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Silviculture can be roughly described as the art and science of controlling the
competitive use of the resources of the site. Thus, in one sense, site preparation and
weed eradication constitute the control of interspecific competition for young trees,
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while initial spacing and subsequent thinning regulate intraspecific competition. Spacing
is therefore a major environmental variable, and probably the one under most direct silvi-
cultural control. The effects of spacing (or stand density) vary with soil and other
physical factors of the environment and also with species (DeWit, 1960; Donald, 1963).
It is reasonable, too, to expect that genotypes within species will vary in their responses
to density, and therefore that genotypic selection may be affected by the spacing of the
test environment. Present practices of testing under single spacing regimes are satis-
factory only if there exists little or no genetic variance in response to a reasonable
range of densities. In evaluating family performance, therefore, breeders must regard
competition as an integral part of the environmental complex.

Evidence for genetic variation in density response exists, but is limited and
indirect. For instance, Toda (1956) has reported genetic variation in crown diameter
of Cryptomeria. Also, since density response and. growth rate are interdependent variables,
and. genetic variance in the latter exists, genetic variance in the former must also be
expected. If that variance is assumed to exist, then it is critically important that
density response be measured as carefully as growth rate, especially when breeding in
speceis for which the silviculture is rapidly developing.

GROWTH RESPONSE 

In measurements of growth and competition effects, time or some other factor usually
is the independent variable and vegetative growth the dspendsnt variable. Several
equations are reviewed by Neldsr (1961), Turnbull (1963), and by Van Slyke (1964a), but
the general function of Richards (1959) is apparently flexible enough to encompass any
form of vegetative growth likely to be encountered in forest genetics experiments. The
equation is:



for the linear equation for density response. The same form has been independently derived
by Holliday (1960), among others. Thus, for several possible forms of the density response,
the parameters can be estimated for any given time and. their development traced over a
time interval. Ways of estimating growth curve parameters have been investigated by Stevens
(1951) , Patterson (1956) , Nair (1954), Neld.er (1961) , Day (1963) and Turnbull (1963) , among
others, and the reader is referred to them for discussion of estimation techniques.

The response of other traits such as branching pattern will have different forms which
must also be estimated, but at possible different levels of density for efficient estimation.

EXPERIMENTAL CONSIDERATIONS 

To study the relations between density and parameters of growth, branching, and other
traits, it is necessary to sample an adequately wide range of densities in any single field
experiment. To efficiently span a given range in densities, it would be best to adjust the
sampling points of density to minimize errors in estimating the time-dependent functions,
such as the A and B of Shinozaki and Kira's growth equation. If the exact form of the equa-
tion is known, maximally efficient estimators can be derived, Nelder (1962) suggests that
graphical methods are sufficient when his four-parameter density equation is assumed.  With
the equation of Shinozaki and Kira (1958), simple linear regression techniques suffice. As
conceived by Nelder, the problem is further complicated by effects due to the shape of the
area available for individual plant growth. Thus, simple considerations for spacing alone
are insufficient, at least for seed. (Fawcett, 1964) and vegetable crops (Nelder, 1962).

If a test is to be made at high and low densities in rectangular spacings, many more
trees are required at the high densities to occupy the same area as at the low densities.
The result is differential precision of estimate and a great waste in trees. Alternatively,
keeping equal numbers of trees per density level confounds density with size of plot and
introduces error heterogeneity. With either spacing or number held constant the most
serious of all defects probably is the separation of density levels into separate blocks and
the inclusion of block variation in errors of estimate for the density response. Unless
many density levels are sampled, the error thus introduced may be overwhelming. Also, since
it is often desirable to use multiple-tree plots to minimize whthin-plot error (Conkle,1963)
and avoid. intergenotypic competition, the rectangular designs become excessively large.
Single-tree plots, however, are economical of space and, often also of trees, and should be
seriously considered. for density tests. The land areas (exclusive of borders) required. for
single-tree and. three-tree plots are given in Table 1.

In order to sample a range of spacings independently of the shape of the individual
plant's growing space, Nelder developed, a set of systematic planting designs that deserve
the close attention of foresters in silvicultural research and tree breeding. These designs
are well described, by Nelder (1962) and, have been excellently reviewed by Van Slyke (1964)
for their application to forest trees. The Continental Can Company, which is participating
in the N. C. State University Hardwood Research Program, has installed two studies with
Nelder's designs. International Paper Company, at its Southlands Experiment Forest, has put
in studies with slash pine and Freeman (1962) reports the establishment of these designs
with cocoa.
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Briefly, Nelder suggested five
designs, four based on polar coordi-
nates and one on a rectangular loga-
rithmic grid. All may be made suita-
ble to silvicultural experiments, but
only two can be adapted for small
family or genotypic plots of interest
to tree breeders. Of these two, de-
sign la varies plant spacing while
the other varies shape of the growing
space.

The components of design la are
angles of arc turned by successive
spokes of an imaginary wheel which
intersect successive rims or circum-
ferences at specified radial distances.
The intersections of spokes and radial
distances are the planting point loca-
tions. A circular block of 100 trees
could be laid, out on 10 spokes at
successive angles of 36 0 , with 10
trees planted. along each spoke. By
specifying that the shape of the grow-
ing space available for each plant is
to be the same throughout the whole
circular plot, and. that plants at
different spokes but at the same radius
shall have equal spacing, Nelder de-
rives the relations:

The other three circular designs alternatively specify that:

lb) Growing space is constant, shape changes with radius;
lc) Space changes on a rectangular grid, shape changes with spoke;
1d) Space changes with spoke, shape changes on a rectangular grid.

The fifth design (2) is on a rectangular grid on which spacing and shape are varied by making
each axis logarithmic. Designs lc, ld., and 2 can be used to estimate both spacing and shape
parameters but require many plants and large plots. Therefore, they are most suitable for
studies in which genetic and environmental effects can be confounded (as is mostly done in
silvicultural work) or in which few genetic entries are used. Design lb is useful for
studying the effects of growing space shape -- a factor that may be of critical importance
when trees are to be planted and harvested in rows. However, if interest lies primarily in
spacing and restrictions are placed. on plant numbers and plot size, only design la is suita-
ble. Further discussion will be limited to it.
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For laying out the planting areas, Nelder suggests marking two planting wires at the
appropriate intervals for within-spoke spacing and attaching these to a center post. The
first planting point of each wire corresponds to the inner border row, the second point marks
the first and. most densely crowded experimental planting location, the third marks the next
most dense. If the two wires are joined. by a length of wire equal to [2 (router border) sine
(θ/2)1 at their outer ends and the three wires pulled taut, the angles between the spokes
will be 9 and the planting points along the spokes easily marked. By leap-frogging one wire
over the other, the successive spokes of the circular plot can be turned and the planting
spots marked. A segment of a plot is shown in Fig. 1. It may be easier, however, to make
the layout with a transit, since tree plots are quite large.

If lengths of spoke-plots are uniform, planting genotypes or families one to a spoke,
or in three adjacent spokes, will achieve freedom from intergenotypic competition. The
larger angles become awkward to handle physically and. stretch the concepts of linear intra-
specific competition. If the number of spokes is less than that required for a full circle,
guard spokes of the sector borders are required. Since the minimum number of spokes per
center is 3, any number between 3 and 360/θ can be used, and successive centers can be
located for as many sets of plots as desired. Some possible arrangements are shown in
Figure 2. I would suggest that border spokes be maintained to enclose the test spokes and,
that they be made up of "controls" so that soil trends within plots may be adjusted for
Also, the numbers of spokes per center may be varied in order to "turn" the plot sequence
in any desired. direction. A great deal of freedom is thus obtained in replication shape
and arrangement of genotypes, and one may construct randomizedblock or any partially bal-
anced incomplete block design.

It may be specifically desired to test the response of genotypes to particular competi-
tors or to isolate genotypes from other specific competitors. In such cases, the use of the
same or different "center-hubs" is indicated. For instance, in studies involving families
of different provenances in which interprovenance competition is undesirable, separate
provenance circles or sectors could be established and the spokes within each could be
allocated. to the genotypes within each provenance.

In general, two conflicting restrictions are imposed by the nature of tree breeding,
particularly in hardwoods. These are lack of knowledge of the size and form of genetic
variability in density response and the desirability of distributing the usually small
numbers of seeds among several environments. The first factor forces the experimenter to
span a wide range in density levels and the latter restricts the number of levels he may
sample in any one plot. If he wishes to estimate early density responses, close spacings
are required; as many as 2,000 trees per acre may be needed, for species with slow early
growth. In order to sample among the light or late density responses such as occur at the
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lower limit of competition with mature trees,
as few as 20 trees per acre may be required.
In fast-growing, short-lived. species, the
span may be cut to approximately 50-1,250
trees per acre or less. Much smaller inter-
vals will often be desired, but these two are
chosen as examples to illustrate the diffi-
culties encountered. at the extreme levels of
testing.

For these spans, a minimum of four and
a maximum of 13 trees would normally be availa-
ble for each plot for each family. The mini-
mum of four is required for precision in esti-
mation and, a miximum of 12 or 13 per replica-
tion will rarely be exceeded. Several optional
planting regimes may be followed. These are
given in Table 2, according to span of densi-
ties (either 2,000 or 1,200), and for roughly
square and roughly rectangular growing-space
shapes. For each plot size of 4 through 13
plus two border trees, the table shows plant-
ing point distance from the center hub and
the density represented by the space availa-
ble. The area, number of spokes, angle 9,
and a are given for each plot size. The de-
parture of the plants from the center of the
space is given as 	 a percentage of the
growing space length. If there are more test
families than spokes, more centers are re-
quired and analysis for incomplete blocks may
be followed. The two shapes chosen in Table 2
include one in which within-spoke spacing
equals that between spokes at any planting
spot which would be suitable if intergenotypic
competition were desired or if border rows

were used. The other shape has within-spoke spacing at half that of between-spokes. This
forces the earliest competition to be within genotypic families and delays intergenotypic
competition. It also forces the rhomboid shape of the growing space into greater deviation
from circular than for the first case.

In no case does the plant occur at the center of the space available to it, but since
the angle between successive spokes is constant, the only dimension of concern is the non-
central location of the plant between its two neighbors on the same spoke. Nelder suggests
that a departure of less than 5% from the intraspoke distance of the theoretical growing
space may be acceptable for vegetable crops. Small deviations require slow increases in
spacing. For a maximum non-centrality of 5%, α must be less than 1.1. Otherwise, there will
be bias if intergenotypic differences occur in response to shape variations. Because trees
have more time to make appropriate growth adjustments, non-centrality and non-regularity of
the growing space perimeter probably affect them less than annual crops. It would be
reasonable at least to assume that such effects would rapidly diminish with age and that in
testing for many traits considerable latitude can be afforded at the wider spacings.

ALTERNATIVE RADIAL SEQUENCES 

Nelder's designs allow spacings to vary systematically but keep the plots in reasonable
proximity. They require relatively few guard plants and are economical of experimental
plants or area. However, several difficulties exist in the direct application of design la
to forest genetics. Primary among these is the excessive sampling of low densities, with
consequent waste of land area. For example, when a plot size of six spans the 50-1,250
interval, all but one tree are at the lower half of the density range. One alternative is
to establish two series of tests, one for the upper, and one for the lower densities. This
course will introduce plot errors into the response curve and may only lightly sample the
middle range of densities, which is likely to be of greatest practical importance.

Another alternative is to relax the requirement for constant shape of growing space and.
to allow variation in shape to be confounded with density. Nelder suggests that one of his
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density-response parameters (β) does vary with space shape in vegetable crops. For forest
trees, there is meagre evidence on this aspect of growth. One may guess that the effect of
non-isometric spacing, if any, would occur most predominantly with young plants, on traits
sensitive to crown form, and at extremes of rectangularity. Therefore, it is reasonable to
allow some freedom in this restriction in order for the other variables to be adequately
studied. It remains highly desirable to test the effects of rectangularity with trees, as
for instance with Neldor's design lb. Also, some freedom as regards non-centrality may be
allowable for trees. It is for the individual experimenter to decide what liberties to take.

To provide guides for constructing plots with variable spacing, it was assumed, that
a planting system with equal intervals of density is usually easiest and most economical to
establish. Therefore, two series of possible planting layouts were computed, one to span
the range in densities from 20 to 2,020; and, the other to go from 50 to 1,250. Each series
was tested in intervals of two degrees from 2 ° to 40° for the angle between spokes and for
plot sizes (exclusive of borders) of 4 to 13. At these density intervals and plot sizes,
the ratios of within-spoke to between-spoke spacing generally decreased, then increased, with
the distance from the hub. Therefore, a series of ratios for the innermost experimental
tree was established for each plot size and angle series. The analytical steps are given
in Appendix B. It became necessary to depart from perfect regularity of density intervals
in order to keep the non-central location of the plant within the growing space within
reasonable bounds. If only the plants at the widest spacings are allowed to depart very
much from centrality and these only to a maximum of 25 percent, then an extra plant or two
at the wider spacings will provide sufficient control. Methods for using these extra plants
were examined, and a computer program was written to give the planting points for the most
acceptable designs, examples of which are given in Table 3. In this table, the shape index
is taken as the ratio of Within-spoke to between-spoke spacing, and, is allowed to vary in
three ways:

1:4 up to 1:1,
1:2 up to 1:1,

and. 1:1 through 1:2, up to 1:1.

Non-centrality is allowed to vary up to 25% at the wider spacings. Within these limits,
other plot sizes and angles can be successfully used. These are listed in Table 4.

One may wish to establish some other
function for the sequence of densities.
This may easily be done by formulating
the function of radial distance se-
quences, solving for the initial radius',
and sequentially solving for the re-
maining distances.

DISCUSSION AND CONCLUSIONS 

Anyone desirous of examining
density-time responses may choose a-
mong several possible plot designs,
arrange his plot sequences and border
plots to fit his planting area, and
analyze his results on a single-plant
basis or on parameters of plot-response
variables. Non-linear responses to
density would suggest that Bleasdale
and Nelder's equation is more appro-
priate than the logistic growth rela-
tions. In any case, estimates of the
rate constant can be obtained over a
series of years and environments.

The desirability of including density as an important variable of the cultural environ-
ment seems clear, especially for species with non-standardized spacings.

The circular plots developed, by Nelder make it possible to avoid the difficulties of
the rectangular plots and still study density response over a wide range. For instance,
densities of 50 to 1,250 can be samples with six-tree plots occupying only .064 (for 1:1
spacing) or .070 (for 1:2 spacing) acres per plot including border trees. Rectangular three-
tree plots sampling six densities would require .085 acres per family even without border rows.
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The alternative sequences developed. in this paper allow limited. variabilit y to exist
for various shape parameters but improve the sampling of densities and. are even more
economical of space than Nelder's designs. A six-tree plot constructed as for the above
designs requires only .047 acre including all borders.

Circular plots have the serious disadvantage of not being amenable to easy mechanical
planting, cultivation, and. maintenance. If the differences in size of plots or areas are
of no concern, intergenotypic competition is desired or can be ignored, and single-tree
plots are otherwise acceptable, the traditional rectangular planting is more efficient. In
many cases when density responses are desired, however, circular plots will be found to be
the most economical design.

Also, if we assume that the growing space border approaches a straight line more closely
than a curve, the length of the border between adjacent plants of the same spoke is 2 [tan
(θ/2)]  . The following equations for Nelder's design la would then be appropriate:
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borders to the growing spaces may be calculated. In order to place the maximum non-centrality
at the wide spacings and to minimize it at the close spacings, the initial planting point was
located at the center of its growing space. Other methods for locating the planting points
are being investigated. The remaining planting points are those located according to:
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