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Abstract: New approaches for assessing wood durability are needed to help categorize decay
resistance as timber utilization shifts towards plantations or native forest regrowth that may be less
durable than original native forest resources. This study evaluated attenuated total reflectance Fourier
transform infrared (ATR-FTIR) spectroscopy combined with principal component analysis (PCA) for
distinguishing between groups of Alaska yellow cedar (Cupressus nootkatensis) wood for susceptibility
to two decay fungi (Gloeophyllum trabeum and Rhodonia placenta) and the eastern subterranean termite
(Reticulitermes flavipes). Alaska yellow cedar durability varied with test organisms, but the majority
of samples were highly resistant to fungal and termite attack. Weight losses and extractives yield
using sequential extractions (toluene:ethanol > ethanol > hot water) showed moderate to weak
relationships. PCA analysis revealed limited ability to distinguish amongst levels of wood durability
to all tested organisms. The absence of non-resistant samples may have influenced the ability of the
chemometric methods to accurately categorize durability.

Keywords: Alaska yellow cedar; ATR-FTIR; Cupressus nootkatensis; chemometrics; decay fungi;
extractives; Fourier transform infrared spectroscopy; natural durability; termite

1. Introduction

The heartwood of some tree species exhibits exceptional resistance to fungal and insect
attack, but this property can be highly variable between and even within individual trees [1].
These variations are becoming more important with the shift from harvesting old-growth
forests to short rotation plantation trees and native forest regrowth. Wood from plantation
and regrowth forests are generally proving to be more susceptible to degradation compared
to old growth trees due to a decrease in the presence of toxic chemicals or extractives [2,3].

Extractives are non-structural, low molecular weight chemical compounds that are
normally quantified by removal using solvents with varying polarities [1,4]. Differences
in heartwood extractives content and concentration have been related to the existence of
durability gradients in wood [5–8]. In general, extractives content increases from the pith
towards the outer heartwood and reaches a maximum at the boundary between heartwood
and sapwood [1]. Longitudinally, concentration decreases with tree height. Durability
gradients are also believed to be caused by biological detoxification, natural oxidation of
heartwood extractives, and continued polymerization of extractives to produce less toxic
compounds [9–11]. This makes durability classification a complex process.
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Durability classification has generally been determined using weight loss in standard-
ized laboratory trials such as AWPA Standard E10 [12] or by visual rating after exposing
wood samples to biodegradation agents in field trials over certain periods of time [13,14].
These tests are laborious, destructive, and can require long-term exposure (months to
years) before durability can be classified, especially for highly durable species [15]. They
are also not practical for regularly quantifying resistance of individual boards during
production. Developing non-destructive methods for rapidly assessing durability could
allow classification of durability for individual pieces.

Infrared spectroscopic techniques, such as Fourier transform infrared spectroscopy
with attenuated total reflectance (ATR-FTIR) or near infrared (NIR) spectroscopy are
rapid, surface-based techniques used to characterize many wood properties [16–19]. These
techniques are used mainly for determination and prediction of major wood component
levels (cellulose, hemicellulose, lignin, and extractives) or wood moisture content [20–24].
Additionally, wood components can be related to physical and mechanical properties and
NIR spectroscopy together with statistical analysis has been used to predict wood density,
tensile strength, modulus of elasticity, and modulus of rupture [25–28].

Despite the wide utilization of spectroscopic approaches to assess wood chemistry,
few studies have explored the relationships between spectral information, extractives
composition, and durability [19,29–34]. Previous studies have produced variable results;
for example, Gierlinger et al. [35] showed that FT-NIR accurately predicted larch (Larix
decidua Mill., L. leptolepis (Lamb.) Carr. and L. x eurolepis) heartwood durability against
decay fungi, whereas Stirling et al. [32] showed that NIR was poorly correlated with
western red cedar (Thuja plicata Donn ex D.Don) decay resistance. FT-IR-based durability
prediction has been employed to a limited extent as it requires mixing wood powder
with KBr before it can be analyzed which is time-consuming. However, the development
of ATR-FTIR and DRIFTS technologies allows samples to be analyzed with minimal or
no preparation. Lipeh et al. [19] recently utilized ATR-FTIR for determining western
juniper (Juniperus occidentalis Hook. var. occidentalis) durability, but relationships amongst
extractive contents, durability, and spectral data were weak.

Spectral information can be combined with appropriate chemometrics analyses to
reveal important relationships. Hierarchical cluster analysis (HCA) and principal compo-
nent analysis (PCA) are exploratory methods that can be used to explore relationships with
spectral data analysis [36–38]. These techniques can be used to identify spectral patterns
related to variations between sample groups and to develop models for predicting wood
properties [17,39,40].

Alaska yellow cedar (Cupressus nootkatensis D.Don., Cupressaceae) is native to western
North America and is found along the coasts of southeast Alaska and British Columbia,
and at higher elevations as far south as northern California [41,42]. The wood is highly
prized owing to its excellent durability against biodegradation [43,44], and is popular in
Japan as a replacement for native hinoki (Chamaecyparis obtusa (Siebold & Zucc.) Endl.)
as a structural material, for manufacture of ceremonial boxes, and as a raw material for
restoration of temples and shrines [45]. However, Alaska yellow cedar has been in decline
over much of its range for several decades owing to a combination of factors related to
climate change including reduced snow pack that increases the risk of shallow root damage
when exposed soils freeze [46,47]. Efforts are on-going to recover the population [46,47]
and there is concern that wood quality, including durability of regrowth Alaska yellow
cedar, might be inferior to that of old growth trees. To assess durability on a large-scale,
a rapid method of assessment is required and therefore, the aim of this study was to
explore relationships between the extractives content of commercially available Alaska
yellow cedar and variations in resistance to fungal and termite attack using ATR-FTIR
spectroscopy. Spectral data were assessed using PCA to determine if this method could be
used to non-destructively establish durability classes for this species, and potentially serve
as a screening tool for assessing regrowth Alaska yellow cedar.
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2. Materials and Methods
2.1. Sample Origin and Preparation

Ten kiln-dried Alaska yellow cedar boards (94 mm by 144 mm by 300 mm long) were
selected for study. The boards varied from quarter to flat sawn, did not include the pith,
and were obtained from old growth (>100 years old) native forest trees grown on the
Queen Charlotte Islands (Brooks Manufacturing, Bellingham, WA, USA). The samples
represented the current commercially available resource. No obvious color differences
were observed between heartwood and sapwood and there is no chemical indicator for
heartwood of these species. Instead, lack of absorption of water droplets on the cross-cut
surface was used as an indicator of pit occlusion resulting from heartwood formation. This
approach was previously used for separating heartwood and sapwood on Port Orford
cedar (Chamaecyparis lawsoniana (A.Murray bis) Parl.), a related species that also does not
produce distinctly colored heartwood [48].

The boards were aligned so that 15 mm (tangential) by 90 mm (radial) by 140 mm long
strips could be cut. These samples were then further cut to produce five or six 15 mm by
15 mm by 140 mm (R, T, L). Samples closest to the pith were discerned by the curvature of
the growth rings. The resulting pattern allowed us to assess radial changes in heartwood
characteristics while the 140 mm long samples at each radial position could be further
cut to produce end-matched samples for decay and termite testing as well as extractives
analysis. Samples were numbered sequentially from the pith side (R1) to bark side R6
or R7) as determined by the orientation of the growth rings with the number of samples
depending on the radial dimension of the board. The subsamples were conditioned for
one month at 20 ± 2 ◦C and 65 ± 5% relative humidity. Samples were then oven-dried
(50 ± 2 ◦C) for 48 h and density determined according to ASTM Standard D4442-16 [49].
Low temperatures were used to minimize the possibility of extractives degradation [50].
These subsamples were cut into eight 15 mm cubes (three for exposure to two fungi in decay
tests, one for FTIR, and one for extractives analysis) and three samples, 15 × 15 × 6 mm
(R × T × L), for termite exposure at each radial position.

2.2. Total Extractives Analysis

A total of sixty-four 15 mm cubes (one sample/radial position/parent board) were
individually ground to pass a 60-mesh screen using a model 4 Wiley mill (Arthur H.
Thomas Co., Swedesboro, NJ, USA). Ground wood was sealed individually inside air-tight
plastic bags that were stored in the dark at 5 ◦C until used in order to minimize the risk
of microbial growth. Total extractives analysis was conducted using a soaking technique
allowing extraction of many samples simultaneously [51]. This method was chosen instead
of conventional Soxhlet extraction as prescribed in ASTM Standard D1105-96 [52] owing
to the large number of extractions required. However, complete extraction may not occur,
and results can only be compared between tested wood samples and not as an absolute
measure of extractives content.

The ground wood powder was weighed (1.0 ± 0.05 g) and placed inside an individual
fabric filter bag (Nuiby unbleached tea filter bags, 61 × 81 mm), labeled, and weighed again
to obtain an initial net weight with bag. Three individual bags (replicates) were prepared
for the wood powder from each radial location from the ten boards. The bags were then
oven-dried at 50 ± 2 ◦C for 24 h and an initial oven-dried weight recorded. The samples
were then sequentially extracted using toluene:ethanol (Fisher Scientific, Hampton, NH,
USA, 99.9%), 95% ethanol (Fisher Scientific, Hampton, NH, USA, 99.9%), and hot water.
The solvent selection was based on procedures described in ASTM Standard D1105-96 [52]
for preparation of extractive free wood.

A Erlenmeyer flask (10 L) was filled with toluene:ethanol (9 L) along with the filter
bags and a stir bar. The flask was then heated at 60 ◦C with continuous stirring for 24 h.
The bags were removed, rinsed with ethanol, and oven-dried at 50 ± 2 ◦C for 24 h. Weight
loss after extraction was recorded as the extractives content of each sample. These steps
were then repeated using 95% ethanol. For hot water extraction, the bags were placed in an
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Erlenmeyer flask (6 L) filled with distilled water and boiled in a water bath for 6 h. The
bags were removed from flasks and rinsed with distilled water, then air-dried overnight
before they were oven-dried at 50 ± 2 ◦C for 48 h and weighed. Combined weight losses
after all three extractions were recorded as the total extractives content.

2.3. Durability Assessment
2.3.1. Wood Decay Testing

Decay resistance was assessed following procedures described in AWPA Standard
E30 [53]. Six Alaska yellow cedar blocks (15 mm cubes sampled consecutively in the
longitudinal direction) from each radial position (three per fungus) were conditioned at
20 ◦C and 65% relative humidity to constant weight. Blocks (384 in total, with 3 replicates
for each fungus) were then oven-dried at 50 ± 2 ◦C, weighed (nearest 0.01 g), and initial
oven-dried weights recorded. Blocks were then placed in plastic bags and sterilized
by exposure to 2.5 × 10−8 kGy of ionizing radiation from a 60Co source at the Oregon
State University Radiation Center. Blocks were kept for no more than two weeks after
sterilization and prior to fungal exposure.

Decay chambers were 454 mL French square glass bottles half-filled with soil damp-
ened with water (12 mL) and a western hemlock (Tsuga heterophylla (Raf.) Sarg.) wood
feeder strip (25 × 20 × 3 mm) on the soil surface. The bottles were sterilized by autoclaving
at 121 ◦C for 45 min and allowed to cool in a fume hood overnight. A small plug (10 mm
diameter) cut from the edge of an active culture of Rhodonia placenta (Fr.) Niemelä, K.H.
Larss. & Schigel (isolate Madison #698, USDA Forest Products Laboratory, Madison, WI,
USA) or Gloeophyllum trabeum (Pers.) Murrill (isolate Madison #617) grown in 1.5% PDA
(potato-dextrose agar) was placed on one edge of the wood feeder. These fungi cause
brown-rot decay and are among the principal degraders of wooden structures, especially
in temperate regions [54].

The jars were incubated at 28 ◦C for one week for G. trabeum, or two weeks for
R. placenta, to allow fungal mycelium to cover the feeder strips. A sterilized Alaska yellow
cedar block from each radial location was then placed, cross section down, on the feeder
strip and the jar was incubated at 28 ◦C for 12 weeks. Three replicate blocks from each
radial location of each board were prepared for each fungus (192 blocks each). Additionally,
ten blocks of non-durable ponderosa pine (Pinus ponderosa Douglas ex C. Lawson) sapwood
were used as a control for each fungus. Two pine blocks were removed, oven-dried, and
weighed each week starting from week 8 to monitor when average weight loss of the two
blocks was greater than or equal to 50% when the test was terminated.

The blocks were removed at the end of each test, scraped clean of soil and fungal
mycelium, and weighed. The blocks were then oven-dried overnight at 50 ◦C and weighed
again. The difference between the oven-dried weight before and after test was used to
determine wood weight loss. The oven-dry weight and weight of each sample at the
conclusion of the decay tests was used to determine sample moisture content at that time.
Decay resistance was classified using the scale described in AWPA Standard E30 [53] where
0–10% weight loss is highly resistant, 11–24% is resistant, 25–44% is moderately resistant,
and >45% is non-resistant to decay.

2.3.2. Termite Testing

Termites, Reticulitermes flavipes (Kollar) (Blattodea: Rhinotermitidae), were collected
from a single colony at Sam D. Hamilton Noxubee National Wildlife Refuge (Starkville,
MS, USA). Logs containing termites were cut using a chainsaw and placed into 30-gallon
trashcans, transported to and maintained in the laboratory at 25 ◦C in darkness. Termites
were removed from log sections by breaking the rotting wood open and shaking the
termites out of the wood through a screen on the day of test initiation. Termites were
placed in plastic tubs with moistened paper towels for 2 h before being weighed.

Alaska yellow cedar blocks (15 × 15 × 6 mm) from all ten boards and radial locations
were tested following a modified no-choice termite test (termites force fed on only one type
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of wood block and smaller test jars) described in AWPA Standard E1-16 [55]. Test containers
used were cylindrical plastic containers (Pioneer Plastics 002C, 50.8 mm D × 36.5 mm H)
filled with 50 g of washed, dried, screened, sterilized sand. To the sand, 9 mL of sterile
deionized water was added to create a moisture content of 18%. The containers with sand
and water were allowed to stand for 2 h prior to use. Wood blocks were oven-dried for
24 h at 50 ◦C, weighed to the nearest 0.001 g, and conditioned to room temperature before
the test was initiated. Each test block was placed on top of a piece of aluminum foil on
the surface of the damp sand and termites (0.3 g, approximately 150 termites including
1–3 soldiers) were added to each test container. Three replicates were used for each test,
with a total of 192 blocks used. All test containers were incubated for 28 d at 24 ◦C and
50 ± 5% relative humidity. At the end of the test, the blocks were cleaned, and weight loss
due to termite feeding was calculated based on differences between oven-dried weight
before and after exposure. Since termite numbers for the testing were weighed to limit
injury to individual termites, termite mortality was not assessed as a final number would
have been inaccurate.

2.4. ATR-FTIR Spectroscopy

Prior to extraction, a small aliquot of ground wood from each radial location on each
board was assessed using FTIR. Mid-infrared spectra in the range 4000 and 650 cm−1 were
recorded in triplicate (32 scans) using an attenuated total reflectance (ATR) system with a
ZnSe crystal head Smart iTR (Thermo Fisher Scientific, Waltham, MA, USA)) mounted on
a Nicolet iS50 spectrometer (Thermo Scientific, USA). Spectral analysis of the powdered
Alaska yellow cedar was done using OMNIC software version 9.2 (Thermo Fisher Scientific,
Waltham, MA, USA)). A background spectrum was obtained every 15 min. The resulting
spectra were averaged, baseline corrected (using the linear algorithm method available in
the OMNIC software), and smoothed (7 pt.) prior to analysis.

2.5. Statistical Analysis

All analyses were conducted using R Studio version 1.0.136 [56]. Average fungal
and termite feeding weight losses for each radius location per board were averaged and
standard deviations determined.

Chemometrics analyses using PCA were performed using the R package “Chemo-
spec” [57] on the spectral dataset. Data for these analyses were categorized as N = non-
resistant (included non-resistant and moderately resistant categories owing to the small
number of non-resistant samples), R = resistant, and RR = highly resistant based on the
results of durability tests against G. trabeum, R. placenta, and R. flavipes.

PCA was applied to the fingerprint region (1800 to 650 cm−1) and factor loadings
calculated. The highest peaks in the first, second, and third factor loadings were identified
and assigned based on known bond vibrations. The resulting PC plots (as a function of
the wavenumber) were analyzed visually to detect spectral regions with high positive or
negative factor loadings.

3. Results and Discussion
3.1. Extractives Analysis

Toluene-ethanol extracts were dark yellow, while ethanol extracts were light yel-
low. Total extractives content ranged from 0.84% to 3.39% of the dry weight (Figure 1).
These results were lower than those from an earlier study [58] which obtained extractives
yields of 4% using the same series of solvents, but with a different extraction technique
(Soxhlet extraction).

Toluene-ethanol removes waxes, fats, some resins, and wood gums, while hot water
removes tannins, gums, sugars, starches, and coloring matter. Ethanol extracts consist
of phenolic substances, terpenoids, fats, and carbohydrates [59]. Khasawneh and Karch-
esy [60] examined ethanol extracts of Alaska yellow cedar using GC-MS and identified
valencene-11,12-diol and kudtdiol. However, carvacrol and nootkatone were not identified,
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even though these compounds are usually recovered from Alaska yellow cedar heartwood
essential oil obtained by either stream distillation [60] or as an ethyl acetate extract [61].
Nootkatone is highly volatile and easily degraded [62], and Soxhlet extraction might not
be suitable for detecting some extractive compounds from Alaska yellow cedar.
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3.2. Weight Loss to Decay Fungi and Termites

Weight losses due to fungal exposure for 12 weeks showed considerable variability
in decay resistance (Table 1). G. trabeum produced higher weight losses than R. placenta,
especially on boards 1, 2, 9, and 10. Board 6 was highly resistant against both fungi, with
all samples having weight losses less than 5%. Weight losses due to G. trabeum showed
more variability with most blocks classified as highly resistant to resistant, but a small
number were only moderately resistant to non-resistant. Most of the non-durable samples
came from the same boards (boards 1, 2, and 7). In previous studies on Alaska yellow
cedar, R. placenta produced higher weight losses than G. trabeum [58,63]. Exposure to the
eastern subterranean termites, R. flavipes showed that wood ranged from highly resistant
to resistant (Table 1), except for some samples on board 1 that were moderately resistant.
Board 6 was highly resistant to R. flavipes attack, consistent with the results for the fungal
decay tests.

Table 1. Average total extractives content and weight losses of Alaska yellow cedar samples exposed to the G. trabeum, R.
placenta, or R. flavipes.

Board Radial
Extractives

Content (%) (n = 3)
Weight Loss (%)

G. trabeum (n = 9) R. placenta (n = 9) R. flavipes (n = 9)

1

R1 1.96 (0.44) 12.29 (9.70) 1.18 (0.86) 15.32 (4.00)
R2 1.83 (0.36) 6.53 (6.48) 2.01 (0.76) 16.85 (1.98)
R3 1.94 (0.67) 18.41 (3.69) 1.01 (0.09) 18.10 (0.41)
R4 1.94 (0.23) 11.97 (2.77) 1.03 (0.11) 15.11 (6.99)
R5 1.13 (1.30) 17.10 (14.14) 3.02 (2.87) 26.21 (15.34)
R6 2.10 (0.15) 37.58 (28.73) 19.01 (19.38) 33.33 (17.54)
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Table 1. Cont.

Board Radial
Extractives

Content (%) (n = 3)
Weight Loss (%)

G. trabeum (n = 9) R. placenta (n = 9) R. flavipes (n = 9)

2

R1 2.37 (0.76) 28.73 (30.74) 17.26 (0.62) 18.17 (2.28)
R2 2.99 (0.42) 17.42 (18.79) 8.96 (1.58) 8.38 (3.41)
R3 2.21 (0.37) 16.19 (20.50) 4.80 (3.63) 9.32 (2.66)
R4 2.43 (0.44) 15.37 (13.35) 5.47 (4.06) 9.99 (0.66)
R5 2.81 (3.39) 12.91 (17.70) 5.49 (2.21) 9.48 (4.22)
R6 2.84 (3.59) 18.78 (25.77) 8.36 (1.97) 12.78 (1.70)
R7 2.45 (3.73) 12.74 (17.45) 17.17 (15.43) 10.85 (2.16)

3

R1 1.48 (0.88) 0.85 (0.04) 4.94 (0.50) 6.70 (2.84)
R2 1.17 (0.62) 1.24 (0.38) 11.87 (9.12) 18.87 (1.76)
R3 1.69 (0.49) 8.23 (10.51) 9.17 (12.25) 14.35 (0.69)
R4 1.80 (1.18) 10.89 (12.11) 0.62 (0.35) 14.88 (0.34)
R5 1.17 (0.49) 0.50 (0.08) 0.73 (0.31) 19.71 (3.01)
R6 0.84 (0.60) 0.88 (0.33) 1.07 (0.24) 17.85 (0.55)
R7 2.18 (0.13) 0.99 (0.44) 1.34 (0.30) 12.35 (0.60)

4

R1 3.39 (1.23) 3.44 (0.70) 3.82 (0.29) 5.07 (1.00)
R2 2.76 (0.47) 3.42 (0.33) 3.75 (0.91) 11.81 (2.21)
R3 2.59 (0.36) 2.26 (0.00) 9.06 (0.00) 6.65 (6.59)
R4 2.64 (0.56) 3.96 (1.05) 6.10 (4.82) 5.26 (1.39)
R5 2.90 (0.50) 2.31 (0.66) 4.43 (1.81) 7.85 (2.09)
R6 2.94 (0.55) 2.20 (0.90) 2.23 (0.63) 8.10 (1.29)
R7 2.57 (0.51) 2.76 (0.06) 4.15 (1.54) 6.29 (2.43)

5

R1 2.99 (0.31) 0.15 (4.39) 0.34 (1.87) 14.21 (3.18)
R2 2.50 (0.57) −1.10 (3.51) −0.53 (0.91) 10.99 (2.83)
R3 2.43 (0.41) 0.86 (3.83) −0.52 (1.06) 12.37 (0.93)
R4 2.93 (0.35) 3.21 (1.02) −0.25 (2.67) 13.68 (2.07)
R5 2.60 (0.11) 0.39 (1.93) −0.97 (1.59) 12.50 (2.71)
R6 2.71 (0.19) 5.22 (12.11) −0.21 (1.89) 10.38 (0.80)

6

R1 1.89 (0.98) 1.01 (0.89) 0.99 (0.86) 1.06 (0.92)
R2 2.22 (0.91) 0.61 (0.53) 0.87 (0.77) 2.57 (1.03)
R3 1.17 (0.49) 1.12 (0.97) 0.95 (0.82) 1.38 (1.35)
R4 0.84 (0.60) 1.95 (0.36) 1.49 (0.16) 1.49 (0.13)
R5 1.82 (0.50) 1.50 (0.09) 1.79 (0.13) 2.31 (1.66)
R6 1.59 (0.80) 2.02 (0.10) 1.38 (0.13) 1.31 (1.27)

7

R1 1.92 (0.40) 33.62 (26.34) 11.40 (14.02) 10.74 (2.59)
R2 2.72 (0.04) 26.95 (20.26) 7.93 (7.27) 12.51 (1.89)
R3 1.20 (0.38) 31.59 (39.52) 8.36 (8.37) 10.01 (0.43)
R4 1.78 (0.80) 27.07 (33.63) 6.22 (5.20) 7.19 (3.38)
R5 3.21 (0.39) 14.13 (15.63) 5.66 (3.87) 3.38 (1.98)
R6 3.17 (0.66) 12.75 (11.86) 7.60 (6.79) 10.04 (2.78)
R7 2.35 (0.38) N/a 6.17 (4.37) 7.15 (1.40)

8

R1 1.27 (1.10) 1.22 (0.23) 1.52 (0.43) 6.40 (1.89)
R2 1.20 (0.90) 0.30 (0.26) 4.55 (1.19) 5.62 (1.00)
R3 2.69 (0.27) −0.76 (3.13) 3.15 (1.89) 4.15 (0.92)
R4 2.14 (0.73) 1.54 (0.24) 1.74 (0.21) 7.26 (3.76)
R5 2.24 (0.52) 1.50 (0.22) 1.62 (0.14) 6.01 (4.90)
R6 2.11 (0.33) 1.82 (0.27) 1.43 (0.38) 5.61 (2.34)

9

R1 2.15 (0.45) 13.72 (12.81) 0.46 (0.61) 21.44 (2.19)
R2 3.10 (0.22) −1.20 (1.43) 1.00 (0.72) 6.47 (0.99)
R3 2.90 (1.01) 21.22 (5.77) 1.22 90.60) 38.62 (4.15)
R4 2.65 (0.48) 6.26 (8.82) 1.00 (0.79) 8.43 (1.57)
R5 3.12 (0.83) 10.94 (6.48) 12.22 (8.21) 25.90 (2.85)
R6 N/a 19.82 (3.41) 16.85 (11.63) 30.59 (3.72)

10

R1 1.80 (0.30) 13.72 (12.81) 0.46 (0.61) 3.29 (0.86)
R2 2.14 (0.64) −1.20 (1.43) 1.00 (0.72) 5.38 (1.36)
R3 1.37 (0.22) 21.22 (5.77) 1.22 (0.60) 7.45 (1.64)
R4 2.22 (0.48) 6.26 (8.82) 1.00 (0.79) 3.75 (0.88)
R5 2.09 (0.22) 10.94 (6.48) 12.22 (8.21) 6.89 (0.22)
R7 2.34 (0.62) 19.82 (3.41) 16.85 (11.63) 4.39 (1.60)
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Variability in weight losses by G. trabeum, as indicated by the higher standard deviation
values were observed in some of the samples, particularly those from board 2. Some of
this variability was also observed on other samples exposed to G. trabeum, especially those
further from the pith. Some blocks from board 1 exposed to G. trabeum, R. placenta, and
R. flavipes displayed high variability (Table 1).

Durability classifications of Alaska yellow cedar samples exposed to G. trabeum or
R. placenta were determined in accordance with AWPA Standard E30 [53]. Over 85% of
samples exposed to R. placenta were classified as highly resistant, 10.2% resistant, 3.8%
moderately resistant, and 0.4% nonresistant. Consistent with the greater weight loss
observed for G. trabeum, only 69.1% of samples were classed as highly resistant. Of the
remaining samples, 18.1%, 7.9%, and 4.9% were classified as resistant, moderately resistant,
and non-resistant, respectively.

3.3. Relationship between Weight Loss and Extractive Content

Relationships between extractive contents and weight losses caused by G. trabeum, R.
placenta, and R. flavipes were assessed using Pearson’s correlation coefficient (Figure 2). An
increase in ethanol extracts indicated a moderate relationship with reduced weight loss by
G. trabeum (r = −0.60), R. flavipes (r = −0.40), and R. placenta (r = −0.30). Ethanol extracts
include phenolic substances and terpenoids [59] that are known to contribute to the high
durability of Alaska yellow cedar [58,64,65].
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Alaska yellow cedar heartwood contains nootkatone (sesquiterpene), nootkatin
(tropolone), and carvacrol (terpenoid), which are insecticidal and/or fungicidal and have
been used for controlling many arthropod pests [66,67]. Furthermore, Kirker et al. [58]
showed significantly higher weight losses in extracted Alaska yellow cedar (extraction



Forests 2021, 12, 1692 9 of 14

sequence was the same as used in this study) compared to non-extracted samples exposed
to G. trabeum, R. placenta, or R. flavipes.

Poor relationships were observed between toluene:ethanol and hot water extracts and
weight losses by R. placenta or R. flavipes. The moderate relationship between increases in
toluene:ethanol and hot water extracts and increasing weight losses by G. trabeum (Figure 2)
indicated that some of the compounds from these extracts might contribute to the wood
being more susceptible to G. trabeum. Hot water extracts contain sugars and starch that
are easily utilized by decay fungi [68], potentially contributing to increased weight loss by
G. trabeum.

3.4. ATR-FTIR Spectra

Averaged ATR-FTIR spectra were investigated for their potential to distinguish be-
tween different durability classes of Alaska yellow cedar after exposure to G. trabeum
(Figure 3a), R. placenta (Figure 3b), or R. flavipes (Figure 3c). The lack of representatives
for ‘moderately durable’ and ‘non-durable’ groups (Table 1) led us to classify both as
‘non-durable’. Comparisons between averaged spectra among the three different durabil-
ity classes for G. trabeum showed no clear differences or groupings in terms of intensity
of absorbance between peaks of the highly resistant, resistant, and non-resistant Alaska
yellow cedar (Figure 3a). Similar findings were observed in spectra representing different
durability classifications for R. placenta (Figure 3b) and R. flavipes (Figure 3c).
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Figure 3. Representative FT-IR spectra in the range 4000–650 cm−1 for Alaska yellow cedar samples
according to durability classifications established by exposure to (a) G. trabeum, (b) R. placenta,
and (c) R. flavipes. Green = highly resistant, blue = resistant, red = non-resistant.

3.5. ATR-FTIR for Identifying Alaska Yellow Cedar Durability

PCA was used for qualitative recognition of different durability groups. The spectral
data (1800–650 cm−1) were examined using robust PCA as outliers were detected in the
spectral data.

The first two PCs explained 98.58% of the variation in ATR-FTIR spectral data for
durability against G. trabeum, with PC1 representing 98% and PC2 accounting for 0.58%
of the variation (Figure 4a). Groupings within the 95% confidence interval did not clearly
show any separations between the groups with all three durability classes overlapping. We
observed similar PCA durability classifications for R. placenta (Figure 4b) and R. flavipes
(Figure 4c) with the first two PCs explaining >97% of variation in the ATR-FTIR spec-
tral dataset.
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Figure 4. PCA with (a) PC1 vs. PC2 scores plotted using robust PCA techniques for the different
durability classes against G. trabeum, (b) R. placenta, and (c) R. flavipes. Solid lines on the PC1 vs. PC2
plot indicate the 95% confidence interval for each group. N = non-resistant (red), R = resistant (blue),
RR = highly resistant (green).

The loadings profiles (not shown) of the first two PCs for samples exposed to
G. trabeum suggested that PC1 variation was related to the regions around 1050 cm−1

(C-O stretching in cellulose and hemicellulose) [16,69], whereas PC2 loadings showed
variations mainly at 1600 cm−1 (C=C stretching or aromatic ring formation), a region
associated with extractives and lignin. However, the variation associated with PC2 only
made a small contribution (0.58%) to spectral data variability. The loading plot for PC1 for
samples exposed to R. placenta showed that variation was mainly from 1020 cm−1, similar
to the finding for G. trabeum. PC2 variations were from the 1650 cm−1 region associated
with keto-carbonyl conjugated with benzene rings. PCA analyses of ATR-FTIR spectra
related to resistance to R. flavipes indicated similar results to G. trabeum and R. placenta for
PC1; however, PC2 loadings were caused by variation at 990 cm−1, which is indicative
of C-O valence vibration of cellulose [70]. It is possible that the sensitivity of ATR-FTIR
to wood particle size created pressure between the ATR-FTIR crystal tip that affected the
differences seen in the 1050 cm−1 region. The use of wood powder produces homogeneous
conditions; however, care must be taken to ensure that particle sizes are similar to minimize
absorbance effects.

Although the PCA analysis failed to recognize different groupings based on Alaska
yellow cedar resistance to the test organisms, ATR-FTIR spectra from a previous study
comparing extracted and non-extracted Alaska yellow cedar suggest an influence at higher
extractives levels [71]. Furthermore, ATR-FTIR spectra also showed sensitivity to car-
vacrol [34], one of the main biocides of Alaska yellow cedar [72–74]. Differences between
carvacrol levels in extracted Alaska yellow cedar were detected using ATR-FTIR, but only
at greater than 5% concentration [34]. None of the extractives levels in Alaska yellow cedar
used in this study were at that level suggesting that this technique may be more useful for
species with higher extractives levels.

4. Conclusions

Variations in extractive content and resistance to brown-rot fungi and termites were
observed for the ten Alaska yellow cedar boards but the wood displayed high resistance
to the tested organisms. Increased ethanol extractives levels contributed moderately to
decreased weight losses by fungi and termites. The use of ATR-FTIR with PCA was
unable to accurately predict Alaska yellow cedar durability. Insufficient representatives
from the non-resistant and moderately resistant groups may have contributed to the
poor predictions.

Despite the lack of predictive ability, infrared spectroscopy could still be applied
to detect chemical compounds important to wood durability. This study showed that
interpreting infrared spectra was complicated by the complex nature of individual wood
components. Future studies should compare spectral and durability information of younger
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plantation trees with native forest samples. Younger trees might offer more variability in
their durability and extractives content and these results could be used to improve the
current predictive model.
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