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INTRODUCTION

Although a considerable amount of effort has been expended on delineating various type-
of root systems within and between tree species, there is practically no knowledge of the
variation patterns in root development within a local population, or of the inheritance of
such growth patterns. This information would be extremely valuable to the tree breeder.
would serve as a guide for improving such characteristics as ability to withstand trans-
planting shock, drought resistance, resistance to wind throw, as well as growth rate. Such
information would also be very useful in tree improvement programs which might be aimed at
providing genotypes for problem sites where specialized root systems would be advantageous.

Nearly all the attention of foresters has been focused on crown growth and resultant
competition, and the patterns of tree to tree variation of root systems have been largely
ignored. It seems logical that root development, efficiency, and competition might play a
very large role in the performance of a tree. It is,therefore, essential to have some idea
of the magnitudes of genetic and environmental variances for root characteristics.

The study reported here was designed to estimate genetic and environmental components
of variance and covariance for several root and shoot characteristics of young loblolly pin:
from a single geographic source.

LITERATURE REVIEW

There is abundant evidence that various environmental factors affect the form and growth
rate of tree roots. Lodgepole pine root form varies widely with soil conditions and between
individuals in the same soil (Horton, 1958). Root and shoot growth of loblolly pine was
significantly affected by scalping, shading, and mulching in Texas (Bilan, 1960). Redmond
(1954) demonstrated the fact that birch roots made their optimum development in loam as com-
pared to sand. while Meyer (1961) found relative root length (root length per square centi-
meter of leaf area) in beech decreased with increasing soil fertility. Several investigators
have noted that the general growth pattern of roots within a species is inherently controlled,
but just as for top development, environmental influence will modify this pattern (Lenhart,
1934; Ogievskij, 1958; Merritt, 1960).

Growth patterns generally differ between species, and in the case of shortleaf and
loblolly pine, the quantitative differences were maintained under differing environmental
conditions (Reed, 1939). Quercus species also evidenced form and growth differences which
were modified by different soils, and Carpenter and Guard (1954) were able to recommend
transplanting certain species on the basis of root branching.

Genetically, little is known about root development and morphology. As early as 1949,
Righter and Duffield demonstrated differences between the root system of ponderosa pine and
the ponderosa - apache pine hybrid (P. ponderosa x latifolia). This hybrid has a more vigo
ous root system with a well developed tap root while the ponderosa pine seedling has a less
vigorous root system with a poorly defined tap root. Similar differences were found in
Willow hybrids by Ortman (1958).

Selection of tree and shrub willow forms was expedited by root type (Ortman, 1961), an
drouth resistance of Acer saccharum from west of the Appalachian mountains was attributed t
the extensive, vigorous fibrous root system of that ecotype (Kriebel, 1961).

Racial variation in root form was noted by Snyder (1961) with longleaf pine (Pinus 
palustris) where the root systems of seedlings from the Southeast Georgia seed source were
more fibrous than those from further west. The number of lateral roots was also greater
for the Eastern form. Successful clonal selection for growth rate of hybrid poplar was based
on bark thickness of roots of equal size (Anonymous, 1959) and Ruggeri (1963), also noted
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anatomical differences in the roots of certain hybrid poplars involving bark thickness. In
a study of blue and green races of douglas fir, Hengst (1958) noted that the influence of
race on most root characteristics was negative but tree class and soil difference were im-
portant.

From this information it might be postulated that there are differences in root form
due to environmental influence, but superimposed on these differences various species and
sub-species possess unique root types. Within a species there are racial differences which
have arisen because of differences in environment. For example, there is some indication
that pines growing on the deep peat lands in the Coastal Carolinas have a stilt-like root
form rather than the typical tap root usually found in the species. When trees with tap
roots are planted in the deep peat soils they will grow for several years and then fall
over while native trees of the same species are wind-firm even through hurricanes.

More recently Ledig (1965), has reported differences in shoot-root ratios between pro-
genies of one-year-old loblolly pine, and further concluded that shoot-root ratios'are only
suitable for comparison of material which is the same age and has been grown under similar
conditions.

MATERIALS AND METHODS 

Experimental Design

The seedlings used in this study were from control pollinated crosses made as a part
of the overall International Paper - North Carolina State University Cooperative Herita-
bility Study. The mating design used and objectives of the study were described by Cech
et. al. (1962). For the control pollination phase, Design I developed by Comstock and
Robinson (1948, 1952), was used. Using this mating design, one tree was arbitrarily desig-
nated as male and mated to four different females; the four crosses with each male is termed
a male group. One male and four females were used because of considerations of statistical
efficiency, but as often happens when making controlled pollinations on forest trees, some
crosses failed to produce viable seed. Because of such failures, fewer than four crosses
were frequently obtained for a male group. Although the necessity of using fewer than four
females for each male group decreases the statistical efficiency, the three and even two
female "male groups" can be used to make estimates of the genetic and environmental para-
meters desired with very little computational difficulty.

       The root study reported here was initiated with 50 full-sib families from excess seed
remaining after the planting of the main study. Because this was excess seed, it was possi-
ble to use only one male group with four females present; the remainder had either three
or two females per male. Sixty stratified seed from each family were divided equally and
sown on April 19, 1963, in six metal pots which were eight inches in diameter and approxi-
mately seven inches deep. The seeds of each cross were weighed to the nearest 0.001 gm.
prior to stratification and sowing.

Soils used were obtained from two locations and were placed in the pots with as little
disturbance of the soil profiles as possible. The soils were obtained from the east and
west properties of the Southlands Experiment Forest. The U.S.D.A, soil texture classifica-
tion of the west property, hereafter referred to as soil A, was sand. The east property
soil, hereafter referred to as soil B, was classified as loamy sand. Although fairly de-
tailed laboratory analyses showed soils A and B to be quite similar, the natural vegetation
growing on the east and west properties is definitely different. The east property supports
stands of loblolly and shortleaf pines and is typical of the Southeastern Piedmont, while
the west property has extensive stands of longleaf pine and scrub oak. The specific locality
from which soil A was obtained has been under cultivation and now supports a slash pine
plantation. Soil B was obtained from an area, which as far as is known, was never under
agricultural cultivation.

Where necessary, the seedlings were thinned on June 26, 1963, so that no more than five
seedlings were growing in each pot. Seed of some crosses had poor germination or survival
which resulted in fewer than five seedlings in each pot.

Measurements 

Starting September 17, 1963, the seedlings were lifted from the pots and soil was care-
fully removed from the roots by a low-pressure stream of water. The group of seedlings from
each pot were then placed in polyethylene bags and stored in a refrigerator until measure-
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ments could be made. The measurements
were made over a period of approxim-
ately sixty days.

At the time of measurement, the
seedlings were removed from the bags,
and the root systems were further
cleaned by gentle agitation in water.
Shoot and root length were then
measured to the nearest cm. and the
number of lateral roots greater than
ten cm. in length were counted. Fol-
lowing these measurements, the seedling
were cut at the root collar and both
the roots and shoots were oven dried
at 105 °C for 48 hours. Upon removal
from the oven, the root and shoot of
each seedling was weighed to the near-
est 0.001 gm.

Statistical Analyses 

Because of poor germination and survival, only 39 of the original 50 full-sib families
were complete enough to be included in the analyses. Because of the unequal numbers of seed-A
lings in some pots, all analyses of variance and covariance were performed on plot means and -1

the within plot variances were calculated separately for each plot. Robinson et.al.(1949)
used a similar method for estimating the within plot variances in corn. Although, as Snedecor
(1946) points out, this method is not exact, it was felt that reasonably accurate estimates
of the parameters desired could be obtained for this root study.

In addition to the five traits measured (see Table 1), ratios of shoot weight to root
weight, shoot length to root length, and root length to number of lateral roots were included
in the analyses. Plot means and within plot variances were calculated for each trait as well
as for the three ratios. Prior to performing the analyses of variance and covariance, correla-
tions between seed weight and the eight variables were computed. It is commonly believed that
size of seed has a direct effect upon size of shoot of the seedling and perhaps on the root
characteristics. If this effect were large, it could result in an upward bias of the variance
due to female differences. Therefore, seed size of the various crosses were measured, and
the correlations of the traits are presented in Table 1.

It is obvious that because of the general low correlation between seedling size and
seed size relationships, no adjustment for seed weight was necessary in the subsequent anal-
yses.

Analyses of variance and covariance were performed on plot means first separately for
soil A and B followed by the pooled analyses for both soils as illustrated in Tables 2 and 3.

1/
All analyses and computations were performed on an IBM computer with machine programs

which were specifically designed by the senior author for the analyses of data for all phases
of the control pollinated heritability study.

Estimation of Genetic and Environmental Components of Variance and Covariance. 

The mean squares for the analyses of the eight traits were determined by separate soils
and combined for both soils. The pooled error terms were obtained by combining the repli-
cation by males and replications by females in males interactions. In addition to the anal-
yses of variance, analyses of covariance for the 28 relationships among the traits were per-
formed.

Estimates of components of variance and covariance were obtained from the means squares
and mean cross products of the analyses of variance and covariance. In the case of the com-
ponents of variance, difficulties arose because in several cases the estimates obtained were

1/ Grateful acknowledgement is made to Messrs. L. W. Brown and Graham E. Abbott of Inter-
national Paper Company's Southern Kraft Division's Engineering Computer Facility, who pro-
vided computer time and helped in "debugging" the program used to analyze the data of this
study.
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negative. Anderson (1960) discusses this problem and gives two alternative methods for est-
imating components from expected mean squares which contain negative component estimates. He
points out that the biased procedure of pooling the sums of squares, assuming the true value
of the component which had a negative estimate of zero, gives more precise estimates. This
biased procedure was followed in estimating the components of variance from the mean squares
(see Tables 4 and 5). The genetic correlations were estimated from the male components for
the relationships between four of the five traits which had non-negative male components in
the pooled analyses (Data are shown in Table 6).

Genetic Interpretation of the Components of Variance and Covariance. 

The necessary assumptions for the genetic interpretation of components of variance
estimated from Design I have been presented by Comstock and Robinson (1948). These authors
further show that the male component (σ²m or ^σ²m  in Table 5) estimates one-quarter of the
additive genetic variance, and the female component (^σ²f or ^σ²f'  in Table 5) estimates one-
quarter of the additive plus one-quarter of the dominance variance. Similarly, the compo-
nents of covariance have the same genetic interpretation as the components of variance
(Falconer, 1960). For example, the component of covariance for males estimates one-fourth
of the covariance of the additive values of two traits.

Heritabilities, such as those reported in Table 6, were estimated from the following
formula:
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RESULTS AND DISCUSSION

A total of 1,037 seedlings were measured in this study. Considerable within plot dif-
ferences were found as can be seen from the estimates of the within plot components of Table
5. In the case of two traits (shoot length-root length ratio, and shoot length) the estimate
of the within plot component was larger than the plot to plot component.

Male group mean values for the eight traits analyzed are given in Table 7. Also in



Table 7 are the average values for each of the traits by soils. As mentioned earlier, lab-
oratory analyses of the physical and chemical properties of the two soils used showed the
soils to be quite similar. However, it is obvious from the mean values presented in Table 7,
that the growth response of the seedlings was quite different in the two soils. The F test
of soil effects was significant at the five percent level for three of the eight traits anal-
yzed, viz., shoot length, and shoot weight, and root weight.

Of the eight traits presented in Table 7, the greatest difference among male group means
is for number of lateral roots greater than ten cm., followed by root weight and the ratio of
shoot weight to root weight in order. Only one of the traits analyzed (number of lateral
roots) showed a significant difference for male effects.

Although there was no evidence for differences among male groups in the case of root
length, there was evidence for differences among females mated to the same male. Even more
striking in the case of root length,is the evidence for a large female by soil interaction
effect. If an F test for females effect on root length is applied to the mean squares of
separate soils in Table 5, we find that there are significant differences among females mated

 to the same male. If, however, we apply an F test to the combined mean squares, we find that
the test for root length difference among females is non-significant if the female by soils
interaction is used as the denominator for the test.

Such genotype by environment interaction effects are of great importance to the tree
breeder. For example, the breeder who wanted to increase root length would be forced to
decide whether to concentrate on producing types with an increased root length for a specific
soil and thereby possibly obtain greater improvement, or to concentrate on producing types
which had longer roots in a variety of soils with a possible resultant lesser degree of im-
provement. It would seem, at the present time, that the forest tree breeder is more interest-
ed in producing types which are fairly widely adapted to a variety of site conditions. How-
ever, the possibility of selecting genotypes for specific environmental and cultural situa-
tions should not be overlooked by the forest geneticist. More important, tests of superior
tree progeny as well as experiments designed to estimate genetic variances in forest trees
should be planned so that some measure of the magnitudes of genotype-environment interactions
can be obtained.

The F test for the presence of a significant female by soil interaction effect showed
that shoot length, number of lateral roots, and the ratio of shoot length to root length were
significant at the 0.01. level, and root length was significant at the 0.05 level (see Table
4).

The estimates of narrow sense heritability reported in Table 6 are on an individual
basis, and were obtained from the components of variance derived from the combined analyses.

As can be seen in Table 6, the heritability estimates are generally low. It is en-
couraging, however, that root weight, shoot weight-root weight ratio, and number of lateral
roots, show some evidence for presence of additive variance in these young seedlings. It
appears that some gains could be obtained by selecting within a population for more fibrous
or spreading root systems resulting in a production of seedling types which have a greater
ability to survive outplanting as well as to more fully utilize soil nutrients.

In order to examine the possible relationships between these three root traits and
ability to survive outplanting, an examination of values obtained from the field planting
of 31 full-sibs, which were common to both the large field study and the root study, was
made. There were no significant correlations between number of laterals or root weight and
survival, but there was a small but significant negative correlation between the shoot weight-
root weight ratio and first year survival. Since the seedlings of the field planting were
carefully handled and environmental conditions were such as to maximize survival, the value
of the correlation obtained could be conservative. More rigid tests of survival ability
might possibly show much better relationships to root traits.

Of the traits analyzed in this study, three (root length, shoot length/root length, and
ot weight/root weight) show evidence of dominance variance. This is particularly strong

in the case of root length as can be seen by the estimates of the female components in the
combined analyses of Table 5. As mentioned above, the estimates of the female in male com-
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 ponents of variance S.'.14 contain one-fourth of the additive plus one-fourth of the dominance
variance if the assumption of no epistasis is made. Therefore,- if the estimate of the female
component of variance is larger than the male component there is evidence for the presence of
dominance variance.
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If an appreciable portion of the genetic variance of a characteristic is the result of
dominance variance, then methods of selection used should be altered in order to make maximum
gains. A simple selection system will not give maximum gain and only specific crosses, pro-
geny tested under proper conditions, would enable the breeder to take advantage of dominance
variance.

Estimates of genetic correlations, which are reported in Table 6, are of interest to the
breeder for the following two reasons: 1. They indicate how selection for one trait will
change another trait, and 2. They indicate if a secondary trait which might be relatively
easy to evaluate can be used to select for a primary trait which might be more difficult to
evaluate. For example, if an above ground seedling characteristic had a high genetic cor-
relation with a root characteristic, the former more easily measured trait could be used to
select for the root trait.

The genetic correlations in Table 6 were estimated from the combined covariance analyses
and the variance analyses for four traits which contained non-negative male components.
Theoretically, these genetic correlations should be less than or equal to one. The fact that
the correlations were estimated from components of variance and covariance which had rather
large standard errors resulted in values greater than one. The exact values of the correl-
ations reported in Table 8 should not receive great emphasis. However, it is of interest to
examine the sign and general degree of relationship between the traits.

The two correlations of most interest are those which show the relationships between
shoot length and the root characteristics of weight and number of lateral roots. The indi-
cation from the correlations calculated is that selection for increased shoot length would
also result in an increase of root number and size.

It is important to emphasize that this study used families which were derived from ran-
domly selected parent trees which were growing in the same locality under quite similar en-
vironmental conditions. Whether the estimates obtained in this study are similar to natural
loblolly pine growing under more varied environmental conditions is debatable. However, it
seems logical that the heritability estimates obtained in this study are conservative when
compared to estimates which might be obtained from populations growing under more varied
environmental conditions which, for example, exist over an area serviced by a loblolly pine
seed orchard.

Summary 

The estimates of additive variance and, therefore, the narrow sense heritabilities ob-
tained from the characteristics observed in this study were generally quite low. Of the five
root and shoot traits and three ratios analyzed, number of lateral roots greater than 10 cm.,
root weight, and the ratio of shoot weight to root weight gave the highest estimates of narrow
sense heritability. Although the heritability estimates were fairly low for number of
laterals and root weight, their values indicate that there is usable genetic variance pre-
sent in a local population for these two root traits.

The results indicated that the genetic variances of three traits analyzed in this pop-
ulation are the result of dominance variance. Although dominance variance can be utilized in R
a breeding program, the evaluation of specific crosses becomes necessary.

Four characteristics and ratios analyzed showed evidence of quite large variances caused
by genotype by environment interactions. These interaction estimates were particularly strong S
in the case of the female by soils effects. The possibility of presence of such genotype by
environment interactions should be strongly considered in planning progeny tests as well as
experiments designed to estimate genetic variances in forest trees. If such effects are
ignored, serious over estimates of gains or poor evaluations of genotypes could result.

The standard errors of the estimates of the components of variance, particularly the
male components, were disappointingly high. It appears that if reliable estimates of genetic
and environmental components of variance for forest tree population grown under field con-
ditions are to be made, large amount of experimental material will have to be used.

The standard errors of estimates of components of variance, obtained from traits measur
ed in the extensive field plantings involving 51 male groups at Southlands, are of acceptabl
magnitudes. These larger studies are yielding reliable estimates of genetic variances for
many important tree characteristics.
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