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Abstract

The influence of microfibril angle (MfA), density and chemical cell wall composition on shrink-
age varied for the longitudinal and tangential directions as well as between wood types, namely
compression wood (CW), mature wood (MW) and juvenile wood (JW). At the same MfA, CW
exhibited a lower tangential shrinkage than JW, indicating the influence of the chemical com-
position on wood shrinkage. The chemical composition measured via FTIR micro-spectroscopy
has been shown in conjunction with density to be an alternative to MfA data for shrinkage
predictions. This was particularly true for wood of young cambial age for which the MfA did
not correlate to shrinkage. The results indicate a possibility to reduce distortion of sawn timber
by segregation using infrared (IR) and X-ray in-line measurements.

Zusammenfassung

Der Einfluss des Mikrofibrillenwinkels (MfA), der Rohdichte und der chemischen Zusammen-
setzung der Zellwand auf das Schwindverhalten variiert sowohl zwischen longitudinaler und
tangentialer Richtung als auch zwischen Druckholz (CW), juvenilem (JW) und adultem Holz
(MW). Die geringere Tangentialschwindung von CW im Vergleich zu JW bei gleichem MfA weist
auf den Einfluss der chemischen Zellwandzusammensetzung auf das Schwindverhalten hin. Es
konnte gezeigt werden, dass die chemische Zellwandzusammensetzung, gemessen mittels Mikro-
FTIR-Spektroskopie, eine Alternative zum MfA fiir die Vorhersage des SchwindmaBes darstellt.
Dies galt insbesondere fiir JW, fiir welches keine Korrelation zwischen SchwindmaB und MfA
gefunden wurde. Diese Ergebnisse zeigen eine Moglichkeit zur Reduzierung der Verformung von
Schnittholz durch Sortierung basierend auf Infrarot- und Rontgenmessungen.
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wAbstract The influence of microfibril angle (MfA), dens-
wity and chemical cell wall composition on shrinkage varied
afor the longitudinal and tangential directions as well as be-
xntween wood types, namely compression wood (CW), mature
swood (MW) and juvenile wood (JW). At the same MfA, CW
uexhibited a lower tangential shrinkage than JW, indicating
ssthe influence of the chemical composition on wood shrink-
wage. The chemical composition measured via FTIR micro-
uspectroscopy has been shown in conjunction with density to
xbe an alternative to MfA data for shrinkage predictions. This
»was particularly true for wood of young cambial age for which
sthe MfA did not correlate to shrinkage. The results indicate
sia possibility to reduce distortion of sawn timber by segrega-
»tion using infrared (IR) and X-ray in-line measurements.
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auf den Einfluss der chemischen Zellwandzusammenset- 7
zung auf das Schwindverhalten hin. Es konnte gezeigt wer- 7
den, dass die chemische Zellwandzusammensetzung, ge- 7
messen mittels Mikro-FTIR-Spektroskopie, eine Alternative 7
zum MfA fiir die Vorhersage des Schwindmales darstellt. 7
Dies galt insbesondere fiir JW, fiir welches keine Korre- 7
lation zwischen Schwindmall und MfA gefunden wurde. 7
Diese Ergebnisse zeigen eine Mdglichkeit zur Reduzierung 7
der Verformung von Schnittholz durch Sortierung basierend s
auf Infrarot- und Rontgenmessungen. 81

1 Introduction 84

Even the strongest piece of timber is not saleable as con- so
struction material if it is distorted and therefore dimensional &
stability is of huge economic value for the forest industry ss
(Johansson et al. 1994, Eastin et al. 2001). Spring and bow s
are forms of timber distortion which cannot be predicted %
from macroscopic wood characteristics like ring curvature o
or spiral grain (e.g., Simpson and Gerhardt 1984, Skaar «
1988, Johansson 2002). They are the result of heteroge- 9
neous shrinkage within a piece of timber (Simpson and o
Gerhardt 1984), which can vary considerably in a random ss
way within a batten (Kliger et al. 2003, Johansson 2003). 9
Models based on high-resolution longitudinal shrinkage o7
data do give good predictions of spring and bow (Simpson
and Gerhardt 1984, Ormarsson 1999, Stanish 2000, Kliger ¢
et al. 2003, Johansson 2003, Johansson et al. 2003). In order o
to make use of these models to improve timber quality by
segregation, non-destructive techniques for measurement of'io2
longitudinal shrinkage are required. Currently, such tech-os
niques do not exist. 104

Dimensional changes of wood caused by water adsorp- s
tion are anisotropic and in the first instance dependentios
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w7on the anatomical direction in the wood (as summarised
wsby Skaar 1988). While the longitudinal shrinkage (LS) of
wsound timber is generally small (< 1%), the radial and tan-
mogential shrinkage (TS) is of considerable magnitude vary-
ming between 2-5% and 6-8% for conifers, respectively (as
msummarised by Suchsland 2004). However, wood shrink-
zage also depends on microstructural and molecular fea-
nstures of the cell wall. These include the microfibril angle
1s(MfA) (Koehler 1931, Barber and Meylan 1964), the angle
neat which the cellulose fibrils wind in the tracheid cell walls,
ras well as the physical properties of the surrounding ma-
ustrix. Theoretical models describing the influence of the MfA
mon the TS and LS have been developed based on a hy-
120groscopic isotropic matrix consisting of hemicelluloses and
izilignin which is reinforced with rigid cellulose fibrils (Barber
mand Meylan 1964, Barrett et al. 1972, Cave 1972, Kopo-
izsnen et al. 1989, Yamamoto 1999). These theoretical models,
marefined over the years (e.g. incorporating more cell wall
islayers and MfA distributions) predict principally similar in-
isfluences of MfA on shrinkage behaviour. The models are
imrgenerally in accordance with the rather scarce experimen-
istal data and illustrate the complex relationship between MfA
imand shrinkage (Yamamoto et al. 2001). TS is high at low
1wMfA and steeply decreases with MfA above 30°. LS is
isifairly constant for MfA below 30°, showing a slight de-
mcrease (or even longitudinal expansion for MfA around 25°),
isand then increases rapidly. TS and LS are of same magni-
imatude at MfA = 45°, beyond which TS and LS exchange their
isbehaviour.

156 The model developed by Yamamoto et al. (2001) also
iwdemonstrates the crucial influence of the matrix properties.
1sVarying the swelling potential of the matrix has a major in-
imwfluence on the TS at low MfA, while the same is true for LS
wat high MfA. The implication is that the correlation between
mshrinkage and MfA is strong only over a narrow MfA range
142(30-40°) (Floyd 2005).

w3 The mechanical properties of the matrix are sensitive
1uato changes in the moisture content. Moreover, each ma-
ustrix polymer (i.e., lignin and the various hemicelluloses)
usresponds differently to moisture changes (Cousins 1976,
1471978, Akerholm and Salmén 2004, Olsson and Salmén
1482004). This causes in conjunction with the variable chem-
uical composition of individual wood types (e.g., galactan
1soin compression wood (Timell 1986), high xylan content in
isijuvenile wood (Bertaud and Holmbom 2004)) a swelling be-
isshaviour that is not entirely dependent on the MfA (Barber
isand Meylan 1964). Wooten et al. (1967) following com-
issments by Kelsey (1963) reported that the LS of compres-
isssion wood (CW) is almost an order of magnitude bigger
issthan for JW with comparable MfA. They attributed this to
is7a thicker S1 layer, which after re-evaluating the published
issmicroscopy images is in fact the S2(L) layer (as summarised
1svby Timell 1986). The S2 layer in severe CW tracheids
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separates in an outer S2(L) and an inner S2 layer. TEM e
photographs taken after the selective removal of polysac-ie
charides or lignin, respectively, demonstrate that the outeris
S2(L) layer is highly lignified and almost devoid of cellu-1
lose fibrils (Casperson 1962, Coté et al. 1968). Recently, 164
the B-1-4-galactan present in CW has been localised in thees
outer cell wall layers by immunolabelling (Altaner et al. s
2007). Combining those observations, a cell wall layer con-1e7
sisting predominantly of lignin and B-1-4-galactan can beiss
postulated in CW. This emphasises the influence of physical e
matrix properties on shrinkage. 170

Traditionally shrinkage has been correlated with density
(e.g. Suchsland 2004). This correlation is not particularly .
strong and represents a general trend for sound wood of7
different species. Watanabe and Norimoto (1996) proposed i
a hyperbolic relationship between LS and specific MOE s
(MOE/density). However, the form factors of the curve were 7
different for normal wood (NW) and CW. A robust regres-17
sion for predicting LS by MfA was reported for example7s
in loblolly pine (Pinus taeda) if cambial age was included 7
(Lu et al. 1994). Johansson et al. (2003) developed a modelzo
for the prediction of LS from colour and ‘tracheid effect’ s
measurements. The model uses six variables obtained from s
on-line measurements and was able to predict 81% of thes:
variation in longitudinal shrinkage in Norway spruce (Picea s
abies). 185

Recently, Floyd (2005) proposed an alternative model to s
predict LS of wood. It is based on the assumption that thess
longitudinal shrinkage can be expressed as a ratio of a driv-ss
ing force (hemicelluloses) and a resisting force (microfibrilis
network): 190

191

Predicted LS = Density/MOE x (« x Glucose content 192

+ B x Galactose content) 4 ¢ 193
194

where @ and B are constants expressing the relative impor-1ss
tance of the resisting and driving forces. It is likely that these 9s
constants are species dependent. For loblolly pine (Pinusio
taeda) the influence of the driving force was more than five s
times that of the resisting force. The model could explainis
92% of the variation in LS. 200

Shrinkage predictions have to be based on non-destructivezo
on-line measurements if they are to be used for improve-2
ment of the quality of timber by segregation. Present meas-20
urement techniques for MfA, local MOE, or galactose anda
glucose contents do not fulfil these requirements. High reso-2os
lution density scanners are already used in the forest indus-20:
try to predict timber quality in terms of strength and stiffnessz2o7
but not with respect to distortion. Infrared spectroscopy (IR )20
yields information on the chemical composition and is usedzo
in the high frequency range (NIR) in industrial process forzio
quality control (So et al. 2004, Tsuchikawa 2007). How-2:
ever, NIR has shown weak correlations, in particular fora
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aisgalactose, when used to predict the chemical composition
21s0f wood (Jones et al. 2006). Calibration of IR spectroscopy
asto physical wood properties like density, MfA or MOE has
asalso been reported (e.g. Thygesen 1994, Hoffmeyer and
a7Pedersen 1995, Schimleck et al. 2002, Nuopponen et al.
282006). NIR has been used for shrinkage predictions. For
a95-year old Eucalyptus urophylla x E. grandis hybrids TS
aocould be modelled with 82% accuracy by NIR (Bailleres
aet al. 2002). The weak correlations with radial shrinkage
22(RS) (0.45) and LS (0.35) precluded similar predictions of
anshrinkage in these directions. 63% of the variation in vol-
nsumetric shrinkage of mahogany (Swietenia macrophylla)
xscould be predicted by NIR (Taylor et al. 2008). This weak
ascorrelation, compared to density and extractives content
21(R?> = 0.81 and 0.67, respectively), was probably caused by
astheir counteracting effects on shrinkage.

29 The authors have recently reported the possibility of
someasuring CW  severity by mid-range IR scanning mi-
asicroscopy (Altaner et al. 2009), utilising the unique chemical
ancomposition of CW. Purpose of this study was to investigate
2»if the FTIR CW-indicator can be used to improve shrinkage
aupredictions.

235

236

2372 Materials and methods

238

21955 specimens were prepared from a 36 year old Sitka
auospruce (Picea sitchensis (Bong.) Carriere) tree grown at
a1Kershope, Northumbria, UK and selected for the pres-
242

243

ence of severe compression wood as well as normal ju-2e
venile and mature wood (McLean 2007). From a radialze
strip samples for FTIR CW-indicator, X-ray density andas
transmitted light measurements were prepared according toze
Altaner et al. (2009). From the remainder small samples2mo
(~1.5mm(R) x ~21 mm (L) x ~15mm (7)) for shrink-2n
age measurements were split. Dimensional change between2n
fully saturated (submerging for 2d in deionised water in-27
cluding 5 vacuum cycles) and oven dry (3d at 105°C)an
conditions were measured with a micrometer (&1 um pre-2s
cision). The MfA was determined by analysing the 00227
x-profile of the X-ray diffraction patterns according to Cave:r

(1966) (‘2T-method’). 278
279
280
3 Results and discussion 21
282
3.1 Radial profile 283

284
Figure 1 illustrates the variation of longitudinal (LS) andass
tangential (TS) shrinkage in a radial strip of Sitka spruceass
containing severe CW. The biggest variation coincided withass
the occurrence of CW as identified in transmitted light or by ss
IR spectroscopy. Noticeable differences in shrinkage couldass
be recognized between MW and JW. Those agree with theo
differences in MfA as could be expected from the rein-2:
forced matrix theory discussed above (Barber and Meylana:
1964, Cave 1972, Barrett et al. 1972, Koponen et al. 1989,23
Yamamoto 1999). This difference in shrinkage between2s

295

296

244Fjg.1 MfA, FTIR CW-indicator 14 - 35.00 7
ausand shrinkage in a P. sitchensis LS shrinkage 208
,uradius. The photograph shows the TS shrinkage 29
cross section in transmitted light 12 —— == MfA - 30.00
247 . . . 300
for CW identification. The -
-~ FTIR CW indicator
28samples regarded as CW are A 301
aomarked. JW samples are from 10 va F 25.00 302
45009 mm onward . 8 303
Abb.1 MfA, FTIR CW-Indikator <5 =
*'und Schwindmaf einem Radius % 8 - 20.00 © ™
22yon P. sitchensis. Das Foto zeigt > |°—_: 305
2s3den Querschnitt im Durchlicht zur = L 306
s, Jdentifikation von Druckholz T 6 - 15.00 £
(CW). Die als Druckholz ) <
*identifizierte Proben sind mit ="
256einem schwarzen Balken 4 - - 10.00 %
»symarkiert. Proben jenseits von 9 310
45509 mm wurden als juveniles Holz 3“
259(JW) klassifiziert 2 4 - 5.00 -
260 313
261 0 T T T T T T T T 0-00 314
262 0 10 20 30 40 50 60 70 80 90 315
263 Distance from bark (mm) 316

264
]
265
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s3vMW and JW was not mirrored by the FTIR CW-indicator,
smowhich gave similar values for both wood types. Density
s21(data not shown) was higher for MW than JW samples. This
smoffered the possibility to predict shrinkage from a combina-
sstion of FTIR CW-indicator and density values, two meas-
ssurements potentially available for sawn timber. In order to
nsbe of value for wood quality assessment in the timber in-
nedustry measurements have to be done on-line and reliably
scope with JW, the major wood type produced in fast growing
nsplantation forestry.

329

3203.2 Shrinkage

331

nAs expected, MW differed statistically from CW and JW at
spalpha < 0.05 in its tangential as well as longitudinal shrink-
suage behaviour (Table 1). JW and CW, both characterised by
ssa high MfA, did not differ significantly in LS, but did so
s6in TS. Figure 2 visualises the different relationship between
swLS and TS shrinkage for the wood types investigated. CW,
s3JW and MW samples were found in well separated clusters.
swParticularly the different shrinkage behaviour in the longi-
sotudinal and tangential directions for CW demonstrates that
saushrinkage is influenced not only by one wood characteristic,
ai.e., MfA, but also by the morphology or chemical compo-
susition. Secondly it shows that the influence of those wood
sufeatures is different for the longitudinal and tangential di-
ssrections. This is consistent with theoretical considerations
1s0n the influence of morphological (Cave 1972) and physical
sarcell wall properties on shrinkage (Yamamoto et al. 2001).
[t is not only the composition of the cell wall matrix that
ssvaries in wood (among others B-1-4 galactan is present in

350
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Table1 Longitudinal shrinkage (LS), tangential shrinkage (TS), mi-372
crofibril angle (MfA), FTIR CW-indicator (FTIR) and density of,,,
mature wood (MW), compression wood (CW) and juvenile wood

(JW) in Sitka spruce; Average values with standard deviation in paren- o
theses 375
Tabelle1 Lingsschwindmal} (LS), Tangentialschwindmal} (TS), Mi-376
krofibrillenwinkel (MfA), FTIR CW-Indikator (FTIR) und Rohdichte ,,,
von adultem Holz (MW), Druckholz (CW) und juvenilem Holz (JW)

in Sitkafichte. Mittelwerte mit Standardabweichung in Klammern >
379

All MW CW wo
Number of

samples 53 16 19 18
LS (%) 1.46 (0.37) 1.16 (0.15) 1.50 (0.51) 1.46 (0.23) 3
TS (%) 8.37 (2.33) 10.76 (1.34) 5.94 (1.60) 8.37 (0.65) 33
MfA (°) 142 (6.74) 7.9 (0.64) 22.1 (4.91) 14.2 (3.03) ,
FTIR (AU) 0.67 (0.25) 0.74 (0.05) 1.11 (0.23) 0.67 (0.08)

Density (gem™3) 0.45 (0.12) 0.59 (0.06) 0.54 (0.13) 0.45 (0.11) **

386

387

388

CW (Timell 1986) and JW is enriched in xylan (Bertaudss
and Holmbom 2004)) but also the cell morphology (i.e., cellsw
shape, cell wall thickness, rays etc.) differs. Therefore, thess
relationship between LS and TS can be expected to vary be-3:
tween wood types. 303
Three wood features have been correlated to shrinkages
of different Sitka spruce wood types. The MfA is a meas-3s
ure of the cell wall anisotropy, recognised as an importantsss
factor influencing wood shrinkage (Koehler 1931). Density o
represents a morphological characteristic that has been as-3s
sociated with volumetric and cross-sectional shrinkage (e.g.39
Panshin and de Zeeuw 1980). The FTIR CW-indicator pro-4o
vides a measure for the chemical composition of the wood, o
which has also been predicted to influence its shrinkageso

403

35]Fig. 2 Relationship between 14.00% 404
*|ongitudinal and tangential 405
3s3shrinkage in Sitka spruce 406
354Abb. 2 Zusammenhang zwischen 12.00% - e 0o & 407
,ss-angsschwindmal und ° ° ° 108
TangentialschwindmaB in °
*Sitkafichte 10.00% - ° 0. A o
357 é 410
358 YA A.. %A A A 411
350 8.00% - N TN o w
© o
360 (7] ° A 413
| o n
! 6.00% - . - N
362 415
n . [
363 | | - .. - n 416
364 400% T u 417
365 418
o MW
366 2000/0 i 419
367 AJW 420
368 [} CW 421
369 0.00% ‘ ‘ ‘ ‘ ‘ m
370 0.00% 0.50% 1.00% 1.50% 2.00% 2.50% 3.00% 43
371 LS 424
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sxsTable2 Linear correlation Feature All
pelactors (R?) between shrinkage samples
and wood properties (and linear
“’ combinations thereof) for
#28different Sitka spruce wood types ~ MfA 0.28***
soTabelle2 Lineare FTIR 0.24%**
aoKorrelationsfaktoren (R?) Density 0.05™
zwischen Schwindmaf} und MfA + FTIR 0.317**
431Holzeigenschaften (sowie deren MfA + Density .33
432]inearen Kombinationen) fiir FTIR + Density 0.24%**
sssunterschiedliche Holztypen All features 0.33%%*
434
» MfA 0.77%+*
436 FTIR 0.54%**
437 Density 0.00"
- MFA + FTIR 0.79*+*
40 MTfA + Density 0.77***
FTIR + Density 0.65***
o All features 0.80%**

o ™ not significant at alpha < 0.05

442 * Significant at alpha = 0.05
443 ** Significant at alpha = 0.01
444 ** Significant at alpha = 0.001

445

446

abehaviour (Yamamoto et al. 2001). The linear correlation
uscoefficients between these wood features and shrinkage for
wseveral wood types including their significance are listed in
ssoTable 2. The results differed between LS and TS, with a ten-
ssidency for stronger correlations for the latter, as could be ex-
sspected from theoretical considerations (Barber and Meylan
1531964). While genuine differences in the shrinkage behaviour
sssbetween LS and TS in relation to wood features exist, the
ssshigher accuracy of the TS measurements due to their higher
sssvalues should not be neglected especially for MW.

ss7 When all samples, i.e., wood types, were considered, the
+ssMfA (0.28 (LS) and 0.77 (TS)) showed a slightly stronger
ssocorrelation than the FTIR CW-indicator (0.24 (LS) and
1600.54 (TS)) to shrinkage. Wood density, the parameter of
ssowood quality historically used, did not correlate to dimen-
sssional changes. The commonly reported correlation between
sssdensity and volumetric shrinkage (as summarised by Skaar
4641988) is an interspecies observation and based on small
sssclear samples corresponding to MW in this study. For MW,
wsdensity was strongly (R? = 0.74) correlated to TS (Table 2).
w7 The influence of the individual cell wall features on
sssshrinkage varied between the wood types. For CW all three
sowood features had an influence on shrinkage LS and TS.
swFor MW and JW, correlations were found only for TS. In
anthe case of MW, density and to a lesser degree MfA was
snconnected to TS but in CW, the FTIR CW-indicator corre-
snlated to TS. The varying influence of the individual wood
sufeatures on shrinkage implies that it is unlikely that shrink-
ssage in practice can be accurately predicted from one wood
wefeature alone. However, in this dataset, a linear combination
smof MfA, density and FTIR CW-indicator improved the accu-

5
MW CcW W MW + CWCW +JW MW + JW 478
479
Longitudinal 480
0.06™ 045 0.01™ 0397 016" 020" s
0.00™  0.56**  0.00™ 0.55%* 020"  0.10% 5
0.02" 046 0.02™ 020%  0.19% 017
0.06™  0.60**  0.02" 0.55%*  0.20* 0.21*
0.06™ 0.6  0.04" 025  0.25* 024+
0.02"  0.63**  0.02™ 0.64°% 025  020% 4
0.06™  0.66*  0.04" 0.65%*  0.26* 0.24% s
Tangential 487
0.44%  0.65%*  0.01™ 0.85%*  0.67%* .43 ¥
0.00™  0.61%* 037 0.71%% 079  0.06" 4
0.74°%  0.25* 0.05" 0.01™ 026 035
0.45% 073 0.38* 0.86%*  0.82%% 0450
0747 0.67**  0.06" 0.86"*  0.70%*  0.49%*
0.75%*  0.61"**  0.38* 0.80%  0.79%%  (.35%
075" 0.73**  0.40* 0.88%  0.52%  0.520

494
495

496

497

498

499

racy of wood shrinkage prediction only slightly, to 0.33 andso
0.80 for LS and TS, respectively (Table 2) for all samples. o
Non-linear models, as suggested by theoretical considera-so
tions, might improve the accuracy. With the inclusion ofso
density, MOE, glucose as well as galactose content, a corre-so
lation of up to 0.92 could be achieved for Pinus taeda (Floydsos
2005). 506
507

3.3 Predicting shrinkage 508
509

If all samples were considered TS could be modelled withso
similar accuracy by a linear combination of density andsn
FTIR CW-indicator (R? = 0.65) as with the MfA (R? =s»
0.77) alone (Table 2). For LS the FTIR CW-indicator (R? =53
0.24) explained a proportion of the variation in shrinkagess
similar to MfA (R? = 0.28). In this case a linear combina-ss
tion of density and the FTIR CW-indicator did not improvesis
the model for LS. The model which avoids MfA for TSsv
prediction is displayed in Fig. 3. The correlation is likelyss
to be improved if experimental difficulties could be over-si
come. Changes in moisture content during sample prepar-s»
ation and measurements resulted in alignment inaccuraciess
of the radial profiles due to the variable tangential swellings2
(Fig. 1). As Bailleres et al. (2002) point out further ad-sx
vances in small size shrinkage measurement could improves:
results. 525
If timber quality in terms of dimension stability is to besx
improved by segregation, it is necessary to predict woods»
shrinkage from data accessible on-line in the timber pro-ss
duction process. Despite the strong correlation of the MfA s»
to wood shrinkage it is not suitable for shrinkage predic-ss
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s31Fig.3 Predicted TS from FTIR 12.00% 584
53, CW-indicator and density R2=0.65 585

Abb.3 Aus FTIR CW-Indikator
**und Rohdichte berechnetes 10.00% 386
534Tangentialschwindmalf} 587
535 588
536 8.00% + 589

[)
537 - 590
538 g 591
5 6.00% -
539 S 592
o
540 o 593
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ssition because of the difficulty of measurement. Shrinkage 3.4 Cambial age and shrinkage 604

sssprediction based on X-ray density and/or chemical compo-
ss3sition measured by infrared spectroscopy could provide an
sssalternative. Compared to the on-line set up reported by Jo-
ssshansson et al. (2003) based on six variables (i.e., colour
sssand ‘tracheid effect’) which is able to predict LS in Nor-
sssway spruce with 81% accuracy, LS predictions based on
sssdensity and FTIR CW-indicator were weak. However colour
sssmeasurements are most likely to be less effective in species
ssowith a coloured heart wood like Sitka spruce. Floyd’s (2005)
ssmodel which explains 92% of shrinkage in loblolly pine is
ssbased on density, MOE as well as glucose and galactose
ssscontents. The MOE is tightly related to MfA, which gives
sssthe model an advantage to the ones based on on-line meas-
sssurements. Incorporating MfA into the model for TS and LS
sssprediction in Sitka spruce increases the accuracy to 80% and
56133%, respectively (Table 2). Bailleres et al. (2002) used NIR
sssfor the prediction of shrinkage in young eucalyptus. Cor-
ssrelation was strong for TS (R? = 0.82) while prediction of
suLS was inaccurate (R*> = 0.35). The difference between TS
snand LS predictability is consistent with the data reported
snhere on Sitka spruce. However, their samples did not con-
sntain MW. When the MW samples were excluded from the
suSitka spruce dataset reported here the correlation between
sisthe FTIR CW-indicator and TS increased to an almost iden-
sitical value of R?> = 0.79. Our findings suggest that the cor-
srelations could be improved by incorporating X-ray based
sedensity measurements. Considering the work of Taylor et al.
519(2008) this is especially the case for wood species with a low
ssextractive content. They could predict volumetric shrinkage
ssiof mahogany by NIR with only 63% accuracy due to the
sscounteracting effects on shrinkage of density and extractives
ssscontent.
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The fact that shrinkage of individual wood types is influ-eos
enced to different degrees by the wood features describedeon
above is of importance when dealing with young trees. Shorteos
rotation plantation forestry of fast growing tree species, likeso
Eucalyptus spp., radiata or loblolly pines and Sitka spruce,sio
has gained importance in timber production. Wood of suchsn
origin can consist exclusively of JW. JW has a tendencysi
to low stiffness and high distortion, wood properties gen-si3
erally less desired by the timber industry. Thus not only issis
shrinkage prediction of increased importance to improve thesis
quality of such timber but also it is necessary to deal withse
the special physical characteristics of JW described above.s7
Much knowledge on timber quality is related to wood fromaeis
old growth forests and therefore relates to MW. Becauseei
such knowledge is of limited value to the increasingly im-e»
portant short rotation forestry, timber quality assessmentss2
on young trees has been subject of more recent studiese:
(e.g. Koshy and Lester 1994, Bailleres et al. 2002, Chauhane
and Walker 2006). The determination of wood properties ine
young trees is also an important issue when considering thees
improvement of wood quality through breeding. The ear-cxs
lier wood quality can be determined in a tree seedling, thee
shorter breeding cycle can be. 628
The correlation of MfA and density to TS found for MW e
breaks down when JW is considered (Table 2). A similareo
observation was made for stiffness and density correlationse:
in young Pinus radiata (Chauhan and Walker 2006). It ise»
particularly of interest that the MfA, showing the strongestes:
correlation to shrinkage when all samples are considered,e
did not correlate at all to LS or TS for JW. In this re-es
spect the fact that the FTIR CW-indicator was the onlyes
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srwood feature which correlated to TS in JW is of interest
es(Table 2). Table 2 also lists the correlation factors for com-
swbinations of the classified wood types, representing wood
s00f ‘old” (MW + CW), ‘young’ JW + CW) and ‘defect-free’
(MW 4 JW) trees. When the samples representing a young
sotree were considered the FTIR CW-indicator accounted for
«379% of the variation in TS and was also found to be sig-
sunificant for LS with alpha <0.001. Considering samples
ssresembling wood from ‘old’ trees the modelling of shrink-
asage by the FTIR CW-indicator was improved if density was
srconsidered as additional parameter and in the case of LS was
ssthen superior to models involving MfA. Shrinkage in ‘defect
sofree’ wood was the most difficult to model and none of the
ssowood features showed strong correlations within this sub-
ssisample. However, this is of minor relevance since shrinkage
e2in such samples is low and less problematic to the timber
ssindustry in terms of timber distortion.

654

655

sssConclusion

657

sssLongitudinal and tangential shrinkage of CW, MW and JW
sof Sitka spruce is governed to different degrees by MfA
soand chemical composition. The lower tangential shrinkage
sw10f CW compared to JW at similar MfA indicated the influ-
sszence of the chemical composition on wood shrinkage. FTIR
sssmicro-spectroscopy, a fast measurement of the chemical
ssscomposition, has been shown to be an alternative to MfA
ssdata for shrinkage predictions when corrected for density.
e This was particularly true for wood of young cambial age
ss7for which the MfA did not correlate to shrinkage. Accord-
sssingly, infrared and X-ray in-line measurements in saw mills
ssocould have the potential to reduce distortion of sawn timber
soby segregation.

671

«nAcknowledgement We thank P. McLean, S. Mochan and B. Gardiner

673of the Northern Research Station, Forest Research for the provision
of the timber as well as L. Thomas and A. Fernandes of the Uni-

versity of Glasgow for the help with the X-ray diffraction. The work

e7swas financed by SHEFC (Scottish Higher Education Funding Coun-

«76Cil), EPSRC (Engineering and Physical Sciences Research Council),

77BBSRC (Biotechnology and Biological Sciences Research Council)
and the University of Glasgow.

678

679

680
« References

682

Akerholm M, Salmén L (2004) Softening of wood polymers induced
by moisture studied by dynamic FTIR spectroscopy. J Appl

o84 Polym Sci 94:2032-2040
sssAltaner C, Hapca A, Knox P et al. (2007) Antibody labelling of galac-
686 tan in Sitka spruce (Picea sitchensis (Bong.) Carriere). Holz-

forschung 61:311-316 2
* Altaner CM, Tokareva EN, Wong JCT et al. (2009) Measuring
compression wood severity in spruce. Wood Sci Technol 43:

689 279-290 2

688

# Please provide all authors names.

Bailleres H, Davrieus F, Pichavant FH (2002) Near infrared analysis s
as a tool for rapid screening of some major wood characteristics
in a eucalyptus breeding program. Ann Forest Sci 59:479—490

Barber NF, Meylan BA (1964) The anisotropic shrinkage of wood o
A theoretical model. Holzforschung 18:146—156 693

Barrett JD, Schniewind AP, Taylor RL (1972) Theoretical shrinkage soa
model for wood cell walls. Wood Sci 4:178-192

Bertaud F, Holmbom B (2004) Chemical composition of earlywood
and latewood in Norway spruce heartwood, sapwood and transi- 0
tion zone wood. Wood Sci Technol 38:245-256 697

Casperson G (1962) Uber die Bildung der Zellwand beim Reaktion-ess
sholz. Holztechnologie 3:217-223 99

Cave ID (1966) Theory of X-ray measurement of microfibril angle in
wood. Forest Prod J 16:37-42 e

Cave ID (1972) Theory of shrinkage of wood. Wood Sci Technol 70!
6:284-292 702

Chauhan SS, Walker JCF (2006) Variations in acoustic velocity and,,
density with age, and their interrelationships in radiata pine. For-
est Ecol Manage 229:388-394 7

Coté WA, Day AC, Timell TE (1968) Studies on Compression Wood. 7%
VIIL Distribution of lignin in normal and compression wood of706
Tamarack. Wood Sci Technol 2:13-37 207

Cousins WJ (1976) Elastic-modulus of lignin as related to moisture-
content. Wood Sci Technol 10:9-17 708

Cousins WJ (1978) Youngs modulus of hemicellulose as related to7®
moisture-content. Wood Sci Technol 12:161-167 710

Eastin IL, Shook SR, Fleishman SJ (2001) Material substitution in the |
US residential construction industry, 1994 versus 1998. Forest
Prod J 51:30-37 "

Floyd S (2005) Effect of hemicellulose on longitudinal shrinkage’'3
in wood. In: Entwisttle KM, Walker JCF (eds) The Hemicellu-714
loses Workshop 2005. The Wood Technology Research Centre
Christchurch, pp 115-120

Hoffmeyer P, Pedersen JG (1995) Evaluation of density and strength’'®
of Norway spruce wood by near-infrared reflectance spec-7"7
troscopy. Holz Roh- Werkst 53:165-170 718

Johansson M (2002) Moisture-induced distortion in Norway Spruce.
timber — Experiments and Models. Department of Structural En-
gineering, Chalmers University of Technology, Gothenborg

Johansson G, Kliger R, Perstorper M (1994) Quality of structural 7!
timber-product specification system required by end-users. Holz 72,
Roh- Werkst 52:42-48

Johansson M, Nystrom J, Ohman M (2003) Prediction of longitudi-
nal shrinkage and bow in Norway spruce studs using scanning 7
techniques. ] Wood Sci 49:291-297 725

Johansson M (2003) Prediction of bow and crook in timber studs7s
based on variation in longitudinal shrinkage. Wood Fiber Sci,,,
35:445-455

Jones PD, Schimleck LR, Peter GF et al. (2006) Nondestructive esti-
mation of wood chemical composition of sections of radial wood 7%
strips by diffuse reflectance near infrared spectroscopy. Wood Sci73o
Technol 40:709-720 @

Kelsey KE (1963) A critical review of the relationship between the
shrinkage and structure of wood. Division of Forest Products’
Technological Paper, CSIRO, Melbourne, Australia, No 28 733

Kliger R, Johansson M, Perstorper M, Johansson G (2003) Distortion7a
of Norway spruce timber — Part 3: Modelling bow and spring. ...
Holz Roh- Werkst 61:241-250

Koehler A (1931) The longitudinal shrinkage of wood. Trans ASME
53:17-20 737

Koponen S, Toratti T, Kanerva P (1989) Modelling longitudinal elas-73s
tic and shrinkage properties of wood. Wood Sci Technol 23:
55-63

Koshy MP, Lester DT (1994) Genetic variation of wood shrinkage
in a progeny test of coastal Douglas fir. Can J Forest Res 24:74!
1734-1740 742

695

>715

720

723

728

31

736

740

@ Springer

Editor’s or typesetter’s annotations (will be removed before the final TgX run)



Author’s Proof

23Lu Y, Kretschmann DE, Bendtsen BA (1994) Longitudinal shrink-
age in fast-grown loblolly pine plantations. Forest Prod J 44:
58-32
McLean JP (2007) Wood properties of 4 genotypes of Sitka spruce.
740 Ph.D Thesis. Chemistry Department, University of Glasgow,
747 Glasgow
igiNuopponen MH, Birch GM, Sykes RJ, Lee SJ, Stewart D (2006) Es-
timation of wood density and chemical composition by means of
diffuse reflectance mid-infrared Fourier transform (DRIFT-MIR)
750 spectroscopy. J Agric Food Chem 54:34-40
75101lsson AM, Salmén L (2004) The softening behavior of hemicellu-
loses related to moisture. In: Hemicelluloses: Science and Tech-
nology, Vol 864. Am Chem Soc, Washington, pp 184-197
™Ormarsson S (1999) Numerical analysis of moisture-related dis-
754 tortions in sawn timber. Department of Structural Mechanics,
755 Chalmers University of Technology, Gothenborg
,ssbanshin AJ, de Zeeuw C (1980) Textbook of wood technology: struc-
ture, identification, properties, and uses of the commercial woods
of the United States and Canada. McGraw-Hill, New York
758Schimleck LR, Evans R, Matheson AC (2002) Estimation of Pinus
759 radiata D. Don clear wood properties by near-infrared spec-
760 troscopy. J Wood Sci 48:132-137
Simpson WT, Gerhardt TD (1984) Mechanism of crook development
! in lumber during drying. Wood Fiber Sci 16:523-536
762Skaar C (1988) Wood-water relations. Springer series in wood sci-
763 ence. Springer Verlag, Berlin

744

745.

749

752

757

764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794

795

@ Springer

Eur. J. Wood Prod. (2009) 00: 1-8

So CL, Via BK, Groom LH, Schimleck LR, Shupe TF, Kelley SS, Ri-79
als TG (2004) Near infrared spectroscopy in the forest products.,,
industry. Forest Prod J 54:6-16

Stanish MA (2000) Predicting the crook stability of lumber within the "
hygroscopic range. Dry Technol 18:1879-1895 99

Suchsland O (2004) The swelling and shrinking of wood — A practical soo
technology primer. Forest Products Society, Madison

Taylor AM, Baek SH, Jeong MK. Nix G (2008) Wood shrinkage pre-
diction using NIR spectroscopy. Wood Fiber Sci 40:301-307

Thygesen LG (1994) Determination of dry matter content and ba-%0
sic density of Norway spruce by near infrared reflectance andsos
transmittance spectroscopy. J Near Infrared Spectrosc 2:127-135

Timell TE (1986) Compression wood in gymnosperms. Springer Ver-
lag, Berlin 806

Tsuchikawa S (2007) A review of recent near infrared research fors"
wood and paper. Appl Spectrosc Rev 42:43-71 808

Watanabe U, Norimoto M (1996) Shrinkage and elasticity of normal and
compression woods in conifers. Mokuzai Gakkaishi 42:651-658

Wooten TE, Barefoot AC, Nicholas DD (1967) Longitudinal shrink-*
age of compression wood. Holzforschung 21:168-171 8l

Yamamoto H (1999) A model of the anisotropic swelling and shrink-si2
ing process of wood. Part 1. Generalization of Barber’s wood, ,
fiber model. Wood Sci Technol 33:311-325

Yamamoto H, Sassus F, Ninomiya M, Gril J (2001) A model of
anisotropic swelling and shrinking process of wood — Part 2.81
A simulation of shrinking wood. Wood Sci Technol 35:167-181 si6

817

801

802

10

814

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848



	1 Introduction 
	2 Materials and methods
	3 Results and discussion
	3.1 Radial profile
	3.2 Shrinkage
	3.3 Predicting shrinkage
	3.4 Cambial age and shrinkage

	Conclusion
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


