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Abstract

Industrial forest managers and conservation biologists agree on at least two things: (1) plantation forests can play a role in
conserving biodiversity, and (2) plantations will occupy an increasing proportion of future landscapes. I review literature from
around the world on the relationship between biodiversity and plantation management, structure, and yield. The dynamics of
plantation ecology and management necessarily differ by landscape, geographic area, ecosystem type, etc. This review
provides a broad array of management recommendations, most of which apply to most regions, and many patterns are evident.
I suggest a new plantation forest paradigm based on the hypothesis that minor improvements in design and management can
better conserve biodiversity, often with little or no reduction in fiber production. There is ample evidence that these methods
do benefit biodiversity, and can also entail various economic benefits. Adherence to these recommendations should vary by
plantation type, and depending on the proportion of the surrounding landscape or region that is or will be planted. Stand-level
variables to consider include socio-economic factors, native community type and structure, crop species composition, and pest
dynamics. During establishment, managers should consider innovations in snag and reserve tree management (e.g. leave strips),
where mature native trees and/or understory vegetation are left unharvested or allowed to regenerate. Polycultures should be
favored over monocultures by planting multiple crop species and/or leaving some native trees unharvested. Native species
should generally be favored over exotics. Site-preparation should favor methods that reflect natural disturbances and conserve
coarse woody debris. Plantations that have already been established by traditional design can also conserve biodiversity via
small modifications to operations. Earlier thinning schedules or longer rotations can strongly affect biodiversity, as can reserve
trees left after plantation harvest to remain through a second rotation. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Currently 3% of the world’s forests are plantations,
comprised of 60 million hectare in developed nations
and 55 million hectare in developing nations (WRI,
1998; FAO, 1999). In some regions, plantations
comprise a major proportion of forest area, including
44% in Japan, 20% in New Zealand, and over 90% in
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Britain (Donald et al., 1997; FAO, 1999). Though
tropical forest cover is declining throughout the world,
tropical plantation area has increased dramatically,
“from about 10 million hectare in 1980 to about 44
million hectare in 1990 (Lugo, 1997). Demand for
wood products has increased for decades, and will
continue to increase into the 21st century (Nambiar,
1984; FAO, 1999). Unless members of the public
reduce their use of wood products and/or increase
recycling efforts, their increased demands must
largely be met by growing more fiber on plantations.
Plantations already produce more of the world’s
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commercial timber (34%) than do old-growth forests
(30%), managed second-growth forests (22%), or
minimally-managed second-growth forests (14%)
(Sedjo and Botkin, 1997).

There is a common belief that forest management
negatively influences biodiversity (Wagner et al.,
1998), in that increasing fiber yield decreases
biodiversity. However, for most forest-types, we have
a limited understanding of the functional relationship
between biodiversity and fiber production (Barbour
et al., 1997). Compared to naturally regenerated
forests, plantations are often viewed unfavorably both
by the public and conservation biologists (Perley,
1994; Potton, 1994), largely because they lack
biodiversity relative to natural forests (Friend, 1982;
Freedman et al., 1996). Most, but not all comparisons
of unmanaged forests to plantations have found an
impoverished flora or fauna in the latter (reviewed in
both Moore and Allen, 1999; Palik and Engstrom,
1999). For example, Carlson (1986) found that
densities of forest-interior birds were two to three
orders of magnitude greater in tropical forests than in
replacement plantations. On the other hand, in terms
of a functioning natural community, plantations
compare favorably to many other intensive industrial
land uses such as annual crop agriculture or human
developments (Moore and Allen, 1999).

Depending on the type of plantation and the natural
structure of surrounding native forests, planted stands
usually cannot be thought of as similar to, or a
substitute for natural forests. Plantations usually
include exotic species, non-local native species, or
native species not typically forming extensive, pure
stands. However, as different or biologically impo-
verished as they are, plantations still contribute to
biodiversity conservation through various means.
Most directly, plantations can contain substantial
components of biotic diversity across many taxa
(Ferns et al., 1992; Allen et al., 1995; Michelsen et al.,
1996; Chey et al., 1997; Estades and Temple, 1999),
including rare species in some cases (Norton, 1998;
Tucker et al., 1998; Wilson and Watts, 1999). Even
exotic plantations can help restore native biota to
degraded sites (Lugo, 1997), by stabilizing soil and
creating site conditions favorable for native animals
and plants to recolonize. Plantations are most likely
to contribute positively to biodiversity conservation
when used to reforest degraded or deforested areas

(Moss et al., 1979; Evans, 1982; Moore and Allen,
1999). In addition, plantations can benefit landscape
composition (Estades and Temple, 1999). Some
ecological processes, e.g. avian nest predation rates,
are related to large-scale factors such as the proportion
of a landscape that is forested (Robinson et al., 1995;
Hartley and Hunter, 1998). Plantations can buffer
edges between natural forests and non-forest lands,
and improve connectivity among forest patches,
which might be important for some metapopulations
(Norton, 1998). Finally, forests of any type play a role
in reducing global warming by acting as carbon sinks
(Trexler, 1995).

Many conservationists have accepted the role that
plantations can play in relieving timber demands from
natural, native forests (Seymour and Hunter, 1994;
Hunter and Calhoun, 1995), because plantations
produce much more fiber on a much smaller land
base (Greenwood et al., 1988). In theory, this can
allow for natural forests to be managed less intensively
or set aside as ecological reserves. Indeed, some
calculations indicate that plantations could meet most
industrial fiber demands on <10% of the world’s forest
land area (Sedjo and Botkin, 1997). Also, increasing
fiber production in temperate areas lessens pressures
to meet global wood demands by harvesting tropical
forests, which are of the utmost value for global
biodiversity (Lambeth and McCullough, 1997). It may
seem that the best use of all plantations would be to
maximize fiber production while minimizing costs
(Moore and Allen, 1999), but this assumes that
plantations will increase the amount of natural forests
that are taken out of production or harvested
minimally (Hunter and Calhoun, 1995). However,
there are several reasons and conditions whereby
biodiversity should be given greater consideration in
plantation design and management: (1) plantation
establishment may not result in natural forests being
taken out of production or managed less intensively,
(2) some regions have already become so dominated
by plantations that native forest-types have largely
been replaced (Tucker et al., 1998), (3) even in areas
where plantations make up a relatively small pro-
portion of forest area, this proportion is likely to
increase steadily in coming decades, and (4) most
plantations can be managed such that biodiversity
is given greater consideration, yet with little loss of
fiber production (Norton, 1998). Especially where this
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is true, managers should obviously modify their
management if doing so yields ecological and social
benefits without incurring economic costs.

I review literature from around the world that
examines the major aspects of plantation design,
structure, and management, and relates biodiversity to
fiber production. The term ‘‘plantation” is broad and
without universal definition. Depending on the user
and context, this word refers to a wide range of stand
types from regularly spaced exotic monocultures to
stands comprised of a patchy mosaic of planted native
species and competing vegetation with much hor-
izontal and vertical structure. Thus, what some define
as a plantation others do not, and recommendations
that are relevant to one type of plantation will not
be important for another type. Also, given the com-
plexity of this subject it should not be surprising that
research on plantations and biodiversity sometimes
results in contradictory conclusions. Variables that
can differ among studies include: climate, site con-
ditions, management methods, response variables (e.g.
plants, insects, birds, mammals, etc.), scale, stand age,
stand structure, and species composition. I offer a set
of general management recommendations, many of
which can be applied to a range of stand types
from tropical to boreal. However, an approach that is
effective in one region might not work in a distant
forest of a different type. Some of the methods I
propose have not been scientifically evaluated across a
wide range of ecosystems or crop species, and thus,
represent hypotheses to be tested experimentally.

2. Landscape context

Arguably, the single most important consideration
in managing any individual stand for biodiversity is its
larger spatial context (Wigley and Roberts, 1997; Diaz
et al., 1998). Managers should vary in their response
to the recommendations of this paper depending on
the regional and landscape context within which their
stands are located. The most important factors to
consider are plantation size, location (Diaz et al.,
1998), extent to which a landscape or region has been
and will be harvested and planted, degree to which the
landscape is natural (Hunter, 1996a) versus degraded,
the similarity of plantation structure to natural
vegetation (Gjerde and Saetersdal, 1997), and what

habitats are being converted into plantation.
Obviously, managers of plantations that are small,
comprised of native species, and in a largely natural
landscape are least in need of basing their manage-
ment on the recommendations of this paper. This paper
is aimed at managers for which one or more of the
following is true: their plantations are large, a native
forest-type is being converted, exotic species are used,
and/or the surrounding landscape is already heavily
planted or degraded. If landscapes are carefully plan-
ned and managed, optimal juxtaposition of different
stand ages, sizes, and types (including plantations) can
ameliorate many of the negative effects associated
with plantations, and even increase regional biodi-
versity (Gjerde and Saetersdal, 1997). Because land-
scape considerations and recommendations have been
treated extensively elsewhere (Harris, 1984; Hunter,
1990; Norton, 1998), this paper focuses on stand-level
characteristics and strategies for conserving biodiver-
sity within individual plantations.

3. Harvest considerations

The single best correlate between animal species
diversity and plantation structure is the amount of
native vegetation found within a plantation (Staines,
1983; Parker et al., 1994). In converting natural stands
to plantations, especially to exotic species, biodiver-
sity is strongly affected if some native vegetation is
left after harvest or allowed to regenerate during site-
preparation or tending (Zanuncio et al., 1998). Harvests
can be designed to allow some large-diameter, mature
trees to be left as scattered individuals (dispersed
retention), in clumps (aggregated retention), or in
linear strips (Franklin et al., 1997). Deep-rooted,
windfirm individuals are the best candidates to use
if trees are retained for the purpose of shade, vertical
structure, or to be harvested later. However, if
retention trees are written off for the ecological
balance sheet and selected primarily for biodiversity,
then many species are acceptable. One of the most
important roles of retention trees is that they can
provide future inputs of coarse woody debris (Freed-
man et al., 1996). Thus, whether alive or dead—
standing or fallen—retention trees maintain high
ecological value even when damaged or killed during
or after site-preparation, whether from herbicides,
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wind, or fire. The lack of standing snags and fallen
logs is typically the most conspicuous difference
between planted and natural forests (Hunter, 1990;
Freedman et al., 1996; Stokland, 1998).

Retaining live native vegetation allows for a higher
species diversity throughout the rotation of the planted
stand and provides a source for seeds, spores, or
individuals to reinhabit the growing plantation
(Woodley and Forbes, 1997). Native vegetation can
also be retained in patches, sometimes referred to as
microreserves or lifeboats (Franklin et al., 1997).
Lifeboats are especially useful for sensitive species
that would be adversely affected by the climatic and
environmental conditions associated with early suc-
cessional stands, and species with limited dispersal
capabilities or slow colonization rates, e.g. lichens
(Franklin, 1992). Remnant patches provide critical
habitat for those native species that persist within
them, even when these species are not found within the
planted stands (Friend, 1982; Lindenmayer et al.,
1998). Patch size is an important consideration, as
larger patches ameliorate many of the physical factors
(e.g. excessive light or desiccation) that might render
individual retention trees unsuitable for sensitive
species such as mosses or shade-loving herbaceous
plants (Franklin et al., 1997). The total basal area of
native vegetation to be left within a stand should be a
function of the surrounding landscape and regional
context. As the proportion of a landscape or region that
is converted to exotic species increases so should
lifeboat sizes within each plantation, and the obliga-
tion or frequency of leaving native vegetation patches
within plantations. Woodley and Forbes (1997) advise
that native species comprise at least 5% of planted
stands, but in heavily planted landscapes and large,
exotic plantations retention goals of 10% of stand area
might be more appropriate.

On some sites it might be operationally desirable to
leave unharvested vegetation in linear “leave strips”.
These can be marked before harvest, or incorporated
later by incomplete herbicide applications. Leave
strips can be arranged in parallel rows to facilitate
herbicide applications and minimize shading of crop
trees. For example, leave strip spacing could approx-
imate the width of a helicopter spray boom, if this is
how herbicides are typically applied. If rows are
widely separated and narrow (e.g. only as wide as a
single tree), crop trees can be planted at a normal

spacing, just as if the strips were absent. Leave strips
can look like hedgerows if every stem in the strip is
retained. Another option is an “‘orchard row”, where
individual retention trees are chosen and marked along
a transect, using a pre-arranged spacing (e.g. every
15 m), and/or choosing trees with specific ecological
(e.g. cavities) or economic (e.g. high-value as veneer)
reasons to be left through the next rotation. Leave
strips can also be used to buffer natural features in the
plantation, such as the edge or perimeter of existing
aquatic habitats (e.g. streams, rivers, wetlands, or
lakes). Aquatic buffer strips contain important ele-
ments of biodiversity (Carey and Johnson, 1995), and
often serve to connect other habitats within a land-
scape (Estades and Temple, 1999). These ecotypes are
among the most desirable areas to leave unharvested in
terms of biodiversity (Freedman et al., 1996), and also
because operating in or around them can be logisti-
cally difficult, uneconomical (Morrison and Meslow,
1984), or prohibited by regulations (Norton, 1998).
deMaynadier and Hunter (1995) proposed two-tiered
buffers strips with a 10-25 m no cutting zone on each
side of streams surrounded by a wider zone where
partial harvesting can take place. In a highly planted
landscape, different plantations can be separated and
dissected by networks of native vegetation, optimally
in broad, interconnected corridors.

In cases, where patches or strips of residual
vegetation cannot be retained in new plantations, a
small number (e.g. 15% of stems) of dispersed native
trees can play a disproportionately important role in
retaining biodiversity after harvest (Bibby et al., 1989;
Fuller, 1995). In the Pacific northwest, Hansen et al.
(1995) examined avian abundance along a continuum
of 0-150 retention trees per hectare in Douglas-fir
(Psuedotsuga menzeseii) plantations, and found that
bird densities increased little beyond 5 trees/ha. These
trees can provide major benefits to managers by
serving as shield or nurse trees to prevent frost or
drought-related regeneration failures (Nilsson, 1990;
Groot and Carlson, 1996), and inhibiting insect pest
outbreaks (Stiell and Berry, 1985). Given a fixed basal
area of non-crop trees to be left, Bibby et al. (1989)
argue that widely scattered trees are more beneficial to
birds than are clumps of trees. However, Schieck et al.
(2000) found that boreal bird communities in
harvested areas were more similar to those in old-
growth forest when >80% of the large residual trees
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were retained in clumps. Aggregated retention was
also recommended for conserving forest amphibians
(deMaynadier and Hunter, 1995). Currently, we lack
scientific evidence on the relative benefits of dispersed
versus aggregated retention for most species and
biomes (Franklin et al., 1997). Given the many taxa
that rely on native vegetation within plantations, both
aggregated and dispersed residual vegetation are
important to consider in landscapes dominated by
large plantations (Franklin et al., 1997; Estades and
Temple, 1999).

In many regions, older plantations more closely
resemble native forest communities than do younger
plantations (Friend, 1982; Clout, 1984; Peterken et al.,
1992; Parker et al., 1994; Allen et al., 1995; Gill and
Williams, 1996; Norton, 1998), and animal and plant
diversity and abundance often increase with plantation
age (Donald et al., 1998). The economically-optimum
rotation age is usually much younger than the
ecological optimum for a stand (Ferns et al., 1992;
Fuller, 1995). Lengthening rotations of managed
stands will often have dramatic benefits for biodi-
versity (Currie and Bamford, 1982; Peterken et al.,
1992; Allen et al, 1995), but can entail major
economic compromise. One option for large land-
owners to consider is harvesting most plantations at
their economical rotation age, but leaving some
stands—or large parts of harvested stands—to con-
tinue to age (Currie and Bamford, 1982; Peterken et al.,
1992; Woodley and Forbes, 1997). Varying rotation
periods, from 50 to 200 years at higher latitudes (Fries
et al, 1997), represents a compromise between
economic and ecological considerations. By not trying
to recoup initial investments as quickly as possible
managers can gain access to different product markets
(e.g. larger diameter lumber) and increase values on a
per-tree and unit area basis without the additional
investments of regenerating a new stand.

Mature plantations are almost always harvested by
clear-cutting, but this does not mean other options are
economically or operationally infeasible (Norton,
1998). Plantations can be harvested by a variety of
silvicultural options, though few have been attempted
and compared. Unless innovative, unconventional
methods are used and evaluated, it will remain unclear
as to whether or not they can result in economic
gains or losses, and how they relate to biodiversity.
Theoretically, plantations can be harvested by even or

uneven-aged systems such as shelterwood or patch
cuts. Methods that differ from clear-cutting can have
major ramifications for conserving biodiversity (Peter-
ken et al., 1992). Relative to short-rotation clear-cuts,
long rotations with multiple entries provide quicker
and more frequent returns on investments, produce
high-value timber, and spread out risks related to poor
market conditions and possible stand damage or
disturbance (Seymour and Hunter, 1994; Carey and
Johnson, 1995). In addition to these financial benefits,
selection systems maintain greater structural diver-
sity—and, thus, biodiversity—over time (Hunter,
1990). Irregular shelterwoods and seed-tree cuts
can be a cost-effective way to regenerate some
plantations. Especially in large plantations of shade-
tolerant species, a series of smaller harvest gaps or
strips might be effectively regenerated by seeds from
the canopy, possibly eliminating planting or herbicide
costs. The ability to control stocking and use
genetically-improved seedlings are important advan-
tages of planted versus natural stands, so ‘‘natural”
regeneration methods might be undesirable in situa-
tions where these factors are seen as crucial.

In areas where nutrients are limited, how trees are
harvested and delimbed also has important implica-
tions for long-term productivity. A high priority
should be placed on delimbing trees as near as
possible to where they were cut, and leaving tops on
site. Foliage and branches contain such disproportio-
nately high nutrient levels that if they are left on site
after logs are removed, most of the total nutrients on
that site will be conserved (Stanley and Montagnini,
1999). However, logging residues (i.e. slash) can make
a site difficult to plant if not chopped, crushed, or burnt
(Smith, 1986), which generally reduces its value for
biodiversity (see Sections 6 and 8.3).

4. Native versus exotic species

From a biodiversity perspective, the most conten-
tious aspects of plantation forestry are the widespread
use of exotic species, and the fact that large areas have
been converted into unnatural forest-types (Keenan
et al., 1995; Tucker et al., 1998). For the purposes of
this section, I lump together exotic plantations and
those where crop species are native to the region,
but were previously uncommon, found on different
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ecotypes, or rarely formed pure stands. Critics of
plantations argue that exotic stands are ‘‘biological
deserts” (Allen et al., 1995), and that exotic species
often ‘escape’ from plantations, encroaching upon and
degrading adjacent native forests (Potton, 1994; Gill
and Williams, 1996; Estades and Temple, 1999).
Defenders of plantations assert that even exotic
plantations usually contain more biodiversity than
other intensive, human-influenced habitats such as
cropland, and residential or commercial developments
(O’Loughlin, 1995). Both points are valid, and ought
to be taken into account by both sides. In recognition
of these arguments, some countries (e.g. New
Zealand) now prohibit the conversion of native forests
to plantations and mandate that plantations replace
formerly farmed land (Norton, 1998). If this policy
was implemented in most regions, especially those
already heavily planted, it would reduce concerns
related to two controversial aspects of plantations: (1)
that they contribute to loss of natural forests, and (2)
they typically occupy sites with superior soils and
drainage relative to surrounding areas, and thus,
eliminate habitat for organisms restricted to these
site conditions.

From a biodiversity perspective, native tree species
should be favored over exotics, in part because there
are a multitude of species (especially invertebrates and
microorganisms) that are virtually unstudied, but
might be adapted only to native trees. In many areas,
there are native tree species with many of the same
desirable characteristics as exotic trees and these
should be used whenever differences are marginal or
even moderate (Sedjo and Botkin, 1997). Some native
tree species are disproportionately valuable for
biodiversity because they provide resources such as
mast, fruit, nectar, or cavities (e.g. Populus in
temperate conifer plantations). Individuals and/or
clumps of these species that are interplanted within
exotic plantations or left during tending can have
important ramifications for conservation (Norton,
1998). Interplantings can be done on areas that
were disturbed during harvesting (e.g. skid trails),
or used to buffer sensitive areas such as wetlands or
watercourses.

Plantation genetics are also important to consider
from a conservation perspective (Lambeth and
McCullough, 1997), as genetic diversity is the
fundamental unit of biodiversity (Hunter, 1996b).

Individuals native to a given area can be uniquely
adapted to local conditions. Conserving global and
regional genetic diversity can prove to be economic-
ally invaluable, if a new pest or disease outbreak arises
and only a few individuals are found to be resistant
(Hunter, 1996b). If managers maintain genetic
diversity among their planting stock they have more
opportunity for long-term economic viability in the
case of global climate change, pest outbreak, or other
problems, because some individuals will respond
better than others to changing conditions (Lambeth
and McCullough, 1997).

5. Mixed-species versus monoculture

There is a long standing debate over whether to use
mono- or polycultures when establishing plantations
(Ball et al., 1995; Stanley and Montagnini, 1999).
There are many benefits attributed to planting a mix
of species, including: (1) more efficient nutrient use,
thus, trees grow bigger, faster, (2) site quality and
yields are conserved over time, (3) reduced risk of
catastrophic damage from storms, insects, or disease
outbreaks, (4) some ‘nurse’ species provide structure
beneficial to primary crop species, e.g. training, shade,
or protection from frost, (5) reduced economic risk by
hedging bets against future markets, and (6) public
opinion favors mixes over monocultures because they
are thought to have higher ecological integrity due to
higher species diversity. I review evidence for each
of these assertions below. Note that mixed-species
stands can be achieved by planting multiple species
and by retaining native trees during pre-establishment
harvest or thinning.

Mixed-species can use nutrients more efficiently
than do pure stands because of differences among
species in rooting patterns, mycorrhizal associations
(Perry et al., 1992), shade-tolerance (Assmann, 1970),
growth rate (Smith, 1986), form (Menalled et al.,
1998), phenology (Keenan et al., 1995), nutrient
demands (Kelty, 1992), soil mineralization rates
(Matthews, 1989), litterfall, and abilities to fix
nitrogen (Morgan et al., 1992). Many studies have
found that species mixtures produced higher yields
than do monocultures of individual species (Cannell
et al., 1992; Kerr et al., 1992; Morgan et al., 1992;
FAO, 1992; Khanna, 1997; Menalled et al., 1998),
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though some did not (Smith and Long, 1992). This so-
called “mixture effect’ is largely a function of a site’s
limiting factor(s), whether light, moisture, nutrients,
etc. (Kelty, 1992). Mixes of species that differ in
height (rather than diameter) growth, form, shade-
tolerance, and phenology are most likely to increase
site productivity (Kelty, 1992). Fiber yields are most
likely to be higher if stratified stands are formed by
intolerant species growing above shade-tolerant ones
(Smith, 1986). Yields are also likely to increase when
nitrogen-fixing species are planted on nutrient-poor
sites. Cases such as these involve species with good
ecological combining ability, meaning that they per-
form better in mixture than either does in monoculture
(Menalled et al., 1998).

In an extensive review of studies from temperate
and boreal regions, Burkhart and Tham (1992) showed
that species mixes usually had equal or higher yields
than did pure stands. Mixtures tend to outperform
monocultures on poor sites (Binkley, 1992; Montag-
nini et al., 1995), whereas pure stands of a highly
productive species can have higher merchantable
yields on high quality sites (Burkhart and Tham, 1992;
Kelty, 1992). The mixture of hardwoods in conifer
stands is especially likely to be useful in temperate or
boreal regions where nutrients are often limited by
decomposition rates (Bowen and Nambiar, 1984).
Species mixtures often have increased decomposition
rates, in part because the carbon:nitrogen ratio of litter
is improved and acidity is reduced. These changes
stimulate microbial activity that increases nitrification
and overall nutrient availability on sites (Matthews,
1989; Kelty, 1992). In spruce (Picea) stands in
Sweden, benefits persisted even after hardwoods
had disappeared from the stand (Bowen and Nambiar,
1984).

Monocultures are widely believed to be more
vulnerable and susceptible to pest outbreaks (Lugo,
1997). Contradictions do exist, and overall experi-
mental evidence is scant (Watt, 1992; Keenan et al.,
1995). In the tropics, non-crop nurse trees have long
protected species of the Meliaceae against attack by
Hypsipyla insects (Ball et al., 1995). Risch (1981)
shows how polycultures in general support lower
densities of insect pests than do monocultures.
Montagnini et al. (1995) found that some tropical
plantations with mixed-species suffered less insect
damage than did pure stands. Relative to hetero-

geneous stands, monocultures are (1) more vulnerable
to pest outbreaks, and (2) suffer more damage during
outbreak (Braganca et al., 1998). There is abundant
evidence that spruce budworm (Choristoneura fumi-
ferana (Clemens)) damage to fir (Abies) is less
frequent and severe in mixed stands, with resistance
and resiliency related to the proportion of hardwoods
in the stand (Needham et al., 1999). In New
Brunswick, a hardwood mix increased fir yields when
defoliation was relatively high (>45%), but at low
defoliation levels hardwoods reduced net fir yields by
costing more in growing space than they “earned” in
pest resistance (Needham et al., 1999). Here, a mixed-
species strategy requires a greater land base for a given
softwood volume, but also includes economic benefits
from hardwood harvest. In addition, insect protection
measures are necessary to avoid total losses during
outbreaks in pure fir stands, but these costs are
unnecessary in mixed-species stands.

Species mixtures often include retention of mature
overstory nurse trees, chosen for its beneficial effects
on the main crop species. In addition to nutrient
synergisms (Kelty, 1992) and pest resistance (Stiell
and Berry, 1985), these trees are used to protect crop
species from frost (Nilsson, 1990; Groot and Carlson,
1996) and drought (Nilsson, 1990; Marsden et al.,
1996); provide side shelter for training tree form
(Smith, 1986); and increase wind stability (Kerr et al.,
1992; Lugo, 1997). The retention of overstory trees in
a young plantation can obviously have many benefits,
but the costs are less clearly understood. Crop yields
can be increased or decreased, depending on the
species, site, canopy stocking, etc. Plantations of
shade-tolerant species are the best candidates for
canopy-retention above seedlings. Growth rates of
spruce and fir in Maine were highest under 65% gap
fraction, compared to open grown seedlings (McCon-
ville, 1998). In a review of temperate studies on
spruce, fir, and cedar (Thuja), McConville (1998)
found that four of nine studies showed maximum
growth rates under some degree of canopy versus
none, though this result did not extend to high quality
sites in that study. If retention trees are used in
plantations of shade-intolerant species (e.g. pine),
yields are likely to decline. However, the loss of
fiber can be small enough to be acceptable, if it is
seen as a worthwhile tradeoff for the ecological
and socio-economic benefits gained from having
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multi-structured stands. A model in Sweden indicated
that leaving 10 mature pines per hectare will reduce
pine yields by 5-10% over the rotation (B. Elfving,
personal communication).

Polycultures reduce risks associated with the
uncertainty of future economic markets (Kerr et al.,
1992), and sometimes provide higher returns than do
pure stands (Ball et al., 1995). In developing countries,
mixed-species plantations might follow an agrofor-
estry model, which allows for a wider range of
products (e.g. coffee or cacao) for consumption or
sale. Compared to timber, these commodities usually
are available earlier and over a longer time frame
(Keenan et al., 1995). Planting polycultures also
avoids risks associated with lack of site suitability,
establishment failures, and nutrient depletion (Evans,
1982; Kerr et al., 1992). Although, some experimen-
tation will be necessary to optimize the species mix
and ratio, plantation mixtures show much promise and
should be seriously considered by managers (Stanley
and Montagnini, 1999). Most studies support the
public view that polycultures have more abundant and
diverse flora and fauna than do monocultures (Bibby
et al., 1989; Butterfield and Malvido, 1992; Donald
et al., 1997). Especially where native species are
planted, polycultures generally host many more
animal species than monocultures because of the
strong relationship between native plant diversity and
animal diversity within a stand (Bibby et al., 1989;
Braganga et al., 1998; Donald et al., 1998).

6. Site-preparation

Decisions related to preparation of a site for
planting and initial control of competing vegetation
have important implications for biodiversity. As
discussed above, residual native vegetation within
planted stands is most important to biodiversity. Many
plant and animal species recorded within plantations
are associated with “‘skips”’, where herbicide applica-
tions missed native vegetation (Morrison and Meslow,
1984; Santillo et al., 1989a). Whether by accident or
design, the less perfectly that competing vegetation is
eliminated from the stand the better, for most species.
Because of unsuccessful attempts at elimination,
some plantations contain a high proportion of the
native woody plant species found on unplanted stands

(T. Needham, personal communication), though this is
likely less true for herbaceous plants.

On some sites scarification, plowing, crushing, or
other intensive methods can promote rapid leaching of
nutrients which can decrease long-term site produc-
tivity. Intensive site-preparation also has acutely
negative impacts on biodiversity, because many
species such as salamanders and invertebrates are
associated with or entirely restricted to the forest floor
(deMaynadier and Hunter, 1995). Most forest floor
fauna have not been studied in terms of how they are
affected by forest management (Freedman et al.,
1996). In general, minimizing intensive site-prepara-
tion best conserves coarse woody debris and thus
biodiversity (Carey and Johnson, 1995). In temperate
or boreal regions the forest floor plays a critical role as
a source of nutrient reserves, as it can contain more
nutrients than the combined above-ground biomass or
the mineral soil (McColl and Powers, 1984). Depend-
ing on how it is managed, the forest floor can either
inhibit or enhance regeneration of crop trees.

In ecosystems adapted to fires, crop trees will
respond positively when fire is used for site-prepara-
tion, and burned sites often will have more native plant
and animal species (McColl and Powers, 1984; Fries
etal., 1997). In the southeastern United States, burning
maintains a diverse groundcover characteristic of
longleaf pine (Pinus palustris) forests, even on planted
sites that have been converted to other Pinus species
(Tucker et al., 1998). This is important because the
historic range of longleaf pine forests has been
reduced by 97% (Frost, 1993), and many of the
native species associated with this ecosystem decline
within 3-5 years after burning (Tucker et al., 1998).
Fortunately, burning is compatible with commercial
forest management because it is an economical and
effective way to reduce competing shrubs and
increase growth and yield of crop species (Bower
and Ferguson, 1968). Some species that benefit from
burning also respond positively to thinning operations
(Wilson and Watts, 1999). Not all taxa respond well to
burns (e.g. amphibians, deMaynadier and Hunter,
1995), thus their conservation depends upon using a
variety of management systems across the landscape
mosaic. Also, in regions where fire is uncommon,
burning can inhibit crop tree growth and reduce coarse
woody debris and the biodiversity associated with it
(Freedman et al., 1996).
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7. Tending

How a site is managed in the first half of its rota-
tion is of the utmost importance to both fiber produc-
tion and biodiversity (McColl and Powers, 1984;
Bailey and Tappeiner, 1998). Understory vegetation
comprises one of the most important elements of
biodiversity within plantations, and often is the single
best predictor of animal diversity (L6pez and Moro,
1997; Humphrey et al., 1999). Thinning young stands
stimulates the regeneration and development of shrub
and other understory layers, increases the survival and
growth of intermediate and suppressed trees, and leads
to structural attributes that more closely resemble old-
growth forests (Carey and Johnson, 1995; Barbour
et al., 1997; Bailey and Tappeiner, 1998). Earlier and
heavier thinnings than normal will usually result in
more plant and animal diversity (Peterken et al.,
1992), and can still be economically viable (Barbour
et al.,, 1997). Wider spacing can have positive
economic implications because it increases diameter
growth of individual crop trees, even if it does not
maximize stand volume. Some animals prefer dense,
unthinned thickets; so some plantations on the land-
scape or selected portions of many plantations should
be left unthinned. Conversely, thinnings can incorpo-
rate variable spacing (e.g. 40-80 m wide strips) to
provide spatial heterogeneity within the stand (Carey
and Johnson, 1995). In some plantations this practice
will benefit managers, because the cost of thinning is
saved, and dense stands can produce high wood
volumes (Barbour et al., 1997) and valuable knot-free
timber (Fries et al., 1997).

As biodiversity often is influenced strongly and
positively by the extent of native, non-crop vegetation
associated with a plantation (Staines, 1983; Gill and
Williams, 1996; Diaz et al., 1998), conserving biodi-
versity seems inherently at odds with pre-commercial
tending that maximizes fiber production by minimiz-
ing competing vegetation. However, understories that
contain much biodiversity are not necessarily bad for
managers. Some models show that high structural
diversity can be achieved by thinning regimes that
produce reasonably similar volumes and qualities of
timber (Barbour et al., 1997). Locasio et al. (1990)
found that among five types of site-preparation, those
that produced the best understory vegetation for forage
biomass also exhibited average or above-average

timber growth. In Spanish pine plantations, crop tree
density had little effect on bird communities as long as
some understory vegetation was conserved (Lopez and
Moro, 1997).

Much of the public controversy over plantation
management relates to the use of chemical pesticides
and fertilizers (Wagner, 1993; Wagner et al., 1998). In
terms of biodiversity, herbicide applications generally
reduce plant species and structural diversity of young
stands, and thus can result in somewhat impoverished
communities of birds (Morrison and Meslow, 1984;
Santillo et al., 1989a; Parker et al., 1994), herpeto-
fauna (Moore and Allen, 1999), and mammals
(Santillo et al., 1989b; Lautenschlager, 1993). Though
more research is needed, most studies to date have
shown relatively minor differences between herbicide-
treated and untreated areas. Where differences exist,
they tend to be species—specific, related to seral
associations, and generally do not persist for many
years (Lautenschlager, 1993). The same can probably
be said for fertilizers, which are used often in
plantations (Moore and Allen, 1999), but have
received little study in terms of how they affect
biodiversity. In one study on industrial sludge as a
fertilizer, effects on biodiversity were minor and due
to changes in habitat structure (Vera and Servello,
1994). In a manner opposite to herbicides, fertilizers
can increase vegetative structure, especially in the
understory. Thus, both chemicals predictably affect
some species positively and others negatively. Plant
species richness can be maintained even on sites with
repeated herbicide applications, especially when
chemicals are applied in narrow strips directly along
rows of seedlings (Moore and Allen, 1999).

The public perception that most pesticides and
fertilizers harm wildlife directly is not generally
shared by the scientific community (Lautenschlager,
1993; Wagner, 1993; Wagner et al., 1998), though
there are important issues related to how chemicals
affect biodiversity. Of greatest concern is that
pesticides are often toxic to non-target species as
well as those they are intended to kill. Where they
occur, rare plants or insects that are not detrimental to
plantations—and may even be beneficial—are often
unintentionally killed by managers in addition to pest
species. Similarly, chemicals end up in non-target
areas such as aquatic ecosystems, where they can be
more harmful to biodiversity—and to a broader range
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of taxa—than in terrestrial ecosystems. Also, pesticide
compounds persist in some animal populations for
decades after use (Perkins et al., 1998). Although these
are important issues, economics dictate that pesticide
use will usually be a necessary part of plantation forest
management. Though pesticide use in plantations will
likely remain controversial with the public (Wagner
et al., 1998), regulations often are or can be put in
place to ensure careful applications of pesticides.
Also, the public can appreciate the fact that pesticides
are used much less frequently in forestry than in
annual agricultural systems, and will be applied only
as frequently as economically necessary.

8. Summary of management recommendations
8.1. Harvest considerations

When converting natural stands to plantations or
harvesting mature plantations, leave as many snags
and cavity trees as possible. Plan to leave native
vegetation as biological legacies throughout the
second rotation, through one or more of the following:
(1) dispersed individual retention trees, (2) aggregated
clumps (i.e. microreserves or lifeboats), (3) linear
strips (hedgerows or orchard rows), or (4) buffer strips
along aquatic habitats. Delimb trees near the stump,
and leave tops on site. Manage some plantations on
longer rotations. Instead of clear-cutting all mature
plantations, manage some via irregular shelterwood,
seed—tree cuts, or selection silviculture.

8.2. Species composition

When possible favor native species over exotics.
Where exotics are used widely, begin or increase
planting of native species, increase emphasis on
retaining areas of native vegetation, and spatially
and temporally juxtapose exotic and native stands
within a landscape. Retain or underplant especially
important plant species that provide mast, fruit, nectar,
or cavity resources. Maintain genetic diversity in all
landscapes by using a variety of planting stock, and by
retaining some local gene stock. Avoid widespread use
of seed from a limited number of individuals, or
clones. Instead of monocultures as the rule, they
should be the exception in plantations. There are many

ecological, operational, and economic benefits to
having multiple crop or non-crop species within
plantations, even if one species comprises 90% of a
site. Mixed-species stands can be managed by planting
multiple crop species, retaining desirable native
species during harvest or tending, thinning (but not
cleaning) competitor species to a desirable level, and
augmenting monocultures either by underplanting
established stands, or stocking a mix of species into
natural or harvested gaps.

8.3. Site-preparation

Avoid intensive site-preparation that disturbs soil
nutrients, promotes leaching and soil erosion, and
destroys or reduces coarse woody debris. Leave some
snags and downed coarse woody debris after site-
preparation to maintain the many species associated
with these structural elements. Where fires are
naturally frequent, controlled burning is desirable
over at least part of the landscape to promote native
understory plants. Controlled burn frequency should
approximate natural disturbance rates, which also
reduces risk of fire damage to crops and controls
competing shrubs.

8.4. Tending

Thin some plantations earlier and heavier than
normal, to stimulate or maintain a diverse understory
plant community. Leave other plantations (or sections
thereof) unthinned to create a mosaic of relatively
open areas and dense thickets. Allow incomplete her-
bicide applications that skip some areas, or thin com-
peting vegetation to acceptable levels instead of trying
to clean stands completely. This maintains a mixture
of plant species that will better conserve biodiversity
by providing habitat and forage for a wide array of
native animals.

9. Discussion

Plantations have long been viewed strictly as tree
farms, but I argue for a new perception that they have
potential to conserve biodiversity while efficiently
producing fiber. Managers with multiple plantations
can view these stands as part of a replicated
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experiment that can be manipulated and examined
across space and time to determine how fiber
production and biodiversity are related in that system.
With innovations in management and research on
yield response and biodiversity, optimal designs can
be chosen for each landowner or manager, in any
context. I have presented many cases above where
improvements in plantation management resulted in
better conserving biodiversity without reducing fiber
production, or with only moderate declines. However,
this will not always be the case. Methods that are
effective in one region might not work in another
region, especially if applied to different crop species.
Shade-intolerant systems are especially challenging in
terms of finding ““win—win”’ strategies for biodiversity
and fiber production. In the Pacific northwest, Hansen
et al. (1995) found that leaving only a few trees per
hectare substantially increased abundance of birds, but
caused declines in yield. In the same region, Birch and
Johnson (1992) showed that leaving only 5 trees/ha
over a 60-year rotation resulted in a volume only 70%
that of stands that had been completely clear-cut.

In plantations, economic considerations are gen-
erally given more weight than in other industrial forest
practices due to higher establishment and tending
costs. This translates to a narrow focus on fiber
production, but a neglect of biodiversity and other
multiple-use considerations (Spellerberg and Sawyer,
1995). It can be difficult to compare the economic
tradeoffs associated with practices that conserve
biodiversity, but reduce fiber production (Richardson,
1994), and some speculation is involved. The best
economic models and forecasts might not predict that
a polyculture plantation will be much more valuable
than a monoculture if the primary market for a given
forest product closes or changes during the decades
that the stand develops.

There are many relatively recent developments in
society that shape how the public views forest
management, for example: environmental movements
and organizations, global-access to information via the
internet, media coverage of the Rio Summit, biodi-
versity treaties, etc. (Hughes, 1994). Public opinion
does and arguably should influence how forests are
managed in some situations, e.g. timber concessions
on public lands, increased forest legislation in many
states and nations, green-certification, and consumer
preferences. Public opinion heavily favors more

natural forest management over artificial or intensive
methods (Wagner et al., 1998). Thus, the public does
not look favorably on traditional plantations even
though this position is inconsistent with the fact that
their personal efforts to conserve resources through
recycling and reduced consumption lag. Foresters are
often considered to have an ethical obligation to
ensure that forest ecosystem processes are conserved
or enhanced (Kenk, 1992). Failure to consider public
opinion can be costly for foresters (Perley, 1994;
Spellerberg and Sawyer, 1995), though it is difficult to
estimate these costs and weigh them against silvi-
cultural alternatives that can lower yields somewhat.
With this in mind, it seems likely that proactive
managers will be rewarded over time for including
biodiversity considerations in plantation management
practices, and for risking possible fiber reductions in
order to experiment and evaluate potentially beneficial
innovations in plantation management.

10. Conclusions

As human populations grow there will be continued
growth in global demand for wood products (Moore
and Allen, 1999), and much of this fiber likely will be
grown on plantations. Plantation flora and fauna are
typically impoverished compared to natural forests, so
it is often assumed that they have little value for
conserving biodiversity. However, plantations occur
along a continuum from exotic monocultures with a
very simple structure to heterogeneous stands of
native species. There is abundant evidence that
management of planted stands at any point along this
continuum can be improved, so that they better
conserve biodiversity while maintaining similar levels
of fiber production and profitability. However, there is
much work yet to be done in most areas to understand
how various management methods affect fiber pro-
duction (Burkhart and Tham, 1992), not to mention
biodiversity (Keenan et al., 1995). Many of my
recommendations can be viewed as hypotheses yet-
to-be-tested in a given region or plantation type.
Because of the complexity (Freedman et al., 1996)
and long-term nature of these ecosystems and the
research upon them (Wagner, 1993), critical compar-
isons and evaluations between traditional manage-
ment methods and those recommendations suggested
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in this and other papers (Keenan et al., 1995) should be
undertaken as soon as possible.
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