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The objective of this study was to investigate the variation in internal knot size of Scots
pine Pinus sylvestrig.) stems sampled from mature permanent plots, and for which the
silvicultural history was known. It was based on a sample of mature trees removed from
two different spacing trials representing a moderate and high site index. Knot size was
measured with non-destructive methods using a CT-scanner and digital image analysis.
Initial spacing varied between 0.75 and 3 m on the high site-index trial and between 1.5
and 2.5 m on the moderate site-index trial. Wider initial spacing on the high site index
resulted in larger knots near the base of the stem. However, due to successive thinnings
which gradually equalised stand density among plots, the difference between most plots
was less further up in the stems. The effect of silvicultural regime was much more
limited on the lower site index. Within-stand differentiation resulted in a variation of
tree diameter (DBH); larger trees had significantly larger knots. Furthermore, knots
were larger towards south than towards north in both trials. These results illustrated that,
by using non-destructive measurements on trees sampled from permanent research
plots, it was possible to simultaneously study the variation of internal knot size at stand
(such as site and silviculture effects), within-stand (such as relative tree size) and within-
tree levels (such as height and azimuth). However, lack of replication prevented valid
statistical inference as to stand-level effects.
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1 Introduction a problem for the branch measurement methods
presented above as well.
The substantial effect of stand density on branch Stem dissection techniques have been devel-
size has been reported by numerous authors foped to measure the internal, three-dimensional
different coniferous species (Nylinder 1959, Gralknot structure within stems (Koehler 1936,
1961, Braastad 1970, Persson 1976, Perssbfaguire and Hann 1987, Johansson and Johans-
1977, Kenk and Unfried 1980, Abetz and Unson 1988, Samson 1993). Recently, non-destruc-
fried 1983, Moltesen et al. 1985, Ballard andive methods have also been developed for inter-
Long 1988, Skovsgaard 1988, Johansson 1992jal stem measurements (Funt and Bryant 1987,
These studies commonly pertain to single, standindgren 1992, Grundberg 1994). These methods
level effects primarily in the lower portions of are time consuming (Oja 1997), but provide a
the stems in order to make inference concerningeans of directly observing quality traits within
wood quality aspects, and do not, for examplestems (such as knots) while also recognising the
necessarily reflect the long-term dynamic impli-dynamic development of trees. Data obtained
cations of changing stand density levels over tarough application of such methods have been
whole rotation. Due to the lag in time betweerused to study geometric knot structure and past
establishment of forest trials and merchantableranch dynamics (Dietrich 1973, Kershaw et al.
maturity of the trees, it is often difficult to make 1990, Maguire and Hann 1990, Bjérklund 1997,
inference concerning the impact of silviculturalLemieux et al. 1997). However, the impact of site
practices on the quality of the final product inand silviculture on knot structure is not directly
such studies (Nylinder 1959). This becomes evesmnalysed in these studies. Using such methods on
more evident when considering the ever-changtems sampled from permanent research plots, it
ing nature of ‘established’ silvicultural practiceswould be possible to establish the connection
and end-user demands on forest products. between (past and present) growth conditions of
Methods that can be used to evaluate the dyrees and their internal knot structure. Moreover,
namic effects of different silvicultural regimesit would be feasible to simultaneously study this
using various simulation approaches have beeglationship at several levels of variation.
presented for Scots pindifius sylvestrid.., Unfortunately, older forestry field trials in Swe-
Karkkainen 1986, Vaisanen et al. 1989), Norden did not incorporate modern statistical tech-
way sprucePRicea abiegL.) Karst., Karkkdinen niques such as replication and randomisation
1986, Eriksson and Kyrkjeeide 1992, Houllier e{Eriksson 1986). Therefore, these trials cannot be
al. 1995) and Douglas-firPeeudotsuga men- used to make valid statistical inference as to stand-
ziesii(Mirb.) Franco; Mitchell 1988, Maguire et level effects. However, newer trials which include
al. 1991). These systems recursively emplogeplication do not provide an opportunity to study
branch and crown-recession models, togethé¢he long-term effects of silvicultural treatments
with mortality and individual tree growth mod- over a whole rotation till merchantable maturity.
els, in order to gradually simulate knot structuré&or the moment in Sweden (where rotation age
of individual trees. It is evident in these resultzan be 60-100 years or more), such studies are
that stand density, as affected by initial spacingestricted to older trials, and the results must be
and thinning, has a strong influence on tregiewed in light of the statistical limitations.
growth, crown development and knot size. How- The objective of the work presented in this
ever, validation of these simulations is difficultpaper was to study the variation in internal knot
because branch and knot data for the simulateize of Scots pine stems sampled from mature
silvicultural regimes are not usually readily availfpermanent plots, and for which the silvicultural
able (Maguire et al. 1991). Furthermore, theskistory was known. The analyses were based on
model systems involve complicated error strucknot data obtained through non-destructive meas-
tures through the recursive use of linked modelgrements (Gronlund et al. 1995) in order to de-
(Houllier et al. 1995). It is also difficult to trans- scribe several levels of variation, namely: be-
late (external) branch properties into (internaljween-stand variation; within-stand, between-tree
knot structure (Taffe 1955), something which issariation; within-tree variation. Differences in
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knot size due to site quality, silvicultural regime(Granvik and Lycksele, Sweden). The trials were
within-stand differentiation, height above groundestablished at the beginning of the century, and
and azimuthal direction (i.e. north-south orientalack replication. Initial spacing varied between
tion) were addressed. However, lack of replicad.75 and 3 m on the high site index,)(&nd
tion prevented valid statistical inference as tdetween 1.5 and 2.5 m on the moderate site
stand-level effects. index (S,, see Table 1). There was thus a sub-
stantially larger spread in initial spacing within
the former trial; narrow spacing was not well
. represented on the moderate site index.
2 Material and Methods Six trees representing three different diameter
classes (two from each DBH-CLASS) were re-
The study was based on a sample of 42 Scatsoved from each plot (Table 2). These classes
pine trees removed in 1993 from permanent raepresent the plot mean diameter (ll) and classes
search plots within two different spacing trialsseparated by one half standard deviation below (1)

Table 1. Description of the research plots in the spacing trials.

Plot id Location Site index  Initial spacing Total age Plot mean
(latitude, longitude) DBH P Hipd
(m?» (m) (yrs) (cm) (m) (m)
$0.75 5839'N 1434'E 28 0.75 87 30.8 25.6 16.2
$1.25 5839'N 1434'E 28 1.25 87 334 261 159
S1.5 5839'N 1434'E 28 1.5 87 340 261 154
S3 58°39'N 1434'E 28 3 87 378 256 140
Snl.5 6441'N 1843'E 24 1.5 76 20.3 19.0 9.5
Sn2 64°41'N 1843'E 23 2 76 20.7 189 109
Sn2.5 6441'N 1843'E 23 2.5 76 19.8 18.7 9.5

1) S| defined as the dominant height at 100 years of age.
2) Total height.
3) Height to the lowest live branch.

Table 2. Description of the removed sample trees.

Plot id DBH (cm) H (m) Hib (m)
DBH-CLASSY — DBH-CLASSY — DBH-CLASSY —
DBH Hi Hip
| 1l 1 | 1l 1l | 1l 1l

$0.75 26.4 29.2 346 30.1 252 26.7 26.6 26.2 16.2 16.2 176 16.6
$1.25 284 35.0 398 344 240 26.1 25.7 253 143 151 150 146
S1.5 28.0 34.2 404 341 223 273 27.0 255 13.3 176 141 149
Sh3 342 385 453 394 235 270 248 250 13.0 146 136 136
Mean 29.3 34.2 40.1 345 23.8 26.7 26.1 255 142 157 149 149
Snl.5 19.2 224 258 224 18.8 19.7 20.0 195 96 111 110 10.6
Sm2 18.0 20.3 26.7 21.7 16,5 184 19.0 18.0 10.2 11.0 104 105
Sn2.5 195 23.0 25.7 2238 18.0 18.2 199 188 95 98 112 100
Mean 18.8 220 26.1 223 17.8 18.8 19.7 18.7 9.7 10.6 10.7 104

1) Level Il represents the stand mean DBH whereas | and Il represent classes separated by one-half standard deviaticabbetothiand
value respectively.
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g. 1. Stand density development fox @) and & (b). The dots () on the vertical axis denote the theoretical
stand density at the time of planting.

and above this mean (lll). They were quite narrow After field measurements, felling and cross-
in the sense that very little diameter variation wasutting, the logs were transported to a laboratory
allowed within each class (the mean difference ifor CT-scanning and digital image analysis in
DBH between trees within pairs was about 1 cmprder to study internal knot properties (sound-
Within the respective plots, trees from the twdknot length, diameter and position within the
largest diameter classes often had similar totatem for each knot, Grundberg 1994). Only the
heights, whereas the trees from the smallest diarsawlog section of the stem (between stump level
eter class were somewhat shorter. In fact, virtuallgnd the level where stem diameter over bark was
all of the trees sampled represented the dominab8 cm) was investigated.
crown class — largely due to the low level of strat- The data was slightly unbalanced for the fol-
ification into crown classes present within thdowing reasons: the height of the top cross-cut
plots. The mean values of the sample trees (Tableas somewhat arbitrary since only the sawlog
2) seemed to correspond reasonably well to thgbart of the stem was studied; some sub-sections
respective mean plot values (Table 1). did not contain any knots; some logs were miss-
The original aim of the trials at the time ofing due to severe damage or to becoming lost.
planting early this century was not specifically to In this study, the diameter of knots at the sound/
study knot size or other quality attributes, but rathiloose (intergrown/encased) knot border, defined
er to evaluate the effect of different silviculturalas the maximum diameter of a knot in the trans-
practices on total wood volume yield (see Maasgerse plane (Gronlund et al. 1995), has been
1910, Eklund 1956, Eriksson 1986). Differentevaluated. This corresponds to knot diameter at
thinning schedules were applied in accordandhe time of branch death. The reason for this
with the experimental design for each trial. Thelefinition is that the resolution of the image is
stand density of the plots in the spacing trials wasiuch higher in this plane with the measurement
gradually reduced through successive thinnings $echnology used. For the analyses, the data was
that, at the time of sampling, it was virtually equabivided into 1 m vertical stem-sections (HEIGHT
for all plots within the respective trial (Fig. 1). InLEVEL), and into 90 stem-quadrants (DIREC-
this paper, TREATMENT refers to the combinedTION) according to azimuthal direction. KR
effect of the spacing and thinning regimes appliecefers to the diameter of the largest knot in each
to each plot as presented in Fig. 1 and Table 1such sub-section. The following mixed model
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was fitted separately fornSand $, (although to estimate variance parameters. Various error
more interactions were tested, only those founstructures within trees (including first order au-

significant are shown): toregressive, cf. Gregoire et al. 1995) and differ-
ent bases for dividing stems into sections (see
Yikm = K +A + B + G+ Dy + (AQ)i + (A Bijm description above) were tested, but these efforts
+ Ca(A B)ijkm *+ DA (A B)ijim + €ijiim (1) did not appreciably alter the results.
where
Yy = KDmax
i = intercept; 3 Results
A = TREATMENT (stand level effect of silvicul-
tural regime; see Fig. 1; fixed) The fixed effects — TREATMENT, DBH-
B = DBH-CLASS (within-stand tree size effect; CLASS, HEIGHT LEVEL and DIRECTION —
i=1 1, 10; fixed) were all found to be significant fof,She spac-
C = HEIGHT LEVEL (within-tree effect; See Fig. ing trial on a high site index (Table 3). The only
2 for levels of k; fixed) significant two-way interaction found was be-
D = DIRECTION (within-tree effect of azimuth; tween TREATMENT and HEIGHT LEVEL. No
I=N, E, S, W; fixed) higher order interactions were significant. As
a = TREE (nested tree effect withiA and B; indicated in Fig. 2a, mean KJvaried between
m = 1-24 ($), 1-18 ($); random) about 21 and 31 mm in,Svider spacing result-
£ = residual error (random) ed in larger knots (Fig. 2a). The difference be-

tween plots was most evident in the first stem
The results presented in this study were obtainexction. At higher levels, the difference between
with the SAS statistical package (version 6.12)reatments became much smaller. The differenc-
using “Procedure Mixed” (see SAS Institute Inces at different HEIGHT LEVELs were especial-
1997). The means presented are the least squirdarge between the widest spacing3)Sand
means. Unless otherwise stated, the significantke others.
levels in tests of equal means was P < 0.05. In Knot size increased substantially from the low-
pairwise comparison of main effect means, Tukest level (Fig. 2a), and seemed to reach a local
ey’'s studentised test was used. The Restrictedaximum just above the base of the stem. Be-
Maximum Likelihood (REML) method was usedyond this point, the plot with narrowest initial

Table 3. Variation of knot diameter (KR, within two initial spacing trials (1693 observations fgraBd 801
observations for § with respect to TREATMENT, DBH-CLASS, HEIGHT LEVEL and DIRECTION.

Source of variation NDP DDF2) F-value Prob > F

High Sl trial (S)

TREATMENT 3 18 29.2 0.0001
DBH-CLASS 2 18 12.3 0.0004
HEIGHT LEVEL 19 326 7.5 0.0001
DIRECTION 3 69 19.1 0.0001
TREATMENT x HEIGHT LEVEL 57 326 2.9 0.0001
Moderate Sl trial (§)
DBH-CLASS 2 13 9.1 0.0034
HEIGHT LEVEL 13 146 9.7 0.0001
DIRECTION 3 51 6.2 0.0011

1) Numerator degrees of freedom.
2) Denominator degrees of freedom.
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first live branch (k).

Table 4. Variance components (corresponding to Table 3) of the random effects for two initial spacing trials.

Source of variation Variance Z-value Prob>Z
Value %

High Sl trial ($) 27.7 100
TREE(TREATMENT DBH-CLASSY 3.2 12 2.3 0.02
HEIGHT LEVEL x TREE(TREATMENT DBH-CLASS) 54 19 6.8 0.0001
DIRECTION x TREE(TREATMENT DBH-CLASS) 1.5 5 3.5 0.0004
Residual 17.6 64 245 0.0001

Moderate Sl trial () 17.6 100
TREE(TREATMENT DBH-CLASSY 3.2 18 2.1 0.04
HEIGHT LEVEL x TREE(TREATMENT DBH-CLASS) 3.6 20 4.8 0.0001
DIRECTION x TREE(TREATMENT DBH-CLASS) 0.8 5 2.3 0.019
Residual 10.0 57 16.5 0.0001

1) This denotes the nested, random TREE effect within TREATMENT and DBH-CLASS.

spacing (§0.75) indicated increased knot size Virtually no differences in knot size were found
with increasing height, whereas no such simplbetween the plots in,3Fig. 2b). However, DBH-
trend was evident for the other plots. The dis€CLASS, HEIGHT LEVEL and DIRECTION
crepancy in this development between plots cowere all found to be significant (Table 3).
tributed to the interaction effect observed in Ta- Part of the sampling strategy was to select two
ble 3. Above the live crown, the plots had smalltrees from three different DBH-classes within
er knots with increasing height in the stem. each plot. The heterogenous diameter growth
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Fig. 3. Mean knot diameter (KRy) of each DBH- Fig. 4. Mean knot diameter (KRy) in each DIREC-
CLASS pooled over all TREATMENTS, HEIGHT TION pooled over all TREATMENTs, DBH-
LEVELs and DIRECTIONsI, Il andlll indicate CLASSes and HEIGHT LEVELs. N, E, S and W
DBH-CLASSes, ‘high’ and ‘moderate’ indicate indicate DIRECTIONS, ‘high’ and ‘moderate’ in-
site indices. DBH-CLASS means not having the dicate site indices. DBH-CLASS means not hav-
same letter are significantly different (P < 0.05). ing the same letter are significantly different (P <
Standard error is indicated by the vertical lines 0.05). Standard error is indicated by the vertical
over the bars. lines over the bars.

within the plots reflected some of the within-4 DIScussion
stand variation in knot size: DBH-CLASS was
significant in both trials (Table 3); larger trees4.1 Scope and Methodology
implied larger knots (Fig. 3). Variance associat-
ed with random tree-to-tree variation (within theThe experimental design of the spacing trials in
TREATMENT/DBH-CLASS pairs) was found this study was applied at the beginning of the cen-
to be significant in both trials (Table 4), albeit oftury, and was not conducive for modern statistical
a smaller magnitude than the residual varianagvaluation of site or silvicultural treatment effects.
component. The common experimental unit for such analyses
The azimuth direction in which branches grews at the plot (or stand) level (Mead et al. 1993).
had a highly significant effect on knot size (Ta-However, replication in this study was only pos-
ble 3). In general, the largest knots were foundible at the tree level. It was thus not possible to
towards south, and the smallest knots were foundake any conclusive statistical inference regard-
towards north, while the other directions coming stand-level effects. Nevertheless, the results
monly resulted in intermediate knot sizes (Figobtained in this study illustrated that, by using
4). The effects of direction on knot size werenon-destructive measurements on trees sampled
similar for § and %, but, in comparison, the from permanent research plots, it was possible to
variation in absolute terms was somewhat smalsimultaneously study the relationship between
er for the latter trial. knot size and stand-level effects (such as site qual-
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ity and silviculture), within-stand effects (such agt.2 Between-Trial Variation
relative tree size) and within-tree effects (such as
height and azimuth). With an improved experi-The different silvicultural regimes employed in
mental and sampling design, more rigorous statigach trial, the different stand ages, and the dif-
tical methods could be applied, and stronger cotfierent locations (especially in terms of latitude,
clusions could be obtained. see Table 1) make it difficult to compare the two
Gronlund (1995) compares the CT-scanningrials. The lack of replication prevents statistical
method used in the present study (described liyference of differences. Nevertheless, the plots
Grundberg 1994) with manual measurements dn S, resulted in smaller knots (Fig. 2b) in com-
knots split through the centre for Scots pine. CTparison with corresponding plots on the higher
scanning results in slightly larger knots; the measite index (§L.5 and & in Fig. 2a). This agrees
difference is 5 mm. However, this is to be exwith the well-established observation that trees
pected since the manual method has difficulty igrowing on better sites, but with similar stand
locating the maximum knot diameter. Furtherdensity conditions, will develop larger branches
more, there is no mean difference in the localisatue to the larger foliage mass (Larson 1969,
tion of the dead-knot border — the point on th&usvaara 1974, Turkia and Kellomé&ki 1987,
knot where diameter is measured (Gronlundamsa et al. 1990, Makinen and Uusvaara 1992).
1995). Oja (1997) also compares the same non-The foliage mass and photosynthetic capacity
destructive method with several manual, destruof a stand has been found to be highly dependent
tive methods for Norway spruce including stenon site factors such as nutrient availability (Brix
dissection (e.g. Koehler 1936) and board mead971, Albrektson 1980, Axelsson 1984), water
urements (e.g. Samson 1993). In terms of knatatus (Grier and Running 1977, Linder and Ax-
diameter, stem dissection is most precise, but ésson 1982), and climate (Bergh et al. 1998).
twice as time-consuming as the other two, anBetter site conditions result in more foliage mass
implies a systematic error due to difficulties inand greater photosynthetic capacity. Since there
locating the knot centre. It would also be diffi-is a correlation between foliage mass and branch
cult to apply for Scots pine where many knotgrowth (Kellomaki 1980, Whitehead et al. 1990),
are occluded and difficult to identify from theit is not surprising that branches become larger
outside. The standard deviation between CT-scaim trees growing on better sites as was found
ning and stem dissection for Norway spruce igshen comparing Fig. 2a and 2b. Furthermore,
2.2 mm (Oja 1997). According to Oja (1997)Lamsa et al. (1990) observed that the longevity
CT-scanning is more precise than board measf branches is shorter on better sites. Madgwick
urements of knot size, while the time consumpet al. (1986) report that fertilised trees initially
tion of these two methods are similar. show higher branch growth rates (in terms of
The cross-section of Scots pine knots is ovalongation) than control trees, but that the annu-
(Lehtonen 1978). However, it is not possible t@l increment slows faster with branch age at a
take this into account with CT-scanning due tdater stage. This latter (retardation) effect is at-
the low longitudinal resolution. The CT-scan-tributed to the higher degree of inter-tree compe-
ning method measures the horizontal diametetition in the fertilised plots. The larger branches
whereas its vertical counterpart is about 4.3found on better sites can therefore be ascribed
8.5 % larger (Lehtonen 1978). On the other handnore to higher branch growth rates rather than
it is difficult to obtain the true diameter with thelongevity.
manual methods discussed above, and it is there-
fore not apparent if there is a bias in the diameter
measurement of Scots pine using CT-scanning.3 Between-Plot Variation
The low longitudinal resolution also implies that
small knots (below about 10-12 mm) are diffi-Due to successive thinnings, which started at a
cult to detect and measure (Gronlund 1995, Ojstand age of 21 years fog, & is likely that the
1997), but this should not be a large problem ieffect of initial spacing is limited to the lower
the present study due the focus on large knots.stem sections. Larger differences were found be-
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tween plots in Fig. 2a near the stem base thdar all plots) and at individual HEIGHT LEV-
higher up in the stems. By the time of samplindELs. This probably partially reflected the narrow
at 87 years of age, stand density (Fig. 1) and knodnge in initial spacing, and the effect of early
size (near kj, the solid dot in Fig. 2) were mortality which further limited stand density dif-
virtually equal among all plots. In fact, with theferences as is evident when comparing stand
exception of the widest spacing, there were hardlyensity at the time of stand establishment and
any difference among plots above the 7 nthe first revision (38 years of age, see Fig. 1).
HEIGHT LEVEL. Although it is difficult to com-  However, statistical evaluation of the TREAT-
pare (internal) knot data with (external) branctMENT effect in this study (Fig. 2) is made diffi-
measurements (see Taffe 1955), these apparenit due to the lack of stand-level replication. It
stand density effects agree with earlier results not possible to conclusively ascertain if differ-
concerning this trial ($. Based on measure- ences in knot size were actually due to silvicul-
ments carried out when total stand age was 4dral regime, or to random differences in fertility
and 49 years, Persson (1976) found that braneimd microclimate among plots, or to variations
diameter near breast height increases linearlg spacing within plots due to early mortality and
with initial spacing, but that the difference be-natural seeding, or to sampling deficiencies.
tween plots subsides with increasing height. Sim-
ilar results have been reported in numerous other
studies for different coniferous species (Crome4.4 Within-Plot, Between-Tree Variation
and Pawsey 1957, and Brown 1966, Rinus
radiata D. Don, Grah 1961, and Kenk and Un-As in the present study, a positive correlation
fried 1980 for Douglas-fir, Merkel 1967, andbetween DBH and branch size has been found in
Moltesen et al. 1985 for Norway spruce; Godmany other studies (Cromer and Pawsey 1957,
man and Cooley 1970 foPinus banksiana Elfving 1975, Persson 1977, Colin and Houllier
Lamb.; Ballard and Long 1988 fétinus taeda 1992, Johansson 1992, Pukkala et al. 1992, M&k-
L.). inen 1996). Nylinder (1959) and Persson (1977)
Diameter growth of branches in coniferousalso identified an interaction effect of spacing
trees with strong apical dominance results iand DBH on branch size based on earlier meas-
increasing branch basal diameter with increasingrements within $ Similar results are indicated
depth into the live crown from the stem apexor Norway spruce by Johansson (1992). On the
down. The diameter reaches a maximum slightlgther hand, Cromer and Pawsey (1957), Mol-
above the base of the live crown (Colin andesen et al. (1985) and Méakinen (1996) did not
Houllier 1991, Colin and Houllier 1992, Maguirefind an interaction between stand density and
et al. 1994, Roeh and Maguire 1997) due to BBH on branch size. Although DBH-CLASS
period where branches survive without formingvas significant in the present study (Table 3), no
complete annual rings (Andrews and Gill 1939interaction with TREATMENT was evident. Per-
Reukema 1959, Larson 1969, Kershaw et ahaps this was due to the numerous low thinnings
1990, Weslien 1995). Stand density affects crowthat removed much of the heterogeneity within
recession (Ritchie and Hann 1987, Maguire anthe plots, lack of stand-level replication or few
Hann 1990) and thereby the length of the liveumber of trees sampled (i.e. 6 per plot).
crown (Kramer 1962, Arlinger 1996) through Stem diameter growth is a relatively low pri-
competition-induced branch mortality. The mairority sink of photosynthate allocation. It there-
effect of stand density on maximum attainabléore follows that, as the growing space is redis-
branch size, and on knot size (observed in Tabtebuted among trees through within-stand dif-
3 and Fig. 2), is thus through branch longevityerentiation (see Mitchell 1975, Oliver and Lar-
and duration of radial growth (Kershaw et alson 1990), smaller crowns — as well as smaller
1990). branches — are associated with smaller trees in
On the poorer site (3, differences in knot terms of DBH and vice versa. However, the re-
size between plots were slight (Fig. 2b), both ipeated thinnings applied in the trials (Fig. 1)
terms of the mean values per plot (about 19 mimave limited the extent of differentiation evident
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within the plots, and reduced the potential effeatniddle section. Bjérklund (1997) also describes
of tree size in comparison with the possible rea stem section above 2.5 m height whereby knot
sult of within-stand differentiation under a no-size remained reasonably constant, and suggests
thinning regime. that this is due to a period of high height growth
and constant rate of crown recession. All plots
indicated local maxima within this middle stem
4.5 Vertical Within-Tree Variation section, which could be evidence of thinning
responses. But, it is not possible to make conclu-
Bjorklund (1997) studied the internal knot struc-sive inference on the nature of this relationship
ture of Scots pine trees, and identified differenbn the basis of this data.
vertical knot sections. Although the effects of sil- Branch diameter decreased above the lowest
viculture or site properties on the variation in knotive branch (the solid dot in Fig. 2a and 2b),
size are not addressed, an hypothesis is presentetich is in accordance with Bjorklund’s (1997)
concerning the vertical variation of maximumcrown section. This is to be expected due to the
knot diameter. An initial increase in knot sizedecreasing branch age with increasing height into
above the butt of the stem, corresponding tthe live crown (Kershaw et al. 1990, Colin and
Bjorklund’'s (1997) establishment section, wadHoullier 1991, Maguire et al. 1994), although
evident for all plots (except one,B5) in Fig. 2a only the lower part of the live crown was repre-
and 2b. Given the correlation between branch sizented in this study. The results became uncer-
and foliage mass (Kellomaki 1980, Whiteheadain in the uppermost HEIGHT LEVEL due to
1990, Gilmore and Seymore 1997), it is likely thathe few number of observations.
this development is related to the initial accumu-
lation of foliage in a stand (Long and Smith 1984).
Branches near the stem base were probably affedt6 Azimuthal Within-Tree Variation
ed by competing subordinate vegetation such as
shrubs as well (Mitchell 1975). Very few results are available in the literature
As a result of natural thinning in a fully stockedconcerning the azimuthal variation in either knot
even-aged stand, it has been suggested that threbranch size. Lemieux et al. (1997) studied the
growing space, and the foliar biomass, is redidknot geometry in different directions, and found
tributed so that an equilibrium level of foliage isthe largest knot volume towards southeast. But,
maintained (Long and Smith 1984). Under suckince these sectors also had the largest number of
conditions, crown extension of the dominant treeknots, it is not clear what influence azimuth has on
would proceed as suppressed trees become ovinot diameter. Significant differences with re-
topped (Mitchell 1975, Oliver and Larson 1990) spect to azimuth have been found for sapwood
and knot size of the residual trees would beontent (Yang et al. 1985) — a property which, like
expected to increase with increasing height abovsanch growth, is also related to foliage mass
ground (Maguire et al. 1994). As a result ofKaufman and Troendle 1981). It is likely that the
thinnings, this development would occur in in-azimuthal variation is related to light intensity and
tervals (Maguire et al. 1991), corresponding tdts effect on the rate of net photosynthesis, both of
height of the crown base at the time of the rewhich have been found to be greatest towards the
moval. Although it was not possible to directlysouth (Kunstle and Mitscherlich 1977, Troeng
link the removal of trees through thinnings toand Linder 1981, Kellomaki and Strandman
knot size at any particular height level in thel995). This implies higher branch growth rates
present study, there did not seem to be any sy®wards the south, and could explain the larger
tematic pattern in vertical knot size developmenitnots found in this direction (Fig. 4).
between the initial increase during establishment As spacing trials, great care was taken in obtain-
and the decrease above the live crown (discussid) a uniform spatial distribution of the seedlings
below). Knot size increased for(&75 (in Fig. at the time of establishment. In a situation where
2a, as was discussed above), while it remaindbe trees are clustered to a greater extent, azimuth-
more or less level for most other plots in thisl effects on knot size would be more dependent
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on heterogenous competition between trees th@wrgh, J., McMurtrie, R.E. & Linder, S. 1998. Climat-

on north-south orientation (cf. Stiell 1982). How- ic factors controlling the productivity of Norway

ever, in order to get a better understanding of the spruce: a model-based analysis. Forest Ecology

azimuthal variation in knot size, further analysis and Management 110: 127-139.

on a broader material is necessary. Bjorklund, L. 1997. The interior knot structure of
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