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Wood has remarkable physical and structural
properties, which have made it immensely valuable to
humanity since the earliest prehistoric times, and for
which there is, as yet, no environmentally acceptable
large-scale alternative [1]. Wood is vital to the world
economy and human communities everywhere, but
the pressures of human development and the growing
demand for wood are contributing to the degradation
of natural forests worldwide, creating a dilemma over
future supplies [2–5].

Unfortunately, there is considerable uncertainty
and confusion in the literature about the forest
degradation and wood consumption data, which has
contributed to a lack of consensus about how to
conserve the remaining natural forest areas. For
example, the world’s forest area has been variously
estimated at between 3.2 and 3.9 billion hectares (or
about 30% of the Earth’s land area), depending upon
the definitions used (FAO, Box 1). There is even more
uncertainty about the global wood harvest, and what
harvest the world’s forest can sustain. Perhaps as

much as 80% of the total forest area is already
affected by human activity, with more than a third
of the remainder under immediate threat (World
Resources Institute, Box 2). Furthermore, it is
surprisingly hard to gain reliable answers to the vital
question of how much timber is being used worldwide,
because all the available data represent crude
estimates with large discrepancies readily apparent.

At the global level, the amount of wood produced
by industrial mills exceeds that officially supplied
to them by ~20%, suggesting significant under-
reporting of harvest volumes, or other major
accounting errors (Wink Sutton, pers. commun.;
IIASA, Box 1) [1].Also, although small compared to
the scale of domestic wood use, nearly 60 million m3

more wood was officially imported by all countries in
2000 than was exported (FAOSTAT, Box 1).

In addition, the amount of personally harvested
or informally traded wood is very hard to gauge,
although this probably accounts for most of the
world’s wood use. The FAO has conservatively
estimated that 1.8 billion m3 of wood was burned
as fuel in 2000, but even this is thought to be
insufficient for the billions of people who utilize it
(FAO and EU documents, Box 1). Together with the
1.6 billion m3 industrial harvest, this adds up to
3.4 billion m3 of wood consumed in the year 2000,
or nearly 1 m3 per hectare of the total forest area
(FAO, Box 1), whereas the real harvest could easily
have been 50–100% higher.

Global demand for wood is also growing at
1.7% annually, and harvest pressures are very
uneven, with 50% of forests either nominally
protected or too remote to harvest (FAO, Box 1) [3].
With the maximum sustainable rate of timber
extraction from natural forests possibly being as low
as 2 m3 ha−1 yr−1 [2,3], the current level of demand is
probably exceeding what they can supply, and this is
clearly a major factor in their degradation.

The alternative is to farm trees in plantations
composed of fast-growing, elite genotypes [1,4]. Such
an alternative supply of timber could greatly reduce
the harvest pressures on wild forests, and so their
development is vital to global sustainability [1,6,7].
But in spite of increasing productivity, plantations
only supply ~12% of the total amount of wood
consumed (FAO, Box 1), so much remains to be done.

It is the intention of this article to discuss the
constraints and obstacles to the development and use
of plantations in general, why genetically improved
trees are needed, and why biotechnology is essential
to this endeavour. The details of what forest
biotechnology is capable of have been amply reviewed
elsewhere (see, for example, Refs [6,8–12] and Box 3)
and so will only be covered briefly.

The economics of forestry

Although wood is a highly prized commodity, the
economics of its production have always been
problematic. Unlike conventional agriculture, it is
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usually cheaper to harvest trees from the wild than to
plant for harvest, and this is often accomplished by
clear cutting with little regard for the success of
regeneration and other environmental consequences.
Most of the world’s wood is still harvested this way
(FAO, Box 1) [2,3,5,6,13,14].

Thus, although specific forests have value in terms
of the wood they contain, historically there was little
incentive to maintain them, as long as other forests
were available. However, owing to increasing human
population and the increasing global demand for
wood, consumption is exceeding the natural rate of
regeneration in many areas [3,6], resulting in forest
loss and degradation.

An alternative that has been variously pursued is
plantation forestry, but this has not happened on the
scale needed because of the long timescales and heavy
capital outlays involved. Large areas of land need to
be dedicated to what amounts to a single crop, which

only realizes its value once every few decades and can
be lost to storms, diseases or fire at any time [13]. To
try and overcome these problems, governments have
often undertaken planting schemes themselves, or
encouraged others to do so with subsidies and tax
breaks (FAO, Box 1) [15], but the scale of planting is
still inadequate.

The need for biotechnology

However, the prospects for tree improvement are
good, as most of the trees used even in plantations are
essentially wild, coming from simple seed collections
[1,2]. The process of domesticating trees to human
needs has only just begun, and similar improvements
in yield to that seen with agricultural crops are
possible [1,6,13,14]. However, this will not happen by
itself. Forest research and tree-improvement schemes
are time consuming and expensive, and are poorly
funded even in comparison to other fields of plant
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• Re-source, market alternatives to ancient forest destruction (1999)
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research. Because of the clear importance of forests to
us all and the rising pressures that they face, a huge
boost in funding is urgently needed [10], because the
penalty for failure will be severe.

The long generation times, self-incompatibility
mechanisms and space requirements of trees make
them more difficult to work with than other plants
[16]. For example, although apple (Malus domestica)
is not a forest species, it is probably the tree most
domesticated to human needs. In spite of abundant
knowledge about its agronomy, silviculture and
genetics (plus a relatively short juvenile period),
producing a single new variety costs UK£250 000
(€400 000) and takes 15–20 years of work at the UK’s
premier apple-breeding institute (Horticulture
Research International, East Malling; Ken Tobutt,
pers. commun.). Marker assisted breeding and some
tissue culture procedures are already used in this
process (Box 3), the development of which has been
an extra cost.

Forest trees present additional problems, because
of the need to assess the wood and disease-resistance
characteristics of mature trees. For the long rotation
species grown for timber, many genotypes are
required to minimize the risk of mass disease
outbreaks within a plantation [17]. Easier than
directed breeding is collecting seeds from
phenotypically superior trees, but the potential gains
are limited [18].

Consequently, only a handful of forest tree species
are likely to be subject to major improvement. Just
as 70% of the world’s food today comes from only
nine plant and three animal species, a similar
phenomenon is likely to occur with the supply of
wood for human needs [1,13]. Those species groups
that are currently most amenable to improvement
are likely to remain so in future [1], including
Douglas fir (Pseudotsuga menziesii) [19],
Eucalyptus spp. [20], loblolly pine (Pinus taeda) [21],
Monterey pine (P. radiata) [13], poplars (Populus spp.)
[12,22], and the spruces (Picea spp.) [1,9,13]. It is

unrealistic and probably undesirable for the 1000 or
so tree species currently used for industrial wood
production [1,13], to be subject to more than minor
harvesting in future.

The role of biotechnology

There are many objectives for domesticating forest
trees to human needs, but two of the most important
are the need to understand wood formation, and the
desire to shorten the length of the juvenile phase. To
modify these complex traits in trees by conventional
breeding is impractical, however, unless the precise
role(s) of the underlying genes are known (Box 3).
It is essential to apply biotechnology if we are to gain
this knowledge.

Although good progress has been made in breeding
trees for altered xylem-fibre lengths and lignin
content, which is valuable to the paper and pulp
industries (FAO, Box 1) [20,22], much less progress
has been made in improving timber quality, precisely
because wood formation is so poorly understood
[16,23,24]. It is probably one of the most complex
phenomena facing plant biologists today, with
perhaps 40 000 genes being involved [25], so without
biotechnological tools to gain a better understanding
of the process, markers for wood-quality traits will
remain a distant prospect.

Faster progress has been made in understanding
the genetics of flowering in trees, however [26–28],
with precociously flowering poplar and citrus plants
having been produced with genetic engineering
[29,30]. This opens up the valuable prospect of being
able to breed trees in much less time than was
previously needed, either directly with genetic
engineering, or by some other treatment made
possible by the knowledge gained.

Genetic engineering has the potential to boost
global wood production in many ways [1,8,13,14].
Applications currently under consideration for
plantation forests include resistance to biodegradable
herbicides, altered lignin properties for reduced
downstream processing costs or improved burning,
resistance to selected pests, altered reproductive
mechanisms for faster breeding or genetic
containment, phytoremediation of polluted sites, and
the production of novel chemicals or pharmaceuticals
(for recent reviews see [8–12,14,16,23]). It might
also be possible to manipulate wood-quality traits,
photosynthetic efficiency, and tolerance to abiotic
stresses such as drought.

Although there are, as yet, too many unanswered
environmental concerns to deploy genetically
modified (GM) forest trees outside closely monitored
field trials [31], genetic engineering is undoubtedly
an essential tool in helping to unravel those complex
phenomena that make trees such interesting and
valuable subjects. However, even experimental
GM trees sometimes need to be field trialed to be fully
assessed [8,9,32], so total bans, press scare stories
and other forms of opposition (legal and illegal)
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The phrase ‘forest biotechnology’ could encompass almost any basic biological
manipulation of forest organisms (principally for human use) and not only trees.
However, for the purposes of this article a narrower definition has been adapted from
the FAO’s statement on biotechnology: “A range of different molecular technologies,
such as gene manipulation and gene transfer, DNA typing and cloning of forest trees”.

Thus, conventional tree breeding and provenance trials would not be included
in this definition, but advanced programs routinely make use of biotechnological
innovations in their work. For example, molecular markers have been used for
many years, originally in the form of isozymes and nowadays with DNA sequences.

These are most commonly randomly generated to saturate the genome under
study, but for more complex multigenic traits, functional markers are needed –
where the interacting role(s) of the genes (and alleles) affecting the trait of interest
have been determined. This formidable task is only just beginning. These and other
forms of DNA and biochemical typing are also used for studying forest biodiversity,
and potentially for determining the susceptibility of the trees within a particular
region to environmental stresses, such as might occur with global warming.

Various tissue-culture techniques have also been routinely used for many years
to clonally propagate elite trees for breeding purposes and for immediate use in
plantations, but genetic engineering is currently limited to experimental studies.

Box 3. What is ‘forest biotechnology’?



(e.g. [33–35]) are inhibiting a technology that has
much to offer on the road to a globally sustainable
wood supply.

Environmental considerations

To reduce the level of deforestation worldwide, it is
necessary to bring wood consumption into line with
the level of sustainable supply. This can be achieved
by either increasing production, or by reducing
consumption – or both. However, given the scale of
global wood use, the implications of trying to reduce
it need to be considered carefully, as this might result
in substitution with nonrenewable materials and an
overall negative environmental impact.

For example, plastics, steel, concrete, bricks and
kerosene release 9–30 times more CO2 than if wood
were used for the same purpose [1,13], while the
carbon needed for trees to grow is absorbed from the
atmosphere. Even the rise of the ‘paperless office’has
been bought at the cost of more electricity use. That
wood consumption has been growing at less than the
rate for the world economy for many years, suggests
that substitution might indeed be occurring (FAO,
Box 1). However, the precise extent is unclear, owing
to increased recycling, falls in the amount of wood
needed to manufacture some products (notably paper
and fibreboard), better use of nonforest sources of
wood and less wastage at the more advanced wood
mills (FAO, Box 1; WWF Box 2) [36].

Annual plants, such as hemp, could also be used to
meet some of the global demand for fibre currently
supplied by trees, but such crops offer few if any
environmental advantages, and their uses are limited
[37–39]. Overall though, there seems little scope for
reducing - wood use in the developed world, and any
that is achieved will probably be more than offset by
the rapidly rising demand in developing economies
(FAO, Box 1) [1,2,13].

If globally sustainable plantation forests can be
established, however, it should be possible to expand
the use of wood to replace other energy-intensive or
polluting materials [1]. But for plantations to meet
this demand, they must be much more productive
than natural forest, if only because the amount of
land needed otherwise would not be available without
using existing forest areas.

Advances in tree breeding and management
practices are indeed making the necessary gains.
For example, wood formation rates in excess of
40 m3 ha−1 y−1 have been achieved in New Zealand
with P. radiata, although the average is still nearer
20 m3 ha−1 y−1 on a rotation time of 25–35 years [13].
Even more impressive, theAracruz Forestal company
of Brazil has recorded yields >70 m3 ha−1 yr−1 with
Eucalyptus hybrids grown under optimal conditions
for the pulp and paper industry (FAO, Box 1;
Andréa Leite,Aracruz Celulose S.A., pers. commun.)
and 100 m3 ha−1 y−1 could be within reach.

If these results can be extended beyond the
current trial plots, and similar progress can be

made with structural and fuelwood species, then
200 Mha (million hectares) of plantation forests
could supply 10 billion people with 2.5 m3 of wood
per person per year indefinitely. At lower levels of
productivity, however, either more plantations
would be needed and/or timber extraction would
need to continue from natural forests. There are
compelling reasons why this latter alternative
should be minimized, however.

The harvesting process disturbs the flora and
fauna of the forest, especially the tree species being
cut, and numerous service roads and transport
links are needed to collect the timber. Lastly, recent
work has shown that undisturbed forests are major
sinks of CO2, not so much for the wood they contain,
but because of the sequestering abilities of forest
soils. This carbon is released when forests are
even modestly disturbed (CarboEurope note,
Box 1) [40,41].

Although forest plantations are far from being
the monocultures that agricultural plantations
are, harbouring considerable amounts of wildlife,
sometimes including endangered species (FAO,
Box 1) [42,43], they are undoubtedly ecologically
impoverished compared with most natural forests.
Consequently, effort is needed to minimize their
impact. For example, plot sizes can be adjusted to
suit local wildlife needs, more than one tree species
can be planted within the plots or between them,
and key areas for the survival of locally valuable
wildlife avoided. To fulfil their purpose, forest
plantations must always be production orientated,
but with a few precautions they need not be
biological deserts.

The negative effects of forest plantations upon
their surrounding environment should also be
considered. For instance, tree species with numerous
weedy characteristics can invade neighbouring areas
(IUFRO proceedings, Box 1), and the pollen from
plantation species that can hybridize with indigenous
trees might genetically swamp neighbouring
populations [8,44–46]. It might be possible to
minimize these effects by using trees that are unable
to produce viable pollen or seeds, perhaps produced
by genetic engineering [8,12,45]. Used imaginatively
in this way, GM trees have the potential not only to
boost the productivity of the plantation forests, but
also to lower their impact.

GM trees are costly, so even when environmental
concerns are resolved, they are unlikely to be planted
at high densities, except in the most pressing cases.
However, in experiments with mixed populations of
insect-resistant GM and susceptible non-GM trees,
the entire stand benefited [47]. Such strategies
might help reduce the selection pressure on pests to
overcome any introduced resistance mechanisms in
the GM trees, and minimize the risk of mass disease
outbreaks [17]. Nevertheless, such deployments must
only take place as the necessary biosafety information
is obtained.
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Consideration of environmentalists

Many cultures have a powerful attachment to forests,
and concern over their destruction has driven much of
the growth of environmental groups. Their activities
have done much to highlight the problems of
deforestation worldwide, but the solutions they
offer for stabilizing the world’s wood supply have
sometimes been less than helpful.

Logging bans for instance usually transfer harvest
pressure onto neighbouring areas (FAO, Box 1), and
so achieve nothing at the global level. Environmental
groups also frequently exhort the people of the
developed nations to use less wood and paper (Box 2),
in spite of the problems that substitution is likely to
cause [1], or try to stop the export of wood from those
regions worst affected by deforestation.

Although stopping exports from these regions
is a laudable aim, the principal mechanism which
is currently being pursued, namely third-party
ecocertification of sustainably harvested timber,
might well be having the opposite effect to that
intended. Of many schemes in existence (see IIASA
documents, Box 1) [44], the one most widely
supported by environmental pressure groups is
operated by the Forest Stewardship Council (FSC),
which includes among its backers the Friends of the
Earth, Greenpeace, the SoilAssociation (an ‘organic’
farming group in the UK), the World Wildlife Fund,
and inevitably the World Bank (Box 2)

For a forest enterprise to be certified by the FSC,
it must manage its forest according to a stringent
set of conservation and social guidelines, which
exclude even limited scientific trials of GM trees
[8,32,35,44]. The logic of this approach is that if
consumers and suppliers (especially in the
developed world) preferentially choose such
products, then trade in unsustainably harvested
timber will be suppressed. However, this ignores
the fact that the problem is fundamentally one of
inadequate supply that cannot be addressed by
conservation measures alone.

Although some plantations have recently been
approved by the FSC, they are strongly discouraged
by the certification criteria, which barely mention
production goals, but do require a plan for turning
them into more natural forest. Indeed, 75% of the
24 Mha of forests currently certified by the FSC
are natural or seminatural, of intentionally low
timber output.

This entire approach is fundamentally flawed
because it simultaneously encourages the harvesting
of wood from natural forests, whilst suppressing the
development of plantations. Furthermore, it is likely
to increase the cost of timber to the consumer, which
is presumably the attraction of the scheme to some
forest enterprises, in spite of the burden that
certification imposes (DFID document, Box 2). If this
occurs, it will stimulate further substitution of wood
for other materials in the world’s markets, with all
the problems that is likely to cause.

If the FSC’s scheme continues in its current
format, the most likely result will be that the
investment that the forestry sector so desperately
needs will be inhibited (IIASA, Box 1) [10], forest
plantations might never reach their potential, the
current high rate of natural forest loss will continue
or even accelerate, and the use of energy intensive
substitutes will increase (FAO Box 1; WRI Box 2)
[1,6,10]. Far from being an environmental boon, this
approach to forest certification will be a disaster of the
environmental pressure groups own making (for a
more detailed commentary, see IIASA documents
Box 1, and [48]).

The misunderstandings that have led to this
situation might stem from a widespread belief that
the world’s natural forests are easily capable of
meeting demand, if only they were managed properly
(e.g. in Box 2). This is demonstrably false. For reasons
that are unclear, even the official wood consumption
levels have been consistently understated in
documents produced by well known environmental
groups, including the Friends of the Earth,
Greenpeace and the World Wildlife Fund, even
though the correct numbers are readily available
(e.g. FAO documents, Box 1, and [1,13]). In particular,
the figure for the industrial roundwood harvest
is repeatedly treated as if it represented the
total harvest.

Correctly understanding and interpreting global
wood consumption data is definitely not a
straightforward undertaking, but it is shockingly
careless for high-profile organizations to be making
errors of this magnitude, lobbying for their preferred
solutions drafted on the basis of this faulty analysis,
and obstructing the development of alternatives.
Just as some environmentalist groups have called
for politicians, business leaders and scientists to
be held to account for the consequences of their
actions, so too must they. Good intentions alone
are not enough.

Concluding remarks

For the world to be supplied with the wood it needs on
a long-term sustainable basis, it needs to invest much
more in the development of high-yielding, short-
rotation plantation forests. Biotechnology is essential
to achieving this goal. The alternative is that the
world’s remaining natural forests will continue to be
degraded, probably at an accelerating rate, and/or
pollution from wood substitutes will increase. Those
who oppose plantation forests either in any form, or
the application of biotechnology to their development,
need to be clear what the choices really are, rather
than what they might like them to be.

The logic of plantation forests is so strong that they
will undoubtedly play a major role in achieving global
sustainability. The only real question is how much
more damage will be done to Earth’s natural forests
before the essential contribution of plantation forests
is fully recognized.
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