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The pines have been more successful than most of their coniferous
relatives in occupying marginal habitats at the upper and lower edges of
the forest zone in western North America. Among the groups restricted
to such habitats is subsection Balfourianae of Pinus, comprising the fox-
tail and bristlecone pines. These pines characteristically grow on cold
dry sites at high elevations, and in most places have few tree associates.
Perhaps because of their inaccessibility and limited economic impor-
tance, not much was known about them until E. Schulman’s discovery in
the mid—1950’s that some bristlecone pines reach greater ages than other
higher organisms (Ferguson, 1968). Since then, much has been learned
about the Balfourianae, and investigations of natural variation have gen-
erated two taxonomic proposals in the group. Bailey (1970) named the
western populations of bristlecone pine P. longacva, restricting the older
name, P. aristata Engelm., to the eastern populations. Mastrogiuseppe
(1972) proposed the subdivision of foxtail pine (P. balfouriana Grev. &
Bali.) into two subspecies.

The first attempts to cross bristlecone and foxtail pines were made in
1940 by the U.S. Forest Service’s Institute of Forest Genetics (IFG) at
Placerville, California, but most of our exploratory crossing of the Bal-
fourianae pines with each other and with other pines was carried out
between 1963 and 1971. This paper summarizes the results of these
crosses, examines variation in several characteristics of the Balfourianae,
and relates this information to recent investigations of the systematics
and evolution of the group.

Tue Taxa or Balfourianae

Subsection Balfourianae is a morphologically and geographically co-
herent group, with no close affinities to any other group of white pines in
subgenus Strobus (Haploxylon). The needles mostly number five per
fascicle, but this common feature of white pines is accompanied by the
absence of marginal teeth on the needles, cone scales with dorsal umbos
terminating in a mucro or spine, and seeds with long detachable wings—
a combination of characters that readily differentiates the Balfourianae
from other subsections of Strodus.

Among the named taxa in the Balfourianae, foxtail pine is the most
limited in distribution. This Californian endemic grows only in the Klam-
ath Mountains of northwestern California and a portion of the southern
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Sierra Nevada centered on Sequoia National Park. The northern and
southern stands are separated by more than 500 km. They differ in tur-
pentine composition (Haagen—Smit, Wang and Mirov, 1950) and in
morphology, particularly quantitative characteristics of cones and seeds
(Mastrogiuseppe, 1972; Mastrogiuseppe and Mastrogiuseppe, 1975).
Mastrogiuseppe (1972) summarized the evidence supporting their recog-
nition as separate subspecies.

The bristlecone pines are much more widely distributed, ranging from
California to the southern Rocky Mountains. The Colorado River sepa-
rates eastern P. aristata from western P. longaeva. Eastern bristlecone
pine grows in the mountains of Colorado and New Mexico, with a dis-
junct population more than 500 km west in the San Francisco Peaks of
northern Arizona. Western bristlecone pine is widely distributed in the
mountains of Utah, Nevada, and eastern California. At its western limits
in the White and Inyo Mountains of California, it grows only about 25
km from the nearest foxtail pine stands on the east slope of the Sierra
Nevada.

The eastern and western bristlecone pines differ in morphology
(Bailey, 1970) and turpentine composition (Zavarin and Snajberk, 1973;
Zavarin, Snajberk and Bailey, 1976). Bailey noted differences in cone
morphology and color, resin odor, needle retention, and other features,
but his separation of eastern and western bristlecone pines was docu-
mented primarily by characteristics of the needle resin canals. He found
that most needles of western bristlecone and foxtail pines had two exter-
nally visible resin canals and ungrooved needle surfaces. In the needles
of eastern bristlecone pine, the resin canals were located beneath shallow
grooves in the needle surface, and Bailey estimated the number and dis-
tribution of resin canals by counting grooves. About half of the needles
had only one groove. The rest had two or more, but in more than half of
these needles all but one groove terminated below the apical quarter of
the needle.

The resin canals of the eastern trees are also much smaller and closer
to the needle surface. They often burst, exuding resin onto the surface.
The dried resin forms a white fleck, and the eastern and western trees
differ greatly in the incidence of these flecks. Only 5 percent of the
needles Bailey sampled in western stands had flecks. In the east, flecks
were present on 92—-94 percent of the needles from Colorado and New
Mexico and 47-63 percent of the needles from Arizona (Bailey, 1970;
Zavarin et al., 1976).

Bailey also observed differences between eastern and western bristle-
cone pines in the shape of the cone base, stoutness and length of the cone
bristles, and color of ripe pollen—cones and maturing seed—cones. Meas-
urements of the length of bristles on cones in the IFG herbarium sub-
stantiate his statement that eastern bristlecone pines often have longer
bristles. Cones from eastern trees averaged about 5 mm in bristle length,
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and ranged from 3-8 mm. Cones from western trees had bristles averag-
ing about 3 mm long (range 1.5-6 mm).

Polymorphism in the color of maturing reproductive structures is one of
the most distinctive characteristics of western bristlecone pine, differen-
tiating it from all other elements of the Balfourianae. The seed—cones of
most western trees are dark purple during their second season of develop-
ment, and the pollen—cones of the same trees are nearly always deep red
at maturity. A minority of trees have green seed—cones and yellow (some-
times pink—tipped) pollen—cones. The green—cone trees lack an antho-
cyanin pigment that is present in the others (Mastrogiuseppe, 1976).
This color variant is more common in some western stands than Bailey’s
(1970) estimate of less than 19,. We found that about 2070 of the trees
in the White Mountains had green cones (Johnson and Critchfield,
1974), and on Telescope Peak in the Panamint Mountains about 4% had
green cones (Unpub. data, TFG). Eastern bristlecone pine and foxtail
pine are not known to be polymorphic in cone color. Both have purple or
greenish—purple seed—cones and yellow pollen—cones. Thus nearly all
western bristlecone pines differ from the other Balfourianae pines in the
color of either the ripening seed—cones (green) or the mature pollen—
cones (deep red).

Bailey’s classification of the bristlecone pines was supported by the
results of the first detailed investigation of turpentine composition in the
group (Zavarin and Snajberk, 1973). With a single exception in each
region, turpentine of 37 eastern trees was mostly 3—carene (63-927);
that of 30 western trees was almost entirely a—pinene (95-97 ).

A more complex picture has emerged from further work in which Za-
varin et al. (1976) used larger samples and analyzed needle resin as well
as the turpentine fraction of wood resin. Between 10 and 267 of the
trees sampled in Arizona and the White and Tnyo Mountains of Califor-
nia were chemically deviant in turpentine composition. The most remark-
able finding of these authors was the turpentine composition of a Cali-
fornia stand of P. longaeva recently discovered on Sentinel Peak in the
Panamint Mountains (Johnson, 1976). All ten trees sampled were higher
in 3—carene content than most eastern bristlecone pines. Needle resin
composition showed three main groups: Arizona, Colorado~New Mexico,
and west of the Colorado River. Arizona trees were closer to Colorado—
New Mexico trees in a quantitative measure of chemical similarity, but
in several constituents they were intermediate or resembled western trees.
Foliage from the single Sentinel Peak tree sampled was most like Colo-
rado—New Mexico trees in resin composition, but in some constituents it
was apparently outside the range of other bristlecone pines. Thus there
are four chemically identifiable groups of bristlecone pines: Colorado—

New Mexico, Arizona, Utathevada, and the highly variable California
stands.
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METHODS

Parent trees. Access is a problem in the controlled pollination of foxtail
and western bristlecone pines, and all parent trees were in a few rela-
tively accessible native stands. No arboretum trees of these taxa were
used; none has survived to reproductive age in the warm foothill climate
of Placerville.

The first crosses on western bristlecone pine were made in 1940 and
1948 at Telescope Peak in the Panamint Range (plot location: 36°10’'N,
117°05'W, 3330 m). In the same years, crosses were made on foxtail pine
at Onion Valley, on the east slope of the southern Sierra Nevada
(36°46’N, 118°20’W, 2790 m). The fate of the seed harvested from these
early crosses is not fully documented and they are not included in the
summarized data. Two 1940 crosses of P. monticola females and Tele-
scope Peak pollen are included in the data summary (Table 1).

In 1963 and 1971 crosses were made on six and five bristlecone pines
about 1.5 km north of Schulman Grove in the White Mountains (plot
location: 37°24’N, 118°11’'W, 3095 m). Five of the trees were used as
females in both years. Pollen was collected from other stands within 1.5
km of Schulman Grove at elevations of 2990-3200 m. All crosses with
foxtail pine as female parent were made in 1965 on four trees at Onion
Valley. Pollen was collected in several seasons within 0.5 km of Onion
Valley at elevations of 2775-2955 m. Pollen from northern foxtail pine
was collected in 1961 and 1964 on North Yolla Bolly Mountain at ele-
vations of 2195-2285 m (40°12’N, 122°59°W). Pollen of eastern bristle-
cone pine was collected in 1970 by D. K. Bailey in three stands west of
Denver, Colorado. The stands were 13—27 km apart, and ranged in eleva-
tion from 2990-3290 m (39°40-52'N, 105°34-44'W).

Crosses of western bristlecone and foxtail pines with other species
utilized trees in natural stands and the IFG arboretum. Female parents
of P. bungeana and P. flexilis were old arboretum trees, mostly of un-
known origin. Pinus monticola and P. monophylla females grew in native
stands in the central Sierra Nevada, P. monticola at 2130 m and P.
monophylla on the east side at 1615 m. Arboretum trees supplied all
pollen except P. flexilis, which was collected near Schulman Grove in the
White Mountains.

Techniques and Terminology. Standard breeding and seed—processing
techniques were used (Critchfield, 1963). Pollen was collected during the
season before pollination and deep—frozen, unless otherwise noted. The
data summaries (Tables 1-4) include all crosses for which we have com-
plete information: numbers of strobili pollinated, cones harvested, and
sound and hollow seeds.

An attempt is the pollination during a single season of a female parent
with pollen from a single male parent (Tables 1-4) or with a mixture of
pollen from more than one male parent (Table 1 only). Crossability is
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Female parent

Male parent

monticola longaeva
2 (=)/ 2 1/ 2(2)/0
monticola 79: 43 38:87
76.8/ 94.4 0/ 92.2
flexilis balfouriana
2(2)/ 2 2(2)/ 0 2/
flexilis 17: 59 18:0
38.0/ 65.4
3 (3)/ 2 3 (5)/3
balfouriana 18: 78 44: 93
0.2/ 42.8 46.4/ 55.4
bungeana balfouriana
1 (1)/ 1 3/ 1 (1)/ 0
bungeana 8: 100 3: 67
4.0/ 6.0 0/ 0.5
3 3)/0 3(8)/ 3
balfouriana 15: 73 47: 85
0/ 13.0 53.6/ 62.3
monophylla balfouriana
24/ 2 2 (6)/ 0
monophylla 25: 44 34: 29
9.4/ 11.6 0/ 8.5

.nd pollination

llen frozen for 2 years

¢f pollination

uper of attempts...................
uner of female strobili........................ 4----0, 0.
¢¢ number of sound sceds per cone.........._.|. 00 / 00

,,,,,,,,,,,,,,,,,,,,,,,,,, 0 (0) o

— Number of tree x tree

y combinations
[SR Number of attempts
’ producing sound seeds

Percent of strobili

producing cones

Mean total number of

seeds per cone

the mean yield of sound seeds per cone from crosses between two taxa,
expressed as a percent of the yield from control crosses within the seed—
parent taxon. All control crosses summarized in Tables 1-4 were made on

the same seed parent in the same season as crosses between taxa.

The following abbreviations are used: northern foxtail pine—NFO,
southern foxtail pine—SFO, western bristlecone pine (P. longaeva)—

WBR, and eastern bristlecone pine (P. aristata)

EBR.
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Seedling Observations. Seedlings of the Balfourianae are slow—growing,
and do not regularly produce secondary leaves (needles in fascicles) until
the third growing season. Needles were sampled at the end of that season.
Comparisons of needle characteristics were based on five fascicles from
each of five seedlings from each of these groups: WBR (White Moun-
tains); EBR (Colorado); EBR (Arizona); WBR x EBR, and SFO
(Onion Valley). The seedlings were as diverse as possible in origin and
parentage.

Counts of grooves on the needle surface did not provide reliable data
on the number and distribution of resin canals in the needles of EBR
seedlings. All needles were hand-sectioned at one—fourth of the distance
from the tip to the base of the needle, and about half were also sectioned
at one-half and three—fourths of this distance. All resin canals were
external, and with a few exceptions were adjacent to the abaxial face of
the needle. Resin canal diameters were measured perpendicular to the
abaxial surface. Measurements were made between the outer walls of the
epithelial cells, since the cells in this layer were highly variable in degree
of flattening.

Other observations. Several unnoticed or poorly documented character-
istics of the Balfourianae pines were observed in California stands of fox-
tail and western bristlecone pines or in herbarium collections and stored
seeds at the IFG. The materials available limited comparisons to major
groups within the Balfourianae. Cone specific gravity was determined |
from volume, measured by water displacement, and oven—dry weight.
Measurements were made of single cones from ten trees in each of the
following groups: NFO (trees scattered throughout range) ; SFO (all but |
two trees in Onion Valley area); WBR (three trees in Utah, one in
Nevada, two in Panamint Range, and four in White and Inyo Moun-
tains) ; EBR (Arizona); and EBR (Colorado/New Mexico: two in New
Mexico, eight in four Colorado stands). Seed—wing length was measured
on four seeds from each of ten trees or mass collections in these groups:
SFO and NFO combined (two SFO, eight NFO); WBR (three Utah,
two Nevada, one Panamint Range, four White and Inyo Mountains);
and EBR (seven Arizona, two Colorado, one New Mexico). De-winged,
air—dried seeds in cold storage were weighed to the nearest milligram.
Five seeds were measured from each of eight trees or collections in these
aroups: SFO and NFO combined (five SFO, three NFO); WBR (two
Utah, six White Mountains); and EBR (Arizona); and four trees or
collections of EBR (Colorado/New Mexico: three Colorado, one New
Mexico). Tree means were analyzed for seed weight and wing length.
Stratification requirements were determined for seed samples of EBR
(Kenosha Pass, Colorado) ; WBR (White Mountains) ; and SFO (Onion
Valley). Samples of 100 seeds received one of three treatments (stratifi-
cation for 45 or 90 days, or no stratification). All seeds were placed in
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germinators at the same time, and germination was observed for four
weeks.
Resurts

Reproductive Phenology and Capacity. Bristlecone and foxtail pines
flower later in the season than any other North American pines. Flower-
ing (pollen shedding and/or masimum opening of ovulate strobili) was
observed in natural stands of these pines during 12 seasons between 1940
and 1974. All observations fall within a narrow range of calendar dates:
a three-week period beginning in mid—July and peaking during the last
week in July. Western bristlecone pine flowers later than P. flexilis in the
White Mountains, and foxtail pine is later than P. flexilis or P. albicaulis
at Onion Valley. In Tilden Park, near Berkeley, California, planted west-
ern bristlecone pines were observed in two seasons to flower in mid—]June,
about six weeks earlier than in their native habitat.

The Balfourianae pines flower at almost the same time. In four years
of observations on successive days in stands of foxtail pine at Onion Val-
ley and bristlecone pine in the White Mountains, we found no differences
in flowering time, nor are there any indications of differences between
eastern and western bristlecone pines. Pollen was collected in three Colo-
rado stands between July 25 and August 2, 1970. In an Arizona stand at
2925 m, pollen was shed on July 22-27, 1969 (Schubert and Rietveld,
1970), and on July 31, 1975 (Rietveld, pers. comm., 1975). More gener-
alized dates for pollen shedding in Arizona at 3050 m, based on three
seasons of observations, were July 20 to August 20 (Pearson, 1931).

Northern foxtail pine has been observed to flower later than southern
stands. In 1963 and 1964, observations were made 3—4 days apart at
Onion Valley and North Yolla Bolly Mountain. In 1963 the North Yolla
Bolly stand was estimated to be at least a week behind the Onion Valley
stand, but in 1964 flowering was nearly simultaneous. Western bristle-
cone pine stands at different elevations have also been observed to peak
a few days apart. With these exceptions, there appear to be no substantial
differences in flowering time in the Balfourianaec.

These pines are also uniform in the timing of cone-opening. Cones of
foxtail pine at Onion Valley and western bristlecone pine in the White
Mountains open in a two—week period starting about September 20. Ari-
zona cones mature at about the same time. Schubert and Rietveld (1970)
found that seeds of Arizona trees matured (were germinable) between
September 24 and October 2, 1969, and the cones opened between Sep-
tember 27 and Octobar 10. They concluded that cone maturation is not
complete until just before the cones open, and our experience with west-
ern bristlecone pines confirms this. Some control-pollinated cones of
White Mountains female parents, still closed when they were collected
at the end of September, failed to open and had to be discarded.

In crosses where genetic barriers were not encountered, controlled pol-
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lination of western bristlecone pine produced more sound seeds per cone
than wind pollination. Wind—pollinated cones from the bristlecone female
parents yielded a mean of 38 sound seeds per cone (range 25-65)—close
to the 36 sound seed per open—pollinated cone reported for Arizona trees
(Schubert and Rietveld, 1970). Cones from controlled pollination of the
White Mountains trees averaged about 30% more sound seed than wind-
pollinated cones, and the most successful controlled crosses on individual
parents averaged 70 sound seed per cone. A potential source of bias in
these comparisons is the possibility that seed extraction was more com-
plete for control-pollinated cones.

The reproductive capacity of bristlecone and foxtail cones can be con-
servatively estimated from these seed yields, together with available data
on numbers of cone scales. Bailey (1970) estimated that western bristle-
cone pine averages 117 scales per cone. Since the most successful con-
trolled crosses produced 70 sound seeds, a minimum of 309 of the scales
can bear two sound seeds. Foxtail pine, averaging only 81 scales per cone
(Bailey, 1970; Mastrogiuseppe, 1972), had a mean of 58 sound seed per
cone in the most productive controlled crosses. Thus at least 35 or 36%
of its cone scales can bear two sound seeds. Wind pollination utilizes only
a fraction of this potential reproductive capacity—>54% in our bristle-
cone pine female parents. Comparable data are not available for the fox-
tail female parents, but a few estimates of sound seed per cone in bulk
collections suggest that about 407 of the cone’s reproductive capacity is
exploited by wind pollination.

Crossing the Balfourianae with other Pines. Like most other subsec-
tions of Pinus (Critchfield, 1975), the Balfourianae appear to be isolated
from the rest of the genus by genetic barriers. With one doubtful excep-
tion, our limited attempts to cross them with members of other white pine
groups failed (Table 1). Representatives of other groups include P. mon-
ticola and P. flexilis (subsection Strobi), P. monophylla (Cembroides),
and P. bungeana (Gerardianace).

In two instances there were indications of strong barriers acting early
in the reproductive process. Pinus balfouriana x P. bungeana and the
species—reciprozal cross yielded very few hollow seeds in either direction
(Table 1). Since seed coats form early in the second season of cone devel-
opment, at about the time of fertilization, this drastic reduction in hollow
seeds indicates a developmental breakdown before fertilization. Another
suggestion of early barriers is the abortion of all P. flexilis strobili polli-
nated with P. balfouriana pollen, but here a genetic interpretation is con-
founded by pollen age (Table 1).

Of the crosses summarized in Table 1, only P. balfouriana x P. flexilis
produced any sound seed. Two P. balfouriana parents crossed with the
same P. flexilis pollen parent produced a total of three sound seeds with
normal embryos (determined by X-ray radiographs). Only one of the
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three seeds germinated. In its germination time and three—year height
the seedling was similar to sibling P. balfouriana seedlings in adjacent
nursery rows, but before its non-hybrid identity could be firmly estab-
lished the seedling was accidentally destroyed.

Crossing Northern and Southern Foxtail Pines. Northern and southern
stands of foxtail pine were almost fully crossable (Table 2). Onion Val-
ley females pollinated with North Yolla Bolly pollen produced 847 as
much sound seed as they did in combination with Onion Valley males.
The reduction in seed yield was not statistically significant (four pairs,
0.20 > p > 0.10) but it was consistent among female parents. Individual
trees averaged 5-27% less sound seed in hybrid combinations than in
control crosses.

The hybrid seedlings did not differ appreciably in size or other features
from their non-hybrid siblings in the nursery, and it is doubtful whether
they will be morphologically identifiable as hybrids until they reach
reproductive maturity.

Crossing Foxtail and Western Bristlecone Pines. White Mountains
bristlecone pine and Onion Valley foxtail pine were fully compatible in
both directions (Table 3). Foxtail pine females produced nearly identical

TaBLE 2. CROSSES BETWEEN SOUTHERN AND NORTHERN FoxTair PINEs.
(See Table 1 for legend.)

Male Parent
Female parent balfouriana balfouriana
(northern) (southern)
. 12 (12)/ 12 7N/ 7
balfouriana 09: 84 63: 87
(southern) 43.4/ 55.4 51.6/ 60.6

TaBLE 3. CROSSES BETWEEN FOXTAIL AND WESTERN BRISTLECONE PINES.
(See Table 1 for legend.)

Male parent

Female parent

balfouriana balfouriana longaeva
(northern) (southern)
1 (1y/1 1/ 23 (23)/ 23 13 (13)/ 13 2/
longaeva 7: 43 191: 54 96: 65
5.3/ 21 52.4/ 68.5 36.9/ 47.3
. 7 (7)) 7 3 (3)/3
bal(f"”rtl}‘:na 63: 87 31: 90
southern) 51.6/ 60.6 529/ 65.4

1/ pollen frozen for 2 years
2/ fresh pollen used in 1971




































