AN
LO

in

Bullet

Forestry Commission

e & 0 ¢ ' 0 ' I B | |1 1/
: Forestry Comm

HMSO 80p net

A A

S /,, \_“,.:.__/,,T{}_ e e 1 1 P
&_;x_}_l. iﬁ?a?tﬂ? f.,._s. ..... lh.lr..ll- i .ﬁ'.

ol Jﬁgi%gihfu:&nxfﬁd .Il? wﬂ
2 S _-l..J/_ p i

G J Hamilton J M Christie

...JYJ_ a
‘

\i -
: .n.‘T

Influence of Spacing

on Crop Characteristics and Yield
a"’
»
3

4

ARCHIV

ISS

~-------------

1
)



The front cover shows views in a Sitka spruce spacing
experiment, ‘Q’ series, Brecon, Brycheiniog Forest, South
Wales. Age 39 years. Lefr-hand photo: 2-4 x 2-4 metre
spacing. Right-hand photo: 0-9 x 0-9 metre spacing.

Photographs by F. Thompson.
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I. INTRODUCTION

The early recognition of the importance to the
Forestry Commission of plant spacing was reflected
in the establishment of a small number of spacing
experiments during the period 1921-24. Subsequent
experiments in spacing,with few exceptions,originated
in the years 1935-36 when a large number of experi-
ments were established throughout Britain, covering
the major commercial species. Although the main

effects of spacing have been generally appreciated,
the experiments have never been satisfactorily
analysed.

The analysis described in this paper was designed
to provide quantitative information on the effects of
spacing on yield and the components. of yield. It is
preceded by a brief review of the more important
features of the history of these spacing experiments.

II. HISTORY OF FORESTRY COMMISSION
SPACING EXPERIMENTS

The earlier experiments established in the period
1921-24 ranged from 1-:07 x 1-07 m (34 x 34 ft) to
2:7x2-7m (9 x 9 ft) spacings. Each experiment con-
sisted of an unreplicated series of three or four plots
of varying spacings. The actual spacings employed
usually differed between series. In total there were
eleven series, all of which were the responsibility of
Research Branch.

The more important 1935-36 series were laid down
by the territorial Divisions (now Conservancies) at
the request of the Research Branch. In some cases
two or three replications were established at the same
site but single series predominate. The most useful
feature of these experiments is that, with very few
exceptions, common spacings were used.

The four spacings comprising a series were:

091 mx091m-@ftx3ft)
1137 m x 137 m — (41 ft x 43 ft)
1-83 mx 1-83 m - (6 ft x 6 ft)
244mx244m-(8ftx8ft)

(Henceforth the metric equivalents used are 09,
1'4, 1-8 and 2+4.)

In the larch and Douglas fir series in the south, the
two closer spacings were usually replaced by one
spacing of 1:22 mx 1:22 m (4 ft x 4 ft). The allocation
of spacings within a series was rarely randomised,
and this has proved a deficiency. In total some 134
series were known to have been established in this
period.

A survey of the spacing experiments was carried
out in 1949 by the Research Branch (Rowan and
Skinner, 1949) and this revealed that a substantial
number of the experiments had been destroyed by fire,
lack of weeding, deer damage, etc., or were in other
ways so unsatisfactory that they were discontinued
as experiments.

In 1953 approximately 100 series were recorded as

being viable. At this time a plan was prepared for the
subsequent treatment of the series. Three distinct
treatments were proposed, denoted by the letters P,
Q and R. These are described below.

‘P’ Treatments

Each of the four (or three) spacings in each series were
to be thinned to a common stand density index
(SDI) which would be similar to that achieved by
‘C/D’ grade thinnings (Hummel, 1954) in conven-
tionally spaced crops. The original schedule (in
Imperial units) is given in Table 1. This plan has
broadly been adhered to, except for minor modifi-
cations.

‘Q’ Treatment

The object of the Q treatments was to maintain the
growth differences apparent at the time of first
thinning. In effect this meant a B grade thinning
(removal of dead and dying trees only) in the 0-9 x
0'9 m spacing, a moderate C/D grade in the 14 x
1'4 m spacing, a heavy ‘D’ grade thinning in the
18 x 18 m spacing and a very heavy ‘E’ grade
thinning in the 2'4 x 2'4 m spacing.

Pruning treatments were also incorporated, except
in the 0°9 m spacings. Two hundred selected trees
per acre were to be pruned in the 1'4 mand 1'-8 m
spacings, and one hundred and fifty per acre in the
2'4 m spacing.

‘R’ Treatment

In these plots no thinning or minimal ‘A’ grade
thinning (dead trees only) was proposed.

Where two or three series had been established at
the same location it was usually the case that a
different treatment was applied to each series. The



TABLE 1

THINNING SCHEDULE FOR SPACING EXPERIMENTS — ‘P* TREATMENTS
Number of stems or stand density after thinning at top heights specified:

Initial | 20 ft. 25 ft. 30ft. 40 ft. 40ft. + | 50ft. +
Spacing No. per all Stand Stand
ft. acre | Species | Larch | Other | Larch Pine Douglas | Douglas Density | Density
fir, fir, Index Index
Spruce Spruce
1 All 7 All
3 4840 2500 1200 1800 500 1400 1500 1100 spacings | | spacings
Larch
4 2150 — 1000 1500 750 1200 1300 1000 04
Spruce &
LScots *Douglas
6 1210 — — — 600 1000 1100 900 pine fir 0.75
0.55
Corsican
8 680 — — — 450 — — — pine
] 0.65 J

Stand Density Index is obtained as follows:

(No. of trees per acre X mean b.h.g. (true measure in inches) X top height (ft.)) -~ 1,000,000

allocation of treatments to the series resulted in
about half of the total being ‘P’ series. About 309
were designated ‘Q’ series and less than 109, were
‘R’ series. The remainder were excluded from the
general scheme for various reasons.

The result of these treatments has been to produce
widely differing crop types. Since the 1953 plan was
prepared, and in a few cases before that time, most
of the series in the southern half of England and in
Wales were taken over and managed as permanent
sample plots by the Mensuration Section, whereas
the series in the north of England and Scotland, with
a few more recent exceptions, have remained the
responsibility of the Silviculture (North) Section.
As a result there has been different emphasis on
certain features of assessment, and this fact has a
bearing on the method of analysis which has been
used.

Until now no complete analysis of the yield

aspects of the experimental data has been available.
The Rowan and Skinner report of 1949 was of
necessity confined to the early effects of spacing,
e.g. survival, early height growth, canopy closure,
suppression of vegetation and branch suppression.

From time to time, some raw data has been
extracted from some of the Mensuration Section
series to meet specific needs. A number of ‘P’ series
in spruce in the north of England and in Scotland
were analysed by Hamilton (1964) but the results
were not published.

The only spacing experiments other than respacing
experiments (Hamilton, 1972) - laid down since the
1935/6 series, have been in poplar. These are con-
sidered separately on page 42. The main analysis
described here concerns six species; Scots pine,
Sitka spruce, Norway spruce, European larch,
Japanese larch and Douglas fir.



ITII. ANALYSES

1. General

Only data from the 1935/36 experiments have been
used in the analyses. Data from earlier spacing
experiments has inevitably been excluded because
the spacings used in these experiments differed
between series and were therefore not comparable.

The effects of spacing on individual parameters
have been analysed independently. The overall
picture of the effect of spacing has been subse-
quently derived by synthesising the results of the
individual analyses. The data used in the analysis
of any one component has been confined to those
plots providing reliable information on that com-
ponent. Since there are many plots which have not
produced data on one or more particular aspects of
yield, the weight of information varies appreciably
from one parameter to another.

The following aspects of spacing have been
separately analysed:

a. Mortality
. Height growth
. Basal area production

. Mean diameter at breast height (dbh)
Form and taper

b

c

d. Volume production
e

f.

g. Assortments.

These aspects have then been combined in yield
models, depicting the overall effect of spacing. A
‘master table’ technique has been used in preparing
these models, which means that all parameters
have in the first instance been related to top height.
Rate of growth (yield class) has subsequently been
superimposed.

Some difficulty has been experienced in separating
the effects of spacing from that of subsequent
thinning. This is particularly true of the ‘Q’ treat-
ments where not only are these treatments extreme,
but the yield aspects are further confounded by the
green pruning incorporated in the treatments. For
this reason the post-thinning data of the ‘Q’ treat-
ment series has largely been discounted. A further
difficulty arises from the fact that relatively few
measurements (frequently only one) were made
before thinning was carried out.

Site differences are evident in many of the series.
This problem has been overcome to some extent by
relating parameters to height in the first instance.
The error thus attached to the comparison of various
parameters is dependent on the reliability of estab-

3

lishing the effects of spacing on height. Fortunately,
reliable data on height are available from all the
series, and the number of experiments for any one
species is generally almost sufficient to nullify the
effects of site in the case of Scots pine, Sitka spruce,
Norway spruce and Japanese larch. This is not the
case in Douglas fir and European larch and the
analysis of these species has inevitably been limited.
No yield models are presented for European larch
and Douglas fir.

All records are in Imperial units and the analyses
have been completed mostly in these units. The final
presentation, however, is in metric units.

The experiments used in the analyses are listed in
Appendix I, page 46.

2. Mortality

Rowan and Skinner (1949) reported on survival in
the 1935/6 series in the thicket and pre-thicket stages
of growth, and concluded that prior to canopy
closure survival was independent of spacing. There-
after it was recognised that competition, which set in
earlier in the closer spacings, resulted in a higher
number of deaths in these plots. That this situation
continues to the time of first thinning can be seen
from Table 2 below. This shows the percentage
survival at an average top height of 10 m.

TABLE 2

SURVIVAL (AT 10 m TOP HT) AS PERCENTAGE OF
ORIGINAL STOCKINGS

SPACING

Species Number

0:9m | 1:'4m {1-8m|2-4m of

Series

Scots pine 48 66 79 84 13
Sitka spruce 57 74 88 94 14
Norway spruce 54 72 85 93 19
European larch — 62* 80 88 6
Japanese larch 48 65" 85 90 13
Douglas fir 53 71* 88 94 S
Original
stocking 11960 | 5315 | 2990 | 1682
(stems/ha) (6726)*

*1-2 m spacing (4 ft)

To produce a more complete picture of mortality
patterns and rates, periodic information is required
from unthinned spacing experiments. The main
difficulty here is that relatively few measurements



are recorded for the unthinned ‘R’ treatment
experiments, which are in any case few in number.

The slender information which is available for
Scots pine, Sitka spruce and Norway spruce has
been used to prepare Figure 1 which shows the
pattern of mortality over an extended top height
range. The curves have inevitably been drawn free-
hand and the element of error is considerable.
Reference has been made, however, to mortality
patterns in other unthinned permanent sample plots
of known spacings in assessing the pattern of these
curves.

3. Height

Top height, defined as the mean height of the 250
trees of largest diameter at breast height (dbh) per
hectare (the current convention is the mean height
of the 100 trees of largest dbh per hectare) has been
measured in virtually all the spacing series and
frequently at two or three assessments. The body of
information available on this parameter is therefore
substantial, and exceeds that on any other.

The height range, over which each plot has been
measured, tends to be variable and this has created
problems in analysis. Figure 2 has been prepared by
first calculating, at the common ages of each assess-
ment, the average top height of the four spacings in
each Scots pine series. The difference between the
actual top height in each plot and the average of the
series, of which it is part, has been plotted at each
assessment and for each spacing. It is clear from this
diagram that differences exist between spacings but
the magnitude of these differences is somewhat
obscure in such an illustration. It is also difficult to
detect trends in these differences over the height
range represented.

In order to establish these differences more
precisely, a common mean top height of each series
has been selected for each species at a point where
the largest amount of information is available. In

Scots pine, for example, this was at 9:14 m (30 ft).
In the few cases where a series had not been assessed
at the common mean top height, the available data
was extrapolated to cross this point.

Then, for each series, the top height deviation of
each spacing from the mean top height of the series
was calculated. The average deviation of each
spacing was then calculated from the pooled data,
and these are given in Table 3, together with the
calculated average top heights for each spacing.

The closest spacing (0'9 m) plot is absent from
most of the European larch, Japanese larch and
Douglas fir series. Data from the few 14 m (44 ft)
spacings have been combined with that of the 1-2 m
(4 ft) spacings and the mean top height calculated
from three spacings only. The 0-9 m plot data has
been related to the mean top height thus calculated,
but is shown in brackets since it is from fewer plots.

Having established top height differences for each
species at a common mean top height, the next stage
required was to examine how these differences varied
over an extended top height range. This was done in
successive 1-52 m (5 ft) intervals of mean top height.
For example, in Scots pine the common mean top
height was 9-14 m. The next point considered was
therefore 9-14 + 1.52 m = 10.66 m. The height
difference of each plot, relative to the mean top
height of the series, was then calculated at a mean
top height of 10-66 m, extrapolating to this point if
necessary but not beyond it. The slope of the line
(regression coefficient) joining the height differences
established at 9-14 and 10-66 m mean top height
was established for each plot. By combining the
regression coefficients of individual plots of a given
spacing, an average slope was obtained over this top
height interval.

Starting from the top height difference at the
common height, these successive segments were
simply joined together to form an extended regression
of top height difference on mean top height — both

TABLE 3
DIFFERENCES IN ToP HEIGHT BETWEEN SPACINGS

Common No.
Species mean top DEeviaTIONS (M) MeaN Top HEIGHT (m) of

ht (250) Series

(m) 09m 1-4m 1'8m 2'4m 0:9m 1'4m 1-8m 2:4m

Scots pine 9-1 +0-35 +40-14 +0-01 —0-51 9-45 9:24 9-11 8-59 16
Sitka spruce 12-2 40-35 +0-12 +0-05 —0-48 12-55 12-32 12-25 11-72 12
Norway spruce 12-2 —0-04 +0-12 +0-10 —0-18 12-16 12-32 12-30 12-02 19
European larch 12-2 (—0-21) —0-17* +0-10 +0-14 (11-99) 12-03* 12-30 12-34 6
Japanese larch 13-7 (+0-13) 0-0* +007 —0-14 (13-83) 13-70* 13-77 13-56 13
Douglas fir 15:2 (+0:09) +0-79* —0-43 —0-45 (15-11) 15-99* 14-77 14-75 4

*1-2/1-4 m combined



TABLE 4
Tor HeiGHT (100) RELATIVE To CoMMON MEAN ToP HEIGHT (250)

Common

mean top Top height (100) (m) No. of
Species ht (250) series

(m) 0:9m 1-4m 1-8m 2:4m

Scots pine 9:1 9-65 9-44 9-31 8-79 6
Sitka spruce 12-2 12-85 12-62 12-55 12-02 6
Norway spruce 12-2 12-51 12-67 12-65 12-37 5
European larch 12-2 (12-34) 12-38* 12-65 12-69 5
Japanese larch 13-7 (14-03) 13-90* 13-97 13-76 10
Douglas fir 15-2 (15-61) 16-49* 15-27 15-25 3

*1:2/1-4 m combined

below and above the common mean top height.
An element of smoothing was introduced by
averaging the slopes of each pair of successive
segments, but always keeping the height difference
established at the common mean top height constant.
The results of this process are shown in Fig. 3.
In the case of Scots pine a useful demonstration of
the technique can be seen by comparing Fig. 2 and
Fig. 3.

Two other expressions of height were considered.
The expression of top height currently used in crop
assessment in the Forestry Commission and in yield
table construction is the mean height of the 100
largest (by dbh) trees per hectare, as compared with
that of the 250 largest per hectare already discussed.
Not all series contain direct information on the top
height (100). Table 4 has been derived largely from
the southern series, firstly by determining average
differences between the top height (100) and top
height (250) and applying these differences to the
data in Table 3.

As in the case of top height (100), mean height
data could only be obtained from the southern

series. Table 5 shows mean height, again tabulated
for each spacing against a common mean top height
of all series for a given species.

The first comment that must be made about the
results concerns their consistency. Clearly, from
Fig. 3, it is apparent that reasonably consistent
results are obtained from the Scots pine, Sitka spruce,
Norway spruce and Japanese larch series, while the
Douglas fir and European larch results give less
indication of an identifiable relationship between
spacing and height growth.

The fact that site differences plague many of the
series has already been mentioned. This drawback
can only be countered by an adequate number of
replications, and it is no coincidence that in this
respect both Douglas fir and European larch fall
well short of the other species.

Of the remaining four species the general trend
emerging is one showing greater top height with
closer spacing. The 0'9 m spacing in Norway spruce
is a notable exception to this trend, but is account-
able by the fact that a significant number of the plots
of this spacing have fallen on different site qualities

TABLE 5
MEAN HEIGHT RELATIVE To CoMMON MEAN Topr HEIGHT (250)

Common

mean top Mean height (m) No of
Species ht (250) Series

(m) 0-9m 1-:4m 1-8m 2:4m

Scots pine 9-1 8-55 8:-44 8-41 7-99 6
Sitka spruce 12-2 10-95 11-22 11-05 10-82 6
Norway spruce 12-2 10-46 10-92 11-10 11-12 5
European larch 12-2 (10-59) 10-83* 11-20 11-44 5
Japanese larch 13-7 (13-08) 13-00* 13-12 12-96 10
Douglas fir 15-2 (13-31) 14-39* 13-47 13-85 3

*1-2/1-4 m combined



from the other spacings in the series. The smoothed
height differences are shown in Figure 4.

Regarding the question of whether these differences
change with time, one must consider first the experi-
mental error in assessing top height (demonstrated
in Fig. 2) and secondly the fact that the extremities
of the regressions carry least weight. The conclusion
reached is that the differences are established by the
time of the first assessment (6-8 m top height) and
tend to remain constant thereafter.

There are two possible explanations for the top
height differences. In the first place the planting
stock could be expected to consist of varied geno-
types and with a larger population on a given area
in the closer spacings, the absolute number of better
genotypes would naturally be higher. In this case, if
one selected the best 5 genotypes per hectare from
each spacing one would hardly expect the same order
of average height differences as one could reasonably
expect by comparing the average heights of the best
500 genotypes per hectare in each spacing. It was,
nonetheless, found that the height differences remain
of the same magnitude whether comparisons between
spacings are made using top height (100) or top
height (250). Another feature tending to cast doubt
on the validity of this explanation is that the top

height differences remain more or less constant
beyond 6-8 m top height, whereas it might be
expected that the inherent vigour of the better
genotypes would, in time, accentuate the differences.

The second explanation concerns the early develop-
ment of the crops where it has occasionally been
observed that the closer spacings have been margin-
ally more successful in suppressing competing
vegetation.

It seems unlikely, and this is confirmed by
experience with thinning experiments, that stand
density in itself promotes greater height growth in
dominants.

With greater stand densities at any given height it
is well established that the proportion of the tree
population occupying positions in the lower canopy
is greater. Hence the differences between top height
and mean height tend to be greater with closer
spacings. This is confirmed by this analysis, and the
data in Table 5 indicate that these differences offset
the top height differences at about the normal time
of first thinning. Lack of data and confounding
thinning treatments deny adequate analysis of mean
height beyond this point, where it would normally
be expected that mean heights would eventually be
greater in the wider spacings.
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Figure 1. Surviving stem numbers in unthinned Scots pine, Sitka spruce and Norway spruce for different
initial spacings.
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ANALYSES—continued

4. Basal Area Production

There are two aspects of basal area production
which are of interest. The first is the effect of spacing
on basal area of all trees irrespective of diameter.
Secondly, for subsequent volume production esti-
mates it is necessary to quantify spacing effects on
the basal area of conventionally measurable trees
only, that is, trees of 7 cm dbh and above.

Since dbh has been measured in all series, infor-
mation on basal area production is more reliable
than all other parameters bar height. Limitations
have been imposed, however, by the paucity. of
assessments in some series, and by the occasional
omission of dbh measurements on unmeasurable
trees, i.e. trees of less than 7 ¢cm dbh.

It is acknowledged that over an extended height
range, regressions of basal area on height tend to be
curvilinear. However, over the limited height range
available for any one plot, plotting basal area against
height invariably produced a regression so nearly
linear — most correlation coefficients greater than
0985 - as to make a standard assumption on
linearity wholly justifiable. Linear regressions of
basal area on height were therefore calculated for
each plot using data:

a. from all trees up to and including first thinning.

b. from all trees up to and including first thinning

together with data from ‘P’ treatment series
beyond first thinning, and ‘Q’ treatment series
up to the time of thinning of the 24 m plot.

c. as (a) but excluding trees < 7 cm dbh.

d. as (b) but excluding trees < 7 ¢cm dbh.

The 1-2 and 14 m spacings of European larch,
Japanese larch and Douglas fir were combined and
the 0-9 spacings omitted.

An example of the linear regressions of individual
Scots pine plots for the four spacings (Category (b)
above) is shown in Figures 5-8.

The normal total basal area/top height regression
derived from the Forestry Commission Normal
Yield Tables (Hamilton & Christie, 1971) is shown
for comparison. (M. T. Line).

A method of combining these regressions was
designed such that from the individual regressions
the combined regressions could be calculated and
graphed entirely by computer. This method is
essentially similar to that used in analysing height
growth.

For each species a modal height was calculated
for each spacing. The modal height is the height
through which the greatest number of individual
regression lines passed. In Scots pine, for example,
the modal height of the 0-9 m spacing plots was
9-14 m. Since each regression line terminated at the
first and last assessment of the particular plot, a few
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cases arose where regression lines fell short of the
modal height value. In such cases they were extrapo-
lated to the modal height value. The mean basal
area of the plots at the modal height was calculated
simply as the average of the basal area evaluated
from each plot regression for the modal height.

The slope of the combined regressions through
the average basal area point was calculated over a
1-52 m (5 ft) height band (on which the modal height
was central) by averaging the regression coefficients
of the individual regressions occurring in that top
height band. The slopes of successive 1-:52 m bands
were similarly calculated and a continuous line
constructed from the modal height point.

The regression thus obtained was found to be
satisfactory without further smoothing. The separa-
tion of the data into that of assessments carried out
up to and including first thinning, and secondly, all
assessments excluding the ‘Q’ series beyond the time
in each series at which the 24 m spacing plot was
thinned, yielded regressions which were found to be
not significantly different. Figures 9-19 depict the
latter regressions for the six species concerned for all
trees and for trees of 7 cm dbh and above.

In broad terms closer spacing clearly produces
greater basal area. As with height growth these
differences are apparent at first assessments, reach a
maximum at about 12-15 m top height and tend to
remain constant in absolute terms thereafter.

It is noticeable that the exclusion of trees of less
than 7 cm dbh has the effect of diminishing the
basal area differences between spacings in the earlier
phases of height covered by the analysis, but some
recovery is observed with increased height. This is
directly attributable to the fact that closer spacings
have a high proportion of unmeasurable trees in
these earlier periods, but recruitment to the 7cm dbh
class alters the position with time. Natural mortality
of unmeasurable trees means that the basal area of
trees of 7 cm and above can never attain the level of
basal area of all trees, at least in the closer spacing.

Figures 9-19 show the levels of basal area produc-
tion relative to the top height of each spacing. Since
there are differences in top height between spacings,
it follows that the overall effect of spacing on basal
area production has to be considered. Figure 20 has
been prepared to show the differences between
spacings when top height differences have been
incorporated. The values plotted are those occurring
at a common age for each species. This is the age at
which the widest spacing is first thinned in an
average yield class for the species (Scots pine - yield
class 8, Sitka spruce — yield class 12, Norway spruce
— yield class 12, Japanese larch - yield class 8). In
fact these differences remain approximately of the
same order thereafter, irrespective of age or yield
class.



5. Volume Production

The absence of reliable volume assessments from the
northern series posed considerable problems in
analysing the effects of spacing on volume produc-
tion.

Although satisfactory volume assessments were
available from the southern series, the numbers of
these were considered inadequate to justify their
exclusive use. The approach was therefore to assess
the effects of spacing on form, effectively, from the
southern series, and to reconstruct volume produc-
tion data for the northern series on the basis of these
results, together with the existing reliable data on
height and basal area. The northern and southern
series were then combined in the analysis of spacing
effects on volume production.

In approaching the question of the effects of
spacing on tree form, a number of alternative
expressions were considered, e.g. tariff number,
form factor, form height. It was found that total
crop form height provided a convenient and most
consistent parameter for the purpose required. Total
crop form height is a wholly abstract term, quanti-
fied by dividing the total volume production by the
total basal area production. Plotting total crop form
height against top height from the southern series
data produced regressions as illustrated in Figure 21
which shows the trends apparent in Japanese larch.
These regressions were produced for each species,
subsequently smoothed, and appropriate values of
total crop form height obtained for individual assess-
ments of the northern series data. Volume estimates
were derived as the product of this value and the
known total basal area production (of trees of 7 cm
dbh and above) pertaining to each assessment.

Having established reasonable volume estimates
for the northern series for each assessment, the
volume data from all series was used to produce
volume/top height regressions for each spacing of
each species. The technique used was exactly that
used for deriving basal area/top height regressions,
that is, a linear regression was calculated for each
plot and combined by the technique described
previously.

Figures 22 to 27 show volume production trends
derived from all assessment data, excluding data
from ‘Q’ treatments beyond the time when the 2:4 m
spacing plot, in each ‘Q’ series, was thinned.

The picture emerging is generally similar to that
found with basal area, namely that closer spacings
have higher volume production and that differences
between spacings remain fairly constant in absolute
terms for a common top height.

If the comparison between spacings is, however,
made at a common age of a given yield class, the
effect of height differences discussed previously has
a significant impact on the overall volume production
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differences. A comparison made at the age of first
thinning of the widest spacing for a typical yield
class of each species is shown in Figure 28. A com-
parison made at the normal age of maximum mean
annual increment of the same yield class for the
species is shown in Figure 29. It can be seen here
that the apparent differences are considerably
greater than those occurring at the earlier age. This
is simply a consequence of the fact that the normal
top height/volume relationship is such that volume
production per unit of height growth increases with
increasing height. In general, therefore, the greater
the average top height, the greater are the differences
in volume production between spacings. Maximum
mean annual increments occur at ages corresponding
to lower top heights in lower yield classes. Thus the
apparent ‘loss’ in production associated with wide
spacings is marginally greater with higher yield
classes, in the course of rotations defined by the age
of maximum mean annual increment.

6. Diameter

Diameter at breast height has been measured in alil
series and the resultant data are largely adequate.
It was clearly important to distinguish between
the effects of initial spacing and subsequent thinnings
with diameter, more so than with any other par-
ameter. Consequently the data were grouped into:

a. ‘R’ series plus all data up to and including 1st
thinning

b. post-thinning ‘P’ series data

c. post-thinning ‘Q’ series data.

On account of the deficiencies of the ‘Q’ treatment
series discussed previously, the post-thinning data
have been discounted from total production con-
siderations. The treatments nonetheless do provide
a useful source of information on diameter growth
in extremely low stand density conditions, and for
that reason are considered here.

Figures 30-35 demonstrate the trends of mean
dbh under the above categories, as far as data permit
in each species. These regressions have been derived
using the same technique of combining regressions
as previously described. The mean diameters are
those of all trees in the population.

The results show greater mean dbh with wider
spacings at the time of first assessments. In absolute
terms, these differences tend to increase with height
in unthinned stands, do so more rapidly with the ‘Q’
series treatments, but tend to converge or remain
constant in the ‘P’ series treatments.

Diameter Distribution

For a given mean dbh the range in dbh classes
represented in the stand is greater with closer



spacings. At a given top height, however, this
situation is inverted as a consequence of the larger
mean dbh associated with wider spacings.

The above statements are true of unthinned stands,
and whilst this is also broadly true of stands subject
to thinnings as depicted in the yield models (Appen-
dix III) the type of thinning can clearly influence the
nature of the subsequent dbh distribution. Using
unthinned Sitka spruce as an example, the distribu-
tions of the 09 m and 2-4 m spacings have been
compared in Figure 36 which shows the dbh distri-
butions of each spacing at ten year intervals (Yield
Class 16 assumed).

7. Form and Taper

Although some direct information on stem form is
available from the southern series, it was considered
better to derive values of this parameter in the
process of constructing the yield models from the
other essential parameters — volume, basal area, and
height — rather than to attempt to analyse the limited
and variable raw data on form.

Form factors for the main crop of each spacing at
each specified age are shown in the yield models
(Appendices II and III). (Crop form factor is the
main crop volume divided by the product of mean
height and basal area.) It is clear that lower form
factors are associated with wider spacings, except in
the earlier phases of height growth where the position
tends to be inverted due to the frequency of small,
low form factor trees and trees of less than 7 cm
dbh in the closer spacings.

Taper, as distinct from form factor, is often more
directly meaningful in practice. Studies of tree pro-
files of individuals taken from the more extreme
treatments revealed no marked departures from
those generally encountered in given height and dbh
classes. In simple terms trees of the same height and
dbh have the same general profile irrespective of
spacing. Differences, however, occur between
different dbh classes and of course the differences in
both mean dbh, and in the dbh distributions of
different spacings, affect the average tree profile. It
is recognised also that species differences exist and
this has governed the approach to deriving taper
figures, described below.

Basic data were again only available from the
southern series. Absolute form quotients were cal-
culated for each of the ten maincrop volume sample
trees which had been measured in sections at each
assessment. The form quotient is defined as the ratio
of the diameter measured mid way between the breast
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height point and the top of the tree, to the diameter
at breast height. The form quotients for each species,
spacing, and subsequent thinning treatments have
been plotted against top height (100) and a com-
bined, smoothed regression derived. Thereafter,
reference has been made to Behre’s (1927) generalised
taper curves from which taper at any point on the
tree can be determined. These curves have been
examined in British conditions by Macdonald (1932-
34), and are considered adequate for this purpose.
Essentially these are a series of stem profiles, the
appropriate profile being dependent on form
quotient.

From Behre's curves the taper between the top
and mid-point of the first 6 m length (from the butt)
has been calculated for the average tree in each
spacing at top heights of 10, 15 and 20 m. (A
standard ‘low’ thinning of marginal intensity is
assumed.) These results, showing greatly increased
taper with wider spacings are demonstrated in
Figure 37.

8. Assortments

In order to establish the percentage of the total stand
volume (to 7 cm top) to specified top diameters, a
general stand volume assortment table may be used
in conjunction with the mean diameter of the crop.
Such a table is given in Forestry Commission
Booklet 34 (Hamilton & Christie, 1971). Assortments
derived in this way are generally applicable irrespec-
tive of spacing.

In the case of length assortments, a similar
possibility is available with individual tree general
length assortment tables. To use these, dbh and
height are required. (A table of this kind will be
included in ‘““Forest Mensuration Handbook’’ to be
published shortly by the Forestry Commission.)

In conjunction with tables of diameter distribu-
tions for each spacing, the individual tree assortment
tables have been used to prepare Tables 6 and 7.
Table 6 shows the average log length to a given top
diameter, related to mean dbh for each of the four
spacings of Sitka spruce subjected to the thinnings
depicted in the yield models. Table 7 shows the
average length to the same top diameter for the
same species and thinning regime, but using top
height rather than dbh as the basic parameter.

The effect of wider spacing is to increase the per-
centage volume and average length to a given top
diameter for a given age or top height. For a common
dbh however, the average length to a specified top
diameter is greater with closer spacings.
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Figure 21. Total crop form heights of different spacings in Japanese larch, relative to top height.
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Figure 23. Relationship between total volume production and top height for different spacings in Sitka

spruce.
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Figure 25. Relationship between total volume production and top height for different spacings in

European larch.
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Figure 27. Relationship between total volume production and top height for different spacings in Douglas
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Figure 30. Relationship between mean dbh and top height for ‘Q’, ‘P’ and ‘R’ thinning treatments in
Scots pine.
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Figure 32. Relationship between mean dbh and top height for ‘Q’, ‘P’ and ‘R’ thinning treatments in
Norway spruce.
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Figure 34. Relationship between mean dbh and top height for ‘Q’, ‘P’ and ‘R’ thinning treatments in
Japanese larch.
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POPLAR SPACING EXPERIMENTS
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IV. YIELD MODELS

Presenting the effects of different spacings on crop
characteristics in a familiar yield table format per-
mits convenient comparison and evaluation of the
different treatments.

In drawing together, in a yield model, the results
of the analysis of individual components, there are
three important features to be considered.

In the first place, most of the parameters analysed
have been directly related to the top height of the
individual plots. It was, however, recognised that
top height differences existed between spacings.
Consequently, to demonstrate the real differences in
these parameters resulting from different spacings
on the same site it was necessary to incorporate these
differences in the models.

Secondly, question of the general growth rate or
yield class has not figured prominently in the analysis
to this point on account of the technique of relating
parameters to top height irrespective of age.
Consideration of yield class is essential however, and
models for three alternative yield classes are
presented in Appendices II and III for each species.

The third consideration concerns the subsequent
thinning treatments. Current views on this subject
differ from those evident at the time when the ‘P’,
‘Q’ and ‘R’ treatments were conceived. There are
countless possible thinning treatments but only two
basic treatments have been modelled here. These are
first, no thinning at all (Appendix II), which is in
effect the ‘R’ series treatment, and secondly, a
standard ‘low’ thinning at an intensity currently
adopted in field practice (Appendix III), usually
termed normal Management Table intensity (Hamil-
ton and Christie, 1971) which can be regarded as a
more rational substitute for the ‘P’ treatments.
Yield information is inadequate to model ‘Q’
treatments reliably.

No attempt has been made to construct models for
European larch or Douglas fir due to the paucity of
reliable data. Similarly, lack of ‘R’ treatments in
Japanese larch made it difficult to produce adequate
models of no-thinning treatment in that species.

A computer program designed to construct yield
models of various treatments has for some time
been in use and is being continually developed by
the Mensuration Section. It was first used in con-
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structing the Commission’s metric Normal Yield
Tables. This program is described in detail in
‘Construction and Application of Stand Yield
Models’ by Hamilton and Christie (1973), (Forestry
Commission Research and Development Paper 96).

Its use was dependent on the mathematical
characterisation of basic growth functions, e.g. top
height/age, mean annual increment/age, etc. The
characterisation of these basic functions is described
by Christie (1972). For any given species, vield class,
age of first thinning, thinning cycle, thinning type
(crown or low), thinning intensity and initial plant
stockings, the program will model the growth of a
stand, tabulating the main crop and thinning
parameters at specified ages.

In constructing the spacing models the standard
top height/age, mean annual increment/age, form
height/top height, and dbh/top height functions,
were suitably modified according to the spacing and
the results of the analyses. In all models the precise
metric equivalents have been used, ie 2:44 m for
8 ft, etc.

Thereafter, by a process of trial and error the
various parameters were harmonised to conform
both to the accepted growth patterns for the species
and yield class, and to the results of the analyses of
the effects of spacing on these parameters. Certain
experiments exhibited significant average deviations
from the normal Production Class (‘b’) associated
with the Normal Yield Tables (Hamilton & Christie,
1971). All yield models, however, have been con-
structed in terms of ‘b’ Production Class.

It is important to note that there can be no exact
solution to the harmonising of different parameters,
and this process inevitably involves an element of
subjectivity. This follows from the main parameters
being analysed independently, in turn a consequence
of the nature of the basic data and the variation in
treatments to which the experiments have been
subject.

Parameters given most weight (in relation to
height) were volume production and basal area.
Depending on the particular model, mortality or
thinning volumes were subsequently imposed, and
the models derived from this information manipu-
lated to accord with the evidence on the remaining
parameters of dbh and form.



V. OTHER FORESTRY COMMISSION SPACING EXPERIMENTS

Two spacing series were established in Corsican
pine in 1935/6. There are three series in Lodgepole
pine. Site differences are particularly marked in the
Corsican pine, and are present in the Lodgepole
pine to such an extent that a formal analysis was
considered to be unrewarding. The data does not
indicate, however, any radical departure from the
trends established with Scots pine, and it would seem
not unreasonable to assume similar quantitative
effects for these species.

Of two hardwood spacing experiments established
at Fleet Forest in Kirkcudbrightshire, in 1935, one
series in oak has survived. There were six spacings,
ranging from 06 mx 0°9 m to 2-:0 m x 2-0 m, but no
replications. This experiment suffers both from site
variation and inadequate assessments, such that no
firm conclusions can be drawn from the data
available,.

Two more recently established hardwood spacing
experiments, however, have provided useful and
reliable data. Both are in poplar. One experiment at
Alice Holt Forest, Hampshire, planted in 1957 at
spacings of:

2-7 x 2-7 m (Actually 9 ft x 9 ft)
37x37m 12 ft x 12 ft
46x46m ,, 15 ft x 15 ft

was replicated four times. The species is Populus
trichocarpa ‘CF’. Three assessments have been made
in this experiment. The second experiment in poplar
is in Populus tacamahaca X trichocarpa ‘32’ at
Wentwood, Monmouthshire, and has three spacings
replicated three times. The spacings are:

2:1 x 2'1 m (Actually 7 ft x 7 ft)
33x33m 11 ft x 11 ft
46x46m 15 ft x 15 ft

Only one assessment has been made in this
experiment. Neither of the above poplar spacing
experiments have been thinned. Height differences
are not significant. Therelative basal area production,
volume production and mean diameter are shown
in Figure 38 in which these parameters are plotted
against top height, separately for each experiment.

The differences in absolute terms are marked, and
exceed those of the coniferous species, reflecting
mainly the wider spacings employed.

E3]

VI. DISCUSSION

Perhaps the most useful reviews of the extensive
literature on spacing are those of Sjolte-Jargensen
(1967), Bartoli and Decourt (1971) and Evert (1971).
Whilst it is not intended to undertake a further
comprehensive review of the subject here, it is of
value to consider the results of the analysis described
in this paper with some of the features emerging
from these reviews and from other papers.

With regard to mortality, the experimental
evidence reviewed by Bartoli and Decourt, and by
Evert, displays marked variation in levels of sur-
vival at first assessments which could barely be
accounted for solely by mutual competition. In
common with Sjolte-Jorgensen’s evidence, however,
the theme of higher incidence of mortality with
closer spacings is well established. Among the few
papers reporting rates of mortality over an extended
height range, two are of interest. Heding (1969)
describing a spacing experiment in Norway spruce
shows mortality, somewhat over-simplified, to be
linearly related to top height. Heding’s survival as a
percentage of initial stocking is notably higher than
the results obtained here at comparable top heights
in Norway spruce. The same picture emerges in the
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case of Stiell and Berry (1967), describing mortality
in White spruce, Picea alba, in patterns more akin to
those presented in Figure 1.

There is conflicting evidence on the effects of
spacing on height growth, though the apparent
contradictions are certainly due to some extent to
the use of various expressions of stand height. The
mean height of the total population tends to have
attracted, perhaps unjustifiably, most attention.
Although there are some reports of insignificant
differences in mean height between varying spacings
(Braathe (1952), Braastad (1970)), undoubtedly the
bulk of experimental evidence indicates an increase
in mean height with increased spacing (Eklund
(1956), Bartoli (1971), Bartoli and Decourt (1971),
Kjersgaard (1964), Cromer and Pawsey (1957)). It is,
however, fairly clear that with the development of
densely stocked stands, a higher proportion of trees
occupy the lower canopy than in less dense stands.
The consequent restriction of height growth of these
individuals effectively depresses the mean height of
the stand. The effect of spacing on dominant or top
height is less clear from the literature. Cromer and
Pawsey (1957) in their valuable studies in Pinus



radiata show increases in dominant height with
increased spacing, as does Reukema (1970). A
notable source of support for the findings emerging
from the analyses of Forestry Commission experi-
ments is reported by Jack (1971). He describes a
replicated re-spacing trial (spacing achieved by stem
removal at 4 m mean height) in Sitka spruce in
Northern Ireland in which top height clearly
diminishes with increased spacing. It is not clear
precisely why such conflicting evidence exists, though
climatic variation is one explanation not easily
discounted. The possibility that changes in relative
heights may become apparent with age, discussed by
Sjolte-Jorgensen (1967), is not consistently evident
from the Forestry Commission experiments.

There is little doubt that basal area and volume
production are diminished with increased spacing
and the trends emerging from the analysis of
Commission plots in this respect are heavily en-
dorsed by the evidence presented by Bartoli and
Decourt, Sjolte-Jargensen and Evert. The main
point of interest rests therefore, not so much with
the indisputable trends but with the absolute
differences in values of these parameters which are
evident.

In drawing comparisons between the results of
different experiments, it is important to consider the
measurement limits applied in each case. The effect
of imposing a dbh limit of 7 cm compared with no
limit is well demonstrated in the basal area produc-
tion figures. The smaller differences between the
0-9 m and 14 m spacings where a 7 cm dbh limit has
been applied, stems from the fact that in the 0°9 m
spacing a greater number of trees are suppressed and
die before reaching this diameter. This situation is
also apparent in the volume production figures where
a top diameter limit of 7 cm is used. Without this
limit applying, volume production would be relative-
ly higher in the 09 m spacing plots. It is in fact
possible to invert the volume production/spacing
relationship by applying merchantable limits which
are sufficiently high. The choice of merchantable
limit can thus explain some apparently contradictory
results evident in the literature.

Evert’s summary of studies of basal area produc-
tion relative to spacing, demonstrate differences on
average very close to those presented here for Scots
pine, Sitka spruce and Norway spruce over the same
range of spacings. With volume production three
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studies are particularly noteworthy. The study of
Cromer and Pawsey (1957) in Pinus radiata shows
differences in total (to tip) volume over a compara-
tive range of spacings at first thinnings to be rather
less than experienced here with, for example, Scots
pine considering the different measurement limits.
A critical difference in the radiata study, however, is
that height growth is shown to be greater in wider
spacings, contrary to the findings here which of course
have a notable effect on the relative levels of volume
production. In a Norway spruce spacing study,
Kjersgaard (1964) shows total volume (to tip) pro-
duction differences which, again allowing for the
difference accounted for by volume from 7 cm top
diameter to the tip, are not dissimilar to those
experienced with the same species here. Finally in
Jack’s (1972) study in Sitka spruce, volume produc-
tion (to 8 cm top diameter) losses with wide spacings
are again very similar to those found with Sitka
spruce in this paper.

As with volume and basal area, a clear relationship
between mean dbh and spacing is not in dispute. In
this case, of course, the correlation is positive. Since
mean dbh is a consequence not only of spacing but
of mortality, subsequent thinning treatment and an
inherent basal area/top height relationship, absolute
comparisons between results presented here and
those found in the literature is scarcely fruitful.

A reduction in crop form factor with increased
spacing appears to be universally true. The more
debatable aspect of this question is whether or not
variation in form factor is wholly accounted for by
variation in dbh. Cromer and Pawsey (1957) and
Echeverria (1943) suggest this to be the case whilst
Marsh (1957) has convincingly demonstrated that
this is not his experience with Pinus patula. The
evidence of the Forestry Commission spacing experi-
ments could barely be described as conclusive, but
it does tend to support the first mentioned viewpoint.

In general, many of the experiments described in
the literature suffer from deficiencies not unlike
those of the Forestry Commission experiments, i.e.
inadequate replications in the face of site variation,
incomplete assessments, limited range in spacings,
etc. It is to be expected that more recently established
experiments would eliminate these inadequacies and
in due course improve on the knowledge of the effect
of spacing outlined here.



VII. SUMMARY OF RESULTS

The results of analyses of Forestry Commission
spacing experiments in Scots pine, Sitka spruce,
Norway spruce, European larch, Japanese larch and
Douglas fir demonstrate that:

a. closer spacings result in earlier competition
with consequent higher rates of mortality prior
to the thinning stage. At 10 m top height about
509 of the original stocking survives in 0'9 m
spacing plots compared with about 909 in
2.4 m spacing plots.

b. marginally greater top heights are associated
with closer spacings. Absolute differences
between 0.9 m and 2.4 m spacings may be
almost 1'0 m depending on the species.

c. greater total basal area production results from
closer spacings. The absolute differences
between 0°9 m and 24 m square spacings range
from about 16-18 m2/ha, in Scots pine, Sitka
spruce and Norway spruce, but about 8 m2/ha

between the 12 and 2'4 m spacings in Japanese
larch.

. greater volume production results from closer

spacings. The differences occurring at about the
age of first thinning of the widest spacing
(10-12 m top height) between the 0:9 and 2-4 m
spacing are in the region of 40-55 m3/ha for
Scots pine, Sitka spruce and Norway spruce,
rising to about 60-70 m3/ha at the average age
of maximum mean annual increment. In Japan-
ese larch the corresponding differences between
the 1:2 m and 24 m spacings are about 14 and
18 m3/ha respectively.

. greater diameter growth results from wider

spacing.

. crop form factors are lower in crops of wider

spacing.

. taper rate in the lower part of the stem increases

with wider spacing.
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APPENDIX I

LIST OF EXPERIMENTS

Average
Species Expt Nos. Forest Treatment P Year General
Yield Class
Scots pine 2086-2089 Tintern P 1935 14
2093-2096 Llanover, Ebbw P 1935 10
3344-3347 Roseisle, Laigh of Moray P 1935 12
Expt 6 Block III Roseisle, Laigh of Moray P 1936 10
Expt 7 Block I

&I1 Findon, Black Isle P 1935 8 &10
Expt 1 Slaley P 1936 9
1374-1377 Thetford Q 1935 10

Expt 6 Block I

&1I Roseisle, Laigh of Moray Q 1936 9
Expt 3 Glengarry Q 1935 9
Expt 7 Findon, Black Isle Q 1935 9
Expt 1 Slaley Q 1936 9
3410-3413 Findon, Black Isle R 1936 9
3422-3425 Roseisle, Laigh of Moray R 1935 9
Expt 1 Slaley R 1936 9
Sitka spruce Expt 14 Ae P 1935 17
Expt 70 Kielder North P 1936 14
Expt 2 Barcaldine P 1935 20
Expt 5 Knapdale P 1936 18
Expt 5 Glen Garry P 1935 19
2121-2124 Brecon, Brycheiniog Q 1935 17
2125-2128 Radnor Q 1935 16
21742177 Rheola Q 1935 12
Expt 14 Ae Q 1936 17
Expt 3 Durris, Banchory Q 1935 17
2180-2183 Gwydyr R 1935 8
2184-2187 Clocaenog R 1935 13
3351-3353 Inverinan, Inverliever R 1935 22
Expt 6 Loch Ard R 1936 17
Norway spruce 2108-2111 Ceri P 1935 13
Expt 2 Kershope P 1936 16
Expt 69 Kielder North P 1936 13
Expt 15 Ae P 1935 14
Expt 1 Loch Ard P 1936 19
Expt 3 Inverinan, Inverliever p 1936 14
Expt 1 Fiunary, Sunart P 1935 14
Expt 2 Barcaldine P 1936 20
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Average

Species Expt Nos. Forest Treatment P Year General
Yield Class
Norway spruce 2098-2101 Clocaenog Q 1935 12
—continued 2158-2161 Rheola Q 1935 13
Expt 69 Kielder North Q 1936 13
Expt 16 Ae Q 1936 15
Expt 3 Inverinan, Inverliever Q 1936 15
Expt 4 Glen Livet Q 1935 11
Expt 4 Glen Garry Q 1935 14
Expt 2 Durris, Banchory Q 1935 12
3417-3420 Glen Livet R 1935 12
3426-3429 Clunes, Leanachan R 1935 19
Expt 4 Glen Garry R 1935 16
Japanese larch 1357-1359 Bodmin, Kernow P 1935 10
2065-2067 Crychan P 1935 12
2069-2071 Rheola P 1935 12
2090-2092 Llanover, Ebbw P 1935 7
2105-2107 Gwydyr P 1935 7
3280-3283 Drumtochty, Mearns P 1935 6
3295-3298 Dalbeattie, Solway P 1936 12
Expt1 Barcaldine P 1935 13
Expt 2 Fiunary, Sunart P 1942 7
1393-1395 Brendon Q 1935 10
2118-2120 Caeo Q 1935 12
2135-2137 Brechfa Q 1935 12
Expt 1 Barcaldine Q 1935 13
European larch 1400-1402 Mortimer P 1935 6
2102-2104 Clocaenog P 1935 7
3261-3264 Fleet P 1936 9
Expt 26 Clashindarroch, Huntly P 1937 5
1414-1416 Dean Q 1935 9
2129-2131 Radnor Q 1935 5
Expt 45 Clashindarroch, Huntly Q 1935 4
Douglas fir Expt 2 Iverinan, Inverliever P 1936 16
1382-1385 Eggesford Q 1935 18
2115-2117 Ystwyth Q 1935 16
2132-2134 Brechfa Q 1935 15
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APPENDIX II
YIELD MODELS FOR UNTHINNED STANDS
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