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Abstract

We evaluated hypotheses of senescence in old trees by comparing putative biomarkers of aging in
Great Basin bristlecone pine (Pinus longaeva) ranging in age from 23 to 4713 years. To test a
hypothesis that water and nutrient conduction is impaired in old trees we examined cambial products
in the xylem and phloem. We found no statistically significant age-related changes in tracheid
diameter, or in several other parameters of xylem and phloem related to cambial function. The
hypothesis of continuously declining annual shoot growth increments was tested by comparing
trees of varying ages in regard to stem unit production and elongation. No statistically significant
age-related differences were found. The hypothesis that aging results from an accumulation of
deleterious mutations was addressed by comparing pollen viability, seed weight, seed germinability,
seedling biomass accumulation, and frequency of putative mutations, in trees of varying ages. None
of these parameters had a statistically significant relationship to tree age. Thus, we found no evidence
of mutational aging. It appears that the great longevity attained by some Great Basin bristlecone
pines is unaccompanied by deterioration of meristem function in embryos, seedlings, or mature trees,
an intuitively necessary manifestation of senescence. We conclude that the concept of senescence
does not apply to these trees. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

As Peter Medawar put it, a physiologist wishing to study the problem of aging from
scratch “would first of all try to piece together a full empirical description of the phenom-
enon...as it is reflected in structural changes of tissues and cells and...the type and
intensity of tissue and cellular metabolism. Only scraps of such information are now
available: he would have to collect more”™ (Medawar, 1957: 40).

A great mass of data has since accumulated on what happens to animals as they age —
especially to Homo sapiens. But surprisingly, little beyond conjecture has been written on
the effects of aging on the longest-lived of organisms — trees. This is probably due to the
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practical nature of most tree research, which aims at producing more and better timber. A
notable exception is the study by Baas et al. (1986) of tracheid length in Great Basin
bristlecone pine (Pinus longaeva D.K. Bailey). They found steady increases in this para-
meter for as much as 2200 years, and dubbed the species a ‘record-breaker’ in wood
anatomy. An age-related subject that has received more attention in tree research has
been that of phase change (Brink, 1962). the passage from a juvenile stage to maturity.
Phase change is also termed ‘ontogenetical aging’. Lyr et al. (1967) distinguished juve-
nility, maturity, and senility phases; the latter was characterized by growth slowdown and
scantiness of fruiting, and very old trees were said to prolong their lives by extending the
phase of senility. Phase change in trees is of concern in forestry because it affects such
phenomena as age of flowering and success of vewelative pro]mml}on (Greenwood, 1984).
Also of nnpmtdmc in forestry is the concept of ‘physiological aging’, which is seen as the
cause of such morphological changes as the ‘flattening’ of um]iu crowns, increased
susceptibility to diseases, and reduced annual ring growth. It is apparently synonymous
with senescence, but clear definitions of the term are elusive. Foresters view the poor
devclopmcnt of young trees on depauperate sites as a manifestation of physiological aging,
regardless of the chronological age of the tree. Dendrochronologists commonly invoke
physiological aging as a factor in the reduction of growth rings in old trees that must be
corrected for when interpreting tree-ring chronologies (Fritts, 1976).

Unfortunately, most of the empirical comparisons of young vs. old trees that one can
find in the literature are based on trees that did not contrast greatly in age, because there
was more concern with the tree’s commercial development than its biological lifespan. For
example, Forward and Nolan (1964) looked for aging effects on red pines (Pinus resinosa
Ait.) whose maximum age was 50 years, only about a sixth of the species’ lifespan
(Altman and Dittmer, 1962). A highly inf luumal paper by Moller et al. (1954) dealt
with the photosynthesis/respiration ratio of European beeches (Fagus sylvatica L) aged
a maximum of 85 years compared to a lifespan that occasionally exceeds 900 years
(Biisgen and Miinch, 1929). Greenwood (1984) compared shoot devc]opment in loblolly
pine (Pinus taeda L) scions taken from ortets ranging from one to 12 years of age. And in
another influential paper in which conclusions were drawn on the aging of Scots pine
(Pinus .s‘ylvm‘lriy L), Wareing (1958) reporlcd on a single 5-year-old branch taken from a
tree aged 13 years! In several studies of age-related changes in the cambial growth of
various pines, the outer limits of age were 30, 130, 140, and 600 years (Scholtes, 1953;
Fritts, 1969, 1976; Mikola, 1950). In recent years, tree physiologists have shown renewed
awareness of age-related changes in trees, as they try to better understand ‘old-growth’
forests and the loss of productivity with age (Kaufmann and Watkins, 1990; Yoder et al.,
1994; Kaufmann, 1996; Hubbard et al., 1999). Most of these efforts have focused on
photosynthesis and water transport. "[hc irst scientific conference devoted to the issues
of development and aging in forest trees took place in Italy in September 2000. contem-
poraneously with the conference at which this paper was presented.

2. OQur studies and objectives

Though there has never been a “full empirical description” of the effects of aging in
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trees, many investigators have assumed such effects exist, and have tried to rationalize
them. Some of their explanations are vague, but a few are testable. Using the world’s
oldest known tree species, Great Basin bristlecone pine (P. longaeva), as our test organ-
ism, we have subjected these testable proposals to observation or experiment, in a search
for biomarkers of aging (Boddé, 1981). This reflects our assumption that 4000 years or so
should provide ample opportunity for aging biomarkers to appear. The proposals we found
testable, which we regard as hypotheses, are listed below with our reasons for testing them.

2.1. The vascular system

As a tree gets older, larger, and more complex, water transport problems create
increased water stress. This results in diminished growth and hormone production, and
finally, death (Went, 1942; Jankiewicz and Stecki, 1976; Westing, 1964. See also Hubbard
et al., 1999; Ryan and Yoder, 1997).

Water transport in trees takes place in the sapwood, the more recently laid down annual
increments of wood formed by the lateral meristem (cambium) that clothes the trunk,
branches, and roots beneath the bark. The cells responsible for this transport in conifers are
the tracheids, spindle-shaped cells that are oriented longitudinally. They die and develop
empty lumens shortly after forming, and they are interconnected by openings known as
pits. Water taken up in the roots passes through the vascular system entirely within trac-
heids until it enters the leaves. Centrifugal to the wood, or xylem, is the phloem layer
which is formed on the outside of the cambium while tracheids form on its inside. Phloem
cells transport mainly carbohydrate solutions made in the foliage, the product of photo-
synthesis. Unlike tracheids, which must be dead to function as pipes, phloem cells must be
alive. They are short-lived and form only a very narrow sheath between the cambium and
dead bark tissues. So to add weight to our tracheid studies, we also observed some
parameters of phloem.

We chose to study the diameters of the tracheids, to see if they become constricted over
the life of a very old tree. If so, water movement could be impeded. We also sampled living
trees to detect, by color changes, how thick the sapwood is in trees of differing age, and
how many years of living ray cells there are in trees of differing age. Ray cells form radial
ribbons within the wood and phloem. They are alive in the sapwood, dead in the heart-
wood. We also compared phloem thickness in trees of differing age. Age-related changes
in any of these parameters could indicate a cambium malfunctioning due to aging, perhaps
as a result of ‘replicative senescence’ (Campisi, 2001).

2.2. Photosynthetic balance

As a tree ages, the proportion of photosynthetic to non-photosynthetic tissue causes an
unfavorable photosynthesis/respiration balance, resulting in gradual decline and subse-
quent death. This has been suggested in several versions by Jacobs (1955), Mdéller et al.
(1954), Molisch (1929), Woolhouse (1972), Wright and Mooney (1965) and Gerrish
(1990). The concept has been made most explicit by Wareing (1958, 1959) and Moorby
and Wareing (1963), who operationally defined aging in woody plants as, among other
traits, the loss of vigor associated with declining annual increments of shoot growth, and
therefore declining photosynthetic tissue, over the years.
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Nearly all the photosynthesis in our test organism occurs in leaves (needles) that are
formed in winter buds, and growth of the tree’s crown is determined by the growth of
shoots formed by elongation of the buds. We therefore searched for age-related changes in
the number of needles formed in the buds and in the amount of new shoot growth emanat-
ing from these buds.

2.3. Mutational load

As atree ages, especially at high elevations, cosmic ray bombardment eventually causes
the accumulation of deleterious mutations that result in malfunctions leading to death
(Sax, 1962; Westing, 1964).

In Pinus it is relatively easy to screen large samples for evidence of putative mutations,
using pollen, seeds, and seedlings. Mutational load decreases pollen viability (Briggs and
Knowles, 1967), and inviability can be detected in laboratory tests. Seed from trees of
various ages can be subjected to germination tests, the results of which could be affected
by mutational load. Seedling growth rates can be affected by mutation, and are easily
compared for biomass accumulation. Finally, using seedlings grown from the seed of
various-aged trees, one can screen for ‘standard’ pine seedling mutations (Franklin,
1970, 1977).

3. Materials and methods

We sampled Great Basin bristlecone pines from natural stands in the White Mountains
of southeastern California (Inyo National Forest: Methuselah Grove, Patriarch Grove,
Campito Mountain) and from Mammoth Creek and the Table Cliffs in southern Utah
(Dixie National Forest). Elevations ranged from 2835-3505 m in the White Mountains
t0 2560-2896 m at the Utah sites. To minimize environmental impacts we also used dated
bristlecone pine cores taken in previous years from trees in the White Mountains and
archived at the Laboratory of Tree-Ring Research at the University of Arizona. Tree ages
varied in the several studies, with extremes of 225 and 4713 years. For studies of xylem
and phloem we used a stereomicroscope equipped with a drawing tube and a compound
microscope equipped with a 35-mm camera; IKI and toluidine blue as stains; glycol
methacrylate as an embedding medium; and Classification and Regression Tree
(CART) analyses, randomization tests, and linear regression, to analyze data (Connor
and Lanner, 1990). Our needle development and shoot growth studies utilized trees
aged 14-2052 years from Mammoth Creek and the Methuselah and Patriarch Groves,
and utilized CART analysis, randomization tests, and linear regression (Connor and
Lanner, 1989). The pollen, seed, and seedling studies utilized trees 700-4713 years old
from the Mammoth and Methuselah Grove sites, tetrazolium chloride as a vital stain for
pollen, greenhouse culture for the seedlings, and CART and linear regression analyses
(Connor and Lanner, 199]a).
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4. Our findings
4.1. A cautionary note

The findings below, represent only a portion of our total results, due to limitations of
space. For a complete statement of our results, see Connor and Lanner (1989, 1990,
1991a.b). The conclusions drawn, however, are consistent with all of our results.

4.2, Age-related changes in xylem and phloem

At all locations, there was no consistent age-related trend in mean tracheid diameter. At
Mammoth Creek, three out of four trees exhibited increases of tracheid diameter (Fig. 1),
in tree TRL 80-209 (2047 years old) the upward trend was evident for the past 300 years.
At the Methuselah Grove, three out of four trees showed a recent tracheid diameter
decrease, the exception being tree TRL 80-140 which at 3162 years was the second oldest
(Fig. 2). At Campito Mountain all four trees, ranging in age from 949 to 1283 years,
showed recent tracheid diameter increases. In tree TRL 83-176 that trend had lasted 300
years. And at the Patriarch Grove, three out of four trees aged 875-1253 years had clearly
increasing tracheid diameters over the last century. All of these recent trends followed a
lifetime of periods of tracheid diameter increase and decrease that did not follow a visually
apparent general trend. Thus we found no evidence of ‘cambial aging’ among even the
oldest of these trees.

Nor were there any consistent age-related changes in other characters that are related to
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Fig. 1. Mean tracheid diameters from four Great Basin bristlecone pine trees from Mammoth Creek, UT (modified

from Connor and Lanner, 1990).
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Fig. 2. Mean tracheid diameters from four Great Basin bristlecone pine trees from the Methuselah Grove, CA
(modified from Connor and Lanner, 1990).

cambial performance — sapwood thickness, number of growth layers in the sapwood,
mean radial (ring) growth, ray cell longevity, number of growth layers in the phloem,
phioem thickness, and annual phloem (sieve cell) production (Connor and Lanner, 1990).

4.3. Age-related changes in bud content and shoot elongation

At all the sites where trees were sampled for bud and shoot studies, there was no
significant relationship between age and the tree shoot parameters studied: recent annual
shoot length, production of stem units within buds, and final stem unit length. In other
words, there was no detectable age-related trend in the morphogenesis of stem units within
buds (Lanner, 1976), or the elongation potential of those stem units in determining final
shoot length (Fig. 3).

At Mammoth the 1984 shoot lengths of the 5 youngest trees averaged 35 mm, the 5
median-aged trees, 22 mm, and the 5 oldest trees, 28 mm. At the Methuselah Grove, the
corresponding means were 15, 12, and 16. Other data show similarly inconsistent trends
(Connor and Lanner, 1989). The results of this study do not support the contention
(Wareing, 1958, 1959) that aging is indicated by a diminishment of annual shoot length,
and therefore of leaf production as well.

4.4. Age-related evidence of mutational damage in the reproductive system

Pollen viability was generally poor for all 41 of the trees sampled from Mammoth and
the Methuselah Grove. The regession of percent pollen viability on tree age was not
significant at either site or when data were combined (Connor and Lanner, 1991a).
Mean polien viability from the 5 youngest trees in the study (mean age 137 years) was
18.3%. from the 5 median-aged trees (mean age 985 years), 6.8% and from the 5 oldest
(mean age 2,172 years), 5.9%. The CART analysis, however, did not produce a binary tree
with these data.

Seed weight also showed no statistically significant or consistent age-related trend,
either at Mammoth or the Methuselah Grove (Fig. 4A). The mean weights of sixteen
ten-seed lots (each lot from a separate seed tree) from Mammoth were: from the 5 youngest
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Fig. 3. A, B. Shoot growth characteristics of aging Great Basin bristlecone pine. Five youngest trees (Y ) are 883—
1219 years old; five median-aged trees (M) are 15641944 years old, and five oldest trees (O) are 2863-4256
years old. Bars indicate means and ranges. Data from Methuselah Grove (Connor and Lanner, 1989), graph from
Finch, 1999.

trees (mean age 344 years), 0.123 g; the 5 median-aged (mean age 876 years), 0.107 g; and the
5 oldest (mean age 1239 years), 0.104 g. At the Methuselah Grove, the corresponding
statistics for seventeen ten-seed lots were 0.069, 0.091, and 0.064 g, with mean ages of
1006, 1732, and 3062 years, respectively.

Seed germinability was also unrelated to tree age (Fig. 4B). The seed lots with the
highest germinability, 78 and 85%, respectively, were from the two oldest trees in the
study, TRL 80-138 (4257 years) and the Methuselah tree (4713 years). These results are
supported by those of Johnson and Johnson (1978), who germinated all 36 seeds taken
from a cone of the Methuselah tree. Our results also agree with a little-noticed figure
caption in Edmund Schulman’s famous report, Bristlecone Pine, Oldest Known Living
Thing, which appeared in The National Geographic Magazine (Schulman, 1958: 365). It
reads “Seed from an Old Pine Grows as Vigorously as That from a Youngster. Dr Frits W.
Went... holds baby pines he grew from the cones of a 100-year-old and a 1500 year-old
tree. By varying growth conditions artificially, Dr Went hopes to learn whether old
bristlecones differ basically from young ones.” The photograph accompanying this caption
shows the eminent botanist Frits Went peering at a container of similar seedlings from
each of the two trees. His contemplated further studies seem to have not
materialized.

Seedling biomass was determined by obtaining oven-dry weights of greenhouse-grown
seedlings after 30, 60, 90, and 120 days. The seedlings were progenies of the trees from
Mammoth and the Methuselah Grove used in the work described above. Of the Mammoth-
origin seeds, 51% of 2911 seeds germinated. Of the Methuselah Grove-origin seed, 61% of
7986 germinated. There were no statistically significant relationships between a tree’s age
and the biomass of its offspring (Fig. 4C).

Finally, only two putative mutations were found among the seedlings grown from
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Fig. 4. A-D. Seed and seedling characteristics of aging Great Basin bristlecone pine. Age groups (n = 35) are
young (Y) 700--1269 years old (mean = 1006), median (M) 1558-1945 years old (mean = 1732 years), and old
(0) 19954713 years (mean == 3062 years). Bars indicate mean and range in A and B. C shows seedling growth of
two individuals from each age group from the Methuselah and Mammoth Groves. D shows frequency of putative
mutant seedlings grown from seed from trees of both groves. Data from Connor and Lanner, 1991a: graphs from
Finch, 1999.

Mammoth trees. These were plants that had yellow or pale green cotyledons (seed leaves)
and a red stem, instead of green. Both were from an 823-year-old tree. Neither survived for
60 days. Twenty-five seedlings of Methuselah Grove origin had aberrant pigmentation or
malformed cotyledons. The mother trees varied in age from 1549 to 4713 years, and all
these seedlings died prior to the 60-day harvest. Although the number of putative mutants
from the three age-classes of trees from the Methuselah Grove suggest an age trend (Fig.
4D), a significant relationship was supported by neither regression nor CART analyses.
Therefore, we were unable (o find evidence that putative mutation rates were related to tree
age in these bristlecone pines of greatly contrasting ages from Mammoth and the
Methuselah Grove.
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5. Discussion

Trees grow by the activity of meristems — tissues that retain totipotent cells for another
growth cycle, while most of the cells created in the present growth cycle differentiate to
form specialized tissues. In an ideal tree every bit of surface area of root, trunk, limb, and
branchlet would be underlain by a continuous sheath of meristem — the vascular
cambium - and every shoot and root tip would be terminated by an apical meristem,
Injuries sustained over a lifetime, however, partially compromise the integrity of this
system of meristems.

The differential growth performance of a tree over time is therefore a direct con-
sequence of the differential performance of its meristems; and any factor that modifies
a tree’s growth must do so by modifying meristematic behavior.

In the studies summarized here, we found no evidence of an age-related change in
the quantitative or qualitative behavior of cambial or apical meristems. Nor did we
find persuasive evidence of enhanced rates of spontaneous mutation in the pollen or
seed of very old trees. We must therefore conclude that the age-related changes in
trees that have been referred to as physiological, meristematic, or mutational aging
and subsumed in the term senescence, do not appear to apply to Great Basin bristlecone
pine.

What then might account for the obvious morphological changes that make old
trees so different in appearance from young trees, aside from the ‘slings and
arrows” of life itself? Surely, if this question is addressed by other investigators,
many possible answers may be suggested. We wish to make just one suggestion,
however, what appear to be age-caused changes in tree habit could be due to
nutrient deficits caused by the ‘mining out’ of the soil from which the tree derives
its mineral resources. Especially in rocky terrain inhabited by the roots of other
trees, a time will come when the soil available for a tree’s prospecting will have
lost more nutrients than is being replenished from recycling on the surface or
mineralization of the bedrock. From this point on, the tree will be operating in
an environment of reduced nutrition, and may appear to be a senescing organism, even if it
is not.

What then of death? Is there no limit to the life of a non-senescing pine? Must it not die
someday, and if so, of what? Schulman (1943) was the first to point out the correlation
between long life and rigorous habitat. Like him, we believe that the rigors of dry, high-
elevation sites reduce the likelihood and intensity of attack by insect, fungal, and verte-
brate pests. Even more influential may be the low frequency of fire on sites with scant
vegetative cover. One ol us has suggested that if a tree avoids its pests long enough, it will
eventually succumb to soil erosion, as its roots are deprived of their anchorage (Lanner,
19084, 1999). Thus it would be premature to postulate immortality even for bristlecone
pines.
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Methuselah pines, perhaps their misshapen and battered stems will give us answers of
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