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Abstract.--Total tree height, seasonal shoot elongaticn,
dates of growth initistion and cessation, and mean daily growth
rate were measured and analyzed for a population of jack pine
full-sib families derived from inter-provenance crosses. Par-
ental provenance had no effect on these variables although this
may have been due to small sample size. Progenies differed
significantly for all characteristics and little detectable
dominance variance. Total tree height and total seasonal growth
were more strongly related to mean daily growth rate than to the
date of growth cessation, which was a measure of growth duration.

Additional keywords. Crowth rate, growth initiation, growth
cessation, genotype correlation, heritability, dominance.

The importance of seasonal growth patterns in jack pine (Pinus banksiana
Lamb.) in regard to latewood formation (Kennedy 1968), frost hardiness
(Yeatman 1966), and resistance to eastern pineshoot borer attack (Jeffers 1978)
has been noted. Teich and Holst (1969) in a study of rangewide collections of
Jack pine provenances found a significant positive correlation between total
seagonal growth and date of growth cessation and speculated that selection for
height would delsy the average date of growth cessation, reduce the percentage
of latewood formed and enhance susceptibility to early fall frosts.

The gpplicability of provenance test data may be limited to an appliled
breeding program however. The magnitude of genotypic covariances is partly de-
pendent on the reference population of genotypes, and it is unlikely that a
gingle breeding program would include the wide range of sources found in
provenance experiments (Comstock and Moll 196L).

The objectives of this study were (1) to estimate phenotypic and geno-
typic variances and heritability for tree height, date of growth initiation,
date of growth cessation, mean daily growth rate, and total shoot elongation;
and (2) to estimate the phenotypic and genotypic correlations between these
traits in a more geographically restricted population of jack pine.

MATERTAL AND METEODS

The Experimental Population

The Joru;atlon consisted of 69 full-sib families of Jack pine that resulted
from a series of controlled pollinations in an incomplete factorial design among
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22 females and 6 males. The parents were selected in a Lake States jack pine
seed source test and represented Minnesota, Wisconsin, and Michigan (table 1).

Table 1.--Source of male and female parents used to produce the jack pine full-
sib families

Provenance Female parent Male parent
Number Location number number

1589 Cass Co., MN 3642 4814
3643
3644

1606 Forest Co., WI 3645 4816
3646
3647
3648

1616 Manistee Co., ML 3650 4811
3651
3652

1604 Douglas Co., WIL 3653 4813
3655
3656

1609 Marinette Co., WI 3657 4815
3659
3660

1611 Wood Co., WI 3661 4812
3662
3664

Pollinations were made in 1968 and 1969. Seed was sown in the greenhouse at
Rhinelander, Wisconsin, in December 1970, and the seedlings were transplanted

to the nursery the following spring. In May 1973 the seedlings were field
planted in a randomized complete block design at two locations in northern
Wisconsin and one location in northern Minnesota. The plantation at the
Harshaw Experimental Farm near Harshaw, Oneida County, Wisconsin (Lat. 45.5°N)
was selected for use in this study because more families were established at
this site than any other. O0f the original families, 69 were still found in

all 10 blocks by 1975 and were the subject of detailed growth measurements
taken during the 1975 growing season. All 6 of the male parents but only

19 of the female parents were represented by the 69 full-sib families (table 2).
Even though patterns of seasonal growth vary between years, observation for a
single growing season was deemed sufficient because the differences among
genotypes are the same in species with determinant growth (Cannell et al. 1976).
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Table 2.--The mating design used to

produce the 69 jack pine

full-sib families.

Female parent :

Male parent No.

No. L81% 4816 L4811 ua;s 4815 L4816
36k42 X X X X X X
3643 X X X \ X
364k X X X X X
36L5 X X X X X X
3646 X X X X
3647 X X X
3648 X X X X
3650 X X X X X
3651 X X X
3652 X X
3653 X X X X X X
3655 X X X X X X
3656 X X
3657 X X
3659 X X X
3660 X
3661 X X
3662 X X
3664 X X X X
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Measurements

Shoot elongation was measured to the nearest mm on one tree per 4-tree
plot in each of 10 replications and 69 families beginning on May 13, 1975,
when the trees were beginning their fifth growing season. This measurement
was repeated weekly until September 3 when no further elongation could be
observed, for a total of 17 measurements. From these data the dates when
- (dnitiation) and 957 (cessation) of growth was completed were detetermined
by interpolation or extrapolation (Worrall 1973; Rehfeldt and Lester 1966;
Hanover 1963). The duration of growth is not discussed here since it was
highlyv correlated with the date of growth cessation (r = .90 on a family mean
basis) and would provide little additional information. Mean daily growth rate
for each tree was determined by dividing the elongation between the 57 and 95%
days by the number of days it took to complete this phase of growth. Total
tree height was measured to the nearest cm on Octcber 20. Temperature during
the entire season was recorded using a hydrothermograph lecated adjacent to
the experimental population.

ta

o

Analysis of D

Variation at the provenance level was investigated with analvses of
variance. A one-way analysis was used with parental provenance combinations
28 Creatments and family means as entries, The provenance mean square weuld
hus contain variance due to the average breeding value of each provenance
plus any variance due to provenance x provenance intevaction. The within-
provenance combination mean square used as the denominator in the T test
would be the residual, among-progeny variation after accounting for prove-
nance effects.

The division of [amily wvariance into that due to males, females, and the
male x female interaction was more complex because the mating design was not
complete. A least squares analysis (Snedecor and Cochran 1967), which provides
a powerful test of the null hypothesis of no males x females interaction, was
used to estimate variation due to these sources. Genetic covariances were
estimated from analysis of covariance.

Heritability for all traits was estimated on both an individual and
family basis using the variance component method. Standard errors for
variance component and heritability estimates were computed as functions of
independent mean squares (Namkoong 1979). Standard errors for genotypic
correlations were computed using the method of Tallis (1959) for full-sib
progenies. Because the exact sampling distribution c¢f the genotypic cor-
relation is unknown, it is difficult to determine levels of significance.
The "t" statistic was used to test the null hypothesis of the genotypic
correlation equal to zero. A correlation was declared significant at the
.95 probability level if t > 1.99 and at the .99 probability level if t > 2.65.

The combined effect of mean daily growth rate and date of growth cessation
on total seasonal growth and total tree height was investigated using multiple
regression analysis.

RESULTS
The average date of growth initiation was May 13 and family means ranged

from May 11 to May 15. The average date of growth cessation was July 6 and
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the range was much larger -- from June 30 to July 14. Mean height was 1.7l m
and families ranged from 1.45 to 1.88 m. A mean shoot elongation during the

1975 growing season of 58.9 cm accounted for an average 34% of the total tree
height. Mean daily growth rate between the 5% and 95% days was 10.1 mm.

Although no significant provenance variance was evident for any trait,
differences among progenies were significant for all traits measured (Table 3).
The magnitude of variation due to males, females, and males x females, however,
depended on the specific trait, For both tree height and total shoot elonga-
tion, differences due to both males and females were significant. Differences
due to females were significant for mean daily growth rate and the date of
growth cessation. Differences due to males were significant for the date of
growth initiation. In no case was the males x females interaction significant.
The fact that for some variables, variation was detectable due to females and
not males and vice versa is difficult to explain because both components of
variation estimate the same genetic parameter, namely 1/4 of the additive
genetic variation. This is probably due to the small number of parents
involved in the crossing scheme and the resultant low precision. Because
of this, and also because the test of the male x female interaction indicated
lack of dominance variance, additive genetic variation was estimated as 2(02FS),
where 02FS is the variance among full-sib progenies.

The failure to detect dominance variance for growth variables in this
population was somewhat unexpected, because inbreeding deptression for several
traits is known to occur in jack pine (Rudolph 1976).

Heritability was higher for total tree height (h% = ,22) than for the
seasonal growth variables (Table 4). It was also higher than previous esti-
mates in other populations (Yeatman 1974; Riemenschneider 1979). Heritability
on an individual basis ranged from .30 to .15 for the seasonal growth variables.
Because heritability estimates for these traits have not been made before in
jack pine, it is impossible to judge whether or not these values are typical.
The estimates do indicate that all characteristics measured in this study could
be modified by selection.

Phenotypic and genctypic correlation coefficients were estimated from
analyses of covariance (Table 5). In the covariance analysis, additive
genetic covariance was estimated as Z(UFSXY), where GFSxy is the covariance
between traits due to full-sib progenies. This estimate is unbiased in the
absence of dominance and epistatic covariance. Because estimates of dominance
variance were nonsignificant it is reasonable to suspect that dominance co-
variance and subsequent bias from this source would be small. Epistatic
effects remain unestimated and are beyond the scope of this study; however,
it is assumed that they are not important.

Tree height, total seasonal growth, and mean daily growth rate were all
positively correlated with the exception of the genotypic correlation of tree
height and mean growth rate, which was less than twice the standard error.
Although the methods of Tallis (1959) indicate that this correlation is not
significant, the strong phenotypic correlation between the two traits (Table 5),
and the genotypic relation between height and shoot elongation, and shoot elonga-
tion and growth rate indicate that a real relation may exist. On the basis of
this evidence and the fact that the significant test is inexact, the genetic
correlation between tree height and mean growth rate (r = .298) might be
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Table

4.--Variance component and heritability estimates for tree height and
and seasonal growth variables. (Standard errors are given in

parentheses)
Tree Date of growth Date of growth Shoot Mean daily
height initiation cessation elongation growth rate
Gé 0.00049 0.100 0.852 1.55 0.068
(.00046) (.055) (.855) (1.34) (.055)
O§S 0.00500 0.161 5.679 8.43 0.336
(.00153 (.061) (2.342) (3.32) (.131)
Gé 0.03959 1.953 79.194 108.50 4,240
(.00226) (.11 (4.520) (6.19) (.242)
9
o; 0.01000 0.322 11.357 16.86 0.672
" (.00306) (.124) (4.684) (6.64) (.261)
G; 0.04459 2.114 84.873 116.93 4.576
- (.0025%) (.117) (4.672) (6.46) (2.53)
0% 0.00896 0.3561 13.598 19.28 0.760
© (.00151) (.0602) (2.298) (3.26) (.128)
hz .22 .15 .13 .14 .15
L (.o6) (.06) (.05) (.04) (.05)
2 .56 .45 42 44 44
(.08) (.10) (.10) (.10) (.10)
2 o . .
op = variance among replications
G?S = variance among full-sib families
2 .
oy = error variance
2 . . . 2
O, = additive genetic variance = 2 Opg assuming no dominance
G; = phenotypic variance among individuals
_ 2 + 2
9% 7 9ps
2
Gg = phenotypic variance among full-sib families
2 2
=0 +0
, E/1p FS ,
h. = heritability on an individual basis = ¢ / 2
I Afo
P
2 ) s e 2
b, = heritability on a family basis = % g // 2
b A C§
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Table 5.--FPhenotypic (above diagonal) and genotypic (below diagonal)

correlation coefficients between

crowth variables,

Standard

errors for genotypic correlastions are given in parentheses.

The genotypic correlation between mean dally growth rate and

tree height was considered significant for reasons given in

the text.
Variable 1. 2 3. i 5.
1. Tree **%/ %
height .132 .036 .542 L2
2. Date of
growth
initiation 289 ogh L062 .059
(.239)
3. Date of
growth ¥%
cessation .095 -.035 108 -.583
(.260) {.20h)
L. Shoot 2/ %%
elongation  .L23 133 L131 127
(.195) (.276) (.291)
5. Mean daily w5 %
growth rate .298 .184 -.626 .685
(.219) (.275) (.187) (.1h1)
1/ #*% = gignificant at P >.99
2/ % = significant at P >,95

considered biologically important even though it was not statistically

significant.

Contrary to the results of Teich and Holst (1969), the date of growth
cessation was not correlated with either tree height or total seasonal growth

(table 5, fig. 1).

phenotypically and genotypically to mean daily growth rate (fig. 1).

The date of growth cessation was negatively related both

Those

families that grew most rapidly during the linear périod of growth also com—

pleted their growth earliest.
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Figure 1.-~The relation between mean daily growth rate (a), total seasonal
elongation (b), and total tree height (c) and the date at which 95% of seasonal
growth was completed. Points represent the means of all families that stopped
growth on each date, The only significant relation was between mean daily
growth and 95% day (a).

The combined effects of growth rate and date of cessation was investi-
gated by multiple regression analysis. with both factors as independent
variables, the date of growth cessation added significantly to regressions
on total seasonal elongation and total tree height (Table 6). As expected,
the 2 independent variables accounted for less variation in total tree height
(R2 = ,26) than they did for the current year's growth (RZ = ,94) where the
model more adequately explained variation in the dependent variable. 1In
this case, the standarized regression coefficients were .78 for date of
growth cessation and 1.18 for mean daily growth rate. Again, growth rate
appears to be the more important causal factor.

Table 6.--Standardized partial regression coefficients for the regression of
mean daily growth rate and date of growth cessation on total tree
height and seasonal elongation

Independent Dependent variable
variable Total tree height Seasonal elongation
Mean daily growth rate .63 1.18
Date of growth cessation .69 .78
2

R 267 94%

155



The relation between tree height, growth rate, and date of growth cessation
was investigated further by closely examining two families representing extreme

growth rates.

that the growth patterns are similar in shape (fig. 2).

A comparison of the fastest and slowest growing families shows

The family from cross

3648 x 4814 had the highest mean daily growth rate (12.29 mm/day) and ranked

8th for mean total tree height.

slowest mean daily growth rate (8.
The rankings of these two families for total height and growth rate

height.

again demonstrate the relation between the two characteristics.

Cross 3642 x 4811 produced trees with the

23 mm/day) and ranked 66th for total tree

Daily height

increment in jack pine partly depends on daily temperature (Rudolph 1964).
Early in the growing season both families responded similarly to the high

daily temperatures with increased

temperature interaction during this period.

3648 x 4814) maintained a roughly
June 23. At that time its growth
continued to respond to high late
crowing trees {(cross 3642 x 4811)
it was not enough to offset their
neither familv responded to daily

growth rate indicating little genotype X

The fastest growing family (cross
constant superiority in growth rate until

rate slowed while trees from cross 3642 x 4811
June temperatures. Even though the slower

had a faster growth rate late in the season,
poor early performance.
temperature.

After about July 15,
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19 29 ? 19 29
JUN JuL
DATE

Mean weekly height increment (b) of the two families with the

fastest mean daily growth rate ( * , cross 3648 x 4814) and slowest mean daily

growth rate (

(a).

® , cross 3642 x 4811) in relation to daily maximum temperature

A negative relation between growth rate and duration of growth (highly
related to date of growth cessation in this study) has been reported in

ponderosa pine (Hanover 1963) and red pine (Rehfeldt and Lester 1966).

The

sign of the relation indicates that even though height and date of growth
cessation are unrelated, recurrent selection for height could lead to an
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earlier date of growth cessation and shorten the duration of growth if mean
daily growth rate was used as an indirect selection criterion.

SUMMARY AND CONCLUSTIONS

Numerous studies have shown that the seasonal growth pattern generally
varies among provenances of temperate climate species (Cannell et al. 1976)
and also among families of Pinus taeda L. (Cannell et al. 1978). The results
of this study show that such variability also exists in a population of jack
pine families. Although the limitations of the mating design precluded highly
precise estimates of additive and dominance genetic variance, the data in-
dicated that dominance variance is relatively unimportant for total tree
height and several seasonal growth variables. This result combined with the
nonzero heritability estimates for all characteristics shows that simple
selection schemes concentrating on intrapopulation improvement would be
successful.

The relations between variables were not similar to those found in a
provenance test study. Teich and Holst (1969) found a positive relation
between tree height and date of growth cessation (r = .92) and noted the
possible effects of selection for height on such factors as wood quality
and cold hardiness. 1In this study tree height and total seasonal growth
appeared to be more closely related to mean daily growth rate while the date
of growth cessation was less important. The data show that it would be
possible to select for increased tree height while shortening the length of
the growing period as suggested by Worrall (1973) for Picea abies (L.) Karst.
The heritable nature of the variables studied here and the success with which
growth curves have been modified in laboratory organisms (for example, see
McCarthy and Bakker 1979) using such techniques as the restricted selection
index (Kempthorne and Nordskog 1959; Cunningham et al. 1970), suggest that
many combinations of characteristics can be achieved.
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