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Abstract:



Maps developed using Akima’s interpolation method were used to compare patterns of within-tree variation for Pinus taeda L. (loblolly pine) wood properties in plantation-grown trees aged 13 and 22 years. Air-dry density, microfibril angle (MFA) and modulus of elasticity (MOE) maps represented the average of 18 sampled trees in each age class. Near infrared (NIR) spectroscopy models calibrated using SilviScan provided data for the analysis. Zones of high density, low MFA and high MOE wood increased markedly in size in maps of the older trees. The proportion of wood meeting the visually graded No. 1 (11 GPa) and No. 2 (9.7 GPa) MOE design values for southern pine lumber increased from 44 to 74% and from 58 to 83% respectively demonstrating the impact of age on end-product quality. Air-dry density increased from pith to bark at all heights but lacked a significant trend vertically, while radial and longitudinal trends were observed for MFA and MOE. Changes were consistent with the asymptotic progression of properties associated with full maturity in older trees.
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1. Introduction


The study of wood property variation within trees has been an important area of research for many years. A knowledge of how wood properties vary within trees is critical in developing an understanding of the effects of tree age on wood formation and for the optimal utilization of wood as a raw material. For common plantation species such as Pinus radiata D. Don (Monterey or radiata pine) and Pinus taeda L. (loblolly pine), general patterns of radial variation have long been recognized [1]; however, patterns of whole-tree variation are less well known. Research has generally been limited to studying pith-to-bark variation, either at breast height for trees sampled nondestructively, or at multiple heights for a small number of destructively sampled trees owing to the large number of samples that must be analyzed to achieve a reasonable level of resolution. This can be challenging given the costs of analyses [2,3,4]. Most studies of whole-tree variation have focused on density as it can be determined easily with X-ray densitometry, while studies of variability of wood chemistry related parameters such as cellulose and lignin are very limited [1].



The advent of the SilviScan instruments [2,5,6], which utilizes X-ray densitometry, X-ray diffractometry and image analysis to examine radial strips (dimensions: 2 mm thick tangentially, 7 mm longitudinally, radial length varies), has greatly reduced cost of analysis for microfibril angle (MFA), modulus of elasticity (MOE), and tracheid properties such as coarseness, radial and tangential diameter and wall thickness. In addition, SilviScan measurements are at high spatial resolution making studies of within-tree variation for these properties feasible [7,8]. Still, if a large number of trees or multiple heights per tree are to be analyzed, SilviScan determination of properties can be prohibitively costly. Near infrared (NIR) spectroscopy presents a complementary approach. Models based on NIR spectra from the surface of radial strips and SilviScan data have been reported with strong relationships (R2 consistently > 0.8) for all properties except radial and tangential diameter [9,10]. These models successfully estimated radial variation for MFA [11], MOE [12] and density [13] in both P. radiata and P. taeda [14].



Recently, Schimleck et al. [15] described an approach for the development of multi-height, multi-tree NIR calibrations utilizing density, MFA and MOE data provided by SilviScan. Briefly, 411 pith-to-bark strips were obtained at multiple heights from 36 P. taeda trees. The trees were aged 13 and 22 years (18 trees were sampled at each age) and were from a half-sib progeny trial. NIR spectra were collected in 10 mm increments from all strips, and a subsample (representing multiple heights and radial positions), analyzed by SilviScan. Preliminary models, based on two-thirds of the data available and tested on the remaining third, provided statistics similar to those reported for calibrations based only on breast height samples. Final calibrations were based on all data available and then used to predict density, MFA and MOE in 10 mm increments for all strips. The authors noted that as the characterized samples were a subsample of all those available, the subsequent calibrations were directly applicable to all spectra collected from the 411 strips.



Mora and Schimleck [16] utilized this data and compared three spatial interpolation algorithms (Akima, universal kriging, and semiparametric regression) to develop maps for the 13-year-old trees to show within-tree variation for density and MFA. They also reviewed existing examples of wood property maps, noting that generally little detail was given about the methodology employed to obtain them, and concluded that lack of an adequate description of the methods used had limited their use. Hence their paper focused more on the interpolation techniques used to generate maps of within-tree variation than the wood property trends observed.



As noted by Burdon et al. [1], ring number from the pith is a key factor in determining wood properties and that wood properties depend heavily on stand age. Hence, maps depicting within-tree variation can be expected to change as stand age increases; however, these changes have not been explored in the literature. As the 13- and 22-year-old P. taeda samples utilized by Schimleck et al. [15] were from the same location and genetic trial they provide an excellent opportunity to explore changes in patterns of within-tree variation with time. Hence the aims of this study were:

	
to use Akima’s interpolation method as employed by Mora and Schimleck [16] to develop maps showing the within-tree variation of density, MFA and MOE for P. taeda trees aged 13 and 22 years and;



	
to compare maps at the two different ages for the three properties.









2. Materials and Methods


2.1. Sample Origin


Two sets of eighteen P. taeda trees from a half-sib progeny trial planted at International Paper’s (IP) Southlands facility were selected for sampling. The trees were aged 13 and 22 years respectively when sampled. The trees were a subsample of two larger populations and had been selected to encompass the range of cellulose, lignin and density variation as measured by IP. Selected trees were checked for fusiform rust pitch canker prior to sampling and trees with noticeable cankers were avoided. Selected trees were felled and samples removed for wood property and NIR analyses. Disks (25 mm thick) were taken at 1.5 m intervals along the stem of each tree, giving 9 to 13 disks per tree (number depended on tree height). A total of 191 disks were collected from trees aged 13 years, while 220 were obtained from the 22-year-old trees, giving a total of 411 disks.




2.2. Sample Preparation


Pith-to-bark radial sections were cut from each disk using a bandsaw. Section dimensions were 12.5 mm longitudinally by 12.5 mm tangentially with the radial length corresponding to the length of the sample. Radial sections were gently dried, glued into core holders and cut using a twin-blade saw to give strips 2 mm thick (tangentially) using the methodology described in Jordan et al. [17].




2.3. Near Infrared Spectroscopy


Schimleck et al. [15] provide a detailed description of the methodology used to collect NIR spectra and develop predictive NIR models for air-dry density, MFA and MOE. To summarize, NIR spectra were collected in 10 mm increments from the radial-longitudinal face of each radial strip using a FOSS NIRSystems Inc Model 5000 scanning spectrometer. The total number of spectra collected was 2569 (1114 from 13-year-old trees and 1455 from trees aged 22 years). A subsample of 72 strips (two from each tree and representing different heights) were selected for determination of air-dry density, MFA and MOE by SilviScan [2,3,4]. SilviScan data was averaged over 10 mm sections (Figure 1) from pith to bark for correlation with the 10 mm NIR spectra data (477 in total, representing 179 and 298 spectra from trees aged 13 and 22 years respectively).


Figure 1. Air-dry density and MFA profiles for one sample measured at 10 mm resolution. The NIR spectrum of one 10 mm section is shown at the bottom of the plot.
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2.4. Multi-Height NIR-Based Wood Property Models


Wood property calibrations based on the 10 mm NIR and SilviScan data were developed in two phases [15]. Our interest is in the phase two models, obtained using all 477 spectra, and representing both the 13- and 22-year-old samples and multiple sampling heights (Table 1).


Table 1. Fit statistics for the multiple height P. taeda NIR calibrations developed for air-dry density, microfibril angle (MFA) and modulus of elasticity (MOE) using 477 NIR spectra. This table was originally published in Appita Journal [15] and is reproduced here with permission. SEC = standard error of calibration, SECV = standard error of cross validation and RPDc = ratio of performance to deviation, calculated as the ratio of the standard deviation of the reference data to the SECV.





	Property
	# Factors
	R2
	SEC
	SECV
	RPDc





	Air-dry density
	5
	0.88
	41.8
	43.0
	2.8



	MFA
	10
	0.91
	2.5
	2.6
	3.2



	MOE
	10
	0.93
	1.2
	1.3
	3.6









Each of the three properties had strong calibration statistics and compared well with those based on radial strips from a single height (breast height) for P. radiata [11,12,13] and P. taeda [14] despite representing many different heights. The models for air-dry density, MFA and MOE were then used to predict these properties in 10 mm increments for all 411 radial strips (2569 spectra in total).




2.5. Data Analysis


The NIR wood property calibrations were developed on the untreated spectral data using partial least squares regression and Unscrambler software (version 9.2, Camo AS, Oslo, Norway). The mean density, MFA, and MOE for each age was calculated by weighting the volume of each radial point compared to the overall volume and then summing each respective height. The volume weighted proportion of wood for each age that exceeded 650 and 550 kg/m3 density, were below 30 and 20 degrees for MFA, and exceeded 11.0 and 9.7 GPa MOE were calculated. MOE limits were based on design values for visually graded No. 1 and No. 2 southern pine lumber [18].



The within-tree maps and data summaries were produced in the R statistical programing environment [19] with the RStudio interface [20], and the Akima [21], dplyr [22], fields [23], and lattice [24] packages.





3. Results


3.1. Air-Dry Density


Within-tree wood property maps for air-dry density are shown in Figure 2. The maps represent the average of 18 P. taeda trees aged 13 and 22 years, respectively.


Figure 2. Maps showing within-tree variation of air-dry density (kg/m3) for P. taeda trees aged 13 and 22 years. Maps represent the average of 18 trees and were developed using Akima’s interpolation method.
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The air-dry density map for the 13-year-old trees showed an increase in density from pith to bark at all heights. A vertical change in density was not observed which is in disagreement with Megraw [25] who observed lower density values at the same ring number with increasing height. However, the lack of a vertical trend may be due to the coarseness of the NIR data, or be masked here since the focus was not on annual ring properties but distance from the pith. As noted by Burdon et al. [1] change in density is directly related to percent latewood, tracheid wall thickness and lumen diameter. Typically, latewood density for P. taeda reaches a plateau at about age 12 while percent latewood takes longer (approximately 15 years) to reach its maximum [17]. Regional differences exist in the time taken to reach upper limits for both properties in the SE USA and can be related to variation in summer rainfall [17]. The asymptotic progression in properties can be related to maturation state, with P. radiata reaching full maturity (for most properties) after 10–12 years [1]. In P. taeda maturation processes are essentially the same; however, as noted by Burdon et al. [1] they occur “not at the same rate or in quite the same sequence of completion.”



The density map for the 22-year-old trees shows a larger proportion of higher density wood at the base. A progression of increasing density with increasing height in the lower outside half of the stem is also apparent. Schimleck et al. [15] plotted density distributions for trees of both ages, and showed a clear shift to higher densities for the older trees. Average whole-tree densities for the 13- and 22-year-old trees were 537.9 and 589.2 kg/m3 respectively. These changes are consistent with maturation in wood properties in the older trees.




3.2. Microfibril Angle (MFA)


Within-tree wood property maps of MFA for P. taeda trees aged 13 and 22 years are shown in Figure 3. MFA maps showed patterns of variation different to those observed for air-dry density with both radial and longitudinal trends apparent. As noted by Burdon et al. [1] vertical changes in MFA are initially rapid trending to final values at relatively low heights. Such variation was apparent in both maps. A zone of high MFA wood (angles > 35°) was observed near the pith and below 1.0 m while the lowest MFA wood occurred near the periphery of the trunk and was centered around 4.5 m. In the older trees the zone of low MFA wood (angles < 15°) was larger and extended from a height of 3 m to almost 11 m. Average whole-tree MFA’s for the 13- and 22-year-old trees were 20.9 and 17.5°, respectively [15], indicating the influence the zone of low MFA wood had on lowering whole-tree average MFA.


Figure 3. Maps showing within-tree variation of microfibril angle (°) for P. taeda trees aged 13 and 22 years. Maps represent the average of 18 trees and were developed using Akima’s interpolation method.



[image: Forests 09 00287 g003]






The variability for MFA coincides with the description given by Jordan et al. [26] who modelled earlywood and latewood MFA in eighteen P. taeda trees that ranged in age from 21 to 24 years. In their study large MFA’s were observed near the pith. With an increase in age MFA decreased rapidly to approximately 10 rings from the pith after which it continued to drop albeit at a much slower rate before stabilizing. The age at which MFA began to stabilize was when the trees were approximately 10 years old which is consistent with the age of full maturity described by Burdon et al. [1] and discussed in Section 3.1 for air-dry density.



The maps for MFA also demonstrate that wood properties are rapidly changing both vertically and radially in the lower part of the stem. The effect of superimposing these patterns of variation are modified pith-to-bark trends [1] near the base of the tree. Jordan et al. [26] observed this phenomenon for MFA and reported that decrease in MFA with ring position near the base occurs at a slower rate compared to higher in the tree. This results in higher MFA values for a given ring number from the pith at heights less than two meters (approximately) and a clear demarcation in plots of radial variation in MFA for samples from this zone compared to other heights. The maps of MFA show that high MFA near the base would result in high longitudinal shrinkage values that could potentially increase warp in lumber [27].




3.3. Modulus of Elasticity (MOE)


Figure 4 shows wood property maps of MOE for P. taeda trees aged 13 and 22 years respectively.


Figure 4. Maps showing within-tree variation of modulus of elasticity (GPa) for P. taeda trees aged 13 and 22 years. Maps represent the average of 18 trees and were developed using Akima’s interpolation method.
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The maps for MOE were similar to those for MFA with properties changing rapidly from pith to bark and with height at the base. A zone of very low stiffness wood (<4 GPa) was observed near the pith, with the stiffest wood (>14 GPa) at the periphery of the stem. The zone of stiffest wood increased markedly in size between the ages of 13 and 22 years and was similar to changes observed for the zone of low MFA wood. Average MOE for all trees at age 13 was 10.2 GPa and had increased to an average of 12.3 GPa at 22 years [15]. Individual trees at 13 years had average individual tree stiffness values that ranged from 7.8 to 12.2 GPa, while for the 22-year-old trees average single tree MOE’s ranged from 10.1 to 14.4 GPa [15].




3.4. The Influence of Age on Wood Quality of Elasticity


To examine the influence of age on wood quality the proportion of wood meeting specific values for density, MFA and MOE was determined. For the properties examined design values for lumber (11 GPa and 9.7 GPa are used for No. 1 and No. 2 visually graded southern pine lumber respectively) are commonly quoted and were used as thresholds; however, similar values for density and MFA do not exist. Hence thresholds of 650 and 550 kg/m3 were identified for density, while for MFA 20 and 30° were used. The proportion of wood exceeding the thresholds for each property for P. taeda trees aged 13 and 22 years is reported in Table 2.


Table 2. Fit Proportion of wood meeting thresholds for air-dry density (650 and 550 kg/m3), microfibril angle (MFA) (20 and 30°) and modulus of elasticity (MOE) (11 and 9.7 GPa) in 13 and 22-year-old P. taeda.





	Property
	Age (years)
	Threshold 1
	Proportion
	Threshold 2
	Proportion





	Air-dry density
	13
	650
	21
	550
	57



	Air-dry density
	22
	650
	31
	550
	75



	MFA
	13
	20
	45
	30
	91



	MFA
	22
	20
	77
	30
	97



	MOE
	13
	11
	44
	9.7
	58



	MOE
	22
	11
	74
	9.7
	83











4. Discussion


Maps depicting within-tree variation of important P. taeda wood properties for trees of two different ages (13 and 22 years respectively) were developed using Akima’s interpolation method. The maps were used to compare how patterns of variation for air-dry density, MFA and MOE for P. taeda trees aged 13 differed from those for trees aged 22. Zones of high density, low MFA and high MOE wood increased markedly in size in maps of the older trees and these changes corresponded to higher average whole-tree density and MOE and lower whole tree MFA for the 22-year-old trees [15]. The changes observed for all properties are consistent with the asymptotic progression of properties associated with full maturity in older trees [1]. For all properties the proportion of wood exceeding the predetermined thresholds increased with age. Possibly the most important difference was the proportion of wood exceeding the design value for No. 2 lumber (58% for trees aged 13 versus 83% for trees aged 22). Another pronounced difference was the proportion of wood meeting the design value for No. 1 lumber (44% and 74% respectively for trees aged 13 and 22 years). It is important to make the distinction here between dynamic MOE values used by SilviScan [6] and the difference between static and dynamic MOE values [28].



This work extends research reported in Schimleck et al. [15] and Mora and Schimleck [16] by utilizing the methods developed in these papers to examine how patterns of P. taeda wood properties within plantation-grown trees change between the ages of 13 and 22 years. In addition to the aforementioned work, only Schimleck and Michell [3], in their study of Kraft pulp yield within-tree variation of fifteen Eucalyptus nitens (H.Deane & Maiden) Maiden (shining gum) trees, utilized NIR spectroscopy for this purpose. While the differentiation of yield levels of the maps was relatively coarse, they generally agreed with maps for MFA and MOE in this study, with the periphery of the trees between 15 and 40% of tree height having the most desirable properties, i.e., the highest yields and radial and longitudinal trends in properties apparent. A difference between these studies was that Schimleck and Michell [3] obtained spectra from milled wood while in this study we utilized spectra obtained from intact radial strips. The move away from grinding wood samples and directly scanning radial strips represents considerable time savings in terms of sample preparation and analysis and this approach has been adopted in other studies of radial variation in Kraft pulp yield [29].



Mora and Schimleck [16] provide a detailed description of the methodologies they used to develop maps of within-tree variation for air-dry density, MFA and MOE. Three different methods were explored: Akima’s interpolation, Universal kriging and semiparametric smoothing. Mora and Schimleck [16] reported that for P. taeda, maps generated by Akima’s interpolation method provided good representation of the expected trends in air-dry density and MFA. In addition, they reported that a principal advantage of the Akima’s algorithm over the Universal kriging and semiparametric smoothing techniques was that only straightforward procedures were required, and there were no problems concerning computational stability or convergence. Owing to these features only Akima’s interpolation method was used to provide the maps that were used to compare wood property variation within trees aged 13 and 22 years in this study. If the different methodologies were utilized the wood property maps would demonstrate slightly different patterns of variation; however, the age-related trends reported in this study would still be observed.



For studies of within-tree variation utilizing NIR spectra collected from solid wood the emergence of hyperspectral imaging presents an impressive improvement in the amount of data that can be collected in a given period of time. Recent studies have reported use of the technology to estimate within ring density variation for Pinus pinea L. (stone pine) [30] and variation in density and MFA for Cryptomeria japonica (L.f.) D.Don (Sugi) radial strips [31]. In both studies, the agreement in NIR (hyperspectral) predicted properties and measured data was very good (for [31] SilviScan data was used for calibration). Other studies [32,33] have used hyperspectral images of whole P. radiata disks to develop maps showing variation across the transverse surface for properties such as cellulose, hemicellulose, lignin, galactose, glucose and mannose. The use of hyperspectral scanning systems would allow for separation of calibration data by annual ring as well as within annual rings (i.e., earlywood and latewood), and thus improved models could be developed using these systems. While this study utilized NIR spectroscopy for the provision of data it should be noted that other scanning methods, for example X-ray computed tomography, have recently been used to generate data for mapping the within-tree variation of wood properties [34].




5. Conclusions


Maps based on Akima’s interpolation method were successfully used to compare wood property (air-dry density, MFA and MOE) variation within P. taeda trees aged 13 and 22 years. Zones of high density, low MFA and high MOE wood increased markedly in size in maps of the older trees. The proportion of wood meeting the visually graded No. 1 (11 GPa) and No. 2 (9.7 GPa) MOE design values for southern pine lumber increased from 44 to 74% and from 58 to 83% respectively demonstrating the impact of age on end-product quality. Air-dry density increased from pith to bark at all heights but lacked a significant trend vertically, while radial and longitudinal trends were observed for MFA and MOE. The changes observed are consistent with the asymptotic progression of properties associated with full maturity in older trees.
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