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PATTERNS AND MECHANISMS OF PLANT DIVERSITY IN
FORESTED ECOSYSTEMS: IMPLICATIONS FOR
FOREST MANAGEMENT!"?
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Faculty of Forestry and Environmental Management, University of New Brunswick, P.O. Box 44555,
Fredericton, New Brunswick, Canada E3B 6C2

FrRANK S. GILLIAM
Department of Biological Sciences, Marshall University, 400 Hal Greer Boulevard,
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Abstract. The objectives of this paper are to (1) review existing diversity models, (2)
identify principles that explain patterns of plant species diversity, (3) discuss implications
for forest management, and (4) identify research needs. Many current theories cast distur-
bance as the key player in maintaining species diversity by preventing competitive dom-
inance of one or a few species. Equilibrium and nonequilibrium theories alike agree that
maximum diversity should occur at intermediate size, frequency, and intensity of distur-
bance. These models do not adequately predict patterns at all spatial scales or across
community types. A mechanistic theory is needed to explain diversity patterns at the patch,
stand, and landscape scales, as well as across site quality and successional gradients. Such
a theory should be based upon the interaction between species’ life-history characteristics
and the nature of disturbance. New research is needed in the following areas: identifying
disturbance-life-history interactions, particularly with respect to the short-term and long-
term effects of disturbance; quantifying patch diversity and determining its relationship
with species diversity; determining relationships between species diversity and structural
and functional diversity; and identifying appropriate standards of comparison for managed
stands. Comparative studies in different ecosystem types, such as boreal and tropical forests,
should be encouraged to help clarify the relative importance of processes that influence
diversity.

Key words: disturbance; diversity theory; equilibrium models; intermediate disturbance hypoth-
esis; life histories; nonequilibrium models; plants; research needs; site quality; spatial scales; species

diversity; succession.

INTRODUCTION

In light of the accelerating loss of species worldwide
(Wilson 1988), national and global forestry organiza-
tions have recognized the need to manage for biodi-
versity (Burton et al. 1992). For example, the Society
of American Foresters (1991:viii) recommend that
“Professional foresters should manage forestlands to
conserve, maintain, or enhance the biological diversity
of the region in which they work and, collectively, of
the nation and the earth.”” The National Forest Man-
agement Act of 1976 (16 U.S.C. § 1600 et. seq. [1988])3
explicitly directs the USDA Forest Service to provide
for diversity of plant and animal communities. We in-
terpret these statements to mean that the goal of forest
management should be to maintain natural diversity
and species composition, as well as to enhance diver-

! Manuscript received 2 March 1994; revised 2 October
1994; accepted 9 November 1994.

2For reprints of this 67-page group of papers on plant
diversity in managed forests, see footnote 1, page 911.

3U.S.C. = United States Code, the official compilation of
all federal law.

sity in areas where it has declined due to human ac-
tivity.

In spite of increasing interest on the part of the public
and land management agencies to manage for biodi-
versity, specific management strategies have, as yet,
been poorly defined. Indeed, general theories of bio-
diversity are lacking (Solbrig 1991). We believe that
ecologically sound forest management should be based
on an understanding of natural patterns of diversity and
the ecological processes that influence these patterns.
Thus, it is imperative that we review the state of our
knowledge in this area and its applications to manage-
ment. Before we investigate these processes, however,
we must first clarify terms and concepts of biodiversity
that are relevant in management and that will be ad-
dressed in this review.

In its broadest definition, biodiversity is the diversity
of life in all its forms and all its levels of organization
(Hunter 1990), including the ecological structures,
functions, and processes at all of these levels (Society
of American Foresters 1991). In an attempt to provide
a more operational definition, Crow et al. (1994) have
identified three broad types or subgroups of biodiver-
sity: compositional, structural, and functional. “Com-
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positional diversity’’ is the variety of items within an
area, such as species in a forest stand. ‘‘Structural di-
versity’’ can be characterized by the vertical or hori-
zontal distribution of plants, plant sizes, or age distri-
butions. ‘‘Functional diversity” is characterized by
ecological processes, such as nutrient cycling, decom-
position, energy flow, and trophic-level relationships.
In addition to its different types, biodiversity can also
be considered at various hierarchical levels of biolog-
ical organization. For example, compositional diversity
can be viewed at the genetic, species, or ecosystem
levels (Probst and Crow 1991).

Each of the types and levels of biodiversity is ex-
pressed at a variety of spatial scales, from local to
global. Consideration of scale is particularly relevant
in management because strategies that favor local di-
versity may result in a decrease in regional diversity
(Crow 1990). For convenience, we consider three spa-
tial scales in this paper: patch, stand, and landscape.
A ‘“‘patch” is a contiguous, uniformly disturbed area
in which the subsequent dynamics are similar (Petraitis
et al. 1989). A single disturbance event, such as a fire,
insect defoliation, or individual tree windthrow, may
produce many different types of patches with different
characteristics (Petraitis et al. 1989). As such, a patch
is generally relatively small in spatial extent. In sil-
vicultural terms, a patch denotes a portion of a stand
that may be treated differently because of site, com-
positional, or structural differences, or to provide for
regeneration of desired species, as in patch clear-cut-
ting or patch shelterwood cutting (Smith 1986).

The “‘stand” is a group of trees and associated veg-
etation of similar structure growing under similar site
conditions (Oliver and Larson 1990). Although the
stand may contain many patches of different kinds, it
is sufficiently uniform to be considered a homogeneous
ecological unit. The stand is equivalent to an ecological
community (Kimmins 1987), although for management
purposes several similar stands may be grouped to-
gether and treated similarly. The ‘‘landscape’ is a het-
erogeneous land area composed of different, interacting
ecosystems (Forman and Godron 1986). In a manage-
ment context, the stand, watershed, or other adminis-
trative unit may be considered as the basic ecosystem
unit within the forested landscape, depending on man-
agement objectives. At the landscape scale, site quality,
a notoriously variable characteristic in forested areas,
exerts a strong influence on diversity patterns (Auclair
and Goff 1971).

Finally, each of the types and levels of biodiversity
also occurs within a temporal scale. For example, com-
positional diversity may show distinctive patterns with
successional time according to changes in competitive
interactions (Peet and Christensen 1988, Oliver and
Larson 1990). The type of diversity, level of biological
organization, and spatial and temporal scales must be
clearly specified before undertaking any biodiversity
assessment.
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As in the other papers in this feature on plant di-
versity in managed forests, we consider primarily com-
positional (species) diversity of vascular plants, in-
cluding the herbaceous understory as well as the woody
overstory, because of the fundamental role that these
species play in the structure and function of forest eco-
systems. Accordingly, we use the term ‘‘species di-
versity”’ in preference to ‘‘biodiversity’’ to avoid con-
fusing our relatively narrow focus with the broader
concept. Although many different measures and indices
of species diversity are available (Peet 1974, Patil and
Taillie 1982, Magurran 1988), we refer primarily to
species richness (number of species per unit area).

We address diversity primarily at the stand level be-
cause the stand is the basic unit of management, and
the effects of management disturbances are directly
expressed at this level. We agree that managers must
focus on ecosystems and landscapes to preserve bio-
diversity (Franklin 1993). We suggest, however, that
this can be done by managing at the stand level pro-
vided that management is carried out within the frame-
work of landscape-level objectives. In the words of
Crow (1989), managers should manage logally for re-
gional diversity. We also consider species diversity
along site quality and temporal gradients because these
variables can present serious challenges to forest man-
agers.

The papers in this group reflect a variety of diversity
patterns. This diversity of diversities is in large part
related to the wide range of ecosystem types that were
included in our symposium. Previous studies in forest
ecosystems also have found conflicting patterns. For
example, many studies have addressed temporal
changes in diversity. Monk (1967) found that diversity
increased with succession as predicted by Odum
(1969). Diversity was highest in the early stages of
succession in studies by Habeck (1968) and Peet
(1978). Long (1977) reported a similar pattern, but his
study included only the first 73 yr of succession. Bor-
mann and Likens (1979) predicted that diversity should
be equally high during both the early post-disturbance
and climax stages. Several others have reported an in-
crease followed by a decrease during succession
(Loucks 1970, Auclair and Goff 1971, Shafi and Yar-
ranton 1973, Schoonmaker and McKee 1988). Clearly,
mechanistic models are needed to explain these con-
flicting patterns.

Accordingly, the main objectives of our summary
paper are to (1) review current diversity models, and
(2) based on this review, identify underlying principles
that explain diversity patterns across ecosystem types
and management schemes. We also consider the im-
plications of these general models for forest manage-
ment and identify key areas for future research.

REVIEW OF GENERAL MODELS

Connell (1978) divided diversity models into two
general types: equilibrium and nonequilibrium models.
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According to the equilibrium models, species compo-
sition recovers to an equilibrium at some point in time
following disturbance, and maximum diversity is main-
tained at this level, either indefinitely or until a sub-
sequent disturbance occurs.

Three hypotheses have been proposed to explain the
equilibrium pattern (Connell 1978). In one view, total
diversity of a community is a function of the total range
of habitat conditions and the degree of specialization
of species to those habitats. This is the niche diversi-
fication hypothesis.

Proponents of the compensatory-mortality hypothe-
sis claim that selective mortality of the superior com-
petitor maintains equilibrium. Predation or disease are
examples of these mortality agents. This has been
called “‘predator-mediated coexistence’’ by Petraitis et
al. (1989). It is important to note that a form of dis-
turbance is required to maintain diversity by this hy-
pothesis.

Finally, under the circular-networks hypothesis, each
species uses interference mechanisms that cause it to
win over some species but lose to others. This is anal-
ogous to a perpetual round-robin tournament in which
there is no ultimate winner.

In contrast to equilibrium models, the nonequilib-
rium models state that random (catastrophic) mortality
caused by disturbance prevents natural communities
from ever reaching equilibrium (Pickett 1980). These
disturbances prevent superior competitors from becom-
ing dominant. The patterns in fire-dependent commu-
nities, such as the boreal forest (Rowe and Scotter
1973) or longleaf pine (Pinus palustris Mill.) ecosys-
tems of the southeastern United States (Campbell
1955), fit the nonequilibrium model.

Connell (1978) identified three nonequilibrium hy-
potheses. According to the intermediate-disturbance
hypothesis, disturbance maintains diversity by pre-
venting competitive exclusion. Maximum diversity is
maintained at intermediate disturbance size, frequency,
and intensity.

The equal-chance hypothesis has been proposed to
explain situations in which all species appear to be
equal in competitive ability. For example, many tree
species in the tropical rain forest seem to have similar
ecological requirements. Diversity, then, is a function
of the number of species available for colonization.

Gradual changes in climate, seasonal and long-term,
may cause shifts in species dominance, preventing
competitive exclusion. This is the gradual-change hy-
pothesis. Similar to the intermediate disturbance hy-
pothesis, disturbance prevents competitive exclusion,
but in this case the disturbance is much more gradual.
The validity of the gradual-change hypothesis would
depend on the rate of competitive exclusion relative to
the rate of environmental change.

More recently, several alternative diversity models
have been proposed. Huston’s (1979) dynamic-equilib-
rium model elaborates on the nonequilibrium theme.
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Fic. 1. Response of diversity to disturbance frequency

and population growth rate according to the dynamic equi-
librium model. (After Huston 1979; printed with permission
of the University of Chicago Press from American Naturalist.)

The factors that control diversity in this model are the
periodicity of disturbance and the rate of competitive
exclusion. This model predicts that maximum diversity
occurs at low to intermediate growth rates and distur-
bance frequencies (Fig. 1). Because growth rate is a
function of site quality, this model implicitly includes
the effects of site quality on diversity patterns.

The general model of diversity proposed by Petraitis
et al. (1989) includes elements of the equilibrium and
nonequilibrium models. By this model, diversity is reg-
ulated by species’ immigration and extinction rates.
The probabilities of immigration and extinction are
functions of species number, as predicted by the theory
of island biogeography (MacArthur and Wilson 1967).
These rates also depend on within- and between-patch
characteristics, such as microclimate and resource
availability.

Similar to Huston (1979), Petraitis et al. (1989) view
disturbance as the key factor that maintains diversity.
The general model also predicts that the highest di-
versity should occur at intermediate disturbance levels.
This results from a trade-off in life-history character-
istics: no species is adapted to resist both competition
and disturbance. Both types of species (i.e., those that
resist disturbance and those that resist competition),
are present at intermediate scales, intensities, and fre-
quencies of disturbance.

It would be difficult, if not impossible, to conduct
critical tests of the above hypotheses. Indeed, elements
of several of these models may apply in the same sit-
uation. For example, in the Pacific Northwest certain
species depend on habitats provided only by forest
structure that resembles old growth (Spies 1991), as
predicted by the niche diversification hypothesis. At
the same time, the intermediate disturbance hypothesis
is also applicable here, with diversity peaking during
intermediate stages of succession (Schoonmaker and
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McKee 1988). In some cases, diversity may show mul-
tiple peaks during succession as found by Halpern and
Spies (1995), indicating that diversity patterns may not
be as predictable as initially presumed. Thus, although
these models are useful in organizing our thinking
about diversity, they have limited application to man-
agement because of their generality.

Many of the above models agree that intermediate
disturbance levels maintain diversity. Indeed, we view
disturbance theory as central to management because
management activities are simply different forms and
intensities of disturbance. Accordingly, we return to
the intermediate-disturbance hypothesis (IDH) to as-
sess its applicability to forest management scenarios.

EVALUATION OF THE
INTERMEDIATE-DISTURBANCE HYPOTHESIS

The intermediate-disturbance hypothesis (IDH) pos-
tulates that diversity is highest during intermediate
stages of succession because enough time has elapsed
for a variety of species to invade but not enough time
for any species to dominate. For example, in distur-
bance-prone temperate forests there is a strong ten-
dency for one or a few shade-tolerant species to become
dominant with increasing time since disturbance
(Loucks 1970). There is a dynamic equilibrium be-
tween disturbance rates and the rates of competitive
exclusion among species (Huston 1979).

The rationale for the IDH is that few species (ru-
derals sensu Grime 1979) can persist under frequent,
severe disturbances and few species (stress-tolerators
sensu Grime [1979], or superior competitors) can per-
sist in the absence of disturbance, whereas many spe-
cies can persist in patches in various stages of recovery.
A variety of ruderals, superior competitors, and inter-
mediate species occur in the different-aged patches.

In addition to the time since disturbance and the rates
of competitive displacement, whether or not the present
disturbance regime approximates the historically char-
acteristic regime for that community is an additional
factor contributing to diversity (Denslow 1980). The
important implications of the IDH are as follows (Den-
slow 1980, 1985): :

1) Maximum diversity occurs at intermediate dis-
turbance size, frequency, and intensity.

2) The natural community is richest in species adapt-
ed to establish in the type of patch most commonly
created by disturbance. For example, in communities
in which large-scale disturbance is common, such as
the boreal forest, we find a relatively large number of
species adapted to establishment in large gaps. In con-
trast, shade-tolerant species, which depend on small
gaps for establishment, predominate in the tropical rain
forest where small-scale disturbance is common.

3) The diversity of native species at the landscape
level is greatest when disturbance occurs at its historic
frequency and pattern. In other words, the average his-
toric disturbance regime (defined in terms of size, fre-
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quency, and intensity) is equivalent to the intermediate-
disturbance regime. In management terms, this sug-
gests that changing the natural frequency and pattern
of disturbance by harvesting, fire prevention, or other
treatments would cause a reduction in diversity.

In assessing the applicability of the IDH to man-
agement, we must again consider the issue of scale. It
is not clear whether the IDH applies to the patch, stand,
or landscape levels or to all scales. At the landscape
scale it is easy to envision how a variety of stand types
and development stages would maximize diversity. If
only the intermediate disturbance were to occur, how-
ever, with no variability in size, frequency, or intensity,
then landscape-level diversity would likely be reduced
because species dependent on the extremes of distur-
bance would be eliminated. At the patch level the high-
est diversity may very well occur at intermediate-dis-
turbance size, frequency, and intensity as predicted by
the IDH. At the stand level, however, diversity may be
higher if there is a variety of disturbance sizes, fre-
quencies, and intensities. For example, species diver-
sity may be low within a small patch but high within
the stand if patch diversity is high. Thus, ane problem
with the IDH is that it considers only the intermediate-
disturbance regime without reference to the range of
disturbance frequencies, intensities, and sizes that are
encompassed within the historic regime.

Another problem with the IDH model is that it does
not attempt to predict differences in diversity between
communities, such as those resulting from variations
in site quality (Denslow 1980). This is a critical short-
coming for managers because they must deal with a
wide range of site quality. Clearly a more mechanistic,
predictive model is needed to explain diversity patterns
at patch, stand, and landscape scales.

ELEMENTS OF A MECHANISTIC MODEL OF
SPECIES DIVERSITY

Many workers have argued that a reductionist ap-
proach emphasizing species’ life histories is required
to deepen our understanding of succession (Drury and
Nisbet 1973, Pickett 1976, Peet and Christensen 1980).
This approach would also help explain changes in di-
versity over time, because temporal changes in diver-
sity are influenced by successional processes, including
competitive interactions and plant-mediated changes in
resource availability. Several authors have classified
plants into categories based on growth forms (Monk
1983) or reproductive characteristics (Bormann and
Likens 1979, Canham and Marks 1985) to explain
changes in species composition with time. Halpern
(1989) related the timing of establishment and peak
abundance of forest understory species to the origin of
propagules, phenological traits, and potential for veg-
etative expansion. In general, we would expect a shift
from weedy invaders to residual species to occur with
time. The timing of the peak in diversity could very
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well depend on the relative abundance of ruderal spe-
cies and superior competitors in the local flora.

In addition to life-history characteristics, knowledge
of the effects of different types and intensities of dis-
turbance is needed to construct a predictive model of
diversity. Ultimately it is the interaction between the
nature and intensity of disturbance and the life-history
characteristics of the component species that drives
successional and diversity patterns (Pickett 1976, Hal-
pern 1989). It is important, then, to determine the role
that disturbances of various types play in controlling
diversity and to identify successional changes in di-
versity. Several reviews of disturbance have been pre-
sented (e.g., White 1979, Oliver 1981). Oliver and Lar-
son (1990) provided a classification of disturbances
based on the following four factors: (1) frequency; (2)
spatial extent; (3) amount of existing forest removed
above the forest floor; and (4) amount of forest floor
vegetation, forest floor, and soil removed. Taken in con-
junction with species’ reproductive and survival strat-
egies, the characteristics of particular disturbances are
useful in predicting vegetation response. For example,
McMinn (1992) found that a combination of timing of
seedfall and increased soil disturbance resulted in high-
er abundance of pines (Pinus spp.) on sites harvested
in the dormant season relative to sites harvested during
the growing season. After dormant-season harvests,
evenness and diversity of woody species (Shannon’s
index) were lower because of the dominance of pines.

Halpern and Spies (1995) have suggested that we
separate disturbance effects into two classes: initial and
long-term effects. This division seems reasonable be-
cause different mechanisms are involved in each case.

The initial effects influence plant community re-
sponse through destruction of vegetative stems and
propagules, effects on propagule availability and spe-
cies invasion, and modification of habitats, including
seedbed conditions, light, temperature, and moisture.
Management treatments such as harvesting and site
preparation could have a wide variety of initial effects
depending on how they are implemented. The type of
disturbance in terms of its effects on the vegetation and
environment is the important consideration here. As an
example of these effects, the establishment of raspberry
(Rubus idaeus L.) and yellow birch (Betula alleghani-
ensis Britton) seedlings was greater on patches with
the forest floor removed than on the undisturbed patch-
es after harvesting (Roberts and Dong 1993). Mortality
of seedlings was lower on the mineral soil because of
more stable temperature and moisture conditions.

The long-term effects are manifested as changes in
species composition, rate of stand development, and
competitive interactions. Control of competing vege-
tation with herbicides is a typical example of a treat-
ment that has all of these long-term effects, (e.g., Hor-
sley 1994). Other long-term effects include composi-
tion and density of planting, timing and intensity of
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Fic.2. Hypothesized changes in species richness and beta
diversity with stand development. Species richness may de-
cline (dashed line) or reach a new peak (solid line) during
the steady-state phase. (After Peet and Christensen 1988;
printed with permission of SPB Academic Publishing.)

thinning, and length of harvest rotation (Halpern and
Spies 1995).

To be useful in management, models must explain
diversity patterns across successional and site quality
gradients. Peet and Christensen (1988) hypothesized
that diversity would wax and wane during stand de-
velopment according to the level of competition. For
example, species richness is at a minimum during the
thinning phase when competition among the overstory
trees is at a maximum (Fig. 2). Beta (between-habitat)
diversity should increase during the periods of most
intense competition because of a decrease in niche
breadth induced by competition. Gilliam et al. (1995)
suggested that the link between forest strata becomes
tighter as competition increases following the estab-
lishment phase. These patterns are related to the in-
tensity of the disturbance as determined by the man-
agement regime.

Based on a review of other studies, Tilman and Pa-
cala (1993) concluded that diversity peaks in habitats
with low to intermediate nutrient supply, although these
studies did not include extreme environments. We
might expect relatively low diversity in extreme en-
vironments, such as tundra or desert, because few spe-
cies are adapted to these conditions (Grime 1979). Au-
clair and Goff (1971) hypothesized that total diversity
and the timing of the peak in diversity would vary with
site quality. Diversity should peak relatively early in
succession on mesic sites, whereas it should increase
to an asymptote in the mature stages on xeric and hydric
sites (Fig. 3). MacMahon (1980) predicted that there
would be little change in diversity with successional
time in harsh environments because the effects of the
biota on the environment are minor under these con-
ditions. In favorable and constant environments such
as are found in a tropical rain forest, the environmental
gradient between a clearing and closed canopy is much
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Diversity —»

Fic. 3. Changes in species diversity with site conditions
and successional time in temperate forest communities as
hypothesized by Auclair and Goff (1971). (Modified from
Burton et al. 1992; printed with permission of the Canadian
Institute of Forestry.)

greater. Therefore, species turnover is great and rapid
during succession (MacMahon 1980).

In conclusion, the IDH provides a useful theoretical
model for diversity studies. To predict the response of
forest ecosystems to management, however, we also
must account for the effects of different disturbance
regimes in terms of initial effects with respect to the
life-history characteristics of the species and long-term
effects with respect to competitive interactions. These
effects must also be assessed at all scales from the patch
to landscape and across site quality gradients.

PREDICTIONS BASED ON CURRENT THEORIES

Based upon this review of models and concepts re-
lated to diversity, we would predict that maximum di-
versity at the landscape level would occur under the
historic (natural) disturbance regime. Although the in-
termediate-disturbance regime is based on the historic
disturbance regime, it is defined in terms of averages
and does not include the range of sizes, frequencies,
and intensities that occur within the historic regime.
Thus, if we wish to avoid reducing diversity at the
landscape level, we should design management strat-
egies that mimic the historic disturbance regime rather
than the intermediate-disturbance regime. There are
problems, however, with this approach. Given the ex-
tent of habitat modification and disturbance by humans,
determining the historic disturbance regime may not
be possible in many locations. Even if the historic re-
gime could be determined, there may not be areas of
sufficient size to support the historic regime in all eco-
system types. Finally, we do not know if it is necessary
to mimic the historic disturbance regime in its entirety
to provide habitats for all species, or if this could be
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accomplished within a smaller range of disturbance
sizes, frequencies, and intensities.

We would expect species diversity to be maximum
under the intermediate-disturbance regime at the patch
level. Diversity should peak during the stand estab-
lishment and steady-state phases of stand development
when competition is reduced (Peet and Christensen
1988), although this pattern would be expected to vary
with local site conditions. A more nearly linear increase
in diversity with increasing stand age might occur on
xeric, hydric, or infertile sites as compared to mesic,
fertile sites (Auclair and Goff 1971). In terms of man-
agement, we should not be concerned if diversity is
low at the patch level (in patches undergoing self-thin-
ning) provided that stand-level diversity is maintained.

At the stand level, patch diversity should exert a
strong effect on species diversity (Petraitis et al. 1989).
Thus, disturbances or management treatments that re-
sult in a greater variety of patch types, such as different
gap sizes or varying degrees of forest floor disturbance,
should result in greater stand-level diversity.

There is currently considerable controversy over the
contention that diversity peaks in the old-growth stage
of stand development (Meier et al. 1995, and see sum-
mary review of temporal diversity patterns in Intro-
duction, above). Nonetheless, diversity patterns in old-
growth forests are commonly used as a standard of
comparison for managed forests (Schoonmaker and
McKee 1988, Swindel and Grosenbaugh 1988, Hansen
et al. 1991). It would be more realistic, however, to use
the entire successional sequence following natural dis-
turbance as a standard. Each stage ir. the managed-stand
succession could then be compared to the equivalent
stage from the natural successional sequence. This ap-
proach recognizes the natural role that disturbance
plays in temperate forest ecosystems.

Certain species occur only in old-growth forests
(Peet and Christensen 1988, Spies 1991). Thus, one of
the values of old-growth forests may be in providing
unique habitats for these species. It is important to
consider individual species and their habitat require-
ments in addition to the total number of species. In
some cases, it may be the expressed goal of manage-
ment to provide habitats for certain species, such as
those that are designated as rare or endangered.

FUTURE RESEARCH

Additional research will be needed to identify di-
versity patterns and mechanisms with respect to site
quality, successional age, and management treatments.
It is unrealistic to expect to predict exact changes in
species composition and diversity. Rather, our goal
should be to discover the limits of our predictive ca-
pabilities (MacMahon 1980). Because of current gaps
in our knowledge, we do not yet know where these
limits lie.

Forest managers need to know the potential effects
of different types of treatments on diversity patterns
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over time in order to design environmentally sound
management practices. A range of management inten-
sities currently exists, from clear-cutting with intensive
site preparation, artificial regeneration, and herbicid-
ing, to selection systems. Comparing these treatments
to natural forest succession in terms of diversity pat-
terns will allow us to identify those human-made dis-
turbance scenarios that most closely approximate nat-
ural disturbances.

Comparisons could be made using the framework of
disturbance effects (initial and long-term) suggested by
Halpern and Spies (1995). In terms of initial effects,
the response of individual species to different man-
agement schemes should be tracked. Since species
composition and species diversity responses are not
always related (i.e., rapid species turnover can result
in large compositional changes without a change in
diversity), it is essential to consider species composi-
tion as well as diversity per se in these studies.

Specifically, these studies should focus on the in-
teractions between species’ life-history characteristics
and disturbance characteristics (Canham and Marks
1985). Species can be classified into synusiae or growth
forms as suggested by Peet and Christensen (1988) to-
facilitate this work. Permanent plots should be estab-
lished before disturbance so that the response of in-
dividual species can be followed in relation to their
life-history characteristics.

Few studies have compared patch diversity following
different disturbances. The disturbed area could be
classified by patch type, and enviromental conditions
in each patch type quantified (light, nutrients, moisture,
degree of forest floor and soil disturbance, etc.). This
work could be used to test the intermediate-disturbance
hypothesis at the patch and stand scales.

To address long-term effects, studies that track the
response of species in relation to stand development
stages and site quality are needed. Stand density indices
based on density—size relationships such as the —3/2
law of self-thinning (Yoda et al. 1963) are useful in-
dicators of stand development (Drew and Flewelling
1977, Peet and Christensen 1980, Roberts and Rich-
ardson 1985). Denslow’s (1995) hypothesis of the re-
lationship between tropical tree density and diversity
could be tested with these studies. Site quality can be
assessed within the context of regional site-classifi-
cation systems. Special habitat requirements of sensi-
tive species and how these habitats develop over time
should be considered as part of these studies. For ex-
ample, late-successional species such as some lichens
and Pacific yew (Taxus brevifolia Nutt.) may require
habitats found only in old-growth forests (Spies 1991).
Again, we emphasize the importance of tracking in-
dividual species as opposed to following only diversity.
This approach will help explain the patterns observed
by Meier et al. (1995) and others.

Although this paper has addressed species diversity
primarily, we emphasize the importance of considering
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the relationships between species diversity and struc-
tural and functional diversity (Franklin 1988, Crow et
al. 1994). Structural diversity could be measured as
variation in vertical structure (e.g., plant heights and
crown sizes) or horizontal structure (spatial pattern).
Rates of nitrogen fixation and cycling or decomposition
could be assessed as elements of functional diversity.

We also need to develop the appropriate standards
of comparison for managed or disturbed stands. Man-
aged stands are typically compared to the old-growth
condition, even though this ignores the role of natural
disturbance in communities. Alternatively, naturally
disturbed stands at the same stage of development as
the managed stands would provide a more realistic
standard. We do not question the importance of main-
taining old-growth forests but we wish to point out that
these may not be appropriate standards of comparison
in all cases. Managed stands also could be compared
to degraded ecosystems as suggested by Lugo et al.
(1993) and Lugo (1995). Finally, some measure of rel-
ative floristic richness within a given region could pro-
vide a reasonable average diversity standard (Wade and
Thompson 1991).

Comparative studies in different ecosystem types
would provide insights into the relative importance of
processes that influence diversity (Tilman and Pacala
1993). These studies would help clarify the patterns
and mechanisms that different ecosystems have in com-
mon as well as those that are unique. For example,
comparisons of the tropical rain forest and boreal forest
would help clarify the roles of different types and scales
of disturbance (Denslow 1980, 1995).

In response to societal demands, national and global
forestry organizations have recognized the necessity to
manage for biodiversity. Research on diversity patterns
in natural stands and response to treatments would pro-
vide the scientific basis for these management deci-
sions. This work is requisite for sustainable and re-
sponsible management of natural resources.

ACKNOWLEDGMENTS

We are grateful to Julie Denslow, Frank Golley, Charles
Halpern, Ariel Lugo, and Joan Walker for their participation
in the ESA Symposium upon which this special issue is based.
We also thank all authors for their contributions to this issue.
Our thanks are extended to Stephen Horsley and two anon-
ymous reviewers for helpful comments on this manuscript.
Phil Burton kindly provided the original of Fig. 3. Funding
was provided in part by the Canada/New Brunswick Coop-
eration Agreement on Forest Development and Canada’s
Green Plan to M. R. Roberts and USDA Forest Service Co-
operative Grant Number 23-590 through NE-4301 to E S.
Gilliam.

LITERATURE CITED

Auclair, A. N., and E G. Goff. 1971. Diversity relations of
upland forests in the western Great Lakes area. American
Naturalist 105:499-528.

Bormann, E H., and G. E. Likens. 1979. Pattern and process
in forested ecosystems. Springer-Verlag, New York, New
York, USA.

Burton, P. J., A. C. Balisky, L. P. Coward, S. G. Cumming,



976

and D. D. Kneeshaw. 1992. The value of managing for
biodiversity. Forestry Chronicle 68:225-237.

Campbell, R. S. 1955. Vegetational changes and manage-
ment in the cutover longleaf pine—slash pine area of the
Gulf Coast. Ecology 36:29-34.

Canham, C. D., and P. L. Marks. 1985. The response of
woody plants to disturbance: patterns of establishment and
growth. Pages 197-216 in S. T. A. Pickett and P. S. White,
editors. The ecology of natural disturbance and patch dy-
namics. Academic Press, Orlando, Florida, USA.

Connell, J. H. 1978. Diversity in tropical rain forests and
coral reefs. Science 199:1302-1310.

Crow, T. R. 1989. Biological diversity: why is it important
to foresters? Pages 35—42 in J. E. Johnson, editor. Managing
north central forests for non-timber values. Proceedings of
the fourth Society of American Foresters Region V Tech-
nical Conference. SAF Publication 88-04. Society of
American Foresters, Duluth, Minnesota, USA.

. 1990. Biological diversity and forest planning.
Pages 78-81 in D. G. Brockway, editor. Building a forest
resource constituency. Proceedings of the Northeastern
Forest Resource Planners Association 1989 Annual Con-
ference. USDA Forest Service and Michigan Department
of Natural Resources.

Crow, T. R., A. Haney, and D. M. Waller. 1994. Report on
the scientific roundtable on biological diversity convened
by the Chequamegon and Nicolet National Forests. General
Technical Report NC-166. USDA Forest Service, North

Central Forest Experiment Station, Saint Paul, Minnesota,

USA.

Denslow, J. S. 1980. Patterns of plant species diversity dur-
ing succession under different disturbance regimes. Oec-
ologia 46:18-21.

. 1985. Disturbance-mediated coexistence of species.

Pages 307-323 in S. T. A. Pickett and P. S. White, editors.

The ecology of natural disturbance and patch dynamics.

Academic Press, Orlando, Florida, USA.

. 1995. Disturbance and diversity in tropical rain for-
ests: the density effect. Ecological Applications 5:962-968.

Drew, T.J., and J. W. Flewelling. 1977. Some recent Japanese
theories of yield—density relationships and their application
to Monterey pine plantations. Forest Science 23:517-534.

Drury, W. H., and I. C. T. Nisbit. 1973. Succession. Journal
of the Arnold Arboretum 54:331-368.

Forman, R. T. T,, and M. Godron. 1986. Landscape ecology.
John Wiley & Sons, New York, New York, USA.

Franklin, J. E 1988. Structural and functional diversity in
temperate forests. Pages 166—175 in E. O. Wilson, editor.
Biodiversity. National Academy Press, Washington, D.C.,
USA.

. 1993. Preserving biodiversity: species, ecosystems,
or landscapes? Ecological Applications 3:202-205.

Gilliam, E S., N. L. Turrill, and M. B. Adams. 1995. Her-
baceous-layer and overstory species in clear-cut and mature
central Appalachian hardwood forests. Ecological Appli-
cations 5:947-955.

Grime, J. P. 1979. Plant strategies and vegetation processes.
John Wiley & Sons, New York, New York, USA.

Habeck, J. R. 1968. Forest succession in the Glacier Park
cedar-hemlock forests. Ecology 49:872-880.

Halpern, C. A. 1989. Early successional patterns of forest
species: interactions of life history traits and disturbance.
Ecology 70:704-720.

Halpern, C. A., and T. A. Spies. 1995. Plant species diversity
in natural and managed forests of the Pacific Northwest.
Ecological Applications 5:913-934.

Hansen, A. J., T. A. Spies, E J. Swanson, and J. L. Ohmann.
1991. Conserving biodiversity in managed forests. Bio-
Science 41:382-392.

Horsley, S. B. 1994. Regeneration success and plant species

MARK R. ROBERTS AND FRANK S. GILLIAM

Ecological Applications
Vol. 5, No. 4

diversity of Allegheny hardwood stands after Roundup ap-
plication and shelterwood cutting. Northern Journal of Ap-
plied Forestry 11:109-116.

Hunter, M. L., Jr. 1990. Wildlife, forests, and forestry: prin-
ciples of managing forests for biological diversity. Pren-
tice-Hall, Englewood Cliffs, New Jersey, USA.

Huston, M. 1979. A general hypothesis of species diversity.
American Naturalist 113:81-101.

Kimmins, J. P. 1987. Forest ecology. Macmillan, New York,
New York, USA.

Long, J. N. 1977. Trends in plant species diversity associated
with development in a series of Pseudotsuga menziesii/
Gaultheria shallon stands. Northwest Science 51:119-130.

Loucks, O. L. 1970. Evolution of diversity, efficiency and
community stability. American Zoologist 10:17-25.

Lugo, A. E. 1995. Management of tropical biodiversity. Eco-
logical Applications 5:956-961.

Lugo, A. E., J. A. Parrotta, and S. Brown. 1993. Loss in
species caused by tropical deforestation and their recovery
through management. Ambio 22:106-109.

MacArthur, R. H., and E. O. Wilson. 1967. The theory of
island biogeography. Princeton University Press, Princeton,
New Jersey, USA.

MacMahon, J. A. 1980. Ecosystems over time: succession
and other types of change. Pages 27-58 in R. H. Waring,
editor. Forests: fresh perspectives from ecosystem analyses.
Oregon State University Press, Corvallis, Oregon, USA.

Magurran, A. E. 1988. Ecological diversity and its mea-
surement. Princeton University Press, Princeton, New Jer-
sey, USA.

McMinn, J. W. 1992. Diversity of woody species 10 years
after four harvesting treatments in the oak—pine type. Ca-
nadian Journal of Forest Research 22:1179-1183.

Meier, A. J., S. P. Bratton, and D. C. Duffy. 1995. Possible
ecological mechanisms for loss of vernal-herb diversity in
logged eastern deciduous forests. Ecological Applications
5:935-946.

Monk, C. D. 1967. Tree species diversity in the eastern de-
ciduous forest with particular reference to north central
Florida. American Naturalist 101:173-187.

. 1983. Relationship of life forms and diversity in
old-field succession. Bulletin of the Torrey Botanical Club
110:449-453.

Odum, E. P. 1969. The strategy of ecosystem development.
Science 164:262-270.

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

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

Patil, G. P, and C. Taillie. 1982. Diversity as a concept and
its measurements. Journal of the American Statistical As-
sociation 77:548-561.

Peet, R. K. 1974. The measurement of species diversity.
Annual Review of Ecology and Systematics 5:285-307.
1978. Forest vegetation of the Colorado Front
Range: patterns of species diversity. Vegetatio 37:65-78.
Peet, R. K., and N. L. Christensen. 1980. Succession: a pop-

ulation process. Vegetatio 43:131-140.

Peet, R. K., and N. L. Christensen. 1988. Changes in species
diversity during secondary forest succession on the North
Carolina Piedmont. Pages 233-245 in H. J. During, M. J.
A. Werner, and J. H. Willems, editors. Diversity and pattern
in plant communities. SPB Acadmeic Publishing, The
Hague, The Netherlands.

Petraitis, P. S., R. E. Latham, and R. A. Niesenbaum. 1989.
The maintenance of species diversity by disturbance. The
Quarterly Review of Biology 64:393-418.

Pickett, S. T. A. 1976. Succession: an evolutionary inter-
pretation. American Naturalist 110:107-119.




November 1995

. 1980. Non-equilibrium coexistence of plants. Bul-
letin of the Torrey Botanical Club 107:238-248.

Probst, J. R., and T. R. Crow. 1991. Integrating biological
diversity and resource management. Journal of Forestry 89:
12-17.

Roberts, M. R., and H. Dong. 1993. Effects of soil organic
layer removal on regeneration after clearcutting a northern
hardwood stand in New Brunswick. Canadian Journal of
Forest Research 23:2093-2100.

Roberts, M. R., and C. J. Richardson. 1985. Forty-one years
of population change and community succession in aspen
forests on four soil types, northern lower Michigan, U.S.A.
Canadian Journal of Botany 63:1641-1651.

Rowe, J. S., and G. W. Scotter. 1973. Fire in the boreal forest.
Quaternary Research 3:444-464.

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 34:960-979.

Shafi, M. 1., and G. A. Yarranton. 1973. Diversity, floristic
richness, and species evenness during a secondary (post-
fire) succession. Ecology 54:897-902.

Smith, D. M. 1986. The practice of silviculture. Eighth edi-
tion. John Wiley & Sons, New York, New York, USA.
Society of American Foresters. 1991. Biological diversity in
forest ecosystems. SAF Publication 91-03. Society of

American Foresters, Bethesda, Maryland, USA.

Solbrig, O. T. 1991. The origin and function of biodiversity.

Environment 33(5):16-20,34-38.

PLANT DIVERSITY IN FORESTED ECOSYSTEMS

977

Spies, T. A. 1991. Plant species diversity and occurrence in
young, mature, and old-growth Douglas-fir stands in west-
ern Oregon and Washington. Pages 111-121 in L. E Rug-
giero, K. B. Aubry, A. B. Carey, and M. H. Huff, coor-
dinators. Wildlife and vegetation of unmanaged Douglas-
fir forests. General Technical Report PNW-GTR-285.
USDA Forest Service, Pacific Northwest Forest and Range
Experiment Station, Portland, Oregon, USA.

Swindel, B. E, and L. R. Grosenbaugh. 1988. Species di-
versity in young Douglas-fir plantations compared to old-
growth. Forest Ecology and Management 23:227-231.

Tilman, D., and S. Pacala. 1993. The maintenance of species
richness in plant communities. Pages 13-25 in R. E. Rick-
lefs and D. Schluter, editors. Species diversity in ecological
communities. University of Chicago Press, Chicago, Illi-
nois, USA.

Wade, G. L., and R. L. Thompson. 1991. The species-area
curve and regional floras. Transactions of the Kentucky
Academy of Science 52:21-26.

White, P. S. 1979. Pattern, process, and natural disturbance
in vegetation. Botanical Review 45:229-299.

Wilson, E. O. 1988. The current state of biological diversity.
Pages 3-18 in E. O. Wilson, editor. Biodiversity. National
Academy Press, Washington, D.C., USA.

Yoda, K., T. Kira, H. Ogawa, and K. Hozumi. 1963. Intra-
specific competition among higher plants. XI. Self-thinning
in over-crowded pure stands under cultivated and natural
conditions. Journal of Biology Osaka City University 14:
107-129.



	Article Contents
	p. [969]
	p. 970
	p. 971
	p. 972
	p. 973
	p. 974
	p. 975
	p. 976
	p. 977

	Issue Table of Contents
	Ecological Applications, Vol. 5, No. 4 (Nov., 1995), pp. 861-1190
	Volume Information [pp. ]
	Front Matter [pp. ]
	Integrated Conservation and Development
	Applying Ecological Research at Integrated Conservation and Development Projects [pp. ]
	Importance of GIS to Community-Based Management of Wildlife: Lessons from Zambia [pp. 861-871]
	Managing Amazonian Wildlife: Biological Correlates of Game Choice by Detribalized Hunters [pp. 872-877]
	Non-Timber Forest Products Integrated with Natural Forest Management, Rio San Juan, Nicaragua [pp. 878-895]
	Approaches to Developing Sustainable Extraction Systems for Tropical Forest Products [pp. 896-903]
	Basic and Applied Research for Sound Rain Forest Management in Guyana [pp. 904-910]

	Plant Diversity in Managed Forests
	Impacts of Forest Management on Plant Diversity [pp. 911-912]
	Plant Species Diversity in Natural and Managed Forests of the Pacific Northwest [pp. 913-934]
	Possible Ecological Mechanisms for Loss of Vernal-Herb Diversity in Logged Eastern Deciduous Forests [pp. 935-946]
	Herbaceous-Layer and Overstory Species in Clear-cut and Mature Central Appalachian Hardwood Forests [pp. 947-955]
	Management of Tropical Biodiversity [pp. 956-961]
	Disturbance and Diversity in Tropical Rain Forests: The Density Effect [pp. 962-968]
	Patterns and Mechanisms of Plant Diversity in Forested Ecosystems: Implications for Forest Management [pp. 969-977]

	Impacts of Pastoralists on Woodlands in South Turkana, Kenya: Livestock- Mediated Tree Recruitment [pp. 978-992]
	Remote Sensing of Forest Biophysical Structure Using Mixture Decomposition and Geometric Reflectance Models [pp. 993-1013]
	Herbivore-Induced Species Replacement in Grasslands: Is it Driven by Herbivory Tolerance or Avoidance? [pp. 1014-1024]
	Flow Regulation, Geomorphology, and Colorado River Marsh Development in the Grand Canyon, Arizona [pp. 1025-1039]
	Transition and Gap Models of Forest Dynamics [pp. 1040-1055]
	Potential Persistence of Escaped Transgenes: Performance of Transgenic, Oil-Modified Brassica Seeds and Seedlings [pp. 1056-1068]
	Analyzing the Effects of Accidental Environmental Impacts: Approaches and Assumptions [pp. 1069-1083]
	Biodiversity and the Transformation of a Tropical Agroecosystem: Ants in Coffee Plantations [pp. 1084-1097]
	Fundamental Differences Between Conventional and Organic Tomato Agroecosystems in California [pp. 1098-1112]
	Weevils and Watermilfoil: Did a North American Herbivore Cause the Decline of an Exotic Plant? [pp. 1113-1121]
	Use of a Native Insect as a Biological Control for an Introduced Weed [pp. 1122-1132]
	Controlling Lyme Disease by Modifying the Density and Species Composition of Tick Hosts [pp. 1133-1140]
	Lightning Estimates of Precipitation Location and Quantity on the Sevilleta Lter, New Mexico [pp. 1141-1150]
	A 20-Yr Study Documenting the Relationship Between Turtle Decline and Human Recreation [pp. 1151-1162]
	Feeding Responses to Predator-Based Repellents in the Mountain Beaver (Aplodontia Rufa) [pp. 1163-1170]
	Spatial Variation in Red Sea Urchin Reproduction and Morphology: Implications for Harvest Refugia [pp. 1171-1180]
	Letters to the Editor
	Sustainability: Is it a Well Defined Concept? [pp. 1181-1183]

	Back Matter [pp. ]



