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Abstract

Foresters have traditionally managed forests with silvicultural systems that prescribe stand homogeneity for optimized
tree growth. The primacy of timber as the dominant objective is giving way to broader objectives such as sustaining the
function and dynamics of ecosystems, maintaining ecosystem diversity and resilience or protecting sensitive species, while
providing for a variety of ecosystem services of value to humanity. Protection and production of more diverse forest values
demands consideration of the fine-scale variability found within forest stands and an understanding of the spatial and
temporal response of forest ecosystems to manipulation. Studies of gap dynamics have contributed significantly to our
understanding of the role of small-scale disturbance in forest ecosystems, but have been used little by foresters for predicting
ecosystem response to partial cutting. We review the gap dynamics literature paying special attention to papers that use gap
size or position as predictive variables for responses indicative of silvicultural success or maintenance of ecosystem function.
Like canopy gaps created by natural tree death or windthrow, gaps are also generated by silvicultural systems which remove
dominant trees. Results from the Date Creek silvicultural systems study in northwestern British Columbia presented here
demonstrate the utility of a gap-based approach for understanding ecosystem responses to tree cutting. We propose a
gap-based approach for study of stand response to silvicultural manipulation that: (1) aids development of cutting
prescriptions that maintain functional mature or old-growth conditions; (2) refines and extends our understanding of how
biological structures, organisms and ecosystem processes are affected by fine-scale variation within stands: and (3) leads to
development of novel silvicultural systems that meet timber production objectives without compromising ecosystem
management principles. © 1997 Published by Elsevier Science Ltd.
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flowers underneath may turn into ripe fruit.”’ (1888
exile lament of Kamalmuk, Barbeau, 1928, p. 126)

1. Introduction

Kamalmuk, a Gitxsan native from northwestern
British Columbia, understood one role of canopy
gaps well before Sernander (1936), Jones (1945),
and Watt (1947) first formally recognized the impor-
tance of gaps in ecological regeneration and succes-
sion. A natural gap is formed by the death or fall of
large branches, an individual tree, or a group of trees
that results in a canopy opening, usually quantified
in terms of projected land area (m?). Many re-
searchers have studied ecosystem processes in canopy
gaps or described natural forests by their gap size
distribution. Just as a natural forest has a distribution
of gap sizes, a managed forest subject to harvesting
and silvicultural intervention can have a gap size
distribution, though this has rarely been quantified.
Foresters have tended to quantify response to silvi-
cultural manipulations at the scale of the stand (a
somewhat arbitrary unit of forest, relatively homoge-
neous in site, composition, and age structure
throughout), often without regard for the fine-scale
variation within a stand.

Society’s desire for a broader range of forest
management options, combined with emerging con-
cepts in the ecosystem and landscape ecology of
both natural and managed forests, are causing a
reassessment of forestry practices (Harris, 1984;
Aplet et al., 1993; Hagner, 1992; Thompson and
Welsh, 1993). Foresters worldwide are being called
upon to implement a wider variety of stand manage-
ment systems. To meet new silvicultural, ecological
and social management objectives, silvicultural sys-
tems must evolve beyond their traditional emphasis
on timber production to include the broader objec-
tives of protecting sensitive species, sustaining
ecosystem functions (diversity, productivity, nutrient
cycling and resilience) and identifying sustainable
levels of use for a broad range of renewable re-
sources. These goals collectively define the emerging
field of ecosystem management (Slocombe, 1993;
Galindo-Leal and Bunnell, 1995; Christensen et al.,
1996). Sustainable ecosystem management should be
seen as the collection of protocols and actions that

allow us to deliver the essential goods and services
of ecosystems in perpetuity (Christensen et al., 1996).
The maintenance of structurally and compositionally
diverse forests is a major objective of ecosystem
management.

Organisms and ecosystem processes respond to
forest structure manipulation at many spatial and
temporal scales. We will explore why the application
of traditional silvicultural systems are too narrowly
focused to meet ecosystem management objectives.
We then review the ecological literature for exam-
ples of how a functional understanding of the role of
small-scale, low intensity disturbance can aid in
developing silviculture systems for ecosystem man-
agement. We present preliminary results from a silvi-
cultural systems experiment designed to examine
ecosystem processes at multiple scales, and we sug-
gest a framework for implementing a gap-based ap-
proach for developing improved silvicultural sys-
tems.

2. Background — traditional silvicultural systems

Silviculture is an applied science that uses knowl-
edge of forest stand development to produce desired
forest attributes and products. The growing of timber
has been the most common objective. The science of
silviculture has focused primarily on tree- or tree-re-
lated issues such as reproduction methods, prove-
nance testing, genetics, growth and yield prediction,
protection from pests and wildfire and development
of planting, tending and harvesting techniques. Over
the past century or so, foresters have manipulated
stands primarily by implementing one or more of the
traditional silvicultural systems (Smith, 1986;
Matthews, 1989; Table 1). A silvicultural system is a
cycle of activities by which a forest stand is har-
vested, regenerated and tended over time. The names
of silvicultural systems reflect the type of forest
structure remaining after the initial harvest and the
type of reproduction method employed. They have
been developed and applied in western and central
Europe for several hundred years, and have been
implemented in forested regions throughout the
world.

The greatest strengths of these traditional silvicul-
tural systems are immediate recognition by foresters
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and longevity of use. They have provided a common
communication framework for foresters, and they
encompass the complete range of stand manipula-
tions commonly applied. Development and refine-
ment of systems has been based largely on long-term
observations of forest responses to traditional or
trial-and-error manipulations, as articulated by Troup
(1928): ““The detailed study of these systems under
as many different conditions as possible is the only
means of acquiring that special knowledge which
will lead to their intelligent application in practice’’.

Silvicultural systems are generally viewed as re-
sulting in the development of either even-aged
(clearcut, seedtree, shelterwood, or coppice methods)
or uneven-aged (group- or single-tree selection meth-
ods) forest stands (Table 1). Alternately, they can be
characterized by the degree of canopy influence dur-
ing the various stages of stand development. Clearcut
systems have minimal canopy influence throughout
establishment and growth. Seedtree systems are typi-
fied by canopy seedfall but minimal protection for
establishing regeneration. Shelterwood systems have
canopy protection during establishment and early
growth of new seedlings. Selection systems are char-
acterized by a dominance of canopy influences
throughout the life of the stand.

Another way of classifying silvicultural systems is
according to the distribution of canopy trees after
harvest. Silvicultural systems then fall into two broad
groups: uniform applications where canopy trees are
evenly distributed after harvest (uniform shelter-
wood, seedtree, single-tree selection) and patch ap-
plications where discrete gaps are created in the tree
canopy (group, irregular, strip or wedge shelter-
woods and group-selection). Bradshaw (1992) argues
that large patch cuts (clearcuts) are at one end of a
continuum of the degree of canopy influence with
single-tree selection at the other end. It follows that
the measurement of gap size and gap dispersion are
ways of describing the location of any silvicultural
system along the canopy influence continuum. Inter-
estingly, when silvicultural systems are viewed this
way the distinction between even-aged and uneven-
aged categories becomes blurred.

In our opinion, the traditional silvicultural sys-
tems have four major limitations for meeting ecosys-
tem management objectives.

First, silvicultural systems are, unfortunately, of-

ten thought of as a prescribed program of treatments
to be applied without thought and adjustment. The
systems are usually considered to be locally ‘pre-
scriptive’ (i.e., choosing from a fixed set of possible
treatments), rather than globally ‘descriptive’ (i.e.,
encompassing an unlimited set of possible treat-
ments). Application procedures are often very rigid.

Second, foresters typically describe silvicultural
systems and the stands they produce by tree-centred
attributes such as the method of reproduction, resid-
ual basal area, density, diameter distribution or a
g-factor and maximum tree diameter retained. These
descriptors are useful for timber management, but
provide an incomplete framework for understanding
how organisms and ecosystem processes are affected
by tree removal.

Third, traditional silvicultural systems are not pro-
cess-based. They are empirically-based and provide
only very broad predictive powers. The systems are
usually just a description of tree reproduction meth-
ods and desired stand structure. The fact that a
silvicultural system is well known, and the method-
ology for its implementation well described, does not
mean it can be successfully applied on any given
site. Silvicultural systems do not, in and of them-
selves, impart any understanding of ecological pro-
cesses that would allow their refinement and exten-
sion. For example, while it is accepted knowledge
that single-tree selection favours regeneration of
shade-tolerant over shade-intolerant tree species, the
relative success of colonists of each species and their
subsequent performance can not be predicted simply
by knowing that a single-tree selection method was
used. Debate concerning the virtues of different silvi-
cultural systems, especially even-aged versus un-
even-aged management, and the conditions under
which they can be applied has been ongoing and
without any real resolution (Jones, 1945; Bradshaw,
1992). The long-term nature of silvicultural systems
and the difficulty of conducting research on what are
fundamentally descriptive management systems is
partly to blame.

Finally, both ‘uniform’ and ‘patch’ applications
of silvicultural systems assume and prescribe stand
homogeneity in order to optimize and predict tree
growth. In fact, spatial and environmental hetero-
geneity exists within stands after silvicultural manip-
ulation and may be highly desirable from an ecosys-
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tem management perspective. Heterogeneity cannot,
however, be predicted based on silvicultural system
alone. Methods for both describing and prescribing
this within-stand variability are required.

Smith (1993) suggests that silvicultural systems
themselves are not researchable treatments, but rather
that the component parts of the systems should in-
stead be studied. Successful prediction of the effect
of a silvicultural manipulation must be based on an
understanding of the spatial and temporal dynamics
of forest response to different kinds, sizes, frequen-
cies and intensities of disturbance. We think the most
important component parts of a silvicultural system
that affect stand heterogeneity following tree cutting
are: the number (density) of canopy gaps created; the
size frequency distribution of the gaps; the longevity
of the gaps before filling or expansion by further
cutting; and the density, spatial distribution and tem-
poral extent of the retained forest matrix. We pro-
pose that the explicit consideration of within-stand
variability caused by canopy gaps is an important
key to understanding these processes and to design-
ing innovative stand management systems. The func-
tional role of gaps will be greatest in patch applica-
tions of silvicultural systems and the forest matrix
becomes of primary importance in uniform applica-
tions. Gap dynamics have been the focus of consid-
erable ecological study and warrant broader consid-
eration in forest management.

3. Methods

3.1. Gap dynamics review

We reviewed the gap dynamics literature paying
special attention to papers that use gap size or posi-
tion within a gap as predictive variables for re-
sponses indicative of silvicultural success or mainte-
nance of ecosystem function. We searched for rele-
vant papers and reports in both the ecological and
forestry literature. Particular attention was paid to
parallels between ecological and silvicultural distur-
bances and the potential for extending ecological
intrepretations to the improvement of silvicultural
practices.

3.2. Partial cutting experiment

The Date Creek silvicultural systems study (Coates
et al., 1997) was established in 1992, in northwestern
British Columbia, Canada, approximately 21 km
north of Hazelton, west of the Kispiox River
(55°22'N, 127°50'W; 370-665 m elevation). Date
Creek is within the moist cold subzone of the Inte-
rior Cedar~Hemlock biogeoclimatic zone (ICHmc;
Banner et al., 1993), a transitional area between the
interior and coastal forests of northwestern British
Columbia (Pojar et al., 1987; Meidinger and Pojar,
1991). Mature forests (140 yr) in the area are mix-
tures of conifer and deciduous tree species. Western
hemlock (Tsuga heterophylla (Raf.) Sarg.) domi-
nates; other species include western redcedar Thuja
plicata (Dougl. ex D. Don), subalpine fir ( Abies
lasiocarpa (Hook.) Nutt.), lodgepole pine (Pinus
contorta var. latifolia Engelm.), hybrid spruce [the
complex of white spruce (Picea glauca (Moench)
Voss), Sitka spruce ( P. sitchensis (Bong.) Carr.) and
occasionally Engelmann spruce (P. engelmannii
Parry ex Engelm.)], paper birch (Betula papyrifera
Marsh.), trembling aspen (Populus tremuloides
Michx.), and black cottonwood ( Populus balsam-
ifera spp. trichocarpa Torr. & Gray). Old-growth
forests (250-300 + yr) are dominated by western
hemlock with varying amounts of western redcedar
and some amabilis fir (Abies amabilis Dougl. ex
Forbes). Amabilis fir abundance increases with ele-
vation.

Four tree removal treatments (in approximately 20
ha treatment units) were replicated four times (16
units in total), in a randomized block design, with
combinations of ecological site type and forest age
as the blocking factor (mesic 140 yr; mesic—sub-
mesic 140 yr; mesic—-subhygric 140 yr; mesic 350
yr). The treatments involved increasing levels of tree
removal: (1) no tree removal; (2) light tree removal
where approximately 30% of the stand volume was
removed as single stems and small groups (similar to
a single-tree or group-selection, or a light initial
shelterwood removal; Table 1); (3) heavy tree re-
moval where approximately 60% of the stand vol-
ume was removed using a combination of small
patch cuts (1000-5000 m?) and single-tree to small
group-selection within the forest matrix between the
patch cuts (similar overall to an irregular shelter-
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wood system; Table 1); and (4) total removal of all
merchantable trees or clearcut. Across the three treat-
ments where trees were retained, a gradient of gap
sizes was created from very small (removal of a
single tree) to 5000 m”.

We determined gap size, gap density and total gap
area within all treatment units except the clearcut.
Transect lines were established 50 m apart (ap-
proximately 3600 m of line) on maps of each treat-
ment unit. From these lines, approximately 2000 m
of transect line was randomly selected. The total
length of line in canopy gap and forest matrix was
recorded. The size of each canopy gap encountered
was determined using methods described by Runkle
(1992).

3.3. Retrospective study

A companion retrospective study was established
in old partially cut areas of the ICHmc subzone to
determine tree species composition and density within
gaps of a similar size range to those created at the
Date Creek silvicultural systems study. Five stands,
partially logged between 1954 and 1961, were identi-
fied from local knowledge, forest cover maps and
aerial photographs. Within each stand, we identified
all logging created gaps which had good canopy
closure around the entire perimeter of the gap. A
total of 86 gaps were found and gap size was deter-
mined using the methods of Runkle (1992).

From this population 46 gaps were randomly
selected (20 less than 90 m*, 21 between 90 and 600
m” and 5 gaps greater than 600 m?). Sample plots
within gaps were established systematically so that
various gap positions (i.e., north, south, east, west
edges; the northern, middle and southern thirds) were
represented in equal numbers of plots for detailed
sampling of species composition and density of trees
greater than 10 cm tall.

We randomly selected 15 of the 46 gaps for
destructive sampling to determine tree age. All trees
taller than 1 m were destructively sampled in gaps
with less than 100 trees. In larger gaps, the 10 tallest
trees per species occurring in the northern, middle
and southern thirds of each gap were selected. Sam-
ple sizes were unbalanced because not all species
occurred in all gaps and gap positions. In total, 381
western hemlock, 89 western redcedar, 53 hybrid

spruce, 33 subalpine fir, 10 paper birch and 1 lodge-
pole pine were destructively sampled.

3.4. Light modelling

To model light availability in gaps at the latitude
of the Date Creek silvicultural systems experiment,
we estimated the integrated photosynthetic photon
flux densities received in gaps using the model
CLiMo, version 2.0 (Chen et al., 1993). This model
considers direct beam and diffuse radiation penetrat-
ing gaps after partial removals of overstory. Light is
expressed as percentage of above canopy light and
may be estimated for any period from one day up to
a full year. The value is determined by integration
over time, at half-hour time steps, so that the effects
of diurnal and seasonal changes in the solar azimuth
and elevation angles are taken into account. No
account is taken of local cloudiness in the current
model. We modelled gaps from 5 m diameter (19.6
m?) to 150 m diameter (17671.5 m*) in 5 m incre-
ments. All modelled gaps were assumed to be circu-
lar, on flat ground and to have 30 m tall canopy trees
surrounding the gap. Light was estimated for a grow-
ing season of April 15 to September 15.

4. Results
4.1. Gaps and tree regeneration

Forests with a wide range of gap sizes offer
diverse habitat conditions for the regeneration of
trees. Habitat conditions vary among gaps, within
gaps, at the gap/closed canopy interface (gap edge),
and within the forest stand matrix. Most gap studies
of forest regeneration have focused on population or
community-level responses within gaps by examin-
ing (1) differences in microclimate as gap size,
shape, or orientation change, (2) differences in the
nature and abundance of specific substrates available
for colonization or (3) the effects of root and crown
influence zones. The gap edge and stand matrix have
received less study in terms of assessing their suit-
ability for tree establishment and growth.

Lertzman (1992) has summarized the major alter-
native hypotheses concerning the relationship be-
tween gap environments and the tree species that
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colonize gaps: (1) species differ in the size of gap in
which they are most successful, leading to different
species prevailing in gaps of different sizes (Denslow,
1980, 1987; Brokaw, 1985, 1987; Whitmore, 1989);
(2) the most successful species will be those that are
most abundant surrounding the gap (Sousa, 1984);
(3) certain species will be most successful in particu-
lar locations within gaps (i.e., centre vs. periphery;
Orians, 1982; Putz, 1983; Brokaw, 1985; Beatty and
Stone, 1986); or (4) certain species will be most
successful on particular substrates (Putz, 1983;
Christy and Mack, 1984; Lawton and Putz, 1988).

The germination, survival and growth of shade-
tolerant and shade-intolerant tree species has often
been correlated with gap size (e.g., Brokaw, 1985;
Whitmore, 1989; Stewart et al., 1991). In a review of
tropical forest gap studies, Denslow and Hartshorn
(1994) conclude that variation in light availability is
the pre-eminent factor affecting tree seedling estab-
lishment and early growth. Light conditions at ground
level throughout forest stands are directly related to
gap size, shape, canopy height, and latitude (Canham
et al., 1990) and since light availability can vary so
sharply over short distances within gaps, position
within a gap is critically important to the physiology
and growth of any individual tree seedling (Wayne
and Bazzaz, 1993; Sipe and Bazzaz, 1995).

Light availability is clearly important, but other
factors also play a role in regeneration success. Putz
(1983) observed that shade-intolerant tree species
were more common on mineral soil and concluded
that since large treefall gaps are often caused by
uprooted trees, the abundance of shade-intolerant
tree species in large gaps could be partially ex-
plained by the higher incidence of exposed mineral
soil. Several other studies have shown different tree
species to be concentrated on specific substrate types
within gaps (Lawton and Putz, 1988; Peterson and
Pickett, 1990; Stewart et al., 1991; Lertzman, 1992;
Hofgaard, 1993).

Gap dynamics can be quite different in areas
where advance regeneration (seedlings and saplings
established prior to gap formation) comprise most of
the gap colonizing species. Uhl et al. (1988) ob-
served only minor new colonization and high subse-
quent mortality in recently formed Amazonian treefall
gaps; advance regeneration fared much better. In the
mixed Nothofagus forests of New Zealand, Stewart

et al. (1991) found no relationship between pattern of
regeneration and gap size. They also conclude that
most gap occupants were present prior to gap forma-
tion and that little subsequent establishment oc-
curred. In both studies, gap size influenced growth
rates of established individuals. For Nothofagus
(Stewart et al., 1991), gap size influenced the com-
petitive relations between the two dominant species,
with the more light-demanding species gaining an
advantage in gaps > 400 m’.

In situations where advance regeneration domi-
nates gaps, the most important factor affecting tree
species diversity and initial stem density within the
gap is the relative ability of species to regenerate
under a closed canopy. Gap size and the provision of
suitable microclimate at any particular location within
the gap affect subsequent opportunities for each indi-
vidual to become a canopy tree (Canham, 1988).

We infer from the gap regeneration literature that
the size-class distribution of gaps within a forested
area after the first harvesting entry and the propor-
tion of each size class characterized by a given type
of microenvironment directly affects colonization by
individuals, their persistence and growth and the
number of species in an area. The subsequent fre-
quency of gap creation or gap expansion by silvicul-
tural intervention will probably play a more impor-
tant role than initial gap size for many species
(particularly the more shade-tolerant species; e.g.,
Canham, 1985, 1990). Future timing of silvicultural
treatments will have an important influence on popu-
lation dynamics.

Another lesson to be drawn from gap ecology
studies is the importance of determining the origin of
regeneration found within gaps. When gaps are dom-
inated by colonists established from seed after gap
formation, studies that examine the factors that influ-
ence successful establishment, survival, and growth
of new seedlings (e.g. gap size, gap microclimate,
substrate diversity; Table 2 are needed. When ad-
vance regeneration is abundant, regeneration (ie.
germination and emergence) studies can be estricted
to closed canopy conditions (e.g., Harmon and
Franklin, 1989) and subsequent growth can be exam-
ined over a range of gap sizes and various positions
within gaps to determine how the advance regenera-
tion responds to changes in resource availability
(e.g., Pacala et al., 1994). The latter also applies to






