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A. INTRODUCTION

Before discussing microbial degradation, it should be noted that, in the absence of any one of the
critical requirements for decay (described later in this chapter), wood is a remarkably stable material.
Some of the longest lived of all organisms are the bristlecone pines of California and these can be
> 4700 years old. There are numerous examples of temples in Japan with wood components that
have remained intact for hundreds of years because they have been kept dry. Treatment of wood with
preservatives can extend the service life of wood products for many decades, and this subject is
covered in detail in Chapter 29.

It should also be recognized that microbial degradation is only one facet of biodegradation of
wood. Biodegradation of wood in terrestrial environments can be caused by a range of
microorganisms and insects. In marine environments, there are Crustacea and molluscs that will
also attack wood. This chapter will focus on microbial degradation of wood in terrestrial
environments for a variety of reasons. Damage caused by insects, crustaceans, and molluscs is more
readily identifiable with the naked eye than microbial degradation and quite unrelated to corrosion. It
typically takes the form of tunneling by biting or abrasion. In contrast, microbial degradation occurs
at the microscopic level and is mediated by enzymes and nonenzymic free radical generation
systems, through processes that are more analogous to the corrosion of other materials. Furthermore,
while insects, specifically termites and beetles, cause the most damage to wood products in tropical and
subtropical regions, microbial degradation is more economically important in temperate climates.

To begin to understand microbial degradation of wood, it is first necessary to understand
something about the structure and chemical makeup of wood. The critical requirements for decay
will then be detailed and the microorganisms involved will be categorized. The diagnosis of decay
types will be covered in some detail and procedures for the elimination of fungal infection will be
outlined. Finally, the effects of wood decay on corrosion of metals will be briefly discussed.

B. STRUCTURE AND CHEMISTRY OF WOOD

The structure of wood is related to its functions in supporting the crown of the tree, transporting
water from the roots to the crown and storage of food reserves. Wood is a cellular material and most
of the water-conducting cells (tracheids and, in hardwoods, vessels) are aligned vertically in the tree
(Fig. 1); longitudinally in lumber, and in various orientations in an engineered wood products made
from veneers, strands or chips. The cells are connected by pathways through the cell walls that allow
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FIGURE 1. Scanning electron micrograph (SEM) of a softwood showing cellular structure (xlOO approx.)

for the longitudinal and lateral movement of water. These pathways can also allow the passage of
microorganisms from cell to cell. In addition to the longitudinally aligned cells, there are bundles of
cells arranged in radial orientation (rays) that conduct soluble materials from the outer to the inner
parts of the tree and vice versa. Some of these ray cells are also specialized for storage of food
reserves to be used for future growth. The walls of all the cells are constructed from the same basic
materials.

Wood cell walls are made up of two major chemical components and many minor ones. The
major components are cellulose and lignin which, in combination are referred to as lignocellulose.
Cellulose is a long-chain polymer of glucose units and provides the strength properties of wood.
Lignin is a three-dimensional resin made up of a range of aromatic monomers. Cellulose chains are
aligned into bundles, with crystalline and noncrystalline regions, laid down in a spiral around
the walls of each cell. Each cell wall has several layers with a different orientation of the cellulose,
resulting in cross-banding. Lignin permeates the entire cell wall but the cellulose/lignin ratio
varies between layers. Hemicelluloses, composed of branched chains of sugars are also part of
the matrix.



In the live tree, the cell walls are fully swollen with water, equivalent to ~ 27% of the dry weight
of wood. The sapwood cell voids may also be full of water, resulting in a sapwood moisture content
of 150 to 200%. The heartwood moisture content is typically 30 to 80%. Shrinkage of wood occurs
as a result of drying from 27% to the in-service moisture content. The moisture content of wood
inside heated buildings ranges from 4 to 10%. Wood at equilibrium moisture content with exterior air
ranges from 12 to 18%. Consequently, wood products must be dried prior to use in construction or
allowed to air dry during or after construction if they are to be dimensionally stable and remain free
from decay. The critical moisture contents for colonization and breakdown of lignocellulose by
microorganisms are considered in the following section.

C. CRITICAL REQUIREMENTS FOR MICROBIAL DEGRADATION OF WOOD

In the forest, microorganisms play a key role in the natural cycles of death, decay, recycling of
nutrients, and regrowth. When mankind wishes to use wood as a structural or decorative material, it
is necessary to break or delay these natural cycles for the desired life of the structure. This can be
done by eliminating one of the critical factors necessary for microbial degradation. Temperature is an
important factor but this mainly affects the speed at which colonization and decay occur. The critical
factors are a susceptible wood substrate, the presence of a microorganism capable of decaying wood,
oxygen, and water.

Wood-degrading microorganisms have similar temperature optima to humans, consequently,
wood in buildings is at an ideal temperature for decay. The fastest growth rates for many wood-
inhabiting fungi occur between 20 and 3O0C (68-860F). Most are halted, but not killed, at ~ 350C
(950F). They will, however, be killed after several hours at 6O0C (14O0F) or minutes at 7O0C (1580F)
or higher. Moderate growth still occurs down to 150C (590F) and growth does not stop until the
temperature gets very close to O0C (320F).

The susceptibility of the natural wood substrate to microbial degradation depends on the part of
the tree it comes from. In the living tree, the inner heartwood is dead but it is protected to a certain
extent by its natural durability. This is provided by natural toxins and blockages laid down by the
tree as each annual ring is converted from sapwood to heartwood. This natural durability varies
widely among tree species. The sapwood of the living tree transports water from the roots to the
crown and stores starches, proteins, and lipids required for future growth. It is protected by the bark
and by active response to wounding or invasion. When the tree is converted to wood products, the
heartwood retains its natural durability but the sapwood dies and can no longer react to protect
itself. Because it contains no natural toxins and has a considerable amount of readily available
storage products, the sapwood of all wood species is highly susceptible to fungal colonization and
decay. Fortunately, this has been recognized for many years and there are a variety of effective
wood preservation technologies to reduce the decay susceptibility of sapwood and enhance the
durability of heartwood (see Chapter 29) Some wood species consist largely of heartwood, for
example, old growth Douglas fir. Others consist largely of sapwood, for example, plantation-grown
southern pine.

Microorganisms reproduce and are disseminated through the production of microscopic spores,
smaller than pollen grains, which can be moved short distances by rain splash, carried by insects or
blown over long distances by the wind. They can be present in the atmosphere at almost any time of
the year, but are particularly prevalent in the fall. Wood degrading organisms can be kept out of the
living tree by the barrier effect of the bark, the defense responses of the sapwood and the natural
durability of the heartwood. If they have managed to invade the living tree through wounds, some of
these organisms may be able to survive processing into a wood product if the wood remains in a
green (wet) condition. However, conventional and high-temperature kiln drying schedules will kill
these organisms, as will the temperatures typically encountered in the manufacture of wood-based
panels and engineered wood products. Most wood products used for construction are therefore
free from infection at the point of manufacture. They will, however, be repeatedly exposed to



microorganisms during storage, transportation, construction, and over the entire service life. As a
result, the potential for the presence of wood-degrading microorganisms must be assumed.

Oxygen is almost ubiquitously available and many wood-degrading microorganisms are capable
of tolerating relatively low oxygen levels. Even in some apparently anaerobic lake sediments, there
are bacteria capable of breaking down wood at an extremely slow rate. Attempting to seal the oxygen
out of wood is not a successful strategy for preventing microbial degradation.

The requirement for water is by far the most fundamental, and moisture management is by far the
best means to prevent microbial degradation. Water is required for fungal cells to remain hydrated
and for fungal enzymes, nonenzymic breakdown systems and breakdown products to move within
the wood. Wood products in service can be protected against microorganisms by drying the wood to
<20% moisture content and keeping it dry. At moisture contents between 20 and 25%, established
decay can continue but it is almost impossible for new infections to be initiated by spores. Some
fungi, such as the true dry rot fungus (see Section E2 on p. 499), can transfer moisture from a wet
piece of wood to relatively dry wood, thus creating suitable conditions for decay. Between 25 and
30% moisture content, colonization, and decay can occur but the growth of fungi is slow. Above 40%
and < 80% is ideal for growth and decay by wood-rotting fungi. Thus, rapid decay of wood is
generally reliant on a supply of liquid water (for exceptions see Section E3 on p. 501). The maximum
moisture content for rapid decay is between 80 and 120% moisture content depending on density of
the wood and the fungus. At these levels, fungal activity is limited by oxygen diffusion rather than by
excessive moisture, as such.

In summary,

Susceptible wood 4- wood-degrading organisms + oxygen + water = decay

Take any one of these parameters out of the equation and decay does not occur. Preservative
treatment can reduce the susceptibility of wood to decay allowing it to remain in service for many
decades. Wet wood can remain sound in a bristlecone pine for thousands of years if microorganisms
are kept out. Archeological wood can be recovered from lake sediments after hundreds of years when
oxygen is excluded and wood in temples can remain sound for hundreds of years if it stays dry.

D. WOOD INHABITING MICROORGANISMS AND THE COLONIZATION
SEQUENCE

Discolored and shrunken wood, recognizable as rotten, is almost the last stage of a colonization
sequence that begins when sterile wet wood is exposed or dry wood becomes wet. This sequence
continues to progress as long as all the critical requirements are in place. Each microorganism
changes the environment to make it less favourable for itself, for example, by using up a certain
nutrient, and more favourable for subsequent colonizers, for example, by increasing permeability.

The microorganisms that live in wood can be divided into the bacteria and the fungi. Wood-
inhabiting bacteria are single-celled organisms (though some grow in chains), which use organic
material as a food source. They multiply by cell division and have limited motility so their ability
to penetrate wood is very restricted. Wood-inhabiting fungi grow by extension of microscopic
multicelled tubes known as hyphae. These hyphae are capable of growing through the existing
pathways within the wood and, in some cases, creating new pathways. The entire branching
network of hyphae looks something like the root system of a tree and is known as fungus
mycelium. The fungi can be further subdivided into moulds, staining fungi, soft-rot fungi and wood
rotting-basidiomycetes. The order in which they have listed above, is the order in which they
invade wood.

The wood-inhabiting bacteria can be separated into early colonizers and wood-degrading
bacteria. The early-colonizing bacteria probably develop within hours of a sterile piece of wet wood
being newly exposed or a dry piece of wood becoming wet. They live on nonstructural storage



products and their only effect is to increase the permeability of wood. However, if other organisms
are excluded by unfavourable conditions, wood-degrading bacteria can dominate. These cause
extremely slow strength loss over hundreds of years and are a primary cause of failure only in
archeological wood.

Mould fungi develop on sapwood within days and they also live on nonstructural storage
products. They grow rapidly and some produce antifungal antibiotics that help them to compete for
the available resources. They have transparent or white mycelium and colored spores. They discolor
the surface of the wood with their spores but these can be wiped off and the effects are hardly
noticeable if the wood is dried out. Large quantities of mould spores, particularly those of certain
species, can cause health problems if they are inhaled. Some moulds can grow to a limited extent at
moisture contents < 20%, too low for decay. However, exuberant growth of moulds is indicative of
conditions that could lead to the next stage of colonization and eventually to decay.

Staining fungi are closely related to mould fungi and their main distinguishing feature is dark
mycelium. They can be further subdivided into those causing sapstain and those causing blue-stain in
service, although there is considerable overlap between the two groups.

Sapstain fungi can be present in the standing tree and in summer they develop within weeks on
felled logs or freshly sawn lumber. Some are capable of growing up to 20mm/day under ideal
conditions. They compete with the moulds and bacteria for nonstructural storage products. Their
dark brown or black mycelium gives a blue or black color to the wood and this can penetrate the full
depth of the sapwood. Sapstain fungi do disfigure the wood but they cause little or no structural
damage unless the wood stays wet and other organisms are excluded, for whatever reason. Under
these circumstances, sapstain fungi can cause detectable reductions in impact bending strength.

The fungi causing blue-stain in service also disfigure wood surfaces. They occur on painted and
unpainted wood and are particularly problematic when they grow underneath transparent film-
forming finishes. Under the latter conditions and on unpainted wood, they may be able to utilize the
products release from the breakdown of wood by ultraviolet (UV) light. The aromatic rings in lignin
make it a very effective absorber of UV light, but UV light and water produce free radicals which can
initiate rapid breakdown of lignin. On unpainted wood, these breakdown products are washed off,
leaving delignified cell remnants consisting almost entirely of cellulose. The refraction of light from
these delignified cells gives the wood a silvery sheen. Good examples of this appearance can be seen
on driftwood. When bluestain fungi and single celled algae (simple plants) grow on such surfaces
they darken the wood to a gray "weathered appearance." The combined effects of UV light, rainfall,
and microbial degradation lead to a slow erosion of wood surfaces. This process can be slowed by
surface finishes or pressure treatments that exclude one or more of these three factors (see Chapter
29). Conditions conducive to the continued growth of staining fungi are likely to lead on to the next
stage of colonization.

Soft-rot fungi are closely related to mould and staining fungi. Some do not discolor the wood and
others can give blue or black discoloration. They are the first of the colonizers that are capable of
using lignocellulose as a food source but they are commonly prevented from colonizing earlier by
competition from the bacteria, moulds and staining fungi. Soft-rot fungi erode or tunnel within the
cell wall causing gradual strength loss. They only cause serious damage if the wood-rotting
basidiomycetes are kept out by unfavorable conditions such as preservative treatment or high
moisture content (Fig. 2). In treated wood in the ground, their rate of attack depends on the type of
preservative (see Chapter 29) and the amount in the wood. It is typically measured in millimeters per
year. In untreated wood exposed above ground the soft-rot fungi are normally replaced very quickly
by the wood-rotting basidiomycetes, which can cause much more rapid strength loss.

Wood-rotting basidiomycetes typically take months to become established, probably because
they too are out-competed by the bacteria, moulds and staining fungi. Once they do become
established, their effects on the wood are much more rapid and severe than the soft-rot fungi. Wood-
rotting basidiomycetes can be divided into two groups: the white-rot fungi and the brown-rot fungi
based on their mode of attack on wood. White-rot fungi erode away the surface of the cell walls,
causing strength loss faster than soft-rot fungi but much slower than brown-rot fungi. Brown-rot



FIGURE 2. Soft rot on the surface of an 80-year-old creosoted utility pole below the soil surface.

fungi cause rapid strength loss by depolymerizing the cellulose before there are any visible signs of
discoloration or shrinkage.

Because of this rapid strength loss and their predominance on structural softwoods, brown-rot
fungi have the greatest economic impact of all decay types. Under ideal conditions, which rarely
occur in nature, brown-rot fungi can grow up to 10 mm/day. Once established in a piece of sapwood,
they can cause up to 40% strength loss in compression parallel to the grain (important for studs and
piling) and up to 60% strength loss in compression perpendicular to the grain (important for wall
plates and bearing points for horizontal timbers) in 1 week. This means that it is extremely important
to stop the colonization sequence by drying the wood or treating it before it gets to the point where
wood-rotting basidiomycetes become established.

E. DIAGNOSING DECAY

Determining the type of decay in a wood structure is not a straightforward procedure and is best left
to a specialist. Having said this, the most common type of decay in structural softwood products is
brown rot and this is the type of decay that most people will recognize.

1. Major Types of Decay

Bacterial decay typically begins at the surface of wood in contact with soil or fresh water and
gradually progresses inward. Visibly, the wood may remain unchanged or it may become paler in
color and have the texture of a crumbly English cheese. When the affected wood is dried, it may take
on a honeycomb appearance. Some types of bacterial decay can be recognized under the light
microscope, but an electron microscope is needed to be certain of this type of decay. The probability
of encountering this type of damage is low unless one is dealing with archeological material, old
foundation piling, or wood harvested from manmade lakes, decades after flooding.



Soft rot also tends to begin at the surface of wood in contact with soil or fresh water and gradually
progress inward (Fig. 2). The appearance of the wood may remain unchanged despite considerable
strength loss. The early effects of soft-rot fungi often cannot be diagnosed without looking at thin
sections of wood under the microscope. However, there is a tool available that estimates the depth of
soft rot by measuring the depth of penetration of a pin fired into the wood with a known force. Some
indications of early strength loss can be ascertained by inserting a knife blade at a shallow angle to
the surface, at right angles to the grain, and levering up a splinter. A fibrous splinter indicates
sound wood and a brash fracture indicates decay (this also works for decay by wood-rotting
basidiomycetes). At more advanced stages, soft-rot can take on the appearance of white rot or brown
rot. The biochemistry of the breakdown of wood by soft-rot fungi is barely understood compared to
our understanding of the other two decay types.

White rot and brown rot are rarely obvious on the surface of a structure until they produce a
fruiting structure such as a conk or bracket. In wood in ground contact, they do not compete well with
soil fungi so they tend to be confined to deeper within the wood. In wood exposed above ground, the
surface is often painted, hiding any underlying damage. Exposed unpainted surfaces may never stay
wet long enough to support growth and decay. The first signs of decay in painted wood are usually
collapse and cracking of the paint film as the underlying wood shrinks and cracks. When a structure
with suspected problems is opened up, such as by removing the cladding or drywall in a building,
wood-rotting basidiomycetes can be seen growing on the surface of wood provided the atmosphere
in voids within the structure has been at a high relative humidity (RH), close to 100% RH for some
time. The fruiting structures and mycelium of white-rot and brown-rot fungi cannot be distinguished
without the involvement of a trained mycologist.

White rot and brown rot can be readily distinguished by their effect on the wood. White-rot fungi
degrade both lignin and cellulose, leaving the wood with a bleached and often stringy appearance
(Fig. 3). This can be confused with the effects of chemical bleaching agents (see Chapter 29). White-
rot fungi possess a battery of cellulose-and lignin-degrading enzymes, several of which contain
metals or are metal dependant. White-rot fungi tend to attack hardwoods, such as aspen and maple,
rather than softwoods.

Brown-rot fungi degrade the cellulose and modify the lignin giving a darkened, almost charred
appearance, referred to as cubical cracking (Fig. 4). This can also be confused with the electro-
chemical deterioration that occurs when a galvanic cell forms between two types of metal used as
fasteners, commonly known as nail sickness (see Chapter 29). There may indeed be a link between
the two. It has been suggested that Fenton-type (iron redox) reactions, with or without mediation by
fungal chelators, are involved in the production of free radicals that initiate depolymerization of
cellulose and modification of lignin by brown- rot fungi. Brown-rot fungi tend to attack softwoods
more than hardwoods. They are the most important fungi causing decay in buildings because
softwoods are more commonly used for structural purposes. The brown-rot fungi include those
commonly referred to as dry-rot and wet-rot fungi.

2. Dry Rot, Wet Rot, and Tolerance to Drying

Dry rot is a commonly misused term. It does not refer to wood that is rotted and dried out, nor does it
refer to rot that can take place in dry wood. There is, however, a true dry-rot fungus called Serpula
lacrymans, which is capable of transporting water from wet rotting wood, through mycelial cords to
relatively dry wood. When the wood is wetted up, this fungus can colonize and decay it. The true dry
rot fungus is common in Europe, eastern North America, and northern Japan. It is relatively rare in
western North America where it is replaced by another fungus, Meruliporia incrassata, which also
has some water-transporting capabilities. The true dry rot fungus is particularly prevalent in wood in
brick or stone buildings. This may be partly due to a requirement for calcium and partly to a need for
relatively constant temperature and humidity. Brick, stone, and concrete tend to retain moisture and
slow the drying rate of adjacent wood products. Part of the reason this fungus is so much of a
problem is that is can survive in wood hidden within brick, stone or concrete walls and reemerge to



FIGURE 3. White rotted wood blocks showing typical bleaching and stringy texture.

infect new wood, if the moisture sources that caused the decay problem in the first place are not
completely eliminated.

Wet rot includes decay caused by other wood-rotting basidiomycetes. Two of these,
Gloeophyllum sepiarium and Gloeophyllum trabeum are particularly tolerant of drying out and of
high temperatures. They are particularly prevalent in wood products in above-ground exterior
exposure, such as window joinery, siding, and decking. Most of the others require more consistent
moisture conditions to thrive. Having said this, it should be noted that many wood-rotting
basidiomycetes can survive for years in wood ~ 12% moisture content only to become active again
if the wood rewets. Simply drying out a structure will not kill the decay fungus.

FIGURE 4. Brown rotted lumber showing typical darkening and cubical cracking.



3. Identification and Elimination of Wood-Rotting Basidiomycetes

If it becomes important to know which fungus caused the damage, this is best left to a mycologist
with specific training in this field. However, with the possible exception of the true dry rot fungus, it
is rarely critical to know which fungus caused the problem, the recommended course of action is the
same. Cut out all visibly decayed wood plus 2 feet in the longitudinal direction and the full cross-
section where the decay occurred. This action is necessary to eliminate wood that may have been
colonized by the wood-rotting basidiomycete but not yet visibly changed. Not only will this region
have lost considerable strength but it could act as a source of infection if the moisture sources were
not all eliminated or if a new leak arises. The search for moisture sources should consider not only
obvious or primary moisture sources, such as a leaky building envelope or a flood but also possible
secondary sources, such as condensation. While wood-rotting basidiomycetes generally need liquid
water to become established, they can continue to cause decay supported only by water vapor. Wood-
rotting basidiomycetes create their own moisture as they decay the wood. Cellulose is a carbohydrate
and the fungus converts it to carbon dioxide and water. If there is the possibility that all infected wood
and all sources of moisture have not been eliminated, the remaining wood should be treated with a
diffusible preservative and any new wood installed should be pressure treated (see Chapter 29).

4. Determining the Start Date of the Decay Problem

When decayed wood is found in buildings or other structures, the question most often asked is How
long has this been going on? Unfortunately, this question is almost impossible to answer. The rate of
growth and decay by wood-rotting basidiomycetes is affected by the species of fungus, the natural
durability of the wood, the wood moisture content, the temperature, the presence, and competitive
abilities of other fungi and interactions among these parameters. Too many of these parameters can
not be determined retroactively.

5. Corrosion of Metals by Wood-Rotting Fungi

The metals, such as manganese and iron, needed by wood-rotting basidiomycetes for their metabolic
processes are limiting micronutrients in wood. Both white-rot and brown-rot fungi appear to have
specific mechanisms for securing and accumulating these resources. To do this they produce metal
chelators, known as siderophores. Brown-rot fungi also reduce the pH of wood early in the decay
process through the production of organic acids. As a result, corrosion of metals can be induced by
contact with decaying wood over and above that expected based on the moisture availability.

E FURTHER READING

More detailed information on the subject of wood biodegradation in general can be obtained from
two textbooks by Eaton and Hale (1) and Zabel and Morrell (2). The first is written from a European
perspective, whereas the second is written from a North American perspective. A classic textbook in
this field was authored by Cartwright and Findlay (3). More specific information on microbial
breakdown mechanisms is covered by Eriksson, Blanchette and Ander (4). Inspection of buildings
and diagnosis of deterioration problems are covered by Bravery Berry, Carey and Cooper. (5) and
Levy (6).
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