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Abstract

:

The degradation states of archaeological white elm, with an age estimation of ~350 years, and poplar, with an age approximation of ~1000–1200 years, were studied by means of different chemical and microscopy analyses. Recently cut samples from the respective species were used for comparison reasons. The chemical composition analysis of the archaeological samples showed significantly low holocellulose values, while the lignin, extractive, and ash contents were considerably high, as compared with the recently cut samples. The Fourier-transform infrared (FTIR) spectroscopy also confirmed the changes in the chemical structure of the archaeological elm and poplar samples. The light and scanning electron microscopies illustrated that the erosion bacteria were the main degrading agent in both archaeological elm and poplar, although the hyphae of rot fungi were detected inside the vessel elements of the archaeological poplar sample.
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1. Introduction


Wood has played a significant role in human life. It is mainly composed of cellulose, hemicelluloses, and lignin polymers. In the biological life cycle, wood undergoes degradation when it is exposed to suitable conditions [1,2]. Factors such as solar radiation, oxygen, water, heat, wind-blown particles, pollution, and microorganisms cause inter- and intra-molecular breakage in wood polymers and thus degrade the wood structure. Solar radiation causes photochemical degradation on the wood surface by the decomposition of wood polymers, mainly lignin [3]. Depolymerization of lignin through photon absorption results in the production of free radicals that can penetrate deeper into the wood structure and cause further degradation under the surface layer [1,3]. Moisture content alteration induced by rainfall or water contact causes continuous swelling and shrinkage in the wood cell wall and thus enhances crack formation [4]. Although temperature is not as important as moisture content and solar radiation, the rate of photochemical, oxidative reactions, and wood decay increases at elevated temperatures [5,6,7].



As described previously, archaeological wood is defined as a dead wood that has been left by an extinct human culture in a specific natural environment, which may or may not have been changed for or by use [1]. Archaeologists use studies on archaeological wood to better understand the past of human technology in making wooden tools and using them in their lives. They collect remarkable archaeological woods from different applicational conditions that are mostly degraded by different types of organisms, such as fungi, insects, bacteria, marine organisms, or weathering factors. Among others, the degradation of archaeological wood by fungi and bacteria is the most common [1]. The main wood decomposing fungi are white-rot, brown-rot, and soft-rot. White-rot fungi can simultaneously degrade all polymers in wood, or they can selectively degrade the lignin in wood. Simultaneous degradation of wood is the most common degradation type, and different fungal enzymes are involved to erode the wood cell walls from the lumen to the middle lamella [8], and they often cause bleaching of normal wood coloration [9]. The selective lignin degradation is performed by fungal enzymes to remove lignin and non-cellulosic polysaccharides without extensive degradation of cellulose [10]. This process is particularly useful for bio-pulping, biodegradation of recalcitrant materials, and other applications [11]. Brown-rot fungi degrade wood by the depolymerization of cellulose and hemicelluloses [12] and modification of the lignin structure mainly through demethoxylation and demethylation [13,14]. The mechanisms of brown-rot degradation have been extensively studied during the last decades, and it is commonly accepted that in the initial degradation stage enzymes cannot penetrate the micro-pores of the cell wall because of their large hydrodynamic volumes [15,16]. It is thus assumed that the incipient attack on crystalline cellulose is caused by hydroxyl radicals produced via the Fenton reaction [17,18,19]. Considerable losses in wood strength occur very early in the decay process and cubical cracks are the typical macroscopic pattern of brown-rot degraded wood [19]. Although brown-rot fungi commonly decay ancient and historic buildings [20], their activity becomes highly restricted in some terrestrial and aquatic environments, i.e., little oxygen exists in wood that is excessively wet or saturated with water or buried deep in sediments [19]. In contrast, soft-rot fungi are particularly active in soil, moist conditions, and under high preservative loading. Soft-rot degrades the wood structure either by forming diamond-shaped cavities aligned with the cellulose microfibril angle within the S2 cell wall layer or by more generalized degradation of the entire S2 cell wall layer from the lumen outward [21]. The middle lamella is not degraded by soft-rot but may be modified in advanced stages of decay. As decay progresses, extensive carbohydrate loss occurs, which results in large strength loss, and lignin concentrations increase in the residual wood [9]. They can be often found with wood-degrading bacteria. However, they can be differentiated by the remnants of degradation. Soft-rot fungi leave remnants of hyphae in the degradants, while bacteria usually cause granular structure debris [22,23,24].



Wood degrading bacteria have a higher tolerance against high wood extractive and lignin content, high preservative loading, and low levels of oxygen in the wood [25]. Three main groups of wood degrading bacteria, such as erosion, cavitation, and tunnelling bacteria, have been distinct [9]. Erosion bacteria degrade S2 wall layers by depleting the cellulose and hemicelluloses from the wood. The residual porous material consists of lignin from the S2 cell wall layers and compound middle lamellae. This bacteria type can degrade wood in anoxic or low oxygen level conditions [26,27,28]. Cavitation bacteria cause diamond-shaped or irregular cavities inside cell walls near a pit chamber or directly in the S2 cell wall layer. The cavities are oriented perpendicular to the long direction of the fibers [27]. Tunneling bacteria produce minute tunnels that occur in all areas of wood cell walls, including highly lignified middle lamellae [7]. They degrade all cell wall components and degrade/modify lignin to some minor extent [29,30].



The archaeological woods that have survived after hundreds and even thousands of years are extremely valuable resources and deserve careful attention, mainly due to their historical importance. In addition, determination of the degradation state in archaeological woods increases our knowledge of finding an appropriate method for excavation, transferring, storage, and preservation of these valuable elements through green protocols [31,32,33]. Therefore, the aim of this work is a contribution to understanding the changes in the chemistry and microstructure of archaeological wood induced by biotic agents by means of chemical composition analysis, Fourier-transform infrared (FTIR) spectroscopy, and light microscopy and scanning electron microscopy (SEM). Archaeological white elm (Ulmus laevis P.), with an approximate age of 350 years, and poplar (Populus spp.), with an approximate age of 1000–1200 years, were selected for this study and the results were compared with those of recently cut samples.




2. Materials and Methods


2.1. Raw Materials


The recently cut elm (Ulmus laevis P.) and poplar (Populus nigra L.) samples, measuring 45 mm × 90 mm × 4000 mm (L × T × R) boards, were collected from the northern part of Iran, Caspian Hyrcanian mixed forest. The region is located in the southern part of the Caspian Sea in Iran and the western regions in the Republic of Azerbaijan. The defect-free samples (no knot, cracks, and reaction wood) were cut from heartwood. The moisture contents of both recently cut samples were 9.9%. The density of recently cut elm and poplar were, respectively, 516.2 kg/m−3 and 506.3 kg/m−3.



The archaeological elm sample was part of a historical building in the city of Iasi, Romania. This specimen was a flooring element, and the building was built about 350 years ago. The house had been abandoned for a long time and most of it was destroyed. These samples were buried under the soil and were excavated during the excavation operation in September 2009. The type of soil was sand and gravel. The moisture content of the sample during analysis was 11.6%, and the density of the sample was 330.0 kg/m−3.



The archaeological poplar sample was a part of a boat in the Moldavian region of Romania. The boat was buried in the Moldova riverbed. The sample was not waterlogged because the river had changed course over a long period, and the soil at the sample site had low moisture content. Thus, it is classified as dry archaeological wood. After the discovery of this boat, it was transferred to the history museum in the city of Iasi, and it was kept in storage at the museum for one year until the exhibition hall with proper conditions (50% RH and 18–20 °C) became ready. The sample was removed from the boat during the restoration process. The approximate age of this specimen is 1000 to 1200 years. The moisture content and the density of the sample during analysis were 10.5% and 288.5 kg/m−3, respectively.



It should be noted that the ages of the archaeological wood samples were determined by the stratigraphic evaluation method [6,34]. The recently cut and archaeological specimens are shown in Figure 1. Both samples were chosen from the cracked-, knot-, and dust-free part of the wooden elements. A few millimeters of wood surfaces were removed carefully, and then the samples were cut randomly from the inner part of the subjects. The samples were not conserved with any chemicals. Since both archaeological specimens were found buried underground and in a dry environment, and the samples were found in their place of use, in their original context and undisturbed, the samples can be considered as a primary context group.




2.2. Evaluation Methods


2.2.1. Chemical Analysis


The chemical compositions of wood samples were analyzed according to Rowell 2012, [35], after milling with particle sizes of 250–425 μm. The moisture content of wood samples was detected using an Ohaus MB23 moisture analyzer [5,6]. The extraction content was determined on 2–3 g of oven-dried sample (at 103 °C for 24 h) using cyclohexane-ethanol (50:50 v/v) solution for 3 h. Then, the samples were oven-dried again and used for the assessment of holocellulose contents.



The holocellulose contents were determined by transferring the oven-dried samples to an Erlenmeyer flask, adding 80 mL of hot water (70 °C), 1 g of sodium chlorite, and 0.5 mL of acetic acid, keeping it for 6 h in a water bath at 70 °C. The same amounts of chemicals were added after every hour, and the flasks were gently shaken.



Ash content was determined according to EN 15403 standard [36]. About 2–3 g of oven-dried samples were placed in the dry ceramic dishes and transferred to the cold furnace. The temperature was set at 250 (±10) °C, and the samples were kept at this temperature for 50 min. Then, the temperature was increased to 550 (±10) °C, and the samples were kept for 1 h. Afterwards, samples were taken out, allowed to cool down in a desiccator, and were weighed. The lignin amount was calculated by subtracting from the sum of other components, i.e., by the sum of holocellulose, ash, and extractive contents. Each measurement was performed in triplicates, and the average value is presented.




2.2.2. Fourier-Transform Infrared (FTIR) Spectroscopy


The chemical structure of archaeological and recently cut wood samples was analyzed with ATR–FTIR spectroscopy (Perkin Elmer Frontier, Waltham, MA, USA) using a Bruker Invenio R spectrometer fitted with a diamond ATR unit. The ATR–FTIR spectra were recorded in the range of 4000 and 400 cm−1 at room temperature, averaging 64 scans with a resolution of 4 cm−1. Three measurements were performed for each sample, and the average spectra were analyzed. The lignin index (LI) was calculated by lignin intensity at 1505 cm−1 and CH/CH3 groups at 1375 cm−1 [31] using Equation (1):


  L I = [     I  1505     cm   − 1        I  1375     cm   − 1        ]  



(1)








2.2.3. Light Microscope


For light microscopy, the samples were prepared according to a method described previously [5]. In brief, a thin transverse was cut by hand using a razor blade. During sectioning, the test fragments were retained in wet conditions. The sections were stained with 0.1% safranin and then washed with 50% ethanol. The sections were left in ethanol for 15 s and directly washed with distilled water, mounted on a microscope slide and covered with a coverslip. A high-definition color cooled DS-Fi1c camera and a Nikon ECLIPSE E600 microscope fitted with NIS-Elements (Nikon, Tokyo, Japan) tech were used to image the sections. Polarized light was used for observation of the tangential sections.




2.2.4. Scanning Electron Microscope (SEM)


A Hitachi S-3400N (Hitachi, Tokyo, Japan) device was used to analyze the microstructure of recently cut and archaeological wood samples, at a 30 Pa vacuum and an 8 kV accelerating voltage using a BSE detector. The working distance was 10 mm. The samples with the size of 5 × 5 × 5 mm3 were sectioned with a razor blade. Three sections were prepared from each sample type and direction. The surfaces were not coated with a sputter coater before imaging, as described previously [6].




2.2.5. Statistical Analysis of the Results


Statistica 13.0 (StatSoft) software was used to evaluate the normal distribution and to perform the one-way analysis of variance (ANOVA) on the results of chemical analyses at a 95% confidence interval (p < 0.05). The statistical differences between values were assessed by Fisher’s LSD test.






3. Results and Discussion


3.1. Chemical Analysis


The chemical compositions of recently cut and archaeological wood samples are shown in Table 1. As can be seen, the amounts of holocelluloses in recently cut elm and poplar were, respectively, 80.01% and 81.46%, while these amounts were significantly lower in archaeological elm and poplar, which were 56.45% and 51.18%, respectively. The amount of holocelluloses in hardwood species are generally between 59% to 85%, and it changes considerably at different tree age and growing location [34]. The reduction of holocellulose content in archaeological wood samples was widely reported previously [34,35,37,38,39]. It can be due to the degradation of polysaccharides at the initial stage of the ageing process [6,34,40]. The amount of lignin in the archaeological samples was significantly higher than in the recently cut samples, which is mainly attributed to the loss of other wood compounds, e.g., holocelluloses [1,6,41]. The extractive content of the archaeological elm and poplar were 2.50% and 3.55%, respectively, while these values for the recently cut samples were 1.26% and 1.48%, respectively. This significant difference can be due to the breakdown of wood polysaccharides into leachable monosaccharides or oligosaccharides during degradation processes [3,4]. Similar results were reported previously by Crestini et al. [42] for archaeological cypress wood. The ash contents in archaeological elm and poplar were 4.70% and 3.18%, respectively, and the recently cut samples showed a respective ash content of 0.65% and 0.61 for the elm and poplar samples. The differences were statistically significant (ANOVA, p < 0.05). There is a significantly higher amount of ash content in the archaeological wood samples. The deposition of inorganic elements in the wood structures during the service life and storage periods might be an additional reason. These findings are almost in agreement with the previous studies on the chemical compositions of archaeological oak and elm wood samples [43,44,45,46].



FTIR spectroscopy was used to analyze the changes in the chemical structure of archaeological wood samples due to the storage and ageing process. Figure 2a,b illustrates the FTIR spectra of recently cut and archaeological elm and poplar wood samples. The absorption band between 3300 and 3400 cm−1 was assigned to the stretching vibration of the –OH group [5,46,47]. This band was identical in both recently cut and archaeological elm samples, while it was slightly decreased in the archaeological poplar. The stretching vibration in the region between 2800 to 3000 cm−1 is associated with the –CH group in cellulose, hemicellulose, and lignin [5,43]. The band at 1733 cm−1, which is assigned to the stretching vibrations of the unconjugated C=O group and specific moieties, such as esters, had disappeared in the archaeological elm and poplar. This could be related to the strong degradation of hemicelluloses after the ageing process [41,45,48]. Both archaeological elm and poplar samples exhibited considerably higher absorption in the region between 1235 and 1646 cm−1. These vibrations were mostly attributed to the stretching of the C=C and C=O groups in the lignin structure [6,49]. The LI values in both archaeological elm and poplar were strongly increased, i.e., from 0.71 and 0.82 in recently cut elm and poplar to the respective values of 1.67 and 1.40 in the archaeological samples. Similar results were reported by Cavallaro et al. [31]. The bands at 1156, 1158, and 1029 cm−1 correspond to the vibrations of the C-O and C-C groups, i.e., the glycoside symmetric vibrations of C-O and C-C and the asymmetrical stretch of C-O and C-C [5,6,50]. The stretching band at 897 cm−1 was assigned to an in-plane symmetric vibration of C-H in cellulose [40,51], which was slightly increased in both archaeological samples. The chemical composition and FTIR analyses of archaeological elm and poplar samples illustrated a strong degradation of polysaccharides, which might be due to the microbial degradations. Pedersen et al. [40] revealed that bacterial degradation, e.g., erosion bacteria, cause significant degradation in holocelluloses. Therefore, brown-rot or soft-rot fungi and/or other microbial degrading agents such as bacteria might have been involved in the degradation of the archaeological elm and poplar samples.




3.2. Morphological Decay Pattern


The identification of degradation patterns in most archaeological wood is based on their distinct decay patterns left behind like fingerprints due to the absence of the active degrading agents. Therefore, the characteristic troughs that are seen in the degraded cell walls are a particular distinguishing feature [1]. The microstructure of the archaeological elm and poplar samples was evaluated by means of light and scanning electron microscopies. The light microscopy analyses of the recently cut and archaeological elm and poplar samples are presented in Figure 3 and Figure 4.



As compared with the recently cut sample (Figure 3a), extensive degradations were observed in the cross-section of the archaeological elm (Figure 3b–d). Only a few cells, i.e., particularly those cells at the annual ring boundary area, look intact (black arrows in Figure 3b,d). The degradation occurred from the lumen towards the ML (yellow arrow in Figure 3d), and the residual materials were left in the lumen (white arrows in Figure 3d). The middle lamellas remained intact in terms of degradation, but in some cases began to collapse (blue arrows in Figure 3c) due to stress, e.g., cutting process for sample preparation. This degradation pattern is typically associated with erosion bacteria degradation [21,37,40,46,52]. The fine degradation pattern of bacteria was also found as grainy structures in the tangential section (white arrows in Figure 3e,f). No fungal hyphae were detected in the cross and tangential sections, and thus it is assumed that the archaeological elm was mainly degraded by erosion bacteria.



Evidence of degradation by erosion bacteria means that the wood must have been stored for a long time under water-saturated, low-oxygen, or even oxygen-free conditions [1,53,54]. The fact that no fungal hyphae were found does not mean that fungi did not also decompose the wood, but probably in a relatively short time window before the conditions shifted in favor of the bacteria. Otherwise, fungal degradation patterns or hyphae would still be detectable.



The buried storage conditions of this archaeological elm wood seem to have changed very quickly to dry conditions. The gravelly, sandy soil suggests the possibility that the water was able to drain away quickly. It can also be assumed that the wood dried very quickly afterwards, as otherwise traces and hyphae of fungus would have been found.



The cross-section investigation of recently cut and archaeological poplar showed that the wood cells were highly degraded (Figure 4a,b), while the MLs stayed intact in the archaeological sample (Figure 4b). The collapse of the residual cell wall, mainly just the ML, (Figure 4b circle) is based on the reaction of stress by reduced strength. This could be pictured evidence of a brown-rot attack in the cross-sections. Fungal hyphae were not detected in the cross-section of archaeological poplar, but they were obviously shown in the tangential sections (Figure 4c–e). The direction of the fungal hyphae does not follow any particular orientation, as they are extended through the cells tangentially. The degradation pattern, e.g., the intact MLs and unspecific orientation of fungal hyphae, suggests that white-rot and soft-rot fungi seemed not to be involved in the decomposition of this archaeological poplar [21,49]. The hyphae observed in the sections are present only in cell lumina and colonize adjacent cells passing through the pits. This clearly indicates that these fungi are not ligninolytic or are less so. Some brown-rot fungi can only change the lignin structure [55,56] and could therefore also fall under this category. Unfortunately, no clear evidence for a brown-rot infestation could be found. It is also possible that the hyphae have colonized the wood only after salvage, e.g., due to inadequate proper storage. A trace of bacterial degradation was observed in a single cell of the tangential section with the help of polarized light (Figure 4e), by showing the rhombic-shaped cell wall losses. This degradation pattern is a typical sign of erosion bacteria in wood from wet and near-anaerobic environments, e.g., waterlogged archaeological wood and foundation piles [9,21,22,29,55].



As it was observed by light microscopy, the SEM micrographs of the archaeological elm also confirmed that the severe degradations occurred in wood cells (Figure 5a), although no evidence of fungal hyphae was found. The cells were mainly degraded, and no sound cell was found in the cross and tangential sections, which might be due to the shrinkage of the sample during the drying process [50]. This might be related to the deformation of cells during sectioning. The residual degradation materials in the cell lumens are obvious in Figure 5b,c (blue arrow). Grainy structures, as a sign of bacterial erosion, are visible in the ray parenchyma cells (white arrow in Figure 5c and blue arrow in Figure 5d). The ray parenchyma contains a higher quantity of sugars in comparison with fibers and vessels, as they are part of the nutrient reserves of the trees [21], and it is expected that those cells are susceptible to various degrading agents. Very recently, Cha et al. [56] revealed that the degradation of the parenchymal cell wall is delayed relative to its adjacent tracheas when they are exposed to erosion bacteria. However, it did not exhibit entire resistance to bacterial decay. The degradation patterns of the archaeological elm illustrated that the erosion bacteria were the main degrading agent. Although it was assumed that the fungi might have been involved in the degradation, i.e., according to the results obtained from chemical analysis, there were no fungal hyphae detected by microscopical analyses to approve it.



The scanning electron microscopy (SEM) micrographs of archaeological poplar are shown in Figure 6a–d. These images clearly illustrate the high degree of degradation and deformed cell walls, as indicated by white arrows. The hyphae are obvious in the cell lumens penetrating through the cells (blue arrow in Figure 6a). As observed by the light microscope, the SEM micrograph of the cross-section with higher magnification also showed that the MLs are intact (Figure 6b, blue arrows). The tangential section of archaeological poplar demonstrated that, despite the degradation of the cell structure, the intercellular pits (white arrow in Figure 6c) and perforation plates (blue arrow in Figure 6c) are still clearly visible. The grainy structured residues, a typical pattern of bacterial degradation [38], were found on the outer part of the cells (yellow arrow in Figure 6b). The hyphae, which are penetrating through the vessels (yellow and white arrows in Figure 6c and Figure 6d, respectively), and grainy structured residues are also obvious in the tangential section (blue arrow in Figure 6d). Investigation of the morphological decay pattern together with the chemical analyses confirmed that the degradation in the archaeological poplar was most likely due to erosion bacteria. The main degradation might have occurred by erosion bacteria, due to the existence of the archaeological poplar in an aquatic environment with little oxygen exposure, as it was a part of a boat in a freshwater lake or river. The presence of fungi hyphae can be attributed to the improper storage and conservation condition in the museum.





4. Conclusions


Noticeable differences were observed in the chemical and anatomical structures of archaeological white elm (Ulmus laevis P.) and poplar (Populus spp.), as compared with the recently cut samples. FTIR and chemical composition analyses illustrated the strong degradation of polysaccharides, e.g., hemicelluloses and cellulose, in the archaeological samples, while the lignin content was higher than the recently cut samples. This, together with the microscopy examinations of decay patterns and residues, confirmed that the erosion bacteria were mainly involved in the degradation processes of both archaeological elm and poplar. The presence of fungi hyphae in the archaeological poplar is expected to be related to improper storage and conservation in the museum. The findings of this study suggest that the archaeological wood elements should be handled very carefully during excavation, transferring, and storage, as they still can be attractive for biotic agents. It is known that the degradation rate of the wood depends on the aggressiveness of environmental factors and how it is used in anthropogenic activities, with high or moderate risk. The study of archaeological species allows for obtaining data that can served as a reference for other studies.
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Figure 1. Recently cut (a) and archaeological elm (b) and recently cut (c) and archaeological poplar (d). 
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Figure 2. Fourier-transform infrared spectroscopy (FTIR) spectra of recently cut and archaeological elm (a,b) and poplar (c,d) in the region of 4000–2000 cm−1 and 2000–400 cm−1. Red lines are for recently cut samples and black lines are for archaeological samples. 
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Figure 3. Light microscopy of cross-sections of recently cut (a) and archaeological elm (b–d) and from tangential section of archaeological elm using polarized light (e,f). Arrows indicate the damaged parts of archaeological wood samples. 
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Figure 4. Light microscopy of cross-sections of recently cut (a) and archaeological poplar (b) and from tangential section of archaeological elm using polarized light (c–e). Arrows indicate the fungal hyphae (c,d) and bacterial degradation patterns (e) of archaeological wood samples. 
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Figure 5. Scanning electron microscopy (SEM) micrographs from cross-sections (a,b) and tangential section (c,d) of archaeological elm. Arrows indicate the damaged parts of archaeological wood samples. 
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Figure 6. Scanning electron microscopy (SEM) micrographs of cross-sections from archaeological poplar (a,b) and tangential sections (c,d). Arrows indicate the damaged parts of archaeological wood samples. 
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Table 1. Chemical compositions of recently cut and archaeological elm and poplar (wt%).
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	Wood Samples
	Holocellulose
	Lignin
	Extractive
	Ash





	Recently cut elm
	80.01 (±1.12) a
	17.90 (±0.56) a
	1.26 (±0.03) a
	0.65 (±0.01) a



	Archaeological elm
	56.45 (±1.92) b
	34.24 (±0.42) b
	2.50 (±0.12) b
	4.70 (±0.35) b



	Recently cut poplar
	81.46 (±2.00) a
	14.66 (±0.05) a
	1.48 (±0.42) a
	0.61 (±0.04) a



	Archaeological poplar
	51.18 (±1.70) b
	40.22 (±0.30) b
	3.55 (±0.43) b
	3.18 (±0.04) b







Values labelled with the small letters show the statistical differences between recently cut and archaeological specimens (ANOVA, Fisher’s LSD test, p < 0.05).



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
2000

2500

|
3000

4000

0.10
0.08
0.06

(‘n'e) soueqiosqe

wavenumber (cm™)

wavenumber (cm’1)

0.10 +

0.08

0.06 4

(‘n"e) aoueqliosqe

1800 1600 1400 1200 1000 800 600 400

2000

2000

2500

3000

3500

4000

wavenumber (cm™)

wavenumber (cm’')





nav.xhtml


  applsci-11-10271


  
    		
      applsci-11-10271
    


  




  





media/file2.png





media/file5.jpg





media/file3.jpg





media/file1.jpg





media/file7.jpg





media/file10.png
X
o
Q
-—
y X
=
X
o
Q
<

[ N S LN SO f\m %\,’w_ G-
SIS

A

8.00kV x100
8.00kV x500






media/file12.png
8.00kV x500

8.00kV x2.00k

100um

8.00kV x100






media/file9.jpg





media/file0.png





media/file8.png
- ..
y

w A A A

- P »
owm OB S
i Tt
- w
D o MW

S

"
r BN Y ae

,»

oI Y






media/file11.jpg





media/file6.png





