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Introduction

Density management is the manipulation and control of
growing stock to achieve specific management objectives.
While the actual control of growing stock is relatively easy to
achieve through initial spacing and intermediate cuttings, the
determination of appropriate levels of growing stock at the
stand level is a complex process involving biological, techno-
logical and economic factors specific to a particular man-
agement situation (Davis 1966). The objective of this paper is
to review and illustrate a basic approach to density manage-
ment that is biologically sound, easily applied, and flexible in
facilitating a wide range of management objectives.

Size-density Relationships
as Indices of Growing Stock

The most generally effective indices of growing stock are
those that combine some expression of mean size (e.g. mean
weight, volume, height or DBH) and density (e.g. trees/ha)
(Curtis 1970, 1971; Long and Smith 1984). Perhaps the most
familiar of these indices is Reineke's (1933) stand density
index (SDI), based on the predictable relationship between
quadratic mean diameter and trees per unit area in dense
stands. SDI represents one of a number of basic size-density
relationships. Others that have been suggested as measures
of growing stock include mean volume-density (Drew and
Flewelling 1977) and mean height-density (Wilson 1979).
Many other stand density indices are variations based on one
of these basic size-density relations (Curtis 1971).
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The relation between average size and density of individu-
als in populations experiencing density-related or suppres-
sion mortality has been shown to be exceedingly predictable
(Figure 1) for a number of herbaceous and tree species (Gor-
ham 1979; White 1980). In the ecological literature, the rela-
tion is commonly referred to as the “self-thinning rule” (Yoda
et al. 1963). This fundamental relationship, independent of
both stand age and site quality, provides an excellent basis _
from which to develop an understanding of the competitive
interactions between individuals in a population (Hutchings
and Budd 1981; Long and Smith 1984). The self-thinning rule
is the basis of various stand density indices, including SDI, and
its practical application in the analysis and management of
stand density has been demonstrated for a number of species
(Ando 1968; Drew and Flewelling 1979; McCarter 1984).

Much of the vatue and potential application of these size-
density indices in density management result from.the fact
that they are independent of site quality and stand age. They
therefore confer the ability to compare levels of growing stock
(and thus competitive stress, degree of site occupancy and
growth as a percent of potential) regardless of differences in
site quality or stand age. A stand density that is deemed ideal
in the context of a particular set of management objectives
can be projected forward or backward to a different stage of
stand development. Growth-growing stock relations (for
example, those based on stocking control studies) can be
translated into density management prescriptions for stands
of different ages and site quality.

An advantage of Reineke’'s SDI is the ease with which it can
be estimated and applied. The SDI for a stand is the number of
trees per ha (tpha) as if the quadratic mean diameter (DBHgq)
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Figure 1. Relation between mean DBH and density for self-thinning stands of Douglas-fir (A) and western hemlock (B). (after Wiley 1976).

were 25 cm. Given the actual tpha and DBHq, SDI can be
calculated (Daniel and Sterba 1980) with the formula:

(1y SDI = tpha(DBHq/ZS)’6 .
where: tpha = observed trees/ha
DBHq = diameter of tree of average
basal area

Given any two of the stand parameters, it is possible to solve
for the third following simple algebraic manipulation:
(2) tpha= SDI/(DBHq/ZS)‘ 6
(3) DBHg= 25(SDI/tpha)° 82

While the calculation of SDI is independent of species, the
significance of a particular SDI varies from one species to
another (Table 1). For the sake of generality in this discussion,
I shall refer to SDI as percent of the maximum for the species.

Designing a Density Management Regime:

In the approach to density management advocated here,
management objectives are translated into specific target
levels of growing stock. In principle, the stand is allowed to
grow to the targeted upper limit of growing stock and is thinned
down to the lower limit. This process is repeated as many
times as necessary. Typically some maditication of this simple
process is needed to accommodate some aspect of the man-
agement objectives, such as mimimum merchantable tree
size and minimum volume removal per entry.

The translation of specific management objectives into
appropriate upper and lower levels of growing stock is, of
course, the key to and most difficult step in designing a density
management regime (Davis 1966). The use, however, of a
size-density based index of growing stock, such as SDI,
greatly simplifies the process.

Table 1. Examples of “key” SDI values for various species.

Species
% of Ponderosa Lodgepole Douglas- Western
max. SDI pine pine fir hemlock
Maximum 100 2050 1700 1450 1950
Lower limit of self-thinning 60 1225 1020 870 1170
Lower limit of “full site occupancy” 35 720 600 510 680
On-set of competition! 25 510 425 360 490

'This roughly corresponds to “initial crown closure”, see Drew and Flewelling (1977) for
discussion.
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Density management regimes, and the upper and lower
limits to growing stock, typically represent a compromise
between maximization of volume production on an area basis
(e.g.m3/ha/yr) and maximization of individual tree growth and
size. This is because both aspects of growth (i.e. stand versus
individual) cannot be simultaneously maximized. Figure 2
illustrates the general relation between current annual growth
and level of growing stock, represented by SDI as a percent of
the species maximum SDI. For stands undergoing self-
thinning, net growth of the stand will of course decline; gross
stand growth will, barring stagnation, remain on the “plateau”
of the curve.
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Figure 2. Currentannual stand and individual tree growth as related
to growing stock. % SDI is the actual SDi expressed as a
percent of the species maximum SDI. Potential growth is
dependent on species, site quality and stand age. (after
Langsaeter 1941).

The nature of the silvicultural trade-off between stand ver-
sus individual tree growth in a specific situation is a direct
consequence of the management objectives. By way of a
simple example, if the management objective were to maxim-
ize total volume production, without regard to individual tree
size, upper and lower limits of growing stock would be chosen
in order to maintain the stand within Zone lll (Figure 2) for most
of the rotation. Alternatively, if the management objective were
to maximize individual tree growth and size, without regard to

February 1985 the Forestry Chronicle

volume production on an area basis, an appropriate strategy
would be to maintain the stand within Zone |.
SDI represents an effective index with which to translate

.growing stock objectives into density management prescrip-

tions. The following examples illustrate possible criteria that
might be used in arriving at appropriate upper and lower levels
of growing stock.

An important criterion that might be used in arriving at a
target upper level of growing stock is a minimum acceptable
rate of individual average tree growth. If the level of growing

" stockin a stand is above the threshold for competitive interac-

tion (i.e., transition between zones | and I, Figure 2), individual
tree growth falls below the potential for open-grown trees of
that species, site quality and age. Management constraints
involving minimum merchantable tree sizes, value production
and harvesting costs may dictate that levels of growing stock
not be allowed to exceed a certain level. So called “minimum
tending” or “sudden sawlog” regimes would involve using a
relatively low SDI as the upper limit to growing stock.

Another possible criterion in deciding on an appropriate
upper limit is a minimum acceptable level of individual tree
vigor. The vigor of trees in a stand is related to their ability to
quickly respond to thinning (Walkup 1975) and their suscepti-
bility to various pests (Keen 1936; Westveld 1954; Waring and
Pitman 1980). A live crown to total stem height ratio of at least
40% has been cited for a number conifers as representing a
generally acceptable level of individual tree vigor (Daniel et al.
1979). For several coniferous species, a live crown ratio of
40% seems to correspond with an SDI of about 50% of the
maximum SDI for the species (Figure 3).

Live Crown (%)
90 -
[ ]

LX)
80

SO

40 Ak
30F

1 -l | L | j
20 30 40 50 60 70 80

% SDI

Figure 3. Relation between average live crown ratio {length of live
crown/total stem height) and % SDI for stands of Douglas-
fir (0} and lodgepole pine (L ).

A more conservative upper limit to density is one that merely
avoids self-thinning or suppression-related mortality. A SDI of
less than or equal to 60% of the maximum SDI for the species
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would result in stands largely free from self-thinning (Wiley
1976; Drew and Flewelling 1977, 1979; Flewelling 198t;
McCarter 1984), It would also, of course, result in trees sub-
stantially smaller than if the upper limit SD! were lower.

A decision concerning the lower limit to stand density

The level of growing stock after thinning affects the growth
of both the stand and the individual trees (Figure 2). Setting of
alower limit to stand density involves answering the question,
“How much of the potential volume production of the site am |
willing to give up in return for increased individual tree growth
and size?" If, for example, the answer is “very little"”, a suitable
target lower limit might be approximately 35-40% of the maxi-
mum SDI for the species. Alternatively, a “sudden sawlog”
tegime might involve the use of substantially lower SDIs fol-

-lowing thinning.

Objectives concerning the desired interval between thin-
ning entries affect both upper and lower limits to stand density.
The closer the upper and lower limits are to each other, the
shorter the reentry period and, in general, the greater the
percentage of the potential volume production of the site that
will be captured.

To illustrate the process, two simple density management
regimes will be developed for a hypothetical even-aged stand
with approximately 2000 tpha. These trees are evenly spaced
and currently average less than 5 cm DBH. The species
involved has a maximum SDI of approximately 1700 (e.g.
lodgepole pine). The objectives and the assumptions that are
made, are simplistic; however, they serve to illustrate the
process.

The first example (“*high volume") assumes that a relatively
high priority is to be placed on the maximization of volume
production. To assure prompt response to thinning, an upper
limit of 850 (i.e., about 50% of the SDImgax) is chosen. A lower
limit of 600 (i.e., about 35% of the SDImgx) is chosen. This
choice of upper and lower limits should result in reasonably
full site utilization, vigorous crop trees, and prompt release
following thinning. Itis further assumed thata DBHq of at least
20 cm is necessary for a thinning entry to be considered
commercial. A target of 40 cm is assumed for the end-of-
rotation DBHg.

Tabte 2 illustrates the resulting "high volume” density man-
agement regime. The three fairly light commercial thinnings
called for are consistent with the objective of full site utilization
and high volume production. The first commercial entry has
been “set up" with a pre-commercial thinning (PCT) that
reduced the level of growing stock to approximately
1,125 tpha.ltislogical thatthe PCT should be done prior to the
on-set of competive interaction to avoid unnecessary loss of
growth by crop trees. In the current example, this would cor-
respond to a DBHg of about 9.5 cm or less (i.e. 2000 tpha and
SDI = 425, or 25% of the SDimax).

Table 2. “High volume” density management regime.

ENTRY SDI TPHA DBHgq (cm)
Before After Before After
PCT 2000 1125 50
1stCT 850 600 11259 800 21.0f
2nd CT 850 600 800€ 565 26.0d
3rd CT 850 600 565C 400 3220
Final 850 — 4008 — 400

aGiven end-of-rotation targets of SDI = 850 and DBH = 40 cm, calculate tpha using equation
2 DGiven after thinning SDI = 600 and 400 tpha. calculate DBH using equation 3 ’

CGiven DBH = 32.2 cm and before thinning SDI = 850. calculate before thinning tpha using .~

equation 2

Given after thinning SDI = 600 and 565 tpha, calculate DBH using equation 3
€Given DBH = 26.0 cm and before thinning SDI = 850. calculate before thinning tpha using
equation 2
tGiven after thinning SDI = 600 and 800 tpha. calculate DBH using equation 3
8Given DBH = 210 cm and before thinning SDI = 850. calculate before thinning tpha using
equation 2
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The second example represents a “sudden sawlog” or
“minimum tending” regime (Table 3). This example assumes
no commercial thinnings and a final DBHg of 35 cm in a

_ relatively short rotation. To maintain reasonably fast individual

tree growth rates, an upper limit SDI of 600 is chosen. This
combination of end-of-rotation SDI and DBHq corresponds
to 350 tpha. This will be “set-up” with a precommercial thin-
ning (leaving about 350 tpha) prior to a SDI of 425 (i.e. before
the DBHq is 9.5 cm).

Table 3. “Sudden sawlog” density management regime.

ENTRY SDI TPHA DBHq (cm)
Before After Before After
PCT 2000 350 5.0
Final 600 — 3502 — 350

aGiven end-of-rotation targets of SDI = 600 and DBH = 35.0 cm, calculate tpha using equation
2

Summary

Stand density indices that are based on size-density rela-
tionships constitute a valuable tootin translating management
objectives into practical density management regimes. Com-
monly, management objectives involve some form of com-
promise between the mutually exclusive goals of maximizing
either stand or individual tree growth. SDI, which is independ-
ent of site quality and stand age, allows management objec-
tives to be translated into specific target levels of growing

‘stock. Reasonable generalizations concerning growth-

growing stock relationships for a particular species, coupled
with a suitable stand density index, allow at least good first
approximations of rational density management regimes.
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