


ABSTRACT

INHERITANCE AND EVOLUTION OF STEM FORM
IN THREE NORTHERN PINE SPECIES

By

Timothy La Farge

The height/diameter ratio, the correlation between
height and diameter, and taper (= diameter/diameter ratio)
were measured at ages 10 to 13 in replicated plantations in
Michigan to obtain information on stem form inheritance and
evolution.

In a range-wide provenance test of 55 ponderosa pine
(Pinus ponderosa) seedlots, correlations between height and
diameter were high despite significant differences in the
height/diameter ratio. That ratio was considerably higher
for northern ecotypes (2.47) than for southern ones (2.14),
due both to differences in hardiness and to different growth
patterns,

Taper (= ratio of mid- to basal diameter, mid-
diameter being measured at the mid-point of the 4th inter-
node from the top) differed strongly between varieties. The
Pacific Coast var. ponderosa, which is native to a region
with summer drought and heavy wet snow, was most nearly

cylindrical with an average taper of 0.64. The Interior
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var. scopulorum was more conical (average taper = 0.56).

The taper difference corresponds most strongly to the July-
August/annual precipitation ratio, but the adaptive signif-
icance of this correlation is not clear.

In a range-wide provenance test of 15 eastern white

pine (Pinus strobus) seedlots, there was significant varia-

tion for height, diameter, volume and the height/diameter
ratio, but not for taper. The height/diameter ratio, which
varied from 5.55 in a southern source to 6.46 in a northern
one, was strongly correlated with north latitude and January
temperature.

In a Scotch pine (Pinus sylvestris) provenance test

of 12 origins replicated at each of two locations, varieties
accounted for most of the variation in height, diameter and
taper. Trees of Scandinavian varieties lapponica and septen-
trionalis had more cylindrical stems (average taper = 0.74)
than did trees of German varieties borussica and herxcynica
(average taper = 0.66). The height/diameter ratio was lower
in the northern var. lapponica (3.14) than in the southern
var. hercynica (3.60), contrary to the trend found in pon-
derosa and eastern white pines.

Two Scotch pine open-pollinated progeny tests were
also studied. One consisted of 9 Norwegian families grown
at two sites; the other included 80 East German families
grown at three sites. High genetic correlations (rG = 0.68

to 0.97) were obtained between height and diameter,
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suggesting that most growth-rate genes control both height
and diameter together, the remainder controlling height and
diameter separately. With such high genetic correlations,
gains in volume were the same whether selection was for
height, diameter or volume.

Taper was not a useful selection criterion to im-
prove volume growth, Sources with the greatest height and
diameter growth had the greatest volumes even when they had
the least cylindrical stems.

These trees were 7 to 19 feet tall when measured,
and the crowns had not yet closed. Forecasting future
volume production after crown closure depends on assumptions
made about relative height and diameter growth rates between
genotypes. If there is an upper ecological limit to volume
production, the diameter growth rate differences between
slow- and fast-growing genotypes decrease to compensate for
differences maintained in height growth, so that volume
growth becomes the same. Or, with an upper limit in volume,
basal area growth rates may be the same after closure, so
that differences in volume production between genotypes are
proportional to height growth only. If there is no upper
limit, the diameter growth rate differences continue to
increase, so that fast-growing genotypes maintain or in-

crease their advantage in yield.
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CHAPTER I

INTRODUCTION

'An important objective in most forest tree improve-
ment programs is to select and breed geographic races and/or
individual trees for superior growth. Height and diameter
are usually measured, and basal areas and volumes are de-
rived from these variables as in standard management prac-
tice. However, stem form may also be heritable. Numerous
investigations have studied genetic variation in total
height and/or diameter at breast height (d.b.h.), but few
have studied the inheritance of stem form traits.

Height/diameter ratios, correlations between height
and diameter and diameter/diameter ratios may provide infor-
mation on the heritable growth relationships between height
and diameter. This information may be useful for both
practical and theoretical considerations. In practice, high
genetic correlations between height and diameter mean that
selection in tree breeding programs can be simplified and
costs lowered by restricting measurement to only one trait.
For example, in very young progeny or provenance tests,
height is easier to measure than diameter, since branches

may reduce the accessibility of the stem. Conversely, in

l \
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merchantible plantations, d.b.h. is much less costly to
measure than total height. Special volume tables could be
developed for such plantations, so that selection within
them could be based on diameter alone. Moreover, the degree
to which selection for one trait (d.b.h. in this case)
results in the response of another correlated trait (total
height) can be determined for a given intensity of selection
(Falconer, 1960). Animal breeders utilize the correlated
response to selection.

These relationships are also of theoretical interest,
because with more information we may be able to formulate
better hypotheses relating gene action to growth. By com-
bining analyses of variance of height/diameter ratios with
correlations between height and diameter, we may be able to
determine the feasibility of breeding for growth improvement
by means of selection for one trait only. To test the fea-
sibility of one-trait selection, it is desirable to consider
three possible relationships between height and diameter.

The first possibility is that, if height varies
genetically but diameter does not (or vice-versa), the
height/diameter ratio will vary among genotypes. In this
case there is no need to measure any variable other than
the genetically variable one when we make selections.

Instead, if only height varies genetically, we should assume



an average diameter and develop volumes based on the vari-
ability in height.

A second possibility might be that both height and
diameter growth are highly correlated because they are con-
trolled by the same genes, in which case the height/diameter
ratio would not vary greatly. In this case as in the first,
it is only necessary to measure one variable, height or
diameter, at any given age or site.

Finally, the third possibility is that height and
diameter are each genetically controlled but not by the same
genes, so that their genetic correlation is low. In this
situation, the measurement of both height and diameter
should be included in any breeding program. Moreover,
the height/diameter ratio will probably vary genetically.

Aside from the practical desirability of reducing
volume determination to the measurement of a single param-
eter, the height/diameter ratio is an indicator of stem
form or taper: the greater the height/diameter ratio, the
less conical is the stem as a whole. However, the height/
diameter ratio does not reflect variations in the rate of
taper in the branch-free bole or within the crown. In order
to detect these variations it is necessary to measure two or
more diameters at different heights on the stem. Although
some workers have used height/diameter ratios as estimates
of taper (Nilsson, 1968; Johnsson, 1960; Callaham and Lid-

dicoet, 1961l; Squillace and Silen, 1962), in the present



study the height/diameter ratio and taper (= diameter/
diameter ratio) will be considered as separate traits.

It is generally considered desirable to grow trees
that have thin branches and little taper (Johnsson, 1960:;
Larson, 1963). These attributes are desirable whether
the trees are to be grown for sawtimber or pulpwood. The
reduced tapering results in a more cylindrical stem, so that
there is more usable wood volume in each tree having any
given height and diameter. Moreover, thin branches produce
smaller knots and lead to earlier natural pruning.

The height/diameter ratio may also be an indicator
of adaptation, especially to winter hardiness. When trees
are moved northward, winter injury or dying back of the
terminal leaders often results. If diameter growth is not
so inhibited, low height/diameter ratios result. It may
be that diameter growth is the truest indicator of the
genetic potential for growth which such trees would have
when planted at lower latitudes.

Adaptive trends may have evolutionary significance.
Stem form variations may reflect adaptations to such cli-
matic factors as wind or snow. Present geographic barriers
may reflect former geologic or climatic disturbances. Hence,
stem form differences in presently separated populations may

provide clues to adaptations to ancient climatic trends.



CHAPTER II

CONCEPTS OF STEM FORM VARIATION

An examination of the genetic control of height/
diameter ratios in temperate zone trees cannot be adequately
undertaken without some consideration of the factors affect-
ing the development of stem form in general.

Larson (1963) reviewed the physiological, environmen-
tal and genetic factors affecting stem form development in
forest trees. He defined stem form "as the relative rate of
change in stem diameter with increasing tree height. . . ."
The rate of change of stem taper is correlated with crown
size and the length of the branch-free bole. Within the
crown, the stem tapers strongly because of the cumulative
contribution to stem growth of the increasing number of
branches downward from the top. As the clear bole length-
ens upward due to natural pruning, the lower stem becomes
more cylindrical, the principal factor being a tendency for
growth to be concentrated near the crown base.

Since dominant and codominant trees tend to have
larger crowns than intermediate and suppressed trees in
natural stands, they also tend to be more conical. Gen-

erally, favorable conditions tend to shift growth lower on



the stem. Hence, stem form or taper is largely subject to
manipulation by silvicultural methods, especially thinning
and pruning. Thinning favors a conical bole, since the
resultant wider spacing retards natural pruning. Artificial
pruning favors a cylindrical stem by shifting the crown base
upward.

As responsive as stem form is to environmental
effects and cultural practices, Larson concluded that a
tree's heredity predetermines it to a basic form which can
only be modified by environment and silviculture. This
basic form was defined by Duff and Nolan (1953), who devised
a stem analysis technique which distinguishes three growth
sequences of ring width: (1) from pith to bark; (2) in the
same annual ring at different heights; and (3) at the same
number of rings from the pith at different heights.

In a study of red pine (Pinus resinosa Ait.), ring

width was found to vary independently of age or position

on the tree when the samples were removed from successive
internodes in a vertical sequence up the stem at a constant
number of annual rings from the pith. Thus the annual ring
corresponding to each added annual increment was sampled at
a different height on the tree. Chronological age increases
in this sequence; physiological age, which is probably a
more important cause of variation in ring width, is held
constant. Ring width also varied systematically when

sampled in any single annual ring at successively higher



internodes. It varied from pith to bark when sampled in
successive annual rings within a given internode. Duff and
Nolan demonstrated by means of stem analyses of trees on
different sites and in varying stand densities that the up-
and-down and horizontal sequences conform to a basic pattern
which is fundamentally determined by the hereditary poten-
tial of the tree.

Pederick (1970) explored the genetic control of stem

form or taper in loblolly pine (Pinus taeda L.). There was

very little variation among half- and full-sib families in
progeny tests. He found statistically significant differ-
ences among families in form class, but these differences
had little effect on volume determinations. There was,
however, considerable genetic variability in bark thickness
in 6- to 1l0-year-old loblolly plantations. Heritability
based on single trees was found to be about 0.65. Pederick
recommended selection for diameter growth and bark thickness
simultaneously in order to maximize gains.

Johnsson (1960) cited a 1958 study by Nilsson of

Pinus sylvestris L. and Picea abies (L.) Karst., in which

the height/diameter ratios of mother trees were signifi-
cantly correlated with the same ratios in their 10-20 year-
old progenies (r = +0.28). Johnsson suggested that tapering,
as measured by the height/diameter ratio, was less dependent
on the environment and was controlled by fewer genes than

growth rate. However, in a more recent study of Scotch pine,

|



Nilsson (1968) obtained negative correlations between
parents and their half-sib progenies for the same traits
(r = -0.25 and -0.24 for studies involving 18 and 34 fam-
ilies respectively).

Callaham and Liddicoet (196l1) found height/diameter

ratios of ponderosa pine (Pinus ponderosa Laws.) and Jeffrey

pine (P. jeffreyi Grev. & Balf.) in California to be highly
correlated with elevation at the seed source. The stockiest
origins came from the highest elevations in two of the three
plantations in which they were tested, and the slimmest
sources were from low or middle elevations. The plantation
in which the height/diameter ratios were relatively constant
was located at the highest elevation (5,650 feet). The
environment at this site rendered all origins about equally
stocky.

Squillace and Silen (1962), in a similar but older
study of ponderosa pine in northern Idaho, showed that the
absolute values of the height/diameter ratios changed over
a 20-year period. The relative rankings of the origins
remained the same, however. The origins with the slimmest
trees were derived from the middle or lower elevations and
the stockiest from the highest. Similarly, Nilsson (1968)
found that northern provenances of Scotch pine tended to

have low height/diameter ratios.



CHAPTER III

OBJECTIVES

The objectives of this study were: (1) to determine
the degree of genetic control of height and diameter growth
and of relative diameter growth at different heights on the
stem; (2) to suggest the evolutionary and physiological
causes of variation in the height/diameter ratio and stem
tapér; (3) to determine the relevance of genetic variation
in stem form to accepted measurements of growth in tree
improvement research and in commercial practice, where vol-
ume data are important; and (4) to determine the extent to
which measurements of either height or diameter can be sub-
stituted for measurements of both.

To accomplish these objectives, I measured two
different kinds of experiments in three pine species, hoping
thereby to learn how conclusions based on one species can be

applied to others.
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CHAPTER IV

MATERIALS AND METHODS

This work involved analysis of data from three pine
species located in ten plantations at three Michigan State

University experimental forests in Michigan.

Material

All plantations were established as randomized com-
plete-block experiments, with 8 X 8 foot spacing. Intensive
weed control was practiced at each plantation for 1 to 3
years after planting, with the result that survivals have
been high and growth good. Most of the plantations have
been studied by others. The most pertinent details about

the individual experiments are given below.

Ponderosa Pine

(Pinus ponderosa Laws.), range-wide provenance test

at W. K. Kellogg Forest in southwestern Michigan, 55 seed-
lots, established in 1962 with 2-0 stock, 7 replicates, 6
trees per plot; site nearly level, with a sandy loam soil
in corn the year before planting; measured at age 10 from
seed; previously reported on by Wells (1964a, 1964b) and

Wright et al. (1969).

10
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EBEastern White Pine

(Pinus strobus L.), range-wide provenance test at

Kellogg Forest, 15 seedlots, established in 1960 with 2-1
stock, 10 replicates, 4 trees per plot; site nearly level,
with a fertile loam soil in corn in the year prior to plant-
ing; measured at age 13 from seed; previously reported on by

Wright et al. (1963) and Wright (1970).

Scotch Pine

(Pinus sylvestris L.), two kinds of experiments.

Provenance test: 12 seedlots of four varieties from

Scandinavia, Germany and Czechoslovakia, established in 1961
at Kellogg and Fred Russ Forests, both in southwestern
Michigan, with 2-1 stock, 10 replicates per plantation,
4-tree plots; Kellogg site variable, hilly and flat with
loamy sands and sandy loams; Russ site flat, loamy, in corn
the year before planting:; measured at age 11 from seed:
previously reported on by Wright et al. (1966).

Progeny tests: 9 Norwegian open-pollinated families,

established in 1961 at the Kellogg Forest with 2-1 stock, 4
replicates on each of two sites, 4-tree plots; one site an
Oshtemo loamy sand and hilly, the other a Hillsdale sandy
loam and flat; measured at age 11 from seed; previously
reported on by Wright (1963).

Eighty East German open-pollinated families, estab-

lished in 1961 at the Kellogg, Russ and Dunbar Forests, the
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Dunbar Forest located in the Upper Peninsula, 5 replicates
per site, except for Kellogg with 7 replicates, 4-tree plots:
soils loamy sands and sandy loams at Kellogg and Russ, loamy
at Dunbar; Dunbar site very wet at certain months.

The Kellogg and Russ Forests are within 60 miles
of each other in southwestern Michigan and have similar cli-
mates. January temperature averages about 24° F and average
annual precipitation is about 32 to 34 inches. The Dunbar
Forest is located near the eastern tip of the Upper Penin-
sula. It has an average January temperature of about 15° F,
and the annual precipitation averages 28 inches.

The seed for the ponderosa pine experiment was
obtained by O. O. Wells with the permission of R. Z.
Callaham of the U.S. Forest Service, who arranged for its
collection. This material was the basis for Wells' Ph.D.
dissertation, which considered traits that had been measured
in the nursery. The eastern white pine seed was collected
by the U.S. Forest Service in 1956 and was sown by that
agency in 1957. All of these experiments, including the
Scotch pine studies, were done as part of the NC-51 regional
tree improvement project titled "Improvement of Forest Trees
Through Selection and Breeding," which was supported in part
by the U.S. Department of Agriculture.

The height and diameter data for the Scotch pine
progeny tests were donated by G. E., Howe, who studied the
genetic variability of a number of traits in Scotch pine for

his doctoral dissertation.
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General Status of the Plantations

In all plantations, survival and growth were average
or better-than-average in comparison with plantations of the
same species on similar sites in Michigan. Crown closure
had not yet occurred in any plantation, so that competition
was not a factor.

The ponderosa pine plantation at the W. K. Kellogg
Forest had an average total height of 7.3 feet. The crowns
were so vigorous that it was not possible to see someone
five rows away.

The eastern white pine plantation had exceptional
growth., Total height averaged 18.6 feet, and the trees were
on the verge of crown closure.

Although the Scotch pine plantations differ in site
quality, all have good growth and low mortality. Average
total height at different sites varied from 8.3 feet at the

Dunbar Forest to 13.7 feet at the Fred Russ Forest,

Measurements

Five traits were measured: (l) total height; (2)
5-year height growth (= height growth of last five years);
(3) basal diameter, measured six inches above ground level;
(4) d.b.h.; and (5) mid-diameter. I defined "mid-diameter"
as the mid-point of the fourth internode from the top in
ponderosa pine, as the mid-point of the sixth internode from

the top in eastern white pine, and as the mid-point of the

‘1
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fifth internode from the top in Scotch pine. These are
uninodal species with one growth flush per year.

All traits were not measured on every species.
Five-year height growth was not measured in ponderosa or
eastern white pine, and basal diameters were not measured
in the Scotch pine progeny test material. D.b.h. was mea-
sured in the eastern white pine plantation only.

All diameter measurements were done to the nearest
10th inch with wooden calipers. Also, at every measuring
point on every tree, two measurements were made perpendic-
ular to each other and averaged. Total height was measured
to the nearest quarter of a foot. All data were recorded by

individual trees, and all trees were measured in every plot.

Calculation Procedures

Height/diameter ratios, taper and volume were cal-
culated from the basic measurements. Taper was calculated
as the mid-diameter/basal diameter ratio.

Volume was calculated directly from the height and
diameter data. In the ponderosa pine data the volume was
calculated as:

2
T(D )h 7(D,) (D_)h
b b m
Vs BBy = . (1)

where V = volume, Db = basal diameter, Dm = mid-diameter,

and h = total height. To convert to volume in cubic feet,
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the denominator was multiplied by 122 = 144, Also, this
equation was multiplied by % to give a standard correction
for taper. Hence, the final equation was:

m(D.) (D )h(¥)  7(Dy) (D )h

v = 2(144) = T 1152 (2)

Since taper was included as a variable, inclusion of the
constant of % probably caused an underestimate of actual
volume but did not affect relative volumes.

In the eastern white pine data volume was determined

as:

2
7(DZ, )b (D /D)
v = 1152 (3)

where Dbh = diameter at breast height.

In the Scotch pine provenance test data, volume was
determined by the summation of the volumes of two tree sec-
tions as follows:

2 2 2
Cwb+1mﬁhl vmwhz

v = 1152 * 152 (4)

where hl = the height from the tree base to the fifth whorl
from the top, and h2 = the length of stem from the fifth
whorl to the top.
In the Scotch pine progeny-test data for the nine
Norwegian families, the volume calculation was:
W(Di)h

V=157 - (%)



l6

Volumes were not determined from the data for the progeny
test of 80 East German families.

The three derived variables were calculated from the
single-tree data for most analyses. However, in the analy-
ses of 80 East German families, the height/diameter ratios
were calculated from plot means. There was very little
difference between height/diameter ratios calculated from

plot means and those calculated from individual trees.

Statistical Methods

Since all plantations were established as randomized
complete-block designs, the standard analysis of variance
(two-way classification) was applied to the data from each
experiment. Additionally, in the ponderosa pine data a
two-level nested analysis of variance with unequal subclass
numbers was performed to detect the amount of variation
among varieties and among ecotypes within varieties. Origin
means were used as items.

In the Scotch pine provenance test, a one-level
nested analysis of variance, with unequal numbers of origins
per variety, was performed to determine the significance of
differences among the four varieties. Tukey's "hsd" test
was employed as a test of significance of differences among
origins within varieties.

In the half-sib progeny tests of Scotch pine, also
established as randomized complete-block designs, more

refined procedures were used. The progeny test of nine
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Norwegian families was analyzed on the basis of data ob-
tained from two sites (plantations 2-61 and 4-61) at the

W. K. Kellogg Forest. This combined analysis was performed
to measure genotype X environment interactions. One site
was hilly, the other flat.

The primary objective of this progeny test was to
obtain genetic correlations between height and diameter.
Precise determinations of genetic correlations require large
numbers of observations. Therefore, the data in this test
were analyzed with individual trees within plots as exper-
imental units.

Because many plots at both sites had missing trees,
two trees per plot were randomly selected. Hence, since the
design included four replications per site, the total number
of observations was 144. The model for the degrees of free-
dom and expected mean squares obtained from this analysis is
presented in Table 1.

The primary reason for studying the Scotch pine
progeny test of 80 East German families was that its large
size favored precise estimates of the genetic correlations.
Since this experiment was large, plot means as items pro-
vided an adequate number of observations.

This progeny test was analyzed twice. 1In one
analysis, only the material planted at the W. K. Kellogg
Forest was considered. There were seven replications, but

only the families from each stand were replicated together,
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Table 1. The expected mean squares or cross products used
in the analyses of variance and covariance of the
half-sib progeny test of nine Norwegian Scotch
pine families

Degrees
of a
Source Freedom Expected mean squares
Family £f-1 Var (e) + n Var (FR(S))
+ nr Var (FS) + nsr Var (F)
Site s-1 Var (e) + n vVar (FR(S))
+ nr Var (R(S))
+ nr Var (FS)
Replication Var (e) + n Var (FR(S))
within site s(r-1) + nf var (R(S))
Family X site (£-1) (s-1) Var (e) + n Var (FR(S))
+ nr Var (FS)
Family X
replication
within site s(f-1) (r-1) Var (e) + n Var (FR(S))
Exrror fsr(n-1) Var (e)
Total fsrn-1
a

Var = variance.
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so that stands were not replicated. Hence, comparisons
could only be made among families within stands. There were
560 plot means. The analysis of variance model is given in

Table 2.

Table 2. The expected mean squares or cross products used
in the analyses of variance and covariance of the
half-sib progeny test of 80 East German Scotch
pine families from five stands tested at the
W. K. Kellogg Forest

Degrees
of a

pource Freedom Expected mean squares
Stand s-1 Var (e) + r Var (F(S))

+ £ var (R(S))

+ fr var (S)
Family within
stand s(f-1) Var (e) + r Var (F(S))
Replication
within stand s(r-1) Var (e) + £ var (R(S))
Error s(f-1) (r-1) Var (e)
Total sfr-1

a .
Var = varlance.

In the second analysis, the data from the W. K.
Kellogg, Fred Russ and Dunbar Forests were combined. Since
stands were replicated at three locations, inferences about
the genetic variation among stands could be made. The num-

ber of replications was five, the number available at every
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location, and there are 1200 observations. The model for
this analysis of variance and its expected mean squares is
presented in Table 3.

In both progeny tests, these analyses were struc-
tured as random model analyses of variance. In this model,
families were assumed to be random, since the mother trees
were known to have been selected at random in their respec-
tive stands in Norway and East Germany.

The genetic correlation, as discussed by Falconer

(1960) and Becker (1967), was calculated as:

Cov A
Xy

r

B N (Var Ax)(Var Ay)

where Cov Axy and Var A represent the additive or family
covariance and variance respectively, and x and y represent
the two different traits to be correlated. These variance
components were obtained from the expected mean squares of
the analyses of variance mentioned above. Phenotypic cor-
relations were obtained in a similar manner but with the
inclusion of the appropriate variances and covariances for
error and for the genotype X replicate and X site interac-
tions. The approximate standard error of each genetic
correlation was obtained from the mean squares and variance

components as outlined by Becker (1967).
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Table 3. The expected mean squares or cross products used
in the analyses of variance and covariance of the
half-sib progeny test of 80 East German Scotch
pine families from five stands tested at the W. K.
Kellogg, Fred Russ and Dunbar Forests

Degrees
of
Source freedom Expected mean squaresa
Stand s-1 Var (e) + fr var (SP)
+ pr Var (F(S))
+ r Var (PF(S))
+ £ var (R(SP))
+ pfr Var (S)
Place Var (e) fr Var (SP)
(= forest) p-1 + r Var (PF(S))
+ £ vVar (R(SP))
+ sfr var (P)
Stand X place (s-1) (p-1) Var (e) + r Var (PF(S))
+ £ Var (R(SP))
+ fr vVar (SP)

Family X

place in

stand s(p-1) (£-1) Var (e) + r var (PF(S))

Replication

in stand X

place sp(r-1) Var (e) + £ var (R(SP))

Exrror

Total

sp(£-1) (r-1)

spfr-1

Var

(e)

a
Var

= variance.



22

In both progeny tests, correlated responses to
selection were determined (Falconer, 1960). The responses
calculated were the correlated response in total height to
selection for diameter, the correlated response in diameter
to selection for total height, and the correlated response
in volume to selection for total height or diameter. The
correlated responses were compared with the direct responses
for each trait. Family selection was assumed for all re-
sponse calculations.

Plot heritabilities were derived from the variance
components in the analyses of variance. Family heritabil-
ities were calculated according to methods and assumptions
given by Comstock and Robinson (1952), Hanson, Robinson and
Comstock (1956), and Namkoong, Snyder and Stonecypher (1966).

In addition to analyses of variance, correlation and
regression methods were employed to determine certain rela-
tionships among variables. For every plantation, simple
correlations, based on provenance or family means as items,
were calculated among all combinations of variables.

Regression analyses were also performed. Volume was
the dependent variable, and various combinations of height,
diameter and taper were treated as independent variables to
evaluate the contribution of each trait to the total genetic
variability of volume growth. The following associated
statistics were also obtained from these analyses: (1) the

regression coefficients for each independent variable;
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(2) the F ratio attributable to each independent variable;
(3) the partial correlation coefficient between each inde-
pendent variable and the dependent variable, when all other
independent variables were held constant; and (4) the coef-
ficient of determination (Rz), which is a measure of the
contribution of the independent variables to the total
variability of volume growth. Presumably most of this
variation is genetic, since the units of data are family
means obtained from a randomized complete-block design.

In the three provenance tests, simple correlations
were also obtained between the height/diameter ratios and
taper versus several geographic and/or climatic variables.
The geographic and climatic variables that were correlated
will be specified in those sections in which they are
discussed.

Most statistical operations were performed on the
CDC 3600 computer at Michigan State University. Canned
programs obtainable from the STAT Series of the Michigan
State University Agricultural Experiment Station were used.
However, missing plot calculations, heritabilities, re-
sponses to selection, nested analyses of variance and many
of the calculations needed to determine genetic or phento-
typic correlations and their standard errors were performed

on a desk calculator or slide rule.



CHAPTER V

VARIETAL AND ECOTYPIC DIFFERENCES OF

STEM FORM IN PONDEROSA PINE

The ponderosa pine plantation at the W. K. Kellogg
Forest contains trees grown from seed collected in 55 dif-
ferent places, The collections sampled the greater portion
of the species range in the western United States. Hence,
the seedlots analyzed in this experiment provided a good
opportunity to determine varietal and ecotypic differences
in growth and stem form.

Climatic and geographic data were available for all
seedlots. Therefore it was also possible to determine to
what extent certain regional geographic and climatic factors
may have influenced the evolution of stem form and other
traits. Hence, my study objectives were: (1) to determine
if there were significant differences in taper, height,
diameter and the height/diameter ratio among varieties and
ecotypes within varieties; (2) to determine what climatic
or geographic factors were strongly correlated with these
differences and might be selective forces in their evolu-
tion; and (3) to determine the contribution of taper to

genetic variation in volume growth.

24
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Varietal Differences in Taper

The two varieties of ponderosa pine, Pacific Coast

var. ponderosa and Interior var. scopulorum, may be delin-

eated in Figure 1 if a line is drawn from western Montana
to southern California.

Taper was defined as the mid-diameter/basal diameter
ratio. As indicated in Table 4, the higher taper values of
the Pacific Coast var. ponderosa mean that it is the most
nearly cylindrical or bullet-shaped. 1In contrast, the

Interior var. scopulorum was relatively conical. By far

the greatest portion of the variance in taper was due to the
differences among varieties (Table 5). This strong differ-
ence was true despite considerable variation in height and
diameter growth within each variety. For example, fast-
growing and hardy seedlots from Montana had the same taper
as slow-growing trees from southern California that were
susceptible to winter injury. No other growth trait mea-

sured showed such a difference between varieties,

Varietal Differences in Other Traits

Strong differences between varieties have also been
observed for other traits in the same experiment. These
differences, as reported by Wells (1964a), Wright et al.
(1969) and Read (1971) are summarized in Table 6. The
concentration of each of the five foliar mineral elements

which showed varietal differences was highest in the Pacific
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Figure 1. Natural distribution of ponderosa pine, including
the origins of 55 seedlots comprising the prove-

nance test at the W. K. Kellogg Forest. This
figure was taken from Wells (1964a).
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Table 4. Variety and ecotype means for basal diameter, mid-
diameter and taper in ponderosa pine

Taper
Diameter (= ratio of
Variety and mid- to basal
ecotype Basal Mid diameter)
Inches Inches Inches/inches
gonderoéa
Nor. Plateau 3.8 2.4 0.619
Coastal Oregon 3.4 2.1 0.638
Nevada 3.2 2.0 0.638
Nor. Calif. 3.0 2.0 0.653
Sou, Calif. 2.8 1.8 0.646
Average 3.2 2.0 0.636
scopulorum
Nor. Interior 3.5 1.9 0.536
Colorado 3.0 1.7 0.588
Utah 3.0 1.7 0.578
Utah--north.
New Mexico 3.7 2.1 0.553
Ariz.,--south,
New Mexico 3.6 2.0 0.559
Average 3.4 1.9 0.560
Tukey's hsd:? 5% level 0.6 0.3 0.045
1% level 0.7 0.4 0.055

3Each hsd applies only to comparisons among eoctype
means, not to variety means,
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Table 5. Percentages of total variance in both diameters
and taper accounted for by differences among
varieties, ecotypes and seedlots of ponderosa

pine

Variances as percents of total variance

Taper
Diameter (= ratio of

Source of mid- to basal
variation Basal Mid diameter)
Variety 0 0 TT7%%%
Ecotype within

variety 56%** 5l% %% 4
Seedlot within

ecotype 44 49 19
Total 100 ‘ 100 100

***Sjignificant at the 0.1% probability level, using an
analysis of variance with 1, 8 and 45 degrees of freedom for
variety, ecotype and seedlot respectively.
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Table 6. Major sources of variation--whether between
varieties, ecotypes or seedlots--in ponderosa pine
traits measured by Wells (1964a) and Wright et al.
(1969)

Ecotype Seedlot
within within
Trait Variety variety ecotype Remarks

Winter injury

Lammas growth
Bloom on
twigs

Rabbit
browsing

Bud color

Bud scale

appression
Foliar
concentration
of: N

P

K

B

Ca

Mg

Mn, Fe, Cu

* %

* %

* %

*

* %

%* %

Injury greatest on
trees from Calif.,
W. Oreg., Ariz.,
and New Mex.

Most in southern
origins

Most on Southern
Interior ecotypes

Most on var.
ponderosa

Reddest on var.
ponderosa

Most appressed on
var. ponderosa

Highest in var.
ponderosa

* > 40% of the variation for that trait.

** > 50% of the variation for that trait.
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Coast var. ponderosa. These differences may have adaptive
significance, since it seems likely that the accumulations
of the major elements are important to the survival and

growth of the trees.

Regional Climatic Differences

Ponderosa pine occurs mostly within the arid transi-
tion zone of the West. This transition zone includes a
range of climatic types designated as: (1) humid; (2) moist
subhumid; (3) dry subhumid; (4) semiarid; and (5) arid
(Yearbook of Agriculture: Climate and Man, 194l1). The
regions occupied by ponderosa pine contain the greatest
climatic variation per unit of area in the United States.

The most striking differences between the regions
occupied by the two varieties is in the ratio of July-August
to annual precipitation (Table 7). The Pacific Coast var.
ponderosa occupies a summer-dry region with only 1 to 8 per-
cent of the total annual precipitation occurring during July

and August. The Interior var. scopulorum occupies a summer-

moist region, in which 14 to 34 percent of the total annual
precipitation occurs during the two summer months.

The region occupied by the Pacific Coast var.
ponderosa has a generally greater total annual precipitation

than falls on the Interior var. scopulorum. However, there

is considerable variation in total annual rainfall within

each of the two regions. The difference between regions is
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Table 7. Major climatic differences between regions occupied
by the varieties of ponderosa pine and variation
within those regions

July-Augqust

Region occupied rezgng:;tion Annual January
by variety and P P precip- temper-
ecotype ratio itation ature
% Inches og
ponderosa
Nor. Plateau 8 18 22
Coastal Oregon 2 41 39
Nevada 4 21 23
Nor. Calif, 1 46 33
Sou. Calif. 1 40 38
Average 3 35 32
scopulorum
Nor. Interior 21 19 22
Colorado 26 31 22
Utah 14 23 17
Utah=--north.
New Mexico 24 19 22
Ariz,--south.
New Mexico 34 23 30
Average 25 21 24
Sources of Variances as percents of total
variation variance
Region 80 35 29
Ecotype within
region 10 23 45
Station within
ecotype 10 42 26

Total 100 100 100
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not so striking as was the case for the seasonal distribu-
tion of precipitation.

There is also a difference in the average January
temperature. In the mountains of California and the Pacific
Northwest, the mean January temperature varies from 22° F
to 39° F, whereas in the Interior it varies from 17° F to
30° F. ‘

Other factors which might differ between the Pacific
Coast and Interior regions are: (1) wetness of snow; (2)
wind velocity; and (3) fire. Each of these factors could

exert strong selection pressures on stem taper if they

differ between regions.

Evolution and Adaptation of Taper

Seasonal rainfall distribution: The July-August/

annual precipitation ratio is the most puzzling environmen-
tal factor to relate to the adaptation of stem taper. It is
the only observed factor which varies strongly between the
variety regions in a manner that parallels the taper differ-
ence between varieties. However, there is no clear reason
why stem taper should be adapted to different moisture
regimes,

One possible explanation is that the surface-to-
volume ratio is lower in cylindrical stems than in conical
stems. To the extent that a lower surface-to-volume ratio

might reduce transpiration, this could be a selective trait.

At 7
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S. N. Stephenson told me that he has observed similar
variations in the surface-to-volume ratios of species of
Cactaceae and Bursera in Baja, California. However, by far
the major portion of the transpiration in pines probably
occurs through the stomata in the needles, not through the
bark. Hence, the surface-to-volume ratio would not seem
to be an important selective advantage against moisture
deficits.

Although the selective advantage of a cylindrical
stem in a summer-dry environment is not clear, it is rea-
sonable to assume that, if stem taper responds in some way
to water stress, water deficits occurring during July and
August would exert the greatest selection pressure. Stem
taper is a function of variations in radial growth, and
radial growth occurs later in the growing season, whereas
most height growth occurs in the spring (Larson, 1963).

It follows that stem-form variations are most apt to be
controlled by differences in summer rainfall which affect
the controls of radial growth.

Foliar mineral content: The observations by Wright

et al. (1969) of varietal differences in the foliar content
of five mineral elements indicate a similar paradox (Table 6).
They suggested that the Pacific Coast var. ponderosa may

have developed a high uptake mechanism, since the soils in
the more moist Pacific Coast region are more leached than

those in the relatively dry Interior region. If such an
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uptake mechanism should exist, it might affect the radial
distribution of stem growth indirectly. Such a mechanism
is not known.

Mean annual precipitation: Annual precipitation may

be directly related to foliar mineral content. An uptake

mechanism which evolves in response to excessive leaching is

v «“vl.’,w

probably an adaptation to annual rainfall. However, unless
foliar mineral nutrient levels are related to taper, the

relationship of annual precipitation to taper is not

AR -

apparent,

Mean January temperature: The relevance of January

temperature to taper is not clear.

Wetness of snow: An environmental factor which is

a function of both moisture and temperature regimes is the
wetness of snow. The Pacific Coast region, being warmer and
more moist in winter, has a much greater frequency of wet
snow than the Interior.

Selection for resistance to breakage of stems and
branches by wet snow could also affect stem form. It could
be direct in that a more cylindrical stem would seem to be
structurally more resistant to breakage in its upper portion
than would a conical stem.

Indirect selection for a more cylindrical stem might
result from the fact that heavy snow favors smaller branches
and a larger, narrower and more spruce-like crown. Such an

intimate relationship between crown form and stem form has
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been observed in many instances in the past (Larson, 1963).
In areas of heavy snow, slender crowns permit maximum crown
vigor while providing smaller branches which retain less
snow. Several investigators have observed more cylindrical
stem form with increasing latitude and elevation in Scotch
pine and have attributed this trend to resistance to snow-
breakage (Larson, 1963).

Wind velocity: Another possible explanation of

varietal differences is that a conical stem taper bestows
a selective advantage for resistance to wind. Larson (1963)
reviewed literature devoted to the importance of stem form
in determining resistance to wind. Generally, tree boles in
windy situations are most conical. The conical boles of the
Interior var. scopulorum sources are best adapted to the
stresses of a wind-swept existence. However, for this
factor to be important, the trees of the Interior var.
scopulorum must be frequently exposed to more severe winds
than are the trees of the Pacific Coast var. ponderosa.

Data obtained from the U.S. Department of Commerce
(Local Climatological Data: Annual Summary with Comparative
Data, 1969) revealed a slight difference in average wind
speed between the Pacific Coast and Interior regions. Aver-
age wind velocity, based on data from 11 stations in the
Pacific Coast region, was 8.2 mph. The corresponding figure

from the Interior region, based on data from 16 stations,
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was 9.9 mph. However, there was so much difference within
regions that the difference between regions was not sig-
nificant.

It seems questionable whether an average difference
in wind velocity of 1.7 mph is a strong enough selection
differential between varieties when the plasticity of tree
stem responses is considered. Jacobs (1954) showed that the
diameter growth of pine trees in Australia prevented from
swaying by guy wires was so reduced that they were no longer
able to support themselves when the wires were removed.

It is possible that differences in wind speed were
much greater at some former geologic time. Geographic
separation may have maintained adaptive differences in stem
form after much of the selection pressure had ceased to
exist,.

Exposure to wind does vary with stand density, which
differs between the two varieties. The higher annual pre-
cipitation of the Pacific Coast region favors relatively
dense stands. Ponderosa pine typically grows in open, park-
like stands in the Interior. Trees growing in dense stands
are less exposed to wind stress than are trees growing in
open stands. Hence, the trees of the Interior var. scopu-
lorum might have developed a conical stem from an adaptation
to growth in open situations.

Fire: Fire is another factor which could affect

stem taper. It is possible that trees adapted to survival
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in regions of frequent burning develop thicker bark on the
lower portions of their stems. Such a bark distribution
would contribute to a more conical stem.

Since bark thickness was not measured, the effect
of fire could not be evaluated, However, if fire is an
important factor, there must be a greater difference in
fire occurrence between variety regions than within regions.
According to the records, this does not appear to be the
case.

Curtis and Lynch (1965) reported that fire was com-
mon in many Pacific Coast and Interior portions of the range
of ponderosa pine before the advent of white man. Fire has
occurred at 8- to l0-year intervals since the 1l6th Century
in the ponderosa pine forests of California, Oregon and
Washington.

Fire has also occurred in the Interior region. Pine
stands in Arizona have been frequently burned. The Great
Plains, including those regions occupied by ponderosa pine
forests or stands, have a history of fire as an ecological
factor in the regeneration of grasslands. Hence, there
appears to be no difference in fire occurrence between the
two regions.

Adaptation versus genetic drift: Finally, the pos-

sibility remains that taper evolved as a non-adaptive trait.
Isolation and restricted population sizes during glacial

advances could have resulted in random genetic drift. An
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examination of geological events of the last three epochs
may help to clarify this point.
Crustal uplift and the formation of the Great Basin
in the early and middle Miocene (Dunbar, 1960) may have been
the initial geological event separating the two varieties.
However, it seems more likely that the species was not ;
divided into two populations until either the late Pliocene
or middle Pleistocene time. According to Dunbar (1960), the

greatest crustal upheaval in California occurred in the

NIl .

middle Pleistocene.

Once crustal uplift had rendered the terrain and
climate of western North America sufficiently diverse, the
environment of the Great Basin could no longer support
ponderosa pine. The species was forced to migrate to
slightly moister sites at higher elevations both east and
west of the Great Basin. Hence, two populations were
created.

The Pleistocene is distinguished from the Pliocene
by the occurrence of four major glaciations. The Great
Basin was a non-glaciated region. However, Flint and Gale
(1958) reported evidence of pluvial periods corresponding
to the two most recent glaciations. Stratigraphic columns
and radiocarbon dates from Lake Searles, California indicate
that the earliest pluvial period began about 46,000 years
ago. Further, Roosma (1958) found juniper pollen in the mud
portions of the column and sagebrush pollen from the saline

section. Pine pollen was not found.
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Woodbury (1947) reported that a juniper-pinyon
community in northern Arizona and Utah lies mainly within
the 10-15 inch annual precipitation belt. 1In contrast, the
lower limit for submontane shrubs and ponderosa pine is
about 15 inches. From this evidence it appears that the
climate within the Great Basin did not get sufficiently
moist during pluvial periods for ponderosa pine to reoccupy
the region. Hence, the two varieties were possibly sepa-
rated as early as the Miocene and no later than the middle
Pleistocene.

In the context of this geologic sequence, it seems
unlikely that the varietal differences are non-adaptive.
Small populations no doubt were separated from the rest of
the species by geographic barriers in several portions of
the range. However, glacial advance was very limited in the
western United States (Flint, 1957), so that the sizes of
the major populations could not have been sufficiently
decimated for genetic drift to occur. Hence, it seems most
likely that differentiation between the two varieties as a
whole is the result of adaptation to climatic changes that

have been developing since the middle or early Pleistocene.
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Variation Within Varieties in
the Height/Diameter Ratio

In sharp contrast to the difference between vari-
eties in stem taper, total height, diameter and the height/
diameter ratio varied among ecotypes within varieties, but
not between varieties (Tables 8 and 9). There is also an
apparent correlation between total height and the height/
diameter ratios. An analysis of origin means as items
showed that total height was correlated with the total
height/basal diameter ratio (r = 0.59) and the total height/
mid-diameter ratio (r = 0.64). Both correlations are sig-
nificant at the 1 percent probability level.

The highly significant differences obtained among
ecotypes (Table 9) are due to the fact that the North
Plateau and Northern Interior trees were the tallest and
had the largest height/diameter ratios. The two northern-
most ecotypes also had the lowest percentages of winter
injury. It follows that the slower growth of the southern
ecotypes may be due to either winter injury or to a general
lack of winter hardiness in southern Michigan.

An analysis of total height and the two height/
diameter ratios with winter injury as a covariate revealed
that winter injury cannot fully explain the ecotypic differ-
ences for these traits (Table 10). The variability for
these traits was not significantly altered by the effect of

winter injury.
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Table 8. Variety and ecotype means for total height and the
height/diameter ratios in ponderosa pine

Total height

Total height

Basal diameter

Mid-diameter

Variety and Total
ecotype height ratio ratio
Feet Feet/inches Feet/inches
ponderosa
Nor. Plateau 9.2 2.39 3.88
Coastal Oregon 7.6 2.27 3.55
Nevada 6.5 2.04 3.19
Nor. Calif. 6.7 2.19 3.35
Sou. Calif. 5.9 2,13 3.35
Average 7.0 2.21 3.48
scopulorum
Nor. Interior 8.6 2.47 4.62
Colorado 6.8 2.30 3.91
Utah 6.4 2.12 3.67
Utah--north.
New Mexico 7.8 2.08 3.78
Ariz.--south.
New Mexico 7.6 2.14 3.84
Average 7.6 2,22 3.97
Tukey's hsd:?
5% level 1.4 0.15 0.39
1% level l.6 0.19 0.47

3Bach hsd applies only to comparisons among ecotype

means, not to variety means.
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Percentage of total variance in height, the
height/diameter ratios and winter injury accounted
for by differences among varieties, ecotypes and
seedlots of ponderosa pine

Variances as percents of total variance

Total height Total height

Source of Total Basal diameter Mid-diameter Y;?Eﬁ;
variation height ratio ratio 1964-65
Variety 0 0 38 36
Ecotype

within

variety 68*** T3*%* 4lr** 40%* *
Seedlot

within

ecotype 32 27 21 24
Total 100 100 100 100

***S ignificant at the 0.1% probability level, using
an analysis of variance with 1, 8, and 45 degrees of freedom
for variety, ecotype and seedlot respectively.

eemp
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Table 10. Percentages of total variance in height and the
height/diameter ratios accounted for by differ-
ences among varieties, ecotypes and seedlots of
ponderosa pine after the effect of winter injury
as a covariate has been removed

Variances as percents of total variance

Total height Total height

Source of Total Basal diameter Mid-diameter
variation height ratio ratio
Variety 0 14 0
Ecotype

within

variety 59%** 53%%% 54% %%
Seedlot

within

ecotype 41 33 46
Total 100 100 100

***Significant at the 0.1% probability level, using
an analysis of variance with 1, 8, and 45 degrees of freedom
for variety, ecotype and seedlot respectively.
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Although winter injury appears to explain little of
the variation in the growth traits, the correlations between
winter injury and the height/diameter ratios were quite
strong (Table 1l1l). These correlations differed little

whether they were based on the whole species or on each

variety alone.

Table 1ll. Simple correlation coefficients (r) between winter
injury and the height/diameter ratios in ponderosa
pine and its two varieties

Characters to Pacific Interior
which correlation Pinus Coast var. var.
applies ponderosa ponderosa scopulorum
Winter injury
versus:
Total height
Basal diameter
ratio -0.48%* -0.53%* -0,.60*%*
Total height
Mid-diameter
ratio -0.67** -0.56%* ~0,.54%%*

**Significant at the 1% probability level.

A careful examination of Table 8 shows why winter
injury did not account for more of the variation in the
height/diameter ratios. The Nevada and Utah sources, which
have been completely hardy in Michigan, had as low height/

diameter ratios as the California sources. Also, the

e

~e T
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Coastal Oregon sources, which were not hardy, had much
better growth and height/diameter ratios than the California
origins. However, differences in height growth and the
height/diameter ratios between the hardy North Plateau
origins and the non-hardy California origins were probably

due to the effect of winter injury.

Climatic Differences Within Regions

Climatic trends are approximately indicated by the
three climatic variables summarized in Table 7. 1In the
Pacific Coast region, there is a tendency for the percentage
of summer rainfall to increase with north latitude. This
correlation is r = 0.74 and is highly significant. Con-
versely, in the Interior the correlation between the July-
August/annual precipitation ratio and north latitude is
r = -0.,63, and it is also highly significant.

The elevation at the seed source tends to increase
with decreasing latitude in both regions. However, in spite
of this trend, the southernmost origins have the highest
mean January temperature in both regions. Hence, the in-
crease in seed source elevation toward the south does not
completely compensate for the most southerly latitudes.

In both regions, there is a decrease in the average
annual number of clear days with north latitude (Yearbook of
Agriculture, Climate and Man, 1941). Hence, there is a

corresponding decrease in solar radiation.
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Evolution and Adaptation of the
Height/Diameter Ratio

Seasonal rainfall distribution: The height/diameter

ratio is not an adaptation to the seasonal distribution of
rainfall. The main evidence for this is that strong corre-
lations were obtained between the height/diameter ratios and
the July-August/annual precipitation ratios in both regions,
but they were of opposite sign. Although the height/diame-
ter ratios increased with north latitude in both regions,
the July-August/annual precipitation ratio increased with
north latitude in the Pacific Coast region and decreased
with north latitude in the Interior. Such correlations must
be biologically meaningless.

Annual precipitation: The mean annual precipitation

was not strongly correlated with the height/diameter ratios.
The ecotype means also indicated that there was no meaning-
ful relationship between these variables.

Mean January temperatures: The mean January temper-

ature was only weakly correlated with the height/diameter
ratios in the Pacific Coast region (r = -0.40 and -0.37),
and it was not correlated with them in the Interior (r =
-0.04 and 0.11) ., These correlations might have been
stronger if they had not been confounded by the tendency

for elevation at the seed source to increase with decreasing
latitude. Partial correlation analyses resulted in somewhat

stronger correlations between January temperature and the
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height/diameter ratios in the Pacific Coast region when
elevation was held constant. However, the corresponding
partial correlations for the Interior region remained non-
significant.

Such inconsistent correlations indicate that adapta-
tion to severe temperatures is not the only factor affecting
the height/diameter ratio throughout the range of ponderosa
pine. The ecotype means of total height and the two height/
diameter ratios in Table 8 indicate that the only consis-
tently strong differences are those between the northernmost
ecotype and the four remaining ecotypes within each variety.

Wells (1964b) noted that some characters which show
adaptive trends are weakly correlated with climatic vari-
ables in certain ecotypes because of reproductive isolation,
This could be the case in the Interior. 1In Colorado, New
Mexico and Utah, mountain ranges and deserts result in dis-
continuous and isolated ponderosa pine populations. In such
situations random genetic drift could have resulted in varia-
tions in the height/diameter ratio. This kind of random
variation can affect adaptive and non-adaptive traits alike.

Glaciation: In the western United States, glacia-
tion was restricted mostly to the higher elevations of the
highest mountain ranges, such as the California Sierra
Nevada (Flint, 1957). Hence, many of the habitats presently
occupied by ponderosa pine were never glaciated. However,

the glacial advances probably did force this species to
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retreat to somewhat lower latitudes and elevations. More-
over, because of a steeper climatic gradient between the
glaciated and tropical zones, the total range of ponderosa
pine was probably more restricted than it is now. Since the
Great Basin was not glaciated and was subject to pluvial
conditions (Flint, 1957), it would appear that the four
southernmost ecotypes within each variety region were not
greatly displaced from their present latitudes. However,
the North Plateau and Northern Interior ecotypes were prob-
abily forced to migrate southward during the glaciations
because of the colder climate. Or, if they were not dis-
placed, they became better adapted to the colder climate.
In either case, selection was for greater winter hardiness.
Hence recent glacial history may be the primary reason for
the superior cold hardiness of these two ecotypes in south-
ern Michigan.

Volume Correlated With Height,
Diameter and Taper

Since volume calculations were based on total height,
basal diameter and taper, the contribution of each variable
to the total variability of volume was of interest. Taper
may have had a significant effect on differences in volume,
since the varietal difference in taper was so strong.

Correlations were performed between total height,
basal diameter, taper and volume (Table 12). Moreover,

volume was regressed on total height and basal diameter,
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Table 12. Simple correlations between each combination of
total height, basal diameter, taper and volume in
ponderosa pine

Taper
(= ratio of
Total Basal mid- to basal
height diameter diameter)
Basal diameter 0.92*%%
Taper =0.43%* —0.43%*
Volume 0.95** 0.95%%* -0.27*

*,6 #*#*Significant at the 5% and 1% probability levels
respectively.

and then on total height, basal diameter and taper. For
all calculations, origin means were used as items. The very
high simple correlations of volume versus total height and
basal diameter suggest that these two variables were the
most important. When volume was regressed on total height
and basal diameter, the resulting equation accounted for
94 percent of the total variability in volume. However,
total height and basal diameter each accounted for 90 per-
cent of the variability in volume. Hence, there appears to
be little gained by measuring both height and diameter when
making selections.

When taper was included as an independent variable
2

with height and diameter in the regression equation, R

became 0.97. All three independent variables had highly
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significant F ratios. Hence, taper contributed almost as
much to the total genetic variability of volume as did
height or diameter.

This effect of taper does not necessarily mean that
taper should be measured and evaluated on an origin basis
when selections are made to improve yield. However, it may
mean that, if the variety differences in taper are real, the
variety with the most favorable taper for maximum volume
should be favored. The variety indicated by the taper data
(Table 4) is the cylindrical Pacific Coast var. ponderosa.

Differences in taper, however, could be due to
variations in bark thickness. Pederick (1970) analyzed the
differences between "measured volume," which was the actual
volume of wood inside the bark of young loblolly pine trees,
and the "expected volume" estimated by the use of height and
d.b.h. measurements outside bark as given in a volume table.
This analysis determined the significance of the effect of
the deviations in stem taper on the volume of half- and
full-sib families. Taper had a significant effect on the
volume variation, but this effect was erased after bark
thickness was removed as a covariate. Pederick concluded
that height and diameter are quite adequate for predicting
volume growth, so long as an adjustment is made for bark
thickness. However, he also noted that only 1 in 20 fam-
ilies had sufficiently thick or thin bark to over- or

underestimate volume by as much as 2.8 percent.
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The possibility exists that bark thickness is the
primary cause of the strong differences among varieties.
However, it seems doubtful that bark thickness could vary
sufficiently on these young trees to account for the large
differences obtained between variety means. For example,
the difference between variety means for taper is 0.636 -
0.560 = 0.076, which is 100(0.076) /0.636 = 12 percent of
the mean of the most cylindrical variety. Since it can be
assumed that the effect on the volume difference would be
even greater, a reduction of 2.8 percent resulting from an
overestimate of volume because of thick bark seems unimpor-
tant. The genetic variation of bark thickness in ponderosa
pine would have to be at least four times as great as that
obtained in loblolly pine to account for the difference in

taper between varieties.

Conclusion

In summary, taper differed strongly between vari-
eties, the Pacific Coast var. ponderosa being the most
cylindrical, whereas the Interior var. scopulorum was
conical. The Pacific Coast is a region of greater annual
precipitation but drier summers than the Interior region.
The regional difference in the July-August/annual precip-
itation ratio corresponds most strongly to the difference
in taper, but the adaptive significance of this correlation

is not explainable with the existing data.
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In contrast, the height/diameter ratios differed
strongly among ecotypes within varieties but not between
varieties, These differences were correlated with latitude,
the ratios being higher for northern than for southern eco-

types. These differences appeared to be due both to hardi-

ness in Michigan and to different growth patterns. F
Although taper accounted for a high percentage of

the variation in estimates of the volume growth of different

seedlots, the data did not indicate that taper was essential

for accurate prediction. Height and/or diameter data were E

sufficient.



CHAPTER VI

GEOGRAPHIC VARIATION IN STEM FORM

OF EASTERN WHITE PINE

The 15 origins of eastern white pine planted at the
W. K. Kellogg Forest provided an opportunity to observe
trends in growth, the height/diameter ratio and stem taper
as the result of racial variation over a large portion of
eastern North America. The objectives specific to the study
of eastern white pine were: (1) to determine if there were
significant differences in height, diameter, the height/
diameter ratio and stem taper among origins; (2) to deter-
mine which climatic factors were strongly correlated with
the observed differences; and (3) to determine if taper is
an important component contributing to the genetic variation

in volume growth.

Regional Climatic Variation

Eastern white pine occurs within the cool and humid
portions of eastern North America (Figure 2). This range
includes a superhumid zone in the Appalachian Mountains and

a moist sub-~humid portion in Iowa and Minnesota.

54
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Figure 2. The origins of the 15 seedlots comprising the

provenance test of eastern white pine at the

W. K. Kellogg Forest (from Wright et al.,
1963) .
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Annual precipitation varies from about 71 inches in
northern Georgia to 22 inches in Minnesota (Table 13).
Because precipitation is about 1 to l% times the evaporation
from free water surfaces, there is no moisture deficit in
any season (Wilson and McQuilkin, 1965).

Mean January temperature varies from 7° F in
Minnesota to 40° F in Georgia. 1Its range is approximately
delimited by a zone in which the mean July temperature
varies between 62o F and 70o F. However, the western part
of its range is bordered by the praries, which suggests that

moisture is a limiting factor in Minnesota and Iowa.

Geographic Trends

No ecotypes, varieties or races have been defined
for eastern white pine, and no ecotype boundaries were
indicated by the data. However, there were significant
differences among geographic origins for height, diameter,
volume and the height/diameter ratio (Table 14).

The relatively weak significance levels of the F
ratios for the three height/diameter ratios compared with
those for height and diameter indicate that the pattern of
variation for stem form was not very clear. According to
the lack of significance for taper, stem form is not heri-
table. The results suggest that height and diameter respond

to selection pressures in a parallel manner.
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among origins of eastern white pine

Geographic origins and major climatic differences

Seedlot number

and state or January Annual
province of North West temper- precipi-
origin latitude longitude ature tation
Degree Degree og Inches
1 GEOrgia 34.8 84.0 40 71
3 TENNessee 36.0 82.8 39 42
6 PENNsylvania 41.1 75.4 24 49
9 PENNsylvania 40.8 78.5 28 44
10 N York 42.0 74.0 25 39
12 N York 44 .4 74.2 16 37
13 MASSachusetts 42l3 72.4 22 43
14 MAINe 44.9 68.6 18 40
19 MINNesota 49.4 94.7 7 22
20 N Scotia 44.6 64.6 20 55
21 N Brunswick 45.9 66.8 18 40
24 ONTario 42.7 80.5 24 32
25 ONTario 46.2 82.6 10 30
28 MINNesota 48.1 91.3 13 26
29 MICHigan 44.3 84.8 15 28
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Table 14. Significance of differences
volume, the height/diameter
eastern white pine

Variable

Total height . . . . . . . . . . . .
Basal diameter . . . . . . . . . . ..
Mid-diameter . . . . . . . . . . . .
D.b.h. . . ¢ ¢« ¢« ¢« v ¢« ¢ 0 o0 e ..

VOlum . L] [ . . . . . . . . . . . . .

Total height .
Basal diameter ratio

Total height .
Mid-diameter ratio .

. . . . . . o . .

Total height

ratio . L] L4 L] L4 L] . L] L] L]

dcboho
_ _mid-diameter .
Taper (= basal diameter ratio) . . . .

in height, diameter,
ratio and taper in a

F ratio
e e e e e . B.Og¥k% A

e e e e e e 7.16%%*

. . L L] L L] 6.74***
. . L - Ld - 9.38***

L L] L] . . L] 9.99***

o« e e o o e 3.83%**%

° . ) . . . 1087*

e e e e s e 4.46%**

L] L] Ll L] L . 1.21

*, ***Significant at the 5% and 0.1% probability levels

respectively.
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The height/diameter ratio was correlated only with

north latitude and January temperature; these correlations

were quite strong (Table 15).
or climatic trends.
not related to winter injury,
implicate some form of winter
lation of the height/diameter
tation was to be expected,

factor.

Table 15.

Although,

Taper showed no geographic
the height/diameter ratio was
the correlations strongly
hardiness, The low corre-

ratio with annual precipi-

since it was not a limiting

Simple correlation coefficients (r) of the total

height/d.b.h. ratio and taper versus each of five
geographic or climatic variables for eastern

white pine

Taper

Total height (= ratio of

Geographic or D.b.h. mid- to basal
climatic variable ratio diameter)
North latitude 0.76%%* 0.12
West longitude -0.13 -0.47
Mean January temperature -0.66%*%* -0.05
Winter injury -0.29 -0.45
Average annual precipitation -0.36 0.01

**Significant at the 1%

probability level.




61

The relationship between the height/diameter ratio
and winter hardiness is illustrated by the origin means in
Table 16. The Georgia and Tennessee origins, which sampled
the southernmost portion of the natural range of eastern
white pine, had two of the lowest height/d.b.h. ratios.

Wright (1970) noted changes in relative growth rate
with age of these origins. An analysis of relative growth
rate revealed a declining variability. The height superi-
ority of the Georgia and Tennessee origins was considerable
soon after they were outplanted, but it has been declining
ever since. It is reasonable to expect such growth rate
changes to affect the height/diameter ratio as well.

It can also be seen from Table 16 that there were
three strong exceptions to the tendency for northern origins
to have the slowest growth and the greatest height/diameter
ratios. These origins were 13-MASS, 24-ONT and 25-ONT,.
Since these seedlots would not seem to suffer from defi-
ciencies in winter hardiness, the environmental factors
which might select for lower height/diameter ratios are not
entirely accounted for. Perhaps January temperature and
north latitude do not represent the selective factors which
determine this kind of adaptation. Or perhaps there is no

adaptation.



Table 1l6.

62

Origin means for height, diameter, volume, the

height/diameter ratio and taper in eastern white

pine
Seediot nunber tot he. (TS
province of Total °T*"* mid- to basal
origin ht. D.b.h. Volume ratio diameter)
Feet Inches Cu ft Ft/in In/in
1 GEOrgia 19,5 3.4 0.41 5.77 0.665
3 TENNessee 21.0 3.8 0.55 5.55 0.659
6 PENNsylvania 19.9 3.5 0.45 5.70 0.658
9 PENNsylvania 19.5 3.4 0.41 5.85 0.662
10 N York 19.8 3.3 0.41 6.01 0.671
12 N York 8.1 2.9 0.30 6.19 0.689
13 MASSachusetts 19.0 3.4 0.40 5.69 0.659
14 MAINe 17.5 2.8 0.26 6.46 0.677
19 MINNesota 16.6 2.6 0.21 6.33 0.650
20 N Scotia 17.7 2.8 0.26 6.45 0.676
21 N Brunswick 17.0 2.7 0.24 6.26 0.678
24 ONTario 20.3 3.4 0.47 6.07 0.688
25 ONTario 19.1 3.3 0.37 5.90 0.660
28 MINNesota 17.2 2.7 0.24 6.34 0.670
29 MICHigan 16.6 2.7 0.23 6.14 0.668
Tukey's hsd:
5% level 2.3 0.6 0.16 0.68 0.050
1% level 2.7 0.7 0.19 0.78 0.057
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Volume Correlated With Height
and Diameter

Wright (1970) noted significant differences among
origins for the height/diameter ratio in the same white pine
plantation. He stated that this may mean that height growth
and diameter growth are inherited separately, so that both
should be measured when selecting provenances for commercial
planting.

Two methods, correlation and regression, were
utilized to test for separate inheritance of height and
diameter growth. Correlations were obtained among the
following variables: total height, basal diameter, mid-

diameter, d.b.h. and taper (Table 17).

Table 17. Simple correlations between each combination of
total height, basal diameter, mid-diameter,
d.b.h., volume and taper in eastern white pine

Total Basal Mid-
height diameter diameter D.b.h. Volume

Basal diameter 0.89*%*

Mid-diameter 0.95%* 0.98**

D.b.h. 0.97%* 0.96** 0.99*%%*

Volume 0.98%*%* 0.93*x* 0.97** 0.99%*
Taper

(= ratio of
mid- to basal
diameter) -0.11 -0.49 -0.31 -0.29 -0.20

**Significant at the 1% probability level.

-0’.‘HHW
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Regressions of volume on height and d.b.h., and on
each variable independently were obtained as well. Taper
was not included because it was not a significant indepen-
dent variable in any combination with height and/or diameter.

The very high correlations between each combination
of variables, except for those involving taper, suggest that
the measurement of either total height or d.b.h. will
adequately predict volume. The somewhat lower correlations
of basal diameter with height and with volume may be due to
a high variability in the rough bark on the stem surface
near the base. Some trees had started to develop bark
fissures, others had not.

The regressions indicate that either height or
d.b.h. predict a high percentage of the variation among
white pine provenances in this plantation, but d.b.h. pre-
dicts the highest percentage with the lowest standard error

of estimate. The prediction equations for volume follow:

QVOL = -1.496 + 0.125X .,

for which R% = 0.93 and S,.x = 0-019.

YVOL = -1.438 + 0.462XDBH,

for which R® = 0.96 and s . = 0.012.

SYrwme
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These equations compare favorably with the following

prediction equation based on total height and d.b.h.:

YVOL = =1.590 + 0.057X'HT + 0.275XDBH,

for which R = 1.00 and s = 0.012.

Since d.b.h, is the quickest and easiest parameter
to measure on trees of commercial size, it appears to be the
most useful for making selections among provenances. How-
ever, an inspection of the provenance means will make this
point clear (Table 16).

The seedlot with the best total height (best 1 of
15 = 1.74 standard deviations above the mean) also had the
largest d.b.h. and the greatest volume. This seedlot is
3-TENN, If we also select the origin with the second best
total height, 24-ONT, its volume is 0.47 cubic feet, which
is second best and is not significantly different from
3-TENN, which had 0.55 cubic feet. Further, it is signif-
icantly greater than seven other provenances (0.47 - 0.16 =
0.31 cubic feet).

Conversely, if we select the origin with the second
best d.b.h., 6-PENN, the volume is 0.45 cubic feet, which is
third best. It is not significantly different from the best,
and it has significantly greater volume than six seedlots

(0.45 - 0.16 = 0.29 cubic feet).
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In conclusion, it appears that there is very little
error in making selections on the basis of height or diam-
eter alone. Contrary to Wright's (1970) conclusion, these
data suggest that height and diameter are inherited together,

not separately, despite the varying height/diameter ratio.




CHAPTER VII

VARIETAL TRENDS IN STEM FORM

OF SCOTCH PINE

The test of four Scotch pine varieties, located in
plantations at the Fred Russ and W. K. Kellogg Forests,
samples a very limited portion of the Scotch pine range.
Therefore, inferences cannot be made about the patterns of
variation in height, diameter or stem taper for the species
as a whole. Many previous experiments have demonstrated
considerable variation among varieties of this species
(e.g., Ruby, 1964; Wright and Bull, 1963; Wright et al.,
1966) . Nevertheless, trends observed in this material may
be comparable with trends observed in ponderosa pine or in
eastern white pine.

Specific objectives in studying the Scotch pine
provenance test were: (1) to detect significant differences
in the height/diameter ratio and taper among provenance and
variety means; (2) to determine what percentages of the
variation are attributable to varieties and to provenances
within varieties; and (3) to determine the significance of

the contribution of taper to volume growth.

67
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Regional Climatic Variation

Climatic data specific to the 12 provenances
(Figure 3) that were studied were not available. However,
general information about the regional climates to which
the four varieties were adapted were obtained from the
Yearbook of Agriculture: Climate and Man (1941). These Ea.

data are summarized in Table 18.

—
pR AR - SN

Table 18. Major climatic differences between regions ~
occupied by four north European varieties of
Scotch pine

Elevations at

which seedlots January Annual
Variety were collected temperature precipitation
Feet °§ Inches
hercynica 960-1620 28 36
borussica 350-400 31 23-29
septentrionalis 600-750 24-27 19-23
lapponica 1350 < 20 > 23

It is apparent that the climates in which these
varieties grow are not very different. Though somewhat
variable between regions, precipitation does not seem to
be limiting. However, the range of January temperatures
characteristic of the regions occupied by these varieties

was not fully sampled by the origins represented.
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Figure 3. Natural distribution of Scotch pine in Europe,
including the origins of seedlot numbers 202,
210, 273, 274, 525, 527-529, and 543-546
comprising the provenance test at the Fred Russ
and W. K. Kellogg Forests, and the origin of
seedlot numbers 275-283 comprising the test of
9 Norwegian half-sib families at the W. K.
Kellogg Forest (from Wright and Bull, 1963).
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