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Abstract. The main approach to examine the density control regime of forest planta-
tions in Bulgaria has resulted in a partial solution of the problem of plantation management.
The main methodological approaches in the world forestry literature to examine the density
control are based on studies on the competition among trees and the self-thinning of the
stands, and have resulted in important scientific rules, which are the basis of the Stand
Density Control Diagram (SDCD). The purpose of this paper is to present the theoretical
foundation, the main elements and the application of the SDCD as an integral methodology
for density control and plantation management.
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Stand density is of major importance in establishment and man-
agement course of forest plantations. In Bulgaria there have been numer-
ous discussions on the subject leading to conclusions and recommenda-
tions for practical silvicultural application in plantation management but
they have been based mainly on the empirical experience (Ko st o v, 1985;
Zahariev, 1967, 1974, 1975). The main scientific approach to examine
the density control regime of plantations has been practiced through ex-
perimental plantations or sample plots in industrial plantations with differ-
ent planting schemes. They have been subjected to repetitive measurements
of the major growth traits of the stands such as diameter at breast height
(DBH), height, volume, increment and biomass, as well as measurements
and estimations of parameters related to stem quality like crown diameter,
branch diameter at the live crown base period of canopy closing, degree of
canopy closure, stem quality class. Such kind of studies in Bulgaria have
been performed for Scotch pine(Atanasov, 1964; Ly apo v a, 1984;
Zhelev, 1975), Austrian black pine (Bachvaro v, Petkov, 1972;
Kostadinov, 1980, 1985), oak (K 0o s t 0 v, 1960, 1963), beech (Botev,
1989, 1990a, 1990b), some other tree species (L y a p o v a, 1990) and vari-
ous clones of Euroamerican black poplars and black locust. The allometric
relationships between spacing and growth traits and among growth char-
acteristics have been established to determine the optimal planting density
in order to achieve particular management objectives (Bachvarov,
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1965, 1980; Dimitr o vet al, 1986, 1992; Ko s t o v et al., 1978, 1992;
Lyapova,Palashev,1980;Popov,1994;Popov,Kolev, 1994;
Zhelev, 1971, 1976). Significant progress toward integral solution of the
protlem of deusity could be found in studies by S h i k o v (1973, 1974a,b)
who defined the optimal stand stocking rate (with its corresponding den-
sitys through the rate of maximal productivity. On the basis of the defined
criterion and using still empirical formulae, the author attempted to rec-
ommend a procedure for density control. These approaches, however, have
derived a partial solution to the density control of plantations because the
observations have been restricted to relatively short periods in comparison
with the life span of the tree species, and the conclusions can be used only
for the limited range of densities and growth conditions where the studies
have been conducted.

There are other methodological approaches in the world foresty
literatuve to examine the density control. They are based on studies of the
tition among trees and self-thinning, which are major ecological pro-
cess=s in plant population dynamics. In investigations on growth of plant
populations with various densities, the competition effect on the dynamics
of the relationship between plant growth and density has been examined
and formulated (Shinozaki, Kira, 1956, 1961; Y o d a et al., 1963).
Shinczaki, Kira(1956) derived the reciprocal equation of the Compe-
tition-Density (C-D) effect for even-aged pure plant populations using four
assumptions, main of which are the general logistic growth equation as a
function of time with two coefficients (the intrinsic growth rate and the
upper limit of main plant mass) and the constant final yield per unit area
independent of the initial density (Kir & et al., 1953). It represents the
bismass and/cr volume at a given time as a hyperbolic function of density:

LRIy (1)

w
where wand N are mean plant mass and density, respectively, and A and B
are coefficients. For the total biomass per unit area, the following equation
is obtained:

}— =4+ -{3“ » (2)

Y
where y is total biomass and/or yield per unit area (y =wN).

In the theory by Shinozaki Kir a (1956), the population
density does not decrease with plant growth, i.e. the population grows with-
out self-thinning. The reciprocal equation holds for populations at the same
growth stage, and the parameters A and B are dependent on time. By sub-
stituting N—0 in Equation 1, the value of the parameter Bis obtained as a
reciprocal of the mean plant mass in populations without competition:
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On the other hand, the biological meaning of the parameter 4 can be de-
rived by substituting N—c in Equation 2:

1

YN
Namely, the parameter A4 is a reciprocal of the theoretical maximum biom-
ass at a given time or growth stage.

Y od aet al. (1963) studied self-thinning in overcrowded pure stands
under cultivated and natural conditions. Experiments with herbaceous (fast
growing) populations with very high initial densities have been designed to
exarzine a decrease in density in relation to an increase in mean plant mass.
They found that for each density there is a maximal possible (upper-most)
mean plant mass, among populations of a species with various initial den-
sities and growth conditions, and it is expressed as a power function of
density. According to Y o d a et al.’s notation,

W= K/V_a (3)
and y= KNl~a s (4)

=4,

where K and « are constants. These relationships are independent of stand
age and growth conditions within a species, and the value of the power «
tends to be around 3/2 for all plant species (Y o d a et al., 1963). Therefore,
this empirically derived relationship is known as Y o d a’s 3/2 power law of
" self-thinning.

These two main theories developed in Japan were followed by many
re-examinations and supplementary tests. At present, the C-D theory by
Shinozaki, Kira(1956) is accepted world-wide. Similar investigations
have been made in Europe but the diameter as the growth trait (instead of
biomass or volume) was related to density (Reineke, 1933;Stoerb a,
1987;8terba,Monserud, 1993). Yo d a’s 3/2 power law has been more
often subjected to criticism and discussions. The law has been argued about
the universality of the power constant for all plant species (S m i t h,
Hann, 1984; O s aw a, 1995), the value of power constant, 3/2(Franco,
Kelly, 1998), and its constancy in the time (West,Borou g h, 1983;
Zeide, 1987). As a result, this law is accepted in more general form, i. e. the
values of the power o and the intercept K are considered species-dependent
constants (J a ¢ k, L. o n g, 1996). It has also been found that the power
constant tends to be around 3/2 for shade-intolerant tree species, and ex-
ceeds 3/2 for shade-tolerant ones (T'ad a k i, 1963).
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On the other hand, natural thinning (i.e. mortality) usually occurs
in many plant populations growing at wider spacing, in which case the thin-
ning process differs from Y o d a’s 3/2 power law. This process has been
approximated by a reciprocal equation of density in relation to mean plant
mass (T'ad a ki, 1963):

1 =aw+b, (5)

where a and b are constants specific to a stand. Many other, either more
complicated and explicit (Aikman,Watkinson,1980; Puettmann
et al.,, 1992; T an g et al., 1994, 1995) or more practically applicable models
(Shibuya,1995;Hagihara, 1998, 2000; Kikuz aw a, 1999) of natural
thinning have been proposed afterwards.

There have been few attempts trying to unify the two theories, the
C-D theory and Yo d a’s power law (Hozumi, 1983; Kikuz aw a, 1999;
Hagihara, 2000). Hagihara(1999) proposed a model and derived a
new reciprocal equation of the Competition-Density effect applicable to both
self-thinning and non-selfthinning populations.

The C-D theory and Y o d a’s power law are the main postulates on
which the Stand Density Control Diagram (SDCD) is founded (A n d o, 1962;
T adaki, 1964). The theories are applied to two significant components of
the Diagram: the Equivalent height curves by growth stage (Equation 2)
and the Full density curve (Equation 4) which is presented by a straight
line on the double logarithmic scale. An important feature of the Diagram is
that the growth stage is presented by the dominant height, not by the physi-
cal age because the dominant height is considered to be more stable and
less influenced by growth conditions indicator of growth stage. The other
important elements of the SDCD (Fig. 1) are Natural-thinning curves ex-
pressing density decreasing process of populations of a given initial density
(Equation 5 or other models proved to be more appropriate), Equivalent
diameter curves connecting stands of the same mean DBH and Yield index
curves. Yield index is estimated as a ratio of the yield per hectare of a given
stand to the yield of a stand on the Full density curve in the same dominant
height class. On the double logarithmic scale, the Yield index curves are
presented by lines parallel to the Full density curve (Fig. 1), i.e. they are
determined by an equation

y —_ K1N1~a (6)

whereK' is a constant.

The Equivalent diameter curves are determined from stand form
height, basal area, stand stock (yield), dominant height, diameter and den-
sity. The stand form height (HF) is defined as a ratio of the stand stock to
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the basal area (Equation 7) and is related linearly to the dominant height
(Equation 8). From these equations and Equation 9, quadratic mean diam-
eter ( dg) of a stand on a given equivalent height curve is obtained, and the
quadratic mean diameter is converted to the arithmetic mean diameter (d)
by empirically established equation (Equation 10):

HF =2, (7)
G
HF=a1+blHD’ (8)
and d =ay +byd,, (10)

where HFis stand form height, G is basal area, y is stand stock, dg is qua-
dratic mean diameter, H, is dominant height, d is mean diameter, and a,,
a,, b ard b, are constants.

After successive substitution of Equations 7-10, we obtain the fol-
lowing relationships for the Equivalent diameter curves:

| HEmd an
20000
d—-a ? aN -—
or = 2 +b H ’ (12)
Y ( b, ] 40000Q“ )

where FH, is dominant height class.

The SDCD is based on ecological rules and is sufficiently accurate
as a practical model applicable to simulation of the growth and density
dynamics of even-aged pure natural or man-made forest stands under a
broad range of growth conditions. The SDCD is applied in three directions.
First, it is used to evaluate stand growth. If dominant height and density of
a stand are known, the expected stand stock (yield), mean diameter and
basal area can be found on the Diagram. If the stand stock is less than the
expected one the diameter growth is supposed to be small relative to height
growth, and the reasons for this result, e.g. inappropriate growth condi-
tions, abiotic and biotic injuries, can be examined. If the observed stand
stock-density relationship differs significantly from the expected one, it is
recommended that a correction factor should be applied.

Second application of the SDCD is to simulate various thinning
regirnes from the establishment to final harvesting of a plantation and to
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estimate the total yield and the corresponding profit. Thinning from below
and thinning intensity less than 40% are assumed in modeling the manage-
ment regime. For the shade-tolerant tree species in Japan, stands of yield
index 0.8 are considered under the dense management situation, those of
yield index 0.7 under the moderate situation and those of yield index 0.6
under the sparse management situation. Usually, three types of thinning
models are simulated using the yield index as a criterion in Japan. The first
type is that the yield index before a thinning is fixed. In the second type, the
yield index after a thinning is fixed (Fig. 2), while yield indices before and
after a thinning are fixed in the third type.

The third direction of the application of the SDCD is to determine
the optimal initial density of forest plantations in accordance with the pre-
ferred management objective and thinning regime.

Besides Japan, SDCD is being constructed and used in some East
Asian countries, USA and Canada (Drew,Flewelling, 1979;Smith,
1989; Newton, 1998; Sturtevantetal, 1998, Wils o net al., 1999).
The application of SDCD in Bulgaria would be useful for the forest planta-
tions. Because of the large variation in growth conditions (i.e. site quality),
the forest plantations of a particular tree species can be presented by one to
three SDCDs applicable to the whole country. The main difficulty in con-
structing the diagram is to collect sufficient stand data, which would allow
building of a representative and reliable model. However, once it has been
established, SDCD can be used by the Forest Inventory Organizations for
planning activities of establishment, management and harvesting of forest
stands. Some of the main modeled regimes could be further summarised in
a table form, which could be used as a manual in the practical forestry.
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METO/] 3A KOHTPOAMPAHE I'bCTOTUTE HA TOPCKUTE
KYATYPU

Tamana CmankoBa, Macamo Ilubysa, Akuo Xazuxapa
Peszwome)

FraBuusm nayuyen nogxog 3a pewaBane Ha 8vnpoca 3a
konmpoaupane Ka 2scmomume Ha zopckume kyamypu, usnoasBan gocecu
8 Bbazapus, e gaBaa yacmuuko peweHue Ha npobaema. HabarogeHusima ca
Buau omuocumeano kpamkocpounu 616 Bpememo, 8 cpaBuenue ¢ kusnenus
uukba Ha gbpBecnume BugoBe u uzBogume om msax ca Baaugnu camo 3a
0zpaHuuenus cnekmbp epemomu u ycaoBus Ha Mecmopacmene, kbgemo
ca npoBexkganu usyuaBanusma. OcHoBHume MemogoAo2ZUYHU noxBamu 6
cBemoBuama aecoBrgcka aumepamypa no konmpoaa Ha 2scmomume ce
ocHoBaBam na npoyuBanus 8pxy konkypenuyusma u camouspezkganemo,
koumo ca ocnoBuu ekoaozuunu mexanusmu B8 gunamukama na
pacmumeanume nonyaauuu. Tesu npoyuBanus ca goBeau go cb3gaBanemo
na gBa Baxknu nayunu nocmyaama, bopmupawu ocroBume na guazpamume
3a konmpoaupane Ha ebemomama (JIKT). ITspBusm nocmyaam ce uspassBa
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¢ peuunpournomo ypaBrenue 3a konkypenuuama u escmomama, us3Begeno .
33 egHOBB3IPACMHU YUCMU pacmumeAHU honyAauuu u npegcmaBauwo
Macama/obema B gagen mMomenm om 8pememo kamo Xunepb6oAuuHa
$ynkuus om rcmomama. Bmopuam nocmyaam e 3akonbm Ha Moga 3a
camouspekganemo, cnopeg koiimo 3a nonyaaguume om gagen pacCmumeAneH
Bug, ¢h3gageHu C Pa3’AUYHU HauYaAHU 2hCMOmMU U Npu pasHooGpasnu
pacmeXknu ycaoBusd, 3a Bcaka epcmoma cbwecmByBa makcumaaHo
853M0kHO, aCUMNMOMUYHO CpegHO mezAo, koemo ce uspassiBa kamo
cmenesHa ¢ynkuusa om Hes.

JIKI ca gocmambyHOo npegcmaBumeasen 3a Hykgume Ha
aecoBbgckama npakmuka mogea 3a gunamukama Ha OMHOCUMEAHO
eguOBB3pacmHu yucmu 2opcku nacakgenud c ecmecmBen uau uzkycmBen
npousxog, npu wupok 06x8am pacmezXknu yeaoBus. JJKT uma 5 ocnobru
komnoHenma: damuausma ekBuBasrenmuu Bucouunnu kpuBu, uszpageHu
H2 ncnoBama Ha Peuunpounomo ypaBuenue 3a konkypenuuama u
2hcCIMCIIama U nocmpoesHu no pacmeXnu cmaguu, npegcmaBenu upe3
goMunanmuo-8ucouunru kaacoBe; npaBama na camouspexkgane npu
MakeuMaana 2secmoma, kosmo ce npegemabs upes cmeneHHama bynkuusa
na lMoga 3a camouspekganemo (na gBolinama A02apummuyna ckaaa
npuema dopmama Ha npabBa); damusuama kpuBu Ha ecmecmBenomo
uspekgare, npegcmaBawu npoueca Ha ecmecmBeno uspekgane Ha
nonyAauyuu ¢ pa3’sAudHu HAYaAHU 2HCMOMU; dbamuauama ekBuBasenmnu
kpuBu na guamemaspa, c8bpp3Bawu nacakgenusa ¢ egnaksB cpegen
guaMemtbp u damuauama ungekcau npaBu na 3anaca, c6sp3Bawmu moukume
¢ equaksB ungeke Ha 3anaca. JKI' umam mpu ocnoBnu npusokenusa. Te
Mozam ga ce wsnoasBam 3a ouenka pacmezka Ha Hacakgenusima. Bmopomo
uM npuackeHue e 3a CuMyAupane pasAuuHu peXumu Ha cmonaHucBane
npes ueAud mMypHyceH nepuog Ha kyamypime, om cb3gaBanemo um go
2aaBrama ceyu, ¢ ouenka na o6uiomo noasBarie om msx. Tpemama nacoka
na npunozkenue Ha JIKI' e ga ce onpegeAu onmumMasnama Hauasta 2bpCcmoma
na zopckume kyamypu 8 3aBucumocm om ueAma u HauuHa HA
cmonanucBanemo um. JKI' 8 Brazapua Mozam ga ce c¢b3gagam u
usnoa3Bam 3a zopckume kyamypu, kamo kyamypume om egun gbpbecen
Bug me Gbgam npegcmaBenu ¢ 1 go 3 guazpamu, 8 3aBucumocm om
pasnoo6pazuemo 8 mMecmopacmeHnusama, kbgemo ca pa3npocmpaHenu, u
me3u guazpamMu we 6bgam npuaokumu 3a usfsama cmpaHa. Begnbik
cp3gagenu, KT mozam ga 6bgam usnoasBanu om AecoycmpoilicmBeHume
opzaHu3ayuu npu naanupane Ha c¢p3gaBanemo, cmonanucBanemo u
noa3Banemo na 2zopckume Haca}kgenuﬁ:.

KaiouoBu gymu: 2scmoma Ha 2opckume kyamypu, ecmecmBenc uspexkgane na
nacakgenuama, epekm na konkypenuusama u 2bCmomama, guazpamu 3a koHmpoAupaHne Ha
2pecmomama (JIKT)
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