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Abstract Key message Sloped terrains tend to produce trees with higher radial variation in wood density while at high wind speeds, the wood tends to present higher stiffness and lower MFA in Eucalyptus. Abstract Few studies have investigated the influence of environmental conditions on the within-tree variation in Eucalyptus wood traits. The genotype and environment effects and their interactions influence the wood properties. Their evaluations are crucial to estimate the genotype values and to select with efficiency. Thus, the aim of this study was to better understand the effect of ground slope and wind speed on the spatial variation of basic density (q), stiffness (MOE) and microfibril angle (MFA) of Eucalyptus wood. Wood discs cut along the trunk were sampled from one-
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hundred fifty 6-year-old Eucalyptus grandis 9 E. urophylla hybrids growing in three contrasting growing conditions influenced by ground slope and wind regime. Near infrared (NIR) calibrations previously developed for q, MOE and MFA were used to predict in our discs. 2-D plots presenting the spatial variation of predicted wood traits were compared. The higher the ground slope, the greater the magnitude of radial variation in q, principally in the medium zone of the trunk. The spatial variation of wood stiffness seems to be sensitive to two environmental conditions. The MFA radial decreases were more pronounced where the wind speed was higher. At the base and top of the trees, however, there was no significant effect of growing conditions on the radial variation of the wood properties considered here. Keywords Terrain slope  Wind speed  Modulus of elasticity  Density  MFA  NIR spectroscopy  Environmental control  Wood quality



Introduction As a fast-growing and short-rotation source of wood, the Eucalyptus plantation is the basis for several industries, such as pulp and paper, sawn and engineered products, and—particularly in Brazil—charcoal in ‘‘green steel’’ industries. Although most of the biomass from breeding programs present an optimal performance for pulp and energy purposes, limited information is available concerning their performance in the timber industry Lima et al. (1999). Eucalyptus trunks can present large spatial variation in terms of wood quality due to environmental and genetic factors (Raymond 2002). Numerous studies have reported similar patterns of radial (Chafe 1986; Oliveira and Silva,
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2003) or longitudinal variation for wood density (Quilho´ and Pereira 2001; Alzate et al. 2005), wood stiffness (Cruz et al. 2003) and MFA (Evans et al. 2000; Lima et al. 2004; Hein and Brancheriau 2011) in the genus Eucalyptus. In short, patterns in pith to bark variability of wood traits from forest plantations are known: wood density and stiffness generally increases while MFA decreases towards the bark (Kollmann and Coˆte´ 1968), although reports on the longitudinal variations of these traits for this hardwood are rare. As wood with high density (q) and modulus of elasticity (MOE) and low microfibril angle (MFA) normally present higher grades for structural uses (Walker and Butterfield 1995), these trends become more suitable for sawn timber production as trees become older. According to Zobel (1992), anything that can change the growth pattern of a tree may result in wood variation and the response of the tree and its wood properties from this change cannot be easily predicted. That is why most researches on wood variation caused by different growing condition are contrasting for many species. For instance, Guilley et al. (2004) have shown that wood density of Quercus hardly changed with changing environment (five French regions crossed with three site qualities) and type of silviculture (coppice-with-standards and high forest) while Zhang et al. (2011) reported that the key environmental factor explaining the spatial patterns of wood traits of 618 tree species growing in China was the mean annual rainfall. Few studies have investigated the environmental effects on the within-tree variation in Eucalyptus wood traits. Downes et al. (2012) have investigated the variability of pulp yield and cellulose content within Eucalyptus globulus trunks growing in three contrasting sites. They pointed out that pulp yield and cellulose content were higher in the more productive sites, the wetter ones. Moreover, the trees in these sites exhibited more significant pith-to-bark increases in pulp yield than those in the driest site (less productive). On the other hand, Miranda et al. (2001) investigated 9-year-old Eucalyptus globulus from 37 provenances in three sites, reporting that sites did not influence wood density variation. To sum up the general trends in Eucalyptus, Gonc¸alves et al. (2004) presented a complete review based on a majority of the studies on Eucalyptus describing how silvicultural practices affect the productivity and wood quality. However, information concerning the extent to which specific environmental factors affect wood formation and its properties are limited and contrasting. To our knowledge, there is no information reporting to what extent the ground slope and the wind speed influence spatial variations in Eucalyptus wood, especially in juvenile wood. Thus, the aim of this study was to better understand the effect of ground slope and wind speed on the spatial variation of q, E and MFA of Eucalyptus wood.
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The strategy here was to use previous NIR calibration models for prediction of q, MOE and MFA from spectra measured at different radial and longitudinal positions of Eucalyptus trunks. We studied 6-year-old trees because the rotation cycle of Eucalyptus is 6 years for pulp and paper production while 4- to 5-year-old trees are used for bioenergy purposes in Brazil.



Materials and methods Vegetal material and sampling One-hundred fifty (150) 6-year-old Eucalyptus grandis 9 E.urophylla hybrids growing in three contrasting clonal tests from the Cenibra Company established in Minas Gerais State in Brazil were investigated in this study. Ten (10) hybrids coming from three clonally replicated trials established in contrasting site were investigated. Five individuals per clone were sampled in each clonal test, totalizing 150 trees (10 clones 9 3 sites 9 5 individuals). Trees were selected among those upright, healthy, without fork. Sites labeled as 302 and 303 present similar weather conditions, but the terrain slope was very contrasting. The location of these two clonal tests is close. The Clonal test 301 is around 200 km distant from others and weather conditions are different, especially the wind speed. According to the classification of Ko¨ppen the climate type of the sites is Tropical savanna. The trees were planted in a randomized block design with planting density of 1,667 trees/ha (3 m 9 2 m spacing). Trees were planted in 2003 and harvested 72 months later. Figure 1 shows the difference in ground slope between clonal tests while Table 1 describes the main environmental differences between the clonal tests (slope from 0 to 40°, and mean wind speed from 0.9 to 3.2 m/s) and presents the mean values concerning tree growth [mean height between 20.4 and 23.6 m and mean circumference at breast height (CBH) from 57.4 to 67.3 cm]. Possibly there are several factors influencing the growing conditions (such as soil qualities for example), but here we considered only the slope of the terrain and the wind speed as the main contrasting factors. The first log (from the base to 2.4 m) and five wood discs (thickness 30 mm) were cut at 0 % (around 10 cm from the soil), 25, 50, 75 and 100 % of the commercial height from each tree (Fig. 1a). The total sampling was composed of 150 logs and 750 discs. Wood characterization Resonance sonic tests were performed to determine MOE in 225 clean specimens cut from central boards of the
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Fig. 1 Differences of growth conditions between clonal tests. The slope of clonal test 303 is zero (a) while the clonal test 302 has a 40° inclination (b)



Table 1 Description of the environmental information of the sites, including the slope of terrain, wind speed, mean temperature (Temp.) and mean relative humidity (RH), mean rainfall, circumference at breast height (CBH), and mean height at 72 months Location



Ground slope (°)



Wind speed (m/s)



Soil type



Mean Temp. (°C)



Mean RH (%)



Mean rainfall (mm)



Hydric deficit (mm)



Mean CBH (cm)



Mean height (m)



Brejo (303) Guanha˜es (301)



0



0.9



Oxisols



24.5



70.5



1230



299



67.3(17)



23.1(28)



20



3.2



Inceptisols



21.3



65.7



1182



150



60.8(10)



23.6(27)



Coruja (302)



40



0.9



Entisols



24.5



70.5



1230



299



57.4(15)



20.4(28)



Values in parentheses are the coefficient of variation, in %



Eucalyptus logs, according to the description reported in Hein et al. (2010). After the resonance tests, small wood samples were removed from the clearwood specimens for determining wood density (q) by the immersion method according to ASTM D2395 procedure (ASTM 2002) and radial sections (thickness 2 mm) were also cut from the specimens for estimating MFA using X-ray diffraction patterns as described in Hein and Brancheriau (2011). For the resonance tests, the specimens were submitted to flexural vibration analyses as described in Brancheriau and Baille`res (2002) and in Hein et al. (2012). The first four modes of vibration were used for estimating the dynamic transversal modulus of elasticity (MOE) of wood according to the Timoshenko (1921) motion equation. The analysis of the spectral signal, the selection of the peaks of the natural frequency of vibration of the wood samples and the E estimates were performed using the software BINGÒ (CIRAD, Montpellier, France, version 9.1.3). The MFA estimates were based on the X-ray diffraction patterns collected on a diffractometer (Xcalibur-I, Oxford Instruments, USA) with CuK a radiation. An X-ray



diffraction profile was recorded from 225 radial sections. The formula of Yamamoto et al. (1993) was applied to estimate the MFA based on the X-ray diffraction pattern. The repeatability errors of the MOE and MFA measurements were estimated as 5 and 3 %, respectively. The detailed procedures for sample preparation and measurements of q and MFA are described in Hein et al. (2010) while those for the elastic modulus are given in Hein et al. (2012). NIR spectroscopy The same Bruker spectrophotometer (model Vector 22/N, Bruker Optik GmbH, Ettlingen, Germany) was used in the diffuse reflectance mode for the spectrum measurement. This Fourier transform spectrometer is designed for reflectance analysis of solids using an integrating sphere which measures the diffuse reflected light. This integrating sphere (150 mm2 spot) collects light from all angles; thus, the effects of wood texture and other non-homogeneities are minimized. It is also practical that the sphere is
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Table 2 NIR calibrations used for estimating wood basic density (q, kg m-3), modulus of elasticity (MOE, MPa) and microfibril angle (MFA, °) in 6-year-old Eucalyptus wood Trait



Treat.



R2p



RMSEP



LV



Outliers (%)



RPD



References



q



snv?1st der.



0.80



22.9



3



2.6



2.32



Hein (2012)



st



MOE



1 der.



0.81



1149



5



1.2



2.34



Hein et al. (2010)



MFA



snv?1st der.



0.75



1.31



5



6.6



2.10



Hein (2012)



st



Treat mathematical treatment of NIR spectra, snv standard normal variate correction, 1 der first derivative transformation, R2p coefficient of determination of prediction (test-set validation), RMSEP the root mean standard error of prediction (test-set validation), LV number of latent variables and RPD ratio of performance to deviation



‘‘upward looking’’, with a window on top of the sphere. The diameter of the measured area is 10 mm. A sintered gold standard was used as background. Spectral analysis was performed from 9000 to 4000 cm-1 range at 8 cm-1 resolution. Each NIR spectrum was obtained by means of 16 scans; means were calculated and compared to the gold standard to obtain the NIR spectrum of the sample. NIR spectra were recorded on the clearwood specimens, on the cubic samples and on the longitudinal-radial sections for calibrating and validating NIR-based models. Partial least square (PLS) regressions were developed to correlate NIR spectra to the laboratory-determined values of q, MOE and MFA. The NIR models for predicting the modulus of elasticity are presented and discussed in Hein et al. (2010) while the calibrations for q and MFA are reported in Hein (2012). Statistical summary of the NIR calibrations for q, E and MFA are listed in Table 2. NIR spectra were recorded on local points of the radial surface of the wood discs taking into account the pith-tocambium variation (Fig. 2). The radial strip directions were defined according to the planting line, which correspond to the inclination of the terrain in the sites 301 and 302. Thus, if tension wood occurs, the radial strip will take it totally into account. These NIR spectra were taken using the same experimental settings as described in Hein et al. (2010) and Hein (2012). The NIR-based models for estimating wood traits (Table 2) were applied on the NIR spectra taken from the discs to estimate MOE, q and MFA along the trunk. It is implicit in this approach that the calibration and prediction sets on which these NIR models are based contain the whole range of variation in the wood disc samples. NIR spectra were recorded in five positions on the disc from 25 % of the tree height because investigating the radial variation of wood traits in more detail was one of the objectives of the project in which this study is inserted. For the other discs, NIR spectra were recorded in three positions. Despite the annual rings are not evident in the trees the term inner wood refers to wood formed at the first years while outer wood represent the wood produced during the last year. As the tress investigated in this study present 6 years old, the heartwood formation process is just beginning.
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Surface plots 2-D plots presenting the spatial variation of wood traits were developed using the Scilab software (v.5.3.1, http:// www.scilab.org/). As NIR models were used to estimate wood traits on specific points along the tree trunk, data were interpolated using the cubic spline method to create estimates in a whole tree making it possible to build the surface graphics of the wood traits.



Results and discussion The findings revealed a large spatial variation in wood density, stiffness and microfibril angle among the Eucalyptus trees. This spatial variation in wood trait over the trunk varies according to the growing conditions. Table 3 shows the radial variation of q, MOE and MFA along the tree height for all clones. Spatial variation of wood density Pith to bark variations in wood density were more consistent than those along the trunk. Overall, the wood density strongly varied from pith to cambium at the base (increase of 137.8 kg m-3 from 460 kg m-3 near pith to 600 kg m-3 near cambium) while at 25 % of trunk height the increase was of 131.5 kg m-3 starting from 475 kg m-3 (Table 3). This trait also increased radially in the upper part of the trunk, but in relatively low magnitude (\100 kg m-3). The global increase from base to top in wood density shown by the color gradient in Fig. 3 is in accordance with the findings reported by Bouvet and Bailleres (1995) for Eucalyptus grandis 9 E. urophylla clones grown in the Democratic Republic of the Congo. In the present study, the hypothesis is that pith-to-bark increases of the clones vary according to the environmental changes. The pith-to-bark variation in q at 25 and 50 % of the tree height was higher in trees from the site with a 40° terrain slope (Table 3, values in bold). Our sampling indicates that the higher the slope of the terrain, the greater the magnitude of radial variation of wood density in the
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Fig. 2 Sample preparation procedure for wood characterization. Logs (a) were cut to produce wood specimens (b). After tests, specimens were cut to produce cubic samples (c) and then radial



sections (d). Wood discs (e) and radial strips (f) cut from them for NIR spectra records and predictions in a range of radial and longitudinal positions



intermediate portion of the trunk. At the base and at the top of the trunk, there was no effect of the terrain slope nor wind speed. Figure 3 presents the spatial variation of the wood density inside the trunk emphasizing the radial variation of the clones in 25 % of the trees height (A and B). There was a moderate genetic variation among clones, but clone 4426 seems to present the most particular behavior. Figure 3a shows that clones produce denser wood at the site where the wind speed was higher and the mean annual temperature is lower (clonal test 301, 20°) both in the first (near pith, Fig. 3a) and in the last (near cambium, Fig. 3b) year of growth. In summary, Fig. 3a, b shows that the radial increase of wood density of the clones was *34 % higher (Table 3) in the site where the slope is more inclined (clonal test 302, 40°). Thus, variations in wood density of these clones seem to be more influenced by slope than the mean wind speed. Many studies have shown that environments control one part of the wood variation. There is no similar study on the



relationship between terrain slope/wind velocity and wood quality variation for comparing our findings. However, few studies on the effect of growing conditions on wood trait variation (especially wood basic density) in Eucalyptus have been done. For instance, Thomas et al. (2007) reported a positive relationship between temperature and wood density in Eucalyptus seedlings. However, this relationship is not consistent and further studies are required. Wimmer et al. (2008) have investigated the wood and Kraft pulp properties of Eucalyptus globulus (8 years old) planted across three different sites in Australia. They reported higher wood density in E. globulus clones at lower rainfall, lower productivity site (Parkham), compared to the wetter, higher productivity sites (West Ridgley): the wood from the wetter site had on average 11 % lower wood density compared with the wood produced in the poor site. Downes et al. (2014) thoroughly investigated this issue using a Eucalyptus globulus in Western Australia. They have evaluated the effects of fertilizer and plantation
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Table 3 Radial increase of wood properties (maximum value subtracted from the minimum value) according to the tree height (given in % of commercial height) and growing conditions (see Table 1) Wood trait



Site



% of tree height 0%



q (kg m-3)



303 (0°) 301 (20°)



MOE (MPa)



MFA (°)



25 %



127.5a (29.1) a



141.5 (29.9)



104.4a (22.2)



50 %



75 %



100 %



88.7a (18.4)



46.7a (9.1)



12.4a (2.4)



b



98.1 (22.0) b



132.9 (26.8)



a



a



17.6a (3.3)



a



57.2 (10.6)



302 (40°) overall



a



144.4 (30.7) 137.8



c



157.2 (34.1) 131.5



112.4 (22.3) 97.7



46.7 (8.7) 50.2



24.7a (4.7) 18.2



303 (0°)



6599a (100)



5761b (57.0)



4800b (45.1)



2796b (24.7)



1036b (9.0)



301 (20°)



5908a (73)



7517a (73.9)



6171a (56.6)



4852a (43.1)



2452a (22.2)



302 (40°)



a



6382 (81.5)



a



7502 (80.4)



a



5906 (56.1)



a



3959 (37)



2083a (20.0)



Overall



6297



6927



5626



3869



1858



303 (0°)



-3.64a (27.6)



-3.88b (31)



-3.5b (27.9)



-2.28b (18.5)



-1.26b (9.9)



301 (20°)



-3.81a (29.5)



-5.22a (40.3)



-4.11a (33.4)



-3.74a (29.4)



-2.43a (18.5)



302 (40°)



-3.53a (27.5)



-3.97b (31.7)



-3.41b (27.7)



-2.9b (22.5)



-1.74b (13.1)



overall



-3.66



-4.36



-3.67



-2.97



-1.81



Values in parentheses are radial variation in percentage The radial increase in absolute values for q and MOE (or radial decrease for MFA) was compared among sites by the Tukey’s test at q = 0.01 threshold (means followed by same letter do not significantly differ). Bold values highlight the higher radial variation



stocking on the wood properties in trees growing in three sites differing in annual rainfall (620–1100 mm), open-pan evaporation and soil water-holding capacity. According to the findings of Downes et al. (2014), the site with low annual rainfall, the lowest climate wetness index and soil water storage capacity and the slowest diameter growth, provided the trees with the highest mean wood density (648 kg m-3) while trees growing in the site with the highest rainfall had 10 % lower mean wood density. Spatial variation of wood stiffness The patterns of variation in MOE and q were similar when considering overall values: the radial variation in MOE was higher than those from bottom to top of the trees. Modulus of elasticity strongly increased radially from 8,970 to 16,800 MPa at 25 % of the height. The increase was also high in the upper part of the trunk *5626 and *3869 MPa at 50 and 75 % of the tree height, respectively. Similar to the wood density, the variation in the tree top was low because these woods were produced recently, some months before harvesting. These findings are consistent with those of Downes et al. (2014) who reported that the modulus of elasticity radially increased from 55 to 174 % in Eucalytus globulus wood, depending on the silvicultural treatments. The spatial variation trends for MOE were different than those for q when the tree growing site was taken into account in the analysis. Radial increase of MOE was significantly higher in trees grown in Sites 301 (20° slope and high wind speed) and 302 (higher slope degree) when compared to variation in trees from site 303 (no slope).
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At 25 % of the tree height, the radial increase was *7500 MPa (*74 %, Table 3) in the trees from Sites 301 and 302 while the wood stiffness increased 5760 MPa (*80 %, Table 3) from pith to cambium in the site at 0°. However, there was no difference between sites in radial increase of wood stiffness of the base of the trunk. Variations in wind speed and terrain slope seems to induce changes in elastic modulus. The higher the terrain slope and wind speed in the field, the higher the elastic modulus of the produced wood. These effects are supposed to be similar and cumulative. Figure 4 associated to Table 3 revealed that the radial increase in MOE is more pronounced at 25 % of the tree height. We suppose that this high variation is caused by a shape effect. When a clamped beam with a conical shape is bending, the stress is maximum near the clamped end (depending on the real shape). Thus, the tree produces wood with maximum modulus of elasticity at this address to limit the deformation in this critical region. The wind causes a cyclic bending the trunk and the outer portion of the trunk is more liable to tension or compression stress variations when the wind is stronger. This can explain why the clones growing at the Site 301 (20°) produced the stiffer (and denser) outer wood (Fig. 4b). We assume that the wind speed was the main factor affecting stiffness and causing high increase in wood rigidity towards the cambium. The inclination of 20° also played a role in those variations but is a controlling factor of secondary importance. Wood stiffness is related to wood density and microfibril angle (Evans and Ilic 2001) and wood stiffness increases as
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Fig. 3 Relative spatial variation of wood basic density (kg m-3) in Eucalyptus urophylla 9 E. grandis trees, highlighting the radial variation at 25 % of the tree height and the radial variation of the wood density of clones. Top mean value of all the studied clones.



Bottom site interaction plot for each clone for the 25 % position; A represents wood produced at 1 year while B the wood produced at 6 years



density increases and MFA decreases (Yang and Evans 2003). Thus, the knowledge about the factor driving spatial variation in modulus of elasticity can be potentially interesting for sawn timber producers.



endow the wood with a low stiffness, enabling the sapling to bend in a high wind without breaking. As the tree enlarges, the trunk has to become stiffer to support the increasing weight of the trunk and crown. The lower MFA of the outer wood means that it has a higher stiffness to enable it to fulfil this role. Here, the trends in MFA variation were inversely similar to those for wood density and stiffness. The microfibril angle of the secondary cell wall decreased, on average, by *4.4° from pith to bark at 25 % of height. Considering the



Spatial variation in microfibril angle MFA plays a central role in tree biomechanics. According to Barnett and Bonham (2004) high MFA in the center of the tree, which were produced when the tree was a sapling,
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Fig. 4 Relative spatial variation of modulus of elasticity (MPa) in Eucalyptus urophylla 9 E. grandis trees, highlighting the radial variation at 25 % of the tree height and the radial variation of the wood stiffness of clones at the clonal tests. Top mean value of all the



studied clones. Bottom site interaction plot for each clone for the 25 % position; A represents wood produced at 1 year while B the wood produced at 6 years



growing conditions, the radial decrease of MFA in the trees grown under high wind speed (Site 301, 20°) was significantly higher at all relative tree heights, except at the base of the trunk. The wind effect appears to be more evident for MFA variation. The wood of the clones planted at Site 301 has the highest MFA, but the trend is reversed with age and the clones present the lower MFA when they reach 5–6 years old. The radial decrease in MFA (5.2°) at 25 % of the relative height of the trees grown on Site 301 was more than 30 % above those of the trees from Sites 303 and 302.



The trees growing on Site 301 produced the higher MFA values in the inner wood (Fig. 5a) and the lower MFA values in the outer wood (Fig. 5b). At the upper part of the trunk, the difference of radial decrease in MFA between sites was still higher and significant. This spatial variation trend was inversely observed for stiffness and could be attributed to the higher mean wind velocity of the site at 20°, at least partially. In the study presented by Wimmer et al. (2008), who have analyzed the wood of 8-year-old Eucalyptus globulus clones growing in three sites in Australia, the wood of trees
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Fig. 5 Relative spatial variation of microfibril angle (degrees) in Eucalyptus urophyllax grandis trees, highlighting the radial variation at 25 % of the tree height and the radial variation of the microfibril angle of clones in the clonal tests. Top mean value of all the studied



clones. Bottom site interaction plot for each clone for the 25 % position; A represents wood produced at 1 year while B the wood produced at 6 years



growing in the poor site (Parkham, a lower rainfall and productivity site) presented greater microfibril angles than those from the good site (West Ridgley, a wetter, higher productivity site). Analyzing these results requires an important consideration: the aging of the meristematic cells that produces the cambium. At the base, the first growth ring is totally juvenile: meristem and cambium had similar age. On the other hand, in the outer ring of the trunk, the cambium was 6 years old while the cambium of the top of the tree



was a few months old during the production of the outer wood. The cambial juvenility is frequently less pronounced in the top. These issues are discussed in Thibaut et al. (2001). Tension wood It is expected that Eucalyptus trees growing at sloped and/ or windy sites produces a special wood called tension wood. This kind of wood is produced by the trees in
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Fig. 6 Darker ring-shaped zones in wood Eucalyptus samples



reaction to an external load such as wind or to counteract an imbalance of the weight which is expected on sloped sites (Alme´ras and Fournier 2009). Tension wood is known to have peculiar composition and organization of the cell wall, especially a low lignin content and microfibril angle nearly parallel to the cell axis. Tension wood is also characterized in numerous species by a thicker fiber wall, and fewer and smaller vessels (Jourez et al. 2001) leading to a denser wood (Washusen et al. 2001). The higher density associated to low MFA makes tension wood generally stiffer than normal wood (Clair et al. 2003). Therefore, all parameters seem to indicate that the denser wood observed in our sampling may be due to the presence of tension wood. It is, however, interesting to notice that angiosperms growing under these conditions should present eccentric growth in the upper side of the leaning trunk or in the side receiving wind (Alme´ras and Fournier 2009). However, the discs studied here did not present eccentric pith. Another point to be mentioned is that darker ring-shaped zones were observed in a few disc samples cut from the three sites. These zones presented collapse after drying which is known to be often associated to tension wood (Washusen and Ilic 2001). One can macroscopically visualize the vessels in the ‘‘normal’’ zone, but in the collapsed zone and/or in the zone where tension wood occurs, it is not possible to see any pores (Fig. 6). NIR spectra were not measured in these dark zones. Unfortunately this behavior was observed in some samples a few years after the study had been carried out. The failure of this study was in not examining the likely tension wood formed in the trunks subjected to the action of wind or slope.
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Concluding remarks This study established the spatial variation of basic density, stiffness and MFA along Eucalyptus trees. It was possible to compare the variations in wood traits among contrasting sites. The patterns of spatial variation in basic density, stiffness and microfibril angle along the Eucalyptus trunks indicate that wood variability in trunks is not negligible, even for 6-year-old trees. Patterns of spatial variation of wood traits have been reported in many studies. However, the effects of growing conditions on the wood variation are still a matter of debate. In this study, the higher the slope of the terrain, the greater is the magnitude of radial variation in wood density, especially around 25 % of height. The spatial variation of wood stiffness seems to be sensitive to variation in terrain slope and wind speed. The radial decrease in MFA was more pronounced at the site where the wind speed was high. There was no significant effect of growing conditions on the radial variation at the base and top of the tree for wood density, stiffness and MFA. Considering the absolute values, the study revealed that clones produce significantly denser wood at the site where the wind speed was higher, the mean annual temperature is lower and the soil type is Inceptisol, both in the inner wood and in the outer sapwood. The trees growing on this site also produced the stiffer (and denser) outer wood and presented the higher MFA values in the inner wood and the lower MFA values in the outer sapwood. This behavior makes the trunks more flexible while thin, and stiffer when grown. The spatial variation along the trunks presented here indicates that trees are able to adapt their wood to the
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