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Effect of Thinning on the Diameter Increment in
Black Locust (Robinia pseudoacacia L.) Stands
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Abstract —Black locust is one of the most important stand forming tree species in Hungary, covering
approximately 23% of the forested land (410 thousand ha) and providing 23% of the annual timber cut
of the country. Hence, during the past two decades several experiments with this species have been
carried out in the country. This paper investigates the influence of thinning on the diameter increment
in an experiment including four plots. One plot was left as an unthinned control plot and three plots
were thinned with various thinning intensities at age 22. The experiment was measured at ages 22, 27,
32, and 36. Apparently the thinning intensities applied on two of the plots did not come up to the
intensity required to influence the diameter growth of the remaining upper-storey trees. Therefore, for
a given tree size the growth of the trees on these two plots did not differ significantly from the growth
of similar trees in the unthinned plot. By contrast, significant thinning effects on the diameter
increment of individual trees were observed on the most heavily thinned plot. Here the diameter
increment was enhanced for trees with diameters of less than 20 cm, whereas the largest trees of the
stand exhibited moderately increased growth. Apparently a stand density corresponding to the heavy
thinning treatment (fFvalues of 22-23) is required to get a significant thinning response. On the other
hand, to avoid thinning shocks, it may be recommendable to apply two moderate thinning treatments
instead of a single heavy one.

Robinia pseudoacacia L. / thinning trial / diameter increment

Kivonat — A gyérités hatasa a mellmagassagi atmémovedékére akacallomanyokbanA fehér

akadc az egyik legfontosabb magyarorszagi allomanyalkoté fafaj, amely &teréket 23%-at

(410 ezer ha) boritja, s az éves fakitermelés 23%-at adjél KEbletkeden az elmult két évtizedben

tébb, a fafajt érint kisérlet létesiilt az orszagban. A jelen tanulmany a gyéritésnek a mellmagassagi
atmeérénovedékére gyakorolt hatasat vizsgalja egy négyparcellas kisérletben. Egy parcella a kontrollt
képviselte, harom parcella (allomanyaban) pedig kilohk&izlyi gyéritést viteleztek ki 22 éves
korban. A kisérleti fadllomanyokban 22, 27, 32 és 36 éves korban végeztek méréseket. Az
értékelésektl kovetkeden két parcella fadllomanyaban az alkalmazott gyérités intenzitas mértéke
nem volt hatassal a visszamarado, detintben elhelyezkéd fak atméréndvekedésére. EBb
adddoban, adott mérketfak esetében, azok atniéndvekedése szignifikhnsan nem kilénbodzott a
kontroll parcelldban talalhaté, hasonl6 mérdaegyedek novekedését Ezzel ellentétben, a
gyéritésnek a fak atméribvedékére torténszignifikans hatasat regisztraltak a légebb eréllyel
gyéritett faallomany parcellajaban. Itt az atbrddvedék fokozddasat a 20 cm-nél kisebb abpiéink
esetében regisztraltak, mig a faallomany ennek nagyobb Giimeyedeinél mérsékelt ndvekedés

volt megfigyelhed. Mindezeklbl az kdvetkezik, hogy esintenzitasu gyérités (E12-23) sziikséges
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a belenyulas szignifikdns hatasanak eléréséhezanddkor gyéritési sokk elkeriilése érdekében,
inkabb két mérsékeltebb erélgyérités javasolhatd, az egy, déseintenzitasu helyett.

Fehér akac / gyéritési kisérlet / atmér novedék

1 INTRODUCTION

Black locust Robinia pseudoacacih.) was the first forest tree species to be imgubfrom
North America to Europe (to France) some time af@01. Its rapid spread in Europe and
other parts of the world (Asia Minor - Turkey, ChjnKorea)may be attributed to its
adaptability to a wide range of growth conditions favourable breeding properties, frequent
and abundant seed production, excellent coppidasy,growth and high yield, as well as its
highly valuable timber.

In Hungary black locust is the most widespread $ggecies, covering approximately 23%
of the forested land (410 thousand ha) and progid% of the annual timber cut of the
country. In Hungary black locust stands have bestabéished on good as well as on medium
or partly poor quality sites. However, for high-fityatimber producing black locust forests,
the site must provide adequate moisture and aagedited and loose-structured soil that is rich in
nutrients and humus. Implementing good silvicultysians and models will lead to profitable
black locust stands and better acceptance of #wespby timber growers (Rédei 2002).

A lot of international papers have published reseaesults on the effect of tending
operations on the increment of diameter at bregighh and of standing volume.

In experimental thinning trials established, in D@s-fir stands in Italy with initial
stocking varied between 1600 and 3100 trees. A& age of 23-35 years, for all thinning
methods and grades, total production (standingmelyplus volume of thinned trees) and
current annual volume increment of standing treesewiot significantly different from the
control plots. Thinnings, regardless of methodptared increased DBH increment, compared to
control plots, but trees of the poorer site classggonded the best (Cutini — Nocentini 1987).

According to the investigations ofRinus nigrathinning trial at age of 35 years, 8 years
after the thinning no statistically significant féifences arose in total production, but growth
rates of basal area and stem volume were signifegthigher in the three thinning plots
compared with the control (Silvano — Vincenzo 1997)

Seven thinning trials investigations with Norwaysge in southern Sweden showed that
diameter class had no effect on response to thgnasindicated by the fact that the smaller
trees also responded strongly when thinned frow@@aper 1999).

A precommercial thinning trial, conducted in 1978a 20-year old balsam fir stand in
Canada was evaluated at 5 years intervals untB.1BBe diameter growth during the 20 year
period following thinning was inversely related tioe residual density. The increase in
diameter of trees in thinned plots accumulated aiaoring the first 10-year period. Total
volume per hectare after 20 years was proportidoalresidual stand density, white
merchantable volume per hectare was similar thrabighliange of densities (Pothier 2002).

The effect of different thinning intensities on gt and yield was studied iRinus
silvestisL. stands in Central Spain. The investigationswatb that the total volume and
volume increment decreased with thinning intenditys loss being more significant in the
case of moderate and heavy thinning. Height incrémeas not influenced by thinning,
whereas dominant and quadratic mean diameter imeresmincreased with the thinning
intensity. The response of diameter growth to timgrwas greater at younger ages (less than
50 years) and in medium sized trees (Rio et al8200
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In order to investigate the influence of variougnting intensities on the diameter
increment, several thinning trials were establismedHungary (Rédeil992,1995). In this
paper, the evaluation of one of these trials isgmeed.

2 MATERIAL

2.1 Description of the study area

In the past two decades several experimental pes been established in forest regions of
Hungary for investigating the growth, yield, anddang operation techniques of black locust
stands. A thinning trial with four plots of 0.10 heach were established in the
subcompartment Pusztavacs 201 E, which is locatéoei Danube-Tisza Interflow region, in
the central lowland part of Hungary.

According to the classification of site types usedHungary, the main ecological
characteristics of the study area are:

» Forest steppe climate zone: the air humidity is l#&®n 50% in July at 2 pm, the

annual precipitation is less than 600 mm.

» Hydrology: free draining.

* Genetic soil type: combination of humic sand soils.

» Elevation: < 100 metres

According to the Hungarian yield table for blackust stands (Réd&b83) the site class
of the investigated stand is Ill, that is the tHaebt out of VI.

2.2 Assessment of stand characteristics

At age 22, 27, 32, and 36 the tree height and tameter at breast height (d.b.h.) were
measured for all trees on the four plots. Basedtl@se measurements the following
parameters were calculated: stem number, stand e diameter corresponding to mean
basal area, stand height (Lorey’s height), stemmmel and stand volume. Stem volume was
estimated using the volume function (Sd®74):

v=10°d? ht (h/[h-1.3]P° (md h+ pd + mh + p)

where d is diameter at breast height (cm),
h is tree height (m),
po= 4.00,
p1=-0.6326,
p2=20.23,
ps= 0.00 and
ps= 3034.

2.3 Thinning intensity

To stimulate the diameter increment a thinning wasied out at age 22 in three of the four
plots. Plot 1 was left as an unthinned control plod the other three plots were thinned from
below using a range of different thinning interestiamong which the treatment applied in
plot 4 can be considered a heavy treatment. Thatires stem numbers after thinning were:

plot 1: control, stem number = 770 per ha

plot 2: stem number (after thinning) = 700 per ha

plot 3: stem number (after thinning) = 550 per ha

plot 4: stem number (after thinning) = 400 per ha

Acta Silv. Lign. Hung. 5, 2009



66 Rédei, K. — Meilby, H.

To provide a description of the thinning intenstbe Wilson factor (f) was used:
Fw = 100/(H NY?), where H is Lorey’s height in metres and N is stem numleerha.

2.4 Tree classification

Before the thinning at age 22 all trees on the faats were classified according to the tree
height classification system generally used in Huian silvicultural practice: 1 = dominant
tree, 2 = codominant tree, 3 = intermediate (pattigninated) tree, 4 = suppressed tree. At the
same occasion, all trees were classified usingithieultural classification system generally
applied in Hungarian practice: 1 = superior tree, ubdominant tree, 3 = rejected tree to be
removed, 4 = dead or dying tree.

3 STATISTICAL METHODS

The objective of the analysis is to determine thpaaent effects of thinning on the diameter
growth of black locust. Accordingly, we investigale variation of growth between plots and
height classes for each of the periods 22-27 y@ar82 years, and 32-36 years. Furthermore,
we analyse the relationship between stem diamettdameter increment and the effect of
plot (thinning), height class, silvicultural class)d period on this relationship. This analysis
enables us to distinguish the effect of plot (tingh on diameter growth from the effect of
variations in the tree size composition of thetatrenfortunately, as the experiment does not
include replications, it is not possible to distirgh the effect of thinning from the effect of
plot (growth conditions).

As our first approach, we test the hypothesis ehittal mean increments in each of two
specific groups of trees. These tests are carrigdas ordinary t-tests using the TTEST
procedure of the SAS (v. 6.12) software packagehtadividual comparison of two groups
of trees can be considered a simple analysis edivag based on the model:

ADjj = pi + €

whereADj; is the observed increment of tree j in group [iL,2], Wi is the true mean diameter
increment in group i, and tregs are normal and independent errors with meanam®icequal
variances. In cases where the hypothesis of ecu@nces is rejected, an approximate t
statistics is used. The degrees of freedom assdciaith the approximate t statistics are
calculated using Satterthwaite’s approximation.

The analysis of the relationship between diametdrdhameter increment was carried out
using general linear models. The models were deeelaising the GLM procedure of the
SAS (v. 6.12) software package. Instead of presgrgeparate models for each of the three
periods, it seems more informative to develop mibeacing models describing the
relationship between diameter and diameter incréem@&s both level and slope of this
relationship may depend on plot (thinning), heiglatss, silvicultural class, and period the
basic formulation of the model is:

ADpijjst =0 + & + bin + Cie + ths+ (B + & + on + Gt + ths) Drijst + Enijst

where Qi is the breast height diameter (cm) of tree j iotpgl height class h, and
silvicultural class s at time fDyjjs; IS the annual diameter increment (cm/year) inp@eod
immediately after time @ and3 are model parameters common to all classesna a; are
class-specific parameters for plot iy land b, are specific for height class hy and ¢; are
specific for the period following time t, andscind ds are specific for silvicultural class s.
Finally, thegnjss are assumed to be normal and independentlyldigtd random errors with
mean zero and equal variances.
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The possible interactions between plot (thinningensity), height class, silvicultural
class, and period were also considered in modédisechbove type.

4 RESULTS AND DISCUSSION

4.1 Stand diameter and diameter increment

The most important stand parameters of the plasiraiuded inTable 1 From this table it
appears that, before thinning, the mean diametéisem number of plot 1 were slightly lower
than those of plots 2-4. Therefore, after thinrabgge 22, the basal area and volume of plot 3
were almost equal to those of the unthinned plaintl, the basal area and volume of plot 2 were
even greater. As for the most heavily thinned @t more than half of the original stem number
and one third of the original volume were removatithinning treatments were carried out from
below and, therefore, the average height and daréthinned trees were less than those of the
remaining stand. Moreover, after thinning the dimmecorresponding to mean basal area
increased consistently from 16.7 cm to 20.1 cm witheasing thinning intensity. This should be
taken into account when examining the average deamecrements on the four plots.
Furthermore, it should be noted that the standhteigf plots 1, 2, and 4 were almost equal before
thinning, and that of plot 3 was only slightly heghAccordingly, we may assume that the growth
potential of the four plots was similar. Finallpjetmortality during the observation period (age
22-36) decreased with increasing thinning intensity

Table 1. The most important stand parameters ofdheplots (Pusztavacs 201 E)

Plot Age Remaining stand Thinning Before thinning Mortality: F
Nuom- N H Db G V N H Db G V. N H Db G V N V
ber 'yr. /ha m cm rham¥ha /ha m cm mhem’he /ha m  cm niham¥ha /ha m¥he
22 77020.0 16.7 16.84 177.9 770 20.0 16.7 16.84177.9 60 4.2
Plot 1.. 27 760 21.4 18.3 20.07 221.9 760 21.4 18.3 20.07221.9 70 5.4
Cortro. 32 630 22.8 20.6 21.08 244.7 630 22.8 20.6 21.06244.7 200 21.6
36 630 23.2 22.0 23.62 271.4 630 23.2 22.0 23.62271.4 200 23.1
22 700 20.4 189 19.61 211.1 150 16.0 11.5 1.57 14.2 850 20.1 17.8 21.16225.3
27 1 61021.0 21.4 21.86 241.1 610 21.0 21.4 21.86241.1 90 14.7
Plot 2. 32 510 22.9 23.6 22.40 262.2 510 22.9 23.6 22.40262.2 190 34.518.5
36 51023.3 24.9 24.02 282.1 510 23.3 24.9 24.02282.1 190 22.4
22 550 21.7 19.3 16.10 180.3 370 19.1 14.5 6.1564.0: 920 21.2 17.5 22.25244.3
27  55022.2 21.4 19.44 221.3 550 22.2 21.4 19.44221.3
Plot 3. 32 500 23.5 23.2 21.20 252.0 500 23.5 23.2 21.20252.0 50 11.719.6
36 500 24.9 24.2 23.02 279.0 500 24.9 24.2 23.02279.(::3 50 123
22 400 21.6 20.1 12.71 141.8 500 18.2 14.2 7.88 77.6. 900 20.3 17.1 20.59219.4;
27 400 22.4 22.3 15.71 179.8 400 22.4 22.3 15.71179.8;
Plot 4. 32 380 23.8 24.2 17.43 208.8 380 23.8 24.2 17.43208.8: 20 6.0 23.1
36 380 24.3 25.3 19.16 228.8 1380 24.3 25.319.16228.8 20 6.3

F (Wilson factor):= 100/(id N*?)

The average periodic annual diameter incrementsiaremarised ifable 2for each plot
and height class. From this table it appears thataverage diameter increment increased
consistently from plot 1 to plot 4 in all three els. On the other hand, as for the individual
height classes, this increase is not reflectedrigleBor most plots and periods the average
diameter increment increased consistently from htegjass 4 to height class 1, as the
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variation between height classes within plots isstderably greater than between plots for a
given height class. The general increase in avedsgmeter increment from plot 1 to 4 is

most pronounced in the first period (22-27 yearsgme the difference between plot 1 and 4
amounts to 0.15 cm/year. For comparison, the diffee between plot 1 and 4 in the third
period (32-36 years) only amounts to 0.05 cm/year.

Table 2. Average periodic annual increment (cm/yédar various periods, plots and height

classes
Period (age) Plot Height class
2 3 4 Al
1 0488(0.03) 0.388(0.01) 0.231(0.02) 0.1412D.00.300 (0.02)
2 0591(0.04) 0.433(0.02) 0.305(0.04) 0.1672p.00.361 (0.02)
22-27 3 0543(0.06) 0.429 (0.03) 0.300(0.04) 0.1283p.00.394 (0.03)
4  0513(0.02) 0.440(0.02) 0.364(0.06) 0.16@-) 0.446 (0.02)
1 0383(0.04) 0.260(0.01) 0.180(0.01) 0.0821p.00.213 (0.02)
2 0.363(0.03) 0.287(0.02) 0.142(0.02) 0.0812P.00.219 (0.02)
27-32 3 0.358(0.04) 0.261(0.02) 0.227 (0.03) 0.1484p.00.263 (0.02)
4  0.335(0.04) 0.333(0.02) 0.204(0.03) 0.10@) 0.312(0.02)
1 0377(0.04) 0311(0.03) 0.168(0.02) 0.1122D.00.234 (0.02)
2 0.296(0.05) 0.297 (0.02) 0.165(0.03) 0.1603D.00.240 (0.02)
32-36 3 0.423(0.04) 0.268(0.04) 0.196(0.04) 0.1904p.00.276 (0.02)
4 0292(0.04) 0.302(0.02) 0.225(0.07) 0.07%) 0.284 (0.02)

Standard errors are given in parentheses.

From Table 2it also appears that the average annual diamatezment within a given
height class quite often reaches its maximum vdfoe a given period) in plot 4, but
maximum values occur in plot 3 with a similar freqay, and the occurrence of maximum
values in plots 1 and 2 is not uncommon either.ofdingly, if it were not for the reduced
proportion of lower-storey trees with increasingntting intensity, it is not likely that the
highest average increment (all trees on a plot)ldvganerally be found in plot 4.

In Figure 1 the diameter distributions are showterathinning for all plots and stand
ages. For plots 1 and 2 it appears that the digtoib at age 22 is slightly skewed. It also
appears that the unthinned plot 1 tends to deweloipmodal diameter distribution. In fact, this
would not be surprising, as bimodality is a freglerreported property of diameter
distributions in unthinned stands (e.g. Mohler &t 178). Development of a bimodal
diameter distribution implies that the stand musnsist of two well-defined storeys with
distinguishable levels of diameter increment. Mesrothe mortality rate of the lower storey
must be so low that it does not offset the efféche faster growth of the upper storey on the
bimodality of the diameter distribution. Inspectiohthe developmental paths (not shown) of
trees in plot 1 yields the impression that distilestels of growth in the two storeys can
actually be observed. In addition, it turns out thaliameter of 16 cm at age 22 constitutes a
reasonable boundary between the two storeys.

A remarkable property of the diameter distributiemg-ig. 1 is that the distributions of
plots 1-3 all increase their spread over time, whsithe spread of the distribution in plot 4 is
almost constant. This seems to indicate that thmelier increment on this plot is not as size
dependent as on the other plots, i.e. comparedplotis 1-3 the growth of small trees on plot
4 is enhanced, or that of large trees is reduaeiptin.
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Figure 1. Diameter distributions in the four pla@sages 22, 27, 32, and 36 years

4.2 Testing the differences between average diametecrements

In Table 3the differences between the average diameter irereof the four plots have
been tested for each of the three periods. Usingi§¥%ficance levels we find that in the first
period (22-27 years) plot 1 differs significanthpiin all the other plots, whereas in the second
period (27-32 years) it only differs significanflpm plots 3 and 4. The diameter increment in
plot 2 differs significantly from plot 4 in the §t two periods. No significant differences are
found between any of the plots in the third perida-36 years). As will appear below, most
of the difference between plots is caused by thsimhilarities of their tree size compositions,

rather than by marked differences as regards thetgrof trees in a given size class.

Table 3. Tests of equal mean diameter incremeniléds within periods

; Plot
Plot Period (age) 1 > 3
22-27 *
2 27-32 NS
32-36 NS
22-27 ** NS
3 27-32 * NS
32-36 NS NS
22-27 Fkk ** NS
4 27-32 *kk Fhk NS
32-36 NS NS NS
Significance levels: 'NS’: not significant; '*%%, ™*': 1%, ***:0.1%.
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In Table 4the effect of increased thinning intensity on #werage diameter increment
has been tested for each of the height classeacim ef the three periods. The table shows
whether the observed effect of increased thinnintenisity is positive, negative, or
insignificant for a given height class. As the nembf trees per height class and plot is less
than 30 in all cases except one, the t-tests averghty weak. Accordingly, the significance

levels applied inTable 4are 5, 10, and 20%. As it appears from the tabée Highest

frequency of significant differences are found eight classes 2 and 3. The total number of
differences that are found to be significant at20@6 level is 22 and, out of these, only 4 are
negative, so the effect of increased thinning isitgris positive in most cases. However, three
of the significant negative effects are found inghe class 1 when plots 1, 2, and 3 are
compared with plot 4. Thus, it appears that thddsg trees respond negatively to the strong
thinning in plot 4. By contrast, when plots 1, 2da3 are compared with plot 4 for height

classes 2 and 3, all significant differences arsitpe, indicating that increased thinning

intensity generally influences the diameter incretva height classes 2 and 3 positively. On
plot 4 the number of trees in height class 4 igydnlnd, therefore, in this height class no
significant thinning effects are found in compansawith plot 4. However, in comparisons

between plots 1, 2, and 3 it appears that treéight class 4 are also influenced positively

by thinning.
Table 4. Tests of equal mean diameter incremeniléis within periods and height classes.
Height class 1 Height class 2
Plot Period Plot 1 Plot 2 Plot 3 Plot 1 Plot 2 Hot
22-27 + + + +
2 27-32 NS NS
32-36 NS NS
22-27 NS NS + NS
3 27-32 NS NS NS NS
32-36 NS + + NS NS
22-27 NS - - NS + + NS NS
4 27-32 NS NS NS +++ + +++
32-36 - NS --- NS NS NS
Height class 3 Height class 4
Plot Period Plot 1 Plot 2 Plot 3 Plot 1 Plot 2 Hot
22-27 + + NS
2 27-32 - NS
32-36 NS +
22-27 + NS NS NS
3 27-32 + + + + + + +
32-36 NS NS + NS
22-27 ++ + NS NS NS NS NS
4 27-32 NS + NS NS NS NS
32-36 NS NS NS NS NS NS
Signs indicate the effect of increased thinningmisity on average diameter increment.
Significance levels: 'NS’: not significant; '+4¥: 20%, '+ +'/--:10%, '+ + +'/---":5%.
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The tests iMMable 4indicate that the relatively strong thinning ontpt leads to reduced
diameter increment in height class 1, whereas heaigisses 2 and 3 respond positively. As
for the moderate thinning of plot 3 the thinninfeets are generally positive (or insignificant)
as compared with plots 1 and 2, and the majorityhef significant differences occur for
height classes 3 and 4. Finally, the effect oflidet thinning applied in plot 2 only seems to
last for the first period where the differencesa®sn plots 1 and 2 are significant at the 10%
level for height classes 1, 2, and 3.

In Table 5the differences in average annual diameter incésnbave been tested
between periods for each of the four plots. Acauglyj, this table yields an impression of the
combined effect of stand age, climate, and the uatiy decreasing effect of the thinning
treatment for various thinning intensities. It eges that, for all four plots, the mean annual
increments differed significantly between perio@22-27 years) and the two other periods,
whereas no significant differences are found betweeriods 2 and 3. Clearly, as similar
results are obtained for the thinned plots 2-4 &ordthe unthinned plot 1, most of the
difference observed between period 1 and the tlwergteriods must be ascribed to age and
climate, rather than to effects of thinning.

Table 5. Tests of equal mean diameter incrememdaods within plots.

Period (stand age)

Period Plot 29.97 57.32
1 *%k%
2 *%k%k
27-32 3 -
4 *%k%
1 * NS
2 *%k%k NS
32-36 3 - NS
4 ok NS

Significance levels: 'NS’: not significant, *":%, "**: 1%, ***: 0.1%

4.3 Relationship between diameter and diameter inement

A wide range of models were tested, some of thettuding interactions between the class
variables: plot, height class, silvicultural clagaed period. It turned out that the lowest possible
root mean squared error (RMSE) was 0.117 cm, wvigh reached by a model that included
interactions between plot and silvicultural clasd aetween height class and silvicultural class.
However, in this model there was no significaneetffof plot, and the total number of non-zero
parameters was 26. By comparison, models withdetaotions between class variables obtained
RMSE values that were only slightly higher (0.11920 cm) with only 13-16 non-zero
parameters. Accordingly, the final models do noluide interactions between class variables.

In the final model the effect of silvicultural ckas statistically significant. However, the
influence of silvicultural class on the annual d&er growth is small (much less than that of
height class) and, as the height and silvicultalassifications are closely related it has been
decided to present two models, one with and onkowttsilvicultural class. Apart from this,
the models both include the effect of current dismeseparate levels of increment for each
plot (thinning), separate levels for each heigldss| separate slopes for each plot, and
separate slopes for each period. The two modelswuanenarised iTables 6 and .71t should
be noted that the RMSE and Bf the two models are almost equal; so — from actmal
point of view — we may choose quite freely amongnihFor both models we tested whether
the residuals could actually be assumed to origifi@m a normal distribution (using the
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Shapiro-Wilk test statistic). In both cases thet t&atistics were outside the significance
region and we may therefore confidently assumettigatesiduals are actually normal.

As for the model inTable 6the a;s are negative and thgsaare positive for plots 1-3,
and it appears that the relationship between dexmemtd diameter increment moves to a
higher level and becomes more flat with increasimgning intensity. The height class turns
out mainly to influence the level of the relatioigsiand it appears that the level becomes
approximately 0.17 cm/year higher for height clasthan for height class 4. The isolated
effect of silvicultural class is smaller and acctsufor a maximum of 0.08 cm/year. It should
be noted that for silvicultural class 2 the growafiparently does not differ significantly from
class 4, as its;dparameter is not significantly different from zeFonally, the period mainly
influences the slope of the relationship and, as alao observed iiiable 5 a significant
difference is observed between period 1 and theotver periods, whereas these two periods
do not differ significantly from each other.

Table 6. Linear model with class-specific leveld alopes, including silvicultural class

Model: ADhijst = O + & + bin + Ohs+ (B + &i + Gt ) Dhijst + Enijst

RMSE = 0.1188 cm R=0.505
Parameter estimates
_ ~ Height Silv. ,
a B Plot & i class 1 lass dis Period  cx

0.2743-0.0065 1 -0.27/89 0.0127 1 0.1651 1 0.0795 22-27 0.0067
s -
2 -0.2321 0.0103 2 0.1334 2 0.0313° 27-32 0.0003'

3 -0.2282 0.0102 3 0.0360° 3 0.0500 32-36 0
4 0 0 4 0 4 0

All class-specific parameters are calculated urtter condition that the parameter of the highest
numbered class is restricted to zero. Symbolstesde

NS-marked parameter estimates are not significaliffigrent from zero (at the 5% level).

Units of measurement:iR:: cm, ADyjjs: cm/year.

In Table 7the model not including silvicultural class is geated. The table shows that
the effects of plot (@and a) and period (g) are almost unchanged as compared with the
model inTable 6,whereas the effect of height class has increasea @nsequence of the
removal of silvicultural class from the model. This due to the mentioned positive
relationship between height class and silvicultalass.

Table 7. Linear model with class-specific leveld alopes, not including silvicultural class

Model: ADpjjt = + & + bin + (B + &i + Gt ) Dt + €nit

RMSE = 0.1197 cm £=0.495
Parameter estimates
Height )
a B Plot ay; i clagss b1n Period Cot

0.2609 -0.005%° 1  -0.2374 0.0106 1 0.2242 22-27 0.0067
2  -0.1956 0.0084 2 0.1587 27-32 -0.0003°
3  -0.2091 0.0095 3 0.0669 32-36 0
4 0 0 4 0

Explanation: sed@able 6
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In Figure 2 thepredicted values of annual diameter incremeritarfitst period (22-27 years)
are presented for various combinations of diamater height class. As will appear from the
figure, the overall difference between the diaméterements of various height classes is
considerable. Furthermore, for height class 2 oispll-3 the predicted annual increment in
this period varies from 0.3 cm to 0.55 cm over #0e30 cm diameter range. However, for
plot 4 the variation is less than 0.05 cm and, canag with the other three plots, trees with a
diameter of less than approximately 20 cm exhibdreased diameter increment whereas
thicker trees respond to the increased thinnirensity by decreasing diameter growth.

— 05 1

o

2 g5 —— D =30cm, H.class 2
g ' —— D =25cm, Hclass 2
= 04 —{1— D =20cm, Hclass 2
. —o— D=15¢cm, Holass 2
GE) o —*— D =10cm, Hclass 2
o ' —&— D =10cm, H.class 1
£ —w— D=10cm,Hclass 3
% 02 1 —— D=10cm,Hclass 4
5 011

o

Plot number

Figure 2. Predicted annual increment in the firstipd (22-27 years) as
depending on plot (thinning), diameter (D), anddiiclass (H.class).
All predictions are calculated using the model able 7.

In the following two periods (27-32 and 32-36 yeanst shown) the considerable
difference between the growth of small and largemditer trees has almost disappeared on
plots 1-3, and on plot 4 the relationship betwemmeéter and diameter increment has been
reversed, meaning that the predicted incrementnafilsdiameter trees exceeds that of large
diameter trees. However, small diameter treesi{d<$.20 cm) on plot 4 still exhibit faster
growth than on plots 1-3, so the thinning respgmsesists. On the other hand, the reduced
growth of large diameter trees seems to indicatg the dominant trees experienced a
thinning shock, whereas the smaller trees benefitesh the thinning. Clearly, this is in
agreement with the resultsTrable 4.

The predicted increments of trees on plots 1, 8, Z&mre almost similar and, provided
that the growth conditions on these plots are siisdlar, this implies that within the range of
thinning intensities applied on plots 2 and 3 almasthinning response occurs. Thus, as for
these plots the differences observedlable 4are mainly caused by the varying diameter
composition of each height class on the three plotsact, it turns out that the average
diameter of trees in a given height class on pl® generally 1-3 cm smaller at age 22 as
compared with trees in the same height class ais gl@and 3. Similarly, the thinning effects
observed imTable 3are mainly caused by the varying tree size coniposon the four plots.
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5 CONCLUSION

In this experiment the stands were thinned fromoweT his implies that most of the thinned trees
are in the lower part of the canopy (height cla8saad 4) and, therefore, effects of thinning on
the diameter increment of the remaining upper-gttnees cannot be observed at low thinning
intensities. Apparently, the thinning intensitiggpléed on plots 2 and 3 did not quite come up to
the intensity required to influence the diametemgh of the remaining trees. Thus, on these plots
the differences in diameter increment reportedables 3 and 4re basically consequences of
unequal tree size compositions. By contrast, sagmif thinning effects on diameter increment are
observed on plot 4. In this case, the diameteement is enhanced for trees with diameters of
less than 20 cm, whereas larger trees exhibit ezbigowth.

Many thinning experiments have consistently repbiitecreasing diameter growth with
decreasing stand density (Clutter et #083). Stands thinned in time develop larger aweerag
diameters than comparable unthinned stands. Thassis observed in the current experiment.
From a tending operations point of view one of thest important tasks is to create suitable
growing space for superior trees that exhibit treatgst diameter growth and volume increment.
However, in the present experiment, it appears tth@tthinning intensity required to obtain a
significant thinning response among medium-sizedstralso implied that the largest trees of the
stand experienced a thinning shock. Neverthelesgonrclude that when increment thinnings are
carried out, an f value of 22-23 may be preferable. This correspdndthe stand density
obtained in plot 4. However, to prevent thinningats on certain sites it may be considered to
carry out two moderate thinning treatments instédadsingle heavy one.
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