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Degradation condition and microbial
analysis of waterlogged archaeological
wood from the second shipwreck site on
the northwestern continental slope of the
South China Sea
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Shimin Chu1,2, Yunqi Li2, Xueyu Wang1 , Naisheng Li1 , Jianzhong Song3 & Lanying Lin2

The No. 2 Shipwreck Site on the northwestern continental slope (1488–1505 AD) is situated on the
seabed between Hainan Island and the Xisha Islands in the South China Sea, at a depth of ~1500m.
Numerous wooden logs were discovered inside the shipwreck. This study assessed the degradation
status of the waterlogged archaeological wood comprehensively. It also employed modern
biotechnological methods to analyze the microbial communities within the wood and its surrounding
environment. The results revealed that thewaterlogged archaeologicalwood had experienced varying
degrees of degradation. Even seemingly intact wood has undergone significant microstructural and
chemical changes. Specifically, the secondary cell walls have been damaged, but the compound
middle lamella remains relatively intact. Chemically, the degradation of hemicellulose and cellulose
has resulted in a disordered arrangement of cellulose microfibrils, thereby weakening the mechanical
properties of the wood cell walls. Additionally, a significant amount of iron salts was detected in some
of the waterlogged archaeological wood. The microbial community within the wood was found to be
predominantly composed of bacteria, with the Proteobacteria and Bacteroidetes phyla being the
dominant groups. It is notable that the microbial community within the waterlogged archaeological
wood exhibits a high degree of similarity with the microbial communities present in the surrounding
seabed sediments and seawater. In conclusion, while some of the waterlogged archaeological wood
has retained a relatively intactmacroscopic appearance, itsmicrostructure and chemical composition
have undergone significant deterioration. Therefore, future conservation efforts should prioritise
reinforcement and de-ironing to preserve the research value of these artifacts.

The archaeological value of waterlogged wood is invaluable, offering
insights into ancient materials and manufacturing techniques, crucial
for historical understanding1. The biodegradation of wood in long-
term underwater environments differs significantly from that of wood
on land2. Significantly, an in-depth study of the deterioration
mechanisms of waterlogged archaeological wood and its associated
microorganisms is essential, to provide strategies for its preservation
and restoration3.

In recent years, scholars have made significant advances in the
assessment of wood deterioration at various scales, frommacro to micro3,4.
Morphological observations facilitate the clarification of wood preservation
status and provide direct evidence of microbial degradation of wood1. Kim
et al.5 employed confocal laser scanning microscope and transmission
electron microscopy (TEM) to explore microbial attacks in waterlogged
archaeological rosewood (Dalbergia species). By observing the morpholo-
gical characteristics, it was determined that the primary type of
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biodegradation observed in waterlogged archaeological wood was soft rot.
The relative content of cell wall components is pivotal in determining the
physical and mechanical properties of archaeological wood6. Wet chemical
analysis, a relatively mature technique for chemical composition analysis,
has been widely applied in this field. Considering potential intraspecific
variations between modern wood specimens and ancient ones, it is
recommended that other techniques, such as spectroscopy and thermo-
chemical analysis, be employed in conjunction with the wet chemical ana-
lysis to ascertain the extent of degradation7. Furthermore, the crystalline
structure of cellulose is a crucial indicator in assessing the degree of dete-
rioration of archaeological wood8. Guo et al.9 have demonstrated that the
micro-damage observed in archaeological wood was closely related to a
fragmentation of both the cellulose crystallite structure and the cellulose
microfibrils. Researchers found that slightly degraded wood displayed cel-
lulose crystallites andmicrofibrils comparable to those inundegradedwood.
In contrast, severely degradedwood exhibited the fragmentation of cellulose
aggregates and a notable absence of crystallinity. In conclusion, it is essential
to undertake a comprehensive assessment of the deterioration of water-
logged archaeological wood from a variety of perspectives in order to gain a
full understanding of the issue. Concurrently, the implementation of non-
destructive or minimally invasive assessment techniques is of paramount
importance in order to minimise the potential damage to cultural relics10.
Therefore, the integration of these methodologies is crucial for advancing
our understanding and preservation of ancient wooden cultural artefacts.

Because of its distinctive chemical composition and structure, wood is
particularly vulnerable to microbial invasion from the surrounding envir-
onment, leading to degradation11,12. In waterlogged archaeological wood,
soft rot fungi, which often coexist with erosive bacteria, are a common type
of fungus1. Soft rot fungi selectively erode the S2 layer of the cell wall,
breaking down the polysaccharide components. This selective erosion
results in multiple cavities in the S2 layer, which appear as circular or nearly
circular voids in cross-section2. In contrast, the compound middle lamella
(CML) is often preserved. Furthermore, waterlogged archaeological wood is
frequently susceptible to bacterial degradation, with the primary agents
being erosive, tunnelling and cavitation bacteria. Erosive bacteria, showing
notable adaptability and tolerance to environmental conditions, erode the
wood from the cell cavity to the secondary wall by etching, preferentially
decomposing the S2 and S3 layers of the cell wall

13. This process significantly
degrades cellulose, while lignin undergoes relatively minor depolymerisa-
tion, demethylation and oxidation14,15. Following the erosion process, the
cross-section of the wood cell wall exhibits a distinctive reticulated pattern,
while the lignin-rich middle lamella remains relatively intact16. Tunnelling
bacteria move within the wood cell wall without being constrained by the
direction of the microfibrils17. They can move in various directions, pri-
marily degrading the secondary wall, forming tunnels and occasionally
penetrating the entire cell wall18. Cavitation bacteria have the capacity to
degrade polysaccharides, forming rhombic or irregular cavities that are
perpendicular to the fibre length direction within the secondary wall. The
initial cavities areminute in size, but they subsequently increase in sizewhile
retaining their original rhombic configuration. As the wood continues to
decompose, neighbouring cavities may coalesce, resulting in the formation
of cavities of varying shapes17. The microbial communities present in
archaeological wood are highly complex, and therefore an in-depth exam-
ination of these communities is essential for the understanding of the causes
of degradation and the development of effective conservation strategies.

Two shipwrecks from the Hongzhi period of the Ming Dynasty
(1488–1505 AD) were discovered on the seabed of the South China Sea,
~150 kmsoutheast of Sanya, near theXisha Islands (Fig. 1a).Discovered at a
depth of ~1500m with a constant temperature of 3 °C, these shipwrecks
represent the first deep-sea discoveries of their kind by Chinese researchers.
This breakthrough significantly advances Chinese deep-sea archaeology
and contributes to global archaeological knowledge, filling a critical gap in
our understanding of ancient maritime routes in the South China Sea and
providing new insights into the historical records of the region’s Maritime
Silk Road. At the No. 2 shipwreck site, estimated to be around 1527mdeep,

a large number of wooden logs were found. These uniformly sized and
neatly stacked logs were simply processed, cut to a specific length and
exhibited a black colour and hard texture (Fig. 1b). The precise location of
the hull of the No. 2 shipwreck remains to be determined. An irregularly
shaped piece of wood, likely part of the ship’s structure, was found among
the central log stack.

This study focuses on the logs and an irregular strip of wood found at
the No. 2 shipwreck site on the northwestern continental slope of the
South China Sea, provides a comprehensive assessment of their basic
density (BD), maximum water content (MWC), anatomical structure,
chemical composition andmechanical properties of the cell walls through
multi-dimensional indicators to deeply analyze the degree of degradation.
Further research was conducted on the microbial communities in the
wood and its surrounding environment, aiming to elucidate the potential
influence of thesemicroorganisms on thewood degradation process. This
study provides a scientific basis for assessing the preservation status of
submerged wood on the northwestern continental slope of the South
China Sea.

Materials and methods
Materials
All the logs within the No. 2 shipwreck site exhibit a visually uniform
appearance and maintain structural integrity, with only minor signs of
deterioration affecting the outermost layers. In contrast, the smaller, irre-
gular strip of wood, which is suspected to be components of the ship, have
experienced more significant decay. To accurately represent the overall
condition of thewreck, sampleswere taken from thewell-preserved internal
and slightly deteriorated external parts of one of the logs, labelled S1 and S2,
respectively (Fig. 1c). Samples from the poorly preserved irregular strip of
wood were also taken and labelled S3 (Fig. 1d). The logs and the irregular
strip ofwoodhavebeen identified asDiospyros ebenumKoenandToona sp.,
respectively, with their optical images presented in additional file. The
growth rings ofDiospyros ebenum are indistinct and characterised by a deep
black hue. The vessel elements are barely perceptible to the naked eye and
are filled with a brownish-black or black gum. The axial parenchyma is
notably abundant, predominantly manifesting as a dense apotracheal type.
The wood fibres have thick cell walls. The wood rays are primarily het-
eromorphic and uniseriate. The Toona sp. exhibits semi-porous wood
characteristics, with vessels in cross sections appearing round or oval. They
are mainly observed as single ormultiple, with no spiral thickening present.
The perforation plates are flat to slightly inclined, and the vessel pitting is
characterised by alternate pitting. The axial parenchyma is marked by its
paratracheal type, with occasional scattered occurrences. The wood fibres
have thinwalls, and thewood rays are predominantly composed ofmultiple
rows. The radiological tissues are predominantly of the heteromorphic type
I, with a few instances of heteromorphic type II. Modern intact wood
samples were obtained as references, labelled R1 for ebony and R2 for
Toona. Additionally, seabed sediment and bottom seawater were also col-
lected and sampled. These samples were preserved in sterile tubes and
transported at low temperatures to the laboratory, where their micro-
organisms were identified and the samples were labelled S1, S2, S3, E1 and
E2, respectively.

Basic physical parameters
At least three wood blocks from each sample were cut to determine the
MWC and BD. Before testing, the samples were cleansed with distilled
water. The calculation of MWC for each wood block is detailed in Eq. 1.

MWC ¼ m�m0

m0
× 100% ð1Þ

The BD is calculated using Eq. 2.

BD ¼ m0

vb
× 100% ð2Þ
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Where m is the mass of the waterlogged archaeological wood, m0 is the
mass of the oven-dry wood and vb is the volume of the waterlogged
archaeological wood.

Micromorphological structure characteristics
A sliding microtome (SM2010R, Leica, Germany) was employed to flatten
the surface of the samples, which were then subjected to freeze-drying.
Specimensweremounted on the stagewith conductive tape, and a platinum
coating was applied to their surface using a sputter coater, enhancing their
conductivity. The cross-sectional and longitudinal microstructures of the
samples were observed using a field emission scanning electronmicroscope
(SEM) (SU8020, Hitachi, Japan) at an accelerating voltage of 10.0 kV.

To gain further insight into the degradation of waterlogged archae-
ological wood at the cell wall scale, the freeze-dried archaeological woodwas
embedded in Spon 812 epoxy resin. Ultra-thin cross-sections, ~60 nm in
thickness, were prepared using an ultramicrotome equipped with a dia-
mond knife. Subsequently, the sections weremounted on copper grids, and
TEM (HT7800, Hitachi, Japan) was used to observe and capture images
at 100 kV.

Chemical characteristics
AFourier-transforminfra-red spectrometerwasutilised for theanalysisof the
chemical composition of waterlogged archaeological wood. Wood samples
were ground to a particle size of 120mesh, dried until a constant weight was
achieved at 60 °C, thoroughly mixed with an excess of potassium bromide
(KBr) at amass ratio of 1:100.Aftermixing, themixturewas thenpressed into
transparent thin films and subsequently analysed using a Fourier-transform
infra-red spectrometer (IS10,Nicolet,America).The spectral analysis covered
a range from 4000 cm−1 to 400 cm−1, with three replicate measurements per
sample group to determine the average spectrum.

The relative content of waterlogged archaeological wood components
was determined using the wet chemical method. The wood samples were
milled to a particle size of 40-60 mesh. The relative content of extractives,
cellulose, hemicellulose and lignin in both archaeological andmodernwood
was then determined using the extraction, hydrolysis and lignin determi-
nation method of Liu et al.19.

A thermogravimetric (TG) analyser was employed to investigate the
correlation between temperature changes andmass changes in waterlogged
archaeological wood and reference wood samples. This facilitated a better
understanding of the degradation of the chemical components in the
waterlogged archaeological wood. The test samples were prepared into a
powder with a particle size of 120mesh, each weighing ~2mg. The analysis
was conducted under a nitrogen atmosphere, with a heating rate of 10 °C/
min over a temperature range of 30–800 °C.

An X-ray diffractometer was employed to investigate the cellulose
crystalline structure ofwaterlogged archaeologicalwood. Thewood samples
were milled to a particle size of 80 mesh and dried to a constant weight at
60 °C. The crystalline structure of cellulose was then characterised using an
X-ray diffractometer (D8Advance, Bruker, Germany). The instrument was
operated with a voltage of 40 kV, current of 40mA, scanning speed of 1.5°/
min, scanning step of 0.05° and scanning range from 5° to 45° for 2θ. Each
group of samples was subjected to three trials, and the resulting spectra were
averaged to improve the accuracy of the measurements. The crystallinity
index of the wood samples was calculated using the empirical method
proposed by Segal method (Eq. 3)20.

CrI ¼ I200 � Iam
I200

× 100% ð3Þ

Where I200 represents the maximum diffraction intensity of cellulose at the
(200) crystal plane, and Iam is the scattering intensity of the background
diffraction from the amorphous region of cellulose near 2θ at 18°.

Micromechanical properties
Ananoindentor coupledwith a scanning probemicroscopewas employed
to investigate the longitudinal micromechanical properties of the wood
fibres within the samples to examine themechanical properties and loss in
archaeological wood at the cellular level. The samples were prepared as
small wooden blocks measuring 15 mm by 7mm by 7mm and subjected
to a freeze-drying treatment. The dried samples’ cross-sections were
trimmed to squares ~1mm× 1mm in size using a single-edged razor
blade. The cross-sections were polished using a diamond knife on an

Fig. 1 | The No. 2 shipwreck site on the Northwest Slope of the South China Sea and the collected samples. a Location of the site, bOverall view of the site, cWaterlogged
archaeological ebony, d Waterlogged archaeological Toona wood.
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ultramicrotome in order to achieve a smooth surface. A Berkovich dia-
mond indenter with a tip diameter of 100 nm and a pyramidal angle of
142.3° was selected for the investigation. In load control mode, a three-
stage loading protocol was applied, consisting of a 5-s loading phase, a 2-s
dwell and a 5-s unloading phase, with a maximum load of 120 µN. Each
sample group was tested using at least three samples, each with at least 15
test points.

Microbiological testing
Thesamples, retrieved fromsterile tubes,wereground intoafinepowderusing
liquid nitrogen. The Deoxyribonucleic acid (DNA) was extracted from the
samples using a soil DNA extraction kit. The genomic DNA was then sub-
jected to 1% agarose gel electrophoresis following the manufacturer’s
instructions. Polymerase chain reaction was employed to amplify the V3–V4
region of the bacterial 16S rRNA gene (341F: CCTAYGGGRBGCASCAG
and 806R: GGACTACNNGGGTATCTAAT) and the internal transcribed
spacer region ITS1-ITS2 of fungi (ITS1F: CTTGGTCATTTAGAGGAAGT

AA and ITS2R: GCTGCGTTCTTCATCGATGC). High-throughput
sequencing was performed on the Illumina MiSeq sequencing platform.

Results and discussion
Physical properties
Table 1 presents theMWC and BD of waterlogged archaeological wood
and reference wood, which are two physical indicators commonly used
to assess the degree of degradation of waterlogged archaeological
wood21. Generally, theMWC for the same tree species tends to increase
with increasing degradation of the waterlogged archaeological wood,
whereas the BD tends to decrease. The MWC of S1 and S2 were found
to be 22.95% and 28.69%, respectively, significantly higher than that of
R1 (19.44%), indicating a substantial difference. The MWC of the
ebony samples was notably lower compared to values reported for
archaeological woods in other studies12,22,23. This was mainly due to the
large amounts of gums filling the vessel lumen, thin-walled cell lumen
and even fibre cell lumen, reducing the space available for water
invasion (Additional file). Furthermore, the BD of S1 and S2 was less
than that of R1, with S2 exhibiting a notable decline, indicating a more
pronounced degree of degradation. Similarly, in comparison to R2, the
MWC of S3 had increased by 26.4%, while the BD had decreased by
17.3%. This suggested that S3 had undergone a significant degree of
degradation.

Morphological analysis
The morphological structure is a key indicator that directly reflects the
degree of degradation of waterlogged archaeological wood, as shown in
Fig. 2. The waterlogged archaeological ebony samples exhibited minimal
change in its micromorphological structure, with only minor cracks

Table 1 | The MWC and BD of waterlogged archaeological
wood and reference wood samples

Samples Maximum moisture content (%) Basic density (g/cm3)

S1 22.95 (±1.26) 1.22 (±0.03)

S2 28.69 (±2.39) 1.10 (±0.03)

S3 144.38 (±5.07) 0.43 (±0.02)

R1 19.44 (±1.56) 1.23 (±0.02)

R2 114.19 (±2.77) 0.52 (±0.02)

Fig. 2 | SEM images of transverse and longitudinal sections of waterlogged archaeological wood and reference wood. a, b S1, c, d S2, e, f S3, g, h R1, i, j R2.

https://doi.org/10.1038/s40494-025-01628-8 Article

npj Heritage Science |           (2025) 13:10 4

www.nature.com/npjheritagesci


observed in some areas, which may have occurred during sample pre-
paration (Fig. 2a–d). Moreover, the lumens of vessels and thin-walled
cells, alongwith those of thefibre cells themselves, were repletewith gums.
This restricted potential routes for microbial penetration and also
imparted intrinsic preservative properties to the ebony. This characteristic
enabled the ebony to remain well-preserved even after being buried at sea
for ~500 years. Furthermore, the morphological structure of sample S3
also demonstrated integrity (Fig. 2e, f). In comparison with sample R2,
however, the cell walls appeared thinner, which could be attributed to
microbial erosion. However, intraspecific differences might also con-
tribute to this observation.

To minimize the damage incurred during the sample preparation
process, we employed resin embedding and examined the degradation
of waterlogged archaeological wood at the cellular level using a high-
resolution TEM, as shown in Fig. 3. The secondary wall of the cell wall
in sample S1 had experienced some degree of degradation, however,

the CML and the cell wall corners remained relatively well preserved
(Fig. 3a), primarily because of the higher lignin content in this area,
which afforded greater resistance to microbial erosion24. Sample S2,
located on the exterior of the log, was in poor condition, with its cell
walls exhibiting a ‘sieve-like’ structure (Fig. 3d, e). This was likely due
to the erosion of bacteria or soft rot fungi12. Furthermore, a con-
siderable number of calcium salt particles were observed on the cell
walls (Fig. 3d, f), whichmay be attributed to the penetration of calcium
salts from seawater. In sample S3, which exhibited a higher degree of
visible degradation, there were numerous small cavities on the cell
walls, the cell walls were thin, and the damage was significant. Addi-
tionally, a significant amount of iron elements was found within the
cell lumens and along the edges of the degraded cell walls (Fig. 3g, i).
The presence of iron compounds was likely to accelerate the degra-
dation process of wood8. Therefore, if the wreck is salvaged, the
removal of iron salts must be considered.

Fig. 3 | TEM images and energy dispersive spectrometer (EDS) images of waterlogged archaeological wood. a–c S1, d–f S2, g–i S3.
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Chemical analysis
Fourier transform infra-red spectroscopy (FTIR) was used to assess the
degradation in waterlogged archaeological wood samples, as shown in Fig.
4a. The absorption peak at 1738 cm−1 is primarily attributed to the C=O
stretching vibration of the acetyl group in hemicellulose4. In comparison to
reference samples, the absorption peak’s disappearance was evident in
waterlogged archaeological wood samples, even in the seemingly well-
preserved S1 sample. This indicated a significant degradation of the hemi-
cellulose. The absorption peaks at 897 cm−1 and 1425 cm−1 are attributed to
the anomeric carbon (C1) vibration of cellulose and the CH2 scissoring
vibration, respectively4,25. In comparison to reference wood samples, these
peaks were diminished or absent in waterlogged archaeological wood,
indicating cellulose degradation. The absorption peaks at 1510 cm−1 and
1600 cm−1 were attributed to the aromatic ring skeleton vibration of lignin25.
Despite the degradation observed, the intensity of these peaks remained
relatively constant compared to reference wood samples, suggesting the
phenylpropane structure of ligninwas stable and resistant to degradation or
ring-opening reactions. This characteristic was the main reason the CML
and cellwall corners inwaterlogged archaeologicalwood cellwalls remained
intact.

Moreover, wet chemical analysis enables the quantitative evaluation of
the primary chemical constituents in wood, facilitating the assessment of
degradation in waterlogged archaeological wood3. As shown in Fig. 4b, the
relative content of hemicellulose in the S1 and S2 samples was 11.6% and
9.4%, respectively, representing a decrease by 42.6% and 53.5% compared to
the reference sample R1. The relative content of cellulose exhibited a

decrease of 39.4% and 48.3%, respectively. In comparison to the reference
sample R2, the relative content of hemicellulose and cellulose in the
S3 sample exhibited a decrease of 54.4% and 29.2%, respectively. Due to the
considerable reduction in the relative content of holocellulose, the relative
content of lignin in the S1, S2 and S3 waterlogged archaeological wood
samples had increased.

TG is a significant methodology for investigating alterations in wood
composition. In contrast to wet chemical analysis, it requires a relatively
small number of samples to reflect the three principal components of
wood26. Figure 4c illustrates the TG and differential thermogravimetric
(DTG) curves of the waterlogged and reference wood samples. Prior to
230 °C, the primary processes were volatilisation and decomposition of
diverse forms of water, small molecular compounds and a small amount of
hemicellulose. At temperatures between 230 °C and 300 °C, the primary
process was the degradation of polymers, especially hemicellulose. In the
temperature range of 300–390 °C, the degradation of cellulose and lignin
was predominantly observed. At temperatures above 390 °C, the remaining
lignin continued to degrade. At 390 °C, the mass loss of the S1 and
S2 samples was 46.6% and 42.0%, respectively, while themass loss of R1was
60.8%.This suggested that both theS1andS2 sampleshaveundergone some
degree of degradation, with the degree of degradation of the S2 sample being
significantly greater than that of the S1 sample. From the DTG curve, it can
be observed that in the temperature range of 230–300 °C, the S3 sample did
not exhibit a peak, indicating that the degradation of hemicellulose in the
S3 samplewas significantlymore severe than that observed in theR2 sample.
At a temperature of 390 °C, themass loss of the R2 sample was 65.7%, while

Fig. 4 | Analysis of chemical components of archaeological wood. a FTIR, b wet chemical analysis, c TG and DTG, d XRD.
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the mass loss of the S3 sample was 57.5%. The results showed that the
cellulose and hemicellulose of waterlogged archaeological wood were sub-
ject to significant degradation. Furthermore, developing a model to assess
the degradation status of archaeological wood using the TG technique is a
promising area for future research.

The crystalline structure of cellulose can reflect its degradation
state. Figure 4d illustrates the X-ray diffraction (XRD) patterns of the
waterlogged archaeological and reference wood samples. Compared
with R1 (CrI = 48.4%), the relative crystallinity of cellulose in the S1
and S2 samples exhibited a decline of 8.5% and 12.8%, respectively.
This indicated the damage to both amorphous and crystalline regions
of the cellulose in the archaeological ebony, with the S2 sample
showing a significantly higher degree of degradation. Compared with
R2 (CrI = 40.9%), the relative crystallinity of cellulose in the S3 sample
decreased by 51.1%, which indicated that the cellulose has undergone
severe damage. Furthermore, the absence of the (004) diffraction peak
(2θ = 34.5) in S1, S2 and S3 in comparison to the reference wood
samples suggested that the cellulose microfibrils in the archaeological
wood have fragmented and become disoriented8,9.

In conclusion, considering the intraspecific differences between the
reference wood samples and the origin of the waterlogged archaeological
wood, a series of chemical analyses of the components were conducted,
including qualitative and quantitative experiments. The results consistently
indicated that the hemicellulose and cellulose in the waterlogged archae-
ological wood have undergone some degree of degradation. Despite the
apparent well-preserved condition of the S1 sample, its chemical compo-
nents had undergone significant alterations. Consequently, it is clear that
future preservation efforts must include physical or chemical protection
measures.

Micromechanical properties
Wood is a natural polymer composite with multiple scales, with the
cell wall serving as the solid material. The macroscopic mechanical
properties of wood are largely determined by the mechanics of its cell
walls27. Therefore, an in-situ nanoindentation systemwas employed to
investigate the mechanical properties of the cell walls of waterlogged
archaeological wood and reference samples, as illustrated in Fig. 5. In
comparison to the control sample R1, the elastic modulus of the cell
walls of S1 and S2 showed a decrease by 6.4% and 19.4%, respectively.
The elastic modulus of the cell walls of S3 decreased by 15.6% com-
pared to the reference sample R2. Consistently, the hardness of the cell
walls of the waterlogged archaeological wood also showed a slight
decrease compared to the reference samples. The high elastic modulus
of cellulose, compared to other wood components, is the main factor
affecting the longitudinal elastic modulus of the cell wall10. Thus, the

reduction in elastic modulus was largely attributable to the degrada-
tion of cellulose. Furthermore, the degradation of hemicellulose and
alterations in the lignin structure resulted in the rupture of inter-
molecular and intramolecular bonds, thereby weakening the inter-
connections between polymers within the wood cell wall28. Such
changes ultimately led to a reduction in the load-bearing capacity of
the cell walls of the waterlogged archaeological wood, as shown by a
decline in both the elastic modulus and hardness. This method pro-
vides a new method for the mechanical evaluation of small volume
wooden relics. In addition, strengthening the cell walls of salvaging
wood before it is dehydrated is a crucial step. However, due to the
unusually thick cell walls of the wood samples in the wreck, their
permeability is extremely poor, which makes it difficult for traditional
reinforcement methods to penetrate and work. Therefore, it is parti-
cularly urgent to develop a nano-scale reinforcement agent. This
nano-type reinforcer is able to penetrate the wood cell wall more
effectively, achieving deep reinforcement to protect the wood from
further damage.

Microorganism identification
The deterioration of waterlogged archaeological wood is significantly
influenced by the microorganisms in its surrounding environment.
Accordingly, the microorganisms, including bacteria and fungi, pre-
sent in the waterlogged archaeological ebony (S1 and S2), waterlogged
archaeological Toona wood (S3) and the surrounding seabed sediment
(E1) and bottom seawater (E2) were identified, as illustrated in Fig. 6.
Figure 6a, b illustrate the bacterial species and relative abundance at
the phylum and genus levels in the waterlogged archaeological wood
and its surrounding environment. It was notable that there were dif-
ferences in the dominant bacterial phyla among the various samples.
Proteobacteria dominated with 94.53% in S1, 81.73% in S2, 80.61% in
S3, 54.82% in E1 and 93.32% in E2. Many species within this phylum
were capable of effectively degrading xylan29. Furthermore, Bacter-
oidetes also exhibited a relatively high abundance in the waterlogged
archaeological wood and environmental samples. It was postulated
that the bacteria in this phylumwere capable of effectively degrading a
variety of carbohydrate substances, including cellulose, pectin, man-
nan and xylan, among others30. It was worthy of particular note that
the relative abundance of Desulfobacterota in the S3 sample was
6.87%. In the process of metabolising small organic molecules, some
bacteria belonging to the Desulfobacterota were capable of utilising
sulphate as an electron acceptor, reducing it to sulphide. Additionally,
HS- will undergo a reaction with iron, resulting in the production of
iron sulphide. Iron sulphide was susceptible to oxidation in the pre-
sence of water, resulting in the production of sulphuric acid. The

Fig. 5 | Cell wall mechanical properties of archaeological wood and reference samples. a Elastic modulus, b Hardness.
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objective was to facilitate the further degradation of the already
hemicellulose and cellulose in wood8,31. Previous studies had identified
a high concentration of Fe elements in S3 samples. Therefore, stra-
tegies for the removal of iron sulphide should be explored in future
research to mitigate its impact on wood degradation.

Figure 6c shows the fungal species at the phylum level, while Fig.
6d illustrates their relative abundance at the genus level in the
waterlogged archaeological wood and its surrounding environment.
Unlike bacteria, fungi exhibited a relatively lower biodiversity in the
waterlogged archaeological wood and its surrounding environment,
likely due to the anoxic conditions. The main fungal phyla present
were Ascomycota and Basidiomycota. Most of the soft rot fungi in
waterlogged archaeological wood belonged to Ascomycetes. At the
genus level, Monascus, Thermomyces and Aspergillus were identified
as the main dominant fungal genera. They could secrete enzymes that
cause wood degradation and discoloration17.

Figure 7 illustrates the diversity of microbial communities in
waterlogged archaeological wood and its surrounding environment to
explore the correlation between the environment and the micro-
organisms of the waterlogged archaeological wood samples. Among
bacteria, there were 21 distinct OTUs shared across different samples
(Fig.7a). Among fungi, only 2 shared OTUs were observed. (Fig.7b).
The unweighted UniFrac, which considers only the presence or
absence of species in the samples, and the weighted UniFrac, which
takes into account both the presence of species and their abundance,
have distance values ranging from 0 to 1. A value of 0 indicates that
there is no difference in the microbial communities between two
samples, and the closer the value is to 1, the greater the difference
between the microbial communities of the two samples. Figure 7c–f
demonstrate that, despite sample differences, the microbial commu-
nities appeared to occupy similar ecological niches. Therefore, the
microbial community on waterlogged archaeological wood was clo-
sely related to the environment in which it is located.

Conclusion
This study employed an interdisciplinary approach to examine the degra-
dation of waterlogged archaeological wood from the Second Shipwreck Site
on the northwestern continental slope of the South China Sea, focusing on
the multi-scale structure of wood. Utilised molecular biological methods
further explored the microbial community characteristics of the wood and
its surrounding environment. The study revealed that the wood had
undergone varying degrees of degradation, with signs including damage to
the secondary wall, degradation of hemicellulose and cellulose and dis-
ordered arrangement of cellulose microfibrils. Applying in-situ nanoin-
dentation technology, this research assessed the micro-mechanical
properties of the wood, finding that the elastic modulus and hardness of the
cell walls had significantly degraded compared to undeterioratedwood. The
microbial communitywas dominated by bacteria, which is closely related to
the anaerobic environment. A significant correlation existed between the
microbes in the wood and those in the surrounding environment. The well
preservation of logs in shipwrecks can be attributed to their inherent
structural properties, including a large amount of gum filling and their
extremely thick cell wall structure. However, with the passage of time,
deterioration is inevitable, so it is necessary to salvage and protect the wood
in the wreck. Notably, a large amount of iron salts detected in some wood
may accelerate degradation, suggesting that their removal was critical for
conservation. Furthermore, it has been observed that the outermost layer
cell walls of the pile have undergone a degree of degradation, necessitating
reinforcement prior to the dehydrationprocess to prevent the collapse of the
cell walls due to water loss. Effective preservatives are essential for not only
eliminating and preventing anaerobic bacteria but also for protecting
against the decay caused by fungi after the wreck has been salvaged. This
study provided a scientific basis for understanding the deterioration
mechanisms of waterlogged archaeological wood and laid the foundation
for its conservation and restoration, contributing new technical methods
and theoretical insights likemicromechanical testing andTGanalysis for the
field of archaeological wood deterioration research.

Fig. 6 | Bacteria and fungi in waterlogged archaeological wood and its surrounding environment. a, b Bacterial species and relative abundance at the phylum and genus
levels, c, d Fungal species and relative abundance at the phylum and genus levels.
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Data availability
No datasets were generated or analysed during the current study.
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MWC Maximum water content
BD Basic density
SEM Scanning electron microscope
TEM Transmission electron microscopy
PCR Polymerase chain reaction
DNA Deoxyribonucleic acid
SPSS Statistical package for the social sciences
CML Compound middle lamella
EDS Energy dispersive spectrometer

FTIR Fourier transform infra-red spectroscopy
TG Thermogravimetric
DTG Differential thermogravimetric
XRD X-ray diffraction
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