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SUMMARY

Wood in wet environments is attacked and degraded by soft rot fungi 
and erosion and tunnelling bacteria, which are more tolerant to high 
moisture and reduced oxygen conditions than basidiomycetes, such as 
white and brown rot fungi. Since wood decaying basidiomycete fungi 
are normally more aggressive and can degrade wood faster than soft rot 
fungi and bacteria, wood in wet environments can survive for a rela-
tively long time. Archaeological investigations show that wood buried 
deep in ocean sediments can survive for hundreds and even thousands 
of years. In this review degradation patterns of various types of micro-
bial wood decay are briefly described, and examples of decay type(s) 
in wood exposed in various wet environments presented. It is impor-
tant to understand biological wood decay in wet environments in order 
to find appropriate ways to prolong woodʼs service life and properly 
restore wooden artefacts. 

Key words: Wood degradation, wood decay patterns, wet environments, 
buried wood, archaeological wood, wood-degrading bacteria, soft rot fungi.

INTRODUCTION

Microorganisms can degrade wood under varied environmental conditions. However, 
while some wood-degrading organisms, such as soft rot fungi, can tolerate a wide 
range of temperature, humidity and pH conditions, and attack a variety of wood sub-
strates, others have a limited tolerance (Eaton & Hale 1993; Eriksson et al. 1990). 
Although both fungi and bacteria can degrade wood, fungi, particularly basidiomycetes, 
are usually more aggressive than bacteria. However, with the exception of soft rot 
fungi, which in nature are often present with bacteria in wood, bacteria are more 
tolerant to conditions that are considered extreme or more unfavourable to fungi (e.g., 
high lignin and extractive content in wood, high preservative loading, and low levels 
of oxygen) (Singh & Butcher 1991).
    Unusual forms of biological decay in water-saturated woods have been observed 
in buried and waterlogged wood, sunken ships, wooden boats in service in fresh and 
marine waters, logs ponded after tree harvest or under constant water sprays, wood in 
foundation piles, wood in retaining walls that are constantly wet, and wood in service 
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in cooling towers (Singh et al. 1992; Blanchette et al. 1991b; Blanchette & Hoffmann 
1993; Singh et al. 1994; Blanchette 1995; Singh & Wakeling 1997). Under conditions 
that may be anoxic or where little oxygen is present, such as in deep mud, on ocean 
floors and in deep waters, wood is primarily degraded by bacteria (Singh et al. 1990, 
1991; Kim et al. 1996), in particular, erosion bacteria which appear to be highly toler-
ant of such conditions (Nagashima et al. 1990a; Singh & Wakeling 1997). Similar, 
but less harsh, conditions with regards to the presence of oxygen can also support the 
activities of tunnelling bacteria and soft rot fungi (Riess & Daniel 1997; Santhakumaran 
& Singh 1992; Schmitt & Hoffmann 1998). These discoveries have rekindled interest 
among wood technologists, wood scientists and archaeologists in the process of tim-
ber decay under water-saturated conditions, so as to help develop strategies for pro-
longing the service life of wood in wet environments and restoring wooden artefacts 
of historical significance (Rowell & Barbour 1990).
    This review summarises information on the types of microbial decay of wood and 
describes studies on the biodegradation of wood in wet environments. It pertains mainly 
to the micromorphological features of wood decay in wet environments; information 
on chemical characteristics is considered only briefly.

BACTERIAL  DECAY  OF  WOOD

Wood biodegradation studies undertaken prior to late 1970ʼs considered fungi the 
main degraders of wood. The role of bacteria in wood decay was either not recog-
nised, or bacteria were considered to play a minor role in wood decay (Wilcox 1968, 
1970; Liese 1970). More recent studies have demonstrated that bacteria are a major 
factor in wood decay processes. In fact, bacteria appear to be the only organisms 
causing wood decay in certain situations (reviewed in Blanchette et al. 1990; Eriksson 
et al. 1990; Singh & Butcher 1991; Daniel & Nilsson 1998). Although information is 
limited, it is now becoming clear that where wood is water-saturated, bacteria may 
play a more significant role than fungi in wood decay (Kim 1989; Singh & Wakeling 
1995; Kim et al. 1996; Singh & Wakeling 1997).
    In aquatic environments or under other conditions of water saturation, wood is 
rapidly colonised by bacteria, usually in a matter of a few days (Eriksson et al. 1990). 
These early colonisers attack and destroy only the non-lignified wood components 
(Blanchette et al. 1990; Eriksson et al. 1990; Singh & Dawson 1998). Therefore, the 
early colonisers are not ʻwood degrading bacteriaʼ, a term normally reserved for bac-
teria that can attack and destroy lignified wood components. Studies where wood 
kept in water was periodically removed and examined for bacterial colonisation (Singh 
et al. 1996; Singh & Dawson 1998) and wood degradation (Nagashima et al. 1990c) 
suggest that two weeks are sufficient for bacteria to penetrate rays and to degrade pit 
membranes in the outer layers of tracheids (Singh et al. 1996; Singh & Dawson 1998). 
However, attack by wood-degrading bacteria and microfungi occurs only after sev-
eral months (Nagashima et al. 1990c). There has been a recent review of the consid-
erable information on early colonizing bacteria and bacteria that inhabit wet heartwood 
(Schmidt & Liese 1994). Therefore, these organisms will not be considered further 
in this review.
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Wood-degrading bacteria
    Attempts to degrade lignified components of wood by pure bacterial isolates have 
largely been unsuccessful (Jones et al. 1976; Schmidt & Liese 1994), except for some 
recent claims of bacterial degradation of wood by single bacterial isolates (Schmidt 
et al. 1995). However, it is now well known that certain types of bacteria can degrade 
wood cells, and the patterns of bacterial decay of wood have been well characterised 
(see reviews by Blanchette et al. 1990; Singh & Butcher 1991; Daniel & Nilsson 
1998). Although wood decayed by fungi such as soft rot may superficially appear 
similar to that decayed by bacteria, the patterns of bacterial wood decay (Fig. 1–5) are 
different from those produced by most decay fungi (Fig. 6, 7). Bacterial decay pat-
terns also differ from each other, and it is not difficult to recognise a bacterial decay 
pattern, particularly if light and electron microscopy are both used. Recently confocal 
laser scanning microscopy (CLSM) has been used to examine bacterial (Fig. 8) and 
fungal decay (Fig. 9) in wood (Kim & Singh 1998, 1999; Xiao et al. 1997, 1998). 
    Because bacterial decay patterns (e.g., the presence of tunnels with crescent-shaped 
bands in wood cell walls degraded by tunnelling bacteria, Fig. 2; erosion troughs and 
amorphous wall residues in wood cells degraded by erosion bacteria, Fig. 3) are dis-
tinctive and differ from fungal decay patterns, it is possible to identify bacterial decay 
as to a particular type and as different from fungal decay, even when bacteria are not 
present in wood cells or not well preserved (Kim & Singh 1994; Singh et al. 1994; 
Singh 1997). A possible exception is that in advanced stages of decay, particularly 
when bacteria are no longer present, it may be difficult to distinguish bacterial ero-
sion from soft rot erosion. The identification of bacterial decay types is based pri-
marily on morphological studies of the decay patterns found in wood exposed to 
natural environments as well as wood exposed to mixed bacterial cultures in the lab-
oratory. Although wood decay studies using pure bacterial cultures (Schmidt et al. 
1995) are limited, laboratory studies using mixed bacterial cultures have provided 
valuable information on culture conditions in addition to confirming the decay types 
found in nature (Blanchette et al. 1990). Three different forms of bacterial decay are 
recognised: tunnelling, erosion and cavitation. These patterns are briefly described 
below. 

Bacterial tunnelling
    One of the most unusual patterns of wood decay is bacterial tunnelling. In com-
parison to bacterial erosion, where bacteria erode exposed faces of wood cell walls, 
tunnelling bacteria mainly degrade the interior of wood cell walls, and in so doing 
produce tunnels which are a characteristic feature of this type of attack (Daniel et al. 
1987; Singh & Butcher 1991). Bacteria present in the cell lumen first gain entry into 
wood cell wall in localised places, i.e., at the sites of their attachment and then de-
grade it by tunnelling action (Fig. 1, 2). Another aspect in which tunnelling decay 
differs from bacterial erosion is that tunnelling bacteria do not necessarily degrade 
the wall in the direction of cellulose microfibrils; sometimes the course of tunnels 
may be highly tortuous (Nilsson et al. 1992). Tunnels can penetrate all areas of wood 
cell walls, including highly lignified middle lamellae. Additionally, little or no wall 
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Fig. 1. Homalium foe-
tidum wood. Fibre 
walls are heavily 
degraded by tunnel-
ling bacteria and are  
filled with numerous 
tunnels (arrow). TEM. 
Scale bar = 1 μm. 

Fig. 2. Alstonia schol-
aris wood. Fibre-
tracheid walls are 
degraded by tunnel-
ling bacteria (arrow-
head). TEM. 
Scale bar = 2 μm.

 

Fig. 3. Pinus radiata 
wood. Tracheid walls 
are degraded by ero-
sion bacteria (arrow-
heads). TEM.
Scale bar  = 1 μm.
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residue is seen in tunnels, suggesting that in the tunnelling type of attack all cell wall 
components, including lignin, may be metabolised. Tunnels contain characteristic 
bands or cross walls which are crescent-shaped, the concavity of which always faces 
the bacteria that produce them and indicates the direction of bacterial movement and 
wood cell wall degradation. Production of banded tunnels distinguishes this type of 
attack from all other patterns of bacterial wood decay.

Bacterial erosion

Stripy (striated) erosion — In this type of attack bacteria present in the lumen of 
wood cells degrade the wall by producing troughs into it; the troughs are parallel with 
cellulose microfibrils. When longitudinal sections of degraded wood are viewed with 
light microscope (LM), the wood appears striated, and thus the name ʻstriated ero-
sion  ̓ (Daniel & Nilsson 1986). When viewed with scanning electron microscope 
(SEM), the individual stripes appear as channels. During active wood decay, the erosion 
bacteria can be found in these channels, often aligned one next to the other (Daniel 
& Nilsson 1986). With the transmission electron microscope (TEM), this decay pat-
tern is best examined in transversely sectioned wood cells (Fig. 3). The erosion 
troughs are seen as crescent-shaped groves, with bacteria present in them (Singh et al. 
1990). Difficulties in clearly distinguishing stripy erosion from soft rot erosion may 
arise when wood is very heavily degraded and bacteria may no longer be present in 
the degraded region, and it may not be possible to distinguish erosion troughs. How-
ever, there are two other features that serve as useful indicators in distinguishing 
bacterial erosion from most forms of fungal decay. One, in the erosion type of bacte-
rial attack degraded regions of wood cell walls contain variable amounts of wall 
residues, which are thought to be lignin or lignin degradation products (Singh et al. 
1990; Singh & Butcher 1991). Two, the middle lamella usually remains undegraded 
even in heavily degraded wood.

Conical erosion — Erosion bacteria also degrade wood in a way that produce conical 
or inverted V-shaped erosion troughs. Conical troughs can be seen by both LM and 
EM, and this distinct conical form is retained from an early stage of decay until con-
tinued enlargement of adjoining troughs results in their coalescence. This is why it 
may be difficult to recognise this form of erosion in heavily degraded wood, where 
troughs of variable forms may be observed due to fusion of adjoining troughs. How-
ever, TEM can be used to confirm this type of decay pattern at all stages of decay, as 
the residual wall material often present in troughs can easily be seen. This type of 
bacterial erosion has been observed only on a few occasions (Singh & Butcher 1985 
and references therein), and it is not definitely known what conditions favour this 
type of wood decay. At the light microscope level there may be difficulties in distin-
guishing this form of bacterial decay from soft rot attacks that produce notches or 
diamond-shaped troughs in wood cell walls (Anagnost 1998). TEM may have to be 
used to confirm bacterial presence within troughs.
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Fig. 4. Pinus radiata 
wood. Bacteria have pro-
duced cavities (arrows)  
in tracheid walls. SEM. 
Scale bar = 5 μm. 

Fig. 5. Pinus radiata 
wood. Tracheid walls are 
degraded (arrowheads) 
by cavitation bacteria  
(arrows). TEM. 
Scale bar = 0.5 μm.

Fig. 6. Pinus radiata 
wood. Soft rot fungi have 
produced cavities ( C ) in 
tracheid walls. TEM. 
Scale bar = 1 μm.
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Bacterial cavitation
    Less is known about this type of bacterial attack than of tunnelling and erosion 
types. One feature that bacterial cavitation shares with the tunnelling type attack is 
that the predominant attack is within wood cell walls. SEM observations have shown 
that during this type of bacterial attack cavities are produced in pit borders (Fig. 4) 
and other wall regions in a direction perpendicular to the long axis of wood cells 
(Nilsson & Singh 1984). Initially, cavities are very small, but later enlarge in a fash-
ion that keeps their characteristic diamond shape, reflecting the precise manner in 
which bacterial colonies establish themselves and grow as the wood decay progresses. 
As the decay becomes more severe, adjoining cavities often coalesce, and as a result 
cavities of varied forms are produced. TEM has shown that bacteria actively involved 
in the degradation process are enclosed by a slime which appears fibrillar (Fig. 5), 
and this is also true for other types of bacterial wood decay. The degradation of wood 
cell walls in the cavitation type of attacks is not restricted to the region where bacteria 
are present; large areas of the wood cell wall around bacterial colonies may be de-
graded (Fig. 5), somewhat reminiscent of brown rot attack. Eventually, the granular 
wall material that accumulates in early decay may disappear with time, as cavities 
and voids within wood cell walls produced from bacterial action appear empty of any 
contents. 
    It has not been possible to reproduce this form of bacterial attack in the laboratory 
using mixed bacterial cultures as has been done for tunnelling and erosion attacks 
(Singh & Butcher 1991; Daniel & Nilsson 1998). This, together with rare occurrence 
of this decay type in nature suggests that this may be a form of bacterial erosion found 
only in restricted situations. Although light microscopy cannot clearly distinguish 
this form of bacterial attack from the type 2 soft rot producing V-notches in wood cell 
walls (Anagnost 1998), TEM can be helpful in recognising bacterial presence in the 
degraded, granular regions of the wall (Fig. 5).

FUNGAL  DECAY  OF  WOOD

Most fungal degradation patterns are distinctive and are easily recognisable (Blanchette 
et al. 1990; Anagnost 1998). However, there are some about which caution should be 
exercised. For example, it is not always easy to distinguish between erosion type soft 
rot and cell wall erosion by simultaneous white rotters. The tunnel within wood cell 
walls produced by hyphae of wood decay fungi (Singh & Wong 1996) appears to be a 
unique form of fungal decay different from any of the well known fungal decay types.

Soft rot decay
    Certain ascomycetes and deuteromycetes cause soft rot decay of wood. These fungi 
are most common in soils, but can occur in other environments. Soft rot fungi are 
particularly active under conditions that discourage the activity of white and brown 
rot fungi, e.g., high preservative loading, high moisture content. Soft rot fungi often 
are present with wood-degrading bacteria (Santhakumaran & Singh 1992; Singh et 
al. 1992; Singh & Wakeling 1993, 1996, 1997; Wang & Worall 1992). The attack of 
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soft rot fungi on gymnosperm wood results in the formation of cavities in the second-
ary wall, which appear as voids in transverse sections (Fig. 6). In longitudinal profiles 
these cavities appear oriented parallel to cellulose microfibrils (Bailey & Vestal 1937; 
Nilsson 1976). Individual cavities are conical and diamond-shaped or elongate with 
pointed ends. Extensive degradation results in the widening of cavities, which may 
also coalesce. These features are unique to cavity-forming soft rot attacks and can be 
used to distinguish this form of attack from bacterial attacks and other fungal attacks. 
Cell wall erosion is the most common form of wood decay by soft rot fungi in 
angiosperms (Blanchette et al. 1990; Eriksson et al. 1990; Eaton & Hale 1993). In the 
erosion type of attack, although cellulose and hemicellulose can be extensively de-
graded, lignin is modified only to a certain extent, and microscopic observations show 
lignin present in degraded areas (Nilsson et al. 1989). Secondary walls can be exten-
sively degraded, but there is little or no degradation of middle lamella. Soft rot ero-
sion can be distinguished from other fungal attacks and most bacterial attacks, with 
the exception of bacterial erosion. Stripy or striated appearance of the bacterial eroded 

Fig. 7. Wood cell walls of Betula papyrifera attacked by brown rot fungus Postia placenta (a) 
and Robinia pseudoacacia degraded by white rot fungus Grifola frondosa (b). TEM. — Fig. 8. 
Pinus radiata wood from a wet acidic soil. The tracheid walls are attacked by tunnelling bac-
teria (arrowheads). CLSM. — Fig. 9. Pinus radiata wood from a wet acidic soil. The tracheid 
wall is attacked by tunnelling hyphae (arrowheads). CLSM. — Scale bar for 7a = 0.5 µm, for 
7b = 2 µm, for 8 = 5 µm, for 9 = 10 µm.
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wall distinguishes this attack from soft rot erosion. However, in the advanced stages 
of degradation these decay patterns can be difficult to distinguish as the bacterial 
erosion troughs coalesce and the wood cell wall loses its striated appearance.

White rot decay
    Fungi producing this type of wood decay belong to basidiomycetes. They are com-
mon in nature; they are particularly active in forest ecosystems, bringing about exten-
sive decay of stumps and debris left over from tree harvest. Hardwood species are 
more susceptible to white rot attack than softwood species, and untreated timbers are 
more readily attacked than preservative-treated timbers. White rot fungi can degrade 
all components of wood cell walls, including lignin (Fig. 7b); some species are spe-
cialised to primarily degrade lignin and hemicellulose, with cellulose largely unattacked 
(Blanchette et al. 1990; Eriksson et al. 1990). Wood cell walls can be degraded at a 
considerable distance from fungal hyphae. White rot fungi cause ʻbleaching  ̓of wood. 
Bleaching of wood is also caused by many simultaneous degraders. Formation of 
erosion troughs into cell walls is a characteristic morphological feature of this type 
of attack. These forms of attack are distinctive enough to be differentiated from other 
fungal and bacterial decay types. White rot fungi may also cause other forms of de-
cay, including cavity formation in wood cell walls (Schwarze & Fink 1998). The 
micromorphology is variable depending upon host and wood cell wall types attacked 
(Daniel & Nilsson 1998), and in some situations the cavity formation is reminiscent 
of soft rot attack.

Brown rot decay
    Brown rot fungi also belong to the class basidiomycetes. They are most abundant 
in coniferous forests, but also occur in other environments, such as various soils 
(Wakeling & Singh 1993). These fungi can attack both untreated and preservative-
treated wood, but prefer untreated wood. One of the most characteristic features of 
brown rot attack is that cellulose is rapidly depolymerised even in the early stages of 
decay. Thus strength losses due to brown rot attack can be enormous even when the 
wood appears sound. 
    Loss of birefringence from decaying wood cell walls even in early stages is a use-
ful diagnostic feature of brown rot attack (Eaton & Hale 1993; Wilcox 1993; Zabel & 
Morrell 1992). The degradation of wood cell walls is diffuse (Highley et al. 1985). 
During decay, polysaccharides are extensively depolymerised and removed, and lignin 
can also be modified, although lignin residues largely remain (Blanchette et al. 1990). 
In some cases, lignin may be removed, albeit to a limited extent. Although degraded 
cell walls are highly porous, the original form of the cells often remains unchanged 
(Fig. 7a). The degraded wood appears brown due largely to the presence of lignin. 
Cubical cracks on brown rotted wood is a typical macroscopic feature. Microscopi-
cally, brown rot decay can easily be distinguished from other fungal attacks and bac-
terial decay from a combination of features, including loss of birefringence, absence 
of erosion troughs and cavities and near normal morphological appearance of de-
graded wood cells.
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WOOD  DECAY  UNDER  WET  CONDITIONS

When wood cells are saturated or filled with water, one factor that becomes limiting 
to the activity of wood-degrading microorganisms is the oxygen supply. Under such 
conditions wood is degraded slowly, as the fast degrading basidiomycetes, such as 
white rot or brown rot fungi which can actively degrade wood in most terrestrial 
environments (Eriksson et al. 1990), cannot degrade wood or their activity becomes 
highly restricted. The rate and extent of degradation depends on the conditions of 
exposure and the presence of toxic extractives and preservatives in the wood. Little 
oxygen is present in wood that is excessively wet or saturated with water or buried 
deep in sediments. Recent studies have shown that bacteria, sometimes together 
with soft rot fungi, play a major role in the degradation of wood in these situations 
(Blanchette & Hoffmann 1993; Kim & Singh 1994; Kim et al. 1996). Because soft rot 
fungi and bacteria are slow degraders as compared to white and brown rot fungi, 
wood degradation under these conditions is slower. It is therefore not surprising that 
some archaeological woods recovered from ocean waters or sediments have survived 
for hundreds and even thousands of years. Much of the work on degradation of wood 
in wet environments has been devoted to examining archaeological woods because of 
their historical importance and a concern for their satisfactory preservation. Less at-
tention has been given to wood that may be exposed to such conditions in service, e.g. 
timbers in foundation piles, cooling towers and retaining walls. Although studies in 
this area date back more than forty years, more precise understanding of the causes 
of wood decay in wet environments has been possible only in recent years, primarily 
from a combined use of both light and electron microscopes. Specific examples are 
described below so as to provide information on the decay types present in wood 
exposed to a wide range of wet environments.

Micromorphological studies

Buried archaeological woods
    Information available on the decay micromorphology of buried archaeological 
woods suggests that bacteria and soft rot are their main degraders as the oxygen lim-
iting conditions of burial exclude fast degrading basidiomycetes (Blanchette & 
Hoffmann 1993; Riess & Daniel 1997; Schmitt & Hoffmann 1998; Kim & Singh 
1999). Bacterial erosion appears to be the main form of degradation in buried ar-
chaeological woods (Kim & Singh 1994; Blanchette et al. 1991b; Donaldson & Singh 
1990; Singh et al. 1991), with attacks by tunnelling bacteria and soft rot fungi in some 
cases (Kim et al. 1996) (Fig. 10–12). 
    Blanchette & Hoffmann (1993) examined a wide range of waterlogged archaeo-
logical woods in order to characterise the degradation processes. The wood they ex-
amined came from very old construction timbers from various locations, including 
waterlogged stakes, floor boards and planks from various sites and waterlogged wood 
from shipwrecks. The micromorphological characteristics of these woods, which were 
heavily degraded, suggest bacterial erosion was widespread, with some attacks by 
tunnelling bacteria and cavity-forming soft rot fungi.
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Fig. 10. Section through Pinus sylvestris wood from a wrecked Viking ship showing degradation of 
tracheid walls by erosion bacteria (arrowheads). — Fig. 11. Section through oak wood from a wet 
terrestrial site in Lake Constance in Germany (4000 BC). The fibre walls are heavily degraded and 
the organisms responsible are considerable to be erosion bacteria, because of the presence of dense 
residual wall material in the degraded regions, one of the characteristic features for this form of wood 
decay. — Fig. 12. Section through Pinus sylvestris wood from a bulwark constructed in early 1100 AD 
in the Lake Tingstaede Traesk on the island of Gotland in Sweden. The cell walls of axial tracheids 
(AT) are heavily degraded by erosion bacteria but the walls of radial tracheids (RT) are resistant. 
— Fig. 13. Section through Brazilian Jackwood which had been exposed to sea water in Goa, India. 
The fibre walls are attacked by soft rot fungi (S) and tunnelling bacteria (arrow). — Fig. 14. Section 
through Pinus radiata wood from a cooling tower showing presence of soft rot (arrowhead) and bac-
terial tunnelling (arrow). — Fig. 15. Pinus radiata retaining wall, tracheid walls are heavily degraded 
by erosion bacteria. — All TEM. Scale bar for 10 = 0.5 μm, for 11 & 15 = 2 μm, for 12–14 = 1 μm.

Downloaded from Brill.com05/19/2023 07:29:37PM
via free access



IAWA  Journal, Vol. 21 (2), 2000146

    Kim and his co-workers observed similar wood degradation patterns in their study 
of archaeological woods that had been recovered mainly from sunken ships in ocean 
waters (Kim 1989; Kim & Singh 1994; Kim et al. 1996). Erosion bacteria and cav-
ity-forming soft rot fungi degraded the wood from a wrecked Chinese trade ship sub-
merged in the Yellow Sea for over 700 years (Kim 1989). The wood from a Chinese 
log boat recovered from the seashore mud in the southern part of the Korean penin-
sula had been degraded by mainly erosion bacteria, with evidence of some tunnelling 
bacteria (Kim & Singh 1994). 
    Bacterial erosion appears to be the main form of decay in woods excavated from 
central Japan and which had been buried in waterlogged sediments for more than 
5,000 years (Blanchette et al. 1991b). Blanchette et al. (1991c) evaluated different 
forms of deterioration in archaeological woods exposed to a wide range of conditions 
and found that the ancient buried waterlogged wood (10,000–1000 BC) was degraded 
by erosion and tunnelling bacteria. The micromorphological patterns of archaeologi-
cal woods recovered from marine sediments and submerged for 400–2000 years sug-
gest that bacterial erosion was the main cause of wood decay, although the degrada-
tion of wood cell walls seemed to have been caused mainly by abiotic factors 
(Hoffmann & Jones 1990). 
    Fujii et al. (1988) examined the deterioration of buried wood of tochinoki (Aesculus 
turbinata) which came from excavated ruins of Hattori in Shiga Prefecture, Japan. 
Although these authors did not determine the cause of wood decay, the observed 
pattern of cell wall degradation is similar to that known for bacterial erosion. Sakai 
(1991) examined the characteristics of buried wood from several tree species, includ-
ing matsu (Pinus), nara (Quercus), tochinoki (Aesculus turbinata), hinoki (Chamae-
cyparis obtusa), kashi (Quercus) and mukunoki (Aphananthe aspera) and concluded 
that they must have been attacked by fungi under aerobic conditions prior to their 
burial. However, the pattern of degradation shown in the illustrations suggest that the 
wood was primarily degraded by erosion bacteria.
    The extent and pattern of degradation found in Terminalia wood that came from an 
ancient Polynesian canoe (Donaldson & Singh 1990) suggest bacteria were the main 
cause of decay. The wood was heavily degraded except for the middle lamella, ves-
tures and those parts of cells that were heavily impregnated with extractives. Wood of 
Prumnopitys ferruginea, a New Zealand native tree, buried by pumice flow and sub-
sequent ash fall from a volcanic eruption of approximately 130 AD in central North 
Island in New Zealand, was degraded only in its outer areas in a pattern suggestive of 
attack by cavitation bacteria (Singh et al. 1991).
    These studies underscore the importance of the role that bacteria and soft rot fungi 
play in the deterioration of buried archaeological woods. 

Wood decay in aquatic environments
    The information prior to 1980 (reviewed by Mouzouras et al. 1986) on the nature 
of decay in waterlogged archaeological woods and woods under long-term exposure 
to aquatic conditions suggests wood decay to be both microbial and chemical. Previ-
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ous information on bacterial attacks of wood submerged in the sea as well as other 
aquatic environments has been reviewed by Santhakumaran and Singh (1992) and 
Schmidt and Liese (1994).
    Mouzouras et al. (1986), in their extensive work characterising the decay of wood 
in marine environments found many marine fungi and bacteria to cause wood decay, 
despite earlier reports suggesting that fungi may not be important in most marine 
environments (Hanson & Wiebe 1977). Several workers have doubted that fungi are 
important in the recycling of lignocellulose in the sea (Fenchel 1970; Brenner et al. 
1984b).
    In a series of studies Nagashima and co-workers (1990a) examined the degrada-
tion of wood that was submerged in a pond for 16 months at depths of 20 and 80 cm, 
and found that the wood had been attacked by bacteria and soft rot fungi. Tunnelling 
(Nagashima et al. 1990b) and erosion (Nagashima et al. 1990c) bacteria attacked the 
wood independently. Combined attacks by tunnelling bacteria, erosion bacteria and 
soft rot fungi were also present (Nagashima et al. 1990c). In a study evaluating de-
struction of tropical timbers by marine borers in Goa waters in India, Santhakumaran 
and Singh (1992) also found widespread presence of attacks by soft rot fungi and 
tunnelling bacteria (Fig. 13). However, the nature of the interaction between micro-
organisms and marine borers in both preservative-treated and untreated wood remains 
unclear. Recently, Pittmann et al. (1997) examined creosote-treated Douglas-fir pilings 
at the south coast of the U.K. and observed that the wood cells adjacent to tunnels 
made by the marine borer Limnoria were decayed by both soft rot fungi and tunnel-
ling bacteria. They suggested that these microorganisms may be involved in the sof-
tening of wood and the marine borer Limnoria would ingest these microorganisms 
along with the wood substrates.

Wood decay in other wet environments
    Wood in some parts of cooling towers, e.g. packing timbers, is likely to be satu-
rated with water. While basidiomycetes are present in drier regions of cooling towers, 
they are normally excluded from wood that is constantly wet. Here soft rot and bacte-
rial attacks are more prevalent. Soft rot attack of cooling tower timbers has been 
reported by many workers (e.g., Savory 1954; Eaton 1994). Bacterial decay has also 
been reported (Greaves 1968, 1969; Holt et al. 1979). More recent studies have con-
firmed the widespread presence of degradation by erosion bacteria (Singh et al. 1992; 
Singh & Wakeling 1995, 1997) in addition to attacks by tunnelling bacteria and soft 
rot fungi (Singh et al. 1992; Eaton 1994). A combined attack of timbers by soft rot 
fungi and bacteria was common in those parts of cooling towers where the wood was 
constantly wet (Singh et al. 1992) (Fig. 14). The pattern of degradation observed in a 
study to determine the cause of failure of a CCA-treated Pinus radiata retaining wall 
suggested attack by erosion bacteria (Singh et al. 1994) (Fig. 15, 16).
    An unusual type of fungal decay characterised as hyphal tunnelling of wood cell 
walls was recently observed in the CCA-treated radiata pine wood that had been ex-
posed to wet acidic soils (Xiao et al. 1997) (Fig. 9). 
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Chemical studies
    Available data on the chemistry of woods in wet environments suggest that hemi-
cellulose generally is degraded preferentially, followed by cellulose, hardwood lignin 
and finally softwood lignin (Brenner et al. 1984b; Grattan & Mathias 1986; Hedges 
et al. 1985; Hoffmann et al. 1986; Jagels et al. 1988; Kim 1990). Micromorphological 
features, such as preferential degradation of the S2 layer, the loss of birefringence of 
wood cell walls and the presence of relatively intact middle lamella in degraded water-
logged woods, support the chemical data. 

Waterlogged archaeological woods
Degradation of polysaccharides
    Waterlogged archaeological woods showed a higher amount of extractives with 
1% alkaline extraction as compared to recent wood (Hoffmann & Parameswaran 1982; 
Kim 1990, Passialis 1997; Ucar & Yilgor 1995). Because some easily soluble poly-
saccharides, and to some extent degraded cellulose, are extracted with 1% alkaline 
(Fengel & Wegener 1984), alkaline solubility is a good indication of the extent of 
wood decay by microbial attacks or environmental conditions. The high amount of 
extractives in the waterlogged archaeological woods after alkaline extraction sug-
gests heavy losses in low-molecular weight polysaccharides. Due to the depletion of 
polysaccharides, the ratio of holocellulose to lignin is extremely low in heavily de-
graded wood samples in comparison to recent wood (Kim 1990; Passialis 1997). 
Hemicellulose is much more easily attacked than cellulose in waterlogged environ-

Fig. 16. A diagram showing the attack 
of a tracheid wall by soft rot fungi and 
tunnelling and erosion bacteria.
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ments (Hoffmann & Jones 1990; Kim 1990). In extreme cases, waterlogged archaeo-
logical woods may be almost totally depleted of polysaccharides.
    In many cases, there is often a clear distinction between extensively and little de-
graded parts in waterlogged archaeological wood. Kim (1990) reported that much of 
the polysaccharide fraction was removed from the outer part of the planks of the 
Chinese junk (700 years old) whereas the chemical composition of the inner part was 
almost similar to that of recent wood of Pinus massonia. This was also true for oak 
(Hoffmann & Jones 1990), Bischofia polycarpa (Pan et al. 1990) and Prumnopitys 
ferruginea (Singh et al. 1991).

Degradation of lignin
    Even though lignin is not extensively degraded under wet environments, recent 
studies have shown modifications in lignin structure and some lignin degradation 
(Brenner et al. 1984a; Hedges et al. 1985; Nelson et al. 1995; Zeikus 1980). Ultra-
structural studies of waterlogged woods have also provided evidence of changes in 
lignin. Reduction in the intensity of staining, the loss of electron density in the middle 
lamella and even the breakdown of middle lamella all suggest modifications in lignin 
(Kim & Singh 1994).
    Milled wood lignin from waterlogged archaeological wood samples showed a shift 
of absorption bands in UV, FR-IR and NMR spectral examinations (Kim 1990; Ucar 
& Yilgor 1995). Decrease in methoxyl units and syringyl units in ancient hardwoods 
(Levi & Preston 1965) and the removal of syringyl type lignin (hardwood lignin) 
preferentially to vanillyl type lignin (softwood lignin) have been reported in water-
logged archaeological woods attacked by soft rot fungi (Hedges et al. 1985). These 
findings concur with the results that guiacyl lignin is more stable than syringyl lignin 
during the aging process (Fengel 1991).

Degradation of extractives
    In general, organic extractives that incrust the cell wall help protect wood poly-
mers from enzymatic hydrolysis and biodegradation. The high durability of wood 
extractives was apparent in a study analysing ancient tars (Reunanen et al. 1989), 
which showed the composition of tar in barrels of Pinus sylvestris from a 1790 Rus-
sian shipwreck to be nearly the same as freshly prepared material. Resistance of tannins 
and polyphenolic compounds in ray parenchyma and vessels in waterlogged archaeo-
logical woods that had apparently been degraded by microorganisms has also been 
observed (Donaldson & Singh 1990; Kim & Singh 1996).

Buried archaeological wood

Degradation of polysaccharides
    Chemical composition of buried wood is remarkably similar to that of waterlogged 
woods. Iiyama et al (1988) reported that the rate of cellulose degradation in heavily 
degraded buried wood samples was more pronounced than that of hemicellulose. The 
explanation provided was that preferential degradation of cellulose in buried archaeo-
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logical woods is due to microbial attack, whereas greater losses in hemicelluloses 
occur from non-biological hydrolysis. However, it has been well documented that the 
degradation of hemicellulose is more severe than that of cellulose in buried archaeo-
logical wood (Fujii et al. 1988; Kohara & Okamoto 1956; Pan et al. 1990; Taniguchi 
et al. 1986). This discrepancy may be attributable to the burial conditions of woods, 
including the chemistry of the burial sites, and to wood species. The extent of wood 
degradation is not only related to the duration of burial, but also to environment 
(Hoffmann & Parameswaran 1982). Environmental conditions of the burial sites (e.g., 
pH, temperature, salinity of sea water) should be considered in evaluating the cause 
of degradation of archaeological woods.

Degradation of lignin 
    As mentioned earlier for waterlogged archaeological woods, a decrease in methoxyl 
units and syringyl units has also been reported for ancient buried woods (Iiyama et al. 
1988; Pan et al. 1990). A lower ratio of syringaldehyde to vanillin was observed in 
ancient buried hardwoods. In contrast, the yield of vanillin from the softwood Torreya 
(6,000 years old) was nearly the same as from recent wood. These findings are sup-
ported by IR studies on the lignin of recent pine (Pinus sylvestris) and 2000-years-old 
pine wood from wet soil (Bogin et al. 1975a, b). This also suggests that gymnosperm 
lignin is degraded to a lesser extent than angiosperm lignin, which is why softwood 
tracheids and hardwood vessels are more resistant than hardwood fibres (Fujii et al. 
1988).

Changes of ash contents
    All the samples in the waterlogged and buried archaeological woods examined so 
far have abnormally high ash content (Grattan & Mathias 1986; Hoffmann et al. 1986; 
Kim 1990). In some cases, the inorganic content of the degraded waterlogged woods 
is more than 20 times the value for recent wood. Even though an increased ash con-
tent is a feature of almost all waterlogged archaeological woods, in some cases soil 
particles had penetrated into the wood along cracks and check lines. Therefore, the 
determination of ash content has to consider contaminations during burial.

CONCLUSIONS

It appears that when wood is wet or is saturated with water, it decays primarily by 
bacteria and soft rot fungi. Oxygen availability under wet conditions is likely to be 
restricted. This may be one of the main reasons why wood does not decay by the more 
aggressive basidiomycetes, as the concentration and /or diffusion of oxygen into wood 
may be too low to support the activities of basidiomycete fungi, such as white and 
brown rot fungi. 
    Under natural conditions more than one type of microbial degradation is often 
present. Soft rot attack may be present together with bacterial attacks in wood ex-
posed to a wide range of wet situations. Experimental data are required to determine 
the exact level of oxygen that may be critical to support the activities of erosion 
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bacteria, tunnelling bacteria and soft rot fungi. However, given that under wet condi-
tions bacterial erosion is the most common type of decay, sometimes the only form of 
decay suggests that erosion bacteria have the highest tolerance to oxygen limiting 
conditions. No doubt, there may be factors other than oxygen availability that influ-
ence the type and rate of wood decay under wet conditions. 
    The micromorphological and chemical information presented in this review pro-
vide a clearer understanding of the causes of deterioration of wood in wet environ-
ments. In recent years it has been possible to examine in detail the micromorphologi-
cal features of wood decay in wet situations, using a combination of both light and 
electron microscopy techniques. These observations confirm that wood exposed to 
wet environments deteriorates primarily from the action of biological factors and that 
non-biological factors are less important. The degradation patterns seen suggest that 
bacteria have a major role.
    Studies under controlled conditions are needed in order to fully understand the 
mechanisms of bacterial degradation of wood, the interactions of bacteria with other 
wood-degrading organisms and among themselves, and the effects of environmental 
conditions on the wood-degrading organisms and the processes of wood decay. As a 
first step, it would be important to isolate and characterise wood-degrading bacteria, 
the most important wood decay organisms in wet environments. Because previous 
attempts to isolate these organisms in pure culture have not been successful, a differ-
ent approach, perhaps molecular methods, is needed to determine their taxonomic 
identity. It would then be possible to better understand the physiology and reproduc-
tion of wood-degrading bacteria and the molecular and biochemical aspects of wood 
decay. This background will be critical to develop methods to better protect wood 
from bacterial attack in wet environments and for the conservation of degraded wood 
of cultural and historical importance.
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