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Abstract 

Density management diagrams (DMDs) are used to quickly examine alternative density management regimes. DMDs are 
based upon several ecological concepts, and thus demonstrate links between quantitative silviculture and ecology. We group 
the important ecological concepts incorporated into DMDs into three broad categories: (1) the generality of allometric 
relationships; (2) the nature of size-density relationships; and (3) the ability of relative density indices to characterize stand 
development. We review the evidence for each of these categories as they are applied in DMDs. There is strong evidence for 
the application of allometric relationships to predict stand yield and for the ability of relative density indices to characterize 
elements of stand development. Some ambiguity exists concerning the application of size-density relationships. Specifically, 
there is some evidence indicating that maximum size-density relationships may vary with genetics, management practices, 
and environmental conditions. In general, we conclude that DMDs rest on a strong conceptual foundation. 

Keywords: DMD; Size-density; Self-thinning; Relative density 

1. Introduction 

Silviculturists design and implement strategies to 
achieve desired future stand conditions which may 
represent a wide range of stand structures and species 
compositions. These strategies require accurate pre­
dictions about future stand development, including 
stand structure and the competitive effects at tree and 
stand levels, 

• Corresponding author. Tel: (409) 845-5077; fax: (409) 845-
6049; e-mail: s-jack@tamu.edu. 

Predictions of stand development depend largely 
on ecological concepts. Quantitative silviculture ap­
plies principles, concepts and models from popula­
tion ecology, production ecology and biometrics to 
assess and make predictions relating to various as­
pects of stand development. It also relates how den­
sity influences stand structure, canopy dynamics and 
production efficiency. 

A tool used increasingly in quantitative silvicul­
ture is the density management diagram (Fig. 1), a 
deceptively simple tool which is useful in the design, 
display and evaluation of alternative density manage­
ment regimes. These diagrams incorporate basic as-

0378-1127/96/$15.00 Copyright © 1996 Elsevier Science B.V. All rights reserved. 
PlI S0378-1127(96)03770-X 



206 S.B. lack, IN. Long / Forest Ecology and Mmwgement 86 (1996) 205·-220 

sumptions concerning the density-dependent behav­
ior of populations. including self-thinning and reac­
tions to competition (Drew and Flewelling, 1979). 
These basic assumptions, some of which are more 
widely accepted than others, are based on important 
links between quantitative silviculture and tree popu­
lation dynamics. 

In this paper, we illustrate the use of density 
management diagrams and evaluate fundamental as­
sumptions which underlie their construction and 
which form several important linkages with popula­
tion ecology, production ecology and biometrics. 
These basic concepts and assumptions can be grouped 
into three general categories: 
1. The generality of basic allometric relations; 
2, The nature of maximum size-density relations: 

and 
3. The indexing of relative density. 

We examine the validity of each of these cate­
gories and evaluate their suitability for use in density 
management. 

(a) 

2. Density management diagrams: components 
and use 

Density management diagrams (DMDs). which 
have also been referred to as stand 'density control 
diagrams' and . yield-density diagrams', are graph i 
cal representations of simple stand average models. 
Formats vary considerably (examples of the most 
common formats are shown in Fig. I), but most 
include mean or average size of some tree measure 
(e,g. volume (Fig. I a) or diameter (Fig. I b» and 
stand density on the major. logarithmic axes: they 
also include additional sets of lines corresponding to: 
(1) an index of stocking or relative density (several 
relative density indices are defined in Table I): (2) 
stand volume or mean diameter (depending on which 
of the two is displayed on a major axis): (3) site or 
top height. We distinguish between DMDs and many 
other commonly used stocking charts and nomo­
grams (e.g. Gingrich. 1967); a key difference is that 
DMDs include site or top height which. together 
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Fig, I. Examples of density management diagrams for: (a) jack pine (after Archibald and Bowling, 1995, used with pennission of authors); 
(b) teak (Kumar et al.. 1995); and (c) deciduous broad-leaved forest (Kikuzawa, 1982), The different fonnals result from the use of different 
relative density indices and the tree size measures defining the axes. 
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Fig. 2. Two representative density management regimes (A: 'Iog', 
B: 'pole') and an unthinned control (C) for teak (after Kumar et 
aI., 1995). The 'log' regime utilizes a series of commercial 
thinnings to produce log and pole-sized trees, while the • pole' 
regime uses one early commercial thinning to quickly produce 
pole-sized trees. The 'control' regime represents the natural self­
thinning trajectory for a stand with no density manipulation. Yield 
data for the regimes are provided in Table 2. 

with appropriate site index curves, allow estimates of 
growth rates. Density management diagrams have 
been constructed for many species, including most of 

Table I 

the commercially important Japanese tree species 
(Ando, 1968), and for the following North American 
tree species: Douglas-fir (Pseudotsuga menziesil 
(Mirb.) Franco) (Drew and Flewelling. 1979; Long 
et ai., 1988); lodgepole pine (Pinus eontorta vaL 
lati/olia Engelm.) (Flewelling and Drew, 1985; Mc­
Carter and Long, (986); jack pine (Pinus banksiana 
Lamb.) (Archibald and Bowling, (995); red alder 
(Alnus rubra Bong.) (Hibbs, 1987); red pine (Pinus 
resinosa Ail.) (Smith and Brand, 1989); western 
redcedar (Thuja plicata Donn ex E. Don) (Smith, 
1989); slash pine (Pinus elliotrii EngelmJ (Dean 
and Jokela, 1992); black spruce (Picca mariana 
(Mill.) B.S.P.) (Newton and Weetman, 1993); 
loblolly pine (Pinus taeda L) (Dean and Baldwin, 
1993; Williams, 1993); and Cooper pine (Pinus 
cooperO (Chiapetta, 1990). 

Though at first glance DMDs may appear compli­
cated and unwieldy, these diagrams make it possible 
to quickly design and evaluate the consequences of 
altemative density management regimes. Fig. 2 ilIus· 
trates two altemative regimes for a teak (Teetona 
grandis L.f.) stand (Kumar et a!., 1995), as well as a 
natural self-thinning trajectory. The regimes and their 
'trajectories' in the diagram are determined by their 
different objectives: the 'pole' regime produces a 
large number of teak poles in a fairly short rotation 
using a single thinning operation (horizontal move­
ment along the trajectory), while the 'log' regime 
provides a combination of poles and large logs 
through a series of commercial thinnings. The self­
thinning alternative represents a typical development 
pattern for an unthinned regime. Further details re­
garding these particular regimes can be found in 
Kumar et a!. (1995). 

Examples of commonly used relative density indices incorporating various mean size parameters 

SDI TPH (Dq/25)16 Reineke's (1933) Stand Density Index (SDJ), using quadratic 
mean diameter (Dq) and trees per hectare (TPH). Sometimes 
presented as a ratio (%SDJ) of the observed SDJ to the 
maximum SDI for the speeies. 

RD = 0.00007854 • TPH ' Dq L5 Curtis' (1982) Relative Density (RD). Very similar to SD1. 

%HT= (JOOOO/TPH)°5 /HT 

Pr = TPH/TPHmax 
(where TPHmax "" a' v - 0.67 

with a species-specific coefficient) 

Spacing of Wilson (I 946) as a percent of height (%HT). 

Drew and Flewelling's (1979) Relative Density (pr>, is the ratio 
of actual stand density to the maximum stand density (TPHmo ) 
attainable with a given mean stem volume (v). 
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Table 2 
Comparison of two density management regimes and an unthinned control (after Kumar et ai., 1995) 

Age (years) Ht(m) TPH Dq (em) Removed 

Before After Before After TPH Vol.(m3 ha- l ) 

Pole production regime 

CT 29 15.5 1600 700 15 18.2 900 140 
EOR 45 21 700 25 700 340 
Total yield = 480 m3 ha - 1 

MAl 10.7 m3 ha- I a-oj 

Log production regime 
CT 17 II 1200 600 13 14 600 30 

CT 30 16 600 300 20 22 300 50 

CT 49 22 300 240 31 35 60 85 

EOR 74 29 140 50 140 450 
Total yield = 615 m3 ha- I 

MAl = 8.3 m3 ha- I a-I 

Unthinned regime 

EOR 74 29 550 40 550 800 
Total yield = 800 m3 ha - 1 

MAl 10.8 m3 ha- I a-I 

Ht: site top height; TPH: trees per hectare; Dq: quadratic mean diameter; CT: commercial thinning; EOR: end of rotation; MAl: mean 

annual increment. 

The ability to estimate volume and top height 
make it possible to construct simple yield tables for 
each regime (Table 2). Stand top height depends on 
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Fig. 3. Site index curves for Indian teak (after Drechsel and Zech, 
1994). 

site quality, yet is generally independent of stand 
density; it is this independence that is the basis for 
using site index as a measure of site quality (Tesch, 
1980). Thus, given appropriate site index. equations 
or curves (Fig. 3), site height estimated from the 
DMD can be used to estimate stand age. This makes 
it possible to determine the time required to reach 
particular stand structures, developmental stages, or 
yields, and to develop simple yield tables. 

This information can be coupled with assumptions 
about biological and economic constraints. For ex­
ample, bark beetle attacks are more likely in stands 
with certain combinations of diameter and stand 
density (Cochran, 1992; Anhold et al., in review), or 
harvest might be impractical below specific thresh­
olds of volume and tree size (Long, 1985; McCarter 
and Long, 1986). A DMD rapidly identifies alterna­
tives incompatible with management objectives and 
eliminates them from further consideration. 

3. Basic assumptions 

The regimes represented in Fig. 2 illustrate the 
basic constructs and assumptions involved in the 
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construction and use of density management dia­
grams (Drew and FleweI1ing, 1979). For example, 
the unthinned alternative assumes that self-thinning 
is predictable and conservative (Smith and Hann, 
1984; Tang et aI., 1994); more specifically, the lines 
corresponding to the maximum size-density relation­
ship and to the on-set of self-thinning are assumed to 
be correct for all sites. Further, it is assumed that the 
various allometric relations are approximately cor­
rect for unthinned stands, independent of site quality, 
and that changes following artificial thinning are 
either short-lived or silviculturally unimportant. Fi­
nally, it is assumed that relative density, derived 
from mean tree size and number, effectively indexes 
important functions and processes such as competi­
tion and site occupancy. For example, maximum 
individual tree growth occurs at relative densities 
below some threshold representing the onset of com­
petition, and maximum net stand growth occurs at 
relative densities ranging from the lower limit of full 
site occupancy to the beginning of self-thinning 
(Drew and Flewelling, 1979; McCarter and Long, 
1986). These principles and concepts are central to 
many aspects of stand development, and are exam­
ined in more detail below. 

3.1. Species-specific allometric relationships provide 
reasonable stand-average predictions of stand struc­
ture and yield 

Allometric relationships are the cornerstone of 
much of forest mensuration and yield prediction, 
where the difficulty of measuring many meaningful 
characteristics of forest stands increases the reliance 
on surrogate measures. For centuries foresters have 
established relationships between average tree size 
and density (number of stems per unit area). Higher 
absolute densities are associated with smaller aver­
age size (measured as diameter at breast height, 
crown width, crown projection area, or leaf area per 
tree) due to increased competition for physical space 
or available resources such as light, nutrients and 
water (e.g. Reineke, 1933; Stiell, 1966; Hamilton, 
1969; Assmann, 1970; Curtis, 1970; Dean and Long, 
1992). 

Al10metric relationships are also useful predictors 
of stand yield. For example, 'Eichorn's Law' (Ass­
mann, 1970; Falkenhagen, 1980) predicts standing 

volume or volume production, reportedly indepen­
dent of site quality, using average height, and has 
been the basis of many yield tables. Assmann (1970) 
concludes that while Eichorn's Law holds fairly well 
for predicting yield, it is dependent on site class 
(quality). Falkenhagen (1980) reformulated Eichorn's 
Law using diameter at breast height (DBH), which is 
easier to measure than height, and found that the 
relationship is accurate for stands with similar pro­
ductivity potential and stand history. Japanese scien­
tists used DBH to predict total biomass or volume in 
forest stands (e.g., Ogawa et aI., 1961; Tadaki, 1966; 
also. work cited in White. 1981, and Satoo and 
Madgwick, 1982). Osawa and Allen (1993) note, 
however, that the population mean allometry, not 
allometric relationships derived for individual trees, 
is important for predicting population yield. While 
the individual tree and stand average allometric rela­
tionships are often similar, they may diverge in some 
situations. Similar relationships occur in other plant 
popUlations, e.g., the competition-density effect and 
yield-density relations (Shinozaki and Kira, 1961; 
Yoda et aI., 1963; review by Westoby, 1984) for 
herbaceous plants, where plant populations of the 
same age but with different densities differ in aver­
age size (usually average plant mass) and total yields, 
Thus it appears that simple allometric relationships 
can provide reasonable predictions of stand yield. 

Allometric relationships appear to be largely inde­
pendent of site quality (Assmann, 1970; Drew and 
Flewelling, 1977: Long and Smith, 1990; Osawa and 
Allen, 1993). Site quality does not appear to affect 
the relationship between average size and density, 
but it does affect the growth, i.e. the better the site 
quality, the sooner growth to a given average size 
occurs. Miller (1981) applied this concept in his 
model for the effect of fertilization on forest stand 
development: fertilization increases yield by tem­
porarily accelerating stand development. This effect 
has been confirmed in slash pine where fertilization 
had relatively little effect on dimensional relation­
ships (Jack et al.. 1988; Jokela et aL 1989; Colbert 
et aL 1990). Similarly, Dean and Jokela (992) 
found that soil groups differing in productive capaci­
ties in the Southeastern coastal plain did not affect 
slash pine growth and allometric relationships. 

There are indications, however, that allometries 
differ between genetic families, especially at young 
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ages (Lee, 1989). Even so, stand yields later in the 
rotation are often similar, depending somewhat on 
whether the yield under consideration is total or 
merchantable volume. Cameron (1988) tested the 
allometric yield predictions incorporated in the den­
sity management diagram of Drew and Flewelling 
(1979) for Douglas-fir on plantation data from British 
Columbia, and found that allometric relationships 
may also vary between geographic regions. 

There is also the so-called 'memory problem' 
(Drew and Flewelling, 1979; Long, 1985; Cameron, 
1988) associated with changes in structure; i.e. a 
stand which was heavily thinned will not have the 
same average size (e.g. mean DB H) or the same 
allometries as a comparable stand of the same den­
sity that was not thinned. The density management 
diagrams assume such structural differences are ei­
ther short-lived or of limited silvicultural importance 
(Drew and Flewelling, 1979). This limitation is a 
trade-off between using the relatively simple, stand 
average DMD approach and more complicated meth­
ods. 

There is ample evidence that simple allometric 
relationships can provide reasonably accurate stand 
average predictions of yield. Factors such as family 
differences at young ages, the 'memory problem,' 
and variation over broad geographic areas should be 
considered before applying DMDs, but we do not 
think these limitations invalidate use of the technique 
within a species. 

3.2. There is a predictable, species-specific maxi­
mum for combinations of average size and denSity 

This postulate has strong implications for the 
processes of stand development and self-thinning. 
The existence of a boundary on combinations of 
average size and density implies that average size 
increases only to some limit, beyond which there is a 
decline in the number of individuals (Fig. 4). The 
universality of species-specific boundaries is also a 
central point in the debate regarding the validity and 
generality of the' 3/2 self-thinning law' first pro­
posed by Yoda et aI. (1963) (see Weller, 1987, 1990; 
Zeide, 1987, 1991; Osawa and Sugita, 1989; Lons­
dale, 1990 for recent contributions to the debate). 

Much of the debate over the self-thinning law 
concerns whether it applies to individual stand trajec-

intercept 

sen·thinning f 
trajectory 

log Density 

Fig. 4. Schematic representation of important concepts related to 
self-thinning. The self· thinning trajectory represents a typical 
development pattem for an individual even-aged stand which 
undergoes density-dependent mortality through time. 

tories during stand development, or to the upper 
boundary. or to both. The original - 3/2 relation­
ship (Yoda et aI., 1963) focused on the maximum 
boundary condition, but subsequent discussions dealt 
with the trajectory aspect, especially in the English­
language literature (Weller, 1990). The boundary or 
maximum size-density relationship is of primary im­
portance in the construction and use of DMDs. Thin­
ning regimes are usually imposed in managed stands 
to 'capture' potential mortality (Drew and Flewelling, 
1979), thus they are not typically allowed to follow 
natural self-thinning trajectories. For density man­
agement, the boundary determines the appropriate 
combinations of size and density to meet particular 
objectives, and is the topic of this paper. In consider­
ing the maximum boundary line, we examine as­
sumptions regarding the constancy of the slope, lack 
of curvature, the value of the intercept term, and the 
combined effect of the slope and intercept on the 
boundary. 

3.2.1. The slope of the maximum size-density bound­
ary is universal, i.e. it is independent of species and 
site quality 

The line representing the relationship between 
maximum mean size and absolute density is usually 
straight when plotted on log-log axes (Fig. 4) (White, 
1981; Weller, 1987). The slope of the line changes 
with the measure of size, e.g. for average weight or 
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volume the slope is - 1.5, for total weight or volume 
the slope is 0.5, for quadratic mean diameter the 
slope is 0.625. Nonetheless, the slope is assumed 
to be independent of site quality and species. 

Though based upon a substantial body of empiri­
cal evidence, this assumption has been subject to 
considerable debate in the recent ecological litera­
ture. Many researchers find there is more variation in 
the 'universal' slope than was previously believed 
(Zeide, 1985; Zeide, 1987; Weller, 1987; Verwijst, 
1989; Lonsdale, 1990; Hynynen, 1993), particularly 
when considering a range of species (Zeide. 1985, 
1987; Weller, 1987) rather than the slope within a 
species. Variation in the slope between species was 
noted in the earliest papers dealing with size-density 
relationships (e.g. Reineke, 1933; Yoda et aI., 1963), 
but these deviations were often viewed as being 
close to the 'expected' slope and were cited as 
additional supporting evidence in the quest to find a 
universal rule for plant ecology (see review in Weller, 
1987). These deviations are now thought to indicate 
significant and useful information about differences 
in species biology (Zeide. 1985). Currently, many 
believe the slope varies between species, but not 
within a species. 

Thus, DMDs should allow for variation in the 
slope of the size-density relationship between species 
and not assume a universal, fixed value. This varia­
tion between species can be easily incorporated in 
DMDs if the slope for a particular species can be 
determined. There is much less variation in slopes 
within a species; for example, the slope of the maxi­
mum size-density boundary line for any species does 
not appear to vary with site quality. Within species 
variation in slope, if found, would greatly limit the 
utility of DMDs, perhaps to site-specific uses. 

3.2.2. The upper boundary of size and density combi­
nations has no curvature 

Some researchers, particularly Zeide (1987) and 
Zeide (1985), believe the maximum size-density 
boundary is better represented as a curve in log-log 
space. This may depend on whether the trajectories 
of individual stands or a maximum boundary condi­
tion for a species is being represented (Fig. 4). Zeide 
(1987) and Zeide (1995) focus on the continued 
reduction in full canopy closure in individual stands 
(i.e. the trajectory aspect) throughout stand develop-

ment (Long and Smith, 1992). Zeide (1991) main­
tains that the absolute upper boundary for a species 
could be a straight line in log-log space. The abso­
lute boundary proposed, however, is only a concep­
tual construct and can never be actually measured, 
and any empirically determined boundary will proba­
bly be curvilinear (Zeide, 199 J). 

Two other factors are related to the shape of the 
maximum boundary. First it is often assumed that 
the trajectory for a stand is asymptotic to the pre­
sumed upper boundary (Smith and Hann, 1984), and 
that an asymptotic function accurately models stand 
trajectories (Smith and Hann, 1984; Puettmann et aL 
1993). Second, older self-thinning stands often tend 
to 'fall away' from the upper boundary, and the 
trajectory slope decreases (White and Harper, 1970). 
This is often attributed to the inability of the old. 
large trees surviving self-thinning to fully recapture 
the available resources following the death of other 
large trees (White and Harper. 1970). This interpreta­
tion is similar to Zeide' s contention that canopy 
closure decreases during stand development (Zeide, 
1987; Zeide, 1995). These cases concern trajectories 
of individual stands, though, rather than a species' 
absolute size-density maximum. 

Even if a curve more accurately represents maxi· 
mum combinations of average size and density DMDs 
could be constructed on this basis, although curved 
boundaries might make such diagrams more difficult 
to construct and use. There is no compelling evi­
dence to assume that a curved boundary is necessary, 
however. Where abundant data are available, the 
boundary is well represented by a straight line when 
plotted using log-log axes. 

3.2.3. The intercept, or level. of the boundary line is 
constant for a given species, e.g. it is independent of 
site quality 

Though the slope of the boundary relationship in 
log-log space may be independent of species (for the 
same average size measure), the y-intercept (Fig. 4) 
for the line, which determines the level of the bound­
ary, varies widely between species. Norberg (1988) 
suggests that the intercept of the boundary is affected 
by both the ' packing density', or plant biomass per 
volume, and by the ratio of plant height to width. 
The first of these is strongly correlated with relative 
shade tolerance, while the second is related to gross 
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plant or crown shape (Norberg, 1988). Crown shape 
also affects the intercept value for tree species 
(Harper, 1977). In general, shade-tolerant species 
have a greater intercept than intolerant species, and 
conifers have higher intercepts than hardwood species 
(White and Harper, 1970; Harper, 1977). A greater 
intercept means that, for equivalent average size, 
more individuals of a shade-tolerant or coniferous 
species will survive (Harper, 1977). 

Within a species, however, the intercept is as­
sumed to be constant and thus independent of site 
quality, i.e. a population on a high quality site will 
reach the boundary more quickly than the same 
density of trees on a lower quality site, even though 
both achieve the same boundary. This constancy is 
fundamental to the general utility of density manage­
ment diagrams, and allows the use of site index 
curves to determine the time required to reach partic­
ular stand structural characteristics. 

Some evidence appears to show that the intercept 
varies with site quality in some specific instances 
(Strub and Bredenkamp. 1985; Barreto, 1989; Hyny­
nen, 1993). Most evidence, however, indicates the 
intercept is independent of site quality; e.g., the 
Drew and Flewelling (1979) study for Douglas-fir 
stands and a study by Dean, Long and Smith (unpub­
lished data) which examined combinations of aver­
age tree volume and density for lodgepole pine in 
three different site index classes (Fig. 5). Similarly, 
Smith and Hann (1984) found soil types did not 
affect either the intercept or slope parameters of red 
alder in Oregon. 

Intraspecific variation in the intercept term of the 
boundary line has been found in two specific situa­
tions: artificial manipulation of light and nutrient 
availabilities, and major differences in climate. For 
example, artificial shading (Hiroi and Monsi, 1966; 
Aikman and Watkinson, 1980) and severe nutrient 
deficiencies (Hutchings and Budd, 1981 a; Lonsdale 
and Watkinson, 1982; Morris and Myerscough, 1991) 
reduce the intercept or level of the boundary. DeBell 
et al. (1989) and Harms et al. (J 994) found that the 
stockability (which is similar to a maximum size­
density relationship) of loblolly pine varies consider­
ably between South Carolina and Hawaii. Harms et 
al. (1994) attribute this variation to the dissimilar 
climatic regimes of the two areas. For example, Vose 
et al. (1994) suggest that differences in temperature 

2 

o 

1000 10000 100000 

Density (trees ha·1) 

Fig. 5. Mean volume and density of lodgepole pine stands. Site 
indices range from 11 to 31 m (base age I ()() years). Site indices 
are grouped into site classes of high (squares), medium (circles) 
and low (triangles). 

result in substantially higher leaf area index for 
stands of loblolly pine in Hawaii than in its natural 
range. 

Genetic differences may also influence the inter­
cept of the maximum size-density relationship, 
though reports are not consistent (e.g. Nance et aI., 
1987 and references therein; Schmidtling, 1988; Bu­
ford, 1989). Family differences in the intercept are 
not significant after accounting for confounding fac­
tors such as genotype-environment interactions, dif­
ferences in early growth patterns, crown position 
differences, and altered site index due to cultural 
treatments (Lee, 1989; Buford and Burkhart, 1987). 
The lack of strong evidence to suggest that different 
intercept terms are required, however, may be due to 
the lack of rigorous testing of such relationships 
rather than to overwhelming evidence showing no 
effect. 

Given the ambiguity of the published information 
regarding maxima for combinations of size and den­
sity, the information reviewed above does not fully 
support the concept of a single, species-specific 
boundary. Thus, further study of this relationship is 
warranted. 

32.4. Boundary line defennination 
Much depends on how the boundary condition is 

determined. The simplest method assumes a fixed 
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slope and relies on visual placement of the line in the 
appropriate position (e.g. Drew and Flewelling, 1979; 
McCarter and Long, 1986). Others have employed 
various regression procedures, using either linear 
least squares (e.g. White and Harper, 1970; Bazzaz 
and Harper, 1976; Lonsdale, 1990), principle compo­
nents (e.g. Mohler et aI., 1978; Weller, 1987), or 
reduced major axis (e.g. Zeide. 1987) analyses on a 
subset of the data which is representative of the 
uppennost. or most crowded, stands. Other statistical 
methods have been used to detennine boundary con­
ditions (e.g. Blackburn et aI., 1992), but are seldom 
used in plant ecology. As Zeide (I 99 1) notes, each 
of these methods assumes the available data repre­
sent the maximum combinations of size and density. 
It is not possible to test the validity of this assump­
tion, but clearly the more data available, the stronger 
the support for this assumption. 

One statistical consideration is that the intercept 
and slope of the boundary line (in log-log space) 
both affect the upper boundary at a particular den­
sity. Some of the difficulty in finding a constant, 
universal slope for self-thinning plant populations 
may reflect the interactions involved in simultane­
ously fitting the two parameters, and how these 
interactions affect the placement of the maximum 
size-density boundary (Jack and Long, 199Ia). 

3.3. Relative density can be effectively characterized 
with a simple function relating mean size and abso­
lute density 

A fundamental concept of quantitative silviculture 
is that site occupancy is related to the size and 
number of trees on a unit area, and that a given 
degree of site occupancy can result from either many 
small trees or a fewer number of large trees (Baker, 
1950). Therefore, relative density is typically ex­
pressed as a function of mean size and absolute 
density (Table I). Not surprisingly, all of these ex­
pressions of relative density are highly correlated 
(Daniel et aI.. 1979; Curtis, 1982; West, 1982; Mar­
shall et aI., 1992). 

The ecological importance and silvicultural utility 
of relative density indices rest on the proposition that 
stands with the same relative density, regardless of 
differences in age, site quality or mean size and 
density, share many fundamental population-level 

attributes (Reineke, 1933; Curtis. 1970; Drew and 
Flewelling, 1979), including self-thinning, canopy 
closure, mean live crown ratio, and growth-growing 
stock relations. All of these factors may affect the 
evaluation of alternative regimes using DMDs. 

3.3.1. Zone of imminent competition mortality 
An alternative to a species' average self-thinning 

line (e.g., the 'full density curve' represented in Fig. 
1 c) is to predict the on-set of density-related mortal­
ity. Drew and Flewelling (1977) suggest that self­
thinning occurs over a fairly wide range of relative 
densities. The upper bound of this 'zone of imminent 
competition mortality' is the species-specific maxi­
mum size-density relation (i.e. maximum relative 
density) and the lower bound represents the relative 
density beyond which self-thinning is likely. Based 
on repeated measurements in stands of radiata pine 
and Douglas-fir, Drew and Flewelling (I979) hy­
pothesize this threshold of self-thinning corresponds 
to densities of approximately 55% of the species 
maximum density for a given mean volume. Morta)­
ity can occur at relative densities below this thresh­
old, but the probability of mortality at these lower 
levels would not change by reducing stand density. 
Drew and Flewelling (I979) concede the difficulty 
of testing this lower bound, but argue it is consistent 
with available empirical evidence. 

Self-thinning stands appear to move progressively 
towards a size-density asymptote and mortality may 
be continuous from very early in stand development, 
e.g. following crown closure. Analytical models have 
been developed to characterize the size-density tra­
jectory (Hozumi, 1977; Smith and Hann, 1984; 
Flewelling and Drew, 1985; Hara, 1985; Smith and 
Brand, 1989; Smith, 1989; Tang et aI., 1994) which 
smooth stand-to-stand variability as well as episodic 
variability in mortality (DeBell and Franklin, 1987). 
Self-thinning in a stand, particularly in small plots, 
may be unpredictable on time scales shorter than 
decades. Focusing on the death of individual trees or 
short-tenn mortality will obscure even strong trends 
in the size-density relations of self-thinning popula­
tions (Drew and Flewelling, 1977). It may be more 
realistic to define a relative density along the stand 
development trajectory where there is some specified 
probability of mort.ality, e.g. 15% (Smith and Hann, 
1984); this approach results in a lower threshold 
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relative density for stands with high initial densities 
than those with low initial densities. 

3.3.2. Canopy closure 
Crown closure is commonly assumed to represent 

the threshold of strong competitive interaction and 
stand development. Prior to crown closure tree 
growth is essentially independent of stand density; 
following crown closure, self-pruning and crown 
class differentiation accelerate, and the plastic re­
sponse of tree growth to stand density is expressed 
(Long and Smith, 1984). 

Crown closure, as a function of mean size and 
density, is typically estimated as the point at which 
adjacent crowns first touch, assuming either square 
or triangular spacing. In several studies, the crown 
closure line in DMDs was close to a constant relative 
density, e.g., 15 to 25%, depending on the relative 
density index (Drew and Flewelling, 1979; McCarter 
and Long, 1986). In western redcedar the crown 
closure line was steeper than a constant relative 
density line; i.e. the relative density at which crown 
closure occurs is inversely proportional to initial 
stand density (Smith, 1989). This may be due to the 
development of crown shyness as mean tree size 
increases (Putz et aI., 1984): as trees increase in size, 
the swaying and physical interaction abrades branch 
tips of adjacent trees and reduces the ratio of crown 
width to stem diameter (Long and Smith, 1992; 
Osawa and Allen, 1993). 

3.3.3, Live crown ratio 
Self-pruning involves the death of branches at the 

base of a tree's crown. Self-pruning and the resultant 
lifting of the live crown accelerates following crown 
closure (Beekhuis, 1965; Assmann, 1970; Marshall 
et aI., 1992). While the average depth of live crowns 
continues to increase in crowded populations, the 
ratio of live crown length to total tree height progres­
sively declines with increasing relative density (Fig. 
6). Average live crown ratio may predict thinning 
response; as a general rule-of-thumb, live crown 
ratios in conifer stands should not be allowed to 
decline below about 40% in order to maintain the 
trees' capacity for timely response to thinning (Daniel 
etaI.,1979). 
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Fig. 6. Relationship between average live crown ratio (crown 
length to total height) and relative density for stands of lodgepole 
pine, ponderosa pine and Douglas-fir. Stand ages range from less 
than 15 to over I ()() years; site indices range from 11 to 43 m (at 
50 years base age) (after Long, 1985). 

3.3.4. Growth-growing stock relations 
Stand growth is clearly a function of relative 

density since a high-density stand can produce sub­
stantially more total volume than a low-density stand. 
More specifically, below some threshold of relative 
density (e.g. corresponding to crown closure or the 
onset of competitive interaction) stand growth in­
creases linearly with relative density as the number 
of open-grown trees increases. Above this threshold, 
however, growth increases at a decreasing rate due to 
increasing between-tree competition. It is often as­
sumed that above some threshold relative density 
(corresponding to 'full site occupancy') the counter­
vailing influences of increasing tree number and 
decreasing individual tree growth results in perfect 
density compensation such that stand gross growth is 
independent of relative density (Langsaeter, 1941; 
Mar:M0ller, 1947; Braathe, 1957). 

Smith (I986) characterizes growth-growing stock 
relations with three alternatives which differ only at 
high relative densities. One model assumes growth 
continues to increase up to the maximum relative 
density; the second assumes that growth eventually 
peaks and then declines with increasing relative den­
sity; and the third assumes that growth eventually 
reaches a plateau, i.e. perfect density compensation 
with increasing relative density. These models all 
depend on how 'growth' is characterized. As relative 
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density increases beyond the onset of self-thinning, 
gross growth may be stable or continue to increase, 
but net growth will decline. Similarly, above some 
threshold relative density, growth will decline if it is 
based only on those trees greater than some mini­
mum size (Kilpatrick et aL. 1981). Reukema and 
Bruce (1977) suggest that this peak in growth occurs 
at a constant relative density. regardless of the speci­
fied minimum tree size. 

Generally, total gross growth appears to increase 
with relative density up to the threshold representing 
the onset of competition, followed by an asymptotic 
increase in growth up to the maximum relative den­
sity (e.g. Fig. 7, after Day and Rudolph, 1972), a 
pattern which corresponds to the first model of Smith 
(I 986). Results of many spacing and thinning trials 
seem to support this model (e.g. Mar:M011er. 1947; 
Braathe. 1957; Kilpatrick et aI., 1981; Curtis. 1992; 
Dean and Jokela, 1992; Jack and Long, 1992; Mar­
shall et ai., 1992). Long (] 985) suggests that the 
linear phase extends to about 25% of maximum SOl 
and contends 'little' growth potential would be lost 
if relative density was above a threshold of about 
35% of maximum SOl (Fig. 8, after Long. 1985). 
Marshall et a1. (1992) suggest that relative densities 
above 40% of maximum SDI may be appropriate to 
achieve 'near-maximum' stand growth. 

Growth-growing stock relations are almost cer­
tainly a function of the amount and distribution of 
stand leaf area. The increase in leaf area index (LA!) 
with relative density is a striking example of an 
emergent property (sensu Salt, 1979) in stand devel­
opment (Mar:MI2l11er, 1947; Marks and Bormann. 
1972; Mohler et a!., 1978). Size-density relations in 
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Fig. 7. Periodic annual volume increment (Volume PAl) as a 
function of relative density (percentage of species-maximum SDl) 
for stands of red pine. Results are from Day and Rudolph (1972). 
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Fig. 8. Generalized relationship between stand growth and relative 
density (after Long, 1985). 

self-thinning populations may be a consequence of 
allometry and the redistribution of maximum leaf 
area among fewer individuals (Long and Smith, 1984; 
Osawa and Allen, 1993). Experimental manipulation 
of LAI, with reduced light or clipping of leaves, 
affects self-thinning behavior in herbaceous popula­
tions (Westoby and Braun, 1980; Hutchings and 
Budd, 1981b; Dean and Long, 1985). 

For some species, LAI appears to be essentially 
independent of relative density above some threshold 
level, e.g. red pine (Smith and Brand, 1989) and 
lodgepole pine (Jack and Long, 199Ib). No such 
plateau was observed for subalpine fir (Abies lasio­
carpa (Hook.) Nutt.), but LAI was still strongly 
related to relative density (Jack and Long, 199Ib). 
The distribution of leaf area among trees, however. 
is not independent of relative density (Jarvis, 1975; 
Long and Smith. 1984; Jack and Long, 1991b). The 
distribution of foliage among a few large trees or 
many small trees affects foliar efficiency, i.e. stem 
production per unit leaf area (Smith and Long, 1989, 
1992; Long and Smith, 1990; Roberts et aI., 1993). 
and thus is important for stand production. 

The form of the growth-relative density relation 
appears to be very general, but actual growth also 
depends on species, site quality and age. Interest­
ingly, however, both current and mean annual incre­
ment may culminate at constant relative densities 
(Reukema and Bruce, 1977; Smith, 1989). 
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4. Summary and conclusions 

Density management diagrams integrate relation­
ships between density, stand structure, canopy dy­
namics and production efficiency, and link quantita­
tive silviculture to population ecology, production 
ecology and biometrics. DMDs are simple stand 
average models in graphical form that are especially 
useful in the rapid design and evaluation of alterna­
tive density management regimes. Despite their great 
practical value DMDs have not been developed for 
many important tree species, and most are limited to 
single-species (see Kikuzawa, 1982 as an exception) 
and essentially even-aged stands. 

There is considerable evidence supporting the ac­
curacy of allometric equations in yield prediction 
and the use of relative density as an index of impor­
tant stand characteristics. There is less certainty re­
garding the concept of a single species-wide limit for 
combinations of average size and density. Allometric 
equations have a long history in plant ecology 
(Niklas, 1994), and the utility of such equations for 
yield predictions in DMDs is well-established in the 
forestry literature. There is also considerable support 
for the use of relative density in predicting relation­
ships such as self-thinning, canopy structure and 
growth-growing stock relations, a finding which is 
consistent with the basic premise of quantitative 
silviculture that a given degree of site occupancy can 
result from many small trees or fewer large trees. 

There is less evidence to indicate that there is a 
constant maximum size-density relation for a particu­
lar species. It is exceedingly important to determine 
the degree to which observed intraspecific-variation 
in maximum size-density relations is silviculturally 
important. DMDs supposedly apply over a wide 
range of conditions such as site quality, and deter­
mining when models should be refit to reflect local 
data warrants additional study. Similarly, more 
should be learned about possible influences of ge­
netic and genetic-site interactions on size-density 
relations, and whether these influences are silvicul­
turally important (e.g. Perala et aI., 1995). 

Overall, we believe our review indicates that den­
sity management diagrams are a useful tool with a 
sound conceptual base. As with any tool, users should 
recognize their limitations and intended use: DMDs 
are useful for the rapid analysis of many alternative 

density management regimes and are not intended to 
be detailed growth and yield models. Once one or 
two alternatives are identified, other tools can pro­
vide more detailed yield analyses. 
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