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I. GROWTH AND YIELD FROM THEORY TO PRACTICE

INTRODUCTION

In British Columbia among professional foresters there are a variety

of opinions about the physical responses to intensive forest management
practices. There are three reasons for this professional disagreement:

an imperfect awareness and understanding of forest growth
and yield principles ‘

failure to discriminate between the total stand and the
merchantable part of the stand

failure to interpret research results under operational
conditions.

The purpose of this part of the report is to build a trail from
the treatment responses p;edicted by theory and demonstrated by research
results, through the changes caused by focussing on the merchantable partA
of the stand, to further changes caused by applying treatments in

operational conditions.



THEORY

In other fields of biology besides forestry the development of
coherent and flexible theories of growth and yield has been a major
objective. For example, Thompson (1917) produced a formidable work on
animal growth entitled "On Growth and Form." In fisheries management
Beverton and Holt (1957) produced their famous book "On the Dynamics of
Exploited Fish Populations." In forest growth and yield nothing of
comparable strength has ever been produced. A comprehensive general theory
of forest growth has yet to be developed. In the forestry profession
outside B.C. several important growth and yield principles have been
established. In addition the disciplines of agriculture and agronomy have

established growth principles which apply equally well to forest stands.

The following sections present some Key parts of known growth and

yield theory for even aged stands, under six headings. These are:

the principle of constant final yield

understocked and fully stocked stands

stand growth and different levels of sunlight
stand growth and different levels of soil moisture
stand growth and fertilization treatments

stand growth and thinning treatments.

This presentation will link the mensurational and physiological
principles concerning forest growth and response to intensive treatments.
Against this background, the effects of merchantability and operational

conditions on treatment responses can be more clearly assessed.



THE PRINCIPLE OF CONSTANT FINAL YIELD

Every forest site has a fixed innate productive capacity because a
given area of land provides just so much soil moisture, soil nutrients,
carbon dioxide and sunlight for plant growth. Experimental work with
agricultural crops initiated by Kira et al (1953) and Kira and Shinokazi
(1956) Tled to some interesting generalizations. They concluded that the
same final yield over a considerable range of initial crop densities is the
ultimate state reached in initial spacing experiments. Their experiments

were carried out in the field and in artificial containers.

Other experiments with agricultural crops have confirmed this
principle of a constant final yield for a wide range of initial stand
densities. The yield in annual pasture plants grown at different initial
densities by Donald (1951) tended to converge to the same final yield, The
final yield of the sparse swards approached that of the more dense swards
because of the extreme reduction in growth rate in dense swards late in the
season which coincided with high growth rates in the sparse swards. Hawkins

and Peacock (1973) grew a variety of upland cotton (Grossypium hirsutum) at

two densities with different planting patterns at different locations. No
significant differences in cotton yield due to different densities were
found. A maximum yield for barley grain was found by Kirby (1967) in a

field experiment using four varieties of barley (Hordeum vulgarew), each

grown at four different densities. Increasing initial density increased
the number of tillers surviving to form ears but this was followed by a
higher rate of tiller death. A1l four densities produced a similar

biomass by the end of the growing season.



There are many more examples in the agricultural journals which
confirm the principle of a constant final yield for a wide range of initial
densities. Because the entire 'rotation' is compressed into one growing
season agricultural experiments provide a great deal of data which is not
available from forestry experiments. Because trees and agricultural crops
are related, that is they are all plants, it is reasonable to expect that
the growth of tree and agricultural crops follow the same principles. For
example, Pienaar and Turnbull (1973) analyzed the total stand basal area

growth of slash pine (Pinus elliotti) in South Africa and demonsfrated the

principle of constant final yield applied to these plantations. These
authors pointed out that the well Y own forestry doctrine of 'trend towards
normality' in non-normal forest stands implies a constant final yield and a
1imit to the amount of live matter that can be sustained by a given site.
Pienaar and Turnbull (1973) found that initial densities of 2964 per
hectare down to 494 could ultimately sustain an equal maximum amount of
live basal area. One of their conclusions was:

stands with initial stocking densities above a certain Tower limit

will converge towards an identical amount of basal area per hectare,

determined by the productive capacity of the given site.

This conclusion is exactly the same one reached in the experiments
with agricultural crops referred to above. The principle of constant final
yield applies to South African slash pine plantations. Other forestry
research into the trend towards normality provides supporting data. Spurr
(1952) refers to a 1914 paper by Carter which identified a minimum number
of trees per hectare that will eventually lead to full density and maximum
yield. Conversely, dense stands lose stems to mortality and converge to
the same final maximum yield. Permanent sample plots established in the

Douglas fir type in Oregon and Washington, and reported on by Meyer (19283a,



1928b, 1933) and Briegleb (1942) imply convergence toward the same final
maximum yield. The trend toward normality for western white pine was
studied by Watt (1950). He found that stand basal area approached a
similar final yield. Meyer (1942) used a group of permanent sample plots

in loblolly pine to provide evidence of the trend towards normality.

The Pattern of Convergence to the Same Final Yield

Continuing with their analysis of slash pine plantations, Pienaar and
Turnbull (1973) showed how the growth rate or current annual increment
(CAI) of a forest stand is related to the starting density. Figure 1 shows
the graph of CAI (total stand) against age for six different starting
densities. For each density the CAI rises to a maximum and then decreases.

Figure 1 forces the following conclusions for total stand growth:

the maximum CAI is highest at the highest starting density and Towest
at the lowest starting density; maximum CAI decreases progressively as

the starting density decreases

the maximum CAI occurs at the youngest age for the highest density and
at the oldest age for the lowest density; maximum CAI occurs at

progressively older ages as the starting density decreases

after the maximum CAI has been reached, it declines much faster for
higher starting densities and eventually drops below the CAI for the

Jower densities.



Figure 1: Slash Pine Live Basal Area Growth Rates in Relation to
Age for Different Initial Densities (stems/ha)
Adapted from Pienaar and Turnbull (1973)
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For the total stand, Figure 1 shows that low density stands take
longer to reach the final yield but grow more steadily than high density
stands. High density stands grow at a fast early rate which peaks at a

younger age than low density stands and then falls off rapidly.

The patterns of growth shown in Figure 1 explain how field
observations could be wrongly interpreted by enthusiastic
silviculturalists. For example, suppose one finds two forest stands of
the same age but different densities. If the denser stand is already
past the age of maximum CAI then it will have‘the higher standing volume
but, following Figure 1, the CAI may have declined below that of the low
density stand. In these circumstances the low density stand will be
growing faster than the high density stand, but will have a Tower
standing volume. A natural, but wrong, conclusion would be that the low
density stand will produce a higher final total volume yield. In fact
they will converge to the same maximum final yield. Current annual
increment in Douglas-fir peaks between 15 and 30 years for basal area
and volume growth on sites above Site Index 25 (King). Therefore the
situation suggested above will be encountered in relatively young stands

in the field.

Finally, Figure 1 has implications for mean annual increment

(MAI) in the total stand. These are:

because maximum CAIl decreases as the starting density is decreased,
then maximum (culmination) MAI also decreases as the starting

density decreases



because maximum CAI occurs at progressively older ages as the

starting density is decreased, then so will maximum MAI.

Pienaar and Turnbull (1973) found there were some starting densities
that were so lTow that the final maximum yield could not be achieved. These
stands never became fully stocked. The next principle to be discussed is

the level of stocking.

UNDERSTOCKED AND FULLY STOCKED STANDS

Even though the principle of constant final yield is true for a wide
range of initial densities on a given site, some densities are too Tow to
take full advantage of the productive capacity of the site. One tree alone
on a hectare of ground will never produce as much as a plantation of 1000
trees. To apply thinning treatments efficiently foresters must be able to

define and measure full stocking.

Using agricultural research again, Meredith and Chism (1973) planted
cotton in the Mississippi delta at different spacings. The initial
densities ranged from 24,700 to 222,300 plants per hectare. At the low end
of this range final yield was proportional to initial density because there
were not enough plants to capture the full productive capacity of the site.
Eventually a minimum density was reached above which final yields were not

significantly different.

For grain crops, the grain yield (distinguished from total dry weight
yield) rises to a maximum as density increases, but declines at high

densities, even though total dry weight achieves a constant final yield.



Kirby (1967) found the maximum grain yield for barley occurred at the
minimum density required to achieve the constant final yield of dry matter.
Similar results were obtained by Goldsworthy and Taylor (1969) for the

yield components of a sorghum (Farafara) species grown in Nigeria.

In forest stands of Douglas fir, simulation studies, e.g. Mitchell and
Cameron (1985) suggest that about 300 stems per hectare is the minimum
density required to eventually achieve the constant final yield for a given

site,

For annual crops full stocking is easy to define. Those densities
below the minimum required to achieve the constant final yield are
understocked. Densities equal to or greater than this minimum are able to

capture the full productive capacity of the site and are fully stocked.

In forest crops with a life cycle of many years full (or normal)
stocking is more difficult to define. To most foresters, a fully stocked
stand at a given age is one that appears to be fully using the productive
capacity of the site at that particular stage of stand development. Several
practical, quantitative methods have been developed to measure the level of
stocking in a forest stand at any age. In the consultants' opinion the
best method is that developed by Drew and Flewelling (1977, 1979) which is
based upon the relationship of average tree size to stand density. The
following pages explain the use of Drew and Flewelling's relative density

index to measure the level of stocking in a forest stand.



The Relationship of Average Tree Size to Stand vensity

Starting once again with agricultural researci, Yoda et al [1963)
conducted experiments with overcrowded populations in which competitive

mortality was taking place. They reached the conclusion that:

irrespective of initial stand density there is a maximum density for
each stand development stage and higher densities cannot be reached no

matter how many seedlings are established.

Consequently Yoda et al (1963) concentrated on the special
relationships between the maximum average plant size possible and stand
density in overcrowded stands. They found that in spite of differences in
age, stage of growth, locality and micro-habitat conditions, a single line
represents the plant relationship between average plant size and density in
overcrowded stands. That is, the maximum average plant size attainable for

a given density is given by

2 1.5 1)
Wmax - k(8>
where Woax = maximum average plant weight
d = stand density
k = a constant which is different

for each species

Equation (1) holds for all stands in which competitive mortality is
taking place. Equation (1) implies the following for these overcrowded

stands:

10



in stands where competitive mortality is taking place those with a
similar average plant size will have a similar density, regardless of

differences in initial density, stand age and site quality

in overcrowded stands, as development proceeds and average plant size
increases, stand density will converge to the same level, irrespective

of differences in initial stand density.

Equation (1) can be used to estimate the maximum density possible in a
stand subject to competitive mortality, when the given average plant size

is known. Taking logarithms and re-arranging variables gives the, equation:

1n(dmax) =k - Tnw (2)
1.5
where d = maximum attainable stand density

max >
a for average plant size ‘'w'

Equation (2) estimates the maximum density possible for a given

average plant size.

Drew and Flewelling (1977, 1979) applied equation (2) to forest stands
of Monterey pine growing in New Zealand and Douglas-fir from Washington,
Oregon and New Zealand. In both cases the mean tree volume was used to
represent average tree size. The following equation was developed for

Monterey pine:

]n(dmax) = 10.081—51n(7) (3)

11



where dmax = the maximum stand density per acre
possible for average tree volume (cubic feet)

For Douglas-fir the equation was:

1n\dmax) = 12.64ﬂ-%1n(g) (4)

where density and volume are also in terms of trees per acre and cubic

feet.
What do equations (3) and (4) tell us?

To give one example, in a stand with an average tree volume of ten
cubic feet, the maximum attainable density would be 179 trees/acre for
Monterey pine (equation 3) and 987 trees/acre for Douglas fir (equation 4).

What do these equations have to do with levels of stocking?

For a given average tree size the density of a real stand may be less
than the maximum attainable. Flewelling and Drew (1979) defined a measure

of relative density for a given stand as:

. the ratio of actual stand density to the maximum stand density

attainab]e in a stand with the same mean tree volume.

They called this ratio the relative density index (RBI). This ratio

is a measure of the level of stocking. These authors estimated that any

stand with a relative density index equal to or greater than 0.4 was fully
stocked. That is an RDI of 0.4 or more means that the productive capacity
of the site is being fully used. Once the RDI for a stand becomes greater

than 0.55 the live volume or live basal area growth rate declines due to

12






STAND GROWTH AND DIFFERENT LEVELS OF SUNLIGHT

For the individual trees in a forest stand, light energy must be
intercepted by the leaves as the energy source for photosynthesis. Within
the stand, competition for light is between canopy or foliage layers. The
area of foliage per hectare of land is called the 'Leaf Area Index' (LAI).

Light intensity falls sharply as it penetrates into a canopy.

It has been shown for agricultural crops that there is an optimum LAI
value for a given level of sunlight. At the optimum LAI the stand growth
rate is at a maximum. It has alce een shown that the optimum LAI is
always below the maximum attainable LAI. If the leaf area increases above
the optimum level, the growth rate drops off until a maximum, or ceiling
LAI is reached. Donald (1963) describes this state of ceiling LAI in
clover swards where the basal leaves are dying at the same rate that new
ones are produced at the top. Once the ceiling LAI is reached no net
addition to leaf area is made but growth continues until respiratory losses
equal photosynthetic gains. At this point the constant final yield of dry

matter has been achieved.

In forest stands the point at which the current annual increment (CAI)
peaks should also be the point where LAI is at the optimum value. When, and
only when, other growth factors like water and nutrient supply are not
limiting, the optimum LAl will increase with increased levels of sunlight.
If other factors are not limiting, the peak CAI for a tree species should

increase with the intensity of sunlight, and the tree canopy should carry

more leaves.
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