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18 Abstract 
19 The archaeological site of Biskupin (Poland) is a prehistoric settlement dating to the 8th 
20 century BC, situated on a marshy island. Excavations started in 1934 and a considerable 
21 number of wooden artifacts was found in the lake water. Unfortunately, during many years 
22 of archaeological excavations, wooden remains deposited in the trenches were exposed to 
23 degradation and underwent considerable decomposition. Among the main causes of wood 
24 degradation, fungi and bacteria were the most destructive ones. 
25 The chemical effects induced by fungi and bacteria on wood are not well known or studied. 
26 Here we present the investigation of a set of pine wood samples (Pinus sylvestris) buried 
27 in the Biskupin site, with the aim of reproducing the burial conditions of the original 
28 archaeological wood. Two monitoring stations (wet peat and lake water) were chosen and 
29 the samples were then removed from these burial environments after four and ten years. 
30 After removal, the samples were exposed to laboratory-controlled attack by the brown rot 
31 fungus Coniophora puteana. The final aim was to evaluate the effects of fungal activity on 
32 the wood substrates with different degrees of natural degradation. The study is part of an 
33 experiment designed to evaluate the short-term effects of the in situ preservation strategy 
34 adopted for the Biskupin archaeological woods.
35 Various techniques were used to assess the physical and chemical degradation of the 
36 wood. The morphological changes induced by the exposure to the burial environment and 
37 by the action of the fungi were investigated using scanning electron microscopy (SEM). 
38 The chemical state of the wood was evaluated by using infrared spectroscopy (FTIR), 
39 analytical pyrolysis coupled with gas chromatography and mass spectrometry (Py-GC-MS) 
40 and XRD spectroscopy.
41 Fungal action caused the depletion of polysaccharides resulting in mass loss and the FTIR 
42 spectra of the wood samples highlighted that cellulose was more degraded with respect to 
43 hemicelluloses. This trend correlated with an increase in the relative abundance of furans, 
44 which are among the main pyrolysis products of polysaccharides. Fungal attack also 
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45 induced oxidation of lignin and an increase in the crystallinity index of cellulose, which 
46 points towards a preferential metabolisation of amorphous cellulose. The overall results 
47 highlighted that the burial in these wet environments caused changes mostly in the 
48 hemicelluloses, whereas the fungal attack was mainly directed to cellulose degradation.
49
50
51 Keywords
52
53 Wood degradation, brown rot fungi, archaeological waterlogged wood, SEM, FTIR, XRD, 
54 Py-GC-MS
55
56 1. Introduction
57 The archaeological site of Biskupin (Poland) is a prehistoric settlement discovered in 1933, 
58 which dateto the Bronze and early Iron Ages (8th century BC). The settlement was situated 
59 on a marshy island and several excavation campaigns were conducted between 1934 and 
60 1974 in an area of about 2 ha. [1].  Considerable quantities of wooden artifacts were found 
61 in the lake water. The fortified settlement, surrounded by a wooden breakwater, consisted 
62 of around one hundred houses. Buildings and streets were made of wood. During the 
63 archaeological excavations, wooden remains deposited in the trenches were exposed to 
64 degradation and underwent decomposition, due mainly to the action of microorganisms 
65 such as fungi and bacteria. In the 1970s, an attempt was made to preserve the excavated 
66 wood with phenol resin, leading to considerable damage of the treated archaeological 
67 wood [1]. Despite the promising results with consolidating agents showed by recent 
68 publications, no additional preservation strategies were adopted [2-6].
69 After this attempt, it was decided to adopt an in situ conservation strategy by leaving the 
70 wood remains in the environment in which they had been found, either in the wet peaty 
71 ground or in water.  At Biskupin today it is possible to visit a reconstruction of the ancient 
72 village (Figure 1), but the archaeological wood has been reburied and is kept underground.
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78 Figure 1. a) Photograph taken at Biskupin during the excavations before 1936 showing 
79 the archaeological wood remains [7]; b) a  reconstruction drawing of the  Bronze Age 
80 village (Biskupin Museum Archives); c, d) Biskupin archaeological site as it appears today: 
81 some of the structures of the village have been reconstructed with new wood, but the 
82 original archaeological wood is preserved in situ underground or underwater.

83
84
85 The action of fungi and bacteria [8] represents a significant risk for the preservation and 
86 display of waterlogged archaeological wooden artifacts. In fact, although the action of fungi 
87 is limited or absent in waterlogged anaerobic environments, archaeological wood is prone 
88 to severe attack by fungi when removed from the burial environment, as testified by a 
89 considerable amount of the Biskupin material. Biocide agents should always be introduced 
90 in archaeological wood material as part of in situ preservation strategy.
91 The effects of fungi and bacteria on wood are an important research field in wood 
92 chemistry [9-14]. Different spectroscopic techniques (FTIR, FT-Raman and NMR), 
93 thermochemical methods (TGA, Py-MS and Py-GC-MS) and wet chemical methods have 
94 been developed and applied to measure the extent of wood deterioration induced by 
95 brown rot fungi [15-25]. Data reported in the literature indicate that brown rot fungi mainly 
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96 attack hemicelluloses and cellulose, causing their depolymerisation and leaving a fragile 
97 wood, rich in lignin. In addition, two-dimensional solution-state nuclear magnetic 
98 resonance spectroscopy (2D-NMR) revealed that some brown rot fungi can also promote 
99 lignin demethylation and oxidation [15, 16]. Using 13C-labeled tetramethylammonium 

100 hydroxide thermochemolysis (13C-TMAH) and solid state 13C NMR, Filley et al. [17] 
101 demonstrated a positive correlation between lignin demethylation and polysaccharide loss 
102 in spruce sapwood inoculated with brown rot fungi, suggesting that lignin demethylation 
103 may play a mechanistic role in polysaccharide depletion.
104 Interesting results have recently been obtained by XRD on poplar wood after brown rot 
105 decay, showing that fungal decay only changes the crystallinity of cellulose and has no 
106 influence on the structure of the unit cells. During the 12-week decay process, the degree 
107 of crystallinity increased, which can be explained by the preferred initial removal of the 
108 paracrystalline part of cellulose [26]. Slightly different data, including an increase in 
109 crystallinity early in the decay process followed by a decrease, have previously been 
110 observed by other researchers examining wood decayed by brown rot fungi [27]. The 
111 phenomenon has been attributed to the initial removal of hemicelluloses and other 
112 amorphous materials, followed by a fungal attack on the crystalline cellulose. 

113 The drying process of waterlogged archaeological wood is another risk that adds to the 
114 biological threats, as it can cause irreversible mechanical damage and shrinkage. No 
115 satisfactory strategy is available for the preservation of archaeological wood once it has 
116 been dried, although polyethylene glycol (PEG) is probably the method that has been 
117 adopted most [28, 29]. For this reason, at present, in situ preservation of large wet wooden 
118 objects in marine or lake environments and in wet soil is proposed as an preferential 
119 choice by many wood preservation experts in Europe [1, 30, 31].

120 The results of the chemical investigation of archaeological wood from the Biskupin site 
121 were recently described [31-34], showing that a significant carbohydrate fraction is still 
122 present in the wood, even though polysaccharides are usually more susceptible to 
123 degradation than lignin in waterlogged environments [32]. For this reason, there is an 
124 urgent need for additional information on how to preserve from further degradation the 
125 holocellulose fraction in these samples. In this work, we describe the investigation of a set 
126 of pine wood samples (Pinus sylvestris) buried in the Biskupin site in two different 
127 monitoring stations (lake water and peat), in order to reproduce the burial conditions of the 
128 archaeological wood. Samples of the wood material were analysed after 4 and 10 years of 
129 burial in the two monitoring stations, as a part of a wider experiment designed to evaluate 
130 the short-term effects of the in situ preservation strategy adopted for the Biskupin 
131 archaeological woods [35]. After removal from the burial environments, the pine wood 
132 samples were exposed to laboratory-controlled attack by the brown rot fungus Coniophora 
133 puteana (Schumacher ex Fries) Karstein BAM Ebw. The aim was to evaluate the effects of 
134 fungal activity on the carbohydrate fraction of wood substrates after natural degradation. 

135 Various techniques were used to assess the physical and chemical state of the wood 
136 samples, selected in order to be as informative as possible for the evaluation of wood 
137 alteration [36]. Physical properties such as moisture content and conventional density 
138 were determined because they are the most commonly-used parameters to establish the 
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139 mechanical stability of degraded wood [31].  Following an established successful approach 
140 [34, 37], the morphological changes induced by the exposure to the burial environment 
141 and by the fungal action were studied by examining the transverse, radial longitudinal and 
142 tangential longitudinal sections of the wood samples by scanning electron microscopy 
143 (SEM). The chemical state of preservation was evaluated by infrared spectroscopy (FTIR) 
144 and analytical pyrolysis coupled with gas chromatography and mass spectrometry (Py-GC-
145 MS). FTIR analyses of the chemical changes occurring in pine wood decayed by C. 
146 puteana focused on the relative changes in the intensity of lignin/carbohydrate 
147 characteristic bands [22, 38, 39]. Py-GC-MS is gaining increasing interest as a fast 
148 analytical technique for the chemical analysis of degraded wood in archaeological objects, 
149 due to the minimum amount of sample needed and to the high level of detailed information 
150 achieved [40-43]. Derivatisation of pyrolysis products by in situ thermally assisted silylation 
151 was adopted, because it significantly improves the detectability/analytical response of 
152 polar compounds, such as some polysaccharide pyrolysis products [44], and lignin 
153 monomers bringing hydroxyl functionalities and acidic groups [29, 40]. The changes in the 
154 cellulose network were investigated by XRD; in particular, the crystallinity index of 
155 cellulose was assessed. XRD has previously enabled information to be obtained about the 
156 mechanism of cellulose degradation during short-term burial in wet conditions [35]. 

157
158
159 2. Materials and methods

160 2.1 Samples

161 Burial in wet environments: monitoring program
162
163 In 2003 two wood samples were collected from a 99-year old Scots pine (P. sylvestris) tree 
164 harvested from the Gołąbki Forest District, near Biskupin (Poland). The samples measured 
165 150x10x10 mm (LxTxR) and were cutfrom wood dried to a moisture content of about 12%. 
166 After preparation, the samples were buried in two monitoring stations in the Biskupin site. 
167 One was left in a layer of wet peat (station SP1, acronym P for peat environment) at a 
168 depth of 100 cm (the level where wooden constructions were deposited). The other was 
169 placed in a peaty layer at the bottom of a pit filled with water (station SP4, acronym W for 
170 water environment). These two monitoring stations were chosen because they closely 
171 reproduce the burial conditions in which the settlement’s constructions were found. Some 
172 selected water and soil parameters were previously monitored in the years 2003-2006 [1]. 
173 To minimize contamination due to direct contact with the peat and soil, the wood 
174 fragments were kept in AgroFabric® bags, thus allowing unrestricted water access. The 
175 wood samples were removed from the burial environment after different times of 
176 deposition and pieces were cut for analysis. The monitoring program (started in 2003) is 
177 still on-going and it will continue in the following years. The results presented here refer to 
178 the samples that were removed from the burial environment after 4 years and 10 years 
179 (the longest burial time to date). The samples are named here using an acronym referring 
180 to the station (P for peat and W for water) followed by a number indicating the number of 
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181 years of burial: P4, P10, W4 and W10. For example: W4 refers to wood after 4 years in 
182 water. 
183 The results were compared with those obtained from a reference sample of the same 
184 wood used for the monitoring program (Pine Ref).
185 The samples were tested for resistance to biological attack according to the European 
186 Standard EN113 [45], against C. puteana (Schumacher ex Fries) Karstein (strain: BAM 
187 Ebw. 15) grown on malt/agar medium (malt 50g/l, agar 20g/l). All wood samples were 
188 sterilized by steam (121°C for 20min.) prior to fungal exposure. One archaeological wood 
189 sample, and a control (modern wood), was introduced in each culture vessel. The samples 
190 were incubated for 8 weeks at 22±1°C and 70±5% RH. After this the mycelium was 
191 removed and the samples were weighed to determine their moisture content at the end of 
192 fungal exposure. The samples were then dried at 103°C and their final weight was 
193 recorded. The suffix F is here used to refer to the wood samples subjected to fungal 
194 attack, and their appearance after washing is shown in Figure 2.
195

196

197 Figure 2 Pine wood samples after exposure to the brown rot fungus C. puteana in the 
198 laboratory for 8 weeks. P, W: provenance from the monitoring station in peat or in water, 
199 respectively. The number indicates the number of years spent in the selected 
200 environments. F: samples exposed to fungi. 

201

202 2.2 SEM

203 The wood samples were cut to show transverse, radial longitudinal and tangential 
204 longitudinal sections (TS, RLS and TLS) prior to SEM examination. 

205 The samples before fungal attack were investigated using a VEGA TS 5130 scanning 
206 electron microscope (Tescan, Brno, Czech Republic). The samples were sputter-coated 
207 with gold. The accelerating voltage used was between 15 and 16.7 kV. The electron 
208 source was a tungsten filament. 

209 The samples after fungal attack were investigated uncoated using a variable pressure 
210 scanning electron microscope (VP SEM), Hitachi S-3700N. The back-scatter electron 
211 (BSE) detector was used at 15 or 20kV, with the SEM chamber partially evacuated (40 to 
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212 60Pa). The working distance (WD) ranged from 12 mm to 25 mm (as required). Using the 
213 BSE detector, 3D mode (rather than Compositional) was preferentially selected to 
214 maximize the opportunity to reveal diagnostic features. 

215 The operating conditions (including magnification and scale bar) are recorded on the data-
216 bar at the foot of each SEM image (Figures 3-5). 

217

218 2.3 Mass Loss measurements

219 The percentage mass loss (ML) was calculated according to the following equation: 

220 %ML = [(Wo − Wf)/Wo] ∗ 100

221 Wo: oven-dry weight of sample prior to fungi attack; Wf: oven-dry weight following 
222 exposure to fungi.

223

224 2.4 FTIR 

225 FTIR spectra were obtained by means of Alfa FTIR spectrometer (Bruker Optics GmbH, 
226 Germany). 2 mg of wood samples were ground to a fine powder with a Pulverisette 23 ball 
227 mill (Fritsch, Germany). Powdered samples were dispersed in a matrix of KBr (200 mg), 
228 followed by compression to form pellets. The spectrum collection was obtained using 32 
229 scans, in the range of 4000 to 400 cm-1, at a resolution of 4 cm-1. Three measurements for 
230 each wood sample were acquired, and the average value was computed. 

231 The post-acquisition treatment of the spectra was kept to a minimum (baseline correction). 
232 To measure the height of the bands, a baseline was constructed by connecting the lowest 
233 data points on either side of the band. A vertical line from the maximum of the band to this 
234 baseline gave the band height. Ratios were calculated between band height values for 
235 lignin-associated bands against carbohydrate reference bands. These ratios provided 
236 information on the relative changes in the composition of the structural components. 

237

238 2.5 Py(HMDS)-GC-MS

239 Analytical pyrolysis was performed using 1,1,1,3,3,3-hexamethyldisilazane (HMDS, 
240 chemical purity 99.9%, Sigma Aldrich Inc., USA) as a silylating agent for the in situ 
241 thermally-assisted derivatisation of pyrolysis products. The instrumentation consisted of a 
242 micro-furnace Multi-Shot Pyrolyzer EGA/Py-3030D (Frontier Lab) coupled to a gas 
243 chromatograph 6890 Agilent Technologies (USA) equipped with an HP-5MS fused silica 
244 capillary column (stationary phase 5% diphenyl- 95% dimethyl-polysiloxane, 30 m x 0.25 
245 mm i.d., Hewlett Packard, USA) and with a deactivated silica pre-column (2 m x 0.32 mm 
246 i.d., Agilent J&W, USA). The GC was coupled with an Agilent 5973 Mass Selective 
247 Detector operating in electron impact mode (EI) at 70 eV. The pyrolysis temperature was 
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248 550 °C and interface temperature was 250 °C. Similar amounts (ca. 100 μg) of sample and 
249 HMDS (5 μL) were put into a stainless steel cup and inserted in the micro-furnace. 
250 Chromatographic conditions were as follows: initial temperature 50 °C, 1 min isothermal, 
251 10 °C min-1 to 100 °C, 2 min isothermal, 4 °C min-1 to 190 °C, 1 min isothermal, 30 °C min-

252 1 to 280 °C, 30 min isothermal. Carrier gas: He (purity 99.995%), constant flow 1.0 mL min-

253 1. Before being analysed, all the samples were oven dried for 24 h at 40-50 °C to remove 
254 the residual free water. After instrumental analysis, the compounds were identified by 
255 comparing their mass spectra with spectra reported in the Wiley and NIST libraries and in 
256 the literature [35, 46]. The peak areas of the most abundant pyrolysis products were 
257 normalised and expressed as percentages. The integration of identified peaks derived 
258 from lignin and holocellulose products was performed by AMDIS software, which helps to 
259 deconvolute and integrate chromatographic peaks on the basis of their mass spectra even 
260 in the presence of coelutions. Semi-quantitative calculations were performed using 
261 chromatographic areas: peak areas were normalised with respect to the sum of the peak 
262 areas of all identified pyrolysis products, and the data were averaged and expressed as 
263 percentages, in order to highlight differences in the pyrolysis yields due to degradation. 
264 The percentage areas were used to calculate the relative abundances of wood pyrolysis 
265 products divided into categories. In this case, the calculations referred to the 100% of the 
266 wood component corresponding to the considered categories. The technique has proven 
267 to achieve a relative standard deviation of 7.3% [15].

268

269 2.6 XRD

270 X-ray diffraction analysis was carried out using a PANalytical diffractometer X’Pert PRO 
271 with radiation CuKα1 = 1.54 Å, operating at 40 kV, 30 mA, 2θ range 3–70°, step size 
272 0.02°, time per step 50 s, equipped with X’Celerator RTMS (Real Time Multiple Strip) X-
273 ray detection technology, a High Score data acquisition and interpretation software. A zero 
274 background sample holder was used. A total of 8 mg of samples were used for each 
275 analysis. In order to determine the crystallinity index (CI) of the cellulose in wooden 
276 samples, the method developed by Segal et al [47] was adopted. This method calculates 
277 the CI as difference between the height of peak 200 (I200) and the height of the minimum 
278 (IAM) between peaks 200 and 110 (peaks are identified by the Miller indices [48]). The 
279 ratio between this difference and the height of the 200 peak (I200) provides an estimation of 
280 the CI:

281 (I200 - IAM)/I200 = CI

282 The drawback of this method is that it does not take into account the width of the peaks 
283 and there is a risk of overestimating the exact CI. However, it is useful for comparing the 
284 relative differences between samples [49-51]. The non-aged sample was analysed in 
285 triplicate and the result was CI = 0.70 ± 0.01. This low standard deviation was taken as an 
286 indication of the good reproducibility of the technique.

287
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288 3 Results

289 The interpretation of the results was based on the comparison of three types of samples: 
290 reference pine sound wood (Ref Pine), wood buried in wet (peat or water) environments 
291 for 4 and 10 years (P4, P10, W4, W10), and wood exposed to fungal attack after burial 
292 (Ref Pine F, P4F, P10F, W4F, W10F). The contextual evaluation of the observed changes 
293 has enabled conclusions to be drawn on the alterations induced both during the burial 
294 period and by fungal action.

295

296 3.1 SEM 

297 Scanning electron microscopy provides an informative tool to examine and investigate 
298 morphological changes resulting from wood decay processes. Our first investigative 
299 approach to pine wood after burial in the wet environments and after treatment with fungi 
300 was the examination of the transverse sections (TS).

301 By comparing sound wood with wood from the monitoring stations in peat and in lake 
302 water, a range of morphological and anatomical alterations was observed. In particular, for 
303 the reference wood the cell walls of the axial tracheids appeared homogeneously thick, 
304 intact and compact in both the earlywood and the latewood (Figure 3a). a An almost 
305 perfect cell wall structure was revealed at high magnification, where the lignin-rich middle 
306 lamella was clearly visible between the tracheids and was always in contact with the cell 
307 walls, which did not show any sign of alteration (Figure 3b). After four years of burial in 
308 peat (sample P4), the main change affected some areas of the latewood, where the S2 
309 layer of the cell walls of the tracheids appeared altered (Figure 3c). The exact cause of this 
310 phenomenon was not clear. However, some fungal spores were present and the pattern is 
311 partially compatible with brown rot fungal decay [9]. An attack by brown rot fungi may have 
312 started in the 99 year old reference wood sample, although clear evidence was not 
313 forthcoming based on the SEM images acquired. A similar phenomenon was observed in 
314 sample W4. In addition, for this sample, there was remarkable distortion of the cell walls in 
315 the earlywood (Figure 3d). This may be due to shrinkage of the wood after removal from 
316 water. For samples P10 and W10 the extent of the alteration increased (Figures 3e and 
317 3f). A complete detachment of the cell walls from the middle lamella was visible in some 
318 areas and the cell walls were completely absent in some cases. It was interesting to 
319 observe that the phenomenon was present only in some areas, whereas others showed a 
320 perfect preservation condition. 

321
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322

a) b)

c) d)

e) f)

323 Figure 3. Scanning electron microscope images of gold-coated TS of a, b) Ref pine, c) 
324 sample P4, d) sample W4, e), sample P10 and f) sample W10

325

326 The TS of the reference pine sample after fungal attack showed the formation of 
327 irregularities and cavities mainly affecting the S2 layer of the axial tracheid walls in both the 
328 latewood (Figure 4a) and the earlywood. The degradation pattern, especially the 
329 deformation of the cell walls, is  consistent with brown rot decay, although the shape of the 
330 cavities can also sometimes be indicative of a soft rot type of decay [9]. Similar 
331 observations have already been reported for C. puteana [52]. In addition, the TS also 
332 displayed the abundant presence of fungal hyphae in the resin canals and in most of the 
333 cell lumens of the axial tracheids (Figure 4b), showing that the fungus follows these routes 
334 preferentially to spread into the wood structure. 
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335 Similar features were observed for samples P4F and W4F. The cell walls of the axial 
336 tracheids in the TS showed the same signs of degradation as in the reference sample 
337 (Figures 4c and 4d). Similarly to what was observed for the samples not attacked by fungi, 
338 the alterations seemed to involve some areas more than others. 

339 Samples P10F and W10F were generally in worse condition. Cavities in the S2 layer of the 
340 cell walls were dispersed in the TS, indicating an advanced stage of fungal attack 
341 compared to the other samples (Figures 4e and 4f). The structure of the axial tracheids 
342 appeared highly disrupted where fungal hyphae were present.

343

344

345

a) b)

c) d)

e) f)
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346 Figure 4. Variable pressure scanning electron microscope images of uncoated TS of a, b) 
347 pine reference wood after fungal attack, c) sample P4F, d) sample W4F, e), sample P10F 
348 and f) sample W10F. Images © The Trustees of the British Museum

349

350

351

a) b)

c) d)

e) f)

352 Figure 5. Variable pressure scanning electron microscope images of uncoated a) RLS of 
353 pine reference after fungal attack, b) TLS of pine reference after fungal attack, c) RLS of 
354 sample P10F, d) RLS of sample W10F, e) TLS of sample P10F and f) TLS of sample 
355 W10F. Images © The Trustees of the British Museum. 

356
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357 In addition to the TS, useful information was obtained from radial longitudinal (RLS) and 
358 tangential longitudinal (TLS) sections. In fact, fungal hyphae appear to cover large areas of 
359 the RLS of the reference pine (Figure 5a), highlighting the widespread presence of the 
360 fungus in the cell lumen of the axial tracheids. Hyphae were also observed to grow across 
361 and into the bordered axial tracheid pits and the rays, thus penetrating adjacent cells. As a 
362 consequence, some of the axial tracheid pits showed a slight alteration of the edges, 
363 which appeared rather irregular. In the TLS of the pine reference the fungal hyphae were 
364 generally present in patches on the surface of the axial tracheids (Figure 5b). However, 
365 where resin canals are present, these were readily populated by hyphae, as these 
366 represented an easy route into the wood. In the areas not covered by hyphae, no specific 
367 degradation signs were observed in the TLS, whereas where hyphae were present, 
368 disruption of the axial tracheid walls can be seen.

369 An increasing trend for morphological alteration was highlighted for samples P4F and W4F 
370 and samples P10F and W10F. The main changes were related to the border of the axial 
371 tracheid pits in RLS (Figure 5c), which appeared irregular and in some cases slightly 
372 raised; and perpendicular cracks were often visible in the TLS, probably ascribable to the 
373 swelling of the wood (in water) and subsequent drying out (Figure 5e). Under close 
374 examination, the cell walls of the uniseriate rays visible in the TLS appeared broken or 
375 absent (Figure 5e). All these phenomena were particularly advanced after ten years of 
376 burial in the wet environments. Additionally, the surface of the wood appeared highly 
377 disrupted in some areas where fungal hyphae were present (Figures 5d and 5f), thus 
378 masking most of the wood anatomical features. The hyphae covered large areas of the 
379 wood sections and penetrated deeply beneath the surface. Abundant perpendicular cracks 
380 were observed in the TLS.

381

382 3.2 Measurements of mass loss

383 The mass loss of the wood samples during the fungal attack was measured. The results 
384 showed that the action of fungi caused a mass loss ranging from 15 to 25 % in all the 
385 samples.  Figure 6 shows that the mass loss caused by brown rot fungi is dependent on 
386 the state of degradation of the wood substrate. The fungi caused a mass loss of 24.5 % for 
387 the sample of sound pine wood (Pine Ref), whereas the samples which have undergone 
388 burial in wet peat and in water were less consumed by fungi. For sample P4F the mass 
389 loss during fungal attack was 19.8 %, whereas for sample P10F it was 19.0. For sample 
390 W4F the mass loss was 16.2 %, whereas for sample W10F it was 15.2 %. Consequently, 
391 the mass loss caused by fungi was more significant for sound wood than for degraded 
392 wood.

393

394
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395
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396 Figure 6. Mass loss expressed as a percentage (average of 10 replicates) exhibited by 
397 reference pine wood (Ref Pine F) and by pine wood naturally aged in water (W) and in 
398 peat (P) for 4 and 10 years during attack by brown rot fungi C. puteana. 

399

400 3.3 FTIR

401 The FTIR spectrum in the fingerprint region (2000-400 cm-1) of reference pine wood is 
402 shown in Figure 7. Most of the bands have contributions from all the wood components. 
403 Only a few bands can be purely attributed to carbohydrates or lignin [22, 38, 39]. The band 
404 at 1730 cm-1 is assigned to C=O stretching in unconjugated ketones, carboxyl and ester 
405 groups (mainly from hemicelluloses) [22] and its progressive decrease in intensity for the 
406 buried samples can be taken as a qualitative indication of degradation involving 
407 hemicelluloses during the years of burial. The band at 1508 cm−1, is due to aromatic 
408 skeletal vibration (C=C) in lignin [22, 39].
409
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411 Figure 7. FTIR spectrum of reference pine wood (Ref pine) and samples buried in peat (a) 
412 and in water (b), before and after fungal attack.

413

414 In order to highlight differences in the intensities of absorption bands more effectively, 
415 some semi-quantitative calculations were performed, following the method presented by 
416 Pandey [22]. The results are presented in Figure 8. The ratios between the relative 
417 intensities of the lignin band at 1508 cm−1 against the carbohydrate bands at 1730, 1370, 
418 1155 and 897 cm−1 were calculated using band heights (see section 2.4). All carbohydrate 
419 bands used for calculations have no significant contribution from lignin [22, 38, 39] and 
420 they are attributed to:
421 - 1730 cm−1 stretching of unconjugated C=O in xylans (hemicelluloses),
422 - 1370 cm−1 C–H deformation in cellulose and hemicelluloses (holocellulose),
423 - 1155 cm−1 C–O–C vibration in cellulose and hemicelluloses (holocellulose),
424 - 897 cm−1 C–H deformation in cellulose.
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425 Calculations were also undertaken to observe the relative changes in cellulose and 
426 hemicelluloses, the ratio between the band relative only to hemicelluloses (at 1730 cm−1) 
427 and that relative only to cellulose (at 897 cm−1) 

428 When comparing the degraded samples with the reference wood, an increase in the first 
429 four calculated ratios can be taken as an indication of a slight depletion of the 
430 carbohydrates during ten years of burial. In particular, the increase in the ratios 1508/1730 
431 (lignin/hemicelluloses) and 1508/1155 (lignin/holocellulose) and the unspecific trend of the 
432 ratio 1508/897 (lignin/cellulose) can be regarded as an indication that the chemical 
433 changes occurring in the waterlogged environments mainly involved hemicelluloses, which 
434 are more prone to hydrolysis than cellulose [53-55]. The higher extent of degradation of 
435 hemicelluloses with respect to cellulose during the time spent in both peat and lake water 
436 has also been confirmed by the decrease in the ratio 1730/897 (hemicelluloses/cellulose). 
437 For the samples buried in water the ratios 1508/1730, 1508/1155 and 1730/897 
438 significantly changed with respect to the wet peat environment (P), indicating that the 
439 degradation processes of carbohydrates occur to a greater extent in water than in peat. 

440

441

442
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444 Figure 8. Histograms showing the values of the ratios calculated between the selected 
445 FTIR band heights for the samples from (a) lake water and (b) peat environments before 
446 and after fungal attack. Selected absorption bands: 1508 cm-1: lignin; 1730 cm-1: 
447 hemicelluloses C=O stretching; 1370 cm-1: cellulose and hemicelluloses C–H deformation; 
448 1155 cm-1: cellulose and hemicelluloses C–O–C vibrations; 897 cm-1: cellulose C–H 
449 deformation.

450

451 The examination of the FTIR spectra of the wood fragments after exposure to brown rot 
452 fungus C. puteana for 8 weeks highlighted some significant variations in comparison to the 
453 spectra before fungal action, which can be related to chemical alterations, as shown in 
454 Figure 8.



18

455 After the exposure to fungal attack the lignin/cellulose ratios (1508/897) strongly 
456 increased, highlighting a depletion of cellulose in all analysed samples. This result, 
457 together with the significant decrease in the other lignin/carbohydrate ratios (1508/1730, 
458 1508/1370 and 1508/1155), suggested that in the adopted conditions the fungus 
459 preferentially attacks the cellulose with respect to the hemicelluloses. This trend has also 
460 been confirmed by the increase in the hemicelluloses/cellulose ratio (1730/897). 

461 FTIR spectra highlighted that the effect produced by the fungal attack is different from that 
462 of the wet environments on the polysaccharides present in the wood. The wet 
463 environments caused changes mostly in the hemicelluloses, whereas the fungal attack 
464 was mainly directed towards cellulose degradation.

465

466 3.4 Py-GC-MS

467 When wood is pyrolysed and the pyrolysis products analysed by gas chromatography 
468 mass spectrometry, a pyrolytic chromatographic profile is obtained in which pyrolysis 
469 products of lignin, cellulose and hemicelluloses can be identified thanks to their mass 
470 spectra [40]. Figure 9 shows the pyrograms obtained in the Py-GC-MS analysis of the pine 
471 wood samples after 4 and 10 years of burial in wet peat (samples P4 and P10 
472 respectively), compared with the reference pine wood. The pyrolysis products can be 
473 attributed to holocellulose (H) and guaiacyl-lignin (L). Table 1 reports a list of 90 identified 
474 compounds. Some pyrolysis products are marked as “unknown”. In fact, the molecular 
475 structures of these compounds were not disclosed. Nevertheless, the analysis of reference 
476 holocellulose and lignin samples enabled these compounds to be attributed to the correct 
477 wood component [32, 35, 56]. 

478
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480 Figure 9. Py(HMDS)-GC-MS chromatographic profiles of a) reference pine wood (Pine 
481 Ref), b) sample P4, c) sample P10. Peak labelling refers to Table 1. In Italic: lignin 
482 pyrolysis products.
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490 Table 1. List of wood pyrolysis products identified by Py(HMDS)-GC-MS, divided into 
491 categories. H-Holocellulose, L-Lignin, Smo- small molecules, Cyp-cyclopentenones, Pyr-
492 pyrans, Fur-furans, Hyb-hydroxybenzenes, Ahs-anhydrosugars, Mon-monomers, Cre-
493 cresols, Oxd-oxidized, Sho-short chain, Dem-demethylated/demethoxylated compounds, 
494 Oth-others.

# Name Origin Cat
1 1,2-dihydroxyethane (2TMS) Smo
2 2-hydroxymethylfuran (TMS) H Fur
3 phenol (TMS) L Cre
4 2-hydroxypropanoic acid (2TMS) Smo
5 2-hydroxyacetic acid (2TMS) Smo
6 1-hydroxy-1-cyclopenten-3-one (TMS) H Cyp
7 3-hydroxymethylfuran (TMS) H Fur
8 o-cresol (TMS) L Cre
9 2-furancarboxylic acid (TMS) H Fur
10 unknown I H Oth
11 m-cresol (TMS) L Cre
12 2-hydroxy-1-cyclopenten-3-one (TMS) H Cyp
13 p-cresol (TMS) L Cre
14 3-hydroxy-(2H)-pyran-2-one (TMS) H Pyr
15 unknown II H Oth
16 unknown III H Oth
17 Z-2,3-dihydroxy-cyclopent-2-enone (TMS) H Cyp
18 E-2,3-dihydroxy-cyclopent-2-enone (TMS) H Cyp
19 1,2-dihydroxybenzene (TMS) H Hyb
20 3-hydroxy-(4H)-pyran-4-one (TMS) H Pyr
21 5-hydroxy-2H-pyran-4(3H)-one (TMS) H Pyr
22 2-hydroxymethyl-3-methy-2-cyclopentenone (TMS) H Cyp
23 1-hydroxy-2-methyl-1- cyclopenten-3-one (TMS) H Cyp
24 1-methy-2-hydroxy-1-cyclopenten-3-one (TMS) H Cyp
25 1,3-dihydroxyacetone (2TMS) Smo
26 guaiacol (TMS) L Shc
27 unknown IV H Oth
28 3-hydroxy-6-methyl-(2H)-pyran-2-one (TMS) H Pyr
29 unknown V H Oth
30 2-methyl-3-hydroxy-(4H)-pyran-4-one (TMS) H Pyr
31 2-methyl-3-hydroxymethyl-2-cyclopentenone (TMS) H Cyp
32 2,3-dihydrofuran-2,3-diol (2TMS) H Fur
33 2-furyl-hydroxymethylketone (TMS) H Fur
34 5-hydroxymethyl-2-furaldehyde (TMS) H Fur
35 4-methylguaiacol (TMS) L Shc
36 1,2-dihydroxybenzene (2TMS) H Hyb
37 2-hydroxymethyl-2,3-dihydropyran-4-one (TMS) H Pyr
38 1,4:3,6-dianhydro-α-D-glucopyranose (TMS) H Ahs
39 Z-2,3-dihydroxy-cyclopent-2-enone (2TMS) H Cyp
40 4-methylcatechol (2TMS) L Dem
41 4-ethylguaiacol (TMS) L Shc
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42 1,4-dihydroxybenzene (2TMS) H Hyb
43 arabinofuranose (4TMS) H Oth
44 4-vinylguaiacol (TMS) L Shc
45 3-hydroxy-2-hydroxymethyl-2-cyclopentenone (2TMS) H Cyp
46 E-2,3-dihydroxy-cyclopent-2-enone (2TMS) H Cyp
47 4-ethylcatechol (2TMS) L Dem
48 3-hydroxy-2-(hydroxymethyl)cyclopenta-2,4-dienone (2TMS) H Cyp
49 eugenol (TMS) L Lch
50 3,5-dihydroxy-2-methyl-(4H)-pyran-4-one (2TMS) H Pyr
51 1,6-anydro-beta-D-glucopyranose (TMS at position 4) H Ahs
52 1,6-anydro-beta-D-glucopyranose (TMS at position 2) H Ahs
53 Z-isoeugenol (TMS) L Lch
54 vanillin (TMS) L Car
55 1,2,3-trihydroxybenzene (3TMS) H Hyb
56 E-isoeugenol (TMS) L Lch
57 1,4-anydro-D-galactopyranose (2TMS) H Ahs
58 1,6-anydro-D-galactopyranose (2TMS) H Ahs
59 2-hydroxymethyl-5-hydroxy-2,3-dihydro-(4H)-pyran-4-one (2TMS) H Pyr
60 1,4-anydro-D-glucopyranose (2TMS at position 2 and 4) H Ahs
61 1,2,4-trihydroxybenzene (3TMS) H Hyb
62 acetovanillone (TMS) L Car
63 4-hydroxy benzoic acid (2TMS) L Acd
64 1,6-anydro-beta-D-glucopyranose (2TMS at position 2 and 4) H Ahs
65 vanillic acid methyl ester (TMS) L Est
66 1,4-anydro-D-galactopyranose (3TMS) H Ahs
67 unknown lignin 416 L Oth
68 2,3,5-trihydroxy-4H-pyran-4-one (3TMS) H Pyr
69 1,6-anydro-beta-D-glucopyranose (3TMS) H Ahs
70 1,4-anhydro-D-glucopyranose (3TMS) H Ahs
71 1,6-anydro-beta-D-glucofuranose (3TMS) H Ahs
72 unknown lignin 430 L Oth
73 unknown lignin 416 II L Oth
74 vanillic acid (2TMS) L Acd
75 coumaryl alcohol (2 TMS) L Dem
76 vanillylpropanol (2TMS) L Lch
77 Z-coniferyl alcohol (2 TMS) L Mon
78 coniferylaldehyde (TMS) L Car
79 unknown lignin 340 L Oth
80 E-coniferyl alcohol( 2 TMS) L Mon
81 unknown lignin 340 II L Oth
82 3,4-dihydroxy cinnamyl alcohol (3TMS) L Dem
83 unknown lignin 370 L Oth
84 unknown anhydrosugar I H Ahs
85 unknown anhydrosugar II H Ahs
86 unknown anhydrosugar III H Ahs
87 unknown anhydrosugar IV H Ahs
88 unknown anhydrosugar V H Ahs
89 unknown anhydrosugar VI H Ahs
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90 unknown anhydrosugar VII H Ahs
495

496 As noted already, the evaluation of the degradation state of wood is based on the 
497 comparison between waterlogged/degraded and sound wood of the same species. The 
498 holocellulose (cellulose and hemicelluloses) versus lignin ratio (H/L) is widely recognised 
499 as a fundamental chemical parameter to evaluate the decay of waterlogged/degraded 
500 (archaeological) wood. The preferential depletion of polysaccharides as an effect of 
501 hydrolysis and of the action of anaerobic bacteria in waterlogged environments is one of 
502 the main degradation processes described in the literature [40]. 
503 The results of the calculation of the H/L ratios from Py-GC-MS data are presented in Table 
504 2. The pyrolytic H/L ratio was 2.6 for the sound reference pine. With regard to the samples 
505 before fungal attack, in the case of peat, the H/L decreased during the 10 years of 
506 deposition from 2.6 to 2.1. A similar trend was observed in the case of water, with a final 
507 H/L value 1.8, indicating that the degradation processes of carbohydrates occurred at a 
508 higher degree in water than in peat, as also observed by FTIR analysis. The increase in 
509 the H/L ratio for sample P10 compared to sample P4 was probably due to an increase in 
510 the pyrolysis yield of carbohydrates. In fact, when part of the glycosidic bonds is already 
511 cleaved by depolymerisation, the pyrolysis thermal degradation is more efficient, with the 
512 final outcome of an increase in the pyrolysis yield for carbohydrates [44].

513

514 Table 2. Pyrolytic holocellulose versus lignin ratio (H/L) determined for the pine wood 
515 samples deposited in wet peat (P) and lake water (W) in the Biskupin site before and after 
516 brown rot fungal attack.

Before fungal attack
Ref pine W4 W10 P4 P10

H/L 2.6 1.8 1.8 1.6 2.1
After fungal attack
Ref pine F W4F W10F P4F P10F

H/L 1.3 1.6 2.0 1.3 1.5
517

518 With regard to the samples after fungal attack, fungi caused a further degradation of wood 
519 involving polysaccharides, as shown by the general decrease in the H/L values compared 
520 to the samples before fungal attack (Table 2). The decrease was more significant for 
521 sound wood than for naturally-degraded wood. This result was consistent with the mass 
522 loss data, which suggested in some way, that sound wood is more easily consumed or 
523 attacked by fungi than degraded wood. This can be partially explained by the varying 
524 availability of non-degraded polysaccharides in the samples.

525 In order to obtain more detailed information about the degradation processes occurring in 
526 wood polymers, pyrolysis products were divided into categories based on the structure and 
527 mechanisms that lead to their formation [35, 57-59]. Semi-quantitative calculations were 
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528 performed on the integrated peak areas obtained from the pyrograms (see section 2.5); 
529 the results are reported in Figures 10 and 11. 

530 Holocellulose pyrolysis products were divided into six categories: small molecules (Smo), 
531 cyclopentenones (Cyp), pyrans (Pyr), furans (Fur), hydroxybenzenes (Hyb) and 
532 anhydrosugars (Ahs). Generally, the cleavage of the glycosidic bonds in polysaccharides 
533 generates dehydrated monosaccharides, which can evolve into different products following 
534 competitive mechanisms. The formation of an intramolecular C-O-C bond leads to the 
535 formation of anhydrosugars (Ahs), which are well-known pyrolysis products of cellulose 
536 and hemicelluloses [35, 44]. However, the loss of one or more water molecules favours the 
537 formation of products with conjugated double bonds such as pyrans (Pyr) and furans (Fur). 
538 The ring-opening of the dehydrated monomer, followed by the formation of a C-C bond, 
539 leads to the formation of cyclopentenones (Cyp) and hydroxybenzenes (Hyb). Finally, 
540 extrusion, rearrangement and secondary degradation reactions can generate small 
541 molecules with 1 to 3 carbon atoms (Smo) [35, 57]. 

542 Lignin pyrolysis products were divided into five categories: intact monomers (Mon), cresols 
543 (Cre), oxidation products (Oxd), shortened chain products (Sho) and 
544 demethylation/demethoxylation products (Dem) [32]. The most common pyrolytic reactions 
545 involve cleavage of the C-C bonds on the alkyl chains attached to the aromatic moiety of 
546 lignin monomers (Mon). The alkyl chains may be shortened or completely removed by 
547 these reactions (Sho). Radical oxidation of the C-O bonds can take place when the bonds 
548 between monomers are cleaved, and carbonyl or carboxyl moieties are obtained (Oxd). 
549 Finally, demethylation reactions may occur on the methoxy moieties, generating 
550 demethylated monomers or catechol-like products (Dem). When both demethylation and 
551 alkyl chain loss take place, cresol-like structures are obtained (Cre) [58, 59]. 
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553 Figure 10. Distribution of categories of holocellulose pyrolysis products expressed as 
554 percentages for the samples before (a) and after (b) fungal attack.

555

556 The most abundant groups of holocellulose pyrolysis products in sound wood are 
557 generally cyclopentenones (Cyp), in particular due to the formation of 3-hydroxy-2-
558 hydroxymethyl-2-cyclopentenone (2TMS) and E-2,3-dihydroxy-cyclopent-2-enone (2TMS), 
559 and the second most abundant group is composed of anhydrosugars (Ahs) with 
560 levoglucosan (1,6-anydro-beta-D-glucopyranose) being the main product [32]. It is known 
561 that during the pyrolysis of degraded wood the polysaccharides tend to form mainly 
562 anhydrosugars (Ahs), whose increase in abundance is considered as an index of 
563 depolymerisation of polysaccharides, because they formed preferentially when the 
564 polymer has a more open structure and lower molecular weight [32, 57]. 
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565 The samples aged in the two wet environments (Figure 10a) showed different changes in 
566 holocellulose pyrolysis products, probably due to different burial conditions, such as pH 
567 (7.8 in lake water and 6.9 in peat) or conductivity (0.6 in water and 1.5 mS/cm in peat) [1]. 
568 In the samples buried in lake water the degradation of holocellulose associated with the 
569 increase in the relative amount of anhydrosugars (Ahs) with respect to reference pine 
570 wood was observed only after 10 years, whereas this was visible in the samples buried in 
571 peat after 4 years. Cyclopentenones showed a tendency to decrease in all samples except 
572 for sample P10. This result is quite difficult to explain just on the basis of these results.

573 After fungal attack (Figure 10b) further relative increases in the abundance of 
574 anhydrosugars and slight relative decrease in cyclopentenones were observed with 
575 respect to samples before the treatment (Figure 10a). The fungi caused a further alteration 
576 of the polymeric polysaccharide network in the wood already degraded by the wet 
577 environment. Alteration processes occurring in wood samples as an effect of fungi can 
578 also be observed from the relative increase in other holocellulose pyrolysis products, such 
579 as hydroxybenzenes (Hyb), furans (Fur) and pyranes (Pyr). 

580 The results for the lignin pyrolysis products before and after fungal attack are shown in 
581 Figure 11. The most abundant lignin pyrolysis groups in the reference pine sample are 
582 monomers (Mon), Z- and E-coniferyl alcohols. Their relative abundance did not show a 
583 clear trend of variation during natural ageing because this category appeared reduced for 
584 sample W4, whereas a slight increase was observed for the other samples (Figure 11a). In 
585 addition, a decrease was highlighted in the short side chain aromatic molecules (Sho), 
586 produced by secondary pyrolysis reactions.,. 

587 After fungal attack (Figure 11b), there was a noticeable relative decrease in monomers 
588 and an increase in the short side chain aromatic molecules (Sho). The abundance of Sho, 
589 such as guaiacol (#26), can be considered as an index of lignin degradation. The increase 
590 in the yield for secondary reactions may be related to a less compact and less reticulated 
591 lignin structure, which is relatively more susceptible to undergo further pyrolytic 
592 degradation. This cannot be linked directly to lignin degradation, which is known to be 
593 quite stable in waterlogged condition [54], however it is likely to be the result of a cleavage 
594 of carbohydrate-lignin bonds induced by fungal action. The partial cleavage of these bonds 
595 allowed thermal energy not only to break the inter-monomeric bonds, but also other bonds, 
596 resulting in the increase in lignin pyrolysis products with a short side chain. 

597 Another class of lignin pyrolysis products whose abundance can be interpreted as an 
598 index of degradation is represented by phenols containing a carbonyl or carboxyl group in 
599 the side chain, such as vanillin, syringaldehyde, vanillic acid or syringic acid. These 
600 compounds are produced with very small relative abundances from sound lignin. Thus, the 
601 increase in carbonyl or carboxyl functionalities in pyrolysis products indicated that these 
602 functional groups were produced in the lignin structure due to oxidative processes. With 
603 respect to the reference sample, all the wood samples attacked by fungi showed higher 
604 relative abundances of carbonyl and carboxyl compounds (Oxd), thus indicating a slight 
605 degree of lignin oxidation. 
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608 Figure 11. Distribution of categories of lignin pyrolysis products expressed as percentages 
609 for the samples before (a) and after (b) fungal attack.

610

611 3.5 XRD 

612 All the samples were analysed by XRD, in order to investigate changes in cellulose 
613 crystallinity. Table 3 reports the obtained crystallinity indexes. The results showed that the 
614 crystallinity index in the reference pine sample was 0.35. The value slightly increased after 
615 four years of burial in both wet peat and lake water (CI = 0.45). This indicated that during 
616 the first four years the chemical changes involved mainly the amorphous part of cellulose, 
617 whereas the crystalline part remained unaltered. After ten years of burial, the CI values 
618 decreased, reaching 0.43 and 0.41 for wet peat and lake water respectively, thus 
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619 indicating that at this stage also the crystalline regions began to undergo chemical 
620 changes. 

621 The action of fungi caused a significant increase in the crystallinity index of all the samples 
622 analysed. These data suggested that in the adopted conditions the fungi preferentially 
623 attack the amorphous part of cellulose. According to the literature [26, 60], amorphous 
624 cellulose is more susceptible than crystalline cellulose to hydrolysis reactions, since it is 
625 more accessible to water and microorganisms. 

626 Table 3. Crystallinity indexes determined by XRD analysis of the pine wood samples 
627 before and after C. puteana attack obtained using the Segal method [47] 

Before fungal attack
Ref pine W4 W10 P4 P10
0.35 0.45 0.41 0.45 0.43
After fungal attack
Ref pine F W4F W10F P4F P10F
0.60 0.61 0.60 0.59 0.60

628

629 4. Discussion

630 To extract more information from the analytical data, Py-GC-MS and FTIR data related to 
631 the holocellulose and lignin composition were evaluated as follows: the Pearson 
632 correlation indexes were calculated to consider the relative amounts of holocellulose 
633 categories of pyrolysis products and the ratios between the intensities of IR bands for all 
634 the analysed samples.

635 The examination of the correlation matrix, reported as Supplementary Information S1, 
636 highlighted a significant negative correlation between the abundance of furans and those 
637 FTIR parameters representing the ratios between the absorption intensity of lignin (band 
638 1508 cm-1) and the absorption intensities of polysaccharides (bands 1730, 1370, 1155 cm-

639 1). This showed clearly that the degradation of carbohydrates induced by fungi is 
640 translated during pyrolysis in the production of a relatively higher abundance of furans. 
641 The increase in the production of furans during the pyrolysis of wood exposed to fungi is 
642 accompanied by a decrease in the intensity of low molecular weight pyrolysis products of 
643 holocellulose. Therefore, both the increase of furans and the decrease of low molecular 
644 weight pyrolysis products of holocellulose can be considered as chemical markers of the 
645 action of this type of brown rot fungi.

646 There is also evident correlation between the relative abundances of furans and oxidised 
647 products of lignin, which both tend to increase during fungal attack, showing how the 
648 exposure to fungi has induced an oxidation of the lignin component. 

649 An overall interpretation of the obtained data enabled the following analytical parameters 
650 to be highlighted, which can be related to the action of fungi: 
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651 - the pyrolysis parameter Smo/Fur representing the ratio between the abundance of 
652 low molecular weight pyrolysis products of holocellulose and furans;
653 - the FTIR parameter 1730/897, representing the ratio between the intensities of the 
654 band at 1730 cm-1, associated to hemicelluloses, and the intensity of the band at 
655 897 cm-1, associated to cellulose. 
656
657 The values of these two parameters are reported in Figure 12 as a scatter plot of all the 
658 analysed wood samples. The samples subjected to fungal action appear separated in the 
659 scatter plot from the samples which have only undergone burial degradation. In fact, the 
660 action of fungi induced an increase in the relative intensity of FTIR signals related to 
661 hemicelluloses, and a relative increase in furans in the pyrolytic profile.
662 Information reported in the literature does not allow us to distinguish the pyrolysis products 
663 of cellulose and hemicelluloses, or of crystalline and amorphous cellulose. Thus, it is not 
664 straightforward to interpret the variation in the pyrolytic profiles and associate it to a 
665 specific chemical change. Nevertheless, there is a clear trend in the analytical parameters 
666 considered, which differentiates the fungal-degraded polysaccharides from the 
667 polysaccharides which have only undergone burial degradation. XRD provided 
668 complementary information by highlighting that the amorphous component of cellulose 
669 was mainly targeted by the fungi.
670
671

672

673 Figure 12. Scatter plot of the values of the pyrolysis parameter Smo/Fur (ratio between 
674 the abundance of low molecular weight pyrolysis products of holocellulose and furans) and 
675 the FTIR parameter 1730/897 (ratio between the intensities of the band at 1730 cm-1, 
676 associated to hemicelluloses, and the intensity of the band at 897 cm-1, associated to 
677 cellulose) for all the analysed wood samples.
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678

679 5. Conclusions

680 Measurements of mass loss were combined with SEM, FTIR, Py(HMDS)-GC-MS and XRD 
681 analysis, thereby permitting an evaluation of some physical and chemical changes induced 
682 by ageing in natural environments and by exposure to brown rot fungus C. puteana on 
683 pine wood samples. 

684 SEM enabled the most degraded samples to be characterised in terms of structural and 
685 morphological alterations. FTIR measurements were confirmed to be a valuable tool to 
686 establish the state of preservation of wood on the basis of specific ratios calculated 
687 between selected FTIR peak intensities. The degradation of holocellulose was observed 
688 by FTIR after shorter time of burial in lake water than in peat, suggesting that a reburial of 
689 archaeological wood in peat could be favoured over water in terms of preservation of 
690 carbohydrates. In addition, FTIR spectra highlighted that the burial in wet environments, 
691 peat and lake water, had a different effect compared to the fungal attack on the 
692 polysaccharides present in the wood. The wet environments mostly caused changes in the 
693 hemicelluloses, whereas the fungal attack was mainly directed towards cellulose 
694 degradation.

695 Data obtained by Py(HMDS)-GC-MS were interpreted by grouping the pyrolysis products 
696 into categories according to their chemical and structural features, and evaluating the 
697 changes in their relative abundance. The burial in wet environments resulted in an 
698 increase in the relative abundance of anhydrosugars, leading to depolymerisation and 
699 degradation of polysaccharides. The pyrolysis profiles of the wood samples exposed to the 
700 action of C. puteana displayed an increase in the relative abundances of furans (Fur) 
701 among the pyrolysis products of polysaccharides, accompanied by a decrease in the 
702 abundance of small molecular weight pyrolysis products (Smo). The ratio Fur/Smo showed 
703 a high positive correlation with the FTIR parameter represented by the ratio between the 
704 intensities of the FTIR band at 1730 cm-1, associated with hemicelluloses, and the intensity 
705 of the band at 897 cm-1, associated with cellulose. The values of these two parameters 
706 increased in fungal-degraded wood, and differentiated the polysaccharides in the samples 
707 before and after exposure to fungal attack.

708 The effect of the action of C. puteana on lignin was less evident than on polysaccharides. 
709 Nevertheless, in all the samples a certain degree of oxidation of lignin was observed after 
710 the action of fungi.

711 XRD revealed that the crystallinity index of cellulose increased in all analysed samples 
712 when compared to reference pine. The increase in the crystallinity index was more evident 
713 after fungal attack than after natural ageing in both wet environments, showing that during 
714 the exposure to fungi, amorphous cellulose was relatively more degraded than crystalline 
715 cellulose.

716
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Supplementary material

S1. Correlation matrix reporting the Pearson correlation indexes of the relative abundance of the categories of pyrolysis products and of the 
ratios calculated between the selected FTIR bands intensities. Categories of pyrolysis products of holocellulose: Ahs- anhydrosugars, 
Cyp- cyclopentenones, Fur-furans, Hyb-hydroxybenzenes, Pyr – pyrans. Categories of pyrolysis products of lignin: Oxd- oxidation 
products, Dem- demethylation/demethoxylation products, Sho-units with altered 3-carbon side chains and shorter side chains (1- or 2-
carbon), Mon-monomers, Cre-cresols, Smo- small molecules with 1 to 3 carbon. H/L: pyrolytic holocellulose versus lignin ratio. Selected 
FTIR bands: 1730 cm−1 stretching of unconjugated C=O in xylans; 1370 cm−1 C–H deformation in cellulose and hemicelluloses; 1155 
cm−1 C–O–C vibration in cellulose and hemicelluloses; 897 cm−1 C–H deformation in cellulose.

Ahs Cyp Fur Hyb Pyr Oxd Dem Sho Mon Cre Smo H/L 1508/1730 1508/1370 1508/1155 1508/897
Ahs 1.00
Cyp -0.19 1.00
Fur -0.53 -0.35 1.00
Hyb -0.61 -0.13 0.53 1.00
Pyr 0.25 -0.26 0.24 -0.55 1.00
Oxd -0.38 -0.34 0.89 0.64 0.02 1.00
Dem 0.59 0.06 -0.66 -0.01 -0.58 -0.30 1.00
Sho -0.52 -0.37 0.75 0.30 0.45 0.59 -0.77 1.00
Mon -0.12 -0.44 -0.10 0.34 -0.62 -0.03 0.36 -0.28 1.00
Cre -0.39 -0.08 0.28 0.51 -0.47 0.29 0.05 -0.16 0.62 1.00
Smo -0.22 0.13 -0.38 -0.41 0.20 -0.66 -0.33 0.03 0.03 -0.33 1.00
H/L 0.45 0.68 -0.47 -0.57 0.26 -0.51 0.14 -0.48 -0.68 -0.47 0.10 1.00

1508/1730 0.33 0.33 -0.87 -0.63 -0.15 -0.78 0.42 -0.50 0.08 -0.32 0.51 0.28 1.00
1508/1370 0.32 0.63 -0.92 -0.47 -0.32 -0.88 0.49 -0.70 -0.02 -0.19 0.39 0.58 0.80 1.00
1508/1155 0.13 0.53 -0.82 -0.57 -0.21 -0.86 0.28 -0.62 0.14 -0.04 0.60 0.39 0.87 0.88 1.00
1508/897 0.14 -0.41 0.56 0.47 0.00 0.82 0.17 0.26 -0.06 0.14 -0.88 -0.30 -0.61 -0.68 -0.83 1.00




