experience and
knowledge of TI and genetics professionals. What is
done for the next generation may be expected to
change in subsequent cycles, and that is quite
acceptable as flexibility in programs will more easily
accommodate new advancements. More importantly,
Ontario should learn from the eatly programs but
move ahead and complete the TT cycle for the next
generation, which will provide even more useful
lessons for the future.
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Appendix I: Session Presentation .
Titles .

Presentations at the information session were:

Tim White — Global Demands in Timber and *
Wood Products and the Role of Tree Improvement
to Meet the Challenges .
Greg Adams — Tree Improvement Gains from a .

Forest Management Perspective

Bill Parker — Location of Breeding Zone .
Boundaries Using GIS Models of Adaptive Variation

Dennis Joyce — History, Current Status and
Future Plans for Ontario Tree Improvement
Programs

Pengxin Lu — Overview of Ontario’s Forest
Genetics Research Program

Tim White and Dennis Joyce jointly taught the
subsequent 2-day course, covering:

* Tree improvement cycles

* Breeding zone classification criteria and economic
efficiency

* Breeding population establishment and plus tree
selection .

* Progeny test data analysis

* Genetic parameter estimation and breeding value
prediction

Index selection

Second-generation breeding populations
(population sizes and selection methods)

Managing advanced generation breeding
populations (nucleus breeding strategy)

Breeding strategies with clonal deployment

Integrating tree improvement with silvicultural
practices

New technologies

First-generation tree improvement programs in
Ontario

Progeny test designs for boreal tree species

Genetic parameters and genotype by
environment (G x E) interactions of first-
generation programs 1n Ontario

Seed orchard designs and management
Farly selection and testing

Plus-tree selection for second-generation
breeding

Selecting and implementing mating designs

Designing second-generation progeny tests for
boreal tree species

Long-term breeding strategies for boreal species
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