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Over the last 100 years, steep increases in human
populations and the development of global market
economies have rapidly changed the values of forests
and increased societal conflicts over their use. The
cutting and widespread exploitation and manage-
ment of forests for fiber production, agriculture, and
development have changed the face of many forest
landscapes across the globe (Nelson et al. 1987, El-
lenberg 1978, Perlin 1989). Forest lands have been
converted to agricultural uses and human develop-
ments in large areas of the world (Perlin 1989). In

other areas, unsound forestry practices have resulted
in poor or delayed tree regeneration. Where forests
have been exploited for fiber production, economi-
cally driven forestry practices have shifted the com-
position and structure of forests toward younger
stands dominated by commercially valuable tree
species, or shifted the composition toward other
species that may have lower economic value than the
previous dominant species (Graham et al. 1963, Sey-
mour and Hunter 1992).

In some landscapes, such as in parts of the north-
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eastern United States, the amount and age of the for-
est is increasing following declines resulting from
logging in the 19th century (Foster 1993). The net ef-
fect globally, however, appears to be a decline in the
amount of older forests or forests that have not been
strongly influenced by modern agricultural and in-
dustrial human cultures. For example, worldwide the
amount of primary forest is estimated to be 16 per-
cent of its preindustrial amount (Poste] and Ryan
1991). In the Pacific Northwest, where forest-use
conflicts are especially severe, the amount of old-
growth forest has declined over 50 percent in the last
60 years (Bolsinger and Wadell 1993). What remains
has become highly fragmented in the last 20 years
(Spies et al. 1994). The decline in older forest, or loss
of primary forest, such as in the tropics and parts of
the temperate zone, has lead to conflicts between
segments of societies that value forest land for forest
products and other land uses and those that value
forests for biological diversity, ecosystem productivity
and quality, and aesthetic and spiritual values (Aplet
et al. 1993). These concerns have arisen not just from
changes in the amount of old forest. For example, the
quality of many forests has changed because of fire
control, grazing, introduced forest pathogens and
species, and effects of roads and agriculture on water
quality. However, the loss of old forests has become
symbolic of changes and losses in forest biodiversity
resulting from human activities.

The kind and rate of human-induced changes in
forests are superimposed on and interact with
changes that result from natural processes, including
disturbance, dispersal, establishment, competition,
herbivory, and environmental change. The ability of
society to understand, manage, and sustain the di-
versity of values associated with forests depends in
part on our ability to understand ecological changes
that forests undergo over time in natural, seminat-
ural, or unmanaged stands and landscapes and un-
derstand the ecology of changes associated with di-
rect and indirect human activity.

The primary objective of this chapter is to provide
an ecological basis for this understanding by review-
ing ecological changes associated with natural pro-
cesses of disturbance and succession from young to
old forests. Secondarily, the chapter will examine
some of the variability in late-successional forests

and contrast plantation forests with natural or wild
stands. I assume that society's goals for forest ecosys-
tem diversity include ecosystems dominated by old
trees and associated structures. The way to achieve
this goal is a subject of considerable debate. Options
range from reserve-based approaches in which land
managers seek to maintain at stand or landscape
levels old forest ecosystems without direct human
manipulations, to objectives that call for direct inter-
vention to "restore" older forests at stand or land-
scape scales, to strategies that call for providing both
wood fiber and at least some components of old-for-
est ecosystems. The ability of managers to meet any
of these objectives will depend in part on how well
they understand the ecology and dynamics of forest
change in stands and landscapes.

Forest Stands and Ecosystems
Stands and ecosystems are the fundamental units of
forest management and ecosystem science, respec-
tively. With the advent of forest ecosystem manage-
ment, attention needs to be paid to reconciling these
two disciplinary building blocks. The definitions and
spatial boundaries of stands and ecosystems are typ-
ically determined for specific purposes of manage-
ment and science. A stand typically has been defined
as a unit of trees that is relatively homogeneous in
age, structure, composition, and physical environ-
ment (Smith 1962, Oliver and Larson 1990). The
characteristics used to delineate stands often refer to
the tree layer since this traditionally has been the
focus of forest management and is relatively easily
mapped using aerial photographs. Soil and topo-
graphic features also frequently are used to delineate
stands, especially if they have a strong effect on stand
productivity or harvesting operations. Specific stand
definitions, sizes, and shapes will vary depending on
management intensity and objectives and the spatial
heterogeneity of the vegetation, soil, and topography.

Ecosystems, in contrast to forest stands, typically
have been more conceptual than real physical entities
(Kimmins 1987). Whittaker (1962) defined an ecosys-
tem as "the functional system comprising a commu-
nity of interacting organisms—plants, animals, and
saprobes—and the environment that affects them
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and is affected by them." Since ecosystems are open
systems, defined by functions, interactions, and
flows, the spatial boundaries of ecosystems are not
easily defined (Kimmins 1987). Typically they are de-
lineated based on specific purposes and limitations of
a study.

Relatively rapid changes in ecosystem structure
and function can facilitate the definition of spatial
boundaries. Many of these boundaries are defined by
topography (e.g., watersheds and wetlands), by dis-
tinct changes in forest structure, or by vegetation
patchiness (e.g., forest woodlots in an agricultural
landscape or old-growth forest stands in intensively
managed forests). Thus, although forest stands are
components of forest ecosystems, forest ecosystems
are not necessarily forest stands—unless those stands
are defined in a way that includes organisms other
than trees as well as environmental factors and func-
tions. The boundaries of stands and ecosystems will
not necessarily coincide unless the criteria used to
identify the two units are very similar. This chapter fo-
cuses on the ecological attributes of forest stands and
assumes that the stands are defined and delineated
based on ecosystem criteria such as soil, topography,
vegetation structure, and landscape pattern and posi-
tion in addition to management considerations.

MIZMIZEMMIT,H=1411

Modern Concepts of Forest Succession

Popular and scientific views of forest succession have
changed over the last century. Early concepts empha-
sized relatively predictable cycles of plant communi-
ties, behaving almost like organisms, that developed
toward climax communities whose characteristics
were controlled by the regional climate (Clements
1916). This view was modified as it became clear that
the species comprising communities frequently be-
have individualistically and that local site factors give
rise to a diversity of climaxes in a region. The concept
of climax, a relatively stable community condition to-
ward which succession proceeds, lost much of its
value as ecologists began to describe climax vegeta-
tion as "varying continuously across a continuously
varying landscape" (Whittaker 1953). Ecosystem-
level concepts of succession that arose in the 1960s
and 1970s emphasized theoretical generalities of

ecosystem change in terms of information theory
(e.g., species diversity measures) and flows of energy
and matter. However, these ecosystem perspectives
were in many ways another expression of climax,
equilibrium concepts (Glenn-Lewin and van der
Maarel 1992).

More recently, ecologists conceptualize succession
as a nonequilibrium spatial process (dynamic mosaic
of Watt 1947) that is the outcome of disturbance and
population processes such as birth, death, dispersal,
and growth under changing environmental condi-
tions (Peet and Christensen 1980, Glenn-Lewin and
van der Maarel 1992). Thus the theoretical concept of
succession has moved away from simple generaliza-
tions toward more complex constructs. Site-specific
predictions about vegetation dynamics cannot be
made from broad general theory; rather, they require
a more complex scientific framework and specific in-
formation about disturbance, environment, propag-
ule availability, and species biology (Pickett et al.
1994).

The maturation of ecological thinking about suc-
cession and the increased involvement of ecolo-
gists in conservation and management issues has
moved ecology toward site-specific, mechanistic ap-
proaches. Such approaches are similar to those used
by forest scientists and silviculturists who typically
have not been concerned with generating broad gen-
eral theories, but rather with developing the ability to
make site-specific predictions for growing stands for
forestry applications.

The empirical studies and approaches of applied
forest ecologists provide a rich source of information
about growing commercially valuable species under
relatively short rotations; this will be useful to ecolo-
gists seeking to develop and test new theoretical
frameworks. However, while applied forest scientists
have been focused on developing information rele-
vant to the dominant forestry objectives (primarily
timber production), they have not kept up with ad-
vances in ecology (Oliver and Larson 1990). The
emergence of a broader set of objectives related to
ecosystems and biodiversity, such as the mainte-
nance of old-growth ecosystems, and new fields,
such as landscape ecology and conservation biology,
have caught most applied forest ecology profession-
als by surprise. Consequently, information is lacking
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about how to implement forest management prac-
tices that will meet new broader ecological objectives
while providing for the more traditional objectives of
wood fiber production.

General Models of Forest Development
While stand development is complex and diverse—a
function of initial disturbance, environmental pat-
terns, species mix, and intermediate disturbances—
some general patterns of development appear across
a wide range of forest types and locations (Oliver and
Larson 1990). Several authors have proposed general
models of natural stand development following
major disturbances. Four major phases of forest de-
velopment are typically identified: (1) establishment,
(2) thinning, (3) transition, and (4) shifting mosaic
(Bormann and Likens 1979, Oliver 1981, Oliver and
Larson 1990, Peet 1981, Peet and Christensen 1987,
Spies and Franklin 1995). These phases are idealized
states of relatively homogeneous areas of forests
called stands. They range from a fraction of a hectare
to thousands of hectares in size, depending on forest
structure, composition, and the objectives of stand
classification and mapping.

Establishment Phase

This first phase following a major disturbance, which
is also termed "stand initiation" (Oliver and Larson
1990), is characterized by establishment of new indi-
viduals, release of surviving seedlings and saplings,
and vegetative reproduction of injured plants from
belowground structures (Figure 2.1). It is marked by
relatively rapid changes in species dominance, envi-
ronment, structure, and levels of competition and
high mortality among small individuals. Initially this
phase is characterized by an abundance of sites free
from competition of established plants. Conse-
quently, many species can establish during this pe-
riod, including nonnative species (Halpern 1989) and
hybrids (Spies and Barnes 1982). At the same time,
many individuals of the original understory that sur-
vived the disturbance but lost aboveground parts
may resprout and begin to reoccupy their previous
aboveground spaces. Consequently, a stand or patch
can achieve high species diversity for a time with the

Figure 2.1 Establishment stage following fire in
Pines sylvestris forests in northern Sweden. (Photo:
Thomas Spies)

mixture of new and old individuals. Establishment of
trees may begin immediately following the distur-
bance or be delayed for short to long periods de-
pending on the availability of seed sources and com-
petition from shrubs and herbs.The processes of tree
invasion may be highly patchy depending on mi-
crosite availability, seed and seedling mortality from
competition, climatic factors, or herbivory and dis-
ease (Veblen 1992). Patches of trees may eventually
initiate in places and grow together in a spatial
process of nucleation and coalescence. Horizontal
patchiness may be very high, composed of a mosaic
of patches of trees, shrubs, herbs, dead wood, and
bare ground.Vertical heterogeneity, while high at fine
scales and increasing at larger scales with the growth
of shrubs and trees, is still low overall because of the
short stature of the vegetation. As shrub and tree
canopies grow together, shade-intolerant herbaceous
and shrub species are typically lost from the site—al-
though they may persist for varying lengths of time in
gaps that do not close and in the soil seed bank.

Although this stage lacks live tree structure, stand-
ing and down dead trees can be prevalent during this
phase depending on the previous stand's composi-
tion and structure and the type of disturbance (Har-
mon et al. 1986, Spies et al. 1988). Dead wood is
prevalent following death from blowdown, insects,
disease, drought, standing water, and fire (Figure
2.2). Dead wood may be completely absent in the es-
tablishment phase following avalanches, high-en-
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Figure 2.2 (a) Carryover of coarse woody debris following fire in old-growth mixed-conifer
forest in southwestern Oregon. (b) Carryover of coarse woody debris following blowdown in
old-growth forests on the Mount Hood National Forest in Oregon. (Photos: Thomas Spies)

ergy floods, and fires in stands with small trees or low
biomass of live trees (Figure 2.3).

Thinning

The next phase, which is also termed the stem exclu-
sion phase (Oliver and Larson 1990), is characterized
by the closing together of tree canopies. This results
in steep declines in understory establishment and
growth, increases in mortality of many understory
plants, and the onset of mortality in the tree layer as-
sociated with competition for light and water. Under-
story vegetation may become sparse or absent in
many areas beneath the dense tree canopy (Figure
2.4). Species diversity typically declines relative to the

establishment phase due to loss of shade-intolerant
species (Schoonmaker and Mckee 1988, Halpern
1989, Elliot and Swank 1994). Populations of shade-
tolerant forest species that were eliminated by the
disturbance or the unsuitable environment of the es-
tablishment phase may not recolonize during this
phase because of loss of seed sources, slow dispersal
rates, or competitive barriers to establishment. The
degree to which understories decline or disappear
depends on the density and species of the overstory
trees, spatial heterogeneity of the site, and tree re-
generation. Where the tree layer is dominated by
shade-intolerant species, enough light typically pen-
etrates to the understory to maintain many shrub and
herb species. In addition, site conditions and regen-
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Figure 2.3 Alternative models of the dynamics of
coarse woody debris in stands with different distur-
bance histories (from Spies et al. 1988).

eration may provide relatively large canopy openings
or gaps that allow understory vegetation to survive
and grow in many places in stands (Bradshaw and
Spies 1992) (Figure 2.5). Thus, the understory "exclu-
sion" process of this phase may not occur in many
stands dominated by shade-intolerants or may be
very short-lived as tree canopies rapidly differentiate
and open up.Yet, on some very low productivity sites,
stands may stagnate in this phase, creating a dense,
slowly changing stand of relatively small trees with
sparse understory (Oliver and Larson 1990). Typically,

Figure 2.4 Dense Douglas-fir stand in stem exclu-
sion stage illustrating sparsely developed ground layer
of vegetation. (Photo: Thomas Spies)
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Figure 2.5 Spatial variability in canopy brightness
(digital number) recorded along transects by video
camera above five conifer stands of different ages in
Oregon. Areas of high brightness are tree crowns and
areas of low brightness are gaps in the upper canopy
(from Cohen et al. 1990).

however, the number of canopy trees declines during
this phase as mortality occurs from competition, dis-
eases, and other disturbances.

Vertical heterogeneity in the vegetation increases
rapidly as the height of the forest increases. Canopy
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Figure 2.6 Vertical distribution of leaf area index in
two mature stands (A and C) and two old-growth
stands (B and D) in Oregon and Washington: TSHE,
Tsuga heterophylla; PSME, Pseudotstuga Menziesii;
THPL, Thuja plicata; ABAM, Abies amabilis; TABR,
Taxus brevifolia (from Easter and Spies 1994).

growth often creates two relatively distinctive vege-
tation layers: an uppermost layer of canopy trees and
a sparse layer of dying and surviving shrubs and
herbs (Figure 2.6). The canopy tree layer is composed
of dense, rapidly growing tree crowns with high fo-
liage-to-branch-biomass ratios. Not much light pen-
etrates to mid and lower portions of the crowns. In
dense stands, lower-side branches in tree crowns die
in the low-light environment.

Amounts of wood debris will be variable during
this phase. Large well-decayed standing dead and
fallen trees may still be present from the preceding
stand if it contained many large decay-resistant trees
that were not removed or destroyed by disturbance.

Canopy trees of the new cohort that die during this
thinning phase do not contribute much to the accu-
mulated mass of dead wood because they are rela-
tively small and decay rapidly without decay-resis-
tant heart wood.

Transition
Stand development following the first two phases is
less understood (Oliver and Larson 1990) and has
been classified in different ways. Two major phases
can he recognized: a transition phase and a steady-
state or shifting gap phase (Peet 1992, Spies and
Franklin 1995). Of these, the transition phase may be
the most variable and least understood. It is marked
by a variety of gradual changes in population, stand
structure, and vegetation processes that can last from
less than 100 to over 1,000 years depending on the
forest type and disturbance history. The original co-
hort of trees slowly breaks up, tree establishment and
release of suppressed understory trees increases, and
a new cohort of trees gradually grows into the canopy
gaps. Tree size, live biomass, and diversity of tree
sizes and canopy layers typically peak, while dead
wood biomass may decline to a low point before in-
creasing.

Because of the diversity and gradual nature of
changes during this stage, it has been subdivided in
several different ways. Oliver and Larson (1990)
identify an understory reinitiation phase that coin-
cides with the beginning of the transition phase. It is
characterized by the appearance and growth of new
trees and other plants in the understory. This under-
story reinitiation phase ends when these newer co-
horts of trees begin to reach the overstory. At this
point a transition old-growth stage begins. It is char-
acterized by canopies containing trees that estab-
lished in the understory reinitiation phase and relics
from the original establishment phase (Oliver and
Larson 1990). When these relic trees finally die, the
stand enters a "true old-growth stage" in which all of
the live trees in the stand originated from smaller-
scale gap disturbances resulting from "autogenic"
factors such as pathogens, insects, and wind.

Recent studies and observations of long-lived
Douglas-fir forests in the Pacific Northwest suggest
that the transition phase may be divided into four
subphases based on changes in structure and
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processes: (1) understory release, (2) maturation, (3)
early transition, and (4) old-growth and late-transi-
tion old-growth phases (Spies et al. 1988, Spies and
Franklin 1991, Spies and Franklin 1995).

In the understory release subphase, existing indi-
viduals of shrubs, herbs, and some trees that survived
through the thinning phase, either because of their
tolerance of low light levels or because of their per-
sistence in microsites with higher light levels, grow
and expand from existing roots and rhizomes. This
occurs as light levels increase as a result of the nu-
merous small gaps forming in the canopy with the
death of weak and suppressed trees. Stands during
this subphase may appear as single-storied stands of
trees with well-developed shrub and herb layers. In
some cases, such as in the salmonberry/alder/conifer
stands in coastal Oregon, these well-developed un-
derstory layers may inhibit the establishment of new
trees from seed.

The maturation subphase begins as overstory trees
become more widely spaced, dominant individual
trees approach their maximum size, gaps that form
from tree death grow larger and more persistent,
trees that have established from seed in the previous
stage move above the shrub layers, and more tree
seedling establishment occurs (Figure 2.7). Dead
woody biomass in the stand may be at a low point
during this phase because dead wood from the pre-
vious stand has lost most of its mass and new inputs
of large new trees are just beginning (Spies et al.
1988).

The early transition old-growth phase begins as
trees that established during the understory release
and maturation stages dominate the upper canopy
layers (Figure 2.8). Trees that established during the
first establishment phase may still dominate the up-
permost layer—such as in old-growth Douglas-
fir–western hemlock stands where large Douglas-firs
occupy a scattered layer of emergent trees above
western hemlock and other shade-tolerants. The
presence of remnant trees and new cohorts of trees
beneath them and in gaps creates a multilayered fo-
liage canopy that is distinctive of many old-growth
types. This phase is also characterized by the buildup
of relatively large amounts of dead woody debris as
trees from the original cohort die and dead biomass
accumulates more rapidly than it is lost from decay
processes (Spies et al. 1988). This phase typically re-

Figure 2.7 Mature Douglas-fir forest about 130
years old on the Willamette National Forest in Oregon.
(Photo: Jerry Franklin)

quires 100 to over 500 years to develop (Oliver and
Larson 1990) for forest types in North America.

A late transition old-growth subphase, which may
occur following the early transition old-growth
phase, is distinguished by the absence of live rem-
nant trees from the establishment phase and the
continued presence of dead wood from trees that
originated during this phase. This phase may be
marked by a lower live biomass relative to the early
transition old-growth phase, but with a relatively
high mass of dead wood. A late transition old-growth
phase is probably most distinctive in forest types with
long-lived trees and decay-resistant wood or in cli-
mates that result in slow decay. It may last centuries
depending on the decay rates of large wood and the
frequency of disturbance.
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Figure 2.8 Transition-phase eastern white pine and
eastern hemlock old-growth forest in the Upper
Peninsula of Michigan. (Photo: Thomas Spies)

Shifting Mosaic

The last phase that is recognized in most classifica-
tions of stand development has been termed the
"steady state phase" (Peet and Christensen 1987),
"true old growth" (Oliver and Larson 1990), "shifting
mosaic" (Borman and Likens 1979) or "shifting gap"
(Spies and Franklin 1995). Despite the variety of
terms, all authors agree that this last stage is charac-
terized by a shifting pattern of relatively small patchy
disturbances (death of individual canopy trees or
groups of trees forming gaps of various sizes and
shapes) which provide resources for new establish-
ment of trees in the understory and increased height
growth of individuals in lower and mid-canopy posi-
tions. By aggregating these small disturbances and
vegetative responses to a larger spatial area such as a

stand, the net changes in forest composition and
structure typically appear very small or nonexistent.

This aggregate behavior of small patch dynamics
has been frequently described as a steady state or
equilibrium. The term "climax" has also been used to
characterize a condition similar to this in which veg-
etation composition and structure are considered
stable. However, the term "climax" has fallen out of
favor among forest ecologists. It has been used in
many different ways (Oliver and Larson 1990), often
to mean a simplistic and unrealistic end point of suc-
cession that lacks disturbance and is stable. The cur-
rent view of the last stage of forest development rec-
ognizes the occurrence and role of small disturbances
and the presence of instability resulting from larger
disturbances and climate change. This last phase typ-
ically requires many hundreds to over a 1,000 years to
develop in a stand that originated following a large,
severe disturbance—due to longevity of the trees that
form the original cohort and the decay resistance of
their wood. Consequently, this phase is uncommon
in many current landscapes where logging and nat-
ural disturbances occur more frequently than the typ-
ical life span of the major tree species.

Structural and compositional differences between
this phase and the transition phase are typically small
(Spies and Franklin 1991). Variation in live and dead
tree size or diversity of size classes may be lower if
large seral dominants were present in the previous
phase. Composition may shift toward shade-tolerant
plants that can regenerate in relatively small canopy
gaps. However, where early phases of stand develop-
ment are already dominated by shade intolerants,
composition may not change (Oliver and Larson
1990). As such, the composition of tree regeneration
becomes more similar to that of the mature overstory
trees (McCune and Allen 1985).

Variability of Developmental
Stages in Space and Time
The four major phases of forest development de-
scribed above are idealized, and although under-
standing these stages is often helpful, there is con-
siderable variability in a population of real stands
that blurs boundaries (Spies and Franklin 1991).Vari-
ation in disturbance history and site productivity, for
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example, result in stands being composites of two or
more phases. In some cases, multiple disturbances
may leave patches of several different previous
stands, creating a variety of phases mixed within a
stand horizontally or vertically or both. Conse-
quently, actual site-specific management practices
should be based on actual conditions within stands
rather than on broad classes of stand development.
The classes may be useful, however, in broad land-
scape-level planning and mapping.

The temporal pattern of stand developmental
stages may also be quite complex—controlled by dis-
turbance regimes and composition of propagules
available at critical periods during stand develop-

ment. Stand dynamics over time in complex land-
scapes can result in multiple pathways of develop-
ment (Cattelino et al. 1979) for a given site or land-
scape (Figure 2.9). Over long periods, these
trajectories might assume the patterns of chaotic sys-
tems with "strange attractors" (Gleick 1987). In the
modem scientific view, with its emphasis on non-
equilibrium dynamics, the strange attractors may
represent something close to a climax state—a con-
dition toward which stands may move statistically,
but not attain for very long (Figure 2.10). In a land-
scape with a variety of environments, several strange
attractors may occur, and under climate change these
points may vary over time.

--4111C 	  Unlikely path, relatively fireproof vegetation

4	  Likely path

Figure 2.9 Multiple pathways of forest development in the Coast Range of Oregon. Tshe:
Tsuga heterophylla; Rusp: Rubus spectabilis; Alru: Alnus rubra; Psme: Pseudotsuga menziesii
(from Hemstrom and Logan 1986).
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Figure 2.10 Theoretical phase-state diagram for
forest succession. Intervals between points indicate
equal time intervals.

Environmental and Ecosystem
Characteristics of Stands
We know much less about the structure and compo-
sition of nontree biological communities and ecosys-
tem functions than we do about the tree layer. The
general models of stand development described
above are based largely on the population dynamics
and structure of tree layers. The degree to which this
framework translates to other components of ecosys-
tems is not well documented, although we have
learned much in the last 15 to 20 years. Where or-
ganisms and ecosystem functions are strongly linked
to the structure and dynamics of the live and dead
tree components of the ecosystem, stand develop-
ment can be a major driver of ecosystem change over
space and time. On the other hand, the patterns of
some ecosystem components and functions may be
more strongly determined by the physical environ-
ment, competition, or accidents of migration and
mortality than by stand characteristics.

Despite the relatively poor documentation of the
role of stand structure and development in biological
diversity and ecosystem function, we have a good
conceptual model of stand structure linkages be-
tween trees and other biological and ecological char-

acteristics (Peet 1992, Franklin and Spies 1991, Perry
1994).

Resources and Microclimate

After the death of many trees in an area, a variety of
changes occur in the microclimate and resources of
stands. Above- and belowground resource availabil-
ity is characteristically high in the establishment
phase. The loss of the canopy layer typically results in
more extreme environmental conditions across the
patch, such as in temperature, radiation, and soil
moisture (Chen et al. 1992). The role of microsites
and fine-scale heterogeneity becomes important in
modifying the overall climate of the site and creating
"safe sites" for the establishment of species that are
more sensitive to temperature and moisture extremes
and high radiation.

As tree canopies close, available light and moisture
near the ground become low. Nutrient availability
may be low as well. Microclimates of the understory
probably have higher relative humidity and a smaller
range of temperatures compared to the extremes of
the open establishment phase. However, they may
not be as buffered relative to later stages when
canopy heights, protective phytomass, and number
of foliage layers are greater.

During the transition phase, as tree mortality oc-
curs in the overstory and height and crown growth
slow, available light increases in the understory, and
belowground resources such as moisture and nutri-
ents may increase as well (Oliver and Larson 1990,
Easter and Spies 1994). In later stages of the transi-
tion phase, the invasion of the understory and mid-
story layers by new cohorts of trees results in patchy
variation in resource availability from very low levels
beneath understory trees to relatively high levels in
canopy openings. Canopy gaps may increase in size
(Spies et al. 1990, Bradshaw and Spies 1992) between
the mature phase and the early transition old-growth
phase, although large gaps may also be found in ear-
lier phases. Microclimate variation beneath gaps and
canopies can be high, and variation within gaps can
control the survival of establishing tree species (Gray
and Spies, in press). Surface soil moisture might be
lower in the understory release and mature phase
compared with the later stages of the transition
phase. This is probably due to moisture uptake by
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well-developed shrub and herb layers in these early
phases.

Environmental characteristics of the shifting mo-
saic phase are poorly known and may differ little
from the latter stages of transition. Resources such as
available light and moisture are distributed in a spa-
tially heterogeneous manner with high levels in gaps
(small areas of the establishment phase) and low lev-
els beneath canopies in small areas of thinning and
transition phases (Canham et al. 1990). This mosaic
of resources selects for plants and animals that are
adapted to relatively small variations in resources
and habitat over time, such as organisms with low
mobility and greater competitive ability (Bazzaz
1991, Tilman et al. 1994).

Composition

The high resource availability during the establish-
ment phase allows many understory shrub and
herbaceous species that were formerly suppressed by
the shade of the tree layer to grow rapidly and in-
crease in biomass and productivity. Flower and fruit
production typically increases for many shrubs and
herbs. High vegetative productivity, phytomass, and
flower and fruit production near the ground increase
herbivory and foraging by invertebrates and verte-
brates. Many large ungulate species that are adapted
to living in forest landscapes find important sources
of energy in this phase—particularly where they can
venture into it from the protective cover of nearby
closed or semiclosed canopy forests (Thomas 1979).
Herbivory from invertebrates may also be high dur-
ing this time (Schowalter 1989). Numerous bird and
mammal species forage in stands of this phase of de-
velopment (Brown 1985).

Vertebrate use of stands during the thinning stage
is generally thought to be low relative to earlier and
later stages. If understories are sparse, not much
cover or food will be available. Dense tree canopies
may be used by those species, such as Kirkland's
warbler, that find cover and food there (Probst 1987).
Canopy epiphytes are less common in younger
stands (Spies 1991, McCune 1993).

Vertebrate and invertebrate species may become
relatively abundant during the transition phase of
forest development in some forest types. For example
in Douglas-fir– western hemlock stands in the Pacific

Northwest, several species of vertebrates are more
abundant in the mature and old-growth phases than
in earlier forest development phases (Ruggiero et al.
1991 ). These species include groups that use rela-
tively large dead trees, deep or multilayered canopies,
and deep forest floor layers and organic matter–rich
soils. Changes in invertebrate communities may also
occur during the transition phase, including an in-
crease in the relative abundance of arthropod preda-
tors (Schowalter 1989). There is some indication that
some species of fungi, lichens, and bryophytes are
also more abundant in old-growth forests compared
with earlier phases, although quantitative studies are
limited (FEMAT 1993).

Little is known about general differences in verte-
brate and invertebrate species between the transition
phase and the shifting mosaic phase. Differences in
animal communities might be expected if vegetative
structure and composition of the shifting mosaic
phase differ from the transition phase. For example,
if large live and standing-dead Douglas-firs drop out
of a stand over a long period of time and are replaced
by western hemlocks, which have different canopy
architectures and snag decay rates, then differences
in species that use canopies and standing dead wood
might be expected.

Ecosystem Functions
Following a major disturbance, overall ecosystem
biomass and net primary productivity (NPP) are low
but increasing rapidly (Peet 1992) (Figure 2.11). Dur-
ing early stages when mineral soil layers are exposed,
sediment losses from erosion may be relatively high
on steep slopes with high rainfall or where soil parti-
cles are fine and winds are high. As vegetation covers
the soil surface, these outputs decline rapidly. Soil
water and nutrient outputs typically increase during
this period and remain relatively high until roots re-
colonize the belowground environment and leaf area
regenerates toward previous levels. On steep slopes
that are prone to mass movements because of unsta-
ble soils and high precipitation, the loss of the tree-
root network may result in mass movements (Swan-
son and Dyrness 1975).

During the thinning phase, NPP and the rate of
carbon sequestration may be very high. However, live
biomass, total live and dead biomass, and storage of
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Figure 2.1 1 Idealized changes in biomass and net plant yield in relation to time. Curves
represent different conceptual models reflecting variability in processes and environment
(from Peet 1992 modified from Peet 1981).

carbon are not yet close to their maximum (Harmon
et al. 1990). Nutrient losses from stands in this phase
are expected to be low because of the rapidly aggrad-
ing biomass and near full occupancy of sites by trees
(Vitousek and Reiners 1975,Vitousek 1977). Leaf area
is thought to peak during this stage (Perry 1994), al-
though few field studies have been made. Herbivory
and mortality from pathogens are common in sup-
pressed, weakened trees and may spread to more

dominant trees through root grafts. Moreover, dense
stands with relatively narrow-diameter tall trees may
be more susceptible to breakage from wind and ice.

Live biomass typically peaks during the early part
of the transition phase and then may level off or de-
cline as mortality breaks up the dominant canopy of
trees and slowly replaces them with tree species with
smaller stature (Peet 1981). Carbon storage in live
and dead components may also peak during the
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transition phase (Harmon et al. 1990). Nutrient re-
tention is thought to decline as stands develop from
the thinning phase into the transition and shifting
mosaic phase (Vitousek 1977) where gaps are more
persistent and available nutrients may be exported
from the ecosystem following gap disturbances.
However, nutrient retention in early transition old-
growth Douglas-fir–western hemlock stands appears
to be high (Sollins et al. 1980), and sediment outputs
from watersheds dominated by transition phase
forests appear to be low (Swanson et al. 1982). Tall,
deep canopies of transition old growth may intercept
more moisture from clouds than the establishment
phase (Harr 1982), which lacks deep, well-developed
canopies.

Live stand biomass may be lower in the shifting
mosaic phase than the transition phase as the pro-
portion of gaps or areas of the establishment phase
increases in the stand (Peet 1992, Shugart 1984). Bio-
mass may also be lower if species composition shifts
toward lower-stature shade-tolerant species such as
occurs in the shift from Douglas-fir to western hem-
lock. Theoretically, net primary productivity is close to
zero because mortality and growth are roughly equal.
Nutrient retention is hypothesized to be relatively
low during the shifting mosaic phase because bio-
mass and nutrient stores are near equilibrium and
therefore inputs roughly equal outputs (Vitousek and
Reiners 1975).

Biomass and productivity do not always increase
with stand development. In boreal ecosystems, in-
creasing accumulations of organic matter in the for-
est floor and soil can lead to shallower permafrost
and declines in soil productivity and biomass in the
latter stages of stand development (Kimmins 1987).
In these ecosystems, site productivity typically de-
clines with stand age and is enhanced through dis-
turbances that remove or mix the surface organic
matter (Spies et al. 1991).

Time as a Factor in Forest
Compositional Development
The general model of stand development described
above views stand development from the perspective
of changes in structure, composition, and ecosystem

processes associated with tree population dynamics.
In this perspective, stands are a dynamic structural
template or filter that allows some species to estab-
lish and grow while preventing or inhibiting others.
Thus, changing structural and environmental tem-
plates can result in a changing species composition
(Spies 1991, McCune 1993). For many species, how-
ever, especially plant species, the most important fac-
tor associated with their establishment and growth
may simply be the amount of time since the last dis-
turbance that removed the species from the site
(Matlack 1994). Populations of these species are typ-
ically limited in landscapes and stands more by dis-
persal than particular stand structures. For example,
some understory and epiphytic plant species with
limited dispersal capabilities may move across land-
scapes at rates measured in meters per year (Mesler
and Lu 1983). Where disturbance has removed these
species from a stand, many decades or centuries may
be required for enough propagules to land and suc-
cessfully establish new populations (Duffy and Meier
1992, Peterkin and Game 1984). While some of these
species may be limited by or favored by particular
stand structures (such as nurse logs for tree seedlings
or particular branch characteristics for epiphytes),
many simply may be favored by particular combina-
tions of light, moisture, and nutrients that occur
through a variety of structural-environmental path-
ways. For example, shady moist microsites with high
levels of soil organic matter, common in old-growth
forests, may be found in very young stands. Similarly,
open, relatively exposed areas may be found within
the mosaic of vegetation of the shifting gap phase.
Some species may function independently of stand
development, but may be responding to the same
factor as stand development—time.
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Perspectives on Old Growth
Recently, considerable attention has been focused on
the ecology, conservation, and management of old-
growth forests. Old growth has been described vari-
ably in terms of stand structures (Franklin et al.
1981), stand development processes (Oliver and Lar-
son 1990), and a combination of perspectives, includ-
ing genetic, population, ecosystem, and landscape
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levels (Spies and Franklin 1995) as well as aesthetic
and timber management perspectives. The variety of
old-growth definitions is symptomatic of the com-
plexity of forest stand development and the diversity
of scientific and societal views of forests. In this chap-
ter, I use the most encompassing simple definition:
an ecosystem distinguished by the presence of popu-
lations of old trees that is not necessarily in a late-
successional condition or free from evidence of
human activity. In this definition, "a population of
old trees" means the presence of at least several trees
that are close to their maximum age for the particu-
lar site and climatic conditions and exhibit character-
istics of old trees, such as crown and bole senescence,
relatively slow growth, and relatively large size for
site, species, and climate.

Using this age-based definition, old growth occurs
in the last two major phases of stand development
(transition and shifting gap). The onset of old growth
during the transition phase depends on the species
and site conditions; it can occur in as short a span as
50 years or after 500 or more years in forest types of
North America. More-detailed, structure-based defi-
nitions for specific forest types have been based on
tree size, tree composition, amount and size of dead
trees, and vertical and horizontal heterogeneity (Old-
Growth Definition Task Group). Process-based defi-
nitions (Oliver and Larson 1990) have been based on
population dynamics of tree cohorts. Both perspec-
tives have advantages and disadvantages. Structure-
based definitions are particularly useful for inventory,
wildlife habitat, recreation, and timber management.
In these situations it is essential to have objectives
described in terms of relatively easily measured ob-
jects such as the size and species of live trees and
dead wood, and vegetation distribution. However,
structure-based definitions do not provide informa-
tion on the processes that created the structures; the
same structure may be achieved through different
developmental pathways. Furthermore, because of
variation across forest types and landscapes, it is dif-
ficult to extrapolate structural definitions from one
forest type to another without detailed sampling. In
most areas of the world, detailed knowledge of old-
growth conditions does not exist due to the lack of
older forests. In addition, the old growth that does
exist in a landscape may have developed from a par-

ticular disturbance history under a climate that no
longer exists.

Process-based definitions have the appeal of fo-
cusing on the way forests develop rather than the
way they appear at particular stages. This perspective
is valuable in cases where old forest conditions do
not currently exist and the objective is to have them
in the future. It is also valuable in situations in which
management is directed toward maintaining old
growth across a landscape as a whole, including
maintaining processes within current old-growth
stands and insuring that future ones will develop.
Process-based definitions also provide a stronger
conceptual link with the idea that vegetation is a dy-
namic entity. On the other hand, it is difficult to in-
corporate processes into inventory or management
based on habitat-suitability models. A particular
process, such as the population dynamics of canopy
trees or gap-phase reproduction, can lead to very dif-
ferent structures and ecological and management
conditions across a diverse forest environment.
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Implications for Forest Management
Forest management is determined by particular
human objectives for stands and landscapes. Where
these objectives are determined by short-term eco-
nomic considerations—as they frequently are—the
range of stand conditions and silvicultural practices is
limited at stand and landscape scales (Davis and
Johnson 1987). This has often lead to development of
increasingly intensive plantation management prac-
tices. Such practices tend to limit the diversity of
stand development phases and greatly shorten the
time between logging disturbances relative to the
potential range of natural structures and distur-
bance regimes. In many cases, stand development is
stopped by clearcut logging somewhere near the end
of the thinning phase when tree growth rates begin
to level off (Oliver and Larson 1990). In addition, the
establishment phase may be shortened by planting
trees at high densities and controlling or removing
competing vegetation to maximize resources capture
by commercial tree species. Precommercial and com-
mercial thinnings also may be applied to control
species composition and tree size and obtain inter-
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mediate forest products. This type of intensive forest
management will tend to produce stands that are
structurally and compositionally homogeneous.
However, some degree of heterogeneity often devel-
ops through patchy mortality of planted seedlings
and unwanted and unexpected physical and biotic
disturbances such as wind, insects, and disease. Nev-
ertheless, stands that result from intensive timber
management are not representative of the full poten-
tial range of stand development and variability of a
landscape. Moreover, they may not even be close to
conditions that occurred prior to forest-use practices
of modem industrial economies, especially where
plantations of introduced species are used. The impli-
cations of differences between intensive forest plan-
tations and more natural stands only can be assessed
in terms of a particular forest ecosystem, the man-
agement objectives for that ecosystem, and the con-
text of the larger landscape.

Where areas are managed primarily for wood fiber
production, differences between managed stands
and their wilder predecessors may not be of interest:
However, if basic ecosystem processes that maintain
long-term site and ecosystem productivity (such as
soil organic matter development and disease and in-
sect dynamics) are altered through site-level or land-
scape-level changes in stand structure and composi-
tion, then intensive forest plantation practices may
not lead to desirable outcomes even in terms of wood
fiber production.

In situations where forest management objectives
include maintenance of a broader array of ecological
and human values, current intensive forest plantation
practices will not meet those objectives. Species,
processes, and values associated with the transition
and shifting gap phases of stand development will be
inhibited or absent within stands managed to maxi-
mize wood fiber production. Species and processes
associated with the establishment phase may occupy
sites for shorter periods of time before canopy clo-
sure, although the frequency of this phase of forest
development will be greater with short rotations.

This does not necessarily mean that intensive for-
est management practices are incompatible with
multiple forest objectives at a landscape scale. Main-
tenance of species and ecosystems associated with
early and later forest developmental phases can only

be assessed over large areas such as landscapes, sub-
regions, and regions. All species are adapted to dis-
turbance and environmental heterogeneity, and all
have evolved life history traits that increase popula-
tion survival in dynamic landscapes. However, some
are better adapted than others. Hence the mainte-
nance of many species and processes associated with
later phases of forest development is probably a non-
linear function of the amount and distribution of that
habitat across the landscape. This means that popu-
lations of some species require landscapes that have
relatively large proportions or absolute areas of later
developmental phases. For example, long-term
maintenance of northern spotted owl populations in
the Pacific Northwest is expected to require many
large forest areas at least 20,000 ha in size that are
dominated by multistoried old-growth Douglas-
fir—western hemlock forests (Thomas et al. 1990). The
overall landscape that spotted owls and other species
live in will contain early successional stages and in-
tensively managed stands as well as areas of human
development. In landscapes where the maintenance
of many forest values is the objective, the challenge
to management is to determine the mix and pattern
of various stand conditions and disturbance regimes
that will meet the diversity of objectives.

It may be possible to modify silvicultural practices
at the stand level to meet multiple objectives at land-
scape and larger scales. For example, thinning in
young plantations may decrease the time required to
develop large trees and multiple-canopy forests for
late-phase species such as the spotted owl. This prac-
tice may produce suitable owl habitat in shorter time
frames as well as produce some economic benefits
from thinnings and mid-rotations instead of very
long rotations. It may not, however, produce desired
amounts of dead wood or heavy-limbed tree crowns.
In addition, for species that are limited by dispersal
rather than by particular habitat structures, accelerat-
ing the rate of stand development may not help if
logging disturbances are too frequent and severe to
allow populations of those species to reestablish be-
tween major disturbances. These species may benefit
from practices such as tree and patch retention de-
signed to reduce mortality through maintenance of
refugia. Similarly, allowing for areas of low-severity
disturbances within a stand at the time of logging
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and lengthening rotations are compatible with slow
recolonization rates. For some dispersal-limited
species, it may be possible to actively move propag-
ules around the landscape. However, this may be
practical for only a few species such as some of the
canopy lichens.

Given our imperfect knowledge of forest stand
structure and function and poor understanding of
forest management effects on biodiversity and long-

tempi=4,tt-sze

Literature Cited

Alaback, P. B. 1982. Dynamics of understory biomass in
Sitka spruce-western hemlock forests of southeastern
Alaska. Ecology 63:1932-1948.

Aplet, G. H., N. Johnson, J. T. Olson, and V. A. Sample, eds.
1993. Defining sustainable forestry. Washington, DC: Is-
land Press.

Bazzaz, F. A. 1991. Habitat selection in plants. American
Naturalist 137:116-130.

Bolsinger, C. L., and K. L. Waddell. 1993. Area of old-
growth forests in California, Oregon, and Washington.
USDA Forest Service. PNW Station Resource Bulletin
PNW-RB-197.

Bormann, F. H., and G. E. Likens. 1979. Pattern and process
in a forested ecosystem. New York: Springer-Verlag.

Bradshaw, G. A., and T. A. Spies. 1992. Characterizing
canopy gap structure in forests using wavelet analysis.
Journal of Ecology 80:205-215.

Brown, E. R., ed. 1985. Management of wildlife and fish habi-
tats in forests of western Oregon and Washington. Portland,
OR: USDA Forest Service, Pacific Northwest Region.

Canham, C. D., J. S. Denslow, J. S. Platt, W. J. Runkle, T. A.
Spies, and P. S. White. 1990. Light regimes beneath
closed canopies and tree-fall gaps in temperate and
tropical forests. Canadian Journal of Forest Research
20:620-631.

Cattelino, P. J., I. R. Noble, R. 0. Slayter, and S. R. Kessell.
1979. Predicting the multiple pathways of plant succes-
sion. Environmental Management 3:41-50.

Chen, J., J. F. Franklin, and T. A. Spies. 1992. Vegetation re-
sponses to edge environments in old-growth Douglas-
fir forests. Ecological Applications 2:387-396.

Clements, F. E. 1916. Plant succession: An analysis of the de-
velopment of vegetation. Publication 242. Washington,
DC: Carnegie Institute of Washington.

term ecosystem function, it is uncertain how well we
can sustain ecosystem values while providing com-
modity resources. Prudence calls for an adaptive
ecosystematic approach that spreads environmental
risks across management strategies ranging from re-
serves to restoration to intensive plantations. The
challenge to management is to find the mix of stand
and landscape practices that meet biological and so-
cial objectives.

Cohen, W. B., and T. A. Spies. 1992. Estimating structural
attributes of Douglas-fir-western hemlock forest stands
from Landsat and spot imagery. Remote Sensing of Envi-
ronment 41:1-17.

Cohen, W. B., T. A. Spies, and G. A. Bradshaw. 1990. Semi-
variograms of digital imagery for analysis of conifer
canopy structure. Remote Sensing of Environment 34:
167-178.

Daniel, T. W., J. A. Helms, and F. S. Baker. 1979. Principles of
silviculture. 2nd ed. New York: McGraw-Hill.

Davis, L. S., and K. N. Johnson. 1987. Forest management.
3rd ed. New York: McGraw-Hill.

Duffy, D. C., and A. J. Meier. 1992. Do Appalachian herba-
ceous understories ever recover from clearcutting? Con-
servation Biology 6:196-201.

Easter, M. J., and T. A. Spies. 1994. Using hemispherical
photography for estimating photosynthetic photon flux
density under canopies and gaps in Douglas-fir forests
of the Pacific Northwest. Canadian Journal of Forest Re-
search 24:2050-2058.

Ellenberg, H. 1978. Vegetation Mitteleuropas mit den Alpen.
Stuttgart, Germany: Verlag Eugen Ulmer.

Elliot, K. J., and W. T. Swank. 1994. Impacts of drought on
tree mortality and growth in a mixed hardwood forest.
Journal of Vegetation Science 5(2): 229-236.

Esseen, P. A., B. Ehnstrom, L. Ericson, and K. Sjoberg. 1992.
Boreal forests-the focal habitats of Fennoscania. In
Ecological principles of nature conservation: Applications in
temperate and boreal environments, ed. L. Hansson. Lon-
don, England: Elsevier.

FEMAT. 1993. Forest ecosystem management: An ecological,
economic, and social assessment. Report of the Forest
Ecosystem Management Team (FEMAT). 1993-793-071.
Washington, DC: GPO.

Foster, D. 1993. Land-use history and forest transforma-



28
	 Section I. Ecological Processes and Principles

tions in central New England. In Humans as components
of ecosystems: The ecology of subtle human effects and pop-
ulated areas, ed. M. J. McDonnel and S. T. A. Pickett.
New York: Springer-Verlag.

Franklin, J. F. 1989. Toward a new forestry. American Forestry
11:37-44.

Franklin, J. F., and M. A. Hemstrom. 1981. Aspects of suc-
cession in coniferous forests of the Pacific Northwest. In
Forest succession: Concepts and application, ed. D. C. West,
H. H. Shugart, and D. B. Botkin. New York: Springer-
Verlag.

Franklin, J. F., and T. A. Spies. 1991. Composition, function,
and structure of old-growth Douglas-fir forests." In
Wildlife and vegetation of unmanaged Douglas fir forests,
tech. coords. L. F. Ruggiero, K. B. Aubry, A. B. Carey, and
M. H. Huff. General technical report PNW-GTR-285.
Portland, OR: USDA Forest Service.

Franklin, J. F., K. Cromack Jr., W. Denison, A. McKee, C.
Maser, J. Sedell, F. Swanson, and G. Juday. 1981. Ecolog-
ical characteristics of old-growth Douglas-fir forests. Gen-
eral technical report PNW-118. Portland, OR: USDA
Forest Service.

Gleick, J. 1987. Chaos. NewYork: Viking.
Glenn-Lewin, D. C., and E. van der Maarel. 1992. Patterns

and processes of vegetation dynamics. NewYork: Chapman
and Hall.

Glenn-Lewin, D. C., R. K. Peet, and T. T. Veblen, eds. 1992.
Plant succession: Theory and prediction. NewYork: Chap-
man and Hall.

Graham, S. A., R. P. Harrison Jr., and C. E. Westell Jr. 1963.
Aspens: Phoenix trees of the Great Lakes region. Ann Arbor:
University of Michigan Press.

Gray, A. N., and T. A. Spies. In press. Gap size, within-gap
position, and canopy structure effects on conifer seed-
ling establishment in forest canopy gaps. Journal of Ecol-
ogy.

Grier, C. C., and R. S. Logan. 1977. Old-growth Pseudotsuga
menziesii communities of a western Oregon watershed:
Biomass distribution and production budgets. Ecology
Monographs 47 (4):373-400.

Halpern, C. B. 1989. Early successional patterns of forest
species: Interactions of life history traits and distur-
bance. Ecology 70:704-720.

Hanley, T. A. 1984. Relationships between Sitka black-tailed
deer and their habitat. General Technical Report PNW
168. Washington, DC: USDA Forest Service.

Harmon, M. E., J. F. Franklin, F. J. Swanson, P. Sollins, S. V.
Gregory J. D. Lattin, N. H. Anderson, S. P Cline, N. G.
Aumen, J. R. Sedell, G. W. Lienkaemper, K. Cromack, Jr.,
and K. W. Cummins. 1986. Ecology of coarse woody de-
bris in temperate ecosystems. In Advances in ecological

research, ed. A. MacFadyen and E. D. Ford. Orlando, FL:
Academic Press.

Harmon, M. E., W. K. Ferrell, and J. F. Franklin. 1990. Effects
on carbon storage of conversion of old-growth forests to
young forests. Science 247:699-702.

Harr, R. D. 1982. Fog drip in the Bull Run municipal water-
shed, Oregon. Water Resources Research 18:785-789.

Hemstrom, M. A., and S. E. Logan. 1986. Plant association
and management guide, Siuslaw National Forest. R6 - Ecol
220 1986a. Portland, OR: Pacific Northwest Region,
USDA Forest Service.

Kimmins, J. P. 1987. Forest ecology. New York: Macmillan
Publishing Co.

Lesica, P., B. McCune, S. V. Cooper, and W. S. Hong. 1991.
Differences in lichen and bryophyte communities be-
tween old-growth and managed second-growth forests
in the Swan Valley Montana. Canadian Journal of Botany
69:1745-1755.

Matlack, G. R. 1994. Plant species migration in a mixed-
history forest landscape in eastern North America. Ecol-
ogy 75 (5):1491-1502.

McCune, B. 1993. Gradients in epiphyte biomass in three
Pseudostuga-Tsuga forests of different ages in western
Oregon and Washington. The Bryologist 96 (3):405-411.

McCune, B., and T. F. H. Allen. 1985. Will similar forests de-
velop on similar sites? Canadian Journal of Botany
63:367-376.

Mesler, M. R., and K. L. Lu. 1983. Seed dispersal of Trillium
ovatum (Lilliaceae) in second-growth redwood forests.
American Journal of Botany 70(10):1460-1467.

Mooney, H.A., and M. Godron, eds. 1983. Disturbance and
ecosystems: Components of response. Berlin, Germany:
Springer-Verlag.

Morrison, P. H., and F. J. Swanson. 1990. Fire history in two
forest ecosystems of the central western Cascade Range, Ore-
gon. General technical report PNW-GTR-254. Portland,
OR: USDA Forest Service.

Nelson, R., et al. 1987. Determining the rate of forest con-
version in Mato Grosso, Brazil, using Landsat MSS and
AVHRR data. International Journal of Remote Sensing
8:1767-1784.

Old-Growth Definition Task Group. 1986. Interim defini-
tions for old-growth Douglas fir and mixed-conifer forests in
the Pacific Northwest and California. Research note
PNW-447. Portland, OR: USDA Forest Service.

Oliver, C. D. 1981. Forest development in North America
following major disturbances. Forest Ecology Manage-
ment 3:153-168.

Oliver, C. D., and B. C. Larson. 1990. Forests stand dynamics.
New York: McGraw-Hill.



2. Forest Stand Structure, Composition, and Function 	 29

Peet, R. K. 1981. Changes in biomass and production dur-
ing secondary forest succession. In Forest succession:Con-
cepts and applications. New York: Springer-Verlag.

-. 1992. Community structure and ecosystem func-
tion. In Plant Succession: Theory and Prediction, ed. D. C.
Glenn-Lewin, R. K. Peet, and T. T. Veblen. New York:
Chapman and Hall.

Peet, R. K., and N. L. Christensen. 1980. Succession: A Pop-
ulation process. Vegetatio 43:131-40.
	 . 1987. Competition and tree death. BioScience

37:586-595.
Perlin, J. 1989. A forest journey: The Role of wood in the devel-

opment of civilization. Cambridge, MA: Harvard Univer-
sity Press.

Perry, D. A. 1994. Forest ecosystems. Baltimore: Johns Hop-
kins University Press.

Peterkin, G. F. 1993. Woodland conservation and manage-
ment. 2nd. ed. London, England: Chapman and Hall.

Peterkin, G. F., and M. Game. 1984. Historical factors af-
fecting the number and distribution of vascular plant
species in the woodlands of central Lincolnshire. Journal
of Ecology 72:155-182.

Peterkin, G. F., and E. W. Jones. 1987. Forty years of change
in Lady Park Wood: The old-growth stands. Journal of
Ecology 75:477-512.

Pickett, S. T. A., and P. S. White, eds. 1985. The ecology of
natural disturbances and patch dynamics. Orlando, FL:
Academic Press.

Pickett, S. T. A., J. Kolasa, and C. G. Jones. 1994. Ecological
understanding. Orlando, FL: Academic Press.

Postel, S., and J. C. Ryan. 1991. Reforming forestry. In State
of the world, ed. L. R. Brown. NewYork: W. W. Norton.

Probst, J. R. 1987. Kirkland's warbler breeding biology and
habitat management. In Integrating forest management for
wildlife and fish, ed. W. Hoekstra and J. Capp. Paper NC-
122. Rhinelander, WI: USDA Forest Service. North Cen-
tral Forest Experiment Station.

Ruggiero, L. F., L. C. Jones, and K. B. Aubry. 1991. Plant and
animal habitat associations in Douglas-fir forests of the
Pacific Northwest: An overview. In Wildlife and vegeta-
tion of unmanaged Douglas-fir forests, tech. coord. L. F.
Ruggiero, K. B. Aubry, A. B. Carey, and M. H. Huff. Gen-
eral technical report PNW-GTR-285. Portland, OR:
USDA Forest Service.

Schoonmaker, P., and A. McKee. 1988. Species composition
and diversity during secondary succession of coniferous
forests in the western Cascade Mountains of Oregon.
Forest Science 34 (4):960-979.

Schowalter, T. D. 1989. Canopy arthropod community
structure and herbivory in old-growth and regenerating

forests in western Oregon. Canadian Journal of Forest Re-
search 19:318-322.

Seymour, R. S., and M. L. Hunter. 1992. New forestry in east-
ern spruce-fir forests: Principles and applications to Maine.
Maine Agriculture and Forest Experiment Station, Misc.
Pub. 716. Orono: University of Maine.

Shugart, H. H. 1984. A Theory of forest dynamics. NewYork:
Springer-Verlag.

Smith, D. M. 1962. The Practice of silviculture. 7th ed. New
York: John Wiley & Sons.

Sollins, P, C. C. Grier, F. M. McCorrison, K. Cromack Jr., R.
Fogel, and R. L. Fredriksen. 1980. The internal element
cycles of an old-growth Douglas-fir ecosystem in west-
ern Oregon. Ecological Monographs 50 (3):261-285.

Spies, T. A. 1991. Plant species diversity and occurrence in
young, mature, and old-growth Douglas-fir stands in
western Washington and Oregon. In Wildlife and vegeta-
tion of unmanaged Douglas-fir forests, tech. coord. L. F.
Ruggiero, K. B. Aubry, A. B. Carey, and M. H. Huff. Gen-
eral technical report PNW-GTR-285. Portland, OR:
USDA Forest Service.

Spies, T. A., and B. V. Barnes. 1982. Natural hybridization
between Populus alba and the native aspens in south-
eastern Michigan. Canadian Journal of Forest Research 12:
653-660.

Spies, T. A., and J. F. Franklin. 1991. The structure of natural
young, mature, and old-growth forests in Washington
and Oregon. In Wildlife and vegetation of unmanaged
Douglas-fir forests, tech. coord. L. F. Ruggiero, K. B.
Aubry, A. B. Carey, and M. H. Huff. General technical re-
port PNW-GTR-285. Portland, OR: USDA Forest Ser-
vice.
	 . 1995. The diversity of maintenance of old-growth

forests. In Biodiversity in Managed Landscapes, ed. R. C.
Szaro and D. W. Johnson. New York: Oxford University
Press.

Spies, T. A., J. F. Franklin, and T. B. Thomas. 1988. Coarse
woody debris in Douglas-fir forests of western Oregon
and Washington. Ecology 69 (6):1689-1702.

Spies, T. A., J. F. Franklin, and M. Klopsch. 1990. Canopy
gaps in Douglas-fir forests of the Cascade Mountains.
Canadian Journal of Forest Research 20:649-658.

Spies, T. A., J. Tappeiner, J. Pojar, and D. Coates. 1991. Trends
in ecosystem management at the stand level. Transaction
of North American Wildlife and Natural Resources Confer-
ence 56:628-639.

Spies, T. A., W. J. Ripple, and G. A. Bradshaw. 1994. Dy-
namics and pattern of a managed coniferous forest
landscape in Oregon. Ecological Applications 4(3):555-
568.

Swanson, F. J., and C. T. Dyrness. 1975. Impact of clear-cut-



30 Section I. Ecological Processes and Principles

ting and road construction on soil erosion by landslides
in the western Cascade Range, Oregon. Geology 3:393-
396.

Swanson, .F. J., R. L. Fredricksen, and F. M. McCorrison.
1982. Material transfer in a western Oregon forested
watershed. In Analysis of coniferous forest ecosystems in
the western United States, ed. R. L. Edmonds. Strouds-
burg, PA: Hutchinson Ross Publishing Co.

Thomas, J. W., ed. 1979. Wildlife habitats in managed forests:
The Blue Mountains of Oregon and Washington. Agricul-
ture handbook 553. Washington, DC: USDA Forest Ser-
vice.

Thomas, J. W., E. D. Forsman, J. B. Lint, E. C. Meslow, B. R.
Noon, and J. Verner. 1990. A conservation strategy for the
northern spotted owl. Portland, OR: USDA Forest Service
and USDI National Park Service.

Tiegerstedt, P. M. A., D. Rudin, T. Niemela, and J. Tam-
misola. 1982. Competition and neighboring effect in a
naturally regenerating population of Scots pine. Silvae
Fennica 16:122-129.

Tilman, D., R. M. May, C. L. Lehman, and M. A. Nowak.
1994. Habitat destruction and the extinction debt. Na-
ture 371:65-66.

USDA Forest Service. 1989. Generic definition and descrip-
tion of old-growth forests. Report on file at PNW Re-

search Station, Forestry Sciences Laboratory, Corvallis,
OR.

Veblen, T. T. 1992. Regeneration dynamics. In Plant succes-
sion: Theory and prediction, ed. D. C. Glenn-Lewin, R. K.
Peet, and T. T. Veblen. New York: Chapman and Hall.

Vitousek, P. M. 1977. The regulation of element concentra-
tions in mountain streams in the northeastern United
States. Ecology Monographs 47:65— 87.

Vitousek, P. M., and W. A. Reiners. 1975. Ecosystem succes-
sion and nutrient retention: A hypothesis. BioScience 25
(6):376-381.

Waring, R. H., and W. H. Schlesinger. 1985. Forest ecosys-
tems. Orlando, FL: Academic Press.

Watt, A. S. 1947. Pattern and process in the plant commu-
nity. Journal of Ecology 35:1-22.

Whitney, G. G., and D. R. Foster. 1988. Overstory composi-
tion and age as determinants of the understory flora of
woods of central New England. Journal of Ecology
76:867-876.

Whittaker, R. H. 1953. A consideration of climax theory: The
climax as a population and pattern. Ecology Monographs
23:41-78.

	 . 1962. Classification of natural communities. Botan-
ical Review 28(1):1-239.


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21

