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Introduction

The long period o time required to produce a crop o
merchantable trees imposes many restrictions on the
planning and execution o tree improvement programs. A
major area o concern is the reliability o heritability
estimates based on juvenile materials. If these estimates
are less than the true value, one might either abandon
effortsto improve a given trait or begin an overly complex
selection-and-testing program to achieve a desirable gain.
Conversely, if the estimates are inflated, a given breeding
program will yield less than the expected gain.

Frey and Horner (1957) have cautioned that heritability
estimates obtained from regression analyses d some char-
acteristics can fluctuate greatly if the parents and progeny
are grown under different environmental conditions which
may influence relative yields (scale effects). It appears
that an analogous situation occurs in evaluating height
growth in trees. It is desirable to get early estimates of
the heritability of height growth. These estimates may be
obtained through parent-offspring regression, but one com-
plicating feature is that the growth rate o the progenies
is much less than that of the parents. Because o this
complication, the upper limit for the heritability estimate
probably will be considerably less than 10. Conversely,
if the progeny either produce greater yield or grow at a
faster rate than the parents, the limit for the heritability
estimate may be greater than 1.0 (Frev and Horner 1957);
these authors recommended coding the data in terms o
standard deviation units to compensate for such differences
between the parents and progeny. Such a procedure yields
a regression coefficient identical to the correlation coef-
ficient which is based on the original data (Frev and
Horner 1957).

Some workers believe that the differences between a
trait measured on young progeny and the same trait
measured on mature parents may be o such magnitude
that it would be better to consider these traits as separate
ones (StonecypHErR 1966; SquiLLace, A. E., personal com-
munication). If that should be the case, analysis by cor-
relation techniques may be more appropriate than ana-
lysis by regression techniques. In originally proposing
methods for calculating heritability estimates by relating
progeny values to female parent values within sire groups
(intra-sire correlations or regressions o offspring on dam),
Lusu (1940) stated that correlation and regression could be
interchanged if the dams were an unselected group.

In this paper we will present information on changes in
heritability estimates of tree height growth that have oc-
curred as progeny growth rate increased during two
periods. During the first period the progeny grew at a rate
approximately one-third that of the parents while in the
second period they grew at a rate two-thirds that o the
parents. We will also compare estimates obtained by re-
gression and correlation techniques.

Materialsand Methods

During the course of work at this Station to produce
western white pine resistant to blister rust, periodic growth
measurements have been recorded for a number o pro-
genies o known parents. Since there are many independent
resistant factors within western white pine, the parent
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trees can probably be considered as random members o
the rust resistant population with regard to height growth.
The progeny were artificially inoculated with blister rust
fungus in the nursery and naturally inoculated in field
transplant beds. After natural inoculation the survivors
were transplanted to an arboretum in Moscow, Idaho, for
future breeding efforts.

A paper by SquiLrace, BineHam, Namkoone and Rosinson
(1967) used data taken when the seedlings were 4 years old
and still located in three widely separated field plantings.
In the present report we have used data for two periods
o growth in the arboretum. The progeny were first meas-
ured in 1963 when they ranged in age from 9 to 12 years.
We subjectively rated them for year of recovery from
transplanting shock and included only those which showed
at least 3 years o growth following recovery. On some of
the trees as many as 5 years growth were included. The
second period covers the 4 years from 1964 through 1967.
These data represent the periodic annual growth (PAG)
computed by measuring the total amount o growth dur-
ing the observation period divided by the number of years
in the period.

The parents were measured in 1953 for another study
(SquitLace and BineHam 1954) and the PAG values com-
puted for the 10-year period 1943 to 1952. The PAG values
so obtained were further adjusted for age and site dif-
ferences by SquiLiace, BineHAM, Namkoone and Rosinson
(1967). These adjusted PAG values were used as the in-
dependent variablesin the present analyses.

The study included 19 trees used as parents to produce
the 60 progenies indicated in Table 1. The number o off-
spring per cross ranged from 1 to 10 and averaged 39. The
average for all the offspring of a cross was the value used
in the computations.

Regression and correlation coefficients between the
parental and progeny PAG values for the two growth
periods were calculated with the data grouped in the fol-
lowing five ways:

1. Progeny on female parents without regard to male
parent;

2. Progeny on female parents mated to a common male
(intra-sire regression or correlation);

3. Progeny on male parents without regard to female
parent;

4. Progeny on male parents mated to a common female
(intra-dam regression or correlation);

5. Progeny on midparent, i.e., the average of male and

female values.
Regression and correlation coefficients were calculated
using standard statistical procedures. Intrasire and intra-
dam calculations followed the procedures o Becker (1967,
pages 64—68). Heritability estimates were obtained by
doubling the correlation or regression coefficients based
on single parent values or by using the midparent coef-
ficients directly.

Results and Discussion

The heritability estimates we obtained for the two
periods o growth with the various parent-progeny group-
ings are presented in Table 2. The data of Table 2 form



Table 1. — Average periodic annual height growth (PAG) of progenies and parents used in the heritability analyses.

Progenies Periodic Annual Growth Female
Female
parent Male parent Ave. parent
1 10 16 17 18 21 22 2 25 29 30 58 59 65 PAG
Feet
15 0.69°) 0.82 0.66 0.43 0.65 2.62
1.64 1.38 .95 1.12 1.27
16 0.66 .92 .66 15 1.69
1.41 1.48 1.57 1.49
17 .85 12 12 .76 2.99
1.54 1.38 1.64 1.52
19 0.69 0.72 0.69 0.75 .85 .12 0.62 0.66 .49 0.75 98 0.69 .66 0.88 12 1.60
1.48 1.34 .98 1.64 1.38 1.02 1.34 1.15 .75 .15 1.74 1.38 .88 .95 1.20
20 .56 .66 .56 .66 .69 12 .62 .56 .63 1.75
1.44 1.12 1.05 1.31 .85 .95 1.38 1.21 1.16
22 .62 .15 .69 12 .33 .15 .36 .60 1.84
1.41 1.80 1.15 1.67 .56 1.41 12 1.25
25 .56 75 .69 .92 NE] 1.89
1.02 1.08 1.25 1.64 1.25
37 .46 .82 .82 .70 1.84
1.12 1.67 1.57 1.45
58 .95 .98 .19 .56 .85 .66 .82 .79 .19 12 .19 2.62
1.41 1.67 1.56 1.12 1.74 1.37 1.61 1.21 1.41 1.21 1.43
62 .85 .49 .89 .95 .80 2.16
1.38 1.34 1.05 1.61 1.34
Ave. .66 .61 .70 .82 5 .68 N1 .67 i .62 .15 .15 .62 12 N
1.35 1.27 1.21 1.70 1.36 1.13 1.46 1.12 1.37 0.84 1.39 1.46 1.20 1.12 1.30
Male
parent
PAG 2.42 2.44 1.69 2.99 2.23 1.75 1.84 2.711 1.89 1.75 2,13 2.62 1.97 2.26

1) Upper value in the pair refers to the period from 1959 to 1963.
Lower value in the pair refers to the period from 1964 to 1967.

the basis for several interesting comparisons. First, the
estimates based on correlation coefficients are usually
larger than those based on regression coefficients. Second,
while the estimates based on regressions doubled, or more
than doubled, from the first period to the second (average
from 0.14 to 0.36) the estimates based on correlations in-
creased only slightly (average from 0.42 to 0.49). Third, it
made little difference in the estimates based on the female
parent-offspring relationship whether the females were
grouped within males or left ungrouped; but grouping
substantially increased the estimates based on the male
parent relationship.

The correlation coefficients are larger than the regres-
sion coefficients because the variance of the parental

Table 2. — Estimates of the heritability of

measurements is larger, for both periods, than the variance
of the progeny measurements. Therefore, dividing the co-
variance of the two measurements by the larger (parental)
variance (i.e., for regression) will yield a smaller value
than dividing by the geometric mean of the variances to
obtain the correlation coefficient. However, inclusion of
the progeny variance in the denominator also tends to
cancel the scaling effects; so use of the correlation coef-
ficient should yield more precise and more consistent re-
sults.

The increase in the estimates based on regression coef-
ficients from one period to the next is primarily the re-
sult of the increased growth rate of the progeny. The
periodic annual growth approximately doubled from the

periodic annual height growth for western

white pine.

Progeny-parent Heritability Periods of progeny growth
relationship equations 1959—1963 1964—1967
Heritability estimates
Progeny and female h?z = 2b 0.13 £ 0.16 0.22 £ 0.36
parent — ungrouped h2 =2r .42Y) 0.32
Progeny and females h? = 2b A3+ .09 23+ .16
within males h? =2r .43 41
Progeny and male h? = 2b A1+ .20 451t 42
parent — ungrouped h? = 2r .28 .53
Progeny and males h? =2b 21+ .08 B57E .16
within females h? = 2r 72 .89
Progeny and midparent h? =b 141 13 35+ .28
ht=r 27 31
Means hz=2borb 14 .36
h? =2rorr .42 .49
Grand mean .28 43

1y Standard errors for correlation coefficients are not symmetrical but approxi-
mate * 0.24 or 0.48 for r and 2r respectively for most of the values presented here.
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first period to the second and resulted in an almost three-
fold increase in the covariance. Since the same parental
measurements were used for both growth periods, the in-
crease in covariance leads to a direct increase in the re-
gression coefficients. On the other hand, the correlation
coefficients increased only slightly because the variance of
the progeny measurements increased nearly in proportion
to the increase in the measurements themselves and the
resulting covariance. The estimate of the correlation coef-
ficient would also increase if the variances were to de-
crease while the covariance remained constant.

Grouping of the females within males or males within
females gave variable results probably because of the
small numbers of crosses involved. The same is very
likely true for much of the overall variation in the estimates.

Although the heritability estimates based on correlation
coefficients should be more precise than those based on re-
gression coefficients where scaling effects are present, we
decided to use the mean of the various estimates to calcu-
late the predicted response to selection in a breeding
program because all of the estimates have large standard
errors due to the low numbers of parent-offspring groups
represented.

The common formula for response to selection (R) is:

R =1iXo, Xh?
where

i = Selection intensity in standard deviation units,
o, = Phenotypic standard deviation of the population
in which selection is practiced,

h? = Heritability (FaLconer 1960, page 231).
If selection intensity is restricted to the parents used in
this study, it would have to be very low to avoid inbreed-
ing losses in future generations. Also, to have a reasonable
number of progeny for comparison of predicted and actual
response, we needed to retain a large portion of the parents
because only a few of the possible crosses have been made
(Table 1). For example, only 3 crosses have been made
among the top 7 parents and only 10 among the top 10
parents. For these reasons we chose to retain the top 10
of the 19 parents for use in the following calculations. This
gives a selection intensity of 0.726 standard deviation units
(Becker 1967, Table 2). The standard deviation of the
parental measurement was 0.426 foot. The mean heritability
estimates as shown in Table 2 are 0.28 for the period from
1959 to 1963 and 0.43 for 1964 to 1967. Substitution of these
values in the selection response formula yields the follow-
ing results:
For 1959 to 1963: R = 0.726 X 0.426 foot X 0.28 = 0.09 foot.
For 1964 to 1967: R = 0.726 X 0.426 foot X 0.43 = 0.13 foot.
For comparative purposes we found the mean value for
the progenies of crosses among the 10 selected parents for
each period and substracted the mean for all progenies for
the period from each. The mean actual increase for the
1959 to 1963 period was 0.07 foot compared to the predicted
value of 0.09 foot. For the 1964 to 1967 period the actual
increase was 0.12 foot compared to the predicted value
of 0.13 foot. These increases are approximately 10 percent

of the mean for each period. Again, these results should
be viewed with caution since only a small portion of the
possible crosses among the 10 selected parents are re-
presented. However, the close agreement between predicted
and actual values is encouraging.

These heritability values are considerably above most of
the published estimates for height growth in trees. SquiL-
LACE, BiNngHAM, NAMkoonG and RosinsoN (1967) measured
many of the same seedlings included in this report at 4
years of age and computed an average heritability of 0.07
on the basis of an analysis of variance. In summarizing the
work in several species for predicting progress in a Doug-
las-fir breeding program, CamrgeLL (1964) settled on a herit-
ability of 0.10 for periodic height growth as a figure which
could likely be attained.

The heritability estimates based on regression coefficients
presented here may be higher than would be obtained in
regular field plantings if conditions in the irrigated ar-
boretum allowed more growth than would occur in the
field. The estimates based on correlation coefficients, how-
ever, should be little affected unless the families respond
differentially to the arboretum and field environments. It
would be desirable to take similar measurements in other
environmental conditions, preferably in a test where
heritability estimates could also be obtained through ana-
lysis of variance procedures.

Summary

Heritability estimates for periodic annual height growth
were computed from regression and correlation coefficients
of progeny growth on male parent, female parent, and
mid-parent. The average for the various estimates in-
creased by 1-% times as the growth rate of the progenies
approximately doubled. It appears that most of the in-
crease in the estimates is due to the scaling effect of the
increased growth rather than to shifts among the individual
progenies. Actual growth increases calculated for a hypo-
thetical selection and breeding program compared closely
to predicted values.
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