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Abstract. We characterized the abundance, size and spatial
patterning of canopy gaps, as well as gap-forming processes
and light availability in boreal, sub-boreal, northern temperate
and subalpine old-growth forests of northwestern British Columbia. The proportion of area in canopy gaps ranged from
32% in northern temperate forests to 73% in subalpine forests.
Evenly distributed developmental gaps were dominant but
permanent openings created by edaphic components and by
shrub communities were also common, particularly in subboreal forests. Abundant gaps, large gap sizes, high numbers
of gap makers per gap and frequent gap expansion events
suggest that gaps have long tenure in these forests. Snapped
stems and standing dead mortality were the most common
modes of mortality in all forest types resulting in little forest
floor disturbance, creating few germination sites for seedling
establishment. We found high mean light levels (16-27% full
sun) and little difference between non-gap and gap light
environments. Our results suggest that gap dynamics in these
forests differ fundamentally from those in temperate and
tropical forest ecosystems.
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Introduction
The importance of small-scale gap disturbances in
forest dynamics has been well-established in tropical
and temperate hardwood forests (Pickett & White 1985;
Platt & Strong 1989) and, to a lesser extent, in the
conifer dominated coastal forests of western North
America (Spies et al. 1990; Lertzman et al. 1996; Ott &
Juday 2002) where large-scale disturbances are rare.
Despite Sernander’s (1936) early recognition of the
importance of gap disturbances in boreal forests of
Sweden, gap disturbances have been largely ignored in
northern latitude forests, especially those with frequent
large stand-destroying fires (Leemans 1991). This historical view of northern forests is undergoing a transition as new studies identify the extent and function of
small-scale disturbances in northern latitude forests
(Hytteborn et al. 1991; Hofgaard 1993; Kuulavainen
1994; Kneeshaw & Bergeron 1998; Cumming et al.
2000; Kubota 2000; McCarthy 2001).
Small-scale disturbance in forests has generally been
characterized in older forests by the presence of canopy
gaps, their frequency, age, origin and size distribution.
The spatial patterning of gaps within a forest has received less study. Gaps showed either aggregated
(Lawton & Putz 1988; Battles et al. 1995; Chen &
Bradshaw 1999) or random (Ward & Parker 1989; Liu
& Hytteborn 1991) spatial patterns in other forested
systems. Very few studies have quantified the extent of
old forest or any of these basic descriptors of small-scale
disturbances in the forests of northern British Columbia
(Coates & Burton 1997). We sampled in four major
forest types with varying fire return intervals, stand
composition and climate. We propose that patterns and
processes of gap disturbances, and the extent of these
disturbances differ among these major forest types. For
example, Lertzman et al. (1996) found that the prevalence and characteristics of gaps in coastal temperate
rainforests varied according to altitude, site factors and
stand age.
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Many studies have examined the functional role of
small-scale disturbances on resource availability (Platt
& Strong 1989). Light is the principal resource affected
in tropical and temperate forests (Denslow & Hartshorn
1994; Pacala et al. 1996) although below-ground resources are also affected. In our study, we chose to focus
on light availability since it plays a crucial role in tree
dynamics in high-latitude forests (Lieffers et al. 1999).
High latitude forests with their lower sun angles and
frequent openings between tall, narrow, conical crowns
of conifers allow greater penetration of light into the
understorey than that observed in tropical and southern
temperate forests (Terborgh 1985; Canham et al. 1990,
1999). In tropical and southern temperate forests, gap
disturbances create patches of increased light availability in an otherwise uniform low-light environment
(Chazdon & Fetcher 1984). We hypothesized that differences in light availability between gap and non-gap
environments will be minimal in high-latitude forests.
Specifically, our study objectives were: (1) to assess
the extent of old forest and the amount of gap disturbance in forests of northern British Columbia, (2) to
identify the gap-forming processes, (3) to determine the
spatial patterning of gaps and (4) to characterize understorey light regimes.

Study area and forest types
Our study area spans a large portion of northwestern
British Columbia, Canada (Table 1). The landscape
varies from gently rolling plateaus to mountainous areas. Soils on upland forest types developed mainly from
morainal parent materials and are generally Luvisols,
Podzols or Brunisols (Anon. 1987). The dominant humus forms are Hemimors (5-15 cm thick, Green et al.
1993). Forests were dominated by conifers at a canopy
height of 15-30 m. Understories had well-developed
moss layers and poor to moderately developed shrub
and herb layers.
We stratified the study area into four broad areas of
similar climate and vegetation (‘forest types’) using
British Columbia’s ecosystem classification system: ‘boreal’, ‘sub-boreal’, ‘subalpine’ and ‘northern temperate’
forests (Table 1). Boreal forests have a northern continental climate with frequent outbreaks of arctic air
masses, very cold long winters and short growing seasons (Banner et al. 1993). Older stands are dominated by
Picea glauca and P. mariana with Pinus contorta var.
latifolia and Abies lasiocarpa as co-dominant species
(Table 1). Sub-boreal forests occur further south on
gently rolling plateaus and have a milder, boreal continental climate. Forests are dominated by A. lasiocarpa,
P. glauca ¥ engelmannii and P. contorta var. latifolia.
Subalpine forests, comprised of the same tree species,
are found at higher altitudes above the sub-boreal forests. Winters are colder, snow packs persist longer and

Table 1. Ecosystem classification and climate data of forest types; locations, general characteristics and sampling information for
sampled forest stands.
Boreal

Sub-boreal

Sub-alpine

Northern temperate

Forest type characteristics
Biogeoclimatic ecosystem classification1
Dominant tree species2
Fire return interval (years)3
Mean annual precipitation (mm)4
Mean annual temperature (∞C)4
Mean annual snowfall (cm)4
Frost-free days3

BWBSdk
Pg, Pm, Pc, Al, Pt
75-150
355-445
–2.1 to –1.4
162-204
51-83

SBSmc2
Al, PgxPe, Pc
100-150
575
1.5
237
116

ESSFmc
Al, PgxPe, Pc
200-300
441
–0.7
249
no data

ICHmc2
Th, Tp, Al, Aa, PgxPs
150-250
549
3.8
207
117

Characteristics of sampled stands
Stand age (years)
Latitude (N∞)
Longitude (W∞)
Altitude (m a.s.l.)
Total transect length (m)
Transect lengths for spatial analysis (m)
Number of gaps sampled

140-180
57∞ 50'-59∞03'
130∞ 15'-130∞ 22'
700-950
7207
384-500
120

150-200
54∞ 55'-55∞ 05'
126∞ 24'-126∞ 35'
800-1000
7300
299-814
120

200-375
54∞ 45'-55∞ 15'
126∞ 45'-127∞ 20'
1050-1200
7378
450-757
120

300-370
55∞ 22'-55∞ 70'
127∞ 50'-128∞ 40'
200-600
6350
419-750
156

1Biogeoclimatic units (Banner et al. 1993; Pojar et al. 1987): BWBSdk = Boreal White and Black Spruce, dry cool subzone; SBSmc2 = Sub-boreal Spruce,
moist cold subzone, Babine variant; ICHmc2 = Interior Cedar-Hemlock, moist cold subzone, Hazelton variant; ESSFmc = Engelmann Spruce-Subalpine Fir,
moist cold subzone. 2 Species codes: Pt = Populus tremuloides, Aa = Abies amabilis, Al = Abies lasiocarpa, Tp = Thuja plicata, Th = Tsuga heterophylla, Pc
= Pinus contorta, Pm = Picea mariana, PgxPe = Picea glauca ¥ engelmannii, Pg = Picea glauca, PgxPs = Picea glauca ¥ sitchensis or Picea glauca ¥
engelmannii ¥ sitchensis; 3Parminter (1990); 4Normalized climatic data from Environment Canada (Anon. 1980).
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summers are cooler, shorter and more moist than adjacent low altitude sub-boreal forests. Northern temperate
forests occur further west at low to middle altitudes and
are transitional between sub-boreal forests and coastal
temperate rain forests with warm summers and cool,
wet winters. Older stands are dominated by Tsuga
heterophylla and Thuja plicata.
Large-scale fire events are considered the dominant
natural disturbance agent, with fire return intervals varying among the forest types (Table 1). Other agents of
tree mortality include windthrow and snowloading, as
well as bark beetle (Dendroctonus rufipennis, D.
ponderosae, Dryocoetes confusus) and fungal infestations (e.g. Inontonus tomentosus) (Banner et al. 1993).

well-established shrub communities and (4) ‘combination’, shrub gaps with tree mortality on their periphery.
The proportion of each type of canopy gap was calculated as a percentage of the total transect distance in
each forest stand (Runkle 1992), and combination gaps
were broken down by their developmental and shrub
components.
To measure light availability, hemispherical photographs were taken every 50 m along each transect for a
total of 36-40 photographs per stand. We used a Nikon
F2.8 true fish-eye lens at 1.0-1.5 m above the ground.
For all forest types except sub-alpine forests, we recorded whether the photograph was taken in a gap or
under closed canopy to allow for comparisons between
‘gap’ and ‘non-gap’ light environments.

Methods

Gap sampling

Old-growth forests were defined as forests older
than 140 yr for sub-alpine, sub-boreal and northern
temperate forest types and older than 120 years for the
boreal forest type (Wells et al. 1998; MacKinnon &
Vold 1998). These quantitative definitions identify ages
when structural and biological characteristics typical of
old growth forests begin to develop (Spies & Franklin
1991; MacKinnon & Vold 1998). The extent of oldgrowth was estimated by overlaying inventory and forest cover data on a map of forest types (after MacKinnon
& Vold 1998).
We sampled four old-growth stands (5-100 km apart)
within each forest type. Stands were relatively uniform
in topography and soils, represented average soil moisture, nutrient regimes and had no evidence of human
disturbance.

We randomly selected 30 canopy gaps per stand
(excluding edaphic gaps) to assess gap size, mode of
gap formation and gap maker characteristics. Gap borders were carefully delineated from the forest matrix by
the presence of dead trees. Gap size was calculated
using the formula for an ellipse (Runkle 1982). We did
not correct for the sampling bias in line intersect methods, which favours large gaps (Runkle 1982), therefore
small gaps may be underestimated. We recorded the
number of gap makers present (a tree whose mortality
created a gap, Runkle 1992) and the species, mode of
mortality (snapped, uprooted or standing dead) and decay class of each gap maker. The decay class of gap
makers was estimated qualitatively using physical characters observable in the field (Table 2; modified from
Lertzman & Krebs 1991; Liu & Hytteborn 1991). Because decomposition rates differ among forest types and
species, we used the number of decay classes of gap
makers as a relative measure of the number of disturbance events that created each gap.
We also identified ‘fire survivors’, gap makers that
survived the stand initiating wildfire and then persisted
for extended periods. We distinguished fire survivors by
their larger diameter, the presence of fire scars and the
exclusion of regeneration immediately around the survivor (in comparison to the stand matrix).

Forest stand sampling
We established three to nine parallel transects at 50
m intervals for a minimum of 1800 m per stand (except
950 m in one stand). We classified each metre of transect
as canopy gap or closed canopy (as in Runkle 1982,
1992; Lertzman & Krebs 1991). We distinguished canopy
gaps from interstitial spaces between crowns by the
presence of canopy tree mortality or edaphic features.
Canopy gaps were considered filled, and no longer gaps,
when understorey trees which were released or established after gap formation reached two-thirds the height
of the dominant tree canopy. We defined four types of
canopy gaps: (1) ‘developmental’ (sensu Lertzman et al.
1996), the classic canopy gap defined as the vertical
projection onto the ground of the opening in the forest
canopy (Runkle 1982) resulting from the death of one or
more canopy trees; (2) ‘edaphic’, gaps caused by edaphic
or topographic features; (3) ‘shrub’, gaps maintained by

Statistical analysis
To assess the spatial pattern of gaps in forest types,
we introduce a new application for three-term local
quadrat variance (3TLQV) which calculates the variance of a given variable, x, at different scales by sliding
a window of three adjacent blocks of size b along the
transect (Dale 1999):
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V3(b) = three-term variance for block size b
b = block size (m)
n = length of the transect (m).

In our study, x is the presence/absence of gaps with
a value of 0 or 1, and V is the variance in the presence of
gaps for different block sizes. Larger values of V indicate greater clumping of gaps at the scale given by the
block sizes. We calculated the mean 3TLQV for five
different block sizes (0-10, 0-20, 0-30, 0-40, 0-50 m) for
the longest contiguous transect segment within each
forest stand; transect segment lengths ranged from 299
to 814 m (Table 1). We standardized the 3TLQV by
dividing it by the total variance along each transect
segment (sensu Rossi et al. 1992), which allows comparisons of spatial pattern, independent of gap abundance. This analysis provides the scales at which spatial patterning of gaps occur (i.e. it is the scale or level
of resolution at which gaps are clustered). The scale of
pattern is apparent as a peak in the graph of V vs b, and
represents half the distance between the centres of two
gaps (or gap clusters). Separate analyses were performed for gap vs non-gap, and for each gap type
except edaphic gaps, which were too rare to include in
the analysis. Analyses were not performed if there
were fewer than three gaps of a given type along a
transect segment, resulting in missing values for some
sites.
An index of whole growing season light availability was calculated from hemispherical photographs
using GLI/C 2.0 software (Canham 1988). This index
integrates the seasonal and diurnal distribution of solar
radiation transmitted through the canopy into a single
index of available light in units of percent of full

sunlight for our growing season (mid-April to midSeptember).
To examine differences among forest types (the
main factor), stand-level variables (e.g. proportion of
area in each gap type, 3TLQV and light availability)
were subjected to a one-way ANOVA using a completely randomized design (Wilkinson et al. 1992).
Means separation was performed using a Tukey’s multiple comparison test. Gap-level variables (e.g. gap
maker data, gap size) were subjected to the same oneway ANOVA model but with an extra level of nesting
(i.e. sub-sampling). Nested ANOVAs used the MIXED
Procedure from SAS to account for both fixed (forest
type) and random factors (gap) in the model (Littell et
al. 1996).
We used a two-way ANOVA with a completely
randomized design to test the effects of forest type and
canopy cover class (gap or non-gap) on light availability (Wilkinson et al. 1992). Single degree of freedom
contrasts were employed to test differences within a
given forest type. We used Kolmogorov-Smirnov twosample non-parametric tests to compare the distributions of gap sizes and understorey light levels among
forest types.

Table 2. Decay classes for gap makers.
Decay class

Canopy branch structure

Foliage

Bark

Large branches

Fine branches

Fully intact
Fully intact
Fully intact
+/- intact
+/- intact
Occasional
Absent

Fully intact
Fully intact
Mostly present
Occasional
Absent
Absent
Absent

Old-very old

Absent

Absent

Absent

Absent

Very old

Absent

Absent

Absent

Absent

Green
Red
Young
Young-Medium
Medium
Medium-Old
Old

Fully intact, green
Intact
Present, red or brown
Intact
Little or no needles
Intact
Absent
Intact
Absent
Sloughing
Absent
Mostly sloughed off
Absent
Absent

Wood

No decomposition
No decomposition
No decomposition
Little decomposition
Little decomposition
Moderate decomposition
Advanced decomposition; substantial sound
wood present
Advanced decomposition, some sound wood
present; log mostly incorporated into forest floor
No sound wood, log incorporated completely
into forest floor

- Gap disturbances in northern old-growth forests of British Columbia Results
Extent of old-growth forest
The major forest types we sampled cover ca. 6.6
million ha of forested land in northern British Columbia, of which nearly 42% was occupied by older age
classes. Sub-alpine forests had the greatest proportion
of old-growth (79% of forested area), followed by subboreal forests (42%), northern temperate forests (33%)
and boreal forests (32%).
Forest stand level
Canopy gaps occupied over half of the 28 235 m of
transect that we surveyed across 16 old-growth stands.
Estimates of the proportion of the area occupied by gaps
ranged from one-third in northern temperate forests to
three-quarters in sub-alpine forests (Table 3). Developmental gaps were the most common gaps in all forest
types, and were more abundant in sub-alpine than in the
other forests (Table 3). Edaphic and shrub gaps were
rare in northern temperate forests and infrequent in subalpine and boreal forests, but shrub gaps were common
in sub-boreal forests. Edaphic gaps in our study were
caused by stream courses, swamps, other wetlands or
rock outcrops.
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Alnus sinuata, Salix spp. or Betula glandulosa shrub
communities occupied the shrub gaps. Combination
gaps were most abundant in sub-boreal forests where
21% of all developmental gaps also had a shrub component. Within combination gaps, shrubs occupied ca.
48% of the gap area. Combination gaps were less common in sub-alpine and boreal forests and were not found
in northern temperate forests.
The strongest trend in the spatial pattern of gaps was
differences among gap types (Fig. 1). Compared to
other gap types, developmental gaps were more evenly
distributed with many smaller-sized gaps clumped at
scales of 10-15 m. Secondary peaks at 30-50 m suggest
that these smaller gaps were sometimes aggregated at
larger scales. Other types of gaps were more spatially
clustered with fewer larger gaps; scales of pattern for
these gaps were greater than 15 m. Differences in
standardized variance among gap types were significant
at all scales except 0-20 m however, multiple comparison tests detected no difference among means at 0-50 m
(Table 4). Differences among forest types were not as
evident; there were significant differences in spatial
pattern for shrub gaps at most scales, for combination
and developmental gaps at some scales (Table 5), but no
differences were observed for all gap types combined
(not shown). Developmental gaps in northern temperate
forests were more clumped at smaller scales (0-10 m

Table 3. Characteristics of canopy gaps by forest type. Values are means from one-way ANOVA; n = 4 stands per forest type.
Different letters within a row indicate significant differences among forest types (least square means, p < 0.05). Gap maker data and
mean gap size (indicated by *) were subjected to a nested one-way ANOVA; n = 30 gaps per forest stand.
Boreal

Sub-boreal

Sub-alpine

Northern
temperate

F-ratio

p-value

Stand level
% area in canopy gaps
% area in developmental gaps
% area in combination gaps
% area in shrub gaps
% area in edaphic gaps
Frequency of gaps (#/m)
% gaps < 300 m2
% gaps > 600 m2

50.4 a
45.1 a
11.1 a
5.2 a
0.1
0.070 a
97.5 a
0.0

57.4 a
36.5 a
34.0 b
19.4 b
1.3
0.056 b
86.7 b
2.5

73.2 b
66.1 b
9.2 a
2.8 a
3.1
0.056 b
81.7 b
2.5

32.2c
31.9 a
0a
0a
0.2
0.036c
91.0 b
2.3

26.674
17.79
10.808
13.904
3.215
34.78
5.21
1.05

< 0.001
< 0.001
0.001
< 0.001
0.062
< 0.001
0.016
0.407

Gap level
Mean gap size (m2)*
Median gap size (m2 )
Range of gap sizes (m2)
Total number of gap makers/gap*
Maximum number of gap makers/gap*
Number of decay classes/gap*

92 a
70 a
9-542
4.6 a
52
2.0 a

173 c
128 a
19-830
5.9 a
36
2.5 a

196 c
154 b
12-1570
14.5 b
78
3.7 b

148 b
99 a
9-1253
6.1 a
33
2.7 a

6.98
9.771

0.006
0.002

19.31

< 0.001

13.26

0.0004

26.7 a
27.2 a
8.7-43.3
0.213 a
64.7
26.4 a
27.2 a

18.0 b
17.7 b
3.6-53.0
0.396 ac
93.3
15.4 b
20.4 b

19.0 b
17.3 b
5.8-82.1
0.422 bc
93.5

16.0 c
13.9 b
3.4-46.3
0.370 ac
91.2
15.4 b
16.3 c

47.963
5.933

< 0.001
0.008

4.752
3.467
46.465
28.307

0.017
0.045
< 0.001
< 0.001

Understorey light levels
Mean light levels (% full sunlight)
Median light levels (% full sunlight)
Range of light levels (% full sunlight)
Coefficient of variation of light levels
% of light levels < 30% full sunlight
Mean non-gap light levels (% full sunlight)
Mean gap light levels (% full sunlight)
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Fig. 1. Three-term local quadrat variance as a function of
block size. Values are standardized such that one unit equals
the sample variance. Results are subdivided by gap type; each
line represents a single forest stand. Peaks on the variance graph
indicate half the distance between gap centres or clusters of
gaps.

and 0-30 m) compared to other forests (Table 5). Combination gaps were more clumped at larger scales in subalpine than in sub-boreal forests and shrub gaps were
more evenly distributed in sub-boreal forests compared
to other forest types.
Mean and median light availability were lowest in
northern temperate forests and highest in boreal forests,
compared to other forest types (Table 6). Light levels
were generally below 30% of full sunlight in all forest
types (86% of total observations), and rarely exceeded
50% of full sunlight; the higher light levels were more
common in boreal forests (Fig. 2). Distributions of light
levels varied among forest types except for sub-alpine

Table 4. ANOVA of the effect of gap type on standardized
three-term local quadrat variance at five different scales of
variation. All forest types were combined. Mean values of
three-term local quadrat variance are reported in units of
sample variance. Different letters within a row indicate significant differences among gap types (p < 0.05; n = 32).
Scale of
variation (m)

0-10
0-20
0-30
0-40
0-50

Develop- Combination
mental

1.45 a
2.16 a
2.42 a
2.69 a
2.95 a

0.94 b
2.32 a
3.39 b
3.97 b
4.35 a

Shrub

F-ratio

p-value

1.23 a
2.43 a
3.28 ab
3.85 ab
4.27 a

12.960
0.769
4.214
4.211
4.068

< 0.001
0.472
0.025
0.025
0.028

Fig. 2. Frequency distribution histograms of understorey light
levels in each forest type. Bars represent means of four forest
stands in intervals of 10% full sunlight; error bars are ± 1 s.e.

and sub-boreal forests, which had very similar distributions of light levels (Fig. 2; Kolmogorov-Smirnov tests,
p ≥ 0.05). The lowest irradiance in each forest type was
between 3 and 9% full sunlight (Table 3); light levels
were rarely less than 5% full sunlight (only 1% of total
observations). Differences in light levels between gaps
and non-gaps were only detectable in sub-boreal forests,
where light availability was higher in gaps (Table 6,
Kolmogorov-Smirnov tests, p < 0.001).
Gap level
Gap sizes formed negative exponential distributions
in all sampled forest types (Fig. 3). Overall, 89% of the
gaps were < 300 m2 and less than 2% were > 600 m2
(Table 3). Gap size distributions were similar among
forest types (Fig. 3); only boreal forests had a significantly different distribution than the other forest types
(Kolmogorov-Smirnov tests, p < 0.05). Boreal forests
had more small gaps (< 300 m2) than the other forest
types, whereas sub-boreal and sub-alpine forests had
more large gaps (> 300 m2; Table 3; Fig. 3). Median gap
size was greatest in sub-alpine forests (Table 3).
Developmental gaps comprised of a single dead tree
were rare (7%) while gaps with many gap makers were
common (70% and 21% with more than 3 and 10 gap
makers, respectively). Most gaps had gap makers of at
least two or three decay classes (74% and 54% of gaps,
respectively). Sub-alpine forests had the highest mean
number of gaps makers per gap, the greatest number of
decay classes per gap and the record number of gap
makers (78) observed in a single gap (Table 3).
For the 3907 gap makers in our sampled gaps, the
mode of gap maker mortality was fairly evenly distrib-
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Fig. 3. Frequency distribution histograms of gap
sizes in each forest type. Bars represent means of
four forest stands in 50-m2 intervals; error bars are
±1 s.e. Note: x-axis differs for each forest type.

uted overall (36% standing dead, 44% snapped, 20%
uprooted), but varied significantly among forest types
(Fig. 4). Because of the difficulty in determining whether
the tree was alive or dead when snapping occurred, it is
likely that standing dead gap makers were underestimated (e.g. Lertzman & Krebs 1991). Sub-alpine forests
had the greatest proportion of standing dead gap makers
(Fig. 4), the majority of which were Abies lasiocarpa
(98%). Snapped trees were most common in boreal and
northern temperate forests. Modes of mortality were
more evenly distributed in sub-boreal forests (Fig. 4).
Modes of mortality differed by decay class of gap makers: old and medium gap makers were mostly snapped
and uprooted in all forest types, whereas most young
gap makers were standing dead for sub-boreal, sub-

alpine and boreal forests, and uprooted for northern
temperate forests. We classified 4.3% of the total gap
makers as fire survivors, most of which were observed
in sub-boreal forests (83% of all fire survivors) with the
remainder in sub-alpine forests. Almost one-fifth of the
gap makers in sub-boreal forests were classified as fire
survivors and the vast majority (78%) were associated
with combination gaps. Gap makers tended to be older
in northern temperate forests compared to the other
forest types; only this forest type contained gap makers
in the two oldest decay classes (Table 7). Gap makers
were distributed evenly over the decay classes in all
forest types except boreal forests, suggesting a gradual
pattern of recruitment. Almost half of the gap makers in
boreal forests were in young decay classes, suggesting
an episodic mortality event (Table 7).

Table 5. The effect of forest type on the standardized three-term local quadrat variance by gap type at five different scales of
variation. Mean values of three-term local quadrat variance are reported in units of sample variance. Different letters within a row
indicate significant differences among forest types (p < 0.05).
Type of gap

Scale of variation (m)

DF

n

Boreal

Sub-boreal

Sub-alpine

Developmental

0-10
0-20
0-30
0-40
0-50

3

16

1.45 ab
2.15 a
2.24 a
2.36 a
2.60 a

1.31 a
2.05 ab
2.36 ab
2.76 a
3.18 a

1.28 a
1.89 a
2.11 a
2.46 a
2.84 a

Combination

0-10
0-20
0-30
0-40
0-50

2

8

1.08 b
2.73 a
4.02 a
4.80 ab
5.11 ab

1.05 b
2.17 a
2.59 a
2.76 a
3.20 a

Shrub

0-10
0-20
0-30
0-40
0-50

2

10

1.16 a
2.69 ab
4.54 b
5.80 b
6.56 a

1.14 a
1.97 a
2.33 a
2.64 a
3.08 a

Northern temperate F-ratio
1.76 b
2.54 b
2.95 b
3.16 a
3.18 a

p-value

7.89
3.464
6.229
2.418
0.763

0.004
0.051
0.009
0.117
0.536

0.55 a
2.09 a
3.81 a
5.31 b
6.54 b

18.115
0.671
2.237
7.029
6.509

0.005
0.541
0.177
0.021
0.025

1.63 b
2.99 b
3.80 ab
4.27 ab
4.51 a

10.361
5.336
6.603
5.861
3.275

0.026
0.039
0.024
0.032
0.099
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Fig. 4. Modes of gap maker mortality by forest type. Data
were subjected to a nested one-way ANOVA to test for differences
among forest types (n = 30 gaps within each of four forest
stands). Bars represent least squares means ±1 s.e.

Species of gap makers reflected differences in species composition among the forest types. Most gap
makers in boreal forests were Pinus contorta, Picea
glauca and Populus tremuloides. Gap makers in subboreal and sub-alpine forests were primarily Abies
lasiocarpa, with minor components of P. contorta and
P. glauca ¥ P. engelmannii. In northern temperate forests, there were Tsuga heterophylla gap makers with
small percentages of Thuja plicata. We observed differences in mode of mortality among tree species. The
majority of A. lasiocarpa gap makers were standing
dead (55.1%), whereas most T. heterophylla gap makers
were snapped (57.4%).

Table 6. ANOVA of understorey light levels by forest type
and canopy cover class (gap vs non-gap) and their interaction. Non-gap and gap light levels were contrasted within
each forest type using single degree of freedom contrasts.
Source of variation

df

n

F-ratio

p-value

Forest type

2

12

24.43

0.039

Forest type ¥ Canopy cover class

2

12

3.153

0.044

Canopy cover class
Northern temperate
Sub-boreal
Boreal

1
1
1
1

12
4
4
4

3.125
1.44
15.24
0.197

0.219
0.219
< 0.001
0.657

Extensive old-growth areas exist in northern latitude
forests with intermediate to frequent fire return intervals. In these older forests we found ‘classical’ smallscale gap disturbance to be common. Boreal and subalpine forest types had higher proportions of their area
in developmental canopy gaps than is commonly reported in the gap dynamics literature (McCarthy 2001);
whereas proportions in northern temperate and subboreal forest types were within the range of results
reported from coastal temperate forests of British Columbia (Lertzman & Krebs 1991; Arsenault 1995;
Lertzman et al. 1996), Alaska (Ott & Juday 2002) and
the southern boreal forests of Québec (Kneeshaw &
Bergeron 1998). The high frequency and skewed size
distribution of abundant small developmental gaps that
we observed is consistent with other gap studies
(McCarthy 2001). Developmental gap sizes in northern
British Columbia forests were at the upper end of ranges
reported for other high latitude forests and were mostly
larger than those in tropical and temperate deciduous
forests (Runkle 1982; Brokaw 1985).
The high proportion of area in developmental canopy
gaps and the generally larger gap sizes compared to
other ecosystems may be a result of three factors particular to northern coniferous forests. First, these conifer
stands are more open than the continuous dense canopies of tropical and temperate deciduous forests due to
interstitial spaces between the tall, narrow, conical
crowns. Although we did not consider these spaces
between live conifer crowns as gaps they did add to our
measurements of gap size and area. Second, filling of
canopy gaps by regenerating trees can be slow at high
latitudes. Tree regeneration and replacement in gaps can
be delayed due to short growing seasons, slow growth
rates and persistent snow packs (Lertzman et al. 1996).

Table 7. Percent of gap makers by decay class and forest type.
Values are mean ± 1 s.e.; n = 4.
Decay class

Green
Red
Young
Medium-Young
Medium
Medium-Old
Old
Old-Very old
Very old

Boreal

1.0 ± 0.6
2.6 ± 0.7
46.7 ± 3.5
14.0 ± 2.1
31.3 ± 3.2
3.3 ± 1.0
1.1 ± 0.8
0
0

Sub-boreal Sub-alpine Northern
temperate
5.5 ± 1.4
4.2 ± 1.1
29.0 ± 2.8
4.2 ± 1.2
35.9 ± 3.1
0.4 ± 0.3
20.7 ± 2.4
0
0

0.1 ± 0.1 1.7 ± 0.5
12.2 ± 1.6 0.2 ± 0.1
26.0 ± 1.9 14.2 ± 1.5
1.5 ± 0.4 1.1 ± 0.5
39.3 ± 2.0 22.5 ± 1.9
11.4 ± 1.2 7.1 ± 1.2
9.4 ± 1.0 44.7 ± 2.4
0
1.1 ± 0.4
0
7.5 ± 1.3

- Gap disturbances in northern old-growth forests of British Columbia Snow accumulation and retention in large gaps (e.g.
Berry & Rothwell 1992) may restrict tree regeneration
to positions within gaps that melt early in the growing
season (i.e. raised substrates or sites near other trees; the
‘tree island’ model of regeneration; Brett & Klinka
1998) and thereby, maintaining open canopies. Lastly,
there is little gap filling by gap edge canopy trees. The
monopodial growth form of conifers restricts their ability to ‘light forage’ and grow into openings compared to
temperate and tropical ecosystems with more deciduous
species (Lertzman & Krebs 1991; Kuulavainen 1994).
This is especially the case for Pinus, Picea and Abies,
the genera that dominate in the sub-boreal, boreal and
sub-alpine forests of northern British Columbia.
Differences in disturbance history, species composition and climate among our forest types resulted in
differences in the size and abundance of developmental
gaps. Repeated small-scale bark beetle infestations of
Abies lasiocarpa (Banner et al. 1993) contributed to
high levels of gap makers and consequent large gap
sizes in sub-alpine forests and, to a lesser extent, subboreal forests. The high number of gap makers we
observed in some gaps was similar to those found in
spruce budworm gaps of eastern Canadian boreal forests (Kneeshaw & Bergeron 1998), but higher than most
other studies where gap makers rarely exceed 20 (Spies
et al. 1990; Lertzman & Krebs 1991, Liu & Hytteborn
1991). The high incidence of large multiple tree gaps of
several decay classes suggested that gap expansion and
convergence of small gaps is an ongoing process in
these forests. This was not observed in boreal forests
where fire return intervals are much shorter. Boreal
forests have had less time for gap expansion events to
occur and abundant numbers of small gaps with young
gap makers were observed. Since almost half of the gap
makers were early successional species (Pinus contorta
and Populus tremuloides), our results support those of
Kneeshaw & Bergeron (1998) who attributed the abundant small gaps they observed in southern boreal forests
to the random senescence and death of early successional tree species. Although fire return intervals are
again fairly long in northern temperate forests, the small
gap sizes and lower proportion of area in gaps were
likely due to a combination of rapid growth rates of
regenerating trees (Wright et al. 1998a); less insectmediated mortality and the less monopodial crown shape
and the smaller interstitial spaces between crowns of the
dominant canopy tree (Tsuga heterophylla).
Developmental gaps can be created suddenly or
gradually and their mode of creation has important
implications for tree community dynamics and ecosystem processes (Krasny & Whitemore 1991). For example, disturbance to the moss community that dominates
forest floors in northern latitude forests is critical for
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tree seedling establishment (Wright et al. 1998b; Greene
et al. 1999; LePage et al. 2000). Tree uprooting creates
forest floor disturbance (Schaetzl et al. 1989); however
uprooting only played a minor role in gap formation in
our forests. The prevalence of standing dead and snapped
gap makers will profoundly impact tree regeneration
and replacement in these forests because of little forest
floor disturbance combined with the gradual relinquishment of space and resources.
Although all canopy gap types contribute to the
structural heterogeneity, available open space and dynamics of forests, developmental gaps are considered to
be most important in shaping forest dynamics and succession (e.g. Runkle 1992; Lertzman et al. 1996). Edaphic
gaps are generally not open to tree establishment and
canopy recruitment, nor do they create snags and downed
wood, whose importance in ecological processes is
widely recognized (Harmon et al. 1986). Shrub and
combination gaps fit somewhere in between developmental and edaphic gaps. They have been observed in
other studies (e.g. Spies et al. 1990; Lertzman et al.
1996; Kneeshaw & Bergeron 1998), but our study is the
first one to characterize their extent in different high
latitude forested ecosystems. Shrub gaps were more
prevalent and evenly distributed in sub-boreal forests,
likely due to the common occurrence of Alnus sinuata.
It is unclear how long shrub gaps can persist before
being filled by conifer regeneration. In sub-boreal forests, many of the shrub gaps we examined may have
been present since the last major fire event or even
earlier (evidence of large, old, repeatedly re-sprouting
Alnus main stems).
We found that fire survivors were commonly associated with shrub gaps in wet depressions. Other studies
have shown that individual trees or groups of trees can
survive stand-destroying fires in sub-boreal and northern temperate forests (Clark 1994; LePage 1995). The
presence of shrub gaps may play an important role in
maintaining structural complexity in these forests by
providing an opportunity for canopy trees to survive
fire. Directly after the fire, fire survivors create higher
structural diversity by retaining individual or multiple
canopy trees within the developing new forest. With
time, fire survivors age and die, contributing to the
creation of new developmental gaps or when adjacent to
shrub gaps as they often are, the creation of combination
gaps.
Combination gaps may result from tree mortality
events that expand shrub gaps. The presence of shrub
gaps can increase the risk of certain types of tree mortality
(e.g. uprooting due to crown asymmetry; Young &
Hubbell 1991). Both shrub and combination gaps were
aggregated as a few larger gaps with larger scales of
pattern. This would be expected for combination gaps

694

Bartemucci, P. et al.

that have expanded and coalesced, but it also indicates
that the initial establishment of shrubs that create shrub
gaps occurs at a larger scale than the mortality processes
that create developmental gaps. The scales of clumping
we detected for developmental gaps (10-20 m with
second peaks around 30 m) were similar to those found
in other forests (17-20 m, Lawton & Putz 1988; 5-30 m,
Bradshaw & Spies 1992).
Gap disturbances also influence understorey light
availability, which plays an important role in tree survival and growth in these forests (Kobe & Coates 1997;
Wright et al. 1998a). We found strikingly similar light
distributions between gap and non-gap areas in northern
latitude forests. This contrasts with the dramatic differences in light levels observed between gaps and the
forest matrix in tropical and temperate ecosystems
(Brokaw 1985). In boreal and northern temperate forests, we believe the narrow conifer crowns combined
with the frequent, evenly dispersed small gaps created
similar light levels in gaps and non-gaps. In sub-boreal
forests, where large combination gaps were present,
there were still only small differences in light environments between gap and non-gap conditions. We observed great variability among light levels in both gaps
and non-gaps, which suggests these northern latitude
forests are better viewed as a continuum of light levels
rather than a dichotomy of closed canopy and gap
(Lieberman et al. 1989).
Understorey light levels measured in our study were
substantially higher than light levels found in hardwood
forests of eastern North America or the tropics (1-2%
full sun, Canham et al. 1990; Fetcher et al. 1994; Clark
et al. 1996). Our values were more similar but generally
higher than boreal forests of western Alberta (10-60%,
Ross et al. 1986; 6-10%, Lieffers & Stadt 1994; 14 32%, Constabel & Lieffers 1996) and Quebec (6-15%,
Messier et al. 1998). Smaller interstitial spaces between
crowns and more light foraging by Tsuga heterophylla
branches may have caused lower light levels in northern
temperate forests than in the other three forest types.
In summary, old-growth forests and small-scale disturbances were prevalent in the high-latitude forests of
British Columbia, which were traditionally considered
fire-driven, large-scale disturbance systems. However,
important ecological processes associated with gap disturbances in these forests may differ from southern
temperate and tropical forests, as suggested by the dominance of snapped and standing dead gap makers, the
presence of shrub gaps, open canopies of narrow conical
crowns and similar light levels between gaps and nongaps.
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