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This volume presents 29 overview and research papers on the breeding, genetic variation, genecology, gene
conservation, and pest resistance of five-needle pines (Pinus L. subgenus Strobus Lemm.) from throughout the world.
Overview papers provide information on past and present research as well as future needs for research on white pines
from North America, Europe, and Asia. Research papers, more narrowly focused, cover various aspects of genetics.
Throughout the distribution of five-needle pines, but particularly in many of the nine North American species, the pathogen
Cronartium ribicola J.C. Fisch. continues to cause high levels of mortality and threatens ecosystems and plantations.
Studies on genetic resistance to C. ribicola are described in papers from different regions of the world. Use of P. strobus
as an exotic species in Europe and Russia and corresponding problems with white pine blister rust are discussed in several
papers. Other papers focus on examining and exploiting patterns of genetic variation of different species.
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Section Strobus, Subsection Strobi Loud.

. armandii Franchet. Armand pine

. ayacahuite Ehrenberg ex. Schlechtendahl. Mexican white pine

. bhutanica Grierson, Long & Page. (no English common name)

. chiapensis (Martinez) Andresen. (formerly P. strobus var. chiapensis) Mexican white pine
. dabeshanensis (formerly syn. for P. armandii, now separate species)
dalatensis de Ferré (Vietnamese common names only)

. fenzeliana Handel-Mazzetti (Vietnam; no English common name)

flexilis James. Limber pine

. lambertiana Douglas. Sugar pine

monticola Douglas ex. D.Don. Western white pine

. morrisonicola Hayata. Taiwan white pine

. parviflora Siebold & Zuccarini. Japanese white pine

peuce Grisebach. Macedonian pine; Balkan pine

. Strobiformis Engelmann. Southwestern white pine

strobus Linnaeus. Eastern white pine

. wallichiana A.B. Jackson (syn. P. griffithii McClelland). Blue pine; Himalayan
white pine

. wangii Hu & Cheng. (no English common name)
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Section Strobus, Subsection Cembrae Loud.

P. albicaulis Engelmann. Whitebark pine

P. cembra Linnaeus. Swiss stone pine; Arolla pine
P. koraiensis Siebold & Zuccarini. Korean pine

P. pumila von Regel. Japanese stone pine

P. sibirica du Tour. Siberian stone pine

Section Parrya Mayr, Subsection Balfourianae Engelm.
P. aristata Engelmann. Rocky Mountain bristlecone pine

P. balfouriana Greville & Balfour. Foxtail pine
P. longaeva D.K. Bailey. Great Basin bristlecone pine
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Preface

An international conference on breeding and genetic resources of the five-needle pines took place
in southwestern Oregon, USA, July 23-27, 2001. The scope was worldwide, including 25 species of
subgenus Strobus found in North and Central America, Europe, and Asia. The conference was held
under the auspices of Working Unit 2.02.15 of the International Union of Forest Research Organiza-
tions (IRFRO), with the support of the USDA Forest Service and several other forestry organizations.
The goals of the conference were to review available knowledge from research on the genetics and
genetic resources of this diverse group of pines, and to report current research on genetic diversity and
natural hybridization and on the genetics of growth, adaptability, pest resistance, and other traits of
interest in applied tree genetics and gene resource conservation.

The five-needle pines are nearly all in three sections of Subgenus Strobus. Although there is no
universal agreement on the systematics of the subgenus, we have chosen to adhere to the recent
classification by Price and others (Richardson 1998), although new phylogenetic research results
based on isozyme and molecular analysis do not fully concur with this arrangement. We include two
sections, Section Strobus and Section Parrya, the latter including the foxtail and bristlecone pines,
two groups quite different from the rest of the species, of interest for in situ conservation of species
with an ecological role important in their habitat. Most genetic research to date has been conducted
within Subsections Strobi and Cembrae of Section Strobus. Until recently, the greatest attention was
given to the approximately 17 species of Subsection S¢robi, which includes several species of great
importance as timber trees, many of which are capable of interspecific hybridization. More recently,
research in Subsection Cembrae, especially in Siberia, has been focused on genetic diversity and
natural hybridization. In addition to two important timber species, this subsection has some species
that, although slow-growing, have great importance in horticulture and watershed protection.

The conference had 53 participants from nine countries, including the USA, Canada, Germany,
Romania, Bulgaria, Russia, Pakistan, China, and South Korea. Papers were also contributed by
nonattending scientists in Japan, Austria, New Zealand, and Russia. Because of the worldwide
natural distribution of the five-needle pines, overview papers were invited covering the regions where
five-needle pines are of major importance from a forestry standpoint. The exception was the Mexico/
Central Americaregion, from which we were unable to secure scientist participation. Research papers
addresssed genetics and genecology, blister rust resistance, breeding and propagation, genetic
diversity, and gene conservation. In addition to paper sessions, the conference, held in Medford,
Oregon, included excursions to seed orchards, research plantations, native stands, Crater Lake
National Park, and the Dorena Genetic Resource Center of the USDA Forest Service. Indigenous
species of five-needle pines included in the field trips were P. monticola, P. lambertiana and P.
albicaulis.

In Subsection Strobi, the white pine blister rust (Cronartium ribicola) is the major target of applied
research, with the goal of removing this obstacle to survival and growth of natural and artificial
stands, especially of sugar pine, western white pine, and eastern white pine. Resistance screening and
breeding are proving to be effective strategies for restoring susceptible western North American
species of five-needle pines. In eastern North America, rust resistance breeding has been more
difficult in eastern white pine, although screening and breeding continues in the USA and Canada.
In Europe, P. strobus would be a premier species for forestry were it not for the blister rust, which is
a serious problem throughout the region, including Russia. For this reason other species are employed
in forest planting.

The Balkan or Macedonian white pine has a dual role in the Balkans, critical for watershed
protection and to a lesser degree as a timber species. Provenance research has shown that geographic
variation in P. peuce can be exploited to some extent for optimum productivity, and population
research has facilitated gene conservation. The blue or Himalayan pine, P. wallichiana, is an
important timber tree, especially in India and Pakistan; its wide geographic and altitudinal range
requires much more research on population variation and gene diversity for effective conservation of
genetic resources. This will only be possible through regional cooperation with support from
international organizations.

Subsection Cembrae includes several cold-climate and high-elevation five-needle pines of Eurasia
and western North America. Research on the phylogenetics of the Siberian stone pines (P. sibirica and
P. pumila)and P. parviflora indicates that the current partitioning of Subsections Strobi and Cembrae
needs revision. Research on within-species genetic diversity in Siberia shows that there are relatively
low interpopulation differences within the stone pines, and that natural hybridization occurs between
the species. Korean pine also has small genetic distances between populations, even over a wide area;
the main diversity occurs within populations. All of these species are nut pines, related to the North
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American P. albicaulis. The interconnection between subsections is shown by the similarity of
ecological role between the high elevation species limber pine, the pines of Subsection Cembrae, and
the Rocky Mountain bristlecone pine (P. aristata), all of which occupy and stabilize habitats not likely
to be occupied by other, less tolerant tree species. They are for the most part, less susceptible to blister
rust, some much less, than is P. albicaulis.

These are but a few of the many findings of recent research brought out in the conference. The
extensive worldwide distribution of the five-needle pines, their varied and critical ecological roles in
the plant and animal diversity of the world’s forest ecosystems, and their aesthetic and economic
importance to human society are all indicators of the need for continued worldwide research on these
important forest trees. We look forward to continued cooperation and information exchange in the
future.

Howard Kriebel
Medford, New Jersey, USA
June 13, 2003
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Part I: Regional Overview Papers

P. balfouriana (foxtail pine), Pinus aristata (Rocky Mountain
bristlecone pine) and P. flexilis (limber pine)

P. aristata and P. flexilis photos courtesy of A. Schoettle
P. balfouriana photo courtesy of D. Burton
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Genetics, Breeding, Improvement and
Conservation of Pinus strobus in Canada

G. Daoust
J. Beaulieu

Abstract—The aim of this paper is to present an overview of the
research work carried out in eastern Canada over the last 50 years
to increase knowledge of the genetics of eastern white pine (Pinus
strobus L.), the most majestic conifer of eastern Canada. The intent
of the paper is also to describe the accomplishments achieved in
breeding and tree improvement by a number of private and public
sector organizations from different eastern Canadian provinces as
well as the activities that are currently underway. Ontario’s pro-
gram, which has been cancelled but which comprised the production
of interspecific hybrids from rust-resistant species such as Hima-
layan white pine (P. wallichiana A.B.Jackson), is briefly described.
Results of recent studies of population structure of eastern and
western North American blister rust (Cronartium ribicola J.C.
Fisher) are reported. Estimated genetic gain for height 10 years
after plantation from a network of three provenance-progeny tests
established in Quebec is presented with the origin of the most
promising progenies. Other related subjects such as white pine
weevil, flower induction, somatic embryogenesis and seed orchard
production are discussed. Finally, work presently being carried out
for in situ and ex situ conservation of genetic resources of eastern
white pine in eastern Canada are summarized.

Key words: eastern white pine, Pinus strobus, genetics, interspe-
cific hybrids, blister rust.

Introduction

Eastern white pine (Pinus strobus L.) is the most majestic
of all the conifer species growing in eastern Canada. It has
a very broad tolerance range and is found on a wide variety
of soils ranging from well-drained sands and rocky ridges
through sphagnum bogs (Farrar 1995). In Canada, eastern
white pine’s natural range is limited mainly to the south-
east, and extends from eastern Manitoba all the way to
Newfoundland (fig. 1). This species is characteristic of
Canada’s Great Lakes and St. Lawrence Forest Region,
where fire plays a primary role in the establishment of
extensive stands of eastern white pine (Whitney 1986).

In: Sniezko, Richard A.; Samman, Safiya; Schlarbaum, Scott E.; Kriebel,
Howard B., eds. 2004. Breeding and genetic resources of five-needle pines:
growth, adaptability and pest resistance; 2001 July 23-27; Medford, OR,
USA. IUFRO Working Party 2.02.15. Proceedings RMRS-P-32. Fort Collins,
CO: U.S. Department of Agriculture, Forest Service, Rocky Mountain Re-
search Station.

The authors are with the Natural Resources Canada, Canadian Forest
Service, Laurentian Forestry Centre, 1055 du P.E.P.S.; P.O. Box 3800,
Sainte-Foy, QC, Canada, G1V 4C7. Tel.: (418) 648-5830, Fax: (418) 648-5849,
e-mail: gdaoust@cfl.forestry.ca
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Eastern white pine was overharvested for many decades,
owing to the huge size of the mature trees and their prized
wood qualities. By the end of the 19th century, the extensive
resources of this species had been irremediably decimated in
all of eastern Canada, from Ontario to Newfoundland. The
subsequent introduction of an exotic pathogen—white pine
blister rust (Cronartium ribicola J. C. Fisher)—caused ma-
jor losses in areas that had been naturally and artificially
regenerated. Today, with the exception of some zones of
white pine in southeastern Ontario and southwestern Que-
bec, there are only scattered remnants of the beautiful
natural stands that once covered eastern Canada. In Que-
bec, for the year 1998, nearly 90 percent of the volume of
wood harvested out of the eastern white pine annual allow-
able cut of 730,000 m® came from the southwestern part of
the province (Bouillon 1998).

During the past century, the efforts devoted to reforesta-
tion of this species have varied considerably both spatially
and temporally. The virulence of pests like blister rust and
the white pine weevil (Pissodes strobi Peck) are largely to
blame for the failures and cutbacks that have occurred in
reforestation programs. At present, white pine makes up
just a little over 1 percent of the total number of conifer
seedlings planted in eastern Canada yearly. Scattered
distribution of the species at the landscape level, fire
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Figure 1—Natural range of eastern white pine (Wendel
and Clay 1990).
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suppression, competition from other plants and blister rust
have affected natural regeneration and have dramatically
reduced the presence of the species in the landscape. In some
regions such as Anticosti Island, browsing from white tail
deer prevents development of advance regeneration. To put
harvested stands back into production, forest companies
currently rely mainly on silvicultural practices designed to
mimic natural disturbances that favour eastern white pine
natural regeneration.

Over the past 50 years, a number of private and public
sector organizations have made great efforts to learn more
about the genetics of this species, establishing breeding
programs and increasing knowledge of the most damaging
pests. This document provides an overview of the results
obtained to date and describes briefly the activities that are
currently underway in eastern Canada.

Population Genetics

Population genetics studies help us to understand genetic
changes occurring within and among populations. Knowl-
edge obtained can be used to devise breeding strategies
adapted to the species life history traits. During the last
decade, studies of eastern white pine population genetics
were carried out using isozymes as well as DNA markers.
Results of these studies showed that there was a high level
of genetic diversity in this species, and that about 95
percent of it is located within populations. Population

Genetics, Breeding, Improvement and Conservation of Pinus strobus in Canada

differentiation was reported to be about 2 percent on aver-
age for populations sampled in Quebec (Beaulieu and Simon
1994, Isabel and others 1999) while it was about 6 percent for
populations located in Ontario and Newfoundland (Rajora
and others 1998). This low level of population differentiation
means that gene flow is extensive. It was also shown that
eastern white pine is a predominantly outcrossing species
with a very low selfing rate as reported in a study of its
mating system in two populations (Beaulieu and Simon
1995). Finally, while it was shown that the level of genetic
diversity in this species is relatively high, a loss of genetic
diversity was made clear in the St. Lawrence Lowlands and
it is believed to be caused by highgrading that was practiced
during the last century (Beaulieu and Simon 1994).

Provenance Testing

Provenance testing of eastern white pine started as early
as the 1950s in Ontario, but these first trials were inconclu-
sive and did not include a good representation of prov-
enances (Zsuffa 1985). The first comprehensive information
on genetic variation in eastern white pine was derived from
a range-wide provenance test initiated by the U.S. Depart-
ment of Agriculture in 1955. Two out of the 15 provenance
tests established were located in southern Ontario
(Ganaraska and Turkey Point; fig. 2) and included 12 out of
31 provenances tested in the range-wide study. However,
only three provenances of eastern Canada (Ontario, Quebec

sp100. 20

1- Turkey Point
7 2- Ganaraska
. | 3-Maple

4- Cap-Tourmente
5- Grand-Mere
6- Fort-Coulonge
T- N-D-du-Laus
8- N-D-du Rosaire
9- St-E-de-
Bonaventure

lpmeters
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Figure 2—Location of some collections and some provenance-progeny tests in Ontario and Quebec.
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and Nova Scotia) were represented. Results observed in
these two tests located in southeastern Ontario were re-
ported for 7-year (Fowler and Heimburger 1969) and 28-year
(Abubaker and Zsuffa 1991) morphological and growth traits.
Significant differences among provenances were found for
each of the 12 morphological and growth characters studied.
Variation in some characters was more significant than for
others. The fastest growing provenances (Pennsylvania,
Maine, New York in the U.S.A. and Nova Scotia in Canada)
had fewer forked trees, wider branch angles and finer
branch diameters and were all from the Atlantic coast. On a
broader perspective for provenance testing carried out in
North America, Wright and others (1979) demonstrated
that trees from the southern Appalachian mountains grew
the fastest in the eastern United States and eastern Canada.

The number of provenances originating from Quebec and
Ontario tested in the range-wide provenance trial was too
small to provide the basicinformation needed for the breeding
program initiated in the 1970s in Quebec (Corriveau and
Lamontagne 1977). Hence, a series of three provenance-
progeny tests was established in Quebec in 1988. Over 250
open-pollinated progenies belonging to 67 provenances com-
ing from eastern Canada and the eastern United States were
tested. Four- and ten-year height data were analyzed by
Beaulieu and others (1996) and Li and others (1996). It was
shown that there is an extensive variation in eastern white
pine and that much of this variation is located within prog-
enies and provenances. Significant differences among prov-
enances and among progenies within provenances were dis-
closed. Furthermore, the estimates of heritability at the
family level were moderate (10-year)to high (4-year), suggest-
ing that tree breeding would be successful. Culling the worst
progenies in the nursery could be effective without negatively
impacting the expected genetic gain. Nine out of the 10 best
provenances identified at 10 years of age were from outside
Quebec. Four of them were from the Atlantic coast and the five
others were from the Great Lakes region (Ontario in Canada
and Minnesota and Michigan in the U.S.A.).

Blister Rust

Introducedin the early 20 centuryinto North America on
eastern white pine seedlings imported from Germany, white
pine blister rust is now considered to be the most prevalent
disease of eastern white pine in eastern Canada. In general,
disease incidence increases from west to east and is related
to total rainfall and the decrease in mean July and August
temperatures. Populations growing on coastal areas are
particularly affected by the disease. In Newfoundland, for
instance, all the trees in some young plantations, with some
as young as 6 years old, were killed by the rust (pers. comm.
J. Bérubé 2001). In other provinces, such as Quebec, areas
where eastern white pine is particularly susceptible to the
rust have been mapped (Lavallée 1986), and ecological
characteristics of plantation sites that reduce the risk of
infection have been identified (Lavallée 1991). Plantations
established in partial shade are generally less severely
affected than those established in open fields (Boulet 1998).

Recently, Et-touil and others (1999) studied the genetic
structure of nine populations of blister rustin eastern Canada.
They found that most of the total gene diversity (Hp = 0.386)
was present within populations (H,, = 0.370), resulting in a
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low level of genetic differentiation among populations (Fy =
0.062). No statistically significant genetic differences either
among provinces or among regions were revealed. The east-
ern Canadian provinces are considered to make up one large
white pine blister rust epidemiological unit. Furthermore,
gene flow between the populations is high and trees tested
in this unit could be infected by inoculum travelling hun-
dreds of kilometres.

Comparing eastern Canadian blister rust populations
with western ones, Hamelin and others (2000) found that
the populations clustered into two distinct clades, one from
the east and one from the west. Furthermore, the genetic
differentiation was very high (Fgy = 44 percent). Results of
this study suggest the presence of a barrier to gene flow
between blister rust populations from eastern and western
North America but that there may be zones in central North
America where the two populations can bridge. It will be
important to determine if the genetic differences between
eastern and western populations could also be translated
into differences in adaptation, virulence, or any other traits
having a high impact in terms of this host-pathogen
pathosystem.

White Pine Weevil

The white pine weevil (Pissodes strobi Peck) is the native
insect that has the greatest impact on the quality of white
pine trees growing in plantations. Studies conducted on this
insect and its relationship with the species have focussed
primarily on management techniques (Stiell and Berry
1985) and on the environmental variables of plantation sites
(Lavallée 1992, Lavallée and others 1996) with the goal of
reducing tree susceptibility and the consequences of infesta-
tion. In eastern Canada, few genetic studies have been
carried out on family or individual resistance to the weevil
but it was demonstrated by Ledig and Smith (1981) that
there is genetic variation for weevil resistance in eastern
white pine. With regard to the susceptibility of different
provenances, Abubaker and Zsuffa (1991) showed that there
was a significant difference among the 12 North American
seed sources tested at twolocations in Ontario. However, the
variance that could be attributed to the provenances ac-
counted for only 11.5 percent of total variance. Although it is
possible to select specific phenotypes (narrow crown, slender
leader and resin flow) for their resistance to the weevil, this
phenotypical resistance appears to vary widely and even
disappear depending on the environment and the conditions
at the plantation site (Zsuffa 1985). In 1996, a farm-field test
comprising 14 open-pollinated families with some puta-
tively resistant families was established at the Valcartier
Forest Station in Quebec and will make it possible in the
near future to study family variation for resistance to the
weevil (pers. comm. R. Lavallée 2001).

Breeding and Improvement

History and Present Status in Ontario

The first breeding program for eastern white pine in
eastern Canada was initiated in Ontario by C. Heimburger
in 1946. The main goal of this program, which was a major
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effort for that time, was to develop varieties resistant to
white pine blister rust. The program included selection in
natural stands and the propagation of white pines free of
symptoms of the disease, as well as the production of
interspecific hybrids from rust-resistant species such as
Himalayan white pine (P. wallichiana A.B.Jackson (syn.
P. griffithii McClelland). For the eastern white pine, any
significant resistance expressed after blister rust inocula-
tion was particularly notable in the progenies coming from
healthy parents. Zufa (1971) found that the percentage of
diseased trees in progenies of both healthy and diseased
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parents was similar and very high. No major genes for
resistance were found.

A great deal of effort was put into developing hybrids. At
the Maple Research Station (fig. 2) , 17 soft pine species were
tested and the breeding effort resulted in about 100 hybrids
(table 1). The program was successful, resulting in the
development of rust-resistant interspecific hybrids (Zsuffa
1981). Most notable were the eastern and Himalayan white
pine hybrids, because of their superior growth, high level of
resistance to blister rust and ability to transmit these
characteristics to future generations (Heimburger 1972,
Zsuffa 1976). However, selections of resistant material based

Table 1—List of the interspecific five-needle pine hybrids produced by the Ontario Ministry of Natural Resources and maintained in research

archives by the Ontario Forest Research Institute.

armandii x albicaulis

ayacahuite x strobus

cembra x armandlii

cembra x albicaulis

cembra x strobus

flexilis x wallichiana

koralensis x albicaulis

koraiensis x lambertiana

lambertiana x koraiensis

monticola x ayacahuite

monticola x (wallichiana** x strobus (P. Schwerinii))
monticola x parviflora

(monticola x parviflora) x strobus

(monticola x parviflora) x (wallichiana x strobus)
(monticola x parviflora) x pentaphylla
monticola x pentaphylla

monticola x peuce

(monticola x peuce) x (wallichiana x strobus)
monticola x strobus

parviflora (glaucous®)

parviflora (glaucous*) x (strobus x parviflora)
parviflora glauca

parviflora glauca x strobus

parviflora x albicaulis

parviflora x wallichiana

parviflora x strobus

parviflora x (strobus x parviflora)

(parviflora x strobus) x strobus

(parviflora x strobus) x (strobus x parviflora)
pentaphylla x peuce

pentaphylla x (strobus x parviflora)

peuce x (flexilis x wallichiana)

peuce x (wallichiana x strobus )

peuce x flexilis

peuce x wallichiana

peuce x (monticola x parviflora)

peuce x parviflora

peuce x pentaphylla

peuce x (peuce x strobus)

peuce x strobus

(peuce x strobus (wind*) x (peuce x strobus)
(peuce x strobus (wind*) x strobus

peuce x (strobus x wallichiana)

(peuce x strobus) x (flexilis x wallichiana)

peuce x (strobus x peuce)

(peuce x strobus) x (peuce x strobus)

pumila x strobus

pumila x (wallichiana x strobus)

strobus x albicaulis

strobus x (flexilis x wallichiana)

(strobus x wallichiana) x (wallichiana x strobus)
(strobus x wallichiana) x (wallichiana x strobus) (P. Schwerinii)
strobus x (wallichiana x strobus)

strobus x wallichiana

strobus x monticola

strobus x parviflora

(strobus x parviflora) x peuce

(strobus x parviflora) x strobus

(strobus x parviflora) x (strobus x parviflora)
strobus x pentaphylla

strobus x peuce

(strobus x peuce) x wallichiana

(strobus x peuce) x peuce

(strobus x peuce ) x monticola

(strobus x peuce) x (peuce x strobus)

strobus x (peuce x strobus)

strobus x (strobus x parviflora)

wallichiana x albicaulis

wallichiana x ayacahuite (P. Holfordiana) x parviflora
wallichiana x (wallichiana x parviflora)

wallichiana x lambertiana

wallichiana x (wallichiana x strobus)

wallichiana x (wallichiana x strobus) (P. Schwerinii)
wallichiana x strobus

wallichiana x koraiensis

wallichiana x parviflora

(wallichiana x parviflora) x (wallichiana x parviflora)
wallichiana x pentaphylla

wallichiana x peuce

wallichiana x strobus (P. Schwerinii) x wallichiana
wallichiana x strobus (P. Schwerinii) x (wallichiana x strobus)
wallichiana x strobus (P. Schwerinii) x peuce
(wallichiana x strobus) x (wallichiana x parviflora)
(wallichiana x strobus) x (wallichiana x strobus)
(wallichiana x strobus) x (wallichiana x strobus) (P. Schwerinii)
(wallichiana x strobus) x pentaphylla

(wallichiana x strobus) x strobus

wallichiana x strobus (P. Schwerinii)

* Recognition of this name uncertain.
** Syn. P. griffithii McClelland

Source: Personal communication from B. Sinclair, Ontario Forest Research Institute, 2001.
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on the results of this program were never made and included
in operational seed orchards (Cherry and others 2000). In a
study using eight P. wallichiana x P. strobus clones, Zsuffa
(1975) found moderate broad sense heritability values for
tree heights (0.62) and diameters (0.45) and moderately high
broad sense heritability values for branch lengths (0.76) and
branch angles (0.71).

Although significant efforts were also made to develop
varieties resistant to the white pine weevil, they were
mainly unsuccessful, particularly the hybrids of such prom-
ising species as Pinus peuce Griseb. and Pinus monticola
Doug. The P. monticola hybrids were poorly adapted to
climatic conditions in Ontario while the resistance of several
P. peuce hybrids broke down (Zsuffa 1985). In the mid-1980s,
the financial resources allocated to the production and the
selection of interspecific hybrids and to the development of
blister rust resistant eastern white pine were reduced and
finally the program ended. The most promising material
(pure or hybrid species) produced in this program was
established on six different sites in Ontario and comprised,
at the beginning, more than 4500 trees. The Ontario Forest
Research Institute (OFRI) is conserving these research
archives. The status of these collections is however presently
unknown and there is a high probability that most of the
trees are dead due to several factors including lack of cold
hardiness (pers. comm. B. Sinclair 2001).

Inthelate 1970s, an intensive plus-tree selection program
was launched by the Ontario Ministry of Natural Resources
(OMNR) in all the major white pine regions to meet the
needs of an expanding reforestation program. By the late
1980s, the province had developed eight breeding popula-
tions and an extensive network of seed orchards, comprising
18 orchards covering over 130 hectares. However, few seeds
were collected from the selections and, therefore, no progeny
tests were carried out (Cherry and others 2000). Despite
warnings by Zsuffa (1985) that only continued efforts would
allow full benefits to be derived from all the work done to
date, significant budget cuts in the mid-1990s stripped
breeding programs to their bare bones. The white pine
breeding program and the development of seed orchards
were put on hold. Unfortunately, to all intents and purposes,
no improved seed has been obtained from the orchards for
reforestation. All the seeds being used in the current refor-
estation program were collected in natural stands during
logging operations (pers. comm. D. Joyce 2001).

Inthe mid-1990s, a genecology study of eastern white pine
that sampled the current Ontario natural range of eastern
white pine east of Lake Superior was initiated by the OMNR.
Genetic tests were set up and preliminary results were used
to establish a breeding zone for the ‘North Bay’ tree improve-
ment program. Growth variation among populations was
significant and showed a clinal pattern along environment
gradients; southern populations generally grew faster than
the northern ones (pers. comm. P. Lu 2001). Now there is a
renewed interest in Ontario for research on eastern white
pine resistance to blister rust and progeny testing of the
genotypes present in the seed orchards (Cherry and others
2000). P. Lu has recently proposed a study of genetic resis-
tance to blister rust (pers. comm. D. Joyce 2001). To meet
some forest management objectives, the forest company
Tembec Inc. has also recently reactivated a geneticimprove-
ment program for eastern white pine in the North Bay area.
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Open-pollinated families collected on 265 clones present in
the regional seed orchard were recently sown. The company
plans to carry out progeny tests in 2002.

History and Present Status in Quebec

In the late 1970s, an eastern white pine breeding program
was initiated for Quebec by Corriveau and Lamontagne
(1977), under which genetically improved varieties would be
created by selecting and hybridizing superior genotypes for
growth, shape and resistance to white pine blister rust and
white pine weevil. Although a 1995 program review recom-
mended this area of activity be transferred to the provincial
government, the program has remained headed by the
Canadian Forest Service (CFS). The ministere des Ressources
naturelles du Québec (MRNQ) has not been able to take it
over due to limited human and financial resources. Progress
and accomplishments of the breeding program were re-
ported by Daoust and Beaulieu (1999).

From 1976 to 1986, over 150 selections were made to
create the first-generation breeding population in Quebec.
Selections were propagated by grafting and grown in a
breeding orchard at the Cap-Tourmente National Wildlife
Area east of Quebec City (fig. 2). Beginning in 1992, large
crops of seed and pollen cones allowed the production of full-
sib families;in addition, a 6 x 6 diallel was created for a study
on genetic variation in the capacity of somatic embryogen-
esis initiation. Several experimental designs to evaluate
general and specific combining ability were developed in the
last few years and are now in production at the Valcartier
Forest Station or are in their first post-planting year. Seeds
produced in breeding orchards that are not needed for the
breeding program are collected by the MRNQ for its refores-
tation program. In the 1980s, plus-tree selections made in
natural stands by the MRNQ as well as selections formerly
made for the breeding program were used to establish a
network of six seed orchards for producing more than 3
million seedlings yearly. Significant seed production has
begun in two out of the six orchards. However, cones were
heavily damaged by a white pine cone beetle (Conophthorus
coniperda (Schwartz). Insect populations will have to be
monitored and controlled. Use of pheromones to control this
insect seems tobe promising. A research projectisin progress
at the Institut National de Recherche Scientifique (INRS) -
Institut Armand-Frappier (pers. comm. R. Trudel 2001).

Since the inception of the breeding program, seeds were
collected in more than 100 eastern white pine natural
populations in Quebec for ex situ conservation and
genecological studies. Seed lots from neighbouring prov-
inces and states have also been obtained from a number of
collaborators. In 1986, the first phase of a genecology study
involving 300 progenies derived from 160 populations was
established on three different sites in Quebec (Fort-Coulonge,
Notre-Dame-du-Rosaire, Saint-Elzéar-de-Bonaventure; fig.
2). These tests were set up in cut strips under a partial
canopy of tolerant hardwoods, a plantation management
technique recommended to reduce risks of infestation by the
white pine weevil. Despite an initially high survival rate (+
80 percent after 6 years) and intensive stand tending, it
became clear that little valuable information about genetic
variation in juvenile growth could be obtained from these
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tests because blister rust was ravaging the plants, as was
significant browsing damage from hares. At Saint-Elzéar-
de-Bonaventure, the most eastern site, the survival rate was
only 46 percent 11 years after planting and half of the
survivors were rust infected; no progeny with more than 50
percent of unaffected seedlings was found. Only 14 percent
of the progenies tested showed a proportion between 30-43
percent of unaffected seedlings.

Fortunately for this first phase, growth and phenological
traits measured during production in the greenhouse (1
year) and nursery (3 years) made it possible to study the
genetic structure and patterns of variation of white pine
populations in Quebec (Li and others 1997). Data were also
used to delineate preliminary seed zones following a method
proposed by Campbell (1986), which estimates relative risks
in transferring seed sources. Principal component analysis
(PCA) was used to take into account all the traits at the same
time. Analysis of variance made it possible to show that
provenances were significantly different for each of these
traits as well as for the PCA scores. In examining the
patterns of variation, it was clear that even though south-
eastern provenances flushed later, they had superior growth
mainly because they set their buds later. Seed source trans-
fer for eastern white pine in southwestern Quebec is now
controlled through estimates of relative risks obtained from
mathematical models that were developed.

In 1988, another series of three other genecological tests
was established (Grand-Mere, Notre-Dame-du-Laus, Notre-
Dame-du Rosaire; fig. 2) under a partial canopy of mature
pioneer species. These tests included 250 progenies repre-
senting 67 provenances. Although intensive stand tending
was done from the beginning, the average survival rate for
each test 12 years after planting ranged from 53 percent to
69 percent. The main pest affecting tree survival in the tests
was blister rust. Genetic variation in juvenile growth was
analyzed using these tests and the main conclusions were
reported by Beaulieu and others (1996). Provenances and
progenies were shown to be phenotypically stable over the
three environments. Breeding values were estimated using
best linear predictions (BLP) and estimates of genetic gain
for height, 10 years after plantation, were obtained for the
best 50 progenies. Hence, a 14 percent (9-29 percent) genetic
gain is expected for height growth 12 years after planting.
For each progeny, three elite trees were chosen and propa-
gated by grafting to create a breeding population. Out of the
50 progenies selected, 22 are from Quebec, 6 from Ontario,
10 from Vermont, 5 from Michigan and 7 from other U.S.
states.

During the 1990s, several other provenance-progeny tests
comprising a smaller number of progenies were established
to improve the distribution of experimental blocks in the
province. One of these is located in Béarn in the
Témiscamingue region and was carried out in co-operation
with Tembec Inc. These tests will supplement the informa-
tion obtained to date and be used for estimating the number
of progenies required to accurately evaluate the value of a
provenance.

Up to now, little work has been done to select material
resistant to blister rust in eastern white pine. This is mainly
because breeders considered that the genetic variability in
blister rust resistance in eastern white pine is too low to
expect substantial gains through intra-specific selection and
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breeding. So, most of the work has been directed toward
transferring blister rust resistance found in other species to
the eastern white pine. It is for this purpose that the most
interesting exotic material, identified in Ontario’s former
program, was included in the breeding program. Thus, 6, 12
and 22 genotypes of P. wallichiana, P. koraiensis and P.
peuce, respectively, were obtained from the collection gath-
ered by the OFRI at the Maple Research Station and put
together with genotypes making up our eastern white pine
breeding population. Seeds obtained from these clones as
well as those from interspecific crosses were sown in 2000
and transplanted in the nursery at the Valcartier Forest
Station in 2001. Exotics and hybrids will eventually be
evaluated for growth, form and resistance.

History and Present Status in the Atlantic
Provinces

As mentioned earlier in this document, mortality caused
by blister rust infection in natural stands or in plantations
is more severe as we move east and closer to the maritime
climate. For example, in Newfoundland mortality can reach
30 percent in natural stands and even 100 percent in plan-
tations (pers. comm. J. Bérubé 2001). So, the plus-tree
selection program carried out in the Atlantic provinces has
always considered blister rust as the main concern and all
the trees selected were free of symptoms of the disease at the
time of selection.

At present, there is no tree breeding program for eastern
white pine in New Brunswick that is headed by the govern-
ment. However, J.D. Irving. Inc., a forest company, recently
initiated a breeding program by establishing a seed orchard
including plus-trees selected in New Brunswick and others
obtained via collaborators from neighbouring provinces such
as Quebec.

Nova Scotia has a breeding program underway for eastern
white pine. A clonal seed orchard, made up of 58 locally
selected genotypes, was set up in 1981. In 1998, it produced
over 26 kg of seed, which exceeds the requirements of the
province’s reforestation program for the species.

In Prince Edward Island, there is currently no genetic
improvement program underway and none is planned in the
short term since over 90 percent of forest lands are privately
owned. However, first-generation seed orchards were estab-
lished at the end of the 1980s by the provincial government.
Cones have been collected on a regular basis since the mid-
1990s (2.7 kg of seeds in 1996).

Although Newfoundland has no active breeding program
for the species at this time, interest in eastern white pine is
growing. A seed orchard, made up of 200 clones from plus-
trees free of symptoms of blister rust selected in natural
populations on the island, was established between 1998
and 2000. The orchard will ensure a supply of high-quality
seed while allowing the ex situ conservation of genetic
diversity of the island (English and Linehan 2000).

Progress reports about eastern white pine breeding and
improvement are regularly produced and published by the
active members of the Canadian Tree Improvement Associa-
tion in their biennial proceedings. A description of the
eastern white pine seed orchards in place in the eastern
Canadian provinces is presented in table 2.
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Table 2—Description of the eastern white pine seed orchards in the eastern Canadian provinces.

No. of seed No. of Year of Breeding Area Seed
Province orchards clones establishment generation (ha) production

Ontario 18 2500 Late 80s First 130 No
Quebec 7 700 1981-91 First 33.3 Yes

1 140 1999 Second 1 No
New Brunswick 1 — 1998 First — No
Prince Edward Island 2 70 1988-90 First 2.8 Yes

1 — 1995-97 — — No
Nova Scotia 1 58 1981 First 2.1 Yes
Newfoundland 1 200 2002 First 2.0 No

Flower Induction

In the late 1980s, studies on flower induction in eastern
white pine were undertaken in Ontario and Quebec. In
Ontario, flower induction trials carried out on 3-5-year-old
potted grafts revealed that spraying GA,/; at concentrations
of 250 and 500 mg /L were effective in promoting pollen- and
seed-cone production. Significant increases in pollen-cone
production were obtained when applications were made
duringthe period of rapid terminal shoot elongation whereas
applications made about one month after completion of the
terminal shoot elongation were the best for favouring seed-
cone production (Ho and Schnekenburger 1992). Similar
results were also obtained at the Valcartier Forest Station,
Quebec, between 1990 and 1992, where some trials includ-
ing root pruning, spray application of GA,; and heat stress
were carried out on 1.5-m to 2-m high potted grafts. Despite
high clonal variation, some ramets produced over 200 seed
cones and over 500 pollen strobili (Daoust and Beaulieu
1999). For field-grown grafts, Ho and Eng (1995) found that
GA,; injection made during the period of shoot elongation
also promoted pollen- and seed-cone production.

Somatic Embryogenesis (SE)

Significant progress has been achieved in this research
field at the CF'S since the first study was carried out in 1990.
Garin and others (1998) investigated the somatic embryo-
genic process using immature and mature zygotic embryos
of eastern white pine originating from 13 open-pollinated
seed families sampled in the breeding population main-
tained at the Cap-Tourmente National Wildlife Area. From
the immature zygotic embryos, embryogenic tissues were
obtained for 12 out of the 13 families with initiation rates
varying from 2.6 percent to 23 percent. Mature somatic
embryos were produced for 30 out of 52 cell lines and plants
were regenerated. Embryogenic tissues were also obtained
from mature zygotic embryos and embryogenic cell lines
developed for 5 out of the 13 families tested with a maximum
initiation rate of 2.7 percent. Plants were produced from four
cell lines. Those produced from immature as well as from
mature zygotic embryos are presently under evaluation at
the Valcartier Forest Station. After the success obtained in
SE, it was decided to make a complete 6 x 6 diallel with
maternal trees whose seed families had high, intermediate
and low initiation rates. This diallel will make it possible to
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determine the genetic components and their effects on SE
initiation.

Recently, the optimal concentration of plant growth regu-
lator to be put into the culture medium was found. It made
it possible to increase the SE initiation rate in eastern white
pine from approximately 20 percent to 53 percent
(Klimaszewska and others 2001). This study also demon-
strated that a low level of plant growth regulator in the
medium used for initiation and proliferation consistently
produced a high number of somatic embryos. The different
concentrations of plant growth regulator tested allowed
somatic embryos to convert to plants at an overall frequency
of 76 percent. An estimated narrow-sense heritability for
somatic embryogenesis initiation (h?) of 0.25 was found and
indicates that selection of responsive families can be done.
According to the authors, with these improved protocols,
application of eastern white pine somatic embryogenesis in
commercial clonal forestry is feasible as an alternative to
traditional breeding for reforestation purposes.

Conservation

In eastern Canada, eastern white pine is not considered as
alocal species at risk or as an endangered species at present.
The Ancient Forest Exploration & Research group from
Ontario estimated that less than 2 percent of our old-growth
white pine forests remain world-wide, making them an
endangered ecosystem type (Quinby 2000). After a report
prepared by the White Pine Working Group of Newfound-
land, describing the deplorable situation of the speciesin the
province, the government issued a moratorium on domestic
and commercial cutting licences in 1998. The province’s
policy is underpinned by a reforestation program and pre-
cise guidelines on precommercial thinning operations. A
genetic diversity selection and conservation program was
launched on the island in 1999 and a 2-ha seed orchard was
established.

Presently on crown lands, where harvesting is carried out,
forest companies are required to regenerate the species
naturally or artifically and must also comply with the
sustainable management principles that are enforced in the
various provinces. In Ontario, for example, the Ministry of
Natural Resources put out a silviculture guide partly de-
signed for white pine stands in 1998 (OMNR 1998) and
developed a conservation strategy for old-growth pine forest
ecosystems (OMNR 2001). However, it seems that in all the
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conservation programs in place in eastern Canada, not
enough resources are allocated to study the impact of blister
rust on the long-term survival of the species.

In situ conservation of the species is also being carried out
in existing parks and reserves in eastern Canada (Boyle
1992). This protection may be complete as is the case in
national parks or it may be partial, as in some provincial
parks. In thelatter case, logging activities can take place but
they are subject to certain restrictions designed to ensure
natural regeneration of harvested species amongother things.
In Ontario, following the recommendations of the Temagami
Comprehensive Planning Council, the government decided
in 1996 to protect 11 old-growth red and eastern white pine
stands ranging from 100 to 9,000 ha in the Temagami region
(Quinby 2000). In Quebec, the most representative ecosys-
tems are protected by a network of ecological reserves. Other
stands, identified as exceptional forest ecosystems, will be
protected in the near future by a recently adopted law (pers.
comm. N. Villeneuve 2001).

In Mauricie National Park, Quebec, a master plan has
been drawn up for the ecological rehabilitation of white pine
(Quenneville and others 1998). Tests involving prescribed
burning were conducted but proved to be inconclusive since
they did not coincide with a good cone crop year. In eastern
Quebec, work is also in progress to establish a white pine
restoration program. In spring 2001, for instance, the Lower
St. Lawrence Model Forest collaborated on the establish-
ment, within its territory, of two open-pollinated progeny
tests that will be used to estimate the breeding values of the
trees making up the first-generation breeding population
built up by the CFS. In Ontario, the OMNR has begun to
develop restoration goals for white pine ecosystems along
the northern edge of its range and a task force has been
mandated to develop principles, criteria and management
guidelines for ensuring the long-term persistence of old-
growth forest in unprotected areas. The task force will use
white pine as a test case (pers. comm. D. Joyce 2001).

Ex situ conservation activities include all the experimen-
tal plots used for breeding programs, such as provenance
tests, progeny tests, breeding orchards and clonal archives.
Similarly, the regional seed orchards put in place by provin-
cial governments and forestry companies are excellent tools
for conserving genetic resources. These orchards, which are
made up of locally selected genotypes, represent a broad
sample of the genetic diversity that is present in eastern
white pine in eastern Canada. The different provincial
reforestation programs, which are carried out using local
seed sources most of the time, also help to conserve genetic
diversity at the regional level.

Another valuable ex situ conservation approach is the
maintenance of seed banks such as the one that the CFS
maintains at its National Tree Seed Centre in Fredericton
(Simpson and Daigle 1998) and at the Laurentian Forestry
Centre in Quebec City. The seedlots in these collections
provide a very good sampling of the genetic diversity of
eastern white pine populationsin northeastern North America.
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Five Needle Pines in British Columbia,
Canada: Past, Present and Future

John N. King
Richard S. Hunt

Abstract—In British Columbia (BC), Canada, we have been in-
volved with white pine and blister rust since the rust’s discovery on
imported infected pines through the port of Vancouver in 1910. Just
after the rust’s introduction, the USDA Forest Service established
monitoring plots and species trials in BC, but these were abandoned
when the rust became well established in the USA. Resistance
research began again in 1946 with a collection of western white pine
(Pinus monticola Dougl. ex D.Don) seed that was sent to Ontario for
testing. In about 1950 grafted plus trees were inoculated in a disease
garden, but this work was also abandoned in 1960 when it was
demonstrated that seedlings from such selections could be suscep-
tible. Parent tree selection and seedling inoculation of open-polli-
nated families of western white pine began again in earnestin 1987.
From this material we have the basis of a breeding and seed orchard
program based on partial resistance mechanisms. An F; generation
is being produced for future research. Additionally, we are consid-
ering single gene resistance traits, such as MGR, which can be
pyramided onto the partial resistance of our breeding population.
Efforts, particularly for conservation interests, are also being started
for whitebark pine (P. albicaulis Engel.).

Key words: genetic resistance, western white pine, whitebark
pine, limber pine

Five Needle Pines in British
Columbia

Both western white pine (Pinus monticola Dougl. exD.Don)
and whitebark pine (P. albicaulis Engel.) achieve the north-
ern extent of their distributions in British Columbia (BC),
Canada, while limber pine (P. flexilis James) achieves the
limit of its distribution in the Canadian Rockies in both
Alberta and BC. The two alpine species, whitebark and
limber pine, provide valuable tree cover for wildlife in
exposed alpine country, food for birds and small mammals,

In: Sniezko, Richard A.; Samman, Safiya; Schlarbaum, Scott E.; Kriebel,
Howard B., eds. 2004. Breeding and genetic resources of five-needle pines:
growth, adaptability and pest resistance; 2001 July 23-27; Medford, OR,
USA. IUFRO Working Party 2.02.15. Proceedings RMRS-P-32. Fort Collins,
CO: U.S. Department of Agriculture, Forest Service, Rocky Mountain Re-
search Station.
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stabilizing elements for snow packs and soils in these steep
and fragile environments, and are an important feature of
the aesthetics of the high mountains. Western white pine,
besides providing many of these features, is also a fast
growing and highly valuable component of BC’s timber
industry. Although these species may suffer from the moun-
tain pine beetle (Dendroctonus ponderosae Hopkins), and P.
albicaulisrelies on Clark’s nutcracker (Nucifraga columbiana
Wilson) for regeneration, their most serious threat has been
the introduction of blister rust (Cronartium ribicola J.C.
Fischer) in the early part of the 1900s. So great was the
damage due to blister rust, that it was felt that these species
might be lost completely. The major research effort with the
white pines has therefore been an intensive search for
resistance to blister rust. To this end, the USDA Forest
Service established rust resistance programs in Idaho, Or-
egon, and California. The Canadian and BC Forest Services
also established rust screening programs in BC. The progno-
sis for western white pine is now considerably better —
although some of the other species such as whitebark pine
are still at a risk. We outline below the events and the
progress made to date and strategies we are hoping to
develop to protect this valuable natural resource.

Past—Introduction of Cronartium

ribicola

In 1911 British Columbia (BC) was experiencing a boom
with a population of 392,500, more than double the previous
10-year census. The population was largely farmers, log-
gers, and coal miners with little education. Quite likely Tom
Newman planned to take advantage of the boom when he
imported 1,000 exotic P. strobus L. seedlings from France for
resalein 1910. However, most of the recent immigrants were
from Britain, and in 1914 many of the men returned to
Europe to fight in World War I. Before the war, Newman and
others sold some imported pines, but sales crashed with the
outbreak of the war, and the remaining plants seem to have
been abandoned (Gussow 1923). Perhaps Newman never
returned from the European conflict; certainly many did not,
and the war had effectively put an end to the boom. Under
these circumstances it is amazing that blister rust was first
identified in BC only 3 years after the war, in the fall of 1921
(Gussow 1923). Although the potential value of the white
pines was understood, in those years in BC there was a
stronger commercial interest in currants (Ribes spp), the
alternate host of blister rust (Eastham 1922; 1922/3). How-
ever, the U.S. Forest Service was worried about the threat to
western white pines, particularly P. monticola, and they
dispatched field personnel to BC as early as 1922.
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From the Portland, OR, office researchers came to
Vancouver, BC, then north via train to near present day
Whistler, BC. Here they established a species susceptibility
trial (Childs and Bedwell 1948) and various research plots
(Lachmund 1934; Childs and Kimmey 1938). Once it was
clear that the rust was well established in the United States,
no new plots were established in BC. About that time (1927)
the lone collaborating Canadian scientist was killed in a car
crash (Estey 1994), and Canadian rust research stopped
until 1946.

In 1946 the provincial chief forester had P. monticola seed
collected from the BC interior and sent to Heimburger in
Ontario for resistance testing. Both Heimburger and Riker
in Wisconsin were doing resistance testing in P. strobus. In
1948 the Canadian government hired Porter to do resistance
testing in BC. Porter followed Riker’s protocol of grafting
plus-trees and placing them in a ribes (disease) garden
(fig. 1). He obtained scions from survivors in the old U.S.
Forest Service plots near Whistler, trees in similar plots that
he had established, and a few trees recommended by the BC
Forest Service. He rated clones by percentage of ramets
cankered after 5 or 7 years in a disease garden. These were
also placed in three forest sites and subjected to natural
infection. The most promising P. strobus and P. monticola
from Heimburger and P. strobus from Riker were also placed
at these sites. When it was discovered that grafts from old
trees can produce susceptible offspring (Patton 1967), the
program ended, and Porter left to become a school teacher.
All the material from one field site was transferred to the
University of BC experimental forest, and the other sites
were abandoned. These sites were revisited in the 1980s,
and the cankering of the clones tended to follow Porter’s
(1960) original ranks (Hunt and Meagher 1989).

King and Hunt

The success of Bingham’s resistance work in Idaho
(Bingham 1983) and the need for P. monticola for reforesting
laminated-root-rot (Phellinus weirii (Murr.) Gilb.) sites was
the catalyst for the BC Forest Service and Canadian Forest
Service (CFS) to sign a cooperative memorandum of under-
standing on blister rust resistance in 1983. Disease free
plus-trees were selected for both Interior and Coastal popu-
lations. Open-pollinated (OP) cones were collected from the
selected trees, and the resulting progeny seedlings were
exposed to blister rust in inoculation chambers. The first
successful inoculation occurred in 1987 and was repeated
annually to 1995. This material is now the basis for white
pine seed orchards and resistance breeding programs in BC.

Present

The resistance program continuesin BC primarily through
the continuing cooperative relationship between the provin-
cial government, the CFS, which provides pathology re-
search and screening, and increasingly the Forest Indus-
tries, which provide technical support through their seed
orchard programs. The efforts of the past have allowed us, at
this stage, to assess the resistance found to date, not just in
the populations screened in BC, but also in other jurisdic-
tions in Western North America. We can also assess the
transferability of seed sources of western white pine and are
looking at the most appropriate strategy of seed deployment
from our seed orchards in order to use the best available
resistance with well-adapted seed sources. Not all of these
questions can be answered at present, but current research
should answer them in the near future.

Figure 1 —Porter’s screening for blister rust resistance by growing grafted Pinus monticola ramets from blister rust
resistant candidates in a disease (ribes) garden at Duncan BC in 1955.
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Resistance Story to Date

Most of the resistance programs in Western North America
to date have concentrated on selections and screening of
open-pollinated families from surviving canker-free parent
trees. The strong selection pressure, first in the natural
stands and then in inoculation chambers, almost assures
that these are not mere “escapes” but that there is a genetic
basis to this resistance. However, as with the original Riker
method of screening grafts, it has been difficult to determine
the basis of resistance and how the resistance is inherited.
The exception is the case of the hypersensitive response
(HR), a major gene resistance (MGR) found in sugar pine (P.
lambertiana Dougl.) and some populations of P. monticola
(for example, Champion Mine) (Kinloch and others 1970,
Kinloch and others 2003). Although there are some com-
plexities to MGR (Kinloch and Dupper 1998, Kinloch and
others 1999), it is relatively simple and easily understood
because it is a classical vertical resistance controlled by a
single dominant gene. More complex resistances, falling
under the headings of “partial resistance” and “tolerance”,
are more difficult to characterize, and we have a much poorer
understanding of their genetic basis.

In BC we have now made a series of nearly 600 selections
from the CFS screening program. This included a fairly
intensive parent tree selection from both the Interior and
Coastal BC (about 300 from each population) and rust
screening of the OP progeny for what may be considered two
“partial resistance” mechanisms: “slow-canker growth” (Hunt
1997) and “difficult-to-infect seedlings” (Hunt and others

Five Needle Pines in British Columbia, Canada: Past, Present and Future

1998). We have also selected a set of trees from established
plantation trials and from Texada Island where a stand was
characterized with “tolerance” and trees were selected for
their marked “bark reaction” response.

Although the first orchard selections were based on for-
ward selection of the progeny from the screening trials,
lately, where it is feasible, we have switched to collecting
scion from the original selected parents. Selection of parent
material, rather than progeny, has allowed us to proceed
much faster with our breeding program, as seed cones can be
produced on ramets in as little as 2 years. Also the hypoth-
esis presented that some of the resistance found in the Idaho
populations may be controlled by recessive genes (McDonald
and Hoff 1971; Hoff 1988) has encouraged us to use parents
rather than OP progeny and concentrate future screening on
a F population constructed from the best parents. Crossing
for this breeding program consists of crosses between par-
ents of similar putative mechanisms, crosses with suscep-
tible parents and selfs. Selfs, where they can be made, will
be particularly valuable if recessive genes are involved. The
construction of this F; breeding population is now well under
way (fig. 2), making use of structured mating designs that
will help in future genetic interpretations.

Transferability and Adaptability of White
Pine Seed Sources

Seed transfer guidelines have been, and continue to be,
developed from three series of trials that test most of the

Figure 2 —Pollination bags for breeding program crosses on top-pruned young grafts of
western white pine at CanFor Seed Orchard, Sechelt BC (photo courtesy R. Sniezko).
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range of western white pine on 24 sites throughout BC
(fig. 3). The first series contrasted the R.T. Bingham
(Moscow, ID) arboretum seed source with a local BC
source. Trials were established within and north of the
species range. The second was established in nine root
disease sites and included 14 provenances covering the
range limits of the species (Hunt 1987). The third had 12
provenances with family structure on six sites. These trials
have been described in detail (Hunt 1987, Hunt 1994, Hunt
and Meagher 1989, Meagher and Hunt 1998, Meagher and
Hunt 1999), and these results are summarized below. We
also report results from recent assessments from two of the
family/provenance trials.

Results from these series show that western white pine
does not show a strong clinal response to growth or disease
resistance, but rather there are abrupt changes. Most strik-
ing are the southern populations from the Sierras, Klamath,
and Warner Mountains that grow poorly and are generally
highly susceptible to rust, even more so than the northern
populations (perhaps as a result of physiological opportuni-
ties that the rust can exploit) (Hunt 1994; Meagher and
Hunt 1998). Rehfeldt and others (1984) also showed this
absence of a strong geographic pattern of variation except in
these southern populations. Sources north of these (espe-
cially north of the Columbia River) and extending east as far
as Montana are less dramatic in their differences. Interior
sources, including Idaho, grow well at the coast (Bower 1987,
Meagher and Hunt 1998). Coastal sources tended to be
slightly inferior for growth (Meagher and Hunt 1998) and
less hardy (Thomas and Lester 1992) than interior sources
on the interior sites. Some of our more northerly populations
do well for juvenile vigour on our interior sites (Meagher and
Hunt 1998). The Idaho material was more winter-damaged
than BC sources in the trials north of the species range. The
resistance of the Moscow, ID, arboretum material held up
wellin BC’s interior but was lower on coastal sites (Hunt and
Meagher 1989; Meagher and Hunt 1999). Thus, the Idaho
material is not recommended for the northern part of the
range nor at the coast but is recommended for the southern
Interior. At 5 years, the Champion Mine (MGR) source from
southern Oregon showed poor vigour as did the more north-
ern Oregon sources (Mt. Hood and Willamette; fig. 3, sources
29 and 30). Based on this it was recommended that the
Columbia River should be a southern transfer boundary and
that sources from Oregon should not be used in BC (Meagher
and Hunt 1998).

Recent, 2001, Reassessment of Coastal
Family/Provenance Trials

In2001 12-year assessments were made on the two coastal
family/provenance trial sites (Ladysmith and Sechelt, fig. 3,
locations close to sources 24 and 26) for growth and survival.
We present here some preliminary results that allow a
reflection on the above recommendations after rust has
greatly affected these two coastal sites. Details of the Prov-
enance Plantations experiments are provided in Meagher
and Hunt (1998). But briefly this included 12 provenances
with four to five cone-parents per provenance with an addi-
tional five more bulked provenances. Figure 3 shows the

USDA Forest Service Proceedings RMRS-P-32. 2004
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Figure 3 —Distribution of western white pine (shaded area),
provenance origins (circled numbers) and plantations. Solid
circles indicate plantations using R.T. Bingham (Moscow) arbo-
retum seed source contrasted to local sources. Solid squares
indicate plantations in the root-rot disease experiment sites with
provenances 1 through 14. Open squares indicate plantations
that have some or all of provenances 15 through 35. The
Ladysmith and Sechelt site are these latter open squares near
provenaces 26 and 24, respectively.
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provenance collections site (numbers 15 through 31) and the
trial locations. Six plantations (3 Coastal and 3 Interior)
were established with 25 replicates per plantation. The
measurements reported here include height, rust and over-
all survival on two of the Coastal sites (fig. 3, trial sites close
to origin sources, 24 (Sechelt) and 26 (Ladysmith)). In terms
of survival, rust has not been the only mortality agent
although it is by far the most causative agent. Both sites
have been damaged by bough pickers (white pine is highly
desirable for Christmas decorations), but this was not deemed
to hinder our results and interpretations.

Anova models were run on each of these sites for the
following effects: replicates, geographic origin and families
within geographic origin. Means analysis — Student-
Newman-Keuls (SNK) were also conducted on the geo-
graphicorigin groupings (Steel and Torrie 1980). Geographic
origin groups included: Northern Interior BC (Valemont,
Raft River, Barriere and Mt. Revelstoke, fig. 3, sources 15,
16, 17, and 18); Southern Interior BC (Arrow and Trail,
fig. 3, sources 19 and 20); Idaho (bulk unselected collections
not Fy fig. 3, source 21); Vancouver Island (includes low
elevation Sunshine Coast) (fig. 3, sources 22, 24 and 26);
Lower Mainland High Elevation (Cascade) BC (Whistler
and Manning Park, fig. 3, sources 23 and 25); Washington
Olympic Peninsula (fig. 3, source 27); Northern Oregon
Cascade (Mt Hood and Willamette, fig. 3, sources 29 and 30);
Southern Washington Cascade (White River, fig. 3, source
28) and Dorena Oregon — “Champion Mine” (fig. 3, source
31). Also included were some selected seedlots. These in-
clude the Westar selections — Southern Interior BC but
selected as clean parent trees; the Dorena “Champion Mine”
MGR selections; and the Porter selections as described
above; and at the Ladysmith site, only exotics (mainly P.
strobus but also P. koraiensis Sieb. and Zucc.).

Results are presented for: the percentage canker-free
stems in 1995 assessment (CF95); the percentage canker-
free stems in 2001 (CFO01); mean height and standard
errors (in cm) and finally - percent likely crop tree survivors
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(CT) - those trees, both tall and healthy either canker-free or
just minor infections (table 1). Although survival in this last
measure reflects other factors such as vigour (height growth),
frost survival, and other factors, blister rust escape was by
far the major factor.

Ladysmith, although showing the results of blister rust
ahead of Sechelt, has now grown beyond the worst of the
infection, and 30 percent of the original healthy trees are
alive and likely to remain so (some as tall as 12m at age 12).
On this site three sources were significantly less infected
than the rest. One of the exotic species, P. koraiensis, showed
markedly less infections in the 1995 assessment (only 9
percent), but this species quickly fell behind for growth rate
and had faded from the planting by 2001. Although P.
strobus has continued to show good survival, it has also
shown signs of frost damage and poor overall vigour (table 1;
fig. 4). The Dorena seedlot did the best for rust survival (as
expected) but was lower ranked for growth (reflecting the
earlier assessment) (table 1; fig. 4). One of the more impres-
sive lots was the Porter families, which were second only to
the Dorena source for both clean trees in 2001 (CF01) and
potential crop trees (CT). The Porter families were also the
tallest and were significantly different from the Dorena lot
for vigour (height growth) (table 1; fig. 4). This selected lot
screened for early survival, using Riker’s P. strobus proto-
cols, appears to have been effective on a site such as
Ladysmith.

The Vancouver Island, Washington, and northern Oregon
sources performed quite similarly. The Idaholots as a whole,
asin the earlier analysis, were poor on these coastal sites for
survival (mainly blister rust) but were good for growth;
these, however, were nonselected Idaho material. The North-
ern Interior BC source and the high elevation Lower Main-
land BC were poor for both growth and survival. Although
geographic origins were significant in our model (P<0.0001)
so were families within origin. The Southern Interior BC
origin, which had the largest number of families, showed up

Table 1—Results showing : % clean trees 1995 — CF95, % clean trees 2001 — CF01, mean height and
standard error, and % crop trees (CT), which are defined as those trees that are alive and
healthy (either canker free, branch canker, or tolerant stem reaction) and greater than 3 m at

Ladysmith or greater than 2 m at Sechelt.

Trial Sites
Ladysmith Sechelt

Seedlots CF95 CF01 HTO1 *se CT CF95 CF01 HTO1 *se CT
Overall plantation 56 30 610t 4 27 65 20 461 + 4 18
Northern Interior BC 46 15 576 £15 26 62 14 399 +12 12
Southern Interior BC 53 25 639+t24 36 73 20 467 +24 21
Westar S. Interior BC 52 27 627+ 5 35 66 23 484 + 7 21
Idaho 51 22 603 +12 29 56 9 460 +11 9
Coastal BC, High Elevation 44 10 551 +22 15 59 10 455 +17 8
Vancouver Island BC 46 20 614 +15 28 60 16 470 £14 17
Porter families BC 68 52 679 £13 55 78 25 510 £20 27
Olympic Peninsula WA 51 29 61931 37 70 22 452 +24 21
Southern Cascade WA 62 40 605 +25 42 72 33 426 +23 23
Northern Cascade OR 54 29 585 +20 35 64 17 457 +£17 15
Dorena OR Champion Mine 74 65 573 %20 65 84 49 494 +17 40
Exotics (P strobus) 73 48 534 +£15 46

16 USDA Forest Service Proceedings RMRS-P-32. 2004



Five Needle Pines in British Columbia, Canada: Past, Present and Future

King and Hunt

M Survival at Sechelt (%)
O Survival at Ladysmith (%)

W Height at Ladysmith (dm)

80

70

60

50

40
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30

20 1

P. monticola sources and the
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age 12. (Survival refersto crop
tree survival as discussed in

the text.)
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well for growth but not survival; however; several families
showed consistently better survival over both sites.

Although the Porter families, screened for phenotypic
survival in ribes gardens (fig. 1), did well on such sites as
Ladysmith, on higher rust hazard sites such as Sechelt
heavy mortality continues (overall plantation infections
going from 35 percent to 80 percent in 5 years; table 1). The
phenotypic survival selection as conducted by Porter is
likely equivalent to the partial resistance screening of the
current programs. This indicates to us that on severe rust
sites, MGR, such as in the Dorena “Champion Mine” source,
will need tobe combined with the partial resistances in order
to have any trees survive.

Future

The future prospect for western white pine against blister
rust is hopeful. Certainly compared to other exotic
pathosystems, such as chestnut blight (1904 introduction)
caused by Cryphonectria parasitic (Murrill) Barr. on Ameri-
can chestnut (Castenea dentata Marsh. Borkh.) or to Dutch
elm disease caused by Ophiostoma wulmi (Buism.) Nannf.
(1920’s introduction) and O. novo-ulmi Brasier (1940’s intro-
duction) on elm species (Ulmus spp.), there does appear to be
a reasonable degree of native resistance. Confirmation of
this resistance from the inoculations to field trials is under
way through a series of excess stock trials (Hunt 2002).
Investigation of these trials together with continued mea-
surements of the provenance trials will help us to establish
deployment guidelines for the orchard seed which will soon
be available.

Deployment Potential for Western White
Pine in BC

Orchards in the interior BC have a predominant element
of material from the Idaho program. The emphasis here will
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be to incorporate our own selections and compare them to
Idaho material.

On the coast, three seed orchards will soon be producing
seed. Earlier use of seedling progeny for orchard establish-
ment has now given way to the use of selected parents based
on results of the inoculation of their progeny. New material,
primarily selections from heavily infected trials, is also
being added. All of these selections fall under the general
categories of “partial resistance” or “tolerance”. In addition
to this, we have been encouraged to use “total resistance”
pollen based on the performance of “Champion Mine” and
“Champion Mine” pollinated seedlots in the “root disease”
trials (Hunt 1987, Hunt these proceedings) and shown here
(table 1; fig. 4). These seedlots (Dorena in table 1) have the
Cr2 gene which conditions a hypersensitive response (HR)
in western white pine. The strategy of pyramiding HR can
be implemented in seed orchards by either supplemental
mass pollination or mass control pollination. Both of these
methods have found practical use in BC (Webber 1995).

While Cr2 is a powerful form of resistance (the Dorena
seedlot, table 1), a pathotype of rust that overcomes it does
exist (ver2), and Cr2 cannot be seen as an ultimate solution
(Kinloch and others 2003). Although there are few examples
of “total” or “vertical resistance” pathosystems being du-
rable (Leach and others 2001), a completely durable resis-
tance may not be required. Because most cankering occurs
close to the ground in BC (Hunt 1991), resistance may
therefore only be needed during the plantation’s early years.
How fast and far ver2 will spread and its durability are the
more relevant questions. If ver2 becomes widely distributed,
it would negate any further planting of single gene resis-
tance solely based on Cr2. Investigations of Cr2 material in
the BC root disease trials have failed to show any virulent
pathotypes up to 15 years (Hunt and others these proceed-
ings), and in a Bear Pass, OR, plantation some resistant Cr2
trees are still canker-free after more than 60 years (Sniezko,
pers. comm). However, the observation of ver2, the virulent
strain, in a relatively small population (hence small selec-
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tion pressure) of P. monticola with Cr2 at the Happy Camp
field station in northern California (Sniezko and others
these proceedings) is most certainly disturbing. Some en-
couragement for using the strategy of pyramiding HR has
come from observations made in the long-term deployment
and monitoring of sugar pine with the Crl hypersensitive
response gene. As in western white pine, a pathotype of
blister rust virulent to Crl exists (Kinloch and Comstock
1980). Data indicate that the virulent strain of the rust
(verl)doesnot always arise quickly or spread rapidly (Kinloch
and Dupper 1998). This has encouraged us to develop a
deployment strategy that attempts to manage the Cr2/ver2
pathosystem by integrating it into a silvicultural option that
would incorporate hazard assessment area tobe planted and
distance from other plantations.

Future Research Directions

Further investigation of the Cr2 gene and its potential
durability is needed. This will include: careful investigation
of all plots in which it has been deployed in BC, follow up of
the material that the Dorena program has deployed, and
continued interaction with the Region 5 sugar pine program
which has provided a model for this deployment. Besides
Cr2, other “total resistant” genes may exist and be made
available. The Dorena Genetic Resource Center is investi-
gating other potential dominant gene resistances in western
white pine (Sniezko pers. comm). Although P. monticola and
P. lambertiana do not naturally hybridize (Bingham 1972),
there are now in vitro fertilization methods (Fernando and
others 1997) which may permit such a cross, and thus add
Crl as a resistance gene in P. monticola. The multiplicity of
these “total resistance” genes should add to their durability
and strategies to use multiple “total resistance” genes need
developing.

The pyramiding of several race-specific resistances into a
single plant genotype theoretically has the ability to greatly
reduce the probability of a mutation to multiple virulence
(Wheeler and Diachun 1983). However, this assumes that
the mutations to virulence are independent of each other.
Empirical evidence from crop literature, however, points to
the fact that there is no clear association between the
number of resistance genes in cultivars and their durability
(Mundt 1990). Some single resistances have proven highly
durable while others have been highly ephemeral, and
combinations are not necessarily more durable unless spe-
cific resistances are included (Johnson 2000). It has been
hypothesized that the quality and durability of a plant
resistance gene is a function of the fitness penalty of viru-
lence. Even where genes fail, they may be beneficial through
aresidual effect because they may add a cost to the pathogen
of not having the avirulence (Leach and others 2001). The
advent of molecular genetics technology to investigate gene
function has offered some insights into the potential rela-
tionships between viurlence/avirulence and durability. Al-
though avirulence can confer a high degree of fitness in some
cases (resulting in durability of HR), in others this does not
appear to be so, and these relationships can be complex
(Leach and others 2001). Bacterial blight resistance in rice
has shown such a positive functional relationship between
the avirulence gene in the pathogen and fitness through its
aggressiveness (rate a virulent isolate produces an amount
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of disease) (Vera Cruz and others 2000). The study of gene
function and the protein — ligand relationships between
resistance, virulence/avirulence in HR pathosystems in the
white pines are being investigated by the CFS
(Ekramodddoullah and Tan 1998, Yu and others 2002) and
may lead to some insights and potential indicators of
durability.

HR total resistance is only one component of our resistant
breeding program. We will continue to rely on partial resis-
tances and tolerances for the major part of our effort, and the
breeding program is directed to families and individuals
selected for this type of resistance. By using a structured
mating design and cloning of individuals we can begin to
construct pedigreed lines to more carefully observe the
partial resistances and be in a position to start to understand
some of the underlying genetics.

Another part of the investigation of resistance will be the
observation of blister rust as an endemic pathosystem with
Asian white pines. Some early work with Asian hybrids was
conducted by Heimberger in Ontario, and some of this
material may still be available (G. Daoust pers. comm).
Unlike the other two exotic pathosystems mentioned earlier
(chestnut blight and Dutch elm disease), we are not obliged
to use species hybrids and backcrossing to save our native
gene pool as there does appear to be ample resistance in our
native populations. However, the observation of the endemic
pathosystem in Asian species and their hybrids with North
American white pines should help us greatly in understand-
ingresistance and identifying which resistances are likely to
be the most durable.

Biotechnology can help in our efforts. This will include in-
vitro fertilization (Fernando and others 1997) to help in
hybrid crosses; embryogenesis to clone lines for the pedi-
greed breeding program (some successful lines have already
been produced); molecular biology to detect the protein
precursors of HR; and molecular genetic techniques to help
in understanding the genetic basis of resistance. A lot of
classical breeding and pathological research will need to be
continued to realize this effort.

Although a lot of effort has been spent on western white
pine to the point where we can start to see the results and
envision its return as an important species to our landscape
(Fins and others 2001), other species are still in danger.
Whitebark pine, P. albicaulus, is considered an endangered
species in BC and the U.S. Pacific Northwest (Krakowski
2001, Mahalovich, these proceedings). To this end we have
initiated a large-scale seed collection. This is both to pre-
serveimportant gene pools that are under threat and to start
some initial screening in this species. The successes we have
had to date should encourage us to keep up the effort in
reestablishing these species and continue the co-operative
atmosphere of this effort throughout the regions where the
white pines grow.
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Genetics and Breeding of Five-Needle Pines
in the Eastern United States

Howard B. Kriebel

Abstract—Research and breeding of five-needle pines in the east-
ern USA has been concerned mainly with eastern white pine (Pinus
strobus L.), which has been found to be a highly variable species.
Principal attention has been given to the inheritance of growth
traits within and among stands and among provenances. Growth of
trees of Tennessee, North Carolina and Georgia provenances ex-
ceeds that of other origins in many areas of the US and even in other
countries. Research basic to breeding indicates that the genetic
barrier to species crossability in the soft pines is embryo failure,
whereas in hard pines it is pollen tube incompatibility. Patterns of
premature cone drop in relation to genetic affinity have also been
determined; cone retention is not closely related to capacity to
produce viable seed. The expression of inbreeding after selfing in
young plantations of P. strobus varies with the parents and the site,
but the species is more tolerant of inbreeding than most other
species of pines. Eastern white pine population studies show that
genetic variability may be maintained even in small isolated stands
and in the next generation after heavy thinning, although gene pool
deterioration may follow cutting if silviculture disregards gene pool
conservation. A genetic gain in volume of about 22 percent has been
obtained in P. strobus from age 13 family selections in first-genera-
tion progeny tests. Potentially useful species crosses are eastern
white pine x Himalayan pine and eastern white pine x western
white pine. The best hybrid families of the eastern white pine x
Himalayan cross have been found to exceed P. strobus in volume by
22 to 44 percent at ages 17-22 in progeny tests. These two hybrids
also exceed P. strobus in wood specific gravity. Selection and
breeding of P. strobus for blister rust resistance has been difficult
and has not yet yielded commercially useful resistant genotypes,
nor has selection and breeding for white pine weevil resistance been
successful. However, new approaches may overcome these prob-
lems. Air pollution tolerance varies widely in P. strobus; natural
selection in native stands has yielded highly tolerant progenies
while eliminating the most sensitive genotypes from the gene pool.
Future research directions are suggested.
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Introduction

Research on the genetics and breeding of five-needle pines
in the eastern USA began about 1950 with species hybridiza-
tion experiments and early tests for resistance to the white
pine weevil (Pissodes strobi Peck) and the white pine blister
rust (Cronartium ribicola J.C. Fischer). During the subse-
quent 30-year period, eastern white pine (Pinus strobus L.)
was probably the subject of more extensive cooperative tree
improvement research over the eastern half of the USA and
eastern Canada than was any other forest tree species, with
the exception of the southern pines. The greatest effort was
applied to the study of geographic variation over the entire
species distribution by replicated provenance tests, first
using seed collections made at the range-wide level, then
concentrating on the southern Appalachian part of the
species range. The results of this work by numerous state
university research stations, the USDA Forest Service and
Canadian research centers were combined in joint publica-
tions issued at various ages. They provide a very useful
knowledge base, especially on adaptability and growth traits
asrelated to seed origin interacting with plantation location.
These results have now been put into practice in the com-
mercial planting of eastern white pine.

Studies also provided some measure of stand-to-stand and
within-stand variation. Controlled breeding research, al-
though not as extensive as the common-garden testing of
open—pollinated seed, has provided estimates of the inherit-
ance of growth rate and the potential for genetic gain from
half-sib and full-sib families. Efforts to develop weevil and
blister rust resistant eastern white pine have, on the other
hand, not yet been successful, although work continues.
Research on other species of five-needle pines has been
primarily limited to investigations of the potential useful-
ness of some of the more adaptable species and their hybrids
as asource of resistance to the weevil and blister rust. Alater
research effort was the study of the genetic aspects of air
pollution tolerance in P. strobus, which was, prior to natural
selection for tolerance, highly sensitive to sulfur dioxide and
ozone, both major pollutants over much of the natural range
of the species.

Applied geneticresearch directed toward improved plant-
ing stock of five-needle pines has declined in the eastern
USA during the last 20 years as part of the general curtail-
ment of public funding for tree improvement research and
low level of support from other sources. Thus available new
genetic information on five-needle pines published during
the last two decades is mainly concerned with 1) biochemi-
cal and molecular analysis of variability in natural stands,
and 2) continuing efforts to develop rust-resistant strains
of eastern white pine and to apply molecular technology to
the weevil resistance problem. This paper covers principal
results of five-needle pine breeding and improvement
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research in the USA; results of Canadian studies of stand
and provenance variation in field trials and the long-term
Canadian efforts to develop blister-rust resistant eastern
white pine are reported in the paper by Daoust and
Beaulieu in these proceedings.

Variability in Eastern White Pine

Geographic Variation in Growth Rate in
Test Plantations

Extensive range-wide provenance testing has shown that
P. strobus is a highly variable species, as compared, for
example, with the more range-restricted species Pinus
resinosa Ait. (Fowler 1965). Of particular importance for
tree improvement, eastern white pine includes a wide range
of genotypes with respect to rate of growth in height, diam-
eter and stem volume, while at the same time retaining the
capacity for adaptation to a broad range of environmental
conditions. These conclusions are based on statistical analy-
sis of the performance of trees in widely replicated range-
wide seed source trials (Wright 1970). In trials at mid-
latitudes within the species distribution (Pennsylvania,
Maryland, Tennessee, Indiana, Ohio, southern Michigan,
Illinois, West Virginia, Nebraska), genotypes of western
North Carolina, Tennessee and northern Georgia origin
outgrew those of all other provenances by 70 to 80 percent in
tree height growth rate by the end of the first decade. The
same growth pattern was found in trials in Australia and
New Zealand. After the first decade, absolute differences
between fast-growing southern and slow-growing northern
seedlots increased but relative differences decreased. Diam-
eter growth differences persisted, sustaining large differ-
ences in volume during the second decade (Funk 1979,
Kriebel 1982). Later trials concentrating on southern Appa-
lachian seed origins confirmed the growth superiority, in all
tests, of seed sources in North Carolina, Tennessee and
Georgia over those from Virginia, West Virginia and Mary-
land. The fastest-growing seedlots commonly grew 40 per-
cent faster than the slowest ones, translating into a 2 to 1
superiority in rate of volume growth (Wright and others
1979).

Population Structure

Progeny tests have shown that family differencesin height
growth rate are commonly large within stands of eastern
white pine, the variance component for general combining
ability on a family mean basis averaging over several trials
about 25 percent of the mean variance over all plots (De
Vecchi Pellati 1967, Wright 1970, Kriebel 1978, Thor and
Gall 1978). This evidence of high genetic variability is
supported by more recent studies of gene diversity in natural
stands before and after thinning, facilitated by new technol-
ogy, using isozyme and DNA analysis. In Wisconsin, using
simple sequence repeated satellite DNA markers, Echt
(2000) found that genetic diversity in eastern white pine was
the same in both 160-year-old trees and their natural regen-
eration after a shelterwood thinning that removed most
trees. Likewise, in Newfoundland, Rajora and others (1998)
were unable to show that genetic diversity had declined in
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P. strobus populations, even after a century of decline in
population size. Allelic diversity in heavily thinned stands
was as high as it was in unthinned stands. In fact, the
Newfoundland populations were as genetically variable as
those from Ontario, near the center of the species range. On
the other hand, isozyme and microsatellite DNA analyses of
diversity in two old-growth Ontario stands showed that
harvesting caused a loss in genetic diversity (Buchert and
others 1997, Rajora and others 2000). Differences in silvicul-
tural treatment of the old-growth stands may explain the
differences between the Wisconsin and Ontario results; the
forestry program on the Menominee Indian Reservation in
Wisconsin area is considered by many to be the finest
example of sustainable management of eastern white pine
on the continent (Echt 2000).

Genetics of Outbreeding and
Inbreeding

Genetic Control over Embryo Formation
and Cone Set

High yields of viable seed are usually obtained in eastern
white pine from both open and controlled crossing with other
individuals of the species. Hybrids can be obtained from
crosses with several other species of five-needle pines with
varying success in terms of seed yield (Wright 1953). Re-
ported histogenetic and serological studies of fertilization
and embryogenesis in “soft” pines (Subgenus Strobus, Sec-
tion Strobus) have shown that fertilization and early em-
bryogenesis can occur normally in ovules of non-crossable
species combinations, i.e. those crosses never reported to
yield viable seed, with subsequent post-fertilization break-
down from embryo inviability. In fact, early development of
the true embryo has been observed in some of these crosses
that donot yield viable seed (Ueda and others 1961, Hagman
and Mikkola 1963, Hagman 1967, Kriebel 1972, 1981). In
contrast, incomplete pollen tube penetration and failure of
ovule fertilization have been the pattern in similar studies
of hard pines (McWilliam 1959, Hashizume and Kondo
1962a, 1962b, Chira and Berta 1965). The evidence from
these painstaking studies, therefore, usually based on daily
or-near daily ovule collections and sectioning over a period
of several weeks and some including more than one year’s
data, suggests a fundamental difference in species isolation
mechanisms between the soft and hard pines, the soft pines
being characterized by embryo inviability and the hard
pines by pollen tube incompatibility.

Soft pines and hard pines also differ in the way in which
interspecific hybridization affects cone retention. In soft
pines, non-crossable combinations consistently retain first-
year cones, whereas in hard pines they often do not. It is
possible, for example, to cross P. strobus with P. koraiensis
pollen without first-year cone abscission. Table 1 shows
the decrease in maternal control over cone abscission as
genetic divergence increases between parent species (left
column), for both pine subgenera. Subgenus Strobus seed
maturation is characteristically blocked by embryo invi-
ability and subgenus Pinus by pollen incompatibility. In
comparisons of the effect of female parent, pollen species
and pollination year on premature cone drop in P. strobus,

21



Kriebel

Genetics and Breeding of Five-Needle Pines in the Eastern USA

Table 1—Species isolation mechanism and extent of maternal control over cone
abscission in relation to degree of outcrossing in soft and hard pine
subgenera (Kriebel 1976b).

Subgenus Strobus Subgenus Pinus
Isolation mechanism = Embryo inviability Pollen incompatibility
Type of cross Degree of maternal control®
Intraspecific, outcross Strong Strong
Interspecific, viable seed Strong Strong
Interspecific, no viable seed Strong Usually weak
Intraspecific, limited pollen © Threshhold Threshhold
Unpollinated Almost nil Almost nil
The other subgenus Nil Nil
Another conifer genus Nil Nil

aSummary constructed from research papers cited in Kriebel (1981), including chronologi-
cal histogenetic studies of fertilization and embryogenesis, and breeding experiments.

bStrong = high level of cone retention.

CDifferent species seem to have different threshold values for the number of collapsed
(unpollinated) ovules per cone above which abscission occurs.

extensive histological analysis of developing ovules showed
that female parent exercised overriding genetic control in
crosses within and between species,. Pollen species had no
effect on cone abscission, even in the case of a totally non-
crossable species combination, nor did year of pollination.
The year effect could be significant if, for example, prolonged
heavy rain seriously reduced the pollen supply (Kriebel 1981).

Practical Significance of Inbreeding in P.
strobus

P. strobus is more tolerant to inbreeding than most other
species of pines (Fowler 1965). Inbreeding is found in both
unmanaged and managed populations, and appears to be a
natural characteristic of the species (Echt 2000). Among
randomly-selected trees crossed in a small isolated Ohio
stand, six of 8 trees manually self-pollinated had no reduc-
tion in seed yield; yield of the other two averaged 22 percent
of outcross families. Reduction in growth rate in 5-10-year
old offspring resulting from controlled self-pollination was
variable compared to outcross progenies, averaging 18 per-
cent on a good site and 38 percent on a poor site. Both open-
and control-pollinated progenies from this stand were as
vigorous as those from larger stands of comparable struc-
ture. (Kriebel 1975, 1982).

Growth Improvement in Eastern
White Pine

Heritability of Growth Rate

Estimates of narrow sense heritability of height growth
have been calculated from several progeny tests of eastern
white pine, and from these estimates, genetic gain has been
estimated using fixed assumptions. The heritability esti-
mates have been fairly consistent when based either on
individual tree means or on family means. Table 2 summa-
rizes early estimates for height growth from open-pollinated
(“half-sib”) and control-pollinated (full-sib) progeny tests,
and a later estimate of genetic gain in volume at age 13 in
Ohio. Height estimates based on individual trees are in
general agreement for both half-sibs and full-sibs, as are
those with a family mean basis (Adams and Joly 1977,
Kriebel and others 1972, Kriebel and others 1974, Thor and
Gall 1978).

Keathley (1977) estimated the heritability of volume growth
in an Ohio white pine half sib progeny test at age 13 as A’
(plot mean basis) = 0.45 + 0.02. From this estimate, using a
selection differential of 1.3s and assuming family means to
be normally distributed around the plantation mean, esti-
mated genetic gainin volume was about 22 percent (Table 3).
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Table 2—Estimates of heritability of tree height and stem volume in
eastern white pine (Keathley 1977).

Parameters for estimates TN? OHP NH¢
Height, half-sib, individual tree 0.27 0.28 0.33
Height, half-sib, family mean — 0.59 0.59
Height, full-sib, individual tree — 0.32 —
Height, full-sib, family mean — 0.54 —
Volume, half-sib, family mean — 0.45 —

2Age 7, Tennessee, Thor and Gall 1978
bAge 13, Ohio, Kriebel 1978
°Age 3. New Hampshire, Adams and Joly 1977

USDA Forest Service Proceedings RMRS-P-32. 2004
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Table 3—Estimated genetic gain in tree volume after thinning in a
half-sib progeny test of eastern white pine (Kriebel 1978).

Parameter

Statistic

Initial spacing
Trees per linear plot
Plots per family

50% thinning to 2 best trees/plot
h?for volume (plot mean basis)

Mean 2-tree plot volume
Standard deviation (s)
Selection intensity

Final stocking

Selection differential
Genetic gain (AG)

Realized gain, thinning at age 18

1 m (within rows) x 2 m
4

12

Age 13 (to 2500 trees/ha)
0.45 +0.02

0.021 m®

0.008 m®

6 families out of 48
313 trees/ha

1.3s

0.223

0.40

Actually, thinning was not made until age 18, since selection
was a 2-stage process, combining a low-level individual tree
selection within family plots with a subsequent high-level
family selection. The realized gain in volume at age 18, based
on plot means, was about 40 percent (Kriebel 1983).

Species Trials and Species Hybridization

In addition to arboretum plantings of many of the five-
needle pines, a number of species have been tested in the
eastern United States for their possible economic value as
commercial plantation trees. The two species of most inter-
est have been the Himalayan pine (P. wallichiana A. B.
Jacks., syn. P. griffithii McClel.), and western white pine (P.
monticola Dougl. ex D. Don). Himalayan pine, or blue pine,
as it is known in its native region, has been tested on the
provenance level, including some families within prov-
enances. It has fast growth and variable cold hardiness,
depending on the seed source and planting region. Although
it is cold-hardy in parts of the mid-Atlantic coastal plain, in
Ohio it suffers from late spring frost damage to new shoots,
resulting in deformity with multiple branching. Seed sources
in the eastern Himalayas (Nepal) do not survive winters in
this region (Kriebel 1976a, Kriebel and Dogra 1986). Tests
were made in Tennessee of some of the same provenances
tested in Ohio. Survival and height growth were probably
affected by a severe drought rather than cold winter tem-
peratures. Families that had a high percentage of survival
and good growth at each plantation came from a wide
geographic spectrum (Schlarbaum and Cox 1990). Hima-
layan pine is generally susceptible to the white pine weevil
(Heimburger and Sullivan 1972) and variable in resistance
to white pine blister rust (Bingham 1972).

Western white pine has the necessary cold hardiness in
the eastern US and Canada, where it has a variable growth
rate and good form. It appears to suffer less weevil damage
than does eastern white pine, and this is probably its
principal value for planting in the these regions (Heimburger
and Sullivan 1972). It does not seems to be well adapted to
the warmer, drier interior part of the eastern USA within
the native range of P. strobus and is not recommended for
Ohio (Kriebel 1982).

USDA Forest Service Proceedings RMRS-P-32. 2004

Macedonian white pine (P. peuce Griseb.) has been re-
ported to have some resistance to the white pine weevil. It
has good form but it has a slower growth rate in the eastern
US than eastern white pine (Wright and Gabriel 1959).

Species Hybrids

At least seven F; hybrids and some of their reciprocals
frequently outgrow either parent during the first decade
(Wright 1959). The two of these hybrids that may have value
for forest planting are eastern white pine x Himalayan pine
and the reciprocal cross, and eastern white pine x western
white pine and its reciprocal (Kriebel 1972). The first of
these hybrids has had excellent growth and survival in Ohio
(Kriebel 1982). In a 43-family full-sib progeny test, the two
eastern white x Himalayan pine families were in the top 10
in volume growth at age 13, and one of these families
outranked all othersin the plantation. Hybrids with western
white pine were more variable in volume growth; among the
43 families, two of the five eastern x western white pine
families ranked third and sixth. When wood specific gravity
of the hybrids P. strobus x wallichiana and P. strobus x
monticola was measured in the same test and compared
with that of eastern white pine, both hybrids clearly out-
ranked P. strobus (Table 4). For the 152 trees tested for
specific gravity, the results were:

P. strobus x strobus, 120 trees, mean wood specific gravity =
0.266

P. strobus x wallichiana, 15 trees, mean wood specific
gravity = 0.295

P. strobus x monticola, 17 trees, mean wood specific
gravity = 0.312

Since eastern white pine wood fiber is now in use at some
paper mills, there could be a two-way gain from the use of
these two hybrids in plantations, both from wood volume
and wood specific gravity (Whitmore, F.W. and Kriebel,
H.B., unpublished data).

Weevil Resistance Breeding

Repeated destruction of terminal shoots by the weevil
larvae does not affect the health of white pines but it
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Table 4—Relative stem volume and wood specific gravity of the hybrids P. strobus x P. wallichiana and P. strobus x P. monticola , compared with
P. strobus; top 10 of 43 families in a full-sib progeny test at age 13 ranked by volume (Kriebel and Whitmore, unpublished, Kriebel 1982).

Hybrid family Cross? exa Relative stem vol.”  Rank® Relative specif. gr. Rank, sp. gr. Rank, sp. gr. x vol.®
1430 st x wa 1278 x 1213 202 1 110 4 1
1375 st x st 1130x 1279 171 2 100 4 4
1428 stxmo 1278 x 635 166 3 115 2 2
1408 st x st 1276 x 1277 155 4 93 8 6
1420 st x st 1278 x 1275 148 5 98 5 7
1429 stxmo 1287 x 645 143 6 124 1 3
1424 st x st 1278 x 1280 139 7 97 6 9
1393 st x wa 1275x 1213 139 8 112 3 5
1448 st x st 1280 x 1279 139 9 94 710
1373 st x st 1130 x 1277 138 10 98 5 8

st = strobus, wa = wallichiana, mo = monticola.

bMean stem volume in m® at age 13 from seed, as a percentage of the mean of all 43 family means in the progeny test (0.0337 m® per tree). The experiment included
33 full-sib P.strobus families, 5 P. strobus x monticola families, 2 P.strobus x wallichiana families, and 2 P. strobus x peuce families.

°Rank in volume among the 43 families in the progeny test.

dMean specific gravity of the stem wood at age 13 from seed, expressed as a percentage of the mean of all 43 familiy means (266 kg/m°).

®Rank in family mean specific gravity x mean volume.

destroys their commercial value by causing permanent de-
formities in the main stem. Although significant progress
has been made in breeding for superior growth rate in
eastern white pine and hybrids, genetic improvement in
resistance to the white pine weevil and white pine blister
rust has so far been unattainable in eastern North America.
In geographic seed source trials, weevil damage was usually
heavyintrees from all sources. Although seed sources varied
in the degree of weevil injury, there was no total resistance,
i.e. complete absence of weevil attack, in trees of any origin
(Garrett 1972). However, since a few geographic provenances
have been identified that have low susceptibility to repeated
weevil attack, selection within stands based on relative
degree of susceptibility in provenance tests may be useful as
a first step in a selection program (Genys 1981, Wilkinson
1981). Noncrystallization of cortical oleoresins, earlier
thought to be a resistance factor (Santamour 1965, Van
Buijtenen and Santamour 1972) was subsequently found to
be unrelated to weevil susceptibility (Bridgen and others
1979, Wilkinson 1979a, 1979b). Later work indicated that
the concentrations of two monoterpenes may be useful as
selection criteria for reducing susceptibility to weevil attack
(Wilkinson 1980).

Two other species of five-needle pines have been consid-
ered in breeding for resistance to the white pine weevil. One
is P. peuce, which has variable resistance (Zsuffa 1979).
Although it has a moderate growth rate, its weevil resis-
tance and crossability with P. strobus suggests its use as the
male parent in hybrids for the introduction of resistance into
eastern white pine. The hybrids could then be backcrossed to
P. strobus to improve the growth rate. The long-term nature
of this option, with low yields of hybrid seed, makes it
impractical. The second species is P. monticola, and in this
case instead of hybridization the species would be used
directly, since P. monticola appears to be more weevil-
resistant than P. strobus (Heimburger 1972). But western
white pine varies in vigor and adaptability in the eastern
United States, necessitating local progeny testing of trees
screened for weevil resistance. Since 1980, no studies have
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been undertaken in the eastern USA to explore the feasibil-
ity of using hybrids or alternate species for weevil resis-
tance. For a more detailed historical review of weevil resis-
tance breeding, see Kriebel (1982).

Using Silviculture as an Alternative to
Breeding

An alternative strategy to minimize weevil damage is
particularly suitable for the northeastern and northern
Lake States (Michigan, Wisconsin, Minnesota). It integrates
genetics with silviculture by the planting of fast-growing
selections of eastern white pine in a mixture or under an
associated pioneer species such as aspen or birch, to provide
partial shade for weevil protection. There are two possibili-
ties. One is to allow the pine to overtop the short-lived aspen
or birch, commonly in 20 years or less. The other is to remove
the aspen or birch, ifeconomically feasible, after the pine has
developed one clear log that is free of weevil damage or
nearly so. This is based on the weevil preference for trees
growing in full sun over trees under shade or partial shade
(MacAloney 1952, Ledig and Smith 1981).

Breeding For Rust Resistance

In the eastern USA, the white pine blister rust is a serious
problem primarily in cool, humid regions, especially in the
northern Lake States and the northeastern states. The rust
is ubiquitous under these conditions and there are no re-
ported unique populations that are threatened. The rust is
not a problem in warm and dry localities within these
regions and in low-elevation stands in the southern and
southwestern parts of the range of P. strobus. Resistance
appears to be polygenic in nature, thus requiring several
generations of breeding to build up a practical level of
resistance in offspring (Heimburger 1972). Artificial inocu-
lation of eastern white pine alone does not accurately
identify breeding stock suitable for field planting, since
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progenies succumbing to high concentrations of inoculum
may be tolerant to the levels to which they are actually
exposed in the field. Blister rust hazard is not high in all
regions of the northeastern US and Canada. In warm zones
and in cool zones with large openings to the sky, resistant
strains are not essential (Van Arsdel 1972, Zsuffa 1979).
Interspecific hybridization with other more rust-resistant
species of five-needle pines has so far not been an effective
breeding strategy (Zsuffa 1981).

Given these constraints on breeding eastern white pine for
resistance to the white pine blister rust, new technology is
now being applied to the problem by the US Forest Service
in forest genetics and forest pathology projects in the North
Central Region. Objectives are: (1) to develop a better under-
standing of the genetic structure of tree and pathogen
populations, using molecular markers; (2) to identify genes
for important quantitative traits; (3) to develop
micropropagation techniques for production of elite trees;
and (4) to develop gene transfer technologies for introduc-
tion of novel genetic constructs. Plantations of self- and
reciprocal-crosses of eastern white pine progenies are being
established for studying the genetics of blister rust resis-
tance. The blister rust program has the objectives of deter-
mining rust variation in the Lake States and comparing it
with rust variation in the rest of North America, determin-
ing whether resistance can be reliably identified in inocu-
lated seedlings at an early age and whether there is a race-
specific component in seedling resistance. Although current
work involves inoculation of seedlings from clonal parents,
diallel crosses and selfs among selected parents have been
made for future studies. Sugar pines (Pinus lambertiana
Dougl.) with and without the MGR gene (Kinloch 2001) have
also been included in each inoculation for detection of one
form of race-specific virulence. Michler and Pijut have devel-
oped improved micropropagation technologies for eastern
white pine, and Michler and Davis have isolated eastern
white pine chitinase genes with the goal of developing
efficient genetic engineering protocols for pines using con-
structs with pine promoters. Eastern white pine seedlings
are currently being tested in greenhouse studies to deter-
mine stability of transgene insertion (Michler and Zambino,
personal communications).

Integrated Management for Rust and
Weevil Control

The feasibility of applying a silvicultural regime integrat-
ing management for growth, blister rust and weevil resis-
tance is currently being studied in northern Wisconsin
(Ostry 2000). Variablesin the study include survival, height,
rustinfection and weeviling. Treatments include clearcut vs
shelterwood, nonselected stock vs selected stock, and no
pruning vs pruning. Age 10 analysis, although preliminary,
showed that:

1. Height growth was greater in clearcut than in
shelterwood plots.

2. Weevil attack was greater in clearcut than in
shelterwood plots.

3. Blister rustinfection was higher in shelterwood thanin
clearcut plots.

4. Selected planting stock outgrew nonselected stock.
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5. Blister rust infection was higher in nonselected than
selected stock.

6. Blister rust infection was higher in unpruned than in
pruned trees.

Pruning of lower branches had double benefits, both in
correcting stem form for weevil damage, and also by removal
of the branches most susceptible to rust infection.

Genetics of Air Pollution
Tolerance

Because of inherent sensitivity and geographical distribu-
tion in relation to industry, population centers and prevail-
ing winds, eastern white pine has probably been more
impacted by air pollution than any other tree species in
eastern North America (Gerhold 1977). Karnosky and Hous-
ton (1979) reviewed the genetics of air pollution tolerance of
eastern white pine in the northeastern US. White pines are
sensitive to both SOy and Os, but the interaction of these
pollutants has more serious effects than either pollutant
alone (Houston 1974). There is significant tree-to-tree varia-
tion that has a strong genetic component (Houston and
Stairs 1973). The effect of this large genetic component has
been natural selection against sensitive trees in native
stands over a wide region of eastern North America, with
losses to the gene pool that may have included linked genes
of unknown biological or commercial value. It was estimated
that in northern Ohio stands of P. strobus, more than 40
percent of the potential seed-bearing trees had dropped out
of the breeding population. Only pollution-tolerant trees
survive to produce seed, and progenies from stands in
polluted regions were found to be almost totally free of air
pollution injury while retaining the vigor of the parent
stands (Kriebel and Leben 1981). Similar evidence of the
inheritance of pollution tolerance was obtained from the
progenies of healthy trees growing in Tennessee for many
years under polluted conditions. The progenies had darker
green needles than progenies from other southern Appala-
chian stands and were consistently faster-growing than
others in three polluted areas in Tennessee and in Ohio
(Thor and Gall 1978, Kriebel 1982).

As a result of this natural elimination of sensitive geno-
types throughout the regions where eastern white pine is
native and planted, SOy is not currently a serious problem.
Ozone injury tends to be more localized and is primarily a
problem where white pines are planted close to major high-
ways with high emission levels from motor vehicles. How-
ever, the future effect of air pollution on eastern white pine
is uncertain. Industrial emissions of SO, from coal-burning
power plants in the midwestern states continue to have an
impact on northeastern forest land and waters. Unless the
currently inadequate emission controls in the midwestern
region of the US are strengthened, increases in coal-burning
power plant outputs may further affect the survival and
growth of eastern white pine in the northeastern states.

Directions for the Future

The primary goal for future research on the genetics and
improvement of five-needle pines in the eastern United
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States should be the restoration of the superior position of
eastern white pine as a high-quality timber tree. The most
promising methods of achieving this goal through genetic
research and its applications are the following:

1. Ecology, management and resistance screening can be
integrated to achieve the objective of planting pest-free
eastern white pine planting stock in regions where white
pine blister rust and the white pine weevil are major deter-
rents to the commercial planting of this valuable native tree.

2. Existing older eastern white pine progeny tests can be
converted into seed orchards for rapid gain from the use of
open-pollinated seed of known parentage and proven poten-
tial. Seedlings from elite trees should be planted in rust-free
areas at close initial spacing to minimize weevil damage.
This procedure has already been applied in some progeny
tests.

3. Weevil resistance should be incorporated into eastern
white pine through genetic engineering to incorporate genes
for insect resistance into the species. A program has already
been initiated to develop the molecular technology that may
make possible the introduction of weevil resistance into
white pine.
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Breeding Rust-Resistant Five-Needle Pines
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Abstract—Introduction of Cronartium ribicola into the Western
United States created major disruptions in forests where five-
needle pines were important components. In response, various
control measures were implemented on two commercially impor-
tant species—western white pine (Pinus monticola) (WWP) and
sugar pine (P. lambertiana) (SP). The USDA Forest Service devel-
oped three programs to breed for resistance: one directed at north-
ern Rocky Mountain WWP; a second for WWP and SP in Oregon and
Washington; and a third for SP in California. The Rocky Mountain
program developed a resistant population composed of durable or
multigenic resistance that shows no evidence to date of any R genes
(i.e., genes for “Major Gene Resistance”). The Cascade WWP pro-
gram utilizes a mixture of an R gene and multigenes. Washington
populations correspond to the Rocky Mountain model, but resistance
of the Oregon populations seems to be partly due to an R gene. An
R gene is the threshold basis for selection of SP for the California
program. Progeny that carry R genes are screened for additional
resistance mechanisms to develop populations with multiple sources
of resistance. These breeding programs have created large seed
banks, several seed orchards, and numerous additional plantings of
pedigreed material. However, new concepts for examining genotype
by environment (G x E) interactions, recognition of phenotypic
plasticity of hosts and pathogens and of induced defenses, and
evidence of disease attenuation in the blister rust pathosystem may
have important consequences for future breeding, integrated man-
agement, and ecosystem restoration efforts in five-needle pine
ecosystems. Reanalysis of some old results and update of data from
some long-term plantings were coupled with current knowledge of
additional pathosystems to suggest an altered paradigm for white
pine blister rust in which complex interactions among the pine, rust,
and environmental components are the norm.
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Introduction

Introduction and spread of the causal agent of white pine
blister rust (WPBR), Cronartium ribicola J. C. Fischer ex
Rabh., in western North America was recently reviewed
(McDonald and Hoff 2001). WPBR introduction precipi-
tated a major reduction in populations of western white
pine (WP) (Pinus monticola Douglas ex. D. Don.) in the
northern Rocky Mountains (Neuenschwander and others
1999). In this region, WWP was a modifier keystone species
whose presence influenced many ecosystem processes
(McDonald and others 2000). Removal of WWP has also
altered patterns of mortality from Armillaria root rot on
replacement species and thus, of fire regimes that could
ultimately produce shortened fire return intervals and more
intense stand replacement fires (McDonald and others 2003).
Ecosystems where whitebark pine (WBP) (P. albicaulis
Engelmann) is a keystone species are also at risk of experi-
encing major perturbations (Tomback and others 2001).

The ecologic and economic importance of North Ameri-
can species of five-needle pines and their susceptibility to
WPBR have prompted most genetics work on western five-
needle pines. Breeding work has centered on the two
important commercial species of WWP and sugar pine (SP)
(Pinus lambertiana Douglas). Programs were delineated
by geographic areas. The first, initiated in 1946, was
designed to produce WPBR resistant selections of WWP for
use in the “Inland Empire” (northeastern Washington,
northern Idaho, and western Montana) and utilized con-
trolled crosses to obtain full-sib progeny for selection within
and among crosses (Bingham 1983). A program to develop
resistance in WWP and SP for Washington and Oregon was
started in 1956. This program switched to screening open
pollinated progeny of candidate trees in 1971, after ini-
tially using full-sib progeny (Sniezko 1996). A breeding
program designed to develop resistance in SP for California
was initiated in 1957 (Kitzmiller 1982).

Conditions influencing development of WPBR and types
and distributions of resistance mechanisms each vary
considerably among these western geographic regions. Dif-
ferences in approaches among the breeding programs are
reflected in differences in kinds of seed orchards and other
breeding resources. Our intent in this paper is to briefly
describe each program, examine the development, deploy-
ment, and historical evidence of effectiveness of resistance to
WPBR, and provide insight into the development of man-
agement strategies for restoration of ecosystems. Some
recent literature will be reviewed. Results in existing
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literature will be examined and some previously unpub-
lished results will be presented using new paradigms for
interpreting adaptation and epidemiological processes and
understanding the physiology of resistance. Finally, we will
discuss relevance of lessons learned from breeding WWP
and SP to new efforts directed at whitebark pine (WBP),
limber pine (LP) (P. flexilis James), southwestern white pine
(SWWP) (P. strobiformis Engleman), bristlecone pine (BP)
(P. aristata Engelmann), foxtail pine (FP) (P. balfouriana
Greville & Balfor.), and Great Basin bristlecone pine (GBBP)
(P. longaeva D. K. Bailey).

The Breeding Programs

Northern Rocky Mountain Western White Pine—
This breeding program has had two phases. The first phase
was based on about 400 phenotypically resistant (canker-
free to five cankers/tree) selections obtained from areas of
high rust severity (cankers/tree). This phase was initiated in
1946 when R. T. Bingham selected a full-crowned 60-year-
old tree almost 30 meters tall as the only rust-free tree
within a northern Idaho stand of 380 trees (Bingham 1983).
By June of 1950, 58 trees had been selected from similar
areas of high rust severity. Counts of cankers from neighbor-
ing susceptible trees at the time of selection (data on file at
the Rocky Mountain Research Station, Moscow, Idaho)
allowed infection rates and probability of escape to be cal-
culated. Under the levels of rust incidence and severity
observed for stands containing the 58 selections, only one
uninfected tree out of 143 million would be expected to be an
escape (McDonald and Hoff 1982). The full contingent of
400 candidate trees had been located by 1970 and the ratio
of resistant (rust-free to five cankers per tree) to susceptible
phenotypes in natural populations was established at
0.00001 (McDonald and Hoff 1982).

Beginningin 1950, selections were crossed to produce full-
sib families whose seedlings could be artificially inoculated
to measure general combining ability (GCA) and specific
combining ability (SCA) (Bingham 1983). Wild inoculum
from two to three collection sites was used for each inocula-
tion. Inoculations were conducted under a double-layered
tent (Bingham 1983). One fourth of the 400 parent trees
selected as phenotypically resistant proved to have GCA for
enhanced rust resistance. These 100 parents were ascribed
to three populations corresponding to elevation, with the
“low elevation” class originating below 1065 m, the “mid-
elevation” class from 1066-1250 m, and the “high elevation”
class from over 1251 m. Since a balanced design of crossing
was desired and the smallest elevation class contained 24
GCA parent trees, 24 GCA trees were selected to represent
each elevation in subsequent controlled crosses. Foundation
stock for each of the three Fy seed orchards representing the
three elevation classes was of 12 unrelated GCA x GCA
families. Early artificial inoculation tests indicated that
about 65 percent of the seedlings of GCA x GCA F, families
remained free of infection after intense rust exposure (Hoff
and others 1973).

The Phase I program was noted for selection of candidate
trees from stands under intense rust pressure that were
then used in various crossing schemes (Bingham and others
1969). Full-sib progeny were subjected to artificial inocula-
tion in tests containing many thousands of seedlings
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(Bingham 1972). Phase I generated many peer-reviewed
papers and left alegacy of nine well-documented plantations
and four seed orchards (Mahalovich and Eramian 1995).
Several are composed of well-marked pedigreed materials
suitable for new genetic research (records on file USFS
Region 1). A recently accepted paper uses these historical
records and materials to analyze the influence of blister rust
resistance breeding on the genetic structure of WWP as
revealed by AFLP DNA markers (Kim and others 2003).
Several plantings of Phase I materials have received re-
peated rust examinations and new data obtained from these
plantations will be discussed later in this report. The Phase
I program was also the source of descriptions of most of the
resistance mechanisms (see Hoff and McDonald 1980 for
descriptions) that have since been applied to the ongoing
breeding programs in the northern Rocky Mountains
(Mahalovich and Eramian 1995) and Oregon and Washington
(Sniezko 1996).

Northern Rocky Mountain WWP—Phase I Program—
Region 1 of the USDA Forest Service and the Inland Empire
Tree Improvement Cooperative (see Fins and others 2002)
administers the Phase II breeding program that was initi-
ated in 1967 (Mahalovich and Eramian 1995). This program
is based on open pollinated (OP) selections screened for
inheritance of a set of resistance mechanisms (Hoff and
McDonald 1980, Mahalovich and Eramian 1995). The objec-
tiveis to select for resistant progeny among seedlings of 3100
candidate WWP that have been chosen from stands at least
25 years in age. Maximum severity (cankers/tree) accept-
able for select trees is set relative to severity in the surround-
ing stand as follows: 0 if severity was 10 to 20, 1 if severity
was 21 to 40, 2 if severity was 41-75, 3 if severity was 76-150
and 4 to 5 if severity was 150+. Severity on most selected
trees was less than three cankers. OP cones have been
collected from about 200 candidates each year for screening
at the USF'S Region 1 Tree Nursery, Coeur d’Alene, Idaho.
Seedlings are grown under standard nursery regimes for
inoculation at the end of their second growing season.

Inoculum is generated in a disease garden located at the
Lone Mountain Tree Improvement Site, Spirit Lake, Idaho.
Aeciospores are collected each year at 10 sites covering a
target-breeding zone that includes the Idaho panhandle and
western Montana (Mahalovich and Eramian 1995). Col-
lected spores are used to initiate a controlled epidemic on
R. nigrum L. and R. hudsonianum var. petiolare (Dougl.)
Jancz. Telia-bearing leaves are collected and transported to
the Coeur d’Alene nursery for use in controlled inoculations
as had been done for the Phase I program. Following Sep-
tember inoculations, seedlings are planted in beds outdoors
and inspected the following June for numbers of needle
lesions and the following September for presence/absence of
needle lesions, bark reactions, and cankers. The second and
third September after inoculation, seedlings are inspected
for presence/absence of bark reactions. Data are used to
select both families and individuals within families in an
attempt to accumulate resistance mechanisms (Mahalovich
and Eramian 1995). Families selected from the Phase II
program as having high proportions of rust-free seedlings at
the fourth inspection are rigorously outplanted to evaluate
long-term rust behavior and growth under operational con-
ditions and natural levels of inoculum (Mahalovich and
Eramian 1995). Over 20 plantings have been established,
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using sound statistical designs, and plans are in place to
conductregularinspections (Mahalovich and Eramian 1995).
Survival, damage to terminal stems, presence/absence of
bole and branch cankers, number of stem cankers, number
of branch cankers, and total tree height will each be tracked.
The planned assessment schedule is 5, 7, and 10 years after
planting, followed by 5-year intervals until one half of the
rotation age has been reached (Mahalovich and Eramian
1995).

Three additional testing regimes have been implemented
in the Phase II program. A crossing study with full-sibs and
selfs was initiated in 1993 to verify the genetic mechanisms
and inheritance for needle shed, short shoot, and bark
reaction traits, with crossing taking place at two field sites
and the Coeur d’Alene nursery. Secondly, realized gain
trials have been designed to test resistance of seed orchard
populations from both Phases under operational conditions.
For this study, F;, Fy, B; and several control lots will be
outplanted in 2004 at sites where infection levels have been
increasing in plantations of resistant material. Lastly, four
tests, each replicated at two locations per year beginning in
2001, are being planted to evaluate genotype by environ-
ment interactions and the idea that a single breeding zone
is sufficient for the northern Rockies. Results of the new
testing regimes will facilitate validation or revision of the
breeding strategy.

Additional breeding was initiated in 1995 using elite tree
selections from the Phase I and Phase Il programs to
generate a second-generation program and obtain further
potential gains in resistance. Up to 360 selections will be
divided into 18 sublines that will ensure that seed from the
ond generation program will minimize the potential for
inbreeding. Also,a WWP clone bank was established in 1999
at Dry Creek Tree Improvement Area, Clark Fork, Idaho to
protect unique trees, elite trees, and progeny of candidate
treesin the field that have been lost through timber removal,
road construction, and catastrophic fire. Entries are added
annually.

Oregon and Washington Sugar Pine and Western
White Pine—The Washington and Oregon breeding pro-
gram is operated out of the Dorena Genetic Resource Center,
USFS, Region 6 and is located near Cottage Grove, Oregon
(Sniezko 1996). The USDI Bureau of Land Management,
Oregon Office, has been a major cooperator, particularly for
sugar pine, in the phenotypic selection of trees and develop-
ment of seed orchards for many years. Other cooperators
represent a wide array of public agencies, Indian nations,
and other organizations.

Objectives of the resistance-breeding program for Oregon
and Washington include identifying the amount and type of
genetic resistance present in natural populations of WWP
and SP, selecting families and individuals within families
for resistance, and developing durable resistance to WPBR
while retaining broad genetic diversity and local adaptation
within both species. The program utilizes conventional breed-
ing techniques to increase the durability of the partial
resistance currently available, while maintaining diverse
genetic populations. Patterns of genetic adaptation in SP
and WWP identified through growth responses in common
garden studies (Campbell and Sugano 1987, 1989) are the
primary basis for delineation of breeding zones.
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The Dorena facility has screened seedlings of WWP or SP
from more than 9500 parent trees. The program has the
capability to inoculate more than 600 families per year and
evaluate over 100,000 seedlings annually with consistently
high seedling infection rates, as evidenced by development
of needle lesions and stem symptoms. Inoculations are
performed in a building that has been fitted with humidifi-
ers and associated controls to act as a large, self-contained
incubation chamber (McDonald and others 1984). Seedlings
are inoculated after their second growing season and are
evaluated for five years thereafter to discern different resis-
tance mechanisms. Historically, this program has used the
same set of definitions of resistance as the northern Rocky
Mountain Phase I and Phase II programs (see Sniezko
1996), although some re-evaluation of mechanisms is
underway. In general, 80 to 240 (often 120) families are
inoculated per ‘run’, with each family represented by 60
seedlings divided among six replications. Inoculum comes
from two sources: collections of telia produced in the wild
from natural inoculum under ambient conditions vs. in a
disease garden under more controlled conditions.

Until recently, conditions and techniques used in inocu-
lation and evaluation of most forms of resistance had
changed only slightly since the 1960s. However, Dorena has
recently begun to use a modified screening technique to
differentiate families expressing an R gene (Cr2) specific to
WWP (Kinloch and others 1999) that develops a hypersensi-
tive reaction as a barrier to colonization in infected needles
from other families that have a high incidence of canker-free
seedlings. Previously, disease-garden telia were generated
after Ribes were inoculated with bulked collections of ae-
ciospores obtained from across Oregon and Washington.
Currently, Ribes in the disease garden become naturally
infected by aeciospores from WWP in the general vicinity.
Teliospore-bearing leaves from the disease garden are used
to represent a locally prevalent, virulent strain of rust (the
“Champion Mine Strain”) that can overcome Cr2 resistance
(McDonald and others 1984, Kinloch and others 1999). Since
wild-collected (wild-type race) and disease garden (virulent
race) Ribes leaves are each used in half of the inoculation
replications, differences in frequency of resistance between
inoculum sources identify resistance of families conferred by
the R gene, and differentiate them from forms of resistance
(partial resistance) that are not known to be overcome by
differences in rust race. Results from such inoculations
indicate that in Region 6, the frequency of the WWP R gene
is very low and that existing levels of partial resistance
are low, although a few outstanding parents exist (Kinloch
and others 1999, Sniezko 1996, Kegley and Sniezko this
proceedings).

Recent re-sowing of some previously tested families has
confirmed their resistance. Demonstration plantings at
Dorena that include representatives of such resistant fami-
lies alongside susceptible families that develop extensive
cankering and mortality provide a dramatic visual demon-
stration of the effectiveness of the program to visitors.
Tentative discovery of a new resistant mechanism, termed
“mechanism X”, may cause further changes to the program.
One of us (RS) has observed that “X” is not Cr2 because of
resistance to the ver2 race of the pathogen and that “X”
families do better than Cr2 families in field tests; one of us
(GM) has also observed that needle shed morphology of “X”
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is reminiscent of [daho WWP needle shed. Only Washington
populations of WWP have been shown to express “X” but
further investigations of Oregon populations are underway
(Sniezko unpublished data).

Much of the early activity in the Oregon-Washington
white pine blister rust (WPBR) resistance program involved
selecting trees in natural stands in each of eight breeding
zones, inoculating and evaluating offspring of these trees for
resistance, and establishing seed orchards from the most
rust-resistant parents or progeny. Seed orchards have been
established for both WWP and SP in most breeding zones
and resistant seed is available for several zones. Orchards
include a diverse set of parents and an array of putative
resistance mechanisms.

Recently, an important, but long neglected, component
has received additional attention. Establishment of field
plantings is now under way to monitor resistance, validate
screening results, and demonstrate the potential for resis-
tant seed in ecosystem restoration throughout Oregon and
Washington. Since 1996, families of WWP and SP have
been established at 20 and 10 sites, respectively, in con-
junction with cooperators that include USDA Forest Service
Region 5, BLM, Confederated Tribes of Warm Springs, OR,
and Josephine County, OR. Additional trials, using control
crosses or open-pollinated seedlots from Dorena, have been
established in British Columbia and on WA Department of
Natural Resources lands (Rich Hunt, personal communica-
tion 2001). A planting in the Oregon coast range is planned
by Plum Creek Timber Company (Jim Smith personal com-
munication). Full sib or OP families are utilized and have
been established at sites that differ in representation of the
presumed races of blister rust. These plantings will help
establish whether there are changes in rust virulence over
time, and will potentially give information on inheritance of
some of the resistance mechanisms (for example results,
see Sniezko and others 2000, Sniezko and others, these
proceedings). Information from a few older plantations has
also recently been collected, summarized, and presented at
technical meetings (Sniezko and others #2, these proceed-
ings). In these older trials, infection levels after 15 or more
yearsin the field are high (>75 percent of trees infected). One
goal of these plantings is to determine the relative field
performance of WWP and SP lots that differed in levels of
rust resistance during screening, to calibrate by species and
resistance level the WPBR extension (McDonald and others
in preparation) of the Forest Vegetation Simulation Model
(Teck and others 1997) for use in Region 6.

California Sugar Pine—A program designed to identify
and utilize WPBR resistance in California sugar pine was
initiated in 1957 (Kitzmiller 1982) and is conducted out of
facilities located near Placerville, CA. The goal of this por-
tion of the USDA Forest Service Region 5’s genetics program
is to maintain locally adapted SP having a mixture of
resistance mechanisms throughout sugar pine’s natural
range (Samman and Kitzmiller 1996). Thisis being achieved
through two approaches. First, resistant trees are identified
that canbe used as seed sources for each of 27 California seed
zones (Kitzmiller 1976) where sugar pine occurs, with trees
additionally grouped according to 500 ft altitudinal bands.
Secondly, a subset of these and additional selected resistant
materials are being used to establish seed orchards and
breeding populations for each of seven breeding zones that

USDA Forest Service Proceedings RMRS-P-32. 2004

McDonald, Zambino, and Sniezko

have been established based on physiographic and environ-
mental parameters (Samman and Kitzmiller 1996).

Criteria for tree selection vary according to geographic
location and the frequencies at which resistance mechanisms
occur within local populations. The first-level criterion for
seed tree selection is the presence of the sugar pine R gene
(Cr1; Kinloch and Davis 1996). This was the first dominant
gene for resistance identified in a forest tree species (Kinloch
and Littlefield 1977), and like Cr2 described above, restricts
needle colonization and stem infection by C. ribicola by
development of a hypersensitive response (Kinloch and
Littlefield 1977). Assessment is based on symptom develop-
ment in inoculated progeny seedlings. In regions where fre-
quency of the R gene, and consequently, the occurrence of
disease free sugar pine are sufficiently high, timber and
growth traits are also considered. Conversely, in regions such
as the northern part of the range of sugar pine where the R
gene for sugar pine is low in frequency (Kinloch 1992), initial
tree selection is based solely on freedom of trees from disease
in stands with high incidence of blister rust. Selections are
protected from cutting until screened.

Open pollinated seed is collected and progeny seedlings
screened for the R gene at the Placerville facility using
artificial inoculations. Control lots are included that contain
several representative genotypes homozygous or heterozy-
gous for Cr1 or homozygous for lack of the R gene. Telia used
as screening inoculum are produced by inoculating green-
house-grown plants of susceptible cultivars of Ribes
nigrum L. with aeciospores of rust that lacks virulence to
Crl that have been collected from sugar pine in different
areas, or with urediniospores produced after previous inocu-
lations. Inoculated plants are bagged for 24 hours until
infection has occurred, and then maintained in a cool,
partially shaded greenhouse for four to five weeks until
dense telia develop on leaves. Basidiospores are cast from
telia on trays of detached leaves onto 8-month-old seedlings
in three-layered, cloth-lined chambers in which tempera-
ture and humidity are kept at optimum levels for infection
by water flowing over the outer walls. Seedlings are each
evaluated three times approximately three weeks apart
after susceptible yellow or yellow-green needle spots can be
distinguished from necrotic spots or yellow spots with ne-
crotic margins that signify resistance due to the sugar pine
R gene. Open pollinated families with approximately 50 and
100 percent resistant seedlings indicate heterozygous and
homozygous parent trees, respectively, whereas lower pro-
portions indicate a non-Crl tree that has received pollen
from one or more Crl trees.

Those seedlings with the R gene are further screened for
slow rusting under natural conditions at a location (Happy
Camp, California) where a strain naturally occurs that can
overcome the sugar pine R gene (Kinloch and Davis 1996;
Samman and Kitzmiller 1996). Ribes sanguinium Prush. is
planted among the R-gene-resistant seedlings to produce
natural inoculum having a high proportion of verI virulence
to the sugar pine R gene resistance. Seedlings are exposed to
a minimum of two, and usually three “wave” years of heavy
rust infection, with final slow rust determinations made for
seedlings and families a minimum of ten years after plant-
ing. Detection of slow-rusting resistance at the Happy Camp
site is based on observable low rates of increase in rust
incidence and severity, slow or abortive colonization, and
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reduced persistence of infections. Normal cankers and bark
reactions (corking out of branch and bole infections) in SP
appear similar to those in WWP in the other resistance
programs, although the Region 5 sugar pine program also
differentiates a “blight” reaction in which necrotic tissue
extends beyond the canker to the end of the branch proxi-
mally to the next branch whorl and distally to the end of the
branch (Kinloch and Davis 1996). Materials selected at
Happy Camp for having slow-rusting resistance in addition
to R gene resistance are then grafted and planted into seed
orchards and clone banks.

To date, 28654 candidate trees have been selected; 1395
living MGR trees identified (John Gleason, R5 Genetics,
pers. comm.); and approximately 2900 pounds of MGR seed
is available for restoration efforts. The three seed orchards
closest to completion represent the Sierra Nevada (i.e.,
Breeding zones 4, 5,and 3, in order of completeness). Each of
these orchards has separate but adjacent breeding blocks for
R gene only versus R gene plus slow-rusting resistance
mechanisms (durable resistance), and additional divisions
based on geographic and elevation differences. Duplicate
plantings of some of this material are being developed as
seed orchards by cooperators in industry, providing a buffer
against loss by fire or other causes. Although the numbers of
R-gene parent trees needed for the Sierra have been met and
exceeded (currently over 700 represented in the orchard
design), adequate numbers of selections have been difficult
for some extremes of elevation and for the northern range of
sugar pine. To increase the number of R-gene phenotypes
from such locations, the program is also identifying resis-
tant MGR progeny of phenotypically resistant seed trees in
the northern range that lack the R gene. Lack of the R gene
in these phenotypically resistant trees may indicate high
levels of non-MGR resistance mechanisms. Fertilization by
R gene pollen may thus result in offspring that have several
resistance mechanisms. Pollen receptor, R-gene-carrying
progeny that are being used in the program are geographi-
cally distant from known R-gene trees, to maximize genetic
diversity. Alternative methods are being investigated that
may enable north zone candidate trees with potentially high
slow-rusting resistance to be identified during the initial
progeny screening for R gene resistance.

A network of widely dispersed plantations has been
established to evaluate silvicultural growth characteristics
and resistance of SP to both the wild type and the Cri-
virulent races of WPBR, (Kitzmiller and Stover 1996). Eight
plantations established in 1983 utilized the same families at
each site, and included families that were homo- and het-
erozygous for Cr1 and susceptible families. Four plantations
established in 2000-2001 include homo- and heterozygous
Crl1 and susceptible families, as well as R gene plus slow-
rusting families. Within each category, some families have
demonstrably wide geographic adaptation, while other fami-
lies are of local origin (P. Stover, personal communication).
Plots are monitored primarily for incidence of disease and
presence and numbers of cankers on branches and stems.
Thus far, monitoring after wave years has failed to detect the
race of WPBR virulent to the sugar pine R gene outside of the
immediate vicinities of its two known sites of occurrence at
Happy Camp and Mountain Home, California.

Other Five Needle Pine of the Western United
States—Some breeding work for other five needle pines is
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just getting underway (Mahalovich and Dickerson these
proceedings). A common garden study designed to delineate
seed zones for northern Rocky Mountain WBP was planted
atthe Priest River Experimental Forestin 2000 (D. Ferguson,
personal communication). Open pollinated seed, collected
from 10 trees in each of 45 stands, was planted in 2000.
Growth, development, and periodicity of shoot elongation
will be monitored using data collection methods patterned
after a previous WWP study (Rehfeldt and others 1984). A
second planting of most of the same sources was installed in
2001 on a dry site at the Priest River Forest to study drought
tolerance of WBP (Ferguson personal communication).
Seedlots from a number of national forests in OR and WA
were also included in a recent common garden study initi-
ated at the University of British Columbia (Andy Bower,
personal communication). These studies should provide
insights into adaptive variation in WBP.

Evaluations of a small number of California WBP seedlots
for R genes (Kinloch and Dupper 2002) and OR/WA WBP
(unpublished data) have failed to find them. However, R
genes were only recently confirmed in LP and SWWP
(Kinloch and Dupper 2002). A recent sowing of WBP at
Dorena will increase the number of parents evaluated in
Region 6 for R genes and other resistance responses. Proto-
cols will be adapted from the Region 6 WWP and SP resis-
tance program and other efforts to screen for resistance in
WBP (Hoff and others 2001). Spore load for evaluation and
comparison of WBP sources will be a critical factor. An
inoculation trial in 2001 at Dorena has identified the spore
load needed for infection of this species under local condi-
tions (Kegley and others in press). A recent preliminary
screening of phenotypically resistant WBP growing in the
northern Rocky Mountains demonstrated a resistance sig-
nature (low frequency and proportion of spotting among
progeny seedlings) very similar to that of northern Rockies
WWP (Hoff and others 2001). Early in the development of
WPBR in western North America, a study quantitatively
compared WPBR incidence and severity on WWP and WBP
at six sites in Washington, Oregon, and Idaho (Bedwell and
Childs 1943). Their data were used to compute infection
rates using the “monomolecular” or “monocyclic epidemic”
equation (see below) in WWP and WBP (McDonald and Hoff
2001). Comparison of these rates indicated WBP growing in
the northern Cascade Mountains of Washington and in the
northern Rocky Mountains in northern Idaho were about
70x more susceptible than contemporary WWP, while WBP
populations in the vicinity of Mount Hood, OR were only 4x
more susceptible (McDonald and Hoff 2001). Genetic
differentiation of populations was revealed as an explana-
tion for differences in relative susceptibility by a recent
study of genetic structure of WBP (Richardson and others
2002). This study demonstrated distinct southern and north-
ern populations of WBP that exhibited a distinct zone of
hybridization between Bedwell and Childs’ (1943) Mount
Hood and northern Washington Cascade populations of

WBP.

New Looks at Historic Issues

Separating Fact from Fiction—The WPBR patho-
system has been in North America for almost a century;
intense efforts to control the disease by minimizing the
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alternate host had been applied; and we have 50 years of
experience in developing resistance. Yet, detection of mul-
tiple forms of resistance, virulence that overcomes one form
of resistance in several hosts, observations on incidence and
severity of infection, and behavior of local epidemics all lead
us to ask critical questions of the breadth of our knowledge
of this system. Have we examined the blister rust
pathosystem in sufficient detail to predict whether disease
in stands genetically improved for resistance will perform
as predicted by our past experience with the epidemic on
susceptible plants, by artificial screening results, or by
models that predict disease incidence over time and space?
Have important assumptions about WPBR behavior re-
mained unchallenged? Can new tools be employed to criti-
cally measure WPBR pathosystem dynamics in time and
space? What is the relative importance of classic genetic
trait-oriented selection vis-a-vis other sources of genetic
expression and change?

R genes and Resistance-Virulence Interaction—
The classic gene-for-gene system seems to play an important
role in WPBR. A series of papers has demonstrated that SP,
WWP, SWWP, and LP have R genes (major genes for resis-
tance) at some frequency in their populations (Kinloch and
Comstock 1980, Kinloch and others 1999, Kinloch and Dupper
2002). Two virulence genes (verl and ver2) are known that
negate the resistance conferred by R genes in SP and WWP,
respectively. Virulence genes have not been found that
negate R genes in SWWP and LP, indicating that the three
genes are distinct (Kinloch and Dupper 2002). At least one
variant of C. ribicola is virulent on both SP and WWP R
genes (Kinloch and Dupper 2002). Some evidence indicates
that the C. ribicola gene for virulence to the sugar pine R
gene may be inherited by way of the cytoplasm (Kinloch and
Dupper 1999). The WWP R gene has not been found in
Northern Rocky Mountain populations but is found in the
Oregon Cascade Mountains (Kinloch and others 1999), with
additional occurrence in the northern Sierra (Kinloch and
others, unpublished). In some cases, expression of the WWP
R gene seems to be subject to maternal influences, which
may complicate its recognition (Kinloch and others 1999).
Distribution of the virulence gene that overcomes the WWP
R gene was tested using teliospore samples collected for
seedling inoculations, and was identified as prevalent in
recent years at Champion Mine (CM) and Grass Creek (GC)
(Kinloch and others 1999, Kinloch and Dupper 2002) in the
Oregon Cascade Mountains. Presence of the virulence gene
was signified by the development of typical susceptible
interactions in a group of full-sib families from Champion
Mine that carry the WWP R gene (Kinloch and others 1999).

Inoculations of some of these same full-sib WWP families
with rust collected in different ways at both CM and GC in
1984 and 2000 demonstrated an effect of Ribes source (or
environmental aspects correlated with occurrence of Ribes
species) and disease development. In their analysis,
McDonald and others (1984) used three different sources of
CM inoculum: telia collected directly at CM from R.
sanquineum or R. bracteosum (Dougl.), and telia produced
on R. bracteosum at Dorena, Oregon from aeciospores
collected from WWP at CM (McDonald and others 1984
table 3). The most striking difference among these sources
was the 4X higher rates of rust incidence (needle lesions) on
WWP per equivalent basidiospore density when telia had
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been produced in situ at CM on R. bracteosum vs. the nearby
R. sanquineum. Telia produced at Dorena from CM aeciospores
behaved like the telia developed at CM on R. bracteosum
except that it took significantly longer to kill seedlings so
that significantly more stunted leaders of living plants were
noted at the time of assessment (McDonald and others
1984). These results strongly suggest that growth on differ-
ent Ribes species at this location provides an important G x
E effect on ability of C. ribicola inoculum to subsequently
infect and develop on pine. These differences may be medi-
ated through differential ability of a virulent race to utilize
local Ribes, or through more subtle interaction. Even though
WPBR from the GC site may now carry ver2 virulence
(Kinlock and others 1999), in 1984 its apparent lack of
virulence to the WWP R gene was similar to WPBR ob-
tained at the Still Creek (SC) site (see McDonald 2000) in
its apparentlack of virulence to the WWP R gene (McDonald
and others 1984). However, the GC inoculum produced
significantly more cankers that were delayed in their
development after needle infection than did the SC inocu-
lum (McDonald and others 1984).

Ontogenic Resistance—An increase in ability of plants
or plant parts to resist a pathogen as they age and mature
and the physiological mechanisms by which this originates
are well documented in agricultural pathosystems (Ficke
and others 2002). However, in agricultural systems, plant
development is generally restricted to a single season. The
situation is much less clear for pathosystems involving
long-lived hosts that nonetheless have yearly production of
foliage and stems. Two types of ontogenic resistance have
been described for WPBR: resistance related to types and
maturity of needle tissues, and resistance related to physi-
ological aging or other phenomena correlated with tree age.

Seedlings of the five-needle pines pass through four dis-
tinct maturation phases. Seeds germinate and produce
cotyledons, primary (simple) needles, and occasionally
secondary or fascicled needles during their first growing
season. In most seasons in subsequent years, only secondary
needles are produced, and these may be retained for mul-
tiple seasons. However, under certain environmental condi-
tions, even older seedlings may produce primary needles in
varying numbers, as part of a variant shoot morphology
known as “lammas growth”.

Cotyledons and primary needles are extremely suscep-
tible to infection and colonization and have been used for
early screening of R gene resistance in SP where resistant
and susceptible spots can be visually differentiated (Kinloch
and Comstock 1980). These juvenile needles have also been
used experimentally to assess rates of seedling colonization
and subsequent mortality in families of eastern white pine
(EWP) (P. strobus L.), since infection of both primary needles
and stems of such immature plants is uniformly high
(Zambino unpublished data). Conversely, the Phase I WWP
resistance-breeding program relied on the differential be-
tween needle lesions and stem canker incidence to signify
resistant families. An attempt to cut costs by inoculating
seedlings at the end of their first growing season nearly
eliminated the differentiation between resistant and sus-
ceptible seedling families (Bingham and others 1969). A
large-scale inoculation of WWP subsequently confirmed
that significant difference in needle lesion and canker inci-
dence was associated with inoculation age and family
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(Bingham 1972). The same pattern was observed in an
interspecific cross of EWP with an Asian pine presumed to
have a well-evolved resistance to WPBR. Patton and Riker
(1966) inoculated two families of EWP x Himalayan white
pine (P.griffithii McClelland) hybrids at 4.5 months and 48
months, and obtained canker incidences of 0.997 and 0.4
respectively.

Ontogenesis and maturity of individual needles also has a
strong influence on resistance; lack of appreciation for this
fact may explain variability in screening success and in
ability to model the response of selected materials under
natural conditions that have repeated opportunities for
infection, versus controlled inoculations that are generally
exposed at a single time. In inoculation experiments, “year
old” secondary needles of EWP produced 3.7 times more
infection per linear distance of needle than “fully mature
current year” needles (Hirt 1938). In similarly inoculated
WWP, theratiobetween “year-old” and “current year” needles
was 14.5 to 1 based on needle area (Pierson and Buchanan
1938). Most screening includes infection data on needles
within or at the end of the first year of development, even
though no studies have shown how this practice might
influence field performance of selected materials or the ex-
pression of canker resistance mechanisms. Timing for in-
oculation within the current year needle development may
also be critical as inoculation of WWP secondary needles
before they have completed development circumvents the
expression of resistance in needle tissues (Woo 2000). In
addition, stomatal density and shape and contact angle of
water droplets on needle surfaces showed significant dif-
ferences in comparisons of resistant and susceptible WWP
(Woo and others 2001 and these proceedings).

Finally, branch and stem resistance appears to increase
with age: Comparisons among grafts obtained from suscep-
tible and resistant ortets of various ages and susceptible
seedlings demonstrated that resistance increases with in-
creasing age of the scion source for both resistant and
susceptible grafts of EWP (Patton 1961). In addition, the act
of grafting alone reduced incidence from .99 to .81 in 4-year-
old seedlings (Patton 1961). In SP exposed to rust in the
Happy Camp disease garden, average incidence among
grafts of 17 ortets was 0.32, whereas seedling families
obtained from the same 17 candidates showed an incidence
0f'0.92 while susceptible control seedlings had an incidence
of .98 (Kinloch and Byler 1981). This apparent increase in
atree’s resistance with age must nonetheless be reconciled
with the fact that shortly after the introduction of WPBR,
cankerincidencein some merchantable WWP stands reached
100 percent and was followed by high levels of mortality
(Buchanan 1936), indicating the ineffectiveness of the ex-
tant levels of ontogenic resistance at that time.

Ontogenic or Induced Resistance?—Defenses against
most enemies in most living organisms may be either consti-
tutive or induced (Fluhr 2001). Most animals have both
kinds of defense, while plants may have evolved mostly
constitutive defenses in the form of R genes that stand as
sentinels on the lookout for virulent pathogens (Fluhr 2001).
These R genes have certain molecular signatures found
across many plant taxa (Fluhr 2001). Some of these signa-
tures have been observed in both SP (Kinloch and Dupper
2002, Sheppard and others 2000) and north Idaho WWP
(Liu and Ekrammoddoulah 2004; M.-S Kim personal
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communication). Perhaps these signatures are a sign of the
widespread occurrence of R genes in the five needle pines as
suggested by Kinloch and Dupper (2002).

Other recent reports suggest that induced defenses might
also be widespread in plants as well as animals. In the case
of the desert locust, Schistocerca gregaria, increased popu-
lation density induced increased resistance to bacteria and
fungi (Wilson and others 2002). A large and rapidly develop-
ing literature is available for the topic of inducible (epige-
netic) defenses in plants and animals that we will not
attempt to present here. Induced defenses vary from mor-
phologic plasticity able to ward off predation or infection to
induced physiological resistance (Tollrian and Harvell 1999).
Epigenetic R-gene resistance that is expressed in subsequent
generations was demonstrated in Arabidopsis thaliana
(L.) Schur (Stokes and others 2002).

Since the topic of inducible defenses impinges on many
aspects of WPBR resistance breeding, it should be watched
closely. Impacts could range from understanding ontogenic
resistance through examination of phenotypically resistant
candidates, to improved selection and interpretation of per-
formance of “control” lots used in progeny screening tests
and field plantings. Inducible defenses have already been
reported in both native (evolutionarily well-established)
conifer pathosystems such as fusiform rust-loblolly pine
(Enebak and Carey 2000), and Norway spruce (Picea abies
(L.) Karsten)-blue-stain-(Ceratocystis polonica) (Krokene
and others 2001, Franceschi and others 2002), as well as
recently established interactions such as Monterey pine
(P. radiata D. Don.) — pitch canker (Fusarium circinatum)
(Bonello and others 2001). Also, stilbenes — effective conifer
phytoalexins — are induced in various plant parts including
primary needles of Scots pine by such diverse challenges as
fungal attack in the phloem, UV light, and stress (Chiron
and others 2000).

Evidence for Induced Resistance to WPBR—In WWP,
36 phenotypically resistant ramets (clonal offspring) that
had been obtained by grafting from select trees from the field
(ortets) were established in plantations and exposed to
levels of field inoculation that produced 0.89 incidence of
cankering of control seedlings at the same sites after 13
years of exposure (Bingham 1966). Full-sib offspring were
obtained from 34 of the ortets that produced the tested
ramets. Controlled crosses were made on the 34 seed
parents using a common set of four pollen donors. When
11744 seedlings of these families were subjected to artifi-
cial inoculation, canker incidence was 0.84 (calculated
from table 4, Bingham 1966). Comparisons between infec-
tion of the ortets (plants in the field) and their ramets
should indicate presence or absence of induced resistance.
Bingham (1966) noted that ramets of all nine of the ortets
that were infected when selected did not themselves be-
come infected; however, five of the 25 ortets that were
uninfected when selected had ramets that became infected.
Threekinds of phenotypically resistant parents (ortets) are
suggested. First, those in which a few cankers induced
resistance that prevented subsequent infection of their
ramets (i.e., the 9 infected ortets). Second, those that may
not have been resistant or may have been capable of induced
resistance that was not triggered (i.e., the 5 ortets whose
ramets became infected). The third class is composed of
those trees that possessed putative constitutive resistance
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(an additional 20 rust-free ortets that produced rust-free
ramets). This situation implies induced resistance. Further-
more, comparison of performance of seedling progeny of the
three classes may indicate the first evidence of
transgenerational induction of resistance in conifers: Log-
odds ratios (Sokal and Rohlf 1995) indicated significant
differences in rust incidence on seedlings that differentiated
the groups from one another. Rust incidence was lowest
(0.81) among 6863 seedlings representing the 20 “constitu-
tive resistance” ortets, highest (0.92) among the 1612 seed-
lings representing the 5 “uninduced” ortets, and inter-
mediate (0.88) among 13269 seedlings representing the 9
“induced” ortets.

G x E in Plantations of Rust Resistant WWP—Over
the years, WPBR-resistant stocks developed in the north
Idaho Phase I program were planted and/or inoculated in
many different environments. Differential responses in re-
sults illustrate gaps in our knowledge concerning the rela-
tive contributions of environment, rust genes, alternate host
diversity, pine diversity, and resistance genetics to the
behavior of WPBR. The most interesting of these tests
involve long-distance transfer of materials. For example,
susceptible controls and several full-sib F; and F, families
from the Phase I program were subjected to natural and
artificial inoculation at two sites in Japan where C. ribicola
basidiospores are produced on a host (Pedicularis resupinata
L.) in the Scrophulariaceae (Yokota 1983). The overall con-
clusion was that resistant material developed in north Idaho
was not resistant to the rust in Japan. Stock from the Phase I
program was also planted at several sites in British Columbia
(Bower 1987, Hunt and Meagher 1989). In a direct compari-
son after 11 years at a low elevation site (Mesachie), disease
incidence was higher (.75) for the Phase I F, than for local
natural unimproved stock (0.52) (Hunt and Meagher 1989).
The pattern was reversed at a second site 45 km north of
Mesachie at Northwest Bay where a higher elevation site
produced incidences after 13 years of 0.12 for the Fy vs. 0.40
for local stock (Hunt and Meagher 1989). These authors
describe further significant G x E interactions for several
sources of resistant WWP as well as EWP. Significant Gx E
constitutes a warning to pay close attention to inoculum
sources and geographic distributions of materials selected
for resistance. G x E was also observed in field plantings
of slash pine (P. elliottii Englm var. elliottii) resistant to C.
quercuum (Berk.) Miy. ex Shirai f. sp. fusiforme (Schmidt
and Allen 1998). Significant G x E in rust behavior signifies
that geographic partitions in addition to simple breeding
zones may be a required strategy in restoration programs.

New Tools and Concepts

Comparative Epidemiology—Plant disease epidemi-
ologists have focused on modeling and disease management
from an endpoint perspective, while medical epidemiologists
have focused more on elucidating component parts, enabling
them to act as disease detectives who can reconstruct the
whole by understanding the interactions of the parts
(Waggoner and Aylor 2000). Subsequent to the inception of
pine breeding programs in western North America, advances
inepidemiological theory and evolutionary biology have added
several tools that should enhance our own capability to
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become good disease detectives and to focus on how the
various parts of WPBR interact. Successful breeding and
deployment of resistance in a long-lived pathosystem re-
quires significant understanding of how epidemics function
across time and space, which can lead to better integrated
management of blister rust and restoration of ecosystems
dominated by five needle pines.

Rust Progress Curves—Measuring disease is a signifi-
cant problem often approached by determining incidence
(proportion of a population of plants or plant parts infected)
and severity (number of lesions or amount of area of
plants or plant parts infected) periodically during the
progress of the epidemic and estimating curves from the
plotted values. Nonlinear disease progress curves and their
associated linear incidence rate equations (Madden and
Campbell 1990) can be useful for comparing epidemics
and predicting outcomes in new times and places. Fracker
(1936), the first to apply nonlinear progress curves to plant
disease epidemics, was also first to apply them to WPBR.
Since then, epidemiological theory has matured into several
straightforward concepts (Zadoks and Schein 1979, Madden
and Campbell 1990). Almost all epidemics are described by
one of two basic forms. For most diseases and environments,
epidemics behave as a polycyclic process where diseased
plants contribute inoculum to increase local disease within
the same growth cycle. Such epidemics are represented as a
logistic curve where the inflection point indicates the point
at which the acceleration in rate of disease increase due to
increased inoculum is offset by the decline in healthy tissues
available for colonization. Other epidemics behave as a
monocyclic process where local diseased plants do not con-
tribute to additional disease because inoculum is from rela-
tively constant external sources. Because amounts and
infection efficiency of inoculum are relatively constant and
not affected by local feedback, curves that describe this
process have no inflection point. This “monomolecular” dis-
ease progress curve and its associated absolute infection
rate have been applied to WPBR (Kinloch and Byler 1981,
McDonald and Hoff 1982, Goddard and others 1985,
McDonald and others 1994, McDonald and Hoff 2001).
Presence or absence of an inflection point may provide
important clues about fundamental disease processes such
as relative importance of local vs. long-distance spread of
inoculum and degree of rust multiplication on alternate
hosts.

The epidemic asymptote K indicates maximum incidence
in an epidemic (Madden and Campbell 1990). The idea that
incidence may not reach 1.0 was anticipated by Fracker
(1936), who also introduced the concept of the multiple
infection transformation, an equation relating incidence to
severity. Agricultural epidemiologists have generalized Kin
nonlinear disease progress curves (Madden and Campbell
1990) and the examination of K has been applied to WPBR
epidemics (McDonald and Dekker-Roberson 1998, McDonald
and Hoff 2001). Fracker’s (1936) ideas were combined with
those of Bald (1970) to develop the concept of a factor that
measures deviation in K over space for WPBR epidemics
(McDonald and others1991, McDonald and others 1994).

If one assumes that total incidence can theoretically
approach 1, then the difference between complete incidence
and predicted asymptote, 1-K, may be attributed to lack of
uniformity in distribution of resistance genes, microclimate,
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or composition or density of inoculum. Predictions of K in
different situations could be vitally important for breeding
and deployment programs alike. For a breeding program,
clumpy distribution of infection due to clumpy microclimate
and/or basidiospore distribution can significantly increase
the probability that rust-free candidate trees are susceptible
escapes whose processing reduces screening efficiencies.
However, asymptotes may also reflect effects of a major or
minor gene for resistance, or situations in which even sus-
ceptible materials will persist on a site, and changes in K
during an epidemic could indicate major changes in rust
and/or pine populations (Kinloch and Byler 1981, McDonald
and others 1994). Infection rates, especially comparative
rates, are useful for assessing durable resistance (McDonald
and Dekker-Robertson 1998).

Phenotypic Plasticity, Reaction Norms - Construc-
tion of Hypotheses, and Understanding G x E—Since a
central tenet of breeding for resistance in any pathosystem
is host/pathogen coevolution, it thus seems natural that
geneticists and phytopathologists engaged in development,
deployment, and maintenance of resistance should examine
theoretical interpretations utilized by other disciplines to
understand the implications of G x E in plant pathosystems.
Indeed, evolutionary biologists have developed very power-
ful concepts and tools — those of phenotypic plasticity and
reaction norms — not yet widely applied in phytopathology
and sparingly used in forest genetics. Phenotypic plasticity
is the ability of a genotype to express itself as different
phenotypes in different environments. A few notable appli-
cations of this concept in forest genetics were found (Wu
1998, Wu and Hinckley 2001). As a basis for the following
discussion, concepts from the excellent book by Pigliucci
(2001) are liberally presented. Central elements in the
concept of phenotypic plasticity are the reaction norm and
its connection to analysis of variance as applied in quantita-
tive genetics. Reaction norms are functions that relate the
range of possible phenotypes a genotype can express across
an environmental gradient. They are generally used to
visualize genetic, environmental and G x E variance by
comparing at least two genotypes, families (any relation-
ship), populations, species, or groups of species across an
environmental gradient. Any gradient of interest, e.g.,
light, temperature, moisture, nutrients, or host organisms,
can be displayed. However, if a true gradient is not present,
then sites or hosts must be compared in pairs or some
kind of artificial gradient needs to be assumed. Reaction
norms have a historic association with ANOVA as the
preferred method of analysis. Summary statistics are often
given in a suitable format such that all ANOVA elements
are present, to wit: differences among across-environment
means of the genotypes indicate genetic (G) variance; differ-
ences among across-genotype means of environments indi-
cate environmental (E) variance; and when G and E interact
in ways not predicted by the combined influence of across-
environment and across-genotype means, there is plasticity
(P) variance. Further note that if means for an individual
genotype differ significantly across-environments, that geno-
type is plastic. This allows computation of the log-odds ratio
and its associated standard error for hypothesis testing. A
newly published book presents a multivariate approach to
the analysis of G x E in a crop-breeding context (Yan and
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Kang 2003). Although examples of most types of organisms
are presented in Pigliucci’s (2001) book, fungi and plant
pathosystems are notably absent, arguably because
phytopathologists and mycologists have been slow to em-
brace the concepts and methodology of phenotypic plasticity
and reaction norms. Yan and Kang (2003) devote two chap-
ters to the analysis of pest resistance G x E in the context of
crop resistance breeding rather than in terms used by
evolutionary biologists.

To foster a dialogue about these and other questions, we
will look at some blister rust pathosystem processes using
the concepts and tools just outlined. We will apply the
concepts of K, infection rate, inflection points, and reaction
norms in a critical assessment of published data as well as
updated data obtained from established plantings. Our
intent is to advance the idea that becoming better rust
detectives will lead to better development, deployment, and
management of resistance genes in western North American
5-needle pines.

Materials and Methods

Data

Toillustrate the utility of the reaction norm approach and
in keeping with the disease detective approach to the study
of WPBR epidemiology, reaction norms were constructed for
seven cases from previously collected or published data.
Case one examines time from inoculation to pustule develop-
ment for inoculum sources from different geographic areas
inoculated onto individual Ribes clones; data was obtained
from a study (McDonald 2000) that was previously pub-
lished using average responses over all clones. Reaction
norms (fig. 1-3) were selected to provide an elementary
lesson in recognizing types of trends that may be encoun-
tered. The second case identifies variation in three types of
pine response to the Champion Mine race of C. ribicola
obtained from different alternate hosts through a reexami-
nation (fig. 4-5) of data from McDonald and others (1984).
Case three demonstrates the use of reaction norms (fig. 6-7)
to dissect effects of developmental stages, and possibly
ontogenic resistance, using developmental reaction norms
defined by periods of exposure to rust for WWP data pub-
lished by Bingham (1966 and 1972). Case four uses reaction
norms to demonstrate a classic G x E interaction (fig. 8) for
WWP stocks grown at two ex situ locations in Japan (Yakota
1983). Case five demonstrates the fitting of incidence data
from various classes of resistance phenotypes grown at two
northern Idaho sites into disease progress curves (fig. 9);
further examination of differences in reaction norm param-
eters among resistance and site categories are presented
(fig. 10-12). Case six examines infection and disease progress
parameters in three northern Idaho full-sib test plantation
sites (Bingham and others 1973, McDonald and others 1994,
McDonald and Dekker-Robertson 1998, Fins and others
2002); reaction norms are set up to compare parameters that
were obtained for different resistance classes early versus
late in the epidemic (fig. 13-16). Case 7 is a detailed exami-
nation of infection severity and incidence to reveal clues
about the cause of unexpectedly high disease incidence on
resistant stocks at one of the three sites.
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Champion Mine Ribes bracteosum Clones

Figure 1 —Reaction norm demonstrating significant ge-
netic variance in number of days from inoculation to first
appearance of urediniospores for two sources of
Cronartium ribicola(CM = Champion Mine, OR; SC = Still
Creek, OR) inoculated as aeciospores onto two clones of
Ribes bracteosum collected at the Champion Mine site
(Case 1intext). ANOVA based on four replicated inocu-
lations of 6 leaf disks for each Ribes-Rust combination.

Champion Mine Ribes lacustre Clone

Figure 3 —Reaction norm demonstrating significant ge-
netic, environmental and G x E variance in number of
daysfrominoculationtofirstappearance of urediniospores
for two sources of Cronartium ribicola (CM = Champion
Mine, OR; SC = Still Creek, OR) inoculated as ae-
ciospores onto two clones of Ribes lacustre collected at
the Champion Mine site (Case 1 in text). ANOVA based
on four replicated inoculations of 6 leaf disks for each
Ribes-Rust combination
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Priest River Ribes lacustre Clones

Figure 2 —Reaction norm demonstrating significant ge-
netic and environmental variance in number of days from
inoculation to first appearance of urediniospores for two
sources of Cronartium ribicola (CM = Champion Mine,
OR; SC = Still Creek, OR) inoculated as aeciospores onto
two clones of Ribes lacustre collected at the Priest River
Experimental Forest, Idaho (Case 1 in text). ANOVA
based on four replicated inoculations of 6 leaf disks for
each Ribes-Rust combination.
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Pine Populaltions

Figure 4 —Incidence of premature needle shed resis-
tance in Pinus monticola for two sources of Cronartium
ribicolabasidiospores (CM = Champion Mine, OR; WT =
pooled Still Creek and Grass Creek, OR) inoculated onto
13 open pollinated pine families obtained from pheno-
typically resistant parents (OP) vs. seven full sib families
obtained from Champion Mine and specifically selected
for resistance to WT inoculum (SR) (Case 2 in text; data
from McDonald and others 1984).
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=Champion Mine, OR; WT = pooled Still Creek and Grass (Case 3 in text; materials and definitions as in fig. 6).

Creek, OR) inoculated onto 13 open pollinated pine fami-
lies obtained from phenotypically resistant parents (OP)
vs. seven full sib families obtained from Champion Mine
and selected for resistance to WT inoculum (SR) (Case 2
in text; data from McDonald and others 1984).
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Figure 6 —Effect of seedling development stage during
rust exposure on needle infection in Pinus monticola
(Case 3 in text): Incidence of infection for seedlings of
phenotypically resistant parents (R; full-sib progeny) vs.
susceptible infected parenttrees (S; open pollinated prog-
eny from high rust areas in northern Idaho) after exposure
to a bulked source of Cronartium ribicola basidiospores
from north Idaho at the end of first (1) vs. second (2)
growing seasons (Data from Bingham 1972).

Figure 8 —Genetic x Environment interaction affecting
resistance in Pinus monticola (Case 4 in text): Incidence
of canker infections for five half-sib families from crosses
of north Idaho seed parents after inoculation with unique
sources of Cronartium ribicola basidiospores at two locali-
ties, i.e. natural inoculations at Nakashibetsu, Japan and
artificialinoculation at Hokkaido, Japan. (Data from Yokota
1983).
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Figure 9 —Disease progress curves for epidemics
caused by Cronartium ribicola showing differences in
disease incidence asymptotes (K) from fitting optimal
nonlinear equations (Gompertz or monomolecular) to
data from groups of Pinus monticola families repre-
senting three resistance pedigrees (GCA x GCA,
NonGCA x GCA, and OP Controls) grown at Priest
River (PR) and Deception Creek (DC) Experimental
Forests located in northern Idaho, USA (Case 5 in
text).
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Planting Sites

Figure 10 —Disease incidence asymptotes (K) for
Cronartium ribicola epidemics in Pinus monticola open
pollinated control lots planted in 1955 and 1956 (55C),
1957 (57C) and 1959 (59C) at sites in northern Idaho on
the Priest River (PR) and Deception Creek (DC) Experi-
mental Forests (Case 5 in text).
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Figure 11 —Disease incidence asymptotes (K) for
Cronartium ribicola epidemics in groups of Pinus monticola
full-sib families witha GCA x GCA pedigree planted in 1955
and 1956 (55G), 1957 (57G) and 1959 (59G) at sites in
northern Idaho on the Priest River (PR) and Deception
Creek (DC) Experimental Forests (Case 5 in text).
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Figure 12 —Disease incidence asymptotes (K) for
Cronartium ribicola epidemics in groups of Pinus
monticola full-sib families with a nonGCA x nonGCA
pedigree planted in 1955 and 1956 (55GN), 1957
(57GN) and 1959 (59GN) at sites in northern Idaho on
the Priest River (PR) and Deception Creek (DC) Ex-
perimental Forests (Case 5 in text).
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Figure 13 —Cronartiumribicolainfection incidence rate
constants computed using the monomolecular equa-
tion for the first 11 years (period 1) vs. the last 14 years
(period 2) during which infection was monitored in
Pinus monticola control (Cont) vs. second generation
resistant selections (F,) planted at Gletty Creek (G) in
northeastern Washington and at Jaype Mill (J) in north-
ern Idaho (Case 6 in text).
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Figure 14 —Cronartium ribicola average canker accu-
mulation rates for first 11 years (period 1) vs. last 14
years (period 2) during which infection was monitored in
Pinus monticola control (Cont) vs. second generation
resistant selections (F,) planted at Gletty Creek (G) in
northeastern Washington and at Jaype Mill (J) in north-
ern Idaho (Case 6 in text).
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Figure 15 —Cronartium ribicola average canker accumu-
lation rates for first 11 years (period 1) vs. last 14 years
(period 2) during which infection was monitored in Pinus
monticola first (F,) vs. second generation resistant selec-
tions (F,) planted at Merry Creek in northern Idaho under
forest vs. brush site conditions (Severity data supplemen-
talto study described by McDonald and Dekker-Robertson
1998) (Case 7 in text).
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Figure 16 —Cronartium ribicola infection incidence rate
constants computed using the monomolecular equation for
the first 11 years (period 1) vs. the last 14 years (period 2)
during which infection was monitored in Pinus monticola
control (C) vs. second generation resistant selections (F,)
planted at Gletty Creek (G) in northeastern Washington
and at Jaype Mill (J) in northern Idaho vs. Merry Creek
(Case 7 in text; based on data from McDonald and
Dekker-Robertson 1998).
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Statistical Methods

This paper utilized three main types of statistical tests:
ANOVA with multiple means testing, log-odds ratios ap-
plied to means of proportions, and nonlinear curve fitting.
Data were available for the Ribes-rust geographic variation
experiment (McDonald 2000) to conduct standard analysis
of variance (Systat 9.1 SPSS, Inc) for each set of four
comparisons in the reaction norm format. These data meet
the normal distribution assumption for ANOVA (see
McDonald 2000). This format and details of reaction norm
analysis can be found in Pigliucci (2001). Where multiple
means were compared in pairwise format the Bonferroni
correction was used (Systat 9.1). In the case of nonlinear
curve fits, the standard error of the parameter estimate
(disease asymptote) was computed by the curve fitting
software (Table Curve 3.0 SPSS, Inc).

Analyses based on published data and new analysis of the
vigor-quality plantings entailed comparisons of proportions;
log-odds ratios were used to determine if any particular pair
of proportions was significantly different (Sokal and Rohlf
1995). The standard error of the comparison was determined
by taking the square root of the sum of the reciprocals of the
number of observations in each cell of the comparison (Sokal
and Rohlf 1995). To obtain 95 percent confidence limits, the
standard error was doubled and then added and subtracted
from the natural log of the odds ratio (Sokal and Rohlf 1995).
When this range crossed zero, the proportions under com-
parison were considered not significantly different (Sokal
and Rohlf 1995). Reaction norms require comparison of
across-environment means of each family line or genotype,
as well as comparison of each family x environment propor-
tion. Mean proportion of all families in an environment must
be compared across environments. To accomplish these
comparisons, we computed each relevant mean proportion
and estimated the standard error by computing the average
number of observations per cell of the four cells associated
with the proportions being compared.

Results and Discussion

Case 1: Uredinial Sorus Development Time

Data previously presented by McDonald (2000) but pooled
over five Ribes clones were separated by clone x WPBR
source and the period from inoculation to urediniospore
appearance. The number of days until urediniospores ap-
peared (urediniospore appearance period; UAP) was then
subjected to a new ANOVA. Given that hosts of plant
pathogens are a significant component of a pathogen’s envi-
ronment, our first example will include two WPBR popula-
tions (Champion Mine and Still Creek) compared on two R.
bracteosum Douglas clones from the Champion Mine site
(fig. 1) and two R. lacustre (Pers.) Poir. clones obtained from
the Priest River site (fig. 2). We also include two Champion
Mine R. lacustre clones (fig. 3). The important elements are
the mean UAP’s obtained from 24 leaf disks — four replica-
tions of inoculations of 6 disks each (McDonald 2000).

The across-environment means are important, as are the
slopes of the reaction norms. Defining the “genetic” compo-
nent as differences due to rust source, and “environment” as
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that due to rust clone in the first comparison (fig. 1), the
across-environment means differ significantly, indicating
significant genetic variance in the rust populations. There is
no environmental variance (means for the two Ribes clones
across rust populations do not differ), no plasticity variance
(no G x Einteraction), and no plasticity for either population
(the individual environment means for each rust population
do not differ). There would be no genetic variance if means
for the two rusts were not significantly different. Next, we
illustrate sloping parallel reaction norms and associated
ANOVA (fig. 2). In this specific combination, the rust popu-
lations showed significant genetic variance (across-environ-
ment means differ), environmental variance (environmen-
tal means differ), and both rust populations show plasticity
because means within a rust population differ across envi-
ronments, but there is no plasticity variance (no G x E).
Crossing or divergent reaction norms (fig. 3) also yield
specific genetic information about R. lacustre clones CML1
and CML2: Genetic variance is present since the across-
environment means differ, but environmental variance is
not present since the mean performance of the two rust
populations on Ribes clones, CML1 and CML2 do not differ.
Variance for plasticity is present (significant G x E). If we
were comparing rust clones derived from single spores, we
could make the case that rust clones have heritable plastic-
ity. Since we are comparing rust populations, we can only
argue that the two populations are genetically different.
Both populations are exhibiting plasticity, since their per-
formances differ by Ribes clone.

The real power in such specific G x E comparisons resides
inthe fact that specific hypotheses can be created and tested.
These hypotheses can then form the basis for designing
specific experiments, which can include application of mo-
lecular techniques (Wu 1998, Pigliucci 2001). For example,
figure 3 might suggest that genetic variation in C. ribicola is
caused by allelic differences within mixed populations, varia-
tion in gene expression, or some other factor such as condi-
tionally dispensable chromosomes or transposon activity.
Conditionally dispensable chromosomes are small chromo-
somes that often contain genes coding for pathogencity that
can be conditionally removed from the genome (Hatta and
others 2002, Covert 1998). Transposons — transportable
geneticelements —are knownin the basidiomycotina (Fowler
and Mitton 2000) and are known to influence the expression
of host resistance genes in a rust pathosystem (Luck and
others 1998). Another potential role for utilizing reaction
norms for understanding pathosystems is to examine quan-
titative geographic and host differential responses beyond
the qualitative virulent — avirulent dichotomy based on R
genes, as discussed above.

Case 2: R Gene-Virulence Interaction

We will briefly discuss aspects of the CM (Champion Mine)
race in regard to qualitative vs. quantitative differential
reactions. The CM race was first described in 1984 (McDonald
and others 1984) using a series of quantitative pine host
responses relating mostly to reduction in frequency of
expression of several resistance traits. Open pollinated
families obtained from phenotypically resistant candidate
trees growing in Oregon and Idaho were compared to a group
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of full-sib families obtained from selection and breeding
candidates obtained from the CM site (Kinloch and others
1999, McDonald and others 1984). Trees were inoculated
with CM and wild-type inoculum and expression of various
symptoms was recorded monthly for 24 months. Data were
published (tables 4 and 5 in McDonald and others 1984) that
now allow reaction norms to be developed for genetic inter-
pretations. Responses of the OP and selected-resistant fami-
lies with regard to premature needle-shed resistance
(McDonald and Hoff 1970) yielded significant genetic and
environmental (host genetic) variance when genotype is
defined by host and environment is defined by kind of rust
inoculum (fig. 4). Plasticity variance was indicated by the
combination of nonsignificant (NS) and significant differ-
ences in the E means. The reaction norm interpretation is
that both sources of blister rust carry genetic variation for
plasticity since means from their cross-environment plastic-
ity tests were significantly different. This analysis shows
that the OP candidate families carried some premature
needle shed resistance that was of equal effectiveness to
both populations of the rust; i.e., they did not differentiate
the rust populations. However, the resistant population
selected by screening and breeding for resistance to inocu-
lum collected at CM dropped from 80 percent expression of
resistance to 32 percent. This is still an important level of
resistance, which suggests some mechanism other than
simple negation of an R gene may underlie susceptibility to
rust variants capable of neutralizing R genes. An alternative
explanation for the observed pattern in the R-gene-contain-
ing/R-gene-lacking couplet is variation in expression of R
genes associated with host maternal cytoplasm (Kinloch and
others 1999).

Before we leave the CM race, we should investigate the
effect of this rust population on frequency of stunted leaders
(McDonald and others 1984). Reaction norms were con-
structed (fig. 5) showing significantly greater incidence of
stunted leaders by CM rust across host environments. There
was no significant response of this trait to selection for
resistance when inoculated with wild-type rust, but signifi-
cant genetic and plasticity variances in the rust. The pattern
of these norms indicates experimental conditions that could
facilitate the study of physiological aspects of WPBR. This is
especially interesting since the CM inoculum grown at the
site of inoculation exhibited a significantly higher incidence
of stunted leaders than did the two sources obtained at the
CM site. In closing our discussion about CM rust, evidence
of many kinds of differential interactions involving CM on
both Ribes and pine hosts (fig. 1 to 5) sends a message that
there is much more to host interactions with WPBR than
simple virulence / avirulence alleles in the rust and R genes
in the pine hosts. An initial step toward understanding
these complexities should be to reanalyze the initial test
(McDonald and others 1984) in light of the current knowl-
edge about Cr2 genes in WWP (Kinloch and others 1999).

Case 3: Ontogenic Resistance

In Bingham’s (1972) large-scale screenings of 1966 and
1967, many thousands of seedlings in a number of control
lots and full-sib tester families germinated one year late.
Thus, seedlings belonging to the same seedlots were simul-
taneously inoculated at 1 and 2 years of age. Incidence of
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needle infection and subsequent incidence of cankers were
analyzed for each seedling. For incidence of needle lesions,
WWP clearly showed genetic variance, environmental (de-
velopmental) variance, and plasticity in both resistant and
susceptible populations (fig. 6). No variation for plasticity
was evident because both populations moved in the same
direction. Thus, we can argue that age (primary needles vs.
secondary needles) has an equal influence in both resistant
and susceptible populations. This leads to the conclusion
that screening efficiency could have been enhanced by early
inoculation. As pointed out by Bingham (1972) the lower
needle lesion incidence in older seedlings is surprising given
that target increases about 4x by the end of the second
season. Take note that almost 30,000 seedlings were in-
cluded in this test (fig. 6).

Analysis of canker incidence clearly illustrates why pri-
mary needle inoculation did not work (fig. 7). Incidence of
cankers does not differentiate populations under first sea-
son inoculation (within E1 NS). Meanwhile populations
were clearly separable when secondary needles were inocu-
lated. This result also indicates a large amount of resistance
(spots but no cankers) in the control populations used in the
1964 and 1965 screenings. Bingham (1972) noted the essen-
tial differences from his perspective. So what, if anything,
does the reaction norm perspective add? In this case, two
obvious advantages are to focus attention on interactions
and development of questions from “outside the box” by
forcing consideration of a wider viewpoint. For example,
comparative incidence of both needle and stem infections
brings into question just how much and what kind of resis-
tance was present in materials selected for “susceptible
controls” in the 1950s after just 25 years exposure of the
WWP to WPBR. During the Phase I screenings at Moscow,
Idaho, incidence of combined infection (spots and cankers)
varied from 0.5 to 1.0 for individual control lots, and no two
inoculations utilized the same control lots (Bingham 1972).
It appears that few of the WWP control lots supported
cankering incidences > 0.99, as had five of eight control lots
of EWP (Patton 1961).

Case 4: Analysis of Pine Rust G x E in
Japan

The western breeding programs have been very aware of
growth G x E and in some cases have gone to great lengths
to capture its potential in selection programs (Kitzmiller
and Stover 1996). In our introduction, we discussed indica-
tions gleaned from the literature that both rust-pine and
rust-Ribes G x E may be of great import to understanding
WPBR. We have just seen how reaction norms are con-
structed and interpreted, and from other sources (McDonald
and Andrews 1981, McDonald 2000), that WPBR-Ribes G x
E might play an important role in WPBR dynamics. Now we
will take a closer look at WPBR-pine G x E.

Yokota (1983) provided sufficient data and descriptions of
his experiments for us to apply a reaction norm analysis.
Several full-sib F; families created within the north Idaho
Phase I breeding program and two lots of susceptible north
Idaho WWP were inoculated in Japan at two sites. Potted
seedlings were transported from Hokkaido to Nakashibetsu
440 km eastward where they were exposed to basidiospores
produced on local Pedicularis resupinata L. under natural
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conditions. The stressful nature of the latter site is indicated
by Yokota’s statement that in a related test conducted the
previous year, many WWP seedlings were killed by winter
exposure to cold temperatures. In the experiment we are
analyzing, seedlings were exposed from August 22 to Octo-
ber 16, 1978, and then transported back to Hokkaido. Iden-
tical families were exposed to artificial inoculation Septem-
ber 18 to 20, 1978, and again September 27 to 30, 1979, at
Hokkaido to basidiospores that developed naturally on local
P.resupinata. Mean spore cast for the two inoculations were
90 and 80/cm? (Yokota 1983). Both naturally and artificially
inoculated seedlings were placed in the same nursery to
allow development of symptoms. Needle lesions were not
observed, but incidence of cankering was recorded based on
continuous observations for 5 years (Yokota 1983). Reaction
norms were constructed from Yokota’s canker incidence
data.

Our example is a bit light in numbers since the control at
one site included only 11 seedlings, but features of the
reaction norm facilitate the extraction of useful information.
One might say that the differences noted resulted from
different rust populations or inoculation procedures or both.
At one site the seedlings received a two-month natural
exposure, while at the other site they received two short-
term artificial exposures that delivered only about 85 spores/
cm?. This is far short of the 2,000 spores/crn2 ormore that are
delivered in artificial inoculations from Ribes leaves during
screening and experimentation (McDonald and others 1984).
The fact that one family group (WP22) went from having the
lowest to the highest incidence upon change of location,
while another went from highest to lowest (this change was
not significant due to low numbers) argues that the compari-
son may have a message, despite the aforementioned short-
comings. For one thing, the families tested generally gave
about 30 percent canker-free individuals after artificial
inoculation in Idaho and in the Nakashibetsu test so that
they still had 30 percent less incidence than controls (fig. 8).
However, almost no resistance was expressed at Hokkaido
(fig. 8). Significant differences were seen even though the
trees spent only two months at Nakashibetsu. There were
significant differences associated with family groups and
lots of G x E expressed in families WP19 and WP 22. Is this
complex picture caused by variation of virulence or aggres-
siveness on the part of the rust, or by environment acting on
gene expression in the pine or the rust? We have seen that
planting northern Rockies F; WWP at a low elevation
(warm) coastal site increases susceptibility while planting
the same material nearby at a higher and more northerly
site resulted in expected performance (Hunt and Meagher
1989). If the Nakashibetsu site was consistently cold during
initial colonization (as mentioned, WP seedlings died of cold
exposure the previous winter) and the Hokkaido site was
warmer during initial colonization, then cool temperatures
during inoculation and early colonization is a common ele-
ment that may be related to activation of resistance genes.
Expression of resistance genes in some pathosystems is
influenced by temperature (Pérez-Garcia and others 2001).
Another possible source of G x E is needle physiology. In
EWP, certain trees showing one-season needle retention
also exhibited low WPBR canker incidence (Hirt 1944).
Trees retaining one season’s needles became more normal
in their retention of three seasons of needles after trans-
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plantation to a new site, and there exhibited normal rates of
infection (Hirt 1944).

Case 5: Vigor-Quality Western White Pine
Plantations

Repeated measurements of experimental material [e.g.,
resistant material having or lacking general combining
ability (GCA) as well as susceptible materials] growing in
natural environments are a powerful source of information
about the dynamics of WPBR epidemics. In 1955, 1957, and
1959, outplantings of early generational materials from the
Phase I program (full-sib GCA x GCA and GCA x Non GCA,
open pollinated GCA, and Non GCA) were made at three
locations in north Idaho to monitor the vigor and quality of
the resistant families (Steinhoff 1971, Goddard and others
1985). Control lots arising from seed collected from infected
members of the same cohorts as the resistant selections were
also planted. In 1953 and 1955, OP seed was collected from
infected members of the cohorts of phenotypically resistant
trees at the same five locations to serve as control lots for the
1957 and 1959 plantings respectively (tree location data on
file). Controls for the 1955/1956 planting were collected, in
1951, from infected trees located outside of resistant-tree
selection sites. Plantings were replicated at Priest River,
Deception Creek Experimental Forest,and at Emerald Creek
onthe Saint Joe National Forest, all in northern Idaho, USA.
Poor survival at Emerald Creek precluded further consider-
ation of that site. Plantations were inspected for rust inci-
dence in 1970, 1975, 1980, and 1997. The 38 to 42 year-old
trees were inspected from the ground for canker incidence in
1997. Records of individual trees were checked for continuity
across all dates and records of unknown mortality were
removed. Any record of rust infection during the life of a tree
placed it in the infected category. A few records lost continu-
ity between the 1980 and 1997 inspections because specific
trees could not be relocated. The 1980 data were published
(Goddard and others 1985) and data for the other years are
on file (Moscow Forestry Sciences Laboratory). Reaction
norms were constructed using as data estimates of the
asymptote (K) of canker incidence obtained by fitting non-
linear functions to rust incidence data recorded at about 13,
18, 23, and 40 years. Equations (Madden and Campbell
1990) fitting expectations of the monomolecular (monocyclic
disease assumption), the logistic (polycyclic disease as-
sumption with inflection assumed at 0.5 K), and Gompertz
models (polycyclic disease assumption with variable inflec-
tion point) were calculated with Table Curve software
(SPSS Inc). Each site initially received equal numbers of
seedlings from the same families at each planting, although
uneven numbers of losses due to planting occurred at each
site. Each of the three years contained a unique mix of full-
sib families for each resistance category. Pivotal to this
discussion is the fact that the same mix of full-sib families
was planted at the two sites for each planting time.

Estimated K and rate parameters of the best fitting
equation, planting site, family groups, and standard errors
of the estimated K and rate values are given in table 1. Out
of nine combinations of site, family group, and planting
year at Priest River, eight of the best fits (highest R? and
lowest SE for K and infection rate) were derived using the
Gompertz and, out of the nine at Deception Creek, eight were

43



McDonald, Zambino, and Sniezko

Breeding Rust-Resistant Five-Needle Pines in the Western United States: ...

Table 1—Fit of nonlinear equations to white pine blister rust canker incidence on full-sibs
western white pine growing in the vigor-quality plantations located on northern Idaho

Experimental Forest.

Full-sib Planting Planting Nonlinear 2 Infection
group year location equation K £SE rate * SE
OP Cont 1955 Priest River Gomp 0.84 £0.025 0.16 £ 0.030
OP Cont 1957 Priest River Mono 0.83+0.017 0.08 + 0.005
OP Cont 1959 Priest River Gomp 0.72 £0.027 0.22 £0.058
GCA x GCA 1955 Priest River Gomp 0.38 +£0.018 0.10 £0.017
GCAx GCA 1957 Priest River Gomp 0.33 +0.009 0.20 + 0.046
GCA x GCA 1959 Priest River Gomp 0.43+£0.011 0.25+£0.031
GCA XN 1955 Priest River Gomp 0.35£0.003 0.14 £ 0.007
GCA XN 1957 Priest River Gomp 0.40 £0.009 0.18 £0.028
GCAXN 1959 Priest River Gomp 0.51 £ 0.003 0.32+£0.011
OP Cont 1955 Deception Mono 0.97 £0.024 0.12 £0.013
OP Cont 1957 Deception Mono 0.89 £0.032 0.11 £ 0.015
OP Cont 1959 Deception Mono 0.77 £ 0.046 0.10 £0.017
GCA x GCA 1955 Deception Gomp 0.35+0.008 0.14 £ 0.016
GCA x GCA 1957 Deception Mono 0.43 +0.005 0.12 +0.007
GCA x GCA 1959 Deception Mono 0.38 £0.015 0.11 £0.015
GCAXN 1955 Deception Mono 0.42 £ 0.007 0.11 + 0.008
GCA XN 1957 Deception Mono 0.42 £0.018 0.12 £0.022
GCAXN 1959 Deception Mono 0.46 + 0.055 0.06 £ 0.016

aGomp = Gompertz and Mono = Monomolecular equations (Madden and Campbell 1990).

derived using the monomolecular model. This indicates the
rust was behaving in a fashion expected by a monocylic
disease cycle at Deception Creek and in a polycyclic fashion
at Priest River (fig. 9). The fit of these standard disease
progress curves to the long-term WPBR canker incidence
data was generally excellent for 18 combinations of fami-
lies x site (table 1). Each genetic group seems to have its own
unique path (fig. 9). However, some common patterns are
evident. All attained their unique asymptote at about 25
years. At these sites and with these materials, once the
plateau was reached, it has been stable. Although a stable K
value at 25 years may not be obtained for epidemics at all
sites, as demonstrated in Kinloch and Byler’s (1981) long-
term data collected at Happy Camp during the onset of the
outbreak of the Happy Camp race in resistant SP, it is
nonetheless true that when a stable predicted K value is
obtainable, it can be an excellent trait for reaction norm
analysis. If our plantings were composed of clones, or even
full-sib families, instead of groups of full-sib families, we
would have some very robust genetic information for draw-
ing hypotheses about G x E interactions, as has already been
demonstrated with poplars (Wu 1998, Wu and Hinckley
2001).

In these plantings, significant differences in K param-
eter could be due to clumpy distribution of basidiospores,
clumpy microclimate, or variation in resistance among
trees within a resistance category (McDonald and Hoff
2001). Ribes were eradicated from the vicinity of the plan-
tations prior to establishment (Steinhoff 1972), and few
bushes can be found in the local vicinity today. If a suscep-
tible control lot can be shown to approach an incidence of
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one, then we can assume that departures from unity are
due to resistance (McDonald and Dekker-Robertson 1998).
When K is not constant throughout an epidemic, rust
incidence alone is an inadequate measure of disease behav-
ior. Under such cases, considering canker counts may be
required to augment the use of incidence data; a multiple
infection transformation function can then be used to
generate predictability and for understanding irregular
rust behavior.

We begin our analysis of the vigor quality (VQ) plantings
by inspecting the reaction norms of the susceptible controls
(fig. 10). Rust incidence of the 1955 OP controls at Deception
Creek reached 0.97 after 42 years of exposure (fig. 10). Even
through the 1955 control lots exhibited significantly lower
rust incidence at Priest River than at Deception Creek (fig.
10) we will assume that potential K = 1 at both sites. The
significant across-environment means for all three popula-
tions [significance estimated by log-odds ratio 95 percent
confidence limit according to Sokal and Rohlf (1995)] is
taken as evidence of a genetic difference among the OP
seedlots. This difference presumably arose from changes in
pollen cloud during the 4 years (1951 to 1955) over which the
OP seedlots were being collected. Further, the significant
difference between the within-environment K means sug-
gests either that expression of the putative accumulated
resistance was affected by the environment or that the rust
populations differ. The significant interaction among 1955
vs. 1959 controls across environments argues in favor of
heritable variation in plasticity of the pine but against
variation in virulence among these rust populations.
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The full-sib GCA x GCA analysis was similar to the GCA
xnonGCA resistance in that E was not significant and P was
significant. These groups of families exhibited a nonsignifi-
cant G variance. Nevertheless, the downward slopes be-
tween the 1955 and 1959 plantings indicate the potential for
a significant G (fig. 11). Full-sib crosses between GCA and
other parents (mostly nonGCA) exhibited variable behavior
across the sites (fig. 12) that are probably due to differential
expression of genes. The families included in the 1955 and
1957 plantings show no distinctions at either site (fig. 12).
The site-mean Ks do not differ (no E variance) but the K for
the 1959 planting at PR is high and performance of the 1959
planting at PR and DC is significantly different, leading to
significant G and P variances. The absence of a difference
among sites for two family groups argues for similar rust at
both sites.

An over-all conclusion from this analysis of K based on
evidence of an overall reduction of the asymptote of disease
incidence at the end of the epidemic of 0.16 in the OP
controls in just 4 years (fig. 10) is that the WWP population
in north Idaho may have the natural capacity to respond
very quickly to rust pressure. Possible explanations are
rapid and significant changesin frequency of resistant genes
or expression of induced resistance that could even be
partially transgenerational in areas of extreme WPBR im-
pact. However, we also need to remember that the WPBR
pathosystem is composed of other factors, such as
epiparasites, that may have been subject to change, so that
some alternative sort of disease attenuation or damping of
the ability of C. ribicola to damage pine might be in play
(Pfennig 2001, Ebert 1998, Levin and Bull 1994, Roy and
Kirchner 2000).

Long-term performance of the vigor-quality plantations
also indicates that overall early resistant populations ob-
tained from the Phase I program performed equally well at
both sites in that both kinds of crosses resulted in about 60
percent clean trees. Individual groups of families showed
significant G x E for expression of resistance as well as
differences among the groups. These differences are more
than likely traceable to individual full-sib families that made
up the groups. Results from the plantings also strongly
indicate that perhaps site is more important than genetic
background in determining whether local epidemics will
behave in characteristically monocylic or polycyclic fashions.
An explanation for the existence of two kinds of epidemics
would add much insight to our understanding of rust epidem-
ics. It is important to remember that well-characterized
materials (full-sibs given 50 years of natural rust exposure
and subjected to frequent examinations for rust behavior) are
an experimental and developmental treasure that we should
make every effort to protect and continue to develop.

Case 6: Changes in Rate “Constants” at
Full-Sib Resistance Evaluation Plantations
in Northern Idaho

One of the final tasks associated with completing the
Phase I program was establishment of three test planta-
tions: Merry Creek (MC), Gletty Creek (GLC) and Jaype Mill
(JM) (Bingham and others 1973, McDonald and others 1994,
McDonald and Dekker-Robertson 1998, Fins and others
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2002). MC and GLC are replicate sites, each consisting of
36, 0.4 ha plantings laid out in a randomized complete block
design for four stock types (Bingham and others1973). Each
contains full-sib Fy, F;, B; (backcross from F; to original
parents), and local OP controls (that is, different seedlots
representing different genetic backgrounds). MC, estab-
lished in 1970, is located about 82 km east of Moscow, Idaho.
GLC, established in 1972, is about 205 km northwest of
Moscow near the town of Newport, Washington. JM, estab-
lished in 1971, is about 125 km southeast of Moscow and
contains only control and full-sib Fy stock. At MC, a 225-tree
subset of permanent sample trees from each resident stock
had been selected, tagged, and inspected for rust incidence
and severity at 2, 4, 6, 12, and 26 years. Many of the original
225 selected plants at MC have since been lost to animals
and other unknown causes to the extent that the original
design was destroyed (McDonald and Dekker-Robertson
1998). A hot site-preparation burn that stimulated a heavy
stand of evergreen ceanothus (Ceanothus velutinus Douglas)
further compromised the design. In response, the stand
was divided for analysis into two site classes: brush and
forest. This partition produced two classes of about equal
size for all stock types, as described in an earlier report
(McDonald and Dekker-Robertson 1998). The GLC and JM
plantations remained largely intact, but each experienced
lower rust incidence than MC and were inspected only 3
times (1973, 1983, and 1996). Incidence in 1973 was too low
for analysis. The JM layout paired Fy and control plots
having 64 planting spots. In each plot, WWP seedlings
alternated with those of grand fir (Abies grandis (Dougl.)
Lindl.) and Douglas-fir (Pseudotsuga menziesii (Mirb.)
Franco.). All 32 WWP on each plot were inspected each time.
Blocking at these plantations enabled use of ANOVA to
construct reaction norms of infection rate and canker accu-
mulation rate for two periods: plantation establishment to
1982, and 1982 to 1996. Infection rate was computed using
Madden and Campbell’s (1990) equation 18 — the monomo-
lecular equation where Kis assumed to equal one and initial
incidence is set to zero. Rate of infection from 1982 to 1996
was computed using the same equation with initial inci-
dence set equal to the 1982 value. Canker accumulation rate
was initially computed by dividing the average number of
cankers in 1982 by the number of years of exposure, but for
the final period, the number of cankers in 1982 was sub-
tracted from the 1996 number and the result divided by 14
years. These values were subjected to ANOVA (Systat 9.1,
SPSS) and reaction norms constructed to compare stocks
growing at JM and GLC.

All variances for comparison of WPBR annual infection
rate between the two periods of assessment were highly
significant. The across-environment mean indicated that
the local GLC control was almost 2 times more susceptible
than the Jaype local control growing at Jaype, yet examina-
tion of Fy material that was of the same genetic background
at both sites indicated that the sites were of equal hazard
(fig. 13). Could an explanation be found in natural selection
operating at different levels of selection in different natural
stands? The expectation is that WPBR had a much larger
impact on WWP near the JM site on the Clearwater National
Forest than in the GLC vicinity on the Colville National
Forest. The significant interaction term is also of interest.
The controls show no differential interaction as materials at
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both sites showed a proportional gain in infection rate for the
second period. The interaction is generated by the nonsig-
nificant plasticity test for the Fy at both sites (fig. 13).

Cankering rate provides a different and unexpected result
(fig. 14). In contrast with the increasing parallel reaction
norms for infection rate in the controls over the two periods
(fig. 13), cankering rate moved from a difference of 6x to a
nonsignificant difference. While values were much smaller
and differences not significant, the trend for the F, was the
same. In addition, the JM cankering rate appeared flat and
was not significantly different between periods. The GLC
control illustrated that infection rate can increase while
cankering rate is simultaneously decreasing. Does the JM
control represent a pathosystem that is coming to a stable
asymptote and therefore a stable and predicable K param-
eter? On the other hand, could the increasing cankering rate
coupled with an increasing infection rate signify an impend-
ing unstable K?

Case 7: Anatomy of an Unexpected
Epidemic—The Merry Creek Plantation

An expected epidemic at the MC site provides some insight
into stability or instability of K, although the relatively
small numbers of designated “sample” trees remaining from
plantation establishment to the end of sampling removed
any chance of computing significances in the standard fash-
ion. The good news is that enough of the sampled population
remained in records and on the ground to establish patterns
and generate hypotheses. Infection rate and cankering rate
were computed as for GLC except that the F; was used as a
substitute control because none of the highly susceptible
“true” control seedlings survived to the second period (fig.
15 and 16). All resistant stocks exhibited nearly equal
infection rates during the first period when all the controls
were becoming infected and dying (fig. 16) (McDonald and
Dekker-Robertson 1998). Most infection rates increased 7 to
8x with very little differentiation between the brush and
forest sites for the F; (fig. 16). In striking contrast, the Fy
stock growing in the forest site-type had rates of canker
incidence increase by 20x (fig. 15). Infection rate at MC
shows interesting patterns when displayed with the Fy data
from JM and GLC in a common format (fig. 16). Of note is the
almost parallel nature of most reaction norms. The MC
forest-site-type Fy is most similar to the Fy growing on the
low hazard GLC and JM sites and is not distinguishable
from the JM control in spite of the huge increase in canker-
ing rate. This argues that the entire increase in number of
cankers occurred on already infected trees! How can such an
increase in amount of inoculum not result in an increase in
number of previously clean trees becoming infected? An
additional observation is that the highest overall rate in-
crease (Fy brush-site-type) was closely followed by the F;
brush-site-type. Did the presumed large increase in ae-
ciospore production by F, forest-site-type trees result in
increased infection rate on F; and Fy-brush trees? Allowing
ourselves to consider even “outside the box” possibilities,
could this pattern signify spontaneous local appearance of a
microcyclic form of WPBR capable of infecting pine to pine,
and if so, might it recently have evolved, or might it be a new
arrival? WPBR is known to encompass microcyclic forms or
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species (Imazu and others 1991, Imazu and Kakishima
1995). An intercontinental “river of dust” has been demon-
strated to allow viable transport of spores of some fungi
(Griffin and others 2002); could microcyclic aeciospores from
Japan occasionally have survived such a journey?

These relationships can be studied in other ways. It has
been argued (McDonald and Dekker-Robertson 1998) that
the increase in infection at MC above the expected K of 0.34
in the Fy was just the continuation of a constant rate that
after 26 years resulted in the observed 0.89 incidence of
infection. Since 7 out of 26 plantings of Fy stock in north
Idaho have exceeded the expected asymptote of 0.34
(McDonald and others 1994, Fins and others 2002) in the 12
years or less it took MC Fy to exceed the threshold, a
definitive answer about the causal dynamics is demanded.
As a focal point for this discussion (not intended to convey
statistical significance), we present a hypothetical rust progress
curve for the MC F5, based on some of the tools we have been
discussing (fig. 17). By fitting the monomolecular equation
(McDonald and Dekker-Robertson 1998 equation 1) using
the first four data points from MC (Table Curve 2D, SPSS),
a K of 0.5 is obtained. If we next assume the appearance of
a variant that can overcome the resistance that was re-
sponsible for the K= 0.5 of the first 10 years of the epidemic
and then simulate the behavior based on a new timeline,
with the 10th year as year 0, then incidence in year 10 = 0,
12" = 5 and 26" year =.89. The perfect fit with K=.89 that
these three points allow (fig. 17), illustrate the limitations of
fitting a multiparameter function to a small data set but is
alsointriguing. This figureillustrates some important points.
Control and Fy stock are clearly delineated and the hypo-
thetical curve is similar to the actual curve shown for SP at
the Happy Camp site (Kinloch and Byler 1981). Interruption
of the established cycle of inspections at MC by a bureau-
cratic decision to stop WPBR research in northern Rocky
Mountains in 1983 precluded knowing the exact shape of
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Figure 17 —Expected rust progress curve for Merry Creek
site (north Idaho) second generation resistant families
(F,) if epidemic asymptote were breached by Cronartium
ribicola adjustment (plasticity or evolution?) compared
with control lot. Both populations growing on forest site-
type (Case 7 in text; data from McDonald and Dekker-
Robertson 1998).
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the MC progress curve. However, the hypothesized hump in
the rust progress curve (fig. 17) might even now be verified
or rejected by aging cankers at MC after the fact, in order to
construct a reasonable progress curve.

Summary and Conclusions

The above discussion reinforces several significant les-
sons relating to resistance breeding, deployment, and man-
agement of all western five-needle pines. Of primary impor-
tance, pathosystems of long-lived plants demand long-term
commitment in an atmosphere that fosters freethinking as
well as commitment and focus to getting a big job accom-
plished efficiently. This probably means that lasting and
workable relationships need to be forged between research
and the practical breeding programs. Efforts in the past
(Kinloch and Byler 1981, McDonald and others 1984,
McDonald and others 1991, Kinloch and others 1999) exem-
plify such cooperation and sharing of data, and should be
encouraged. The breeding programs generate large amounts
of reliable data that are seldom subjected to peer review but
could be of inestimable value, provided that such programs
ensure that uniform and “adequate” control crosses are
routinely included in artificial inoculations. Greater interre-
gional cooperation may also help elucidate new resistance
mechanism, for example mechanism “X” that USDA Forest
Service Region 6’sbreeding and screening program at Dorena
has observed in northern Cascade Mountain populations
and that could potentially be related to resistance mecha-
nisms in the northern Idaho WWP populations. Examina-
tion of this mechanism could be of critical importance in
delineating seed zones and understanding the genetic struc-
ture of host populations. Recent studies of migration pat-
terns of whitebark pine strongly suggest a north-south
dichotomy whose boundary is in the southern Washington
Cascades (Richardson and others 2002). This boundary
could also be characterized by a significant change in the
kinds and numbers of resistance genes in both WBP and
WWP. Tools that are presently available to assess field
performance are powerful, useful, and relatively inexpen-
sive, if appropriate experimental designs and inspection
intervals are maintained. Parting guidelines are as follows:
Establish permanent plots so that adequate numbers of
individuals can be tracked for at least 50 years. Ensure that
repeated and blocked designs will provide sufficient num-
bers over time. Define measurement protocols to ensure
continuity of data quality through changes in personnel.
Ensure that canker incidence and severity, age, and size are
recorded for whole trees to provide data appropriate for
epidemiological analysis. Embrace the potential discrimina-
tory power of pathosystem G x E by ensuring that genetic
groupings to be tested (clones, full-sib families, half sib
families and etc) are replicated in at least two environments.
Finally, and perhaps most importantly, create customized
control lots having known behavioral specifications and use
them to link plantings in different geographic regions.

When dealing with long-term pathosystems, refrain from
thinking “inside the box”. For example, a strong correlation
had been expected between density of Ribes populations and
resulting WBBP impact (McDonald and Hoff 2001). Quite to
the contrary, evidence is accumulating that such correla-
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tions are weak in the northern Rockies (Toko and others
1967, McDonald unpublished data) and southwestern Or-
egon (McDonald unpublished data). Two explanations are
evident. First, western basidiospores may be more robust or
travel further than assumed so that far fewer telial infec-
tions are needed to cause a corresponding amount of pine
damage expected under the 300m “limit” of basidiospore
spread. Second, other hosts could be involved; forms of C.
ribicola are known in Japan and South Korea that alternate
to Ribes spp and Pedicularis;in Japan and Germany, a form
cycles to Ribes only; in South Korea, a form cycles only to
Pedicularis; and in Canada it cycles to Ribes (Stephan and
Hyun 1983). There is one report of a single branch of one
plant of common red paintbrush (Castillia miniata Douglas,
a North American Scropulariaceae) inoculated with WPBR
that produced teliospores (Hiratsuka and Maruyama, 1976),
and another report of artificial infection of this host but
without spore production (Patton and Spear 1989). How-
ever, infections of artificially inoculated plants of this and
other Scrophulariaceae were not obtained at multiple field
sites by Hunt (1984), despite successful infection of “appro-
priate” Castilleja hosts after inoculation with stalactiform
rust. Another potential problem with measuring WPBR
susceptibility is the assumption that any old woods run
collection of the pine host will make an adequate control.
Custom controls should be developed and maintained for use
by all breeding programs. This paper presented initial evi-
dence that unknown mechanisms may cause rapid accumu-
lation of “resistant” WPP. Theoretical discussions about
disease attenuation are beginning to appear that invoke
various kinds of evolutionary and plasticity (polymorphisms
and polyphenisms) adjustments (Pfennig 2001, Ebert 1998,
Levin and Bull 1994, Roy and Kirchner 2000). If the WPBR
pathosystem is as dynamic as we have suggested, then an
entirely new plan of attack may be needed to ensure that we
can successfully restore and/or maintain ecosystems con-
taining or requiring a five-needle pine component.
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Genetic Research and Development of Five-
Needle Pines (Pinus subgenus Strobus) in
Europe: An Overview

loan Blada
Flaviu Popescu

Abstract—An overview of genetic research on native and exotic
five-needle pines (Pinus subgenus Strobus) in Europe, including the
impact of white pine blister rust (Cronartium ribicola),is presented.
The natural populations of Pinus cembra from the Alps and
Carpathians are free from blister rust; even though the rust occurs
throughout Europe on other five-needle pines and Ribes species.
Pinus strobus was once considered to be an important exotic species
for timber production in Europe, but plantations have been aban-
doned due to the high susceptibility to blister rust. Blister rust
resistance has now been transferred to P. strobus through hybrid-
ization with Eurasian five-needle pines, and the potential for
successful utilization of the species in Europe now exists. Other five-
needle pine species are not of major interest for European forestry
operations.

Key words: five-needle pines, Europe, genetics, Cronartium ribicola,
genetic resistance, provenance, breeding, hybrid, heri-
tability, genetic gain

Introduction

Only two species of five-needle pines (Pinus L. subgenus
Strobus Lemm.) grow naturally in Europe: Cembran pine
(Pinus cembra L.) and Balkan pine (P. peuce Gris.) (Critchfield
and Little 1966). Exotic five-needle pine species have been
used to enrich European forests due to the relatively low
number of native species and have been the subject of much
research and development. For this paper, we prepared a
survey on genetic research and use of five-needle pine
species in European countries (table 1). We used the re-
sponses of the survey in conjunction with published litera-
ture and personal communications to compile the following
overview on five-needle research and development in Eu-
rope.

Cembran pine is distributed in the high-altitude forests in
the Alps and the Carpathian region, including the Tatra
Mts. (Georgescu and Ionescu-Barlad 1932, Critchfield and

In: Sniezko, Richard A.; Samman, Safiya; Schlarbaum, Scott E.; Kriebel,
Howard B., eds. 2004. Breeding and genetic resources of five-needle pines:
growth, adaptability and pest resistance; 2001 July 23-27; Medford, OR,
USA. IUFRO Working Party 2.02.15. Proceedings RMRS-P-32. Fort Collins,
CO: U.S. Department of Agriculture, Forest Service, Rocky Mountain Re-
search Station.
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Little 1966, Holzer 1975, Contini and Lavarelo 1982). It is
naturally distributed in the following countries: Austria,
France, Germany, Italy, Poland, Romania, Slovakia, Swit-
zerland, and Ukraine. Cembran pine is important for refor-
estation of subalpine forests, including restoration of forests
near timberline to stabilize watersheds and reduce the risk
of avalanches and flash floods (Holzer 1975). The species is
used to create mixed Norway spruce (Picea abies (L.) Karst)
—European larch (Larix decidua Mill)-Cembran pine stands
at high elevations for increased wind resistance (Blada
1996). Cembran pine also contains high genetic resistance to
white pine blister rust caused by Cronartium ribicola J.C.
Fisch in Rabenh. (Bingham 1972a,b, Soegaard 1972, Holzer
1975, Hoff and others 1980, Blada 1987, 1994a) Cembran
pine produces a dense-brown-reddish wood useful for handi-
crafts (Contini and Lavarelo 1982), and is an excellent
landscaping tree due to the crown color, density, and a
conical-oval shape (Blada 1997b).

Balkan pine naturally occursin Albania, Bulgaria, Greece,
and Macedonia and is confined to higher elevations in the
Balkan and Macedonian regions (Nedjalkov 1963, Fukarek
1970, Mitruchi 1955, Popnikola and others 1978). Balkan
pine is important for planting in severe mountain climates
to prevent soil erosion, as well as timber production for
furniture, barrels, and other purposes (Figala 1927, Nedjalkov
and Krastanov 1962, Nedjalkov 1963, Popnikola and others
1978). The species has good tolerance to SO, pollution
(Enderlein and Vogl 1966) and has shown high blister rust
resistance in genetic tests containing both European and
North American species (Delatour and Birot 1982, Blada
1987, 2000a, 2000b, Heimburger 1972, Hoff and others
1980). Balkan pine has been used in crossing with other
white pines and is considered a good bridging species (Righter
and Duffield 1951, Kriebel 1963, Patton 1966, Nikota and
others 1970, Heimburger 1972, Blada 1987).

The Cembran and Balkan pines have and are still planted
most countries where they naturally occur (table 1, columns
9,10,12,and 13). Cembran pine, however, has been less used
in France, Germany, and Italy. These species are relatively
slow growing and as more five-needle pine species from
around the world became known to Europeans, foresters
began to experiment with plantations of exotic species.

Exotic five-needle pine species have had a long history in
Europe. The following five-needle pine species have been
more frequently planted: P. strobus L., P. monticola Dougl.,
Pwallichiana A.B.Jacks., P. sibirica DuTour, P. koraiensis
Sieb & Zucc., P. armandii Franch., P. flexilis James, and P.
lambertiana Dougl. (Schmitt 1972, Soegaard 1972). East-
ern white pine (P. strobus) was one of the first five-needle
pines to be introduced to Europe. With minor exceptions,
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Table 1—Survey results for native white pine and Pinus strobus presence, past or present occurrence of white pine blister rust, past planting or
breeding work, and current planting or breeding work in European countries. (Y=yes; N=no; ?=unknown)

Native Introd. PPBRO? PP° PPBW*

Rank Country P.c P.p P.s P.c P.p P.s P.c P.p P.s P.c P.p P.s
1 2 3 4 5 6 7 8 9 10 11 12 13 14
1 Albania N Y ? ? ? ? ? ? ? ? ? ?
2 Austria Y N Y N N Y Y N Y Y N N
3 Belarus N N Y N N Y N N Y N N N
4 Belgium N N Y N N Y N N Y N N N
5 Bulgaria N Y Y N N Y N Y Y N Y N
6 Croatia N Y? Y N N Y N N Y N ? Y
7 Czech Republic N N Y N N Y N N Y ? N N
8 Denmark N N Y N N Y N Y Y N N N
9 England N N Y N N Y N N Y N N N

10 Estonia N N Y N N Y N N Y N N N
11 Finland N N Y N N Y N N Y N N N
12 France Y N Y N N Y N? N Y N? N N
13 Germany Y N Y N N Y N? N Y N? N Y
14 Greece N Y Y N N N N N N N N N
15 Hungary N N N N N Y N N Y N N N
16 Ireland N N Y N N Y N N Y N N N
17 Italy Y N Y N N Y Y? N Y Y N N
18 Latvia N N Y N N Y N N Y N N N
19 Lithuania N N Y N N Y N N Y N N N
20 Luxembourg N N ? N N ? ? N ? N N ?
21 Macedonia N Y Y N N Y N Y Y N Y N
22 Moldova N N N N N N N N N N N N
23 Netherlands N N Y N N Y N N Y N N N
24 Norway N N Y N N Y N N N N N N
25 Poland Y N Y N N Y Y N Y Y ? N
26 Portugal N N N N N ? N N N N N ?
27 Romania Y N Y N N Y Y Y Y Y Y Y
28 Slovakia Y N Y N N Y Y N Y Y N N
29 Slovenia N N Y N N Y N N Y N ? N
30 Spain N N ? N N ? ? ? Y? N N ?
31 Sweden N N N N N Y N N N N N N
32 Switzerland Y N Y N N Y Y N Y Y N N
33 Ukraine Y N Y N N Y Y N Y Y N N
34 Yugoslavia N Y? Y N N Y N Y Y N Y? N

aPPBRO = past and present blister rust occurrence.
PP = past planting or breeding work.

°PPBW = present planting or breeding work; P.c, P.p, P.s = P. cembra, P. peuce, P.strobus.

eastern white pine was introduced in all European coun-
tries (table 1, column 5) and planted for economic reasons
(table 1, column 11) (Radu 1974). The species has demon-
strated good qualities for timber production, is well adapted
to the European climate (Schmitt 1972, Kriebel 1983) and
has proven to be resistant to SOy pollution (Enderlein and
Vogl 1966). The other exotic five-needle pine species have
shown to be of minor importance, being used primarily for
landscaping and in arboretums. Some Asiatic species have
been introduced as genetic sources for blister rust resis-
tance. However, the vast majority of research and develop-
ment efforts on exotic five-needle pines in Europe have
been conducted on eastern white pine

In Europe, eastern white pine was first recorded in 1553,
in the Royal Gardens of Fontainebleau, France (Lanier
1961), followed by introduction at Badminton, Great Britain
(MacDonald and others 1957) and in Germany in 1770
(Schenck 1949). The first records of the eastern white pine in
other European countries were: Switzerland 1850 (Litscher
1908), Poland 1876 (Bialobok 1960), Slovakia 1773 (Musil
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1969), Austria 1886 (Cieslar 1901), Romania 1894 (Davidescu
1894) and Bulgaria 1903 (Rusakoff 1936).

Small plantations of eastern white pine were established
at intervals through the late 18" and 19™ centuries, as the
species exhibited good growth. This was especially true in
Germany during the great reforestation period that took
place through the 18" and 19" centuries (Borchers 1952,
Schmitt 1972). Initially, it appeared that eastern white pine
would become one of the most important trees of the Euro-
pean forests. In west central Germany, eastern white pine
could outgrow all European coniferous species and keep a
dominant position in stands for more than 80 years (Schmitt
1972). The species’ growth performance also was remark-
able under various site conditions in other countries such as
Poland, Czechoslovakia, Romania, and Russia (Radu 1974).
However, white pine blister rust has seriously impacted the
survival and growth of this species. Blister rust attack has
halted planting of eastern white pine for wood production in
all countries in the last two decades (see table 2, column 14).
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According to our survey (table 1 column 11), eastern white
pine was planted over almost all Europe. Germany contains
the largest planted area, approximately. 25,000 ha, of east-
ern white pine (Stephan, personal communication). In France,
plantations with eastern white pine were established during
the 19" century. The first plantations for wood productionin
Romania were established at the beginning of the 20"
century, but much larger areas (about 1,360 ha) were estab-
lished after 1960 (Radu 1974). Based on the initial results of
provenance trials, Croatia planted approximately 1,500 ha
(Gracan, personal communication).

White pine blister rust began to cause severe problems as
early as 1865, when the rust was first noticed by H. A.
Dietrich in Estonia (Leppik 1934). The rust spread through-
out Europe by 1900 via the alternate host Ribes nigrum L.
and susceptible P. strobus genotypes (Georgerscu and others
1957, Bingham and Gremmen 1971). It was not until 1926,
however, that Germany recognized high mortality in east-
ern white pine due to the disease (compare Schmitt 1972).
Correspondingly, planting eastern white pine in Germany
was prohibited (Tubeuf 1927). Unfortunately, the species
began to be planted again in Germany after 1935 (Wappes
1935). Other European countries followed the German lead
(Radu 1974), and suffered serious economic losses due to
blister rust. For example, the rust invaded almost all young
stands in Romania after 1970, promoted by the simulta-
neous culture of eastern white pine and Ribes nigrum (Blada
1982). Blister rust attacks eastern white pine in all countries
where the species has been planted (table 1, column 8). The
rust does not attack P. cembra nor P. peuce in their natural
habitats, however, in spite of concurrence with susceptible
P. strobus and Ribes species (table 1, columns 6 and 7).

Research Studies

Provenance Trials

Once widespread planting with eastern white pine stopped,
genetic research activities began to slow. Despite the prob-
lem of blister rust, Germany and Croatia still continue to
make measurements in their provenance trials (table 1,
column 14).

Provenance testing of eastern white pine has been con-
ducted in Germany, where two trials with 69 provenances
were established in 1966 and 1967, respectively (Stephan
1974). All provenances were originated from the natural
range of the species. Growth rate, mortality, and infections
by blister rust were assessed at age 11. (Stephan 1974).
Height at age 11 was negatively correlated with provenance
latitude (r = -0.40 to r = -0.51). Provenances from southern
Appalachian mountain States of North Carolina, South
Carolina, and Virginia (south of the 39th degree of latitude)
showed better growth than the average in these trials.
Provenances from areas north of the 45th degree of latitude
(Manitoba, Quebec, Ontario, New Brunswick, Minnesota,
and Wisconsin) had poor growth. Significant (plessthan 0.5)
and highly significant (p less than 0.1) height-height corre-
lations among provenances at different ages were found. The
correlations were not strong when the differences in age
were great, but particularly strong between heights from the
age of five onward. A high number of dwarfed trees from one
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provenance from Illinois were noticed. Under natural condi-
tions, differences among provenances could be observed for
mortality and infection by blister rust. Pinus monticola (one
provenance) and P. wallichiana (two provenances), tested in
the same German trial, showed only 85 percent and 40
percent, respectively, of the average height of P. strobus. In
addition, high mortality could be observed in P. wallichiana.

The Croatian research program included 10 eastern white
pine provenances, of which six from North America and four
from established plantations in Croatia. The tests were
established in 1970 and were measured at age 18 (Orlic
1993). For American provenances, the average values for
survival, height, and diameter were 70.7 percent, 12.8 m and
20.7 cm, respectively. Similarly, the survival and growth
estimates for local provenances were 73.2 percent, 13.7 m
and 22.2 cm, respectively, which were higher (3.5, 7.0, and
7.2 percent, respectively) than the American provenances.
In term of survival, the local source Hrvatska ranked first
and the American provenance New Hampshire ranked sec-
ond. The New York (USA) and the other two local sources
exhibited the poorest survival. The average of total height
ranged from 11.9 m to 14.0 m, with an average of 13.3 m,
whereas the diameter from 17.7 cm to 23.2 cm with an
average of 21.5 cm. The best and the poorest provenance in
diameter were Georgia and Wisconsin, respectively. No
information was given about blister rust resistance.

Croatia also conducted a species comparison test with
eastern white pine, Scots pine (P. sylvestris L.), black pine
(P. nigra Arnold), European larch, and Douglas-fir
(Pseudotsuga menziesii (Mirb). Franco) was established in
Tocak area. After 23 years of testing, eastern white pine was
found to have produced the greatest about of volume per
hectare (479 cu. m), in comparison to 214, 209, and 164 cu. m/ha
produce by Scots pine, European larch and Douglas-fir,
respectively (Orlic and Ocvirek 1993). In a 26 year-old trial
at Slatki Potok, eastern white pine generated 549.1 cu. m/ha
in comparison to only 270 cu. m/ha produced by black pine
(Orlic and others 1997). These results demonstrate the
superior performance in wood production of eastern white
pine in European site conditions.

In Romania, a nursery provenance test of eastern white
pine was planted with 45 provenances: 19 from North
America and 26 of unknown origin taken from old stands
planted across Europe. The weight of 1,000 seeds per prov-
enance was assessed before sowing (Radu 1974). Seed weight
means ranged from 11.4 g to 23.2 g, with a mean of 16.9 g.
The North American provenances averaged 15.9 g, whereas
European provenances weighted 8.8 percent more (17.3 g).
Twelve traits including dry matter were measured at age 2.
The total height ranged from 8.9 cm to 15.9 cm, with
Romanian local seed sources surpassing the other groups
of provenances. Significant differences were found among
provenances for dry matter content. The provenances from
northern Minnesota (USA) had the lowest average height,
but the highest proportion of dry matter. In contrast, the
fastest growing provenances (North Carolina, Kentucky and
Ohio, all from the USA) had the lowest dry matter content
even though their height was greater.

A nursery provenance test of Cembran pine was estab-
lished in Romania. The test consisted of 12 provenances
including seven from the Carpathian Mountains and five
from the Alps. Blada (1997a) found significant differences
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among provenances for total height growth, annual height
growth and root collar diameter. The top four provenances
were Pietrele, Gemenele and Calimani from the Carpathians
and Blunbach Grunalpe from the Austrian Alps, which
exhibited faster height, height incremental growth, and root
collar diameter than other provenances at age 6. Duncan
multiple range tests (1955) for these traits suggested that
major gaps separated provenances within the natural range
of the species; that is, genetically distinct populations could
be found in both the Alps and Carpathian Mountains. The
same data suggested a discontinuous pattern of distribution
suggesting the absence of a gene flow among populations.
There were highly significant positive correlations between
all traits, suggesting that indirect selection can be appli-
cable. No significant correlations were found between any
growth trait and geographic coordinates.

Provenance tests of Balkan pine were investigated in
Bulgaria. Thirteen provenances, originating from 1,700 m —
2,100 m in the Pirin and Rila Mountains, were represented
in each ofthe two tests. At age 3, it was found that the Balkan
pine provenances from high elevations initiated growth
earlier than the provenances from middle elevations (Dobrev
1997a). Approximately 90 percent of the seedlings had
lammas shoots at the end of the August of the third growing
season. Significant correlations were found between seed
size with provenance latitude and elevation. Also, a signifi-
cant positive correlation was found between height growth
and needle length. No significant correlations were found
between height growth and latitude or with elevation of
provenances.

Dobrev (1997b) investigated the concentration of macro-
and microelements in the needles of the 3-year-old seedlings
from different Balkan pine provenances. Variation of con-
centration in macro- and microelements of needles was
discontinuous among provenances. Provenances from the
northern Pirin Mountains greatly differed in their relative
concentration of nitrogen and calcium and copper as com-
pared with provenances from southern Pirin and Rila and
Central Balkan Mountains. A geographic differentiation in
magnesium concentration of the needles was found. The
Pirin Mountains provenances had a higher concentration of
magnesium than provenances from Rila and Central Balkan
Mountains. A significant positive correlation was found
between phosphorus concentration and seedling height.

About three decades ago, various provenance trials were
established in Ukraine (Yatsyk and Volosyanchuk, personal
communication). A P. cembra trial with six provenances
originating from Ukrainian Carpathian Mountains was
established on 0.5 ha. At age 28, the mean height growth,
diameter and volume were 5.0 m, 9.3 cm and 31 cum/ha were
achieved. Two tests of P. koraiensis comprising 19 prov-
enances of unknown origin were planted on 2.4 ha. The
latest measurement took place at age 22 and 30. The mean
height growth, diameter, and volume in the first and second
tests were 6.7m, 11.8 cm, and 8.1 cum/ha, and 3.9m, 7.3 cm,
and 8.5 cu m/ha, respectively. A trial with four P. pumila
Regel provenances of Russian origin was established on
0.25 ha. The mean height growth and diameter at the
ground level at age 30 were 11.3 m and 3.6 cm, respectively.
A 2.5 ha test of P. sibirica with 36 provenances of Russian
origin was planted. The height growth, diameter and volume
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at age 23 were 5.4 m, 10.9 cm and 2.4 cubic meters per
hectare, respectively. A second trial with 31 provenances, of
the same origin, was established on 13 ha. Until now, no
other measurements were made. Two P. peuce provenances
of unknown origin were planted on 0.1 ha. Height, diameter
and volume at 22 years of age, measured 7.0 m, 12.5 cm and
13.2 cubicmeters per ha, respectively. All provenances of the
above species proved to be resistant to blister rust.

The Ukrainians also planted tests of North American
species. A 0.1 ha P. flexilis plantation with one provenance
of unknown origin was made about 33 years ago. The height
growth and diameter at age 21 were 6.3 m and 10.8 cm,
respectively. All provenances exhibited high susceptibility
to blister rust and only 10 percent of trees survived after 21
years of testing. In the same timeframe, a P. strobus trial
with three provenances of unknown origin was planted on
0.1 ha. After 23 years of testing, the height growth, diameter
and volume were 9.7 m, 23.4 cm and 56.3 cu m/ha, respec-
tively. Heavy blister rust attack occurred and only 1.5
percent of the trees survived.

Open-Pollinated (Half-Sibling) Progeny
Tests

Blue pine—In 1971 an international program for testing
white pines of known origin for resistance against blister
rust was proposed (Bingham and Gremmen 1971). Another
program dealt with seed collection and exchange (Kriebel
1976). As part of this program, Romania received 36 open-
pollinated families of blue pine (P. wallichiana) from 16
provenances originated from Pakistani Himalayan Moun-
tains. This material was tested for growth and blister rust
resistance by artificial inoculation. Eight traits, including
blister rust resistance and height growth were measured at
age 11, and the results reported by Blada (1994b). Highly
significant differences were observed among families for
blister rust resistance (BR1), percentage of trees free of
blister rust (BR2), tree survivors (BR3), total height growth
(HT), and stem volume (V). BR1, BR2, BR3, HT, and V
averaged 3.2 points (10 = the highest resistance), 9.7 per-
cent, 49 percent, 10.4 dm, and 0.458 dm? respectively.

Genetic variance estimates for BR1, BR2, BR3, HT, and V
accounted for 91, 99, 96, 79, and 38 percent, respectively, of
phenotypic variance. Therefore, this high amount of genetic
variance could be used in a blue pine breeding program.
Narrow-sense heritability estimates at the family level for
BR1, BR2, BR3, and HT were high: 0.909, 0.998, 0.960, and
0.974, respectively. Heritability for Vwas much lower (0.380).
These estimates, coupled with the large amount of variation
observed within blue pine population suggest a two-way
selection program for rust resistance and growth would be
rewarding. If the best 5, 10, or 15 families were selected and
planted on sites more or less similar to that used in this trial,
ageneticgainof67,51,and 40 percentin BR1 and 18,14, and
11 percent in V, respectively, could be achieved.

A highly significant positive phenotypic correlation was
found between blister rust resistance and latitude. All fami-
lies that originated from above 35° N latitude exhibited a
higher resistance to rust than families from lower latitudes.
No significant phenotypic correlations were found among
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growth traits and latitude or between growth traits and
blister rust resistance. Therefore, growth and blister rust
resistances are independent traits, indicating that improve-
ment using indirect selection is not possible.

Cembran pine—As part of the Romanian five-needle
pine breeding program, a nursery test with 136 open polli-
nated families of P. cembra was established. Highly sig-
nificant differences among families were found for height,
root collar diameter (RCD), and total number of branches
(TNB) (Blada in preparation). The genetic coefficient of
variation for height, RCD, and TNB were 22, 14.6, and 26.3
percent, respectively, and the narrow-sense heritability
estimates for height, RCD and TNB were 0.968, 0.938, and
0.966, respectively. Consequently, an improvement pro-
gram with stone pine would be yield positive results.

Genetic correlations among height with TNB, RCD, and
TNB were high: 0.881, 0.571 and 0.713, respectively. Selec-
tionin height or in RCD should lead to an indirect increasing
of the TNB. However, an increased number of branches is a
negative characteristic, as it lowers the quality of wood.
Therefore, the number of branches in the next generation
should be minimized by selecting fast growing trees with
small number of branches.

If selecting the best 30, 35, 40, or 45 of the 136 families,
genetic gains in height of 28.8, 26.8, 25.1, and 23.4 percent,
and in RCD of 18.8, 17.6, 16.4, and 15.3 percent, respec-
tively, could be expected. By using these early test results to
guide an operational improvement program, two types of
production seed orchards were planned: a seedling seed
orchard using the fastest growing seedlings in the best 45
families and a clonal seed orchard using ortets from the best
45 trees.

Breeding and Seed Orchards

A few countries reported clonal seed orchards, such as:
Cembranin Austria, Slovakia Romania and Ukraine; Balkan
pine in Romania; and eastern white pine in Croatia and
Romania.

A genetic improvement program was started in Romania
in 1977 due to the potential importance of eastern white pine
in consideration of blister rust. This program included both
intra- and interspecific hybridization and has a final objec-
tive of establishing seed orchards composed of selections
with high general combining ability for resistance to blister
rust (Blada 1982). Due to the lack of official interest in five-
needle pines, the scope of the initial program was restricted
to continuing the measurements in the already established
trials. These hybrid trials perform well, and additional
details will be given elsewhere in these proceedings.

Another Romanian breeding program under way is con-
cerned with P. cembra. The program was initiated in 1989
with the following objectives: (a) phenotypic selection of
parents in natural populations; (b) provenance and half-
sibling family testing; (c) full-sibling family (both from intra-
and inter-specific crossing) testing and genetic parameters
estimation; and (d) seed orchards establishment with the
best combiners for both improved mass seed production and
asabase population for advanced-breeding population (Blada
1990).

USDA Forest Service Proceedings RMRS-P-32. 2004

Blada and Popescu

Full-Sibling Progeny Tests

Romaina was the only country that reported full sibling
progeny tests in response to the survey. A 10 x 10 full diallel
crossing experiment was conducted in Gemenele on native
populations of P. cembra from Romanian Carpathian Moun-
tains. The experiment was conducted to provide information
on the genetic variation and inheritance of important breed-
ing traits. Cotyledon number, total height, annual height
increment, RCD, TNB, and lammas shoots formation were
measured from age 2 to 6 (Blada 1999). The most prominent
result from this experiment was that significant general
combining ability (GCA), specific combining ability (SCA),
and reciprocal effects for all traits were found. Also signifi-
cant maternal effects occurred in number of traits, suggest-
ing control by nuclear and extranuclear genes and by nuclear
x extranuclear gene interactions.

Growth measurements indicated a progressive increase
with age of the GCA variance within phenotypic variance.
The GCA variance of the total height growth, increased from
2 percent at age 2 to 25 percent at age 6, while the GCA
variance of the root collar diameter increased from 8 percent
at age 4 to 14 percent at age 6. Similarly, the SCA variance
of the total height growth ranged from 15 percent at age 2 to
27 percent at age 6. The diallel analysis showed that both
GCA and SCA variances were important sources of varia-
tion. Dominance variance exerted a greater influence on 10
out of 17 traits as evidenced by SCA / GCA variance ratios.
However, the magnitude of these ratios suggested that
additive effects might be almost asimportant as nonadditive
effectsin the study. Consequently, the breeding strategy can
employ both additive as well as nonadditive variations,
indicating that considerable progress under direct selection
is possible. If two out of 10 randomly selected parent trees
exhibited significant GCA effects for total height, then it can
be estimated that 20 percent of trees within the basic
natural population could be selected as good combiners.

Heritability estimates were high enough to ensure genetic
progress in improving growth and other traits. For height
growth, heritabilities for both family and single tree level
increased from age 2 (0.065 and 0.021 respectively) to age 6
(0.453 and 0.366 respectively). In the same manner, herita-
bilities for root collar diameter, for both family and indi-
vidual level, increased from 0.228 to 0.321 and from 0.126 to
0.157, respectively.

Interspecific Hybridization

P. strobus x P. peuce hybrids—In Romania a 7 x 4
factorial crossing was conducted between eastern white pine
(female) and Balkan pine (male) to combine the rapid growth
of eastern white pine with high resistance to blister rust of
Balkan pine (Blada 2000a). The resulting families were
artificially inoculated at age 2 and planted in the field at age
6. Blister rust resistance (BRR), trees free of blister rust
(TFBR), tree survival (TS), tree height (H), diameter at 1.30
m (D), basal area (BA), stem volume (V), stem straightness
(SS), and branch thickness (BT) were measured at age 17.
Highly significant differences among hybrid families were
found for all traits except stem straightness. Selection at
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family level, therefore, can be carried out for the most
economically important traits, including BRR and V.

There was large genetic variation among the parents for
all traits examined. The effects of eastern white pine female
parents were significant not only for growth traits but for
BRR, TFBR, and TS as well. This suggests that there were
(1) additive genetic control for all traits and (2) parents with
high GCA could be selected for breeding. The existence of
resistance to the blister rust within eastern white pine (as a
female parent) agreed with results found by Riker and
others (1943), Riker and Patton (1954), Patton and Riker
(1958), and Patton (1966) and were contrary to Heimburger
(1972). Balkan pine (as amale parent) had significant effects
on growth traits but no significant effects on BRR, TFBR,
and TS. Therefore, all male Balkan pine parents exhibited
the same level of resistance to blister rust in this study, as
found by Blada (1989) at an earlier age of the study. This was
contrary to Patton’s study (1966), which found differences in
blister rust resistance among his P. peuce selected parents.
Male x female interaction effects were significant and highly
significant for all traits except for stem straightness, sug-
gesting a nonadditive gene action on most traits.

Significant, positive phenotypic correlations were found
among growth traits. Such correlations imply significant
genetic gains in these traits even if selection was practiced
on only one trait. However, correlations between stem
straightness and growth traits were low, ranging from 0.30
to 0.32. Low phenotypic correlations (0.01 to 0.33) were
obtained between blister rust resistance and growth traits,
thereby suggesting that the two traits were inherited inde-
pendently and tandem selection cannot be applied.

Mid- and high-parent heterosis was calculated (MacKey
1976, Halauer and Miranda 1981). Balkan pine was found to
be the best parental species for blister rust resistance and
stem straightness, whereas eastern white pine was the best
parent species for all growth traits. Mid-parent heterosis
was positive for all but one trait and accounted for 34 percent
for BBR, 55 percent for TFBR, and 53 percent for TS.
Substantial mid-parent heterosis was also found in most
growth traits, such as 26 percent in volume growth. The total
height growth had the lowest (13 percent) positive mid-
parent heterosis, while the stem straightness was the only
trait displaying a negative mid-parent heterosis. High-
parent heterosis was negative for all traits. For example, at
age 17, this heterosis accounted for -5 percent for blister rust
resistance, -8 percent for trees free from blister rust, and -9
percent for total height growth. Generally, hybrids were
intermediate between the two parental species over all
characteristics and incorporated desired characteristics from
both parent species.

Genetic gain using the average of breeding values of the
best parents was calculated. Selecting the best three eastern
white pines (females) for blister rust resistance (average
breeding value was 0.833) would result an increase of 9.5
percent for blister rust resistance. Similarly, using the best
five Balkan pines (males - average breeding value was 21.6
dm?) to cross with the above females for volume growth rate
would result in a genetic gain of 18.3 percent in the overall
mean (118.0 dm®).

P. strobus x P. wallichiana hybrids—In Romania, a
factorial crossing was conducted among seven female trees
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of eastern white pine and four male trees of blue pine to
combine the rapid growth of former species with high resis-
tance to blister rust of the latter species (Blada 2000c). The
hybrid families were artificially inoculated at age 2 and
planted at age 6. Blister rust resistance (BRR), TS, H,
annual height growth, D, BA, V, SS, and BT were the
measured traits at age 17.

Factorial analysisindicated significant differences among
hybrid families for all traits except branch thickness. The
effects of eastern white pine (female) were significant not
only for the growth traits, but for BRR and TS, again
suggesting an additive genetic control in all growth traits
and blister rust resistance and that high GCA parents could
be selected for breeding. Blue pine (male) had significant
effects on T'S, H, tree survivors, annual height growth, BA,
and SS, but no significant effects on BRR, D, V, and BT. It is
important to note that blue pine male parents exhibited the
same level of blister rust resistance. Male x female interac-
tion effects were significant except for TS and SS, suggesting
that nonadditive gene action had an influence on all eco-
nomically important traits.

The contribution of GCA variance to the phenotypic vari-
ance was 87 percent for H, 53 percent for D, and 77 percent
for V; whereas the contribution of SCA variance to the same
traits was lower, thatis, 10,41, and 22 percent, respectively.
Both additive and dominance variances could be used for
improvement in wood production. The contribution of GCA
variance to the phenotypic variance was 73 percent for BRR
and 53 percent for TS, while the contribution of the SCA
variance for the same traits was only 9 percent for the former
and 0 percent for the latter trait. The GCA / SCA variance
ratios demonstrated that there was additive genetic varia-
tion for all traits. The GCA-F / GCA-M variance ratios
revealed that estimates of GCA variance of females were
much greater than estimates of males for all traits, except
BT. These results suggested that the greatest amount of
additive variance associated with both blister rust resis-
tance and growth traits was found within eastern white pine
parent population. The blue pine male parent contribution
to the additive variance was insignificant for blister rust
resistance but significant for some growth traits.

The narrow-sense heritability estimates at the family
level were high for all traits. For example, the estimates of
0.828 and 0.885 and 0.777 for BRR, H, and V, respectively,
were obtained. The magnitude of heritability estimates was
due to the high level of additive variance attributable to the
female parents. In general, the individual-tree narrow sense
heritabilities appeared to be high for blister rust resistance
(h?%, = 0.421), moderately high for total height growth (h% =
0.327),low for diameter (h2W= 0.122), and very low for branch
thickness (h%,=0.085). In conclusion, heritability estimates
were high enough to ensure progress in improving genetic
blister rust resistance and growth traits by using P.
strobus x P. wallichiana F hybrids.

Both positive and negative GCA effects, which signifi-
cantly (p<0.05) differed from zero, were generally found for
both male and female parents for most traits. None of the
blue pine male parents had significant GCA effects on BRR
as these parents exhibited the same level of resistance. The
range of estimated GCA effects among parents suggested
that it may be possible to select parents with superior
breeding values for BRR and growth traits.

USDA Forest Service Proceedings RMRS-P-32. 2004



Genetic Research and Development of Five-Needle Pines (Pinus subgenera Strobus) in Europe: An Overview

Genetic and phenotypic correlations between SS and
growth traits were relatively low, ranging between 0.143
and 0.288. Both types of correlations between BT and total
height were high and negative (-0.543 and -0.533), indicat-
ing that larger trees produced thinner branches. High,
positive genetic and phenotypic correlations were obtained
between these two traits with BRR, rg=0.928 and r, = 0.916
respectively. In addition, high, positive genetic correlations
were obtained between BBR and D (rg = 0.680), BA (rg =
0.655), and V (rg =. 608), suggesting that tandem selection
can be applied.

Estimates of high-parent heterosis were positive only for
TS and height and negative for all other traits. From these
estimates, itis evident that hybrids combined their parental
genes for both rapid growth and blister-rust resistance.
These results may justify the use of F; P. strobus x P.
wallichiana hybrid production. Genetic gains could be real-
ized in increasing in both blister-rust resistance and timber
production. Even smaller increases in resistance and vol-
ume growth would give appreciable improvement in yield,
especially when considered in relation to large-scale planta-
tion programs.

Host-Parasite Investigations

In order to investigate the pathogenic variation of C.
ribicola a German-Korean joint inoculation experiment was
conducted (Stephan and Hyun 1983, also in Stephan, these
proceedings). Cronartium ribicola strains used in the Ger-
man experiment were able to infect only Ribes nigrum, but
not Pedicularis resupinata L., the alternate host species in
Korea. Therefore, this host plant species cannot be consid-
ered as a host for the German fungus material. Cronartium
ribicola strains used in the Korean experiment could infect
only P. resupinata, thereby confirming pathogenic variation
in C. ribicola.

The same joint experiment corroborated other reports,
such as La and Yi (1976), that demonstrated a wider patho-
genic variation of C. ribicola in eastern Asia. There is an
increase of blister rust strains with a stronger virulence
than had been observed in Korea since 1963 (La and Yi
1976)) and Japan since 1972 (Yokota and others 1975).
Apparently, only the Ribes host-strain of C. ribicola had
invaded Europe in the last century, and from Europe was
subsequently introduced to North America. Introduction of
the Pedicularis-host strain of C. ribicola into North America
would be a potential disaster for endemic five-needle species
(Stephan and Hyun 1983), as this strain is very virulent.

In 1971, the International Union of Forest Research
Organizations (IUFRO) proposed an international program
for testing white pine blister rust resistance. Parallel trials
were carried out in the Western and Eastern United States,
in France, South Korea, Japan and Germany (Bingham and
Gremmeen 1971, Stephan 1986). In Germany, 14 species
with a total of 63 provenances/progenies have been tested by
artificial inoculation. After 10 years, Stephan (1986) found
significant differences among the speciesinvestigated. Asian
five-needle pines are generally more resistant to the blister
rust than North American species. No or relatively weak
symptoms were observed in P. pumila, P. parviflora Zieb. &
Zucc., P. sibirica, and P. koraiensis. Surprisingly, a few
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provenances of P. wallichiana showed high infection rates.
Most of native North American white pines showed a very
high infection rate of more than 90 percent. Pinus albicaulis
Engelm., P. flexilis, P. lambertiana and P. monticola were
severely damage, although P. aristata Engelm. was rela-
tively less infected. The fungus infected nearly 100 percent
of the tested P. strobus provenances. This partially can be
explained by the theory that the gene center of blister rust
and blister rust resistance is in north central Asia (Bingham
and others 1971).

There were no differences among provenances within
species. The experiment also included a few F; and F,
progenies between P. lambertiana and P. monticola, which
possessed a certain level of improved resistance to blister
rust under North American conditions. Only one provenance
of P. lambertiana showed 20 percent less attack than in
unimproved provenances. In P. monticola, the F; and F,
progenies selected for rust resistance were severely attacked
7 years after artificial inoculation. The comparison of the
German results with those obtained in France (Delatour and
Birot 1982), Japan (Yokota 1983), and North American tests
were interesting. Three years after inoculation there were
significant correlations between the German and French
results with respect to the percentage of rust-free treesin the
seedlot BR n° 41 (P. lambertiana) and seedlot BR n° 43 (P.
monticola). There were no significant correlations with the
American results and the French seedlot BR n° 46 results,
nor were there correlations with the Japanese results
(Stephan 1986).

A similar ITUFRO test was carried out in France. This
French test demonstrated that the species from Europe and
Asia proved to be less susceptible to rust than the American
species. (Delatour and Birot 1982).

A survey on blister rust resistance in native (Cembran
pine) and introduced five-needle pine species was conducted
in Romania (Blada 1982, 1990). After 1970, blister rust had
caused severe attacks to all young stands of eastern white
and western white pines. This severe outbreak was pro-
moted by simultaneous culture of the five-needle pine spe-
cies with Ribes nigrum. Mature populations and young
seedlings from natural regeneration of P. cembra distrib-
uted throughout the Carpathian Mountains were free from
blister rust. Ribes alpinum L. and R. petraeum Wulf. Popu-
lations coexist at high altitude with Cembran pine and were
also free from blister rust, although they have been shown to
be susceptible (Georgescu and others 1957, Blada, unpub-
lished data). After approximately two decades of survey,
blister rust still could not be found on Cembran pine nor the
Ribes species (Blada, unpublished data). The absence of the
infection on both Cembran pine and natural Ribes popula-
tions indicates that the Romanian Carpathian Mountains
do not represent a gene center for C. ribicola, as suggested
by Leppik (1967). The rust was recently introduced via
eastern white pine seedlings from Germany and Ribes sp.
collections from elsewhere (Blada, in preparation).

Research at Molecular Level

Studies concerning genetic differentiation and phylogeny
of stone pine species based on isozyme loci are summarized
in a previous publication and in this volume (Krutovskii and
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others 1992, Politov and Krutovskii in these proceedings).
Another molecular study of a Russian five-needle pine
(P. sibirica) was conducted by Goncharenko and others
(1992). Enzyme systems in the seeds of natural populations
from various parts of Siberia were analyzed by starch gel
electrophoresis, and 36 alleles at 20 loci were defined. Of
the genes controlling these enzyme systems, 55 percent
proved to be polymorphic, with an average 17.6 percent of
gene/tree being heterozygous. Interpopulation genetic di-
versity accounted for a little over 4 percent of the total
genetic diversity. The Ney distance coefficient ranged from
0.008 to 0.051, with an average of 0.023. The data obtained
suggested lack of any marked genetic differences between
central and marginal Siberian populations.

Genetic diversity and differentiation among five popula-
tions of Cembran pine from the Italian Alps were studied by
means of isoenzyme variation at 15 loci and contrasted with
five Scots pine populations (Bulletti and Gullace 1999). The
two species showed similar values for the mean number of
alleles per locus and percentage of polymorphic loci, while
the expected heterozygozity for Scots pine was higher than
that for Cembran pine (0.332 vs. 0.281). All the populations
studied showed an excess of homozygotes; the Allevet popu-
lation of Cembran pine had the highest value of fixation
index (0.206). Furthermore, the latter stand exhibited the
lowest allelic richness index value. Only 2.7 and 3.5 percent,
respectively, of the observed genetic diversity in Cembran
and Scots pines was due to differentiation among popula-
tions. Therefore, the populations for each species studied
share similar respective gene pools, and there were no
barriers hampering gene flow. The results of the study
provide useful information for in situ conservation of genetic
variability. Moreover, the data obtained can also be used for
the identification of the most valuable stands for the produc-
tion of high quality seeds.

A comprehensive study concerning phylogenetic relation-
ship among P. cembra, P. sibirica and P. pumila, using
microsatellites and mitochondrial nad1 intron 2 sequences
was recently completed (Gugerli and others 2001). The
three-chloroplast microsatellite loci combined into a total of
18 haplotypes. Fourteen haplotypes were detected in 15
populations of P. cembra and one of P. sibirica, five of which
were shared between the two species, and the two popula-
tions of P. pumila comprised four species-specific haplotypes.
Mitochondrial intron sequences confirmed grouping of the
species. Sequences of P. cembra and P. sibirica were com-
pletely identical, but P. pumila differed by several muta-
tions and insertions/deletions. A repeat region found in the
former two species showed no intraspecific variation. These
results indicate a relatively recent evolutionary separation
of P. cembra and P sibirica, despite their presently distinct
distributions. The species-specific chloroplast and mito-
chondrial markers of P. sibirica and P. pumila should help
to trace the hybridization in their overlapping distribution
area and to possibly identify fossil remains with respect to
the still unresolved postglacial recolonization history of
these two species.
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Abstract—Macedonian (Balkan or Roumelian) pine (Pinus peuce
Griseb.) is a five-needle pine native to the Balkan Peninsula,
occupying in Bulgaria an area of 14,223 ha. Genetic investigations
made in Bulgaria include determination of the monoterpene compo-
sition of oleoresins, the delineation of geographic and ecological
races, detailed analysis of progeny tests and other genetic studies.
Many of the natural stands have the status of national parks and
reserves with a total area of 5,250 ha, including 65 seed stands with
an area of 709 ha. In addition, 152 candidate-elite trees have been
selected. Ex situ methods for conservation of the genetic resources
of this species include 40 clones in seed orchards (10 ha), six half-sib
progeny trial plantations (5.6 ha), five provenance trial plantations
(7.2 ha), and a forest seed bank. The indigenous populations of
Macedonian pine in Pirin are a valuable genetic resource available
for the introduction of this species into other countries of Europe,
and also North America and Asia.

Key words: Pinus peuce Griseb., genetic resources, in situ
conservation and ex situ conservation.

Species Distribution

Pinus peuce Griseb. is found only in the Balkan Peninsula,
occurring in some of the high mountains of Bulgaria, Serbia,
Macedonia, Montenegro, Albania and Greece in the range
between 41° and 43° northern latitudes. In Bulgaria, the
natural range of this species consists of two parts separated
by the valley of the Vardar River. The eastern part is in
southwestern Bulgaria and includes Pirin Mountain,
Slavyanka Mountain (Ali Botush), Rila Mountain, the west-
ern Rhodopes, Vitosha Mountain, and the Central Balkan
Range. The western part includes Macedonia, southwestern
Serbia, southeastern Montenegro, eastern Albania, north-
eastern Greece and some spurs of the Dinar Alps, including
Prokletija, Kom, Sekiritsa, Sar, Pelister, Kozhuh, Nidje,
Korab, Rudoka, and Tsena (Dimitrov 1963).

In: Sniezko, Richard A.; Samman, Safiya; Schlarbaum, Scott E.; Kriebel,
Howard B., eds. 2004. Breeding and genetic resources of five-needle pines:
growth, adaptability and pest resistance; 2001 July 23-27; Medford, OR,
USA. IUFRO Working Party 2.02.15. Proceedings RMRS-P-32. Fort Collins,
CO: U.S. Department of Agriculture, Forest Service, Rocky Mountain Re-
search Station.
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Distribution in Bulgaria

The easternmost occurrence of Macedonian pine is in the
Central Balkan Range. The westernmost, which is also the
northernmost population, is on Sekiritsa Mountain, and the
southernmost is in the Pelister, Nidje and Tsena Mountains
(Dimitrov 1963). The areas occupied by the species in Bul-
garia, listed by mountain, are as follows: Pirin 7,175 ha, Rila
6,230 ha, Central Balkan Range 193 ha, Western Rhodopes
170 ha, Vitosha 104 ha and Slavyanka 57 ha. Within these
areas, P. peuce stands are scattered like islands, the most
compact ones being those in the Pirin, Rila, Prokletija and
Pelister Mountains.

There are two complexes of the species on Pirin Mountain,
one in the northeast with an area of 3,775 ha, where the
altitudinal distribution of the trees ranges from 1,600 to
2,200 m, and one in the southwest with an area of 3,400 ha
with an elevation range from 1,700 to 2,200 m.

On Rila Mountain there are three P. peuce complexes, one
in the southern part (1,635 ha in area and 1,700 to 2,000 m
in elevation), one in the central part along the Rilska river
(911 ha and up to 2,100 m elevation), and one in the northern
part (3,684 ha with a 1,600 to 2,100 m range in elevation).

In the Central Balkan Range, two populations separated
by the main ridge have been differentiated, one of 188 ha on
the northern slope, from 1,500 m to 1,900 m elevation, and
the other on the southern slope with an area of 5 ha and from
1,300 m to 1,400 m elevation.

On Slavyanka Mountain, P. peuce occurs in groups and as
solitary trees, while on Vitosha Mountain and in the West-
ern Rhodopes the species occurs mainly in plantations. On
Sredna Gora it occurs only in plantations totalling 88 ha
(Alexandrov 1998).

In 2000, the total wood volume of the 14,223 ha of
Macedonian pine stands in Bulgaria was 4,198 000 m®,
distributed by age class from I (1-20 years) to VIII (141-160
years) and following approximately the normal curve. The
stands of age classes V(81-100 years) and VI (101-120 years)
had the largest area, totalling 6,037 ha (42.5 percent of all
stands) with a growing stock of 2,160 000 m® (51.5 percent of
the total wood volume).

The overall average volume of the Macedonian pine for-
ests in Bulgaria is 295 m3/ha, the average quality class is I1I
(medium) and the rotation period is 160 years (Tsakov 2001).
The average stand volume exceeds that of Picea abies (L.)
Karst and is considerably higher than that of Pinus silvestris
L. (Krastanov 1970).
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Genetic Research

Genetic studies of the Macedonian pine in Bulgaria, which
were performed during the last 10 years, included a seed
stand in each of the following areas, except for the larger
number of stands in the Pirin and Rila regions, as indicated:

1. Pirin (3 Forestry Estates) — 1,900 m altitude, 10 seed
stands

2. Gotse Delchev Forestry Estate — 1,800 m alt.

3. Bansko Forestry Estate—1,700, 1,800, 1,900, 2,000 m alt.

4. Razlog Forestry Estate — 1,700, 1,900, 2,000, 2,100 m
alt.

5. Rila (7 Forestry Estates) — 1,800, 2,000 m alt., 9 seed

stands

. Belitsa Forestry Estate — 1,900 m alt.

. Yakoruda Forestry Estate — 2,000 m alt.

. Rila Monastery Forestry Estate — 1,800 m alt.

. Kostenets Forestry Estate — 1,900 m alt.

10. Samokov Forestry Estate — 1,800 m alt.

11. Doupnitsa Forestry Estate — 1,800, 1,900 m alt.

12. Central Balkan (Ribaritsa Forestry Estate—1,700 m alt.
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Analyses were made of variation in monoterpene compo-
sition and in morphological and physiological characteris-
tics.

Monoterpene Variation

Monoterpene composition was determined from apical
buds, 2-year-old needles, wood samples and bark from 2-year-
old branches collected from representative Macedonian pine
populations in the northern Pirin Mountains, the northern
Rila Mountains and the northern slopes of the Central
Balkan Mountain. Twelve monoterpenes were identified,
eight of them (o-pinene, camphene, B-pinene, A-3-carene,
myrcene, limonene, B-phellandrene and terpinolene) having
relative proportions above 0.5 percent, regardless the origin
of the samples or the investigated tissue. It was shown that
the populations studied differ statistically in their monoter-
pene compositions. This made possible the division of the
Macedonian pine populations from Northern Pirin, Rila and
Central Balkan into separate geographical races based on
the monoterpene composition of the oleoresins (Dobrev 1992).

Variation in Morphological and
Phenological Characteristics

Measurements were made on cones, seeds and seedlings.
On the basis of these results, the Macedonian pine popula-
tion from Southern Pirin could be distinguished as a sepa-
rate geographic race. It was established that the repeatabil-
ity coefficients for these traits, i.e. repeatability in different
areas, are relatively high for the origins from the central
parts of the species natural range in Bulgaria, whereas the
reproductive materials (cones and seeds) from the marginal
parts of the natural range have lower coefficient values
(Dobrev 1995).

With respect to 20 characteristics reflecting the morphol-
ogy of the cones, cone scales, seeds and the sizes, morphology
and phenology of 1-year-old seedlings in half-sib progeny
trials, a phenotypicsimilarity was established between mature
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trees of 13 representative provenances of Macedonian pine
from Pirin, Rila and Central Balkan Range. Based on of the
calculated similarity matrix and the dendrogram of group-
ing pattern of populations from these mountains, the taxo-
nomic distances were shown to be large and not propor-
tional to the geographic distances between them. The
results were comparable with those from preliminary stud-
ies of monoterpenes from sample trees in several P. peuce
populations in Bulgaria (Dobrev 1996).

Identification of Geographic/Ecological
Races

From analysis of 44 morphological, growth, phenological
and chemical traits characterizing the populations of
Macedonian pine and their progenies, it was possible to
distinguish five geographic and ecological races of this spe-
cies in Bulgaria, as follows: Central Balkan, Rila, Southern
Pirin, and Northern Pirin (where one middle mountain and
one high mountain ecotype could be separated).

In an evaluation of growth rate differences, as determined
from total tree height, statistically significant differences
(p = <0.01) were found among six-year-old families from 13
Bulgarian seed sources in five half-sib progeny trials distrib-
uted over a diversity of sites. Test locations included Stara
Reka Forestry Estate at 1000 m elevation, Sliven Forestry
Estate at 1000 m elevation, Yakoruda Forestry Estate at
1450 m elevation, Belitsa Forestry Estate at 1650 m eleva-
tion and Kostenets Forestry Estate at 1850 m elevation
Family heritability estimates for height growth were statis-
tically significant, varying with site from 0.220 to 0.574
(Dobrev 1998).

A 10th-year evaluation of these 13 progenies growing in
four of these locations (excluding Kostenets) showed that the
fastest-growing trees came from the Northern Pirin region
at 1,900 m elevation. This population was consistently
superior in growth in different tests at elevations from 1,000
to 1,450 m.

Genetic Considerations in Reforestation
and Afforestation

Macedonian pine is one of the species most suitable for
restoring the upper forest zone below the tree limit, which,
in many mountains, has been moved down as a result of
human interference. The trial plantations of P. peuce, which
have been successfully established in the high parts of the
mountains, provide a reason for expanding these plantings.
However, satisfactory growth is possible only if transfer of
genotypesis fromlower to higher altitudes, with a maximum
vertical seed transfer distance of 300 m (Alexandrov 1998).

Conservation of Genetic
Material

In situ Conservation

National parks, nature parks, reserves, seed stands and
plustrees providein situ conservation of genetic resources of
Macedonian pine. The total area of the natural forests,
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which are included in Pirin, Rila and Central Balkan Na-
tional Parks and Bayuvi Dupki — Djindjiritsa, Yulen,
Rilomanastirska Gora, Parangalitsa, Ibar, Tsarichina and
Central Rila Reserves, amounts to 5,250 ha. The gene pool
of this species as a whole is preserved through the genetic
diversity inherent in these different ecological regions.
The preservation of gene resources in permanent seed
stands provides the basis for implementing a breeding
programme. There are 65 P. peuce seed stands in Bulgaria,
totalling 709 ha, or approximately five percent of the
Macedonian pine forests. These seed stands are sufficient to
meet anticipated needs for the species (Alexandrov 2000). In
addition, the 152 candidate-elite Macedonian pine trees
showing phenotypically superior growth, form and resis-
tance (trees showing no damage from insects and diseases)
have been selected by the Forest Seed Testing Stations in
Sofia and Plovdiv. This in situ selection in natural stands
provides a base of information and material for future
genetic investigations, breeding improvement and greater
utilization of P. peuce for reforestation and afforestation.

Ex situ Conservation

The genetic resources of Macedonian pine are also being
preserved ex situ in Bulgaria through provenance testing
plantations, progeny trial plantations, seed orchards and
gene banks for seeds. Provenance trials at ages of 28-31
years include plantations on Rila Mountain at 2,050 m, the
Western Balkan Range at 1,650 m and 1,700 m, and the
Rhodopes at 2,050 m and 2,100 m, with a total area of 7.2 ha
(Dakov and others 1980).

There are six half-sib progeny trial plantations, age 12 at
the time of writing of this paper, distributed in various parts
of the species range at elevations from 1,000 to 1,850 m. In
all, 170 half-sib families from 13 provenances are being
tested in these plantations on a total of 5.6 ha.

A 32-year-old, 10 ha clonal seed orchard in the Western
Rhodopes (1450 m elevation) includes 40 clones (Bogdanov
1970).

USDA Forest Service Proceedings RMRS-P-32. 2004
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Assessing the relative advantages of in situ and ex situ
conservation of the genetic resources of Macedonian pine,
the first seems to be a more reliable method for Bulgaria,
because of the growth and health of the species under a
diversity of ecological conditions. Our results indicate
that the native populations of Macedonian pine in Pirin
are an especially valuable genetic resource for the intro-
duction of this species into many countries of the North-
ern Hemisphere.
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Abstract—Pinus sibirica Du Tour, P. pumila (Pall.) Regel and P.
koraiensis Sieb. et Zucc. are primarily located in Russia and occupy
about 36.69, 38.30 and 2.87 million ha in the Asian part of Russia,
respectively. These species, together with P. strobus L., P. peuce
Gris., P. cembra L. and P. monticola Doug. ex D. Don, have been
introduced in the European part of Russia. In all genetic tests P.
strobus was found to have a high growth rate, but it was severely
affected by white pine blister rust (Cronartium ribicola J.C. Fisch.).
An intensive breeding program that would incorporate disease
resistance genes from P. peuce is suggested to address this problem.
P. sibirica isresistant toblister rust and has highly nutritious edible
seeds and, thereby, is considered the most promising five-needle
pine species for propagation in the European part of Russia. Its
disease resistance and high intrapopulation variation in reproduc-
tive and growth traits provide a good basis for selecting new
varieties. More than 2,500 plus trees have been selected throughout
the entire P. sibirica area, and 6,100 ha of genetic reserves have
been established. Growth traits of 12 to 32 year old plantations were
studied on six common garden test sites in Siberia and on three sites
in the European part of Russia. Seed sources that exhibited opti-
mum growth were from the Altai and Sayan Mountains in southern
Siberia and the southern taiga in western Siberia and are consid-
ered to contain the most valuable gene pool. Progeny from northern
and sub-alpine populations had growth rates 20-40 percent lower
than average, and progeny from transitional sub-zones and eleva-
tions had intermediate growth rates. There was no significant east-
to-west difference in the growth rate. The similarity in growth traits
corresponds well with the relatively low interpopulation differen-
tiation demonstrated by isozyme data. The existing network of
common garden tests of P. sibirica is insufficient for complete
characterization of the gene pool and revision of existing seed zones.
Certain adjustments, such as merging of some seed zones, can be
suggested.

Key words: Pinus, P. sibirica, P. koraiensis, P. pumila, P. strobus
five-needle pines, stone pines, introduction, breeding,
Russia
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Background

Three species of five-needle pines (Pinus L. subsection
Cembrae Loudon) are naturally distributed in Russia: Pinus
sibirica Du Tour, P. koraiensis Sieb. et Zucc. and P. pumila
(Pall.) Regel. Each species has distinctive morphological,
genetic, and, sometimes, biological traits and are adapted to
specific ecological niches. P. sibirica naturally occurs in
areas with a humid continental climate: northeastern Euro-
pean Russia, the Urals Mountains, Western Siberia taiga,
and the northern macroslopes of mountains in southern
Siberia and Transbaikalia. In these forests P. sibirica occu-
pies a total area of 36.69 million ha. Forests containing P.
koraiensis occupy a much smaller area (2.87 million ha) and
occur in amonsoon climate, predominantly in the Primorskii
territory and the southern part of the Chabarovskii terri-
tory. Thickets formed by P. pumila occupy a total area of 38.3
million ha and arelocated in the cold climate zones of eastern
Siberia and the Far East. This species is usually found in
localities characterized by a high level of snow cover.

Total stem volumes for P. sibirica and P. koraiensis are
estimated as 7.4 billion m®. Total stem volume of P. pumila
is estimated at 1.1 billion m®. Specific traits of these Russian
five-needle pines, site descriptions, and relationships with
other forest tree species have been reviewed in numerous
publications (Tikhomirov 1949; Iroshnikov 1974; Pravdin
and Iroshnikov 1982; Krilov and others 1983; Semechkin
and others 1985; Kolesnikov 1954, 1966).

Under optimal site conditions, the high productivity of P.
sibirica and P. koraiensis stands resulted in clearcutting of
many large and valuable stone pine forests between the
1930s and the 1980s. Forests in the Altai, Western Sayan,
and Sikhote-Alin Mountains, southern taiga in Western
Siberia, and lower Amur basin were subjected to intensive
exploitation. The cutting of these forests caused widespread
changes in species composition, soil erosion, and declines in
harvests of stone pine seeds (= nuts) and commercial fur
hunting. Due to public efforts, stone pine forests were
recognized for their exceptional environmental values and
have been protected in Russia since 1989. Clearcutting was
prohibited, and management of these forests has since been
oriented to provide multiple values. Intensive reforestation
efforts for these species have occurred including introduc-
tion in regions outside the respective natural ranges.

Early efforts in the breeding and introduction of native
and exotic Pinus section Strobus species and other economi-
cally valuable conifers in the former Soviet Union occurred
in the 1920s through 1950s (Kern 1934; Georgievski 1931,
1941; Nesterov 1935; Pogrebnjak 1938; Eitingen 1938, 1946;
Tikhomirov 1949; Grozdov 1952; Girgidov 1955). Specific
studies evaluated the acclimatization of different species in

USDA Forest Service Proceedings RMRS-P-32. 2004



Five-Needle Pines in Russia: Introduction and Breeding

different environments (Sukachev 1922; Maleev 1933; Gurski
1957). Throughout the 1960s through 1980s, several impor-
tant studies evaluated the introduction of coniferous species
in botanical gardens, arboreta, experimental forests, and
private estates during second half of 1800s (Shin 1961,
Vekhov and Vekhov 1962; Timofeev 1965; Maurin 1970;
Shkutko 1970; Mashkin 1971; Nekrasov 1980; Redko and
Fedorov 1982; Ignatenko 1988; Logginov 1988; Plotnikova
1988; Lapin 1971). Unfortunately, these materials were
often of unknown geographic origin, which limited the value
of the studies’ conclusions.

In the 1960s and 1970s, broad-scale experimental studies
on the introduction and breeding of prospective conifer
species were undertaken by the Institute of Forestry in the
Siberian Branch of the Russian Academy of Sciences, All-
Union Research Association “Soyuzlesselektsia,” and Mos-
cow State Forest University. These studies were designed to:
(1) review results from past plantings and the current state
of introductions of section Strobus, subsection Strobi pines
to Russia; and (2) evaluate introduction and breeding ex-
periments on P. sibirica conducted in different regions of
Russia.

Introduction of Subsection Strobi
Species

Four of the 17 pine species classified in subsection Strobi,
P. flexilis James, P. monticola Douglas ex D. Don, P. peuce
Grisebach and P. strobus L., have been introduced, over
time, into arboreta and botanical gardens in European
Russia. Among these species, P. flexilis and P. monticola
were found to be unfit for planting in Russia and are not
widely distributed. Since the early 19" century, most intro-
duction efforts were of P. strobus, initially as ornamental
tree and later as a forest tree that could rapidly produce high
quality wood. Between 1860 and 1890, P. strobus was planted
in the Baranovichi forest management unit of Byelorussia
(Shkutko 1970), Forest Experimental Station of Petrovsko-
Razumovski Academy of Agroforestry in Moscow region
(Nesterov 1935; Eitingen 1938, 1946), and in Shatilov’s
estate (now the Mokhovskoi forest management unit of
Orlovskaia region) (Pankov and others 2000; Kapper 1954).
P. strobus was widely planted in Byelorussia, Latvia,
Lithuania, Ukraine and several regions of Russia in the late
1800s and early 1900s (Grozdov 1952; Girgidov 1955; Shin
1961; Sevalnev 1966; Fedoruk 1969, 1980; Maurin 1970;
Shkutko 1970; Redko and Fedorov 1982; Usachev 1983;
Sirotkin and Gvozdev 1987; Logginov 1988; Kapper 1954).
Later in the 20" century, the species was evaluated in
Kazakhstan (Rubanik 1974), the Far East (Samoilova 1972),
Georgia, the northern Caucasus Mountains (Holjavko 1981),
and Estonia (Kasesalu 2000).

Recommendations for the introduction of P. strobus have
been adjusted in recent years, as new information on produc-
tivity and disease resistance was accumulated for different
vegetation zones of the former USSR. Initially, it was recom-
mended that the species be planted in forests, steppe-
forests, and the northern part of steppe zones eastwards up
to the Yenissey River. These recommendations were altered
to advise planting of P. strobus in the following regions:
northwestern Ukraine, southern Moscow region, Kurskaia,
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Voronezhskaia, Orlovskaia, Belgorodskaia, Lipetskaia,
Tambovskaia, western Saratovskaia region, and the Repub-
lic of Moldova. It was specified that P. strobus should be
planted only in areas where the species would be higher in
growth and value than P. sylvestris L.

It is noteworthy that Byelorussia, Latvia, Lithuania,
Estonia and the northwestern regions of Russia were not
designated for planting P. strobus. These regions have a
relatively wetter climate where extensive blister rust
(Cronartium ribicola J.C. Fisch) infection has been observed
in both pure and mixed stands of P. strobus at different ages
(Nesterov 1935; Eitingen 1946; Girgidov 1955; Maurin 1970;
Shkutko 1970; Grozdova 1975; Potapova 1984; Kasesalu
2000). However, there are environments in these regions
where P. strobus can be successfully grown. In Byelorussia,
stands with different levels of tolerance to this pathogen
have been noted (Shkutko 1970; Fedoruk 1980; Sirotkin and
Gvozdev 1987). In the central Chernozem regions of Russia
(Kurskaia, Voronezhskaia, Orlovskaia, Belgorodskaia,
Lipetskaia, Tambovskaia), blister rust causes only minor
damage to P. strobus (Shin 1961; Pismenni 1967; Kapper
1954). P. strobus plantings in the Ukrainian steppe zone are
rarely attacked by blister rust (Logginov 1988). Pismenni
(1967) concluded that the threat of C. ribicola to P. strobus
plantations is largely overestimated, based on observations
of 30 plantings established throughout European part of the
former USSR. Despite the wide distribution of alternate
hosts — black currant (Ribes nigrum L.) and gooseberry
(Grossularia Mill.) — in this area, Pismenni concluded that
there was a higher degree of damage associated with soil pH,
relative air humidity (at 1 p.m.), mean air temperature, and
number of days with cloudy weather in August in the regions
of growing than with proximity of alternate hosts (table 1).
Additionally, Pismenni found that stands with faster grow-
ing trees and a higher productivity class were more suscep-
tible to the pathogen. There are some problems, however,
with Pismenni’s (1967) conclusions. Pismenni was not aware
that diseased trees had been removed in sanitation cuttings
and that there were well-known cases of extensive blister
rust infections (especially on thin sandy soils) and even
mortality in some of the plantations (Nesterov 1935; Grozdov
1952; Kapper 1954).

Valuable information on the intensity and dynamics of P.
strobus mortality due to blister rust has been obtained from
long-term observations (1880 to 1920) on P. sylvestris L.
plantations established at the Forest Experimental Station
in the vicinity of Moscow (Nesterov 1935, Eitingen 1946).
These studies revealed extensive damage of Scots pine in
several regions of Russia (Rudzski 1874, Sobichevski 1875).
Long-term (130 plus years) investigations of the dynamics of
Scots pine populations, in different parts of the natural
range, showed populations with a high incidence of
Peridermium pini (Pers.) Lev., and Cronartium flaccidum
(Alb. et Schw.) Wint. had periodic epidemics caused by these
pathogensin association with solar activity. The studies also
revealed different types of interactions between the patho-
gen and trees, the influence of growth conditions on the
metabolism of each organism, and respective levels of tree
resistance and pathogen virulence. These studies suggested
a similar mode of interaction between the host-pathogen
pair of P. strobus and C. ribicola. Definitive conclusions,
however, can not be made as P. strobus — C. ribicola interac-
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Table 1—Damage of P. strobus stands by white pine blister rust Cronartium ribicola (Cr.r%) in regions differing by air humidity (W, %), mean
air temperature (T, °C) and percentage of cloudy days (V,%) in August (Pismenni 1967)

Location of plantations: republic, region (forest management unit) Age, years Cr.r, % W,% T°C V,%
Lithuania (Valkinskii, Smalininskii) 48; 45 14; 24 68 15 55
Byelorussia (Bobruiskii, Uzdenskii, Prilukskaia Dacha) 50; 56; 48 14;12; 8 65 16 55
Ukraine, Sumskaia (Trostianetskii) 69; 52; 28 6;4;1 55 16.4 40
Russia, Orlovskaia (Mokhovskoi) 10; 28; 80 0;6;9 54 17 39
«-», Lipetskaia (LOSS, Leninskii) 28; 28 3.2;1 54; 52 17.2 39
«-», Kurskaia (Rylskii) 16; 54; 54 0;1;15 52 17.2 39
«-», Penzenskaia (Yursovskii) 67 0,5 51 17.6 38
«-», Voronezhskaia (Vorontsovskii, Savalskii) 30; 32 0 50 18;18.2 38
Moldova (Kalarashskii) 24 0 49 19 30

tions have been viewed for only a relatively short time in
Russia, and there is a lack of comparative studies of homog-
enous progeny over different sites. In addition, Minkevich’s
(1986) observations on the lack of correlation between solar
activity and C. ribicola outbreaks in Europe (r=0.09+0.18)
over a 31-year period suggests a different interaction be-
tween P. strobus — C. ribicola than P. sylvestris and its
pathogens.

The low resistance of P. strobus plantations to C. ribicola
in different regions of the former USSR stimulated selection
ofindividuals resistant to the pathogen and the introduction
of P. peuce Grisebach, as a species highly tolerant to blister

rust (Eitingen 1946; Grozdov 1952; Maurin 1970; Shkutko
1970). However, the limited availability of seeds of this
Balkan species has prevented widespread field testing.

Tables 2 and 3 present growth data of different subsection
Strobi species in plantations throughout the country. Plan-
tations older than 20 to 30 years are reviewed; that is, those
that have reached the “critical age when fitness of exotics at
particular conditions is finally elucidating” (Maleev 1933, p.
108).

Toward the end of the 20" century, the total area occupied
by P. strobus plantations reached 259 ha (Beloborodov and
others 1992). Some stands were 60 to 120 years old, highly

Table 2—Growth indices of some five-needle pine species in the points of their introduction in Russia.
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Age Height, Diameter,
Region year m cm Source
Pinus peuce
Moscow. LOD MSHA 53 19 28 Eitingen, 1946
Moscow. lvanteevka 33 9.8 13 Grozdova, 1975
Lipetsk. LOSS 31 11 15 Kuzmin, 1969
Orjol. Mokhovoe 70-80 22-24 40-46 Vekhov, Vekhov, 1962
Orjol. Shestakovo 75-80 26 50 Mashkin, 1971
P. flexilis
Lipetsk. LOSS 442 14.2 31 Vekhov, Vekhov, 1962; Kuzmin, 1969
P. monticola
Lipetsk. LOSS 402 11.4 26.8 Kuzmin, 1969
P. koraiensis
Altai. G.-Altaisk 32 6-10 11-15 Luchnik, 1970
Lipetsk. LOSS 40 9.4 20.2 Kuzmin, 1969
Mari. loshkar Ola 30 7-8 10-12 Alimbek, 1991
Moskow. lvanteevka 35-38 6-8 6-9.5 Yablokov, Dokuchaeva, 1976
P. cembra
Lipetsk. LOSS 30 5.4 8 Vekhov, Vekhov, 1962
Moscow. Chlebnikovo 80 16.6 25.5 Ignatenko, 1988
Smolensk. Dugino 35 11 6 Grozdov, 1952
P. pumila
Altai. G.-Altajsk 30 3-4 2-6 Luchnik, 1970
Lipetsk. LOSS 36 3.3 b Kuzmin, 1969

aVery sensitive to fungal disease Cronartium ribicola

PNot measured
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Table 3—Growth indices of Pinus strobus artificial stands on the territory of the former USSR.

Number  Growing
Republic Age, Height Diameter  of trees stock,
region year m cm per ha m-3/ha Source
The Ukraine
Ivano-Frankovsk 70 30.5 37.6 700 960 Usachev, 1983
Trans-Carpathians 68 38.5 35.3 633 915 o
Right-bank forest steppe 60 27 28 -2 570 Logginov, 1988
Byelorussia
Brest 54 25 42.2 429 650 Usachev, 1983
Minsk, Uzdenski 66° 25.5 325 550 386 Shkutko, 1970
Latvia
Shkedovskoe 70° 23.9 39.7 - 348 Maurin, 1970
Skriverskaya 70° 24 36.8 - 360 o
Lithuania 60 25 40 - - Jankauskas, 1969
Estonia
Agali arboretum 33° 16.6 22 900 282 Kasesalu, 2000
Kazakhstan
Alma-Ata 23° 5 7 - - Rubanik, 1974
Russia
Bryansk 84 22.3 23.1 940 468 Smirnova, 1997
Kaliningrad, Nagornoe 67 29.8 37.2 699 1199 Redko, Fedorov, 1982
Kaliningrad, Novo- 93 29.3 41.8 294 630 -
Bobruyskoe
Kursk, Rilsky 55 22 18 - 250 Sevalnev, 1966
Leningrad, Viborgsky 45P 14.9 26 - - Girgidov, 1955
Lipetsk, LOSS 41 15.6 37 - - Kuzmin, 1969
Moskow, LOD MSHA 47° 16.5 20 - - Eitingen, 1946
vo- 45P 14 14 - - Timofeev, 1965
Moskow, Ivanteevka 40P 155 19.2 - - Grozdova, 1975
Orjol, Mokhovoe 125 314 35.2 103 383 Pankov et al., 2000
Penza 67 18.4 28 750 425 Usachev, 1983
Voronezh 40 18 28 - - Dorofeeva, Sinitsin, 1996

aNot measured
bVery sensitive to fungal disease Cronartium ribicola

productive, free from blister rust, and produced large seed
yields with high quality (Kapper 1954; Maurin 1970). In
order to conserve gene pools and create a permanent seed
base of P. strobus in the USSR, a gene reserve (1.6 ha), plus
stands (5 ha), 180 plus trees, 17 ha of permanent seed
orchards, and 2.5 ha of clonal plantations were established
in the early 1990s (Beloborodov and others 1992). In addi-
tion experiments on hybridization of this species with P.
wallichiana A.B. Jackson and P. ayacahuite Ehrenberg ex
Schlechtendahl, were initiated in the Ukraine, and 11 can-
didates for varieties were selected (Patlaj and others 1994).
Currently, a spontaneous hybrid between P. wallichiana
and P. strobus is under observation at the Sochi Arboretum,
Institute of Mountain Forestry and Ecology in the northern
Caucasus Mountains. The hybrid tree measured 23 m in
height and 42 cm in diameter at the age of 39 years (Soltani
2001).

Genetic plantings and orchards of P. strobus have been
established at different locations. Since the 1980s, the Re-
search Institute of Forest Genetics and Breedingin Voronezh
has been evaluating seed and clonal progenies of plus and
phenotypically superior P. strobus trees selected in old
plantations in three forests from the Kaliningrad region,
Borskoie forests of Voronezh Natural State Reserve,
Glushkovskoie forests of Lipetskaia region, and Mokhovskoie
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forests of Orlovskaia region (Beloborodov and others 1993,
1994). Testing of 29 families was initiated in 1984ina 1.2 ha
area within the Homutovskoie forest, and 96 families were
established in 3.8 ha planting at Mezen Pedagogical College
in Orlovskaia region in 1986 and 1987. An additional 33
families are being evaluated in a 1.2 ha planting that was
established in 1989 in the Davydovskoie forest (Voronezh
area). An archive (0.7 ha) of 41 clones was established in the
Gremyachenskoie forest within the Voronezhskaia region,
and a clonal seed orchard consisting of 25 plus trees (1.4 ha)
has been established in Zagon forest (Smolenskaia region).

The 10 year-old results of these progeny testing experi-
ments have shown superior growth of eight families from
the Mokhovskoie and Glushkovskoye forests, while prog-
enies from Kaliningradskaia region and Voronezh State
Reserve show significant variability in growth rate. Only 25
percent of the tested families have shown resistance to
white pine blister rust (Beloborodov and others 1993,
1994). Further studies of these plantations and clonal
archives indicate that the stands become more susceptible
to blister rust with advancing age. At age 16, only 7.7
percent of families and 36 percent of clones were free from
blister rust. In some families, all trees are infected, and up
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to 67 percent of the ramets were susceptible in the clonal
plantings (Shirnina and Beloborodov 1999).

A blister rust resistance study on subsection Strobi spe-
cies was conducted by Bsaibes (2000) in northwest Russia
(St. Petersburg and Leningradskaia region) and in Central-
Chernozem regions. This study confirmed the high resis-
tance of P. peuce to C. ribicola and the extremely high
susceptibility of P. monticola and P. strobus to the pathogen.
To ensure resistance of P. strobus, Arefiev and Bsaibes
(2000) recommended combining selection of resistant prov-
enances and progenies with site selection and silvicultural
practices to form plantations with a genetic composition and
environmental conditions not favorable for the pathogen. To
some extent, these plantations represent a synthesis of
earlier recommendations (Maleev 1933; Nesterov 1935) but
do not assume blister rust resistance through interspecific
hybridization, which was shown to be effective in the case of
P. strobus and P. peuce in Romania (Blada 1994, 2000a,b), or
inoculation with pathogen spores at early stages of pine
ontogenesis that became a common practice in North America
(McDonald and Hoff 2001).

Strategies for establishment of future P. strobus planta-
tions will benefit from knowledge of the modes and mecha-
nisms for coadaptation of P. strobus and C. ribicola (Millar
and Kinloch 1991). Understanding host-blister rust interac-
tions in spatially and temporarily heterogeneous environ-
ments will provide a significant contribution to the theory
and practice of species introduction, as well as to forecasting
and development of preventive measures for decreasing the
negative effects of pathogen epidemics.

Introduction of Stone Pines,
Subsection Cembrae Loudon

Stone pines with all uncertainty about their phylogeny
and taxonomy have always been attractive objects for
botanists and foresters. Concern about protection of P.
sibirica stands against fire and unwarranted clear-cutting is
reflected in early publications, such as before the 19" cen-
tury, which also discussed their diversity and biological, and
aesthetical resources (Pallas 1786; Dmitriev 1818). In the
19 century, data on testing of stone pines in botanical
gardens, arboreta, and various experiment stations
(Lisinskoie forest near St. Petersburg and the Petrovsko-
Pazumoskaia Forest Station in Moscow) stimulated a broader
introduction of Siberian stone pine in parks and orchards in
European Russia. These plantings were studied to evaluate
species variability and ecology (Gomilevski 1909). At the
same time, there was a shift from seed collections in natural
stands in remote taiga regions to seed production and
collection in seed orchards formed from progenies of highly
productive trees of foothill (low mountain) populations in
optimal growth conditions (Barishentsev 1917).

Numerous publications and documents have been focused
on broad-scale popularization of seed production in seed
orchards(Georgievski 1932; Vekhovand Vekhov 1962; Yablokov
1962; Nekrasov and Tvelenev 1970; Shkutko 1970; Potapova
and Potapova 1984; Ignatenko 1988; Usmanov and Korolkova
1997; Drozdov and Drozdov 2002; Titov 1999; Iroshnikov and
Titov 2000). Anumber of methods have been developed for seed
and vegetative reproduction of stone pines.
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The limited number and area occupied by old plantations
of P. sibirica in European Russia, as well as the unexplained
mortality of 55 to 68 year-old stands in Lisino and Petrovsko-
Razumovskaya Experiment Station has hindered planting
of the species outside of its native range. Establishment of P.
sibirica plantings also would be hindered by competitive
ability in sites outside of the native range. Comparison of
growth between 22 and 32 year-old stone pines with local
forest tree species in common garden tests in the
Leningradskaia region (forest-steppe site), Moscow region
(subtaiga site), and Yaroslavskaia region (foothill site) has
shown inferior growth of P. sibirica by 20 to 40 percent
(Iroshnikov 2000).

The results discussed above as well as data from subse-
quent studies (summarized in tables 4 and 5) show that
there is substantial interspecific variationin P. sibirica. The
tests show that the best growing seed sources are from low
and middle mountain belts in the south Siberia mountain
ridges and the sub-taiga and southern taiga zones in west-
ern Siberia. Progenies from northern and subalpine regions
had growth rates 20 to 30 percent lower. Meridian (west-
east) differences in origin within corresponding zonal and
altitudinal complexes of stone pine forests had little effect on
growth of progenies.

Common garden and test plantations of P. sibirica have
been established in different vegetation zones, as well as a
study of variation in natural populations of P. sibirica
(Iroshnikov 1974). These tests confirmed the high variabil-
ity of the species and also revealed unique morphological
tree forms and variation in reproductive processes. Significant
variation was detected in needle size, shape, and position on
shoots, duration of juvenile phase, long-term dynamics of
macrostrobili formation, macrostrobili maturation dates, and
in premature ripening of cones within the first year after
“flowering” with formation of 40 to 60 percent of unsound
seeds.

Investigations on natural populations of P. sibirica have
been limited to Altai and Sayan Mountains and do not allow
conclusions about the distribution of blister rust across the
species range. Lebkova (1964, 1967) found a high frequency
of Cronartium species, including C. ribicola in a 10 to 15
year-old stone pine understory in the subalpine and middle
mountain zone in the western Sayan Mountains and the
northeastern Altai Mountains. Tovkach (1968) also reported
severe damage to the P. sibirica understory by C. ribicola
(up to 36 percent of trees) in the eastern Sayan Mountains
(Nizhneudinskii forest management unit of Irkutskaia re-
gion). Ulcerous cankers putatively caused by Biatoridinia
pinastri Colov. et Stzedr. were also detected in the P. sibirica
understory in the Shestakovskii and Kyrenskii forest man-
agement units of the Irkutskaia region (Osipova 1968).

The only P. sibirica common garden study damaged by C.
ribicola was in the Dmitrovskii forest management unit in
the the Moscow region (table 5). Aeciospores were detected
in 1993 and 2001 on seedlings of 17 of the 24 families.
Approximately 2 to 11 percent of the trees were infected.
After 40 years of observation, C. ribicola damage was rarely
detected in Siberian plantations or the seed orchards and tests
planted at the Yemelyanovskii, Ermakovskii and Uzhurskii
forest management units of the Krasnoyarskii territory.

The introduction of P. cembra and P. sibirica occurred in
the 19 century in botanical gardens in the Ukraine, Latvia,
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Table 4—Growth indices of 37-year-old descendants of Siberian pine of various origins in
Krasnoyarsk forest-steppe (Emelyanovsky Forest of Krasnoyarskii Territoty). (Iroshnikov

Al).
Origin of seeds Height Diameter
Forest Altitude above sea % of
Region management unit level, m, zone cm control cm

E. Kazakhstan Leninogorsky 1200-1500 731£37 83 8.3+0.9
Altai G.-Altajsky 1200-1500 712455 81 8.7+0.8
Kemerovo Kuzedeevsky 300-700 930+27 106 11.8+0.8
Myskovsky 1000-1300 85640 98 9.9+0.9

Tisuljsky 700-1000 897+17 102 10.6£0.4

Mariinsky subtaiga 876+24 100 10.0+£0.6

Yurginsky subtaiga 875+19 100 10.3+0.6

Khakasia Tashtypsky 900-1000 931+14 106 10.9+0.4
Birikchuljsky 1000-1300 885+17 101 11.9+0.6

Balyksinsky 900-1000 877+38 100 9.4+0.6

Khakassky 900-1000 900+14 103 11.4+0.4

Oktyabrsky 1100-1300 822126 94 12.6£1.1

Sonsky 1100-1400 891+23 102 12.6+1.2

Krasnoyarsk Ermakovsky 400-500 877157 100 13.1+£1.3
Tem 1500-1600 594453 68 7.8+1.3

Irkutsk Cheremkhovsky 1200-1300 893+24 102 10.8+0.7
Ikejsky 900-1000 932433 106 13.74£0.8

Slyudyansky 600-900 930429 106 11.8+0.8

Oljkhonsky 1000-1300 768122 88 10.3+0.6

Buryatia Zakamensky 1100-1300 800+19 91 12.5+0.6
Dzhidinsky 1300-1400 809+21 92 13.4+0.9

Chita Kr.-Chikojsky 900-1100 807+40 92 11.4+1.1
Khiloksky 900-1100 888+20 101 10.9+0.4

Table 5—Indices of growth and damage with Cronartium ribicola of Siberian and Korean pine geographic cultures in
Dimitrovsky Forest in Moscow Region (Iroshnikov and Tvelenev 2002).

Origin of seeds Height?
Forest Latitude/longitude % of Diameter,?
Region management unit °N °E cm control mm Stem rust®, %
Siberian pine
Komi Troitsko-Pechersky 63 57 522116 71 99+4 8.9
Sverdlovsk Novo-Lyalinsky 59 60 533+18 68 11045 0.0
N.-Tagiljsky 58 60 572+17 73 125+4 0.0
Tomsk Tymsky 60 80 651+18 84 123+5 2.4
Chainsky 58 83 671+18 86 118+4 0.0
Shegarsky 57 84 644122 83 11947 3.2
Zyryansky 57 86 705+18 90 14145 2.4
Tver Kalininsky 57 36 605+16 78 11845 11.1
Elevation above Sea Level, m
Altai Baygolsky 1300-1800 655+17 84 12447 2.3
Kyga 430 779124 100 14616 0.0
R 1250 730+20 94 150+6 21
B 1500 635+16 82 12945 24
Krasnoyarsk Shushensky 550 745126 96 1468 0.0
R 800 816+18 105 170t4 24
R 1300 621+16 80 11345 0.0
Irkutsk Slyudyansky 1000 722+13 93 160£3 2.0
Buryatia Dzhidinsky 1000 612+19 79 11545 0.0
Bichursky 1000 678116 87 146+4 5.1
Korean pine °N °E
Khabarovsk Bikinsky a7 134 804423 103 159+8 0.0

aAt 32-year age (2001)
PAt 30-year age (1999)
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Lithuania, and Central-Chernozem regions of Russia (table
2). Due to lack of information about geographic origin,
combined data on the state of these stands has been often
presentedin literature (Maurin 1970; Shkutko 1970; Fedoruk
1980). Plantations established in Khlebnikovskii Park near
Moscowin 19 century (described by Ignatenko as P. sibirica),
evidently originated from seeds obtained from the Balkans,
as the planting also contains several Abies alba Mill. trees
and three cone-bearing Pinus peuce individuals. Single trees
were observed to be infected by C. ribicola, although natural
stands of P. cembra in eastern Carpathia have been reported
tobe highly resistant to pathogens up to age 400 to 500 years
(Smagljuk 1969).

Progenies of two P. cembra clones originating from the
Carpathians were planted in the forest-steppe zone in
Krasnoyarsk territory. Testing of 40-year-old clones grafted
in 1963 onto P. sylvestris stocks showed the same growth
characteristics as even-aged P. sibirica grafts originating
from the western Sayan Mountains and bore few cones
(10 to 50 per tree). Grafts of two other Carpathian clones
(20 to 28 years-old) planted in the Dmitrovskii forest man-
agement unit (Moscow region) are characterized by exclu-
sively high level of micro- and macrostrobili formation, up to
300 to 500 per each tree with a well-developed crown.

P. koraiensis was introduced in Russia after P. sibirica
and P. cembra. In many regions of European Russia, Korean
pine grows quickly during the first few decades (table 2) and
has early formation of female cones (macrostrobili). For
instance, in the Dmitrovskii forest management unit, 32
year-old plantations originating from seeds (brought from
the Khabarovskii territory) grew as fast as the best P.
sibirica stands (table 5). However, some trees were infected
by C. ribicola. Azbukina (1974, 1984) describes white pine
blister rust outbreaks across the whole Korean pine range.
Additional studies are required to evaluate the different
perspectives of broad-scale introduction of this species in
Russia.

Dwarf Siberian Pine

P. pumila is relatively rare in botanical gardens and
arboreta. Tikhomirov (1949) concludes that cultivation is
possible, as there has been successful cultivation in the
subalpine zone of in the Urals and at other locations. How-
ever, the species has been somewhat ignored due to a
comparatively low economic value. Semechkin and
Semechkina (1964) concluded that P. pumila is sensitive to
mechanical squeezing when planted in loamy and loose
soils, and sown seeds are often destroyed by rodents and
nutcrackers (Nucifraga caryocatactes L.). In our (A. L
Iroshnikov) experiments in the western Sayan foothills, P.
pumila did not survive longer than 15 years. Low survival of
this species was also observed in Khakasia (Likhovid 1994)
and in the Lipetsk region (Vekhov and Vekhov 1962). Addi-
tionally, grafts of P. pumila to P. sylvestris and to P. sibirica
at the Dmitrovskii forest management unit did not survive
past 20 to 25 years.

Susceptibility to blister rust is another factor that should
be considered when planting P. pumila. Azbukina (1974,
1984) observed intense blister rust damage of P. pumila in
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the Far East. A subsequent study (Azbukina and others
1999) demonstrated that Cronartium kamtschaticum Joerst.,
which had been described as a pathogen of P. pumila, is
really C. ribicola.

In conclusion, it appears that successful introduction of
P. pumila, as well as other stone pines, is largely dependent
of number and origin of individuals. Genetic differentiation
within the range of pines of subsection Cembrae is reviewed
in this volume (Politov and Krutovskii, this proceedings).

Conclusions

Effectiveness of using exotic woody plants for increasing
forest biodiversity, productivity, quality and sustainability
to biotic and abiotic factors depends on genotype, adaptive
potential, and competitiveness. Approximately 200 years
of studiesin Russia suggest that the success of an introduced
species can be evaluated only through long-term testing of
progenies representing a broad spectrum of provenances
and tested in different ecological conditions. Information from
such studies increases when more genotypes are involved.

Pinus sibirica progeny tests established in diverse ecologi-
cal conditions, inside and outside the species’ natural range,
have revealed intra- and interpopulation diversity, high
breeding potential, and have helped to specify a geographic
zone that is optimal for P. sibirica growth with maximal
genetic variation. Long-term experiments with P. sibirica
and P. strobus have allowed for development of current
forest seed zone recommendations for P. sibirica (in 1982)
and help direct the planting program for introduction of
P. strobus.

To increase successful introduction of exotic five-needle
pine species requires the development of international col-
laboration, coordination of corresponding studies within
Russia, wider publication of results in peer-reviewed jour-
nals and monographs, maintenance of available and estab-
lishment of new experimental objects, and in situ and ex situ
conservation of genetic resources.
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Genetic Resources, Tree Improvement and
Gene Conservation of Five-Needle Pines in

East Asia

Huoran Wang
Jusheng Hong

Abstract—East Asia is very rich in the genetic resources of five-
needle pines, including 11 species and three varieties. Of these taxa,
Pinus armandii is the most widely distributed, ranging from Tai-
wan and Korea to central and western China. The natural range of
P. koraiensisincludes northwestern China, North and South Korea,
Japan, inland Siberia and the Russian Far East. Because they are
the most commercially important pines for wood and nut produc-
tion, most genetic improvement research has been carried out with
these two species. Pinus fenzeliana and P. dabeshanensis are used
in plantations in some areas. However, along with the other species
of five-needle pines, they are mainly of importance in studies of
taxonomy and ecophytogeography. In addition to a review of genetic
resources, this review paper also gives a brief overview of tree
improvement and disease and insect pests of the five-needle pines
in east Asia.

Key words: East Asian pines, five-needle pines, gene resources,
tree improvement, tree pathogens, tree insects

Introduction

This paper attempts to give a brief review of the status of
geneticresources, tree improvement and breeding programs
and gene conservation of five-needle pines in east Asia,
including China, Japan, the Democratic People’s Republic of
Korea (North Korea), Republic of Korea (South Korea),
inland Siberia and the Russian Far East region.

The genus Pinus L. is generally divided into two subgen-
era, Subgenus Strobus (Haploxylon pines), and Subgenus
Pinus (Diploxylon pines), commonly known as soft pines and
hard pines respectively. Of the soft or five-needle pines
native to east Asia, P. armandii Franch. and P. koraiensis
Sieb. & Zucc. are as important for timber production as such
hard pines as P. massoniana Lamb. and P. yunnanensis
Franch. in China and P. densiflora Sieb.& Zucc. in Japan.
Therest of the five-needle pines are of more limited economic
importance due to their restricted gene resources. In this
paper, most emphasisis placed on the research in the genetic

In: Sniezko, Richard A.; Samman, Safiya; Schlarbaum, Scott E.; Kriebel,
Howard B., eds. 2004. Breeding and genetic resources of five-needle pines:
growth, adaptability and pest resistance; 2001 July 23-27; Medford, OR,
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search Station.
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resources, tree improvement and gene conservation of the
two most important species, P. armandii and P. koraiensis.
In fact, very little information other than that on taxonomy
and ecology is available for other species.

Genetic Resources

Of 24 species of Pinus in East Asia, 11 including three
varieties of P. armandii are five-needle pines (Wu 1956;
Mirov 1967; AASE 1978; Zheng 1983, Price and others
1998). They are listed here in conformity with the system
standardized for all papers presented at this conference
(Price and others 1998) and so listed in the conference
program, which differs in a few cases from the taxonomic
designations used in China. Thereis no universal agreement
on the taxonomy of east Asian five-needle pines. In Chinese
literature, for example, kwangtungensis is a separate spe-
cies morphologically related to P. wangii.The east Asian list
follows, with more detail in table 1:

P. armandii Franchet var. armandii, widely distributed and
planted in China;

P. armandii Franch. var. mastersiana (Hayata) Hayata, in
Taiwan of China;

P. armandii Franch. var. amamiana (Koidzumi) Hatusima,
includes isolated populations in Japan;

P. dabeshanensis Cheng & Law, very restricted in a small
area in central south China;

P. dalatensis de Ferré, central Vietnam;

P. fenzeliana Handel-Mazzetti, (including P. kwangtungensis
Chun & Tsiang) southern China to northern Vietnam;

P. wallichiana Jackson (P. griffithii McClellan), Himalayan
chains;

P. koraiensis Siebold & Zuccarini, China, Japan, Korea,
Siberia and Russian Far East;

P. morrisonicola Hayata, central Taiwan;

P. parviflora Siebold & Zuccarini, native to Japan and exotic
in China and Korea;

P. pumila (Pallas) Regel, China, Japan, Korea and Russian
Far East;

P. sibirica DuTour, northwestern China, Siberia and Russian
Far East;

P. wangii Hu & Cheng, scattered and limited populations in
southwestern China.
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Table 1—Classification and phytogeography of five-needle pines in east Asia.

Species

Natural distribution

Characterization

Pinus armandii

var. armandii Franch.
(Armand pine,

Huashan Mountain pine)

P. armandii var.
mastersiana (Hayata)
Hayata (Taiwan
Armand pine)

P. armandii Franch. var.

amamiana (Koidz.)
Hatusima (Japanese
Armand pine)

P. dabeshanenesis
Cheng & Law
(Dabeshan Mountain
white pine)

P. dalatensis de Ferré
Dalat or Viethamese
white pine

P. fenzeliana Hand.-Mzt.
(Hainan white pine)

P. koraiensis Sieb. &
Zucc. (Korean pine)

P. kwangtungensis
Chun & Tsiang (South
China white pine). In
China considered a
separate species; in
this conference, a part
of P. fenzeliana (Price
et al. 1998).

P. morrisonicola
Hayata
(Taiwan white pine)

P. parviflora Sieb. &
Zucc. (Japanese white
pine)

P. pumila (Pall.) Regel
(Japanese stone pine)

P. sibirica Du Tour
(Siberian stone pine)
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China in Shanxi, Henan, Shaanxi,
Gansu, Sichuan, Hubei, Guizhou
and Yunnan provinces and Tibet;
elevation range 1000-3300 m.

Central Taiwan at 1800-2800 m
elevation.

On two isolated islands,

Tanegashima and Yakushima, Japan.

Ecologically and genetically isolated
populations, vulnerable.

Anhui and Hubei provinces of China
at elevations between 900 and
1400 m; range very restricted.

Very restricted range in evergreen
subtropical forests of Vietham at
elevations of over 1500 m. Often
in mixed stands, very sparsely

distrubuted; species surtvival threatened.

South China in Hainan, Guangxi,
and Guizhou provinces; central

Vietnam; elevation range 1000-1600 m.

Northeast China, also in Korea,
Japan and Russian Far East,
elevation range 150-1800 m.
Dominant species in mixed
stands with broadleaved trees,
pure stands can be found.

China, geographically disjunct from
P. fenzeliana proper; found in
southern Hunan, northern Guangxi
and Guangdong provinces, with
outliers in Guizhou and Hainan
provinces. Elevation range 700-
1600 m. Forms pure stands or mixed
stands with Tsuga, Fagus, Quercus.

Central mountains in Taiwan, no
pure stands; mixed with other
conifers or hardwoods

Naturally distributed in Japan and
introduced to China.

Northeastern China with altitudes
ranged 1 000-1 800m and extended
in Russia, Japan and Korea; forms
dense and low community on top of
mountains and exposure sites.

Northwestern Altai in Xinjiang and the
Great Xingan Range in China and
extended to Sibirica, ranged 66° 25'-
46° 40'N in latitude and 49° 40'-127°
20'E in longitude, altitudinaly 1,600-
2,350 m; dominated in the stands
mixed with Larix sibirica

Tree up to 35 m high and 1 m dbh. Widely planted for forestry and
landscape. Flowers April- May; cones mature September-October
of the following year; cone size 10-20 cm x 5-8 cm; seed 1.0-1.5 cm
long,edible; 3 medial resin canals; wood density 0.43-0.48.

Tree up to 20 m high and 100 cm dbh; leaves 15 cm. Mature cones
peduncled, ovoid, up to 10-20 cm long and 8 cm in diameter. Seeds
ovoid, compressed, wingless, with a sharp edge all around, 8-12 mm
long. Wood density 0.46.

Tree up to 25 m height, 1 m dbh; dark gray shoots; leaves 5-8 cm
long; cones short stalked, oblong-ovoid, 5-8 cm long; seeds wingless,
about 12 mm long.

Tree over 20 m, dbh 50 cm. Wood similar to that of P. armandii,
2 external resin canals. Wood density 0.43.

Tree to 15-25 m, 60-100+ cm dbh, crown conical, somewhat open.
Female cone has 20-30 scales, yellowish-brown maturing to dark
gray. Cones mature October-December. No data on resin canals or
wood density.

Tree to 50 m in height, 2 m in dbh; leaves 10-28 cm long. Seed
cones ovoid-ellipsoid, 6-9 cm long; seeds chestnut brown with a wing
2-4 mm long. No data on resin canals .Wood density 0.55-0.59.

Tree to to 50 m and over 1 m dbh; flowering in June; cones mature
September-October in the following year, seed edible; 3 medial resin
canals; wood density 0.38-0.46; major timber species in northeast
forest region of China.

Tree to 30 m high and 1.5 m dbh; flowers April-May, cones mature
in October of the following year; seed 8-12 mm long. Planted trees
grow fastest 10-30 years after planting, reaching 25 m in height and
45 cm dbh at about age 60; 2-3 resin canals; wood density 0.50.

Tree up to 30 m tall and 1.2 min dbh.; 2 dorsal resin canals.

A tree up to 25 m tall and 1 m in dbh, 2 external resin canals.
Ornamental tree, often grafted as bonsai

Shrub or small tree 2-8 m, often multi-stemmed; 2 dorsal resin
canals. Good for ground cover and ornamental

A tall tree, up to 35 m and over 1.8 m in dbh; 3 medial resin canals;
flowering in May and cones mature in September-October in the
following year. Wood density 0.45. Timber is as good as that of

P. koralensis, an important forest tree in Siberia, Russia.

(con.)
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Table 1—(Con.)

Wang and Hong

Species Natural distribution

Characterization

Southern Tibet and northwestern
Yunnan in China, Bhutan, Burma,
Nepal, India, Pakistan and Afghanistan.
at 1600-3300 m elevation.

P. wallichiana Jacks.
(Himalayan white pine)

Restricted area in southeastern
Yunnan Province in China altitude
1100-2 000 m. Occurs in or mixed
stands with oaks on limestone
slopes. Endangered status.

P. wangii Hu & Cheng
(Yunnan white pine)

Tree to 50+ m with straight trunk and short, down-curved branches.
Branches longer in solitary trees, creating a dome-like crown. Leaves
15-20 cm, usually pendant but in some trees spreading. Cones 20-
30 cm, bluish-green when young, maturing to light brown.

Tree to 20 m high and 60 cm dbh; 3 medial resin canals.

From an ecological standpoint, five-needle pines are, in
contrast to hard pines, mostly adapted to cold or temperate
and moist environments. There exists a latitudinal gradient
and a trend of species replacement from north to south
within their natural occurrences in East Asia (Wu 1956; Wu
1980; Kuan 1982; Zhao, G. 1991; Ma 1992). In the north, P.
sibirica, P. pumila and P. koraiensis occur at relatively lower
elevations; southward in the temperate and subtropical
zones, they are replaced by P. armandii; still farther south,
P. fenzeliana and P. dalatensis occur discontinuously at
higher elevations in subtropical and tropical areas. P.
dabeshanensis and P. wangii occur asrelicts on difficult sites
for tree growth and survival in central south and southwest-
ern Chinarespectively asrestricted populations or scattered
individuals.

From a geographical standpoint, all the five-needle pines
in east Asia are discontinuously distributed. P. sibirica
(Zhao, G. 1991) and P. armandii (Ma 1989,1992) are typical
examples. P. armandii is extensively distributed on the
mainland of China from temperate to subtropical regions,
with its two varieties, P. armandii var. mastersiana extend-
ing to Taiwan Island and P. armandii var. amamiana
appearing in Japan (Nakashima and Kanazashi 2000). The
populations of P. fenzeliana and its form recognized in China
as P. kwangtungensis Chun & Tsiang are also geographi-
callyisolated from each other. The ecological and geographic
patterns have introduced great genetic variability into these
five-needle pines, making some of them very difficult to
classify taxonomically. For instance, P. koraiensis and P.
sibirica were confused with each other in taxonomic status
for long time (Zhao 1991).

Tree Breeding and
Improvement

Tree improvement in East Asian countries is mainly
focused on commercially important species. Five-needle
pine research activities are mostly undertaken with P.
koraiensis and P. armandii, although P. fenzeliana and P.
dabeshanensis have been used locally in planting programs.

Pinus koraiensis

Pinus koraiensis is by far the most important species in
conifer tree improvement programs in northeast China,

USDA Forest Service Proceedings RMRS-P-32. 2004

North Korea and South Korea. Kim and others (1994a)
estimated that more than 250,000 ha of plantations had
been established with this species in South Korea by 1994.
In North Korea 305,000 ha were established with this
species for wood and nut production. For nut production, 250
clones were selected. It is estimated that the plantation area
of Korean pine in North Korea isincreasing at a rate of about
30,000 ha per year.

In China, tree improvement and breeding research pro-
grams were launched in the early 1980s with emphasis on
provenance trials, plus tree selection and gene conservation.
A provenance trial was established in 1986 with 12 seedlots
collected from natural stands throughout the range and one
seedlot from a plantation. Tenth-year results showed that
there were significant differences in growth rates between
provenances, and that the seedlots collected from areas
around Changbaishan Mountain performed best (Zhang
and Wang 2000).

Wang and others (2000a) reported tenth-year results of
progeny tests established on three sites using open-polli-
nated seeds of 557 parents from natural stands. Significant
differences were found in growth performance between
individual families and between provenance zones, and
there were also large genotype x environment (GxE) interac-
tions. Based on the progeny testing, a genetically improved
seed orchard was established by grafting (Wang and others
2000b). Observations indicated that the average interval
between every two good seed crops was five years. Strobilus
abortion rate reached 46.5 percent in the seed orchard, but
cone yield could be increased by 20 percent through crown
pruning and controlled pollination (Wang and others 1992).

Although seed orchard clones varied in fertility level,
leading to an increased level of relatedness in the offspring,
geneticdiversity in seed orchard progenies was nevertheless
only slightly depressed compared with that of the reference
populations from which the plus trees were selected (Kang
and Lindgren 1998).

Variation in effective number of clones in the seed or-
chards of P. koraiensis was examined. The mean number of
clones averaged about 70 in each orchard, but the average
effective number (N,) was 43 (Kang and others 2001).

Pinus armandii

P. armandii is the most widely and discontinuously dis-
tributed of the five-needle pines in China, occurring in 12
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provinces ranging in latitude from 23°30’ to 36°30’ N, in
longitude from 85° 30’ to 113° 00’ E and in altitude from 1,000 to
3,500 m, which suggests that a large amount of geographically-
related genetic variation may exist within the species.

Range-wide provenance trials of P. armandii were estab-
lished on 9 experimental sites in 1980. The trials were
coordinated by the Research Institute of Forestry of the
Chinese Academy of Forestry, using seed collected from 30
provenances. Because the seedlings of southern seedlots
were all killed by frost at northern experimental sites,
successive trials were established on 12 sites in the following
year using all northern seedlots. The provenance trial re-
sults indicated that not only did GXE interactions exist but
also that the differences in morphological characteristics
and growth rates among provenances were so significant
that two provenance zones, southern and northern, could be
clearly distinguished (Ma and others 1992a,b; Cooperative
1992). Moreover, Ma (1992) was of the opinion that these two
population groups should be considered for recognition as
two varieties, namely, P. armandii var. armandii and P.
armandii var. yunnanensis. Ma noted that many planta-
tions of P. armandii have failed, especially in central China
in the 1960s and 1970s, due to the wrong provenances being
used in afforestation programs. He cautioned that great
attention must be paid in plantation forestry to provenance
selection, and P. armandii should not be grown for commer-
cial purposes north of 40°N and beyond its natural altitudi-
nal limits in central subtropical China.

To establish clonal seed orchards by grafting, 850 superior
trees were selected in the southern provenance zone, cover-
ing Yunnan, Sichuan and Guizhou provinces. Research in
reproductive biology showed that P. armandii starts flower-
ing at 5-7 years of age, but over 70 percent of female strobili
abort (Wu 1992; Zhang and others 1992). Generally, seed
yields of P. armandii are very low, averaging 15kg/ha for the
133 ha of seed orchards in the whole of China. In addition to
much rain and wind during flowering in May, genetic varia-
tion in reproductive ability between clones has been re-
corded (Liao and others 1998).

Genetic Diversity and Gene
Conservation

Genetic diversity has been studied in recent years using
analysis of isoenzyme gene markers. Kim and Lee (1995)
found that the overall mean proportion of polymorphic loci
was 66.7 percentin P. koraiensis compared with 86.2 percent
in P. densiflora , the most widely distributed native pine in
South Korea. They also found that although many popula-
tions of P. koraiensis were small in size, distributed at high
elevations and composed of closely related individuals, gene
flow between these isolated populations still remained high
in this species. To study genetic variation, eight populations
of P. koraiensis were sampled within its range in South
Korea. Research results suggested that seven of the eight
populations should be included in gene conservation pro-
grams (Kim and others 1994b; Kim and Lee 1998).

Politov and others (1999) reported genetic evidence of
natural hybridization and possible gene exchange in Siberia
between P. sibirica and P. pumila.
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Innortheastern China, where the natural forest resources
were over-exploited in the last several decades, the estab-
lishment of natural reserves with total area of 56,000 has
protected the remaining forest of P. koraiensis ha. In addi-
tion, 88 natural stands totaling over 40,000 ha have been
identified and conserved in situ as gene resources for sus-
tainable forest management (Li 1997). However, due to the
increasing number of plantations of P. koraiensis being
established, necessitating the proper seed sources, more
than 30 ha of seed stands in the natural forest were docu-
mented for seed supply on several locations, with about
1,000 individuals selected for ex situ gene conservation (Niu
and others 1992).

In South Korea, three outstanding stands of P. koraiensis
and one of P. pumila, with areas of 55 ha and 2 ha respec-
tively, have been identified and reserved for in situ gene
conservation. In the last 30 years, 91 ha of Korean pine seed
orchards have been established, the seed orchards also
serving as ex situ gene conservation (Lee 1997).

Diseases and Insect Pests

A survey of the literature indicates that little breeding
for resistance to diseases and insect pests has been done on
any species of five-needle pine in east Asia. However, major
pathogen and insect pests attacking P. koraiensis and P.
armandii have been investigated.

Histopathological research has shown that the stem rust
disease of P. koraiensisis caused by Cronartium ribicola J.C.
Fischer in Raben. (Xue and others 1995). Occurrence of C.
ribicola attack on P. koraiensis depends on the coexistence
of Pedicularis sp. (lousewort), the alternate host of the
pathogen (Jia and others 2000).

A dieback fungus isolated from P. koraiensis was identi-
fied as Cenangium abietis (Pers.) Duby (Cenangium
ferruginosum Fr.). When it was inoculated on five-year-old
seedlings of P. koraiensis, 80 percent of the seedlings were
infected with the same symptoms and signs as those of
naturally infected trees (Lee and others 1998)

P. armandii in the Qinling Range and Dabashan Moun-
tains have been attacked since 1956 by Dendroctonus
armandii Tsai & Li and also by 20 other species of beetles,
causing mortality in many trees over 30 years old in the
natural forest (Tang and Chen 1999). Ophiostoma sp. and
Leptographium sp., which are fungi symbiotic with the
insects, attack the host prior to the beetle invasion.

Chen and others (1999) studied the ecology of the insect
pests in natural stands of P. armandii at middle elevations
(1,600-2,000 m) in the Qinling Range. In this study, 19
species of beetles were listed as follows:

Dendroctonus armandii Tsai & Li
Xyloterus lineatum Olivier
Hylurgopus longipilis Reitter
Polygraphus sinensis Eggers
Pityogenes sp.

Ips acuminatus Gyllenhal

Ips sexdentatus Borner

Tomicus piniperda Linnaeus
Cryphalus lipingensis Tsai & Li
Cryphalus chinlingensis Tsai & Li
Cryphalus pseudochinlingensis Tsai & Li
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Hylastes paralellus Chapuis

Hylastes techangenesis Tsai & Huang
Hylurgopus major Eggers
Polygraphus rudis Eggers
Polygraphus verrucifrons Tsai & Yin
Dryocoetes luteus Blandford
Dryocoetes uniseriatus Eggers
Dryocoetes autographus Ratzeburg

Of these listed species, the first 11 coexist, since they
possess different spatial and temporal niches in the stand,
enabling an equilibrium between living space and nutrient
availability among these insects.

Cone damage in seed orchards of P. koraiensis caused by
Dioryctria mendacella Staudinger and Rhyacionia pinicolana
Doubleday was reported by Liao and others (1998).

Another type of injury to P. koraiensis is terminal shoot
attack leading to forking of the main stem (Zhao and others
1999). Pissodes nitidus Roelofs and Diorictria splendidella
H.S. are the main agents responsible for the damage.

Blister rust usually occurs in association with Pineus
armandicola Zhang on P. armandii, necessitating control of
both the pathogen and the insect (Li and others 2000). Other
diseases found by Liao et al .(1998) in a study of seed
orchards include Pestalotia funereal Desm., Hypoderma
desmazieri Duby, Coleosporium solidaginies (Schw.) Thum.,
Capnodium sp. and Lophodermium pinastri (Schrad. ex Fr.)

Conclusions

P. koraiensis and P. armandii are important forest species
for wood and nut production. Traditional breeding programs
foradvanced generations should be maintained and strength-
ened by using molecular genetic markers, especially for P.
armandii, which has such a wide geographic range. No
resistance breeding research is yet under way for any species
of five-needle pine in east Asia.

Currently genetic structure and genetic diversity in these
five-needle pine species in China is not well understood.
Therefore priority in research programs should be given to
studies of genetic variation, a critical prerequisite for long-
term breeding and gene conservation of the two most impor-
tant species. Thereis atrend, however, touse more Japanese
larch, [Larix kaempferi (Lamb.) Carr.], to establish planta-
tions in China, since Japanese larch grows much faster in
early years than P. armandii growing under similar ecologi-
cal conditions.

Biochemical and molecular genetic markers have proven
to be a powerful tool in biosystematic and biogeographic
studies of forest trees (Adams 1992; Strauss and others 1992).
Molecular biology can also help with understanding of the
scattered patterns of occurrence of the less-known five-needle
pines, providing information on evolutionary history and
intraspecific variation, fields of investigation not yet under-
taken in China. Without this information, conservation
strategy cannot be established on a sound scientific basis.

In China, the remaining genetic resources of P. koraiensis
are mostly protected in nature reserves, whereas the out-
standing seed stands of P. armandii identified in earlier
provenance trials have not yet been integrated into forest
management activities. Gene conservation is a crucial com-
ponent of sustainable forest management (Eriksson and
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others 1993; Palmberg-Lerch 1999). Therefore, a strategy
for gene conservation and utilization of five-needle pines
should be developed and integrated into a regional action
plan for the conservation of the forest genetic resources in
east Asia, as recommended by the FAO and other concerned
organizations (Palmberg-Lerch 2000; Sigaud and others
2000).
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Genetic Variation in Blue Pine and
Applications for Tree Improvement in
Pakistan, Europe and North America

Shams R. Khan

Abstract—Stands of blue pine (P. wallichiana A.B. Jacks. syn. P.
griffithii McClelland) are highly diverse throughout its range of
distribution in the Himalayan Mountains where the species grows
under varying geographic, climatic, and edaphic conditions. The
species occurs in two distinctly different ecotypes (mesic monsoon
and dry nonmonsoon), and strict avoidance of germplasm transfer
between the ecotypes is necessary for survival and productivity in
Pakistan, India, and Nepal. The role of these ecotypes in enhancing
productivity and in establishing large-scale plantations resistant to
blister rustis presented and compared with plantationsin India and
Bhutan. An alternate management strategy to establishing a pure
species stand is to interplant with other native conifers. Testing of
blue pine in other countries is discussed, notably the superior
performance of blue pine hybrids in the USA at specific sites, which
indicates its breeding value as a parent for volume growth rate. In
Germany and Japan, the species does not appear to be useful for
forest plantations. Further international cooperation in testing of
blue pine for rust resistance is proposed, given the variable resis-
tance to blister rust within the species. Research needs to be
conducted, especially in neighboring countries, to further assess the
extent, nature, and pattern of geographic variability.

Key words: genetic diversity, blue pine, Himalayan pine, P.
wallichiana, blister rust, pine hybrids, ecotypes

Introduction

Blue pine (Pinus wallichiana) is a highly variable species
that occurs in the mountainous region of lower Asia. Natural
stands of blue pine, generally known outside of southern
Asia as Himalayan pine, are distributed in Afghanistan,
Pakistan, India, Nepal, Bhutan, Tibet, China, and Burma.
The species spans alongitudinal range between 68° and 100°
E, a latitudinal range between 25° and 37° N, and an
altitudinal range between 1,500 and 3,800 m (Critchfield
and Little 1966, Khan, 1986). In the Himalayan Mountains,
blue pine occurs under two rainfall regimes, within and
outside the monsoon region. Dogra (1972) and Ahsan and
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Howard B., eds. 2004. Breeding and genetic resources of five-needle pines:
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Khan (1972), along with several earlier investigators includ-
ing Brandis (1906), Osmaston (1927), and Shebbeare (1934),
have recognized this variable site distribution of the species
occurring in several countries of the region. Pure and mixed
patches at varying altitudes are found, but the species grows
well at an optimum elevation of 2,000-2,500 M. Although
this pine occurs over a wide altitudinal range, there is no
evidence of altitudinal races that could be given subspecific
or specific taxonomic ranking.

This species has been known by a number of scientific
names since first described. The taxonomy of blue pine has
been a subject of controversy, probably corresponding to
the diversity in the species on the wide range of ecotypes
where it occurs. The older scientific names of blue pine were
P. excelsa Wall. ex Lamb. (1824), P. chylla Lodd. (1836), P.
nepalensis De Chambr. (1845), P. griffithii McClelland (1854),
and P. dicksonii Hort. ex Carriere (1855). Pinus griffithii
persisted in international botanical acceptance until the
mid-twentieth century (Rehder 1940, Little and Critchfield
1969), and in China it is still the accepted taxonomic name
(Wang, pers. comm.). Elsewhere, P. wallichiana A.B. Jacks.
(1938) is the latest revision and is now the internationally
accepted name (see citation in the list of five-needle pine
species in this volume).

Although ecotypic variation has been observed (Khan
1986, 1994, 1995a), no detailed taxonomic studies of blue
pine have been made at the ecotypic level. Patschke (1913),
Wilson (1916), Kew Bulletin (1938), Dallimore and Jackson
(1961), Ouden and Boom (1965) have mentioned varieties/
forms of blue pine. Grierson and others (1980) reported “var.
parra” as a blue pine variety. Critchfield and Little (1966)
also made this distinction and described “var. parra” from
Arunachal Pradesh (India) as the mesic monsoon zone
ecotype of blue pine.

Blue pine has also been found to occur at high altitudes in
low rainfall areas and at low altitudes (less than 2,800 m) in
high rainfall areas (Khosla and Raina 1995). The soils of
mesic habitat were found to be different from those of xeric
sites in pH, maximum moisture holding capacity, and Ca
and Mg concentrations throughout the species’ distribution
in Pakistan (Khan 1986). There were also differences exhib-
ited in the phenology of male and female flowers in the two
distinct ecological zones of the species (Khan 1995b).

In view of the importance of geographic variability to any
tree improvement program, provenance studies were under-
taken in Nepal, India, Bhutan, and Pakistan. In Pakistan,
the species has been extensively studied for genetic variabil-
ity and timber utilization, as well as the species’ role in
protection of the fragile ecosystems in the Himalayan Moun-
tains. Such studies have further led to the delineation of
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seed zones with strict prohibition of transfer of germplasm
between ecological zones (Khan 1991, 1994). Two geographic
ecotypes were identified on the basis of differences in mean
annual increment and growth in Pakistan, accounting for 56
percent of the variation among stands (Khan 1997, 2000).
These two ecotypes also occur in India, Nepal, and Bhutan
under similar geoclimatic conditions and consequently have
similar ecological requirements and distribution patterns.
The present paper outlines the extent to which genetic
diversity in blue pine could be utilized for forest plantings in
these countries.

Genetic Research on Blue Pine in
Pakistan

Pakistan has sampled the genetic variation in blue pine
more extensively than has any of the other countries in a
cooperative project with the USDA Forest Service. Detailed
studies of genetic diversity and its utilization in the natural
stands of blue pine in Pakistan were conducted in several
phases during the past 25 years. Studies of 32 provenances
sampled throughout its range of distribution in Pakistan
were undertaken to assess genetic variation in several
morphological and anatomical traits of the needles, cones,
and seeds.

Seed Movement

The potential for further geneticimprovement in blue pine
was shown by studies that showed evidence of ecotypic
differentiation and suggested strict avoidance of transfer of
germplasm from xeric to mesic habitat and vice versa (Khan
1991, 1994).

Comparison of Blue Pine with Other
Species

Paudel and others (1996) tested P. patula Schiede &
Deppe ex Schlechtendal & Chamisso and blue pine in Nepal.
Of these species, blue pine had better survival at age six.
Wallace (1989) compared the growth of P. strobus L. and blue
pine in eastern Nepal and observed little difference in
survival, growth, and form. However, he suggested blue pine
was a better species overall. Siddiqui and others (1989)
explored variability in the wood characteristics of three
forest tree species, including blue pine, and found marked
differences in percentage of late wood, smaller tracheid
dimensions, higher density, and better strength in wood of
drier areas when compared to wood from moist areas. Ashley
and Fisk (1980) tested 45 species in 15 trial plots and
observed that blue pine growing well in Kathmandu Valley,
Nepal. Of several exotic temperate pines tested in the past
two decades, none seems to thrive better than native blue
pinein Pakistan (Annual Progress Reports, Pakistan Forest
Institute, Peshawar). The consensus from these reports is
that exotic pines have little potential in large-scale planta-
tions in the native habitat of blue pine.
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Interplanting Blue Pine to Increase Overall
Yield

In Pakistan, interplanted mixtures of blue pine and other
coniferous speciesin different stands haveled to studies that
identified the best combinations of associated conifers for
high productivity, in addition to further quantifying genetic
diversity in blue pine. Differences in mean annual incre-
ment between two species habitats were compared with
those of the highly associated conifer Cedrus deodara (D.
Don.) G. Don (Khan 1997, 2000). These studies suggest that
blue pine should be planted as a monoculture in the xeric
areas (less than 750 + mm per annum), whereas it should be
planted in mixtures with C. deodara in mesic habitats.
Similar recommendations were also made by Khan (1979)
for moist coniferous forests of northern Pakistan, although
he did not report on the dry, nonmonsoon zone. Further
research is under way on growth differences of the two
ecotypes of blue pine in combination with other associated
conifers, for example, Abies pindrow (Lamb.) Royle and
Picea smithiana (Wall.) Boiss., to assess the possibility of
improving productivity of mixed stand plantations in the
Himalayan Mountains.

Performance of Blue Pine as an Exotic
Species

Blue pine has been tested for variation in growth rate and
in breeding for blister rust resistance (Cronartium ribicola
Fisch. ex Rabenh.)in a few countries of Asia, Europe, and the
USA. Stephan (1974) observed differences in rust resistance
between trees of two provenances of blue pine in Lower
Saxony, Germany at age 11, although there was a high level
of mortality in trees from both provenances. In a species
comparison test, he found that only 40 percent of the blue
pine seedlings were infected by blister rust compared with
an infection rate of 100 percent in P. strobus, P. monticola
Dougl. ex D. Don, and P. flexilis James (Stephan 1985).
Borlea (1992) and Blada (1994) have also used blue pine in
Romania in experimental breeding for growth and blister
rust resistance. These authors found that blue pine has
potential value for genetic improvement in rust resistance.

The growth and blister rust data recorded in Romania
indicated that half-sib families from low rainfall areas in
Pakistan were more resistant to blister rust at age 11,
compared with those originating from high rainfall areas
(Blada 1994). Blada reported a correlation between latitude
and blister rust (r=0.66%**), but could not include rainfall
data of the native habitat in his studies, as they were in
remote locations. To aid in interpretation of results, rainfall
of the nearest meteorological station was included. Two of
the most important phenomena affecting rainfall in the
Himalayas, namely inversion of temperature and rainshadow
effect, were also not taken into consideration, as no reliable
data were available for such sites. In spite of these limita-
tions, the moderately high correlation between blister rust
and rainfall suggests the adaptive potential of the two
ecotypes of this pine. The correlation would have been more
reliable, however, if the annual rainfall data had been
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included from the actual collection sites, as the distribution
of rainfall is highly erratic in the Hindukush-Karakorum
region. It was concluded that differences in the adaptation of
the species to varying moisture regimes in its native habitat,
along with morphological and phenological differences be-
tween the two ecotypes, might be casually associated with
corresponding differences in resistance to blister rustin blue
pine. These results, therefore, suggest that the selection of
trees/stands for rust resistance should be primarily based
upon the origin of seed lots of the native habitat of this pine.

Comparative studies on genetic diversity in natural stands
for various traits and the degree of resistance involving blue
pine and other five-needle pines have also been reported by
Dogra (1972), Ahsan and Khan (1972), and Bakshi (1972).
The comparative growth of blue pine as an exotic in Europe,
USA and Canada has been studied by Gremmen (1972),
Kriebel (1983), Heimburger (1972), and other scientists.
These studies emphasized mass production of rust resistant
stands through hybridization. However, this approach can
be expensive, cumbersome and time-consuming and may
not be practical for developing countries. A more feasible
strategy would be to collect seed from the xeric habitat of the
species range for mass production of desirable trees in
Pakistan and Romania. Insufficient cold hardiness is a
deterrent in the USA and Canada, where hybridization
might be feasible. The authors cited agree that conventional
intraspecific breeding may not be the best method due to
long generation time, mode of pollination, highly diverse
populations due to cross pollination, haploid nature of infect-
ing rust and the presence of an alternate five-needle pine
host(s).

A two-way seed exchange of plant material was conducted
between Pakistan and the USA. This exchange was part of
a worldwide program to test haploxylon pines for resistance
to the white pine blister rust and to test other five-needle
pine species in Pakistan. This project yielded useful infor-
mation on the nature of resistance, growth potential of some
white pines, inoculation techniques, and breeding schemes
for mass production of resistant trees.

Garrett (1992) reported that Himalayan white pine was
not resistant to the white pine weevil (Pissodes strobi Peck)
and suggested that it should only be planted in weevil-free
regions of the USA. However, the species has not performed
well where tested in weevil-free regions (Ohio and Tennes-
see), and commercial planting cannot be recommended any-
where in the USA on the basis of present knowledge. In 20-
year-old provenance tests in Ohio of trees from India,
Pakistan, and Nepal, new terminal shoots on trees of all seed
sources were repeatedly killed back by late spring frosts. No
trees from Nepal survived the winter climate. Field testing
of P. strobus x wallichiana hybrids in Ohio over two decades
demonstrated superiority in wood volume growth over most
P. strobus genetic selections (Kriebel 1983). The hybrids also
have a higher wood specific gravity than P. strobus (Kriebel,
pers. comm.). In Tennessee, initial survival of drought was
very low (Schlarbaum, pers. comm,). Genys (1979) compared
variability among 21 seedlings of blue pine originating from
India, Pakistan, and Bhutan. Strains from Pakistan were
hardier than those of other countries in Maryland. However,
the performance of the species has not been satisfactory in
Germany and Japan (Takahashi and others 1974, Stephan
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1985). From these studies, it appears that blue pine as a
hybrid parent has a potential for better growth and resis-
tance against blister rust in the USA, but its performance in
Europe and Asia has yet to be ascertained.

Conclusions and Recommendations

Seed origin of blue pine is critical to survival, growth, and
perhaps blister rust resistance. Two general ecotypes are
known and careful attention should be paid to which ecotype
is represented in a seed collection. Selections and collection
of blue pine seed in native stands from trees growing near
glaciers or river banks as well as from buffer zone should be
avoided as these sites may represent atypical habitat in blue
pine. Efforts should be made to include meteorological data
from actual sites to minimize biased estimates derived from
the nearest weather stations. Because of dysgenic selection
in several countries of the Himalayan region, including
Pakistan, the establishment of in situ conservation stands in
the xeric habitat could assist in mass-producing desirable
individuals resistant to blister rust. These efforts should be
supported by further research on genetic diversity in this
widespread and phenotypically variable species.

Research has shown that blue pine often thrives in plant-
ing of mixtures with other coniferous species in certain
environments. Additional research should be conducted to
better delineate the effects of mixture composition, blue pine
genetics, and site variation to maximize productivity.

Establishment of further blue pine provenance testsin the
USA and Canada does not appear to be practical because of
the demonstrated insufficiency of winter-hardiness in re-
gions where the species might be useful. In contrast, coop-
erative international trials should be conducted in Pakistan
and Romania to continue research and establish seed or-
chards and seed production areas from ecotypes showing
higher degree of blister rust resistance. The prevalence of
field races of the rust, as reported by Patton (1972), should
also be explored in this species. Multiclonal hybrids, particu-
larly of blue pine and P. strobus, could be developed for rust
resistance as a cooperative effort of the USA, Canada,
Romania, and Pakistan to achieve desirable objectives in
breeding both species.
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Pinus lambertiana (sugar pine)
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Phylogenetics, Genogeography and
Hybridization of Five-Needle Pines in Russia
and Neighboring Countries

Dmitri V. Politov

Konstantin V. Krutovsky

Abstract—Phylogenetic and population genetic studies of native
five-needle pines growing in Russia and neighboring countries were
reviewed. Four species, Pinus cembra, P. sibirica, P. pumila and P.
koraiensis, together with North American species P. albicaulis,
comprise the subsection Cembrae (stone pines) of the section Strobus
(white pines). They share bird-dispersal related traits such as seed
winglessness and cone indehiscence that differentiate them from
most other white pines and related section Parrya. Phylogenetic
analysis showed that P. cembra, P. sibirica and P. albicaulis
represented a close group based on isozyme loci and other molecular
genetic markers. Pinus pumila and P. koraiensis also clustered
together in phylogenetic trees, but they were closer to P. parviflora
and other East Asian pines of the subsection Strobi than to the
cembra-sibirica-albicaulis group. Therefore, we hypothesized that
seed winglessness and other bird-dispersal related traits could
either arise independently in these lineages or could have been
introduced via occasional hybridization. Natural hybridization be-
tween P. sibirica and P. pumila in their zone of sympatry in the
Baikal region was confirmed by isozyme methods, but no significant
introgression was revealed. The possibility of producing hybrids in
artificial crosses between P. sibirica and P. cembra, and P. sibirica
with P. koraiensis was also confirmed by isozyme analysis. Intrapo-
pulation genetic variation, measured as expected heterozygosity of
isozyme loci (H,), was relatively high in P. koraiensis (H, = 0.130)
and P. sibirica (0.106) and similar to the average for other soft pines,
but significantly higher in P. pumila (0.198) and lower in P. cembra
(0.082). There was no obvious difference in the level of heterozygos-
ity between bird-dispersed pines of the subsection Cembrae and
wind-dispersed pines of the closely related subsection Strobi. Rela-
tively low inbreeding was observed in embryos in all five-needle
pines and was primarily caused by self-pollination. However, Hardy
—Weinberg equilibrium or even a slight excess of heterozygosity was
usually observed among mature trees, apparently as a result of
selection against inbred progeny and in favor of heterozygotes. Two
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types of polyembryony, monozygotic and polyzygotic, were found in
P. sibirica. Gene geography studies in P. sibirica and P. pumila
populations based on multivariate analysis of isozyme data was also
discussed.

Key words: Cembrae, genogeography, isozyme, phylogenetics,
Strobi, stone pines, white pines

Introduction

Four species of five-needle pines, also known as haploxylon
or soft pines (genus Pinus L., subgenus Strobus Lemm.), are
native in Russia and neighboring countries (fig. 1). These
four species - P. cembra L. (Swiss stone pine), Pinus sibirica
Du Tour (Siberian stone pine), P. pumila (Pall.) Regel
(Siberian dwarf pine) and P. koraiensis Sieb. et Zucc. (Ko-
rean pine) - are classified with section Strobus Loud. (white
pines) and subsection Cembrae Loud. (stone pines). Pinus
sibirica forms forests of great economical importance in
Siberia and the Far East, while P. pumila occupies vast
territory in East Siberia and along the Asian Pacific coast.
Pinus koraiensis is distributed in the Russian Far East,
including the Amur Region, Khabarovsk and Primorskii
Territories, and the Island of Sakhalin. Pinus cembra is
scattered in the East Carpathian Mountains in Ukraine.

=P pumila
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Figure 1—Geographic distribution of five-needle pines in
Russia and neighboring countries.
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The Cembrae species have large edible wingless seeds that
are dispersed by birds and play a key role in Siberian taiga
(P. sibirica, P. koraiensis) and subalpine (P. cembra, P.
pumila) ecosystems. Although P. parviflora is a five-needle
pine species that occurs in Russia, it is also endemic to
Japanese islands and occurs in a few isolated populations on
the Kuril Islands along the Russian Pacific coast.

Evolutionary relationships and intraspecific population
genetic structure of Eurasian Cembrae pines have been
studied since early 1900s, primarily by traditional morpho-
logical methods (compare Bobrov 1978; Iroshnikov 1974;
Lanner 1990, 1996, 1998; Smolonogov 1994). However, the
levels of intrapopulation, intraspecific and interspecific ge-
netic variation have been quantitatively estimated only
after development of reliable molecular genetic markers.

This paper presents an overview of genetic studies of the
above-mentioned five-needle pines. We have concentrated
on results obtained using molecular genetic markers, but
also included karyological and morphological data when
needed.

Phylogenetics, Genogeography and Hybridization of Five-Needle Pines in Russia and Neighboring Countries

Phylogenetics

All four Cembrae pine species produce functionally inde-
hiscent cones and large wingless seeds. Based on those
traits, these species and the North American whitebark pine
(P. albicaulis Engelm.) are traditionally included in the
subsection Cembrae (stone pines) within section Strobus
(white pines). This section together with the species of the
section Parrya Mayr. comprise the group of soft pines (sub-
genus Strobus, or Haploxylon) of the genus Pinus. We used
the most widely accepted classification by Critchfield and
Little (1966) with minor modifications and additions (Price
and others 1998). According to this classification section
Strobus is subdivided into two subsections Cembrae and
Strobi Loud. that both have representatives in Eurasia and
North America (fig. 2).

This subdivision is based on the occurrence of large wing-
less seeds and indehiscent (not opening upon ripening)
macrostrobili (cones) in Cembrae pines. It has been widely
accepted that both these traits evolved as a result of the

Section Strobus

Subsection Strobi
winged seeds
dehiscent cones

Subsection Cembrae
wingless seeds
indehiscent cones

Europe
P. peuce Grisebach Southeastern Europe
Asia
P. armandii Franchet China, Tibet, Burma
P. bhutanica Grierson, Long & Page Bhutan, India
P. wallichiana A.B. Jackson Himalayan Mountains, China,
Tibet, Afganistan, Burma
Pakistan, India
P. dabeshanensis Cheng & Law Eastern and Central China
P. wangii Hu & Cheng China
P. fenzeliana Handel-Mazzetti China, Vietnam
P. dalatensis de Ferré Vietnam
P. morrisonicola Hayata Taiwan
P. parviflora Siebold & Zuccarini Japan, Russia
North America
P. strobus Linnaeus Eastern North America
P. monticola Douglas ex D. Don Northwestern North America
P. lambertiana Douglas Northwestern North America,
P. flexilis James Western North America
P. strobiformis Engelmann Southwestern USA, Mexico
P. ayacahuite Ehrenberg ex Schlechtendahl  Mexico, Central America
P. chiapensis (Martinez) Andresen Mexico, Guatemala

-

P. cembra Linnaeus

~

Europe (Carpathian
Mountains, Alps)

Europe

Asia

P. sibirica Du Tour Siberia, Mongolia

P. koraiensis Siebold &
Zuccarini_

Southeastern Siberia,
Northern Far East,
Korea, Japan

P. pumila (Pallas) Regel Northwestern Asia,
Northern Far East,
Korea, Japan

North America
P. albicaulis Engelmann Western North America

o /

Figure 2—Taxonomic classification and generalized distribution of white pines (Critchfield and Little 1966; Price and
others 1998). Underlined are species with wingless or almost wingless seeds (Lanner 1996, 1998).
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adaptation to dispersal of their seeds by corvid birds (for
example, Lanner 1996; Tomback and Linhart 1990), and
particularly nutcrackers (Nucifraga spp.). The closely re-
lated subsection Strobi includes mainly typical wind-dis-
persed species with small winged seeds released from the
cones upon ripening. However, seeds of some of Strobi
species (underlined in fig. 2) are large and virtually mal-
adapted to dispersal by wind. Moreover, traits that are
normally characteristic of Cembrae pines (especially wing-
lessness) sporadically occur also in Strobi pines as rare
abnormalities or as within-population polymorphism. Re-
productive barriers are incomplete between these two sub-
sections, and there are numerous examples of artificial and
natural interspecific hybridization both within and between
subsections (Critchfield 1986; Blada 1994). The occurrence
of intermediate forms and documented hybridization be-
tween species of different subsections make the hypothesis
of monophyletic origin of Cembrae and Strobi subsections
controversial. This problem stimulated repeated attempts
to revise the taxonomy of the group and to rearrange the
composition of the subsections. However, until recently, the
problem was studied mainly using morphological compari-
sons (for example, Kupriyanova and Litvinceva 1974).

Muratova (1980) compared karyotypes of three Eurasian
Cembrae pine species and found only slight differences in
chromosome size and morphology, as well as in number and
localization of nucleoli organizers. Pinus cembra and P.
sibirica karyotypes were the most similar, although there
were slight differences. The karyotype of P. pumila was
closer to these species than to P. koraiensis, which partially
contradicts molecular genetic data presented below.

The first molecular genetic evidence of great similarity
between P. cembra and P. sibirica was provided with isozyme
loci (Krutovsky and others 1990). This study also showed
that P. pumila and P. koraiensis comprise the next closely
related pair. These relationships among Eurasian Cembrae
pines were confirmed later by other scientists (for example,
Goncharenko and others 1991; Shurkhal and others 1992).
Pinus albicaulis is the only North American Cembrae pine.
This species together with all four Eurasian Cembrae pines
were studied by Krutovsky and others (1994, 1995), which
were the first studies where phylogenetic relationships were
analyzed within the entire subsection Cembrae using mo-
lecular genetic markers. Two lineages were found again in
Cembrae pines; P. cembra and P. sibirica formed a pair of the
most closely related Cembrae species, while another lineage
was represented by two Far Eastern species P. pumila and
P. koraiensis. The position of P. albicaulis was not fully
resolved at that time, but it was found to be closer to the
cembra—sibirica group.

Krutovsky and others (1994, 1995) studied chloroplast
DNA (cpDNA) restriction fragment length polymorphisms
(RFLPs) in all five Cembrae pine species, as well as in four
representatives of North American pines from subsection
Strobi (P. strobus L., P. lambertiana Dougl., P. monticola
Dougl., and P. flexilis James). Species of Strobi were close to
Cembrae species, but they did not form a separate cluster in
the dendrogram. A similar pattern was also observed in
other studies based on cpDNA markers, although unfortu-
nately neither of those studies included all representatives
of Cembrae pines species (for example, Wang and Szmidt
1993; Wang and others 1999). For instance, Wang and
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Szmidt (1993) used cpDNA RFLP markers to study phyloge-
netic relationships in several Asian pine species including
one Cembrae pine (P. sibirica) and five Strobi pines (P.
armandii Franch., P. griffithii McClelland (syn. P.
wallichiana A.B.Jacks.), P. kwangtungensis Chun & Tsiang,
P. parviflora Sib. & Zucc., and P. peuce Griseb.). Pinus
sibirica (Cembrae) clustered very closely with P. parviflora
(Strobi) with 95 percent of the bootstrap support within the
following topology in the maximum parsimony consensus
tree: (peuce ((parviflora, sibirica) (armandii (griffithii,
kwangtungensis)))). However, the absence of Cembrae spe-
cies other than P. sibirica in the analysis made it impossible
to draw any conclusions about phylogenetic relationships
between Cembrae and Strobi pines. In a more recent study
based on cpDNA markers (Wang and others 1999), the
topology of the resulting consensus tree was different: (peuce
(strobus (monticola (parviflora (koraiensis, armandii,
griffithii, cembra, kwangtungensis, pumila))))). However,
resolution within a group of six species belonging to both
subsections Strobi (P. armandii, P. griffithii and P.
kwangtungensis) and Cembrae (P. cembra, P. koraiensis and
P. pumila) was insufficient to make any strong conclusions
on the phylogeny of these species. The parsimony tree
indicated that two North American (P. strobus and P.
monticola)and one European (P. peuce) species of subsection
Strobi appeared to be ancestral to all Asian white pine
species including P. cembra. These results contradict our
point of view that Asian pine species are ancestral to North
American pines, which is supported by Belokon and others
(1998) study based on more numerous nuclear markers and
more representative set of white pine species. Liston and
others (1999) used ribosomal internal transcribed spacer
(ITS) DNA markers to study phylogeny of the genus Pinus.
White pines of the section Strobus formed a separate cluster,
but relationships within the section were unclear. The only
clade well supported by bootstrap was comprised of P.
cembra and P. albicaulis, which agreed with our earlier
allozyme and cpDNA data (Krutovsky and others 1994,
1995). Belokon and others (1998) studied 13 white pine
species using isozyme markers coupled with Principal Com-
ponent Analysis (PCA) and also did not find a strong support
for dividing section Strobus into the two traditional subsec-
tions Cembrae and Strobi. Instead, the study found even
more evident differentiation between North American and
Eurasian white pines. The updated results from the Belokon
and others (1998) study with increased sample size and two
additional species (P. lambertiana and P. strobiformis) are
presented in figure 3 (Politov and others, unpublished).
Cembrae pines were separated from Strobi pines along the
first dimension on the two-dimensional (2D) plot obtained by
multidimensional scaling of Nei’s (1972) genetic distance
matrix based on isozyme data, while the second dimension
differentiated North American and Eurasian species. Among
them, P. peuce of southern Europe was located (genetically)
as the nearest species to North American Strobi pines (fig.
3). In general, Eurasian Strobi species were more differen-
tiated, and P. griffithii (as P. wallichiana in the paper) was
the nearest to the Asian P. pumila and North American P.
albicaulis (Cembrae pines).

A representative of the related section Parrya (pinyons),
Pinus edulis Engelm., was included as an outgroup in
Belokon and others (1998) study. The dendrogram of white
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Figure 3—Two-dimensional (2D) plot of 13 white pine species (section Strobus)
obtained by multidimensional scaling of Nei's (1972) genetic distance matrix based
on isozyme loci. 4 - Eurasian Cembrae; O - North American Cembrae; B, Eurasian

Strobi; O - North American Strobi.

pine species and P. edulis obtained in this study (fig. 1 in
Belokon and others 1998) indicated that Asian Strobi pines
are evolutionarily older than both American Strobi and all
Cembrae pines. There is other evidence also supporting the
hypothesis that subsection Cembrae is an evolutionarily
younger taxonomic group. It isbased on the relatively recent
origin of nutcracker birds (Nucifraga spp.) that disperse
seeds of Cembrae pines.

However, despite indicating evolutionary trends in sec-
tion Strobus, none of the above mentioned phylogenetic
studies was able to unambiguously confirm the validity of
the subsection Cembrae. We believe that there can be sev-
eral explanations for the controversial origin of Cembrae
pines. Their wingless seeds and indehiscence could have
been indeed inherited from a common ancestor (true mono-
phyly), but sufficiently so long ago that relatedness is ob-
scured by millions of years of evolution in diverse habitats.
Allozyme variation is not necessarily neutral, at least in
part, and may be shaped by selection of particular alleles or
genotypes advantageous in particular environment reflect-
ing local adaptation rather than phylogenetic relationships.
The monophyly of subsection Cembrae assumed under this
scenario does not necessarily mean monophyly of subsection
Strobi. Cembrae pines could have arisen within wind-dis-
persed Strobi, but these two subsections are not necessarily
two sister groups.

The second scenario assumes polyphyletic origin of
Cembrae pines. Genetic divergence between P. sibirica — P.
cembra (and perhaps P. albicaulis), from one side, and P.
pumila — P. koraiensis, from another side, supports this
hypothesis. It is relatively high and comparable to the level
of divergence between species from different subsections,
Cembrae and Strobi. This could mean an independent and
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multiple (polyphyletic) origins of wingless seeds and inde-
hiscent conesin these two lineages. The wingless seeds occur
also in several white pines of subsection S¢robi. As to cone
indehiscence, this trait is underlain by a simple mechanism;
Cembrae cones lack specific tracheid fascicles (coarse fibers)
in the scales. In other pine species, the fascicles contract,
when a cone dries, causing scales to bend outward (Lanner
1990). The critical question is whether the absence of this
tissue, a homologous trait, synapomorphic for all five Cembrae
species. We think that this is not necessarily the case, since
the lack of this tissue could arise independently in two
evolutionary lineages (P. sibirica - P. cembra - P. albicaulis
and P. pumila - P. koraiensis) as a result of nonhomologous
mutations. Indehiscence then could be fixed via coevolution
of pines and their dispersers, corvid birds (Tomback and
Lindhart 1990), as this trait helps to hold the seeds in the
cones making them more easily available for birds.

There is also a possibility of interspecific gene flow and
multiple cases of gene exchange between different white
pine species (Critchfield 1986). Interspecific hybridization
and occurrence of natural interspecific hybrids were docu-
mented between P. sibirica and P. pumila within subsection
Cembrae (Politov and others 1999), and between P. pumila
and P. parviflora from different subsections Cembrae and
Strobi, respectively (Watano and others 1995, 1996). Once
indehiscence appeared, it could have crossed species borders
as a result of sporadic hybridization events. Therefore,
indehiscence could be a result of a “monophyletic” event
(appearing once in the evolution). However, genes respon-
sible for indehiscent cones could share the same ancestor
gene or genes, while other genes in the genome may have a
quite different evolutionary history. Past or present gene
introgression may also be responsible for similarity of ge-

USDA Forest Service Proceedings RMRS-P-32. 2004



Phylogenetics, Genogeography and Hybridization of Five-Needle Pines in Russia and Neighboring Countries

neticmarkersin sympatric or nearly sympatric species, such
as western North American white pines P. monticola, P.
flexilis and P. strobiformis Engelm., or white pines from
Taiwan, P. morrisonicola Hayata and P. armandii (which
was represented by the Taiwanese variety in our material).

If introgressive hybridization indeed took place in the
white pine evolutionary history, this could violate major
principles of phylogenetic analysis, such as independence of
compared operational taxonomic units (OTUs), and there-
fore, white pine evolution would be better described as
reticulate evolution. Even a large number of molecular
markers could be insufficient to resolve complicated reticu-
late patterns. Although molecular genetic markers have
already provided valuable information for the understand-
ing of genetic relationships in the section Strobus, their
value for phylogeny is still not fully understood.

Genogeography

Pinus sibirica

Pinus sibirica was the first Cembrae pine in Russia that
was studied by isozyme loci. Eleven isozyme systems coded
by 19 loci were described more than a decade ago (Krutovsky
and others 1987), and genetic differentiation among popula-
tions was estimated (Krutovsky and others 1989; Politov
and others 1989; Politov and others 1992; Krutovsky and
others 1994, 1995). The proportion of interpopulation varia-
tion in total species variation measured as Fgp value was
relatively low (2.5 percent) in this species; nevertheless
cluster analysis of 11 populations based on isozyme genetic
distances showed good correspondence to their geographic
origin. Populations from major regions that were substan-
tially different in habitat types formed separate clusters:
South Siberian Mountains, Western Siberian Plain, and
Northern Siberia.

Using practically the same set of isozyme loci, Goncharenko
and others (1993b) reported Fgr in P. sibirica to be 3.9
percent. Despite broader representation of samples (from
northwestern Siberia to eastern Kazakhstan and to Lake
Baikal Region in East Siberia), the concordance of UPGMA
clustering to geographic origin was less pronounced in their
study. We believe that this could have been caused by biased
allele frequency estimations due to relatively low sample
size, 12.9 trees on average per population as compared to
38.9 trees in Politov and others (1992) and Krutovsky and
others (1994, 1995). Using sevenisozyme loci analyzed in the
needle tissue, 41 samples were studied by Podogas (1993),
and the position of samples on the resulting PCA plot
generally corresponded to the geographic location of popula-
tions while the Fgr value was also relatively low (3 percent).

Using 31 allozyme loci, Politov (1998) studied genetic
differentiation among 15 populations in Lake Baikal region
in East Siberia. A higher level of interpopulation diversity
(Fgr=6.3 percent) was revealed in these populations, and
genetic differentiation studied by PCA was in good concor-
dance with geography (fig. 4). Comparative analysis of
Baikalian populations together with earlier studied popula-
tions from West and Middle Siberia using 10 common loci
showed that Baikalian populations were different from
other major provinces (Politov 1998).
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Pinus cembra

Allozyme variation in P. cembra populations was first
studied by Szmidt (1982). The estimated population genetic
differentiation (Fgr = 0.313) was unusually high compared
to other pine species. In part, the high Fgr value could be
explained by greaterisolation among P. cembra populations.
There are reasons, however, other than isolation that can
explain that high Fgr. Based on the description of the
geographic origin provided by the author, one of the samples
appeared to be collected from a P. sibirica population in
Chitinskaya Region in East Siberia. This area is sympatric
for both P. sibirica and P. pumila. We compared genetic data
obtained for East Siberian populations of P. sibirica and P.
pumila, which revealed that this sample represented nei-
ther P. cembra nor P. sibirica. Several alleles in this sample
are species specific for P. pumila and were never found in
either P. cembra or P. sibirica. Correspondingly, we believe
that this sample actually represented P. pumila, which is
highly diverged from P. sibirica in isozyme loci. Subse-
quently, only a few single populations of P. cembra have been
studied by isozymes (Krutovsky and others 1990, 1994,
1995; Goncharenko and others 1991; Politov and others
1992; Pirko 2001). However, recently Belokon, Belokon and
Politov (in preparation) estimated genetic diversity in five P.
cembra samples collected from the Alps (Switzerland and
Austria) and the Carpathian Mountains populations in
western Ukraine. The Fgr value was not exceptionally high
(0.047). Therefore either stand isolation did not drastically
affect population differentiation of this species or this isola-
tion is possibly a recent event, and the stands were much
more dense and widespread in the recent past. We conducted
Correspondence Analysis (StatSoft 1998) on these five popu-
lations, and its results are shown in figure 5. Samples from
the Alps and the Carpathian Mountains were well separated
along the first dimension, while the second dimension differ-
entiated northern and southern macroslopes of the eastern
Carpathian Mountains. This differentiation showed that
Alpine and Carpathian populations as well as populations
from northern and southern macroslopes of the eastern
Carpathian Mountains have different genetic constitutions,
although the southern macroslopes were represented by
only a single population in our study.

Gugerli and others (2001) studied 15 populations in P.
cembra, one in P. sibirica and two in P. pumila using a few
DNA markers of several different types, but no data on
intraspecific variation were reported. The authors confirmed
allozyme data that P. pumila was the most divergent species
among these three species. However, they failed to differen-
tiate P. cembra from P. sibirica, which clustered among P.
cembra populations.

Pinus pumila

Genetic structure of P. pumila was first analyzed in
studies on three populations from the north region of
Kamchatka Peninsula (Krutovsky and others 1990; Politov
and others 1992; Krutovsky and others 1994, 1995). Fgr
value based on 22 allozyme loci was relatively low (2.1
percent), but dendrograms based on genetic distances corre-
sponded to the geographic localization of the populations.
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P. sibirica based on allelic variation in 31 isozyme loci (B) studied in Baikal Lake region (Politov 1998).
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Goncharenko and others (1993a) reported slightly higher
differentiation (Fgr=4.3 percent) in five populations from
tworegions, the Chukotka Peninsula and Island of Sakhalin.
However, the authors failed to find clear pattern in differ-
entiation among populations. Similar to their
abovementioned study of P. sibirica, this study has the
same problem of the limited sample sizes (12.6 trees per
population on average), which could bias estimation of
allele frequencies in populations. Substantial genetic dif-
ferentiation (Fgr=7.3 percent) was found in recent, more
representative and wide ranging geographic studies of 22
populations of P. pumila sampled from the Lake Baikal
region through the inland mountain ridges to the Pacific
coast uncluding the Sakhalin Island (Maluchenko and
others 1998; Politov 1998). The distribution of populations
on a PCA plot based on 26 allozyme loci was in good
correspondence to their geographic origin (fig. 6).

Pinus koraiensis

Early studies of three populations of P. koraiensis (Politov
and others 1992; Krutovsky and others 1994, 1995) revealed
a relatively low level of genetic differentiation (Fgp=4.0
percent). The Fgp value was even lower (1.5 percent) in a
more representative study of 19 populations collected from
most of P. koraiensis’ range in Russia (Potenko and Velikov
1998), but the authors did not use any clustering technique
to analyze genogeography. Belokon and Politov (2000) ana-
lyzed nine populations that included seven populations from
three regions of Russian Far East (Primorski Territory,
Amurskaya Oblast and Khabarovsk Territory) and two
samples from northeastern China. However, populations
did not cluster according to their geographic origin on the
PCA plots. It appears that studies on genetic differentiation
in P. koraiensis will require combined efforts of different
scientists and more samples from the entire range (see also
accompanying paper by V. V. Potenko).

Intra- and Interpopulation Genetic
Variation in Cembrae Pines

The different number and type of isozyme loci or other
genetic markers and the different size and origin of samples
used in various studies make comparison among studies of
levels of genetic variation between species and even within
species problematic if not impossible. Estimates of genetic
variation greatly varied in different studies of Cembrae
pines. Expected heterozygosity (H,) calculated from allele
frequencies by assuming Hardy - Weinberg equilibrium in
population and Fgy or Ggp parameters are the most common
estimates of intrapopulation genetic variation and inter-
population genetic differentiation, respectively. We have
summarized these estimates obtained in Russian popula-
tions of Cembrae pines (table 1). To make comparisons more
accurate we presented only those H, values that were based
on the same set of loci. The Fg/Ggr values based on the same
or almost the same loci and obtained within a geographic
range of the same or similar scale were also calculated and
presented. Although these adjustments do not necessarily
ensure correct comparisons, we believe that such compari-
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Figure 6—Sampling site locations (A) and results of Corre-
spondence Analysis (B) of 23 populations of P. pumila based
onallelic variationin 31 isozyme loci (Maluchenko and others
1998; Politov 1998). O - Southeastern Baikal (Hamar-Daban
Range), ® - Northern Baikal, ® Inland Ridges, ¢ Sakhalin
Island, ® - Northeastern coast of Sea of Okhotsk.

sons are more objective than direct comparison of estimates
based on unbalanced data. The H, values increased in our
study in the following order: P. cembra > P. sibirica > P.
koraiensis >P. pumila. Fgywas also the greatestin P. pumila
followed by P. cembra, P. koraiensis, and P. sibirica (fig. 7).
The latter two species had similar Fgqp values. We also
calculated H, values for 15 white pine species based on the
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Table 1—Genetic diversity in Eurasian stone pine species (subsection Cembrae) estimated as expected heterozygosity (He) and interpopulation
genetic differentiation (Fst or Ggt) parameters using isozyme loci.

Species Populations Loci (mean) Fs1/Gst Fsr? He Reference
P. cembra 5 30 0.047 0.065 0.093 Belokon, Belokon and Politov, unpublished
P. sibirica 32 19-31 0.025-0.063 P 0.035 0.124 Politov 1998
(25)
P. koraiensis 5 30 0.015-0.040 0.035 0.128 Belokon and Politov 2000
19 26 - - 0.182 Potenko and Velikov 1998
P. pumila 29 22-32 0.021-0.073 0.070 0.234 Politov 1998; Maluchenko and others 1998
(30)

2 Calculated for populations within the same scale of geographic range and using the same set of loci for comparison.

b The range of estimates from different studies.
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Figure 7—Comparison of intrapopulation (H,) and inter-
population (F;) genetic diversity between four Cembrae

pine species.

same set of 16 isozyme loci (table 2). There was considerable
variation in H, values among species, but differences were
associated neither with subsections nor with subdivision of
species into bird-dispersed versus wind-dispersed species
(table 2). Birds are known as efficient dispersers that ensure
substantial gene flow within Cembrae pine populations
(Furnier and others 1987). It is commonly believed that
nutcrackers may also be responsible for extensive migration
among populations of pine species, with which they are
associated (Bruederle and others 2001). However, although
table 3 shows that F,/G,, values were lower in bird-dis-
persed than in wind-dispersed pines, the variance of esti-
mates was very high. Difference between mean values (0.057
+0.045vs.0.103£0.082) for the two groups did not generally
exceed the differences that often observed between different
species within each group or between several independent
studies conducted for the same species, but using different
loci sets and/or different population range. Therefore, addi-
tional studies that are based on the same set of genetic
markers and the same geographic and ecological range are
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needed to calculate F,/Gy, values that would allow a strong
conclusion as to whether migration is higher in bird-dis-
persed pines.

In general, such factors as high gene flow (due to efficient
mechanisms of seed and pollen dispersal) along with a high
effective population size, a high stand density, and a pre-
dominantly outcrossing mating system should lead to a
higher intrapopulation component of genetic variation and
a lower differentiation among populations. This is a typical
pattern of genetic structure observed in widely distributed
coniferous species (Ledig 1998). However, the fact that Fgp
values significantly vary amongloci contradicts the common
opinion that migration plays a major role in differentiation
and possibly indicates a nonneutral nature of at least some
of loci. Loci with low Fgp values can be subjected to balancing
selection that equalize gene frequencies, while loci with
higher than average values can be affected by diversifying
selection, and loci with intermediate Fgp values can be
neutral (Altukhov 1991). The introduction of new genetic
markers that are more neutral than isozyme loci will provide
an opportunity for testing this hypothesis and estimating
the role of different factors in maintaining of genetic struc-
ture of Cembrae pines.

Heterozygosity Dynamics and
Mating System

The combination of a haploid endosperm (megagameto-
phyte) that represents a segregating maternal gamete with
a diploid embryo in conifer seeds allows researchers to
genotype two consecutive generations in seeds collected
from individual trees. Genotypes of maternal trees can be
inferred from segregation of isozyme alleles in megagameto-
phytes. At the same time embryos of these seeds represent
open-pollinated progenies (half- or full-siblings) that can be
considered as next generation of individuals in a particular
tree stand. Comparisons of observed genotype distributions
in two generations with those that are expected assuming
Hardy - Weinberg equilibrium revealed interesting and
important trends of temporal changes in the level of het-
erozygosity in all Eurasian Cembrae pines. Embryos typi-
cally demonstrate slight to moderate deficiency of homozy-
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Table 2—Genetic diversity in white pines
(section Strobus) estimated as
expected heterozygosity (Hg)
parameter using the same 16

isozyme loci.
Species 2 He
Subsection Cembrae
P. cembra 0.082
P. sibirica 0.106
P. albicaulis 0.113
P. koraiensis 0.130
P. pumila 0.198

Mean 0.126 +£0.020

Subsection Strobi

P. armandii 0.080
P. wallichiana 0.091
P. strobus 0.093
P. parviflora 0.109
P. monticola 0.119
P. strobiformis 0.122
P. peuce 0.125
P. flexilis 0.128
P. morrisonicola 0.132
P. lambertiana 0.142

Mean 0.114 £0.006
Mean for bird-dispersed 0.123 £0.012
Mean for wind-dispersed 0.112 £0.009

@ Underlined are species for which there is some
evidence of bird-dispersal of seeds (Lanner 1996,
1998).

Table 3—Level of genetic differentiation between populations in bird- versus wind-dispersed white pines estimated as
Fst or Gst parameters using isozyme loci.

Species Populations Loci Geographic scale F.. or G, Reference
Bird-dispersed
P. albicaulis 3 21 Local 0.004 Rogers and others 1999
9 19 Local 0.025 Bruederle and others 1998
14 Mediumwide 0.088 Yandell 1992
30 17 Rangewide 0.034 Jorgensen and Hamrick 1997
P. sibirica 8 20 Mediumwide 0.039 Goncharenko and others 1993b
11 17 Mediumwide 0.025 Krutovskii and others 1994, 1995
P. pumila 3 18 Local 0.021 Krutovskii and others 1994, 1995
5 22 Mediumwide 0.043 Goncharenko and others 1993a
18 19 Mediumwide 0.170 Tani and others 1996
12 32 Rangewide 0.073 Maluchenko and others 1998
P. koraiensis 3 16 Mediumwide 0.040 Krutovskii and others 1995
8 23 Mediumwide 0.059 Kim and others 1994
10 26 Rangewide 0.063 Belokon and others unpublished
P. flexilis 8 10 Mediumwide 0.022 Schuster and others 1989
30 24 Rangewide 0.101 Jorgensen and Hamrick 1997
16 27 Rangewide 0.149 Hamrick and others 1994
7 10 Rangewide 0.016 Latta and Mitton 1997
P. strobiformis 8 11 Rangewide 0.047 Ledig, pers. comm.
Mean 0.057 £0.045
Wind-dispersed
P. ayacahuite 2 23 Local 0.047 Ledig 1998
14 23 Rangewide 0.222 Ledig 1998
P. monticola 28 12 Rangewide 0.148 Steinhoff and others 1983
P. strobus 27 12 Rangewide 0.080 Ryu and Eckert 1983
10 18 Mediumwide 0.019 Beaulieu and Simon 1994
Mean 0.103 +£0.082
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gotes (Politov and others 1992; Politov and Krutovsky 1994;
Krutovsky and others 1994, 1995; Politov 1998). Estimates
of mating system parameters have shown this deficiency is
caused by partial self-pollination that can occur with up to 15
percent in P. sibirica populations, 8 percent in P. koraiensis,
and can be as high as 31 percent in P. cembra. The latter
species exists in small isolated stands that can have a
limited pollen flow distance, which often promotes self-
pollination.

In contrast to embryos, heterozygote deficiency was not
observed in mature trees (Politov and Krutovsky 1994;
Krutovsky and others 1995). They typically demonstrate
either Hardy — Weinberg equilibrium or slight heterozygote
excess that likely indicates the selective elimination of
progeny originated from self-pollination during early stages
of life and probably, also the balancing selection in favor of
heterozygotes in some loci (Politov and Krutovsky 1994;
Krutovsky and others 1995). Assortative mating of parents
with different genotypes and/or preferential fertilization of
gametes with different haplotypes are mating system mecha-
nisms that may potentially also contribute to the excess of
heterozygosity, butit also would cause an excess of heterozy-
gosity in both embryos and mature trees and would not
explain the increase of heterozygosity with age. We are also
unaware of any evidence or data that would prove that
assortative mating of such kind occurs in pines or other
conifers.

Interspecific Hybridization

Critchfield (1986) summarized data on interspecific crosses
among white pines of the section Strobus. Successful crosses
between pines within the subsection Cembrae such as P.
sibirica x P. cembra were also mentioned in that review,
although this successful hybridization is not surprising due
to the phylogenetic proximity of the parental species. Titov
(1988) obtained sound seeds from the cross between P.
sibirica x P. koraiensis; however, these were never tested by
genetic markers to confirm hybridity. Successful crosses
between Cembrae and Strobi pines, such as P. koraiensis x
P. lambertiana were also reported earlier (Bingham and
others 1972).

Interspecific crosses of P. sibirica x P. koraiensis were
conducted in Ivanteevka Arboretum (Moscow Region, Rus-
sia) in the late 1960s. Needles and buds from 27 putative
“hybrid” mature trees were tested by 18 allozyme loci (Politov,
Belokon and Belokon, unpublished). Only two trees were
unambiguously identified as hybrids based on species spe-
cific alleles in loci Gdh, Adh-1, and Lap-3, while the other
trees were apparently P. sibirica. It is worth noting that
these hybrids were superior in growth and showed resis-
tance to the pest Pineus cembrae Cholodkovsky 1888
(Adelgidae: Chermes).

Natural hybridization between P. sibirica and P. pumila
in Lake Baikal region was confirmed genetically using
isozyme analysis (Politov and others 1999). Both species
were thoroughly studied in their allopatric areas and across
awide zone of their sympatric distribution. Putative natural
hybrids were identified using 28 allozyme loci controlling 14
enzyme systems. The Adh-1, Fe-2, and Lap-3 loci in the
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hybrids had genotypes that were typical for P. sibirica, but
did not occur or were unlikely in P. pumila, while five other
loci carried alleles and genotypes that are unknown in P.
sibirica, but common in P. pumila. The Skdh-2 locus was
heterozygous for alleles, one of which was specific for P.
sibirica, but another for P. pumila. Some embryos from the
seeds of the hybrid were likely resulted from self-pollination
while others from backcrosses with parental species. This
was the first genetic evidence of natural hybridization and
potential gene exchange between P. sibirica and P. pumila.
Hypothetically, gene exchange between P. sibirica and P.
pumila may play a significant adaptive role. The zone of
sympatry in the Baikal Region and Southern Yakutia is not
optimal for both species and is intrinsically occupied by
marginal populations. P. sibirica and P. pumila are adapted
to different environments, and survival outside of their
respective optimal environments may be promoted by genes
from related species coming from another side of the sympa-
try zone with different environmental gradients. The fre-
quency and distribution of hybrids in the sympatry zone of
P. sibirica and P. pumila and their possible role in the
species adaptation and evolution are still largely unknown.
Itis still questionable whether observed hybridization leads
to extensive gene introgression, but if it is so the gene
exchange could be a mechanism of increasing of total popu-
lation fitness. Despite intercrossing among Cembrae spe-
cies, we do not consider this fact alone as an evidence of their
closer relationships to each other than to other white pines.
Crossability and closeness of relationship can be correlated,
but the lack of crossability is not convincing of a more distant
relationship. Blada (1994) reported a number of successful
artificial crosses between P. cembra and pines of subsection
Strobi. Watano and others (1995, 1996) studied trees with
morphological traits that were “intermediate” when com-
pared to traits in “pure” P. pumila and P. parviflora using
DNA markers, and proved the trees to be interspecific
hybrids. High conservatism in the number and morphology
of chromosomes probably facilitates hybridization of white
pines as well as other Pinaceae, and interspecific gene
exchange might be an important (although usually underes-
timated) factor of population genetic structure dynamics.
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Studies of Genetic Variation with Five-
Needle Pines in Germany

Bruno Richard Stephan

Abstract—After 30 years, a field trial with 65 seed samples of
eastern white pine (Pinus strobus) showed that the best growing
provenances have their origin in the Appalachians south of latitude
39°, and provenances with the slowest growth in regions north of
latitude 45°. Provenances from regions between 39° and 45° latitude
varied greatly in their growth, even when their origins were from
adjacent locations. The great interspecific and intraspecific differ-
ences of five-needle pines in resistance to the blister rust fungus
Cronartium ribicola was demonstrated by resistance tests. Obvious
racial variation in the blister rust fungus was found by a joint
inoculation experiment with alternate hosts (Ribes and Pedicularis).

Key words: Eastern white pine, Pinus strobus, provenance trial,
blister rust, growth performance, Pinus cembra, P.
wallichiana, P. peuce, P. parviflora

Introduction

Europe has in contrast to North America only two native
five-needle pine species. Only Swiss stone pine (Pinus cembra
L.) is native in Germany. This species occurs in small
populations in the Alpine regions of southern Germany at
elevations up to 1867 m.

The second European species is the Macedonian pine
(Pinus peuce Griseb.) of the mountainous Balkans. This
species is rather slow-growing and in general of less interest
for forestry practice. However, because of a relatively high
tolerance against air pollutants, it is suitable for afforesta-
tion in southeastern Germany (Lattke and others 1987,
Lattke 1998), where other tree species (for example Norway
spruce) were severely damaged or even eliminated during
recent decades.

In addition to these native species, several other five-
needle pine species were introduced, mainly for ornamental
purposes: The Himalayan white pine (Pinus wallichiana A.
B. Jacks.) from Pakistan and India is grown in parks and
larger gardens in the warmer climate of southwestern Ger-
many. In other regions the trees are subject to damage from
late frost, as shown in some provenance trials (for example
Stephan 1974).

In: Sniezko, Richard A.; Samman, Safiya; Schlarbaum, Scott E.; Kriebel,
Howard B., eds. 2004. Breeding and genetic resources of five-needle pines:
growth, adaptability and pest resistance; 2001 July 23-27; Medford, OR,
USA. IUFRO Working Party 2.02.15. Proceedings RMRS-P-32. Fort Collins,
CO: U.S. Department of Agriculture, Forest Service, Rocky Mountain Re-
search Station.
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The Japanese white pine (Pinus parviflora Sieb. et Zucc.)
is a common ornamental tree species in parks, arboreta,
gardens and cemeteries, where it is of interest because of its
slow growth and attractive blue needle colour.

Pinus strobus L., the eastern white pine from North
America, is the only five-needle pine with extensive silvicul-
tural use in Germany. The species was introduced in Europe
in 1605. It can be grown successfully under various environ-
mental site conditions and shows good natural regeneration.
The main disadvantage is the high susceptibility to blister
rust disease caused by Cronartium ribicola J.C. Fischer.

In the following paper some results of a provenance trial
with P. strobus will be presented. In addtion, results are
summarized from resistance tests with several five-needle
pine species and studies of variation in Cronartium ribicola.

Materials and Methods

Provenance Trials

Provenance trials with 65 seed samples from the natural
range of P. strobus were started in 1963. Geographical data
for the provenances are given in table 1. Field trials were
established with 3-year-old plants on two sites in northern
Germany in 1966 and 1967. Measurements and assess-
ments of growth performance, mortality (rust and non-rust
related) and the presence of stem infections as well as branch
infections by blister rust were conducted in the following
years. Detailed informationis givenin earlier papers (Stephan
1974, 1986a). The last evaluations were carried out in 1994
when the trees were 32 years old, and these data are
presented here. Because of the design of the trial and the
narrow space within the plots, further exact evaluations are
not possible.

Resistance Test with Five-Needle Pines

The Institute for Forest Genetics at Grosshansdorf par-
ticipated in the international IUFRO experiment testing
resistance of white pines to Cronartium ribicola. This joint
experiment was initiated by Bingham and Gremmen (1971).
A total of 17 five-needle pine species including 76 prov-
enances and progenies were tested by artificial inoculation
(Stephan 1986b). About 10,000 pine plants were grown in
containers under greenhouse conditions at temperatures
above 0 °C to avoid frost damage of the frost sensitive
species. For artificial inoculations, rust-infected leaves of
the alternate host Ribes nigrum L. were used. The pine
seedlings were inoculated at an age of two years. Each plant
was assessed annually for the rust symptoms, beginning
with needle lesions or spots, appearance of spermogonia,
normal cankers and/or bark reactions, and blisters with
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Table 1—Provenance trial with Pinus strobus at Forest District Nordhorn (Wielen Ki 26) in northwestern Germany.
Provenances are listed in order of their volume under bark per ha at age 27.

Seed-book Latitude Longitude Altitude Height (m) Dbh (cm) m3ha
no. County, state N w (m) age 27 age 32 age 27
3862 Newaygo, Ml 43°43' 85°55' 262 13.30 26.00 321.8
3851 South Carolina 34°39 82°55' 533 13.50 30.35 319.7
3874 Clearfield, PA 41°00' 78°27 — 12.80 — 307.7
3800 Henderson, NC 35°20' 82°30' 671 13.03 22.00 304.9
3850 Kentucky 37°00' 87°00' — 13.25 29.00 285.9
3812 Garrett, MD 39°30' 79°25' 707 12.95 21.40 279.7
3871 Garrett, MD 39°30 79°25' 707 12.70 27.67 281.2
3829 Carroll, VA 36°42' 80°52' 780 13.13 29.00 275.7
3803 Schoharie, NY 42°45' 74°25' 274 12.60 — 272.8
3839 Buncombe, NC 35°28' 82°32' 655 13.00 28.50 274.4
3861 Manistee, Ml 44°16' 86°03' 213 13.05 26.70 269.9
3857 McKean, PA 41°42' 78°55' 457 12.78 22.35 272.0
3818 Washington, MD 39°41' 78°14' 194 12.78 27.25 269.0
3875 Warren, NY 43°37 73°44' 305 13.35 21.85 267.2
3825 Saratoga, NY 43°00' 73°43' 152 12.95 28.50 260.8
3827 Dunn/Polk, WI 45°00' 91°19' 366 12.35 26.10 260.1
3804 Berkshire, MA 42°30' 73°14' 274 12.80 24.40 258.0
3872 Pike, PA 41°10' 75°00' 335 12.38 27.50 2515
3837 Oconee, SC 34°50 83°10' 457 12.95 21.75 246.5
3876 Warren, NY 43°41' 73°41 396 12.55 26.25 244.4
3810 Middlesex, CT 41°38' 72°30' — 13.03 26.00 240.8
3842 Quebec, QC 46°55' 71°31' 168 12.95 24.50 239.9
3823 Litchfield, CT 41°58' 73°13' 390 12.58 26.25 238.8
3809 Hillsborough, NH 43°06' 71°55' 262 12.05 23.30 241.3
3838 Wytha, VA 37°00' 81°15' 762 12.65 19.25 2375
3801 Greenbrier, WV 38°59 80°09 686 12.50 25.15 231.8
3808 Chittenden, VT 44°27 73°12' 91 12.28 25.50 236.1
3802 Strafford, NH 43°08' 70°57' 31 12.53 25.07 2325
3821 Somerset, PA 39°47 79°02' 640 12.95 24.00 228.9
3820 Somerset, PA 39°47" 79°02' 640 12.08 26.00 234.2
3824 Litchfield, CT 41°58' 73°13' 408 12.40 25.75 234.2
3815 Allegany, MD 39°40' 78°28' 239 12.50 23.40 226.9
3853 Schoharie, NY 42°45' 74°25' 305 12.63 24.00 226.8
3870 Strafford, NH 43°08' 70°56' 18 12.10 23.05 227.7
3822 Tucker, WV 39°10' 79°35' 503 12.38 26.57 227.6
3819 Garrett, MD 39°42' 79°08' 678 13.23 24.93 228.5
3830 Carroll, VA 36°37" 80°53' 780 12.75 22.90 233.0
3835 Sauk, WI 43°30' 89°55' 305 12.18 25.15 227.4
3805 Juneau, WI 43°35' 90°00' 210 12.00 23.00 217.7
3806 Chittenden, VT 44°28' 73°09' 290 12.15 24.67 216.6
3814 Preston, WV 39°33' 79°29' 77 11.63 22.00 208.9
3833 Garrett, MD 39°33' 79°21 756 12.48 16.00 213.3
3828 Coerthier, QC 46°17' 73°25' 213 12.30 25.00 207.4
3855 Addison, VT 44°07" 73°13' 122 12.30 24.03 206.4
3834 Garrett, MD 39925 79°24' 701 12.00 23.50 201.8
3811 Garrett, MD 39°30' 79°25' 707 12.38 24.20 201.7
3836 Sauk, WI 43°30' 89°55' 305 12.25 22.15 199.0
3843 Sawyer, WI 46°00' 91°25' — 12.95 22.25 194.3
3844 Renfrew, ON 45°57" 77°27 160 11.50 23.00 194.2
3807 Chittenden, VT 44°28' 73°09' 122 12.23 23.85 195.0
3841 Lake, MN 48°02' 91°36' 402 12.15 22.50 188.4
3877 Essex, NY 44°20' 73°46' 229 12.05 21.70 181.7
3845 Sunbury, N.B. 46°22' 66°11' 122 11.50 26.75 175.5
3848 LaSalle, IL 41°19' 88°59' 155 11.90 23.73 173.4
3840 York, ME 43°22' 70°53' 122 11.83 20.33 169.8
3854 Todd, MN 46°21' 94°12' 405 12.58 21.70 170.1
3826 Itasca, MN 47°19' 93°34' 397 12.13 21.10 166.0
3846 Quebec, QC 46°57" 71°31 305 12.25 24.00 147.5
3813 Preston, WV 39°33' 79°29' 786 11.75 21.50 139.7
3847 Manitoba, MN 54°00' 100°00' — 11.40 20.90 130.1
3856 Ogle, IL 41°57" 89°23' 221 11.00 20.00 119.5
3831 North Carolina — — — 12.75 27.00 —
3852 Wisconsin — — — 12.73 26.90 —
3849 Michigan — — — 12.50 26.33 —
3832 North Carolina — — — 11.70 21.37 —
Average 12.47 24.23 228.4
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aeciospores. Rust related and non-rust related mortality
was recorded. During the experiment all plants were kept in
greenhouses until they reached the age of eight to nine
years. The white pine plants were not exposed to further
natural infections.

Studies on Race Differences of C. ribicola

The objective of these studies was to investigate the extent
of pathogenic variation in C. ribicola in ability to infect
alternate host species. Therefore, joint inoculation experi-
ments were carried out with Ribes nigrum L. (Saxifragaceae)
and Pedicularis resupinata L. (Scrophulariaceae) in Ger-
many and South Korea. Various cultivars of R. nigrum are
grown in Germany and are the main alternate hosts of the
white pine blister rust fungus. Pedicularis resupinata is
native in eastern Asia and is also an alternate host plant of
C. ribicola. Both alternate host species or cultivars were
grown in Germany as well as in South Korea, and inoculated
with the respective C. ribicola aeciospores in both countries.
Further details of the materials and methods are given in
the paper of Stephan and Hyun (1983).

Results

Provenance Trial with Pinus strobus

Height growth (age 27), stem diameter at breast height
(1.3 m) (age 32) and calculated total volume under bark
(m®ha) (age 27) are shown as an example for the trial at
Wielen (Ki 26), northwestern Germany, in table 1. The
averages for height growth at age 27 varied between 11 m
and 13.5m, for diameter at age 32 from 16 cm to about 30 cm,
and for volume at age 27 from 119.5 m3/ha to 321.8 m%ha.

The performance of the provenances at the two test sites
was very similar. The provenances differed significantly in
their growth performance at different ages. Traits are corre-
lated negatively with provenance latitude (for correlation
coefficients see Stephan 1974). Trees from provenances in
the southern Appalachians south of 39° latitude grew well
under the conditions in northern Germany (fig. 1). Prov-
enance samples from the regions north of latitude 45° grew
poorly. Provenance samples from areas between 39° and 45°
latitude showed great variation in growth rate.

Differences between provenances in blister rust infection
could be observed. As the trees were mostly infected at the
lower part of the stems or branches, it could be assumed that
they were obviously infected already as young plants in the
nursery. The range in rust infection was relatively low and
varied from 2 percent and 7 percent between the two test
sites, but from 0 percentto25 percentbetween provenances.
There was a weak correlation (r = 0.32) among provenances
over the two test sites. A correlation between origin of the
provenances and infection could not be found. One prov-
enance from Maryland and one from Quebec had no rust
infected trees after seven years in the field. On the contrary,
25 percent trees of a provenance from Wisconsin were rust
infected.

Wood density of the provenances was investigated
separately and varied only slightly, ranging from 0.257 to
0.290 g/cm? with an average of 0.271 g/cm?®.
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Figure 1—Volume under bark (m%/ha) at 27 years of 61
provenances of eastern white pine in relation to geographic
latitude at one provenance trial (Ki 26) site location at
Wielen, northwestern Germany.

Differences Among Five-Needle Pines in
Blister Rust Resistance

There was wide genetic variation among pine species,
provenances and progenies in the reaction after artificial
inoculation with basidiospores of C. ribicola (table 2). Gen-
erally, European and Asian pines remained uninfected or
were less infected by the rust fungus on the basis of needle
lesions, percent of trees with stem symptoms and mortality
rate, than the extremely susceptible North American pines.
Particularly P. cembra, P. armandii and P. pumila showed
neither needle symptoms nor stem symptoms. Large differ-
ences of percent rust infected trees existed among seed
samples within the Asian species P. parviflora and P.
wallichiana (table 2). Among the North American pine
species, four P. aristata provenance samples had the lowest
percentage of tree with stem cankers (mean of 66 percent).

Progenies from crosses between selected rust-free parents
from two of the North American species had some trees with
heavy infection, but in general they had fewer infected trees
than did trees in provenances of their respective pine species
six and a halfyears after inoculation (see P. lambertiana and
P. monticola in table 2). A few years later, however, these
canker-free progenies were also heavily infected by blister
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Table 2—Blister rust infection (percent of trees with cankers) of 8- and 9-year-old white pines about 6
years after artificial inoculation with Cronartium ribicola.

No. of
White pine species

provenances/progenies

Blister rust attack (%)
Mean (provenances) Mean (species)

Europe
Pinus cembra 1
P. peuce

[¢]

Asia

P. armandii

P. pumila

P. sibirica

P. parviflora

P. koraiensis

P. wallichiana
P. morrisonicola

P OWWErEDN

North America
P. aristata

P. strobiformis
P. balfouriana

P. lambertiana
— R-progeny ¥
P. albicaulis

P. flexilis

P. monticola

— R-progenies ¥
P. strobus

P. strobus (Germany)

=
rOOOANFPOMDD

0 0
0-30 22
0 0

0 0

— 17
0-67 22
18-29 23
17-60 40
— 40
50-94 66
75-95 88
74-100 90
88-100 97
— 76
94-100 97
97-100 98
93-100 99
85-100 97
98-100 100
60-88 71

@ R-progenies = F; and F, progenies from controlled crosses between parent trees resistant in North America

rust and subsequently died. Canker development in these
progenies seemed to require more time. Natural infection
was excluded as all trees were grown in greenhouses far
away from alternate host plants.

Interestingly, the four seed samples of P. strobus popu-
lations grown in Germany and used in the inoculation
experiment were obviously more tolerant to the German
blister rust race than were autochthonous samples of
North American P. strobus (table 2).

Genetic Variation Within Cronartium
ribicola

Alternate hosts of the white pine blister rust fungus were
inoculated simultaneously with aeciospores of the fungus in
a joint experiment in Germany and South Korea. In the
German trial only Ribes nigrum and in the Korean trial only
Pedicu