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Abstract .--Total tree height, seasonal shoot elongation,
dates of growth initiation 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. Parental 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 . Growth 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 Hoist ( 1969 ) in a study of rangewide collections of
jack pine provenances found a significant positive correlation between total
seasonal growth and date of growth cessation and speculated that selection for
height would delay the average date of growth cessation, reduce the percentage
of latewood formed and enhance susceptibility to early fall frosts.
The applicability of provenance test data may be limited to an applied
breeding program however. The magnitude of genotypic covariances is partly dependent on the reference population of genotypes, and it is unlikely that a
single breeding program would include the wide range of sources found in
provenance experiments (Comstock and Moll 1964 ).
The objectives of this study were (1) to estimate phenotypic and genotypic 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.
MATERIAL AND METHODS
The Experimental Population
The population consisted of 69 full-sib families of jack pine that resulted
from a series of controlled pollinations in an incomplete factorial design among

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 l.-- Source of male and female parents used to produce the jack pine fullsib families

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. Of 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).

Table 2.--The mating design used to produce the 69 jack pine
full-sib families .

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
5% (initiation) and 95% (cessation) of growth was completed were determined
by interpolation or extrapolation (Worrall 1973; Rehfeldt and Lester 1966;
Hanover 1963). The duration of growth is not discussed here since it was
highly 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 5% 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 October 20. Temperature during
the entire season was recorded using a hydrothermograph located adjacent to
the experimental population.
Analysis of Data
Variation at the provenance level was investigated with analyses of
variance. A one-way analysis was used with parental provenance combinations
as treatments and family means as entries. The provenance mean square would
thus contain variance due to the average breeding value of each provenance
plus any variance due to provenance x provenance interaction. The withinprovenance combination mean square used as the denominator in the F test
would be the residual, among-progeny variation after accounting for provenance effects.
The division of family variance 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 of the genotypic correlation 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

the range was much larger -- from June 30 to July 14. Mean height was 1.71 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.

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).

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 elongation 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

Table 3.--Analyses of variance for tree height and seasonal
growth variables from 69 full-sib families of jack pine .

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

Table 5.-- Phenotypic (above diagonal) and genotypic (below diagonal)
correlation coefficients between growth variables . Standard
errors for genotypic correlations are given in parentheses .
The genotypic correlation between mean daily growth rate and
tree height was considered significant for reasons given in
the text.

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). The date of growth cessation was negatively related both
phenotypically and genotypically to mean daily growth rate (fig. 1). Those
families that grew most rapidly during the linear period of growth also completed their growth earliest.

Figure l.--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 investigated 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
(R 2 = .26) than they did for the current year's growth (R 2 = .94) where the
model more adequately explained variation in the dependent variable. In
this case, the standardized 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 fo r t h e regression of
mean daily growth rat e a nd date of growth cessation on total tree
height and seasonal elongation

The relation between tree height, growth rate, and date of growth cessation
was investigated further by closely examining two families representing extreme
growth rates. A comparison of the fastest and slowest growing families shows
that the growth patterns are similar in shape (fig. 2). 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. Cross 3642 x 4811 produced trees with the
slowest mean daily growth rate (8.23 mm/day) and ranked 66th for total tree
height. The rankings of these two families for total height and growth rate
again demonstrate the relation between the two characteristics. 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 growth rate indicating little genotype x
temperature interaction during this period. The fastest growing family (cross
3648 x 4814) maintained a roughly constant superiority in growth rate until
June 23. At that time its growth rate slowed while trees from cross 3642 x 4811
continued to respond to high late June temperatures. Even though the slower
growing trees (cross 3642 x 4811) had a faster growth rate late in the season,
it was not enough to offset their poor early performance. After about July 15,
neither family responded to daily temperature.

Figure 2. 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 ( • , cross 3642 x 4811) in relation to daily maximum temperature
(a).
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

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 CONCLUSIONS
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 indicated 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. In 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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