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Since the mid-1990s the forests of central British Columbia have undergone an unprecedented Mountain
Pine Beetle (Dendroctonus ponderosae Hopkins) (MPB) epidemic that has resulted in extensive mortality
of canopy lodgepole pine (Pinus contorta var. latifolia Engelm.). This study investigated how seed-source
availability, seedbed substrate, overstory structure, and time since MPB attack interact to affect post-MPB
seedling recruitment of the dominant tree species of these forests. In addition to post-MPB recruitment,
these forests may be regenerated by trees established in the understory prior to MPB disturbance.
Accordingly, we examined abundance and patterns of all regeneration less than 130 cm tall. We found
post-MPB recruitment was sparse. Subalpine ﬁr (Abies laciocarpa (Hook.) Nutt.) comprised the majority of
the post-MPB recruitment. It increased with local parent tree basal area and increased strongly with
proximity to a major seed source. This resulted in a patchy distribution for subalpine ﬁr post-MPB
regeneration. Lodgepole pine post-MPB recruitment was limited by overstory shading. Recruitment of
pine decreased as the total overstory basal area increased. Interior spruce (Picea glauca  engelmannii)
post-MPB recruitment was similarly limited by total overstory basal area. Seedbed substrates were
uniform and dominated by moss. Substrate type distribution did not change as time since MPB
disturbance increased. The overall low post-MPB recruitment observed was likely due to a lack of
disturbance to the moss-dominated forest ﬂoor. Moss is known to be a poor substrate in northern forests.
The distribution of all regeneration less than 130 cm tall showed the same trends as the post-MPB
regeneration. We believe the post-MPB seedling recruitment dynamics of these forests was not
substantially changed from conditions prior to MPB disturbance. There was no pulse of regeneration up to
10 years post-MPB disturbance. Unless this changes, future stand structure will be dominated by the
seedling bank established prior to the MPB epidemic. Subalpine ﬁr dominated the seedling bank (68%)
and post-MPB recruitment (94%). This suggests that MPB-disturbed forests are undergoing a substantial
shift in landscape-level species composition.
ß 2008 Elsevier B.V. All rights reserved.
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1. Introduction
The interior forests of British Columbia, Canada, are currently
experiencing a Mountain Pine Beetle (Dendroctonus ponderosae
Hopkins) (MPB) epidemic of unprecedented proportions. The
epidemic started in the mid-1990s, and as of 2007, approximately
10.1 million ha of lodgepole pine- (Pinus contorta Dougl. ex Loud.
var. latifolia Engelm.) dominated forests have been affected with
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green-, red- and grey-attack mortality, estimated at 620 million m3
of mature lodgepole pine (Westfall and Ebata, 2007; Walton et al.,
2008). Large-scale salvage and planting operations have been
undertaken in many attacked stands. Extensive areas of beetledisturbed forest will never be salvaged and it is the fate of these
forests we address in this study. For stand dynamics, one of the ﬁrst
critical events after a natural disturbance is the recruitment of new
tree seedlings. Understanding the focal processes controlling tree
recruitment after disturbance is critical to predicting the future
population and community dynamics of these forests (Nathan and
Muller-Landau, 2000).
There are two dominant mechanisms for the development of a
new tree layer and subsequent canopy recruitment after major
canopy mortality events. First, regeneration may develop from a
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pulse of new post-disturbance recruitment, such as occurs after
wildﬁre in northern Canadian forests (Greene et al., 1999; Charron
and Greene, 2002; Johnson et al., 2003). Alternatively, regeneration
can be from the existing seedling bank that survived the canopy
mortality event, such as observed for balsam ﬁr (Abies balsamea (L.)
Mill.) after insect outbreaks (Morin, 1994; Osawa, 1994). The
timing and extent of post-disturbance recruitment from seed and
the relative importance of the existing seedling bank is poorly
understood in MPB-disturbed forests (Mitchell, 2005). Long-term
experiments are virtually nonexistent and there has been a lack of
multi-year monitoring plots established in MPB-disturbed stands.
The study of plant dispersal across multiple scales is a rapidly
growing ﬁeld in ecology (Bullock and Nathan, 2008) with ongoing
research on how plant fecundity, seed dispersal and recruitment
success are affected by spatially heterogeneous environments
(Schurr et al., 2008). In MPB-disturbed forests, forest managers are
challenged to determine which stands will regenerate naturally
and which stands will require restoration or rehabilitation.
Consequently, forest managers require knowledge of which
processes most affect seedling recruitment in MPB-disturbed
forests and models for the prediction of seedling abundance to aid
decision making.
Key factors that inﬂuence seedling recruitment after disturbance in northern temperate and boreal forests are the availability
and favorability of seedbed substrates (e.g. Wright et al., 1998;
LePage et al., 2000), mother or parent tree proximity and
abundance (Ribbens et al., 1994; LePage et al., 2000; Greene
et al., 2004) and overstory structure (Gray and Spies, 1996; Wright
et al., 1998; LePage et al., 2000; Coates, 2002). A number of
methods have been used to develop seedling recruitment functions
in forests (Greene and Calogeropoulos, 2002), of which the inverse
modeling approach pioneered by Ribbens et al. (1994) is
considered the most economical (Greene et al., 2004). Maximum
likelihood methods and inverse modeling are effective for
determining which processes control tree establishment in forests
and these methods are widely accepted and utilized in studies of
recruitment from seed (Tanaka et al., 1998; Clark et al., 1999;
LePage et al., 2000; Stoyon and Wagner, 2001).
The primary objective of this study was to use inverse modeling
to explore which processes are controlling recruitment from seed
in post-MPB disturbed forests. Speciﬁcally, we examine the
inﬂuences of seed-source availability, substrate type, overstory
structure and time since MPB attack on post-MPB recruitment.
Because the presence of a seedling bank may be important in the
regeneration success of these forests, we also examine the
relationship between local seed-source availability and overstory
structure on the abundance and pattern of the existing seedling
bank.
2. Field sampling
To tally post-MPB recruitment, we sampled 244 regeneration
plots from 36 pine-leading stands in the Sub-Boreal Spruce Zone
(SBS) (Meidinger and Pojar, 1991) in central British Columbia.
The sampling was designed to characterize seedling recruitment,
seed-source availability, substrate composition, and local canopy
structure. A sample site was comprised of two components: a
‘‘seed-source’’ stand (a non-pine leading stand type) and a large
adjacent pine-leading stand attacked by MPB where regeneration
plots were established. Two to twenty regeneration plots were
established within each pine-leading stand (average 6.8 plots/
stand and a median of 5.5 plots/stand). The minimum inter-plot
distance was 25 m within 50 m of the seed-source stand and
50 m for plots further from the seed source. Plots were
established along a transect that ran perpendicular to the edge

of the neighbouring seed-source stand which was dominated by
either interior spruce [a complex of white spruce (Picea glauca
(Moench) Voss) and Engelmann spruce (Picea engelmannii Parry
ex Engelm.)] or subalpine ﬁr (Abies laciocarpa (Hook.) Nutt.).
Transect lengths were variable. The seed-source stand was the
only major non-pine seed source within 1 km of each regeneration plot. Species-speciﬁc parent tree abundance (basal area, m2/
ha) in the seed-source stand was characterized with three
variable radius prism plots (all trees >7.5 cm DBH). The distance
between the seed-source stand and all regeneration plots was
measured. A prism sweep from the plot centre of each
regeneration plot was used to quantify the species-speciﬁc local
seed-source basal area and to determine total local basal area of
the overstory.
Regeneration plots were 3.99 m ﬁxed radius plots. The number
of lodgepole pine, interior spruce and subalpine ﬁr seedlings older
than one growing season and younger than the MPB-attack (i.e.
post-MPB seedlings) were tallied in each plot. The age of an
individual seedling was estimated from counts of annual height
increments combined with destructive sampling. The substrate
upon which seedlings regenerated was tallied by species.
We used infestation maps to determine the primary year of
attack of sample stands. We further checked this year of attack
against a set of criteria developed in collaboration with local
entomologists and tested against stands with known infestation
times. The criteria were used to determine the primary year of
attack by assessing the MPB-killed pine in the plot neighbourhood.
These criteria were: (1) presence and colour of foliage, (2) crown
condition and proportion of ﬁne branches retained, (3) presence/
absence of MPB adults, pupae or larvae, (4) presence and condition
of pitch tubes, (5) bark and under bark (wood) condition, and (6)
other insect activity. MPB infestations can occur over several years
within a stand (Safranyik and Wilson, 2006). Our intent was to
identify the year where mass mortality had occurred. The current
high MPB population in northern British Columbia has generally
resulted in a pulse of mortality of the majority of canopy pine trees
within a stand. This has been repeatedly observed in stands
throughout northern BC (observation of authors). Hence, infestation time was determined as the year when a pulse of lodgepole
pine had been killed, which ranged from 3 to 9 years prior to our
sampling. Regeneration plots were established in stands that
covered all years within this range. Plots were not equally
distributed across years since MPB attack due to differences in
abundance and accessibility. Sample sizes were: 3 years prior = 75;
4 years prior = 67; 5 years prior = 39; 6 years prior = 8; 7 years
prior = 8; 8 years = 29; 9 years prior = 18.
Percent cover of 11 pre-deﬁned substrate types was recorded
for each plot. The substrate types were: (1) animal disturbance
(small patches of mixed organic material and mineral soil
associated with squirrel middens and vole dens), (2) forest-ﬂoor
moss (a well developed, undisturbed, moss carpet dominated by
red-stemmed feather moss (Pleurozium schreberi (Brid.) Mitt.), step
moss (Hylocomium splendens (Hedw.) Schimp. in BSG) and knight’s
plume (Ptilium crista-castrensis (Hedw.) De Not.)), (3) conifer litter,
(4) deciduous litter, (5) fresh logs (a solid intact log or stump from
windthrow), (6) lichen, (7) moss-covered logs (partially decomposed logs on the forest ﬂoor covered by undisturbed moss), (8)
mineral soil (exposed mineral soil), (9) organic material, (10)
rotten wood (logs or wood considerably decomposed and
incorporated into the forest ﬂoor), and (11) nonproductive (rock,
water, and tree stems). We visually estimated percent cover of
substrates by dividing each plot into quadrants and summing
estimates from each quadrant for the whole plot. Estimates were
based on two ﬁeld crew members estimating percent cover
independently.
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In addition to our count of post-MPB recruitment, we tallied
in all 244 plots the total number of seedlings (pre- and post-MPB
combined) less than 130 cm tall. We combined our total
seedling count data with data from an additional 561 plots
located in 99 stands not sampled in our study (Rakochy, 2005;
Cichowski, unpublished data). These additional data were
collected in the same general geographic area as our sampling
using similar methodologies to count all seedlings less than
130 cm tall and to characterize species-speciﬁc basal area of the
local overstory trees. A GPS coordinate was recorded for each
plot center with a handheld devise. Distance to the nearest
major seed source from plot center was not recorded. These 561
plots were combined with the 244 plots from our study to create
one common dataset (n = 805) of total regeneration less than
130 cm tall.
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Model 2:
Y ¼ a þ b1  ð1  expðb2  BALPT ÞÞ
Model 3:
Y ¼ a þ b1  ð1  expðb2  BALPT  b3  ð0:001  dist þ 1Þ
 BASSPT ÞÞ
Model 4:
Y ¼ b1  ð1  expðb2  TsMPBÞÞ
Model 5:
Y ¼ b1 

S
X
CJ FJ
J¼1

Model 6:
Y ¼ b1  expðl1  BATot Þ

3. Analysis
The analysis was performed with an inverse modeling
approach. We developed and tested six species-speciﬁc candidate
models that represented relationships between post-MPB recruitment or total regeneration and (1) seed-source availability, (2)
time since beetle infestation, (3) seedbed substrate, or (4) total
local overstory basal area. In effect, the alternate models represent
competing hypotheses for the suite of factors that determine
recruitment dynamics in forests. For post-MPB recruitment data
(n = 244) we utilized the average annual recruitment (total
number of recruits younger than the attack divided by the number
of years post-MPB attack) as the predicted variable (Y). For the total
regeneration (n = 805), we utilized total seedling count as the
predicted variable (Y). All six models were ﬁtted to the post-MPB
recruitment dataset. For the total regeneration count data, we did
not have data for distance to a non-pine seed source or data on
substrate types. Therefore, it was only possible to test a subset of
the models (Models 1, 2, and 6; see below) for the total
regeneration dataset.
The Null Model (Model 1) assumes that regeneration abundance was controlled by factors not considered in this study and
represents a simple mean of the observed data. Models 2 and 3 are
nested models where recruitment is dependent on seed-source
proximity. In the ﬁrst seed-source model (Model 2), recruitment is
predicted as a function of local basal area of parent trees (BALPT)
measured with the variable radius plot. The second seed-source
model (Model 3) includes the effects from Model 2 and an
additional term that represents the distance to (dist) and basal area
of parent trees in the nearest major non-pine seed-source stand
(BASSPT). In Model 3, it was assumed that the effect of the seedsource stand is negatively proportional to the distance between the
regeneration plots (maximum distance = 1000, minimum distance = 0) and the seed-source stand.
Model 4 represents change in recruitment with time since MPB
attack (TsMPB). Model 5 predicts recruitment from substrate
variability utilizing an equation developed by LePage et al. (2000).
In Model 5, J represents one of the 11 measured substrate types (S),
CJ is the proportion of substrate type J in a plot (0–1), while FJ is an
estimated favorability parameter for substrate J that is limited
between 0 and 1. Thus, the summation provides an index of
substrate favorability (LePage et al., 2000). The ﬁnal model (Model
6) assumes decreased recruitment with increased total overstory
basal area (BATot).
Model 1:
Y¼a

The a parameter represents an intercept. The parameter b1 can be
interpreted as an ‘‘optimal recruitment parameter’’ that is obtained
under optimal conditions (the latter part of each equation varies
between 0 and 1 and the optimal recruitment estimate is obtained
when the latter part of an equation = 1). Parameters b2 and b3
determine how seedling recruitment increases with seed-source
abundance or time since MPB infestation. Parameter l1 determines
how seedling recruitment changes with total overstory basal area.
Maximum likelihood estimates (Edwards, 1992) of model
parameters were obtained using simulated annealing (a global
optimization algorithm) (Goffe et al., 1994). Global optimization
methods are appropriate for rough likelihood surfaces which were
observed for some of our tested models. We used Akaike’s
Information Criterion (AIC, Akaike, 1973) corrected for small
sample sizes (AICC) (Hurvich and Tsai, 1989) for model selection.
We used the negative binominal probability density function (PDF)
for error distribution in all models. This PDF is well suited for overdispersed count data (e.g. Hilborn and Mangel, 1997) as in the
collected dataset. The analysis was implemented in the statistical
software R (R Development Core Team, 2006).
The total regeneration dataset contained spatial locations for all
plots. We used this information to investigate stand level (less than
1000 m) spatial autocorrelation of total regeneration abundance
by calculating Moran’s I (e.g. Fortin and Dale, 2005) in distance
classes of 100 m for each of the three species. Values of Moran’s I
close to zero indicate lack of spatial autocorrelation while values
around 1 indicate strong positive autocorrelation.
4. Results
There were large variations in composition of the seed-source
stands. Basal area averaged 39 m2/ha and varied from 12 and
69 m2/ha (Table 1). Canopy trees in seed-source stands were
dominated by interior spruce and subalpine ﬁr. Basal area of the
local overstory at the individual recruitment plots varied between
4 and 78 m2/ha with a mean of 39 m2/ha, but was dominated by
dead pine (mean of 24 m2/ha) (Table 1).
Post-MPB recruitment was sparse and patchy (Fig. 1A and B);
subalpine ﬁr was present in 27 plots (11%), interior spruce in 14
plots (6%), and lodgepole pine in 13 plots (5%). No post-MPB
recruitment was observed in the majority of the plots, while a
small number of plots had large amounts of recruitment. Subalpine
ﬁr post-MPB recruitment (1498 seedlings) was the most prevalent
species followed by lodgepole pine (65 seedlings) and interior
spruce (37 seedlings). There was little variation in substrate types
across the study sites and substrate type distribution did not show
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Table 1
Species-speciﬁc variation in seed-source stand and local overstory parent-tree basal area (BA, m2/ha) of post-MPB disturbance recruitment plots
Seed-source plots

Local recruitment plots

2

Basal area (m2/ha)

Basal area (m /ha)

All species
Subalpine ﬁr
Interior spruce
Dead lodgepole pine
Live lodgepole pine

Mean

Maximum

Minimum

Mean

Maximum

Minimum

39
5
19
5
1

69
30
59
20
3

12
0
0
0
0

39
2
3
26
6

78
30
35
72
40

4
0
0
0
0

Fig. 1. Post-MPB disturbance seedling recruitment (in 50 m2 plots) and substrate type distribution (in 3.99 m2 plots). (A) Annual seedling recruitment including zeroobservations. (B) Annual seedling recruitment excluding zero-observations. (C) Substrate type distribution in plots 1–4 years post-MPB attack. (D) Substrate type distribution
in plots 5–9 years post-MPB attack. A comparison between (A) and (B) illustrates the magnitude of plots without post-MPB seedling recruitment. A comparison between (C)
and (D) illustrates little change in substrate type distribution over time. Substrate types are animal disturbance (AD), conifer litter (CL), forest-ﬂoor moss (CM), deciduous
litter (DL), fresh logs (FL), lichen (LI), moss-covered logs (ML), mineral soil (MS), non-productive (NP), organic material (OM), rotten wood (RW).

any substantial changes as time since MPB disturbance increased
(Fig. 1C and D).
Due to the limited post-MPB recruitment observed, our dataset
had relatively little information for model ﬁtting and testing of the
alternate hypotheses related to the processes controlling recruitment from seed after MPB canopy mortality. Consequently, many
of the proposed models were worse approximations of the data
than the Null Model (Model 1) (Table 2), however, some trends
were evident.
The best model for representing post-MPB subalpine ﬁr
recruitment was Model 3, indicating that regeneration was related
to seed-source availability (Table 2). Subalpine ﬁr post-MPB
recruitment increased strongly with proximity to a major seed
source (Fig. 2A) and then increased further as local parent tree
basal area increased (Fig. 2B). The estimated subalpine ﬁr
parameters in Model 3 with support intervals (upper S.I., lower

S.I.) (Edwards, 1992) were: a = 0.001 (0.000034, 0.013); b1 = 16.7
(10.9–33.1); b2 = 0.00093 (0.00003, 0.005); b3 = 0.00602 (0.0037,
0.361).
Lodgepole pine post-MPB recruitment was best represented by
Model 6, suggesting a relationship between total overstory basal
area and recruitment. For Model 6, the lodgepole pine parameter
estimates with support intervals (upper S.I., lower S.I.) were
estimated at: b1 = 0.354 (0.16, 0.62) and l1 = 0.065 (0.05, 0.09).
Lodgepole pine post-MPB recruitment clearly increased as the total
overstory basal area decreased (Fig. 2C).
Interior spruce post-MPB recruitment may also be inﬂuenced
by total overstory basal area. Model 6, representing total overstory
basal area limitations, had the lowest AICC but the Null Model
(Model 1) had the same level of support as Model 6 (Table 2).
Increased overstory basal area had a less severe negative effect on
interior spruce post-MPB recruitment than on lodgepole pine
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Table 2
Comparison of post-MPB disturbance seedling recruitment models
Model

Interpretation

Subalpineﬁr

Lodgepolepine

Model 1
Model 2
Model 3

Null Model
Local parent trees
Local parent trees
and seed source
Time since attack
Substrate
Total overstory

75
79
0

5
9
11

0.2
4.3
4.4

64
94
76

3
21
0

4.3
17
0

Model 4
Model 5
Model 6

Interiorspruce

Values are DAICC. Bold values indicate the best approximating models for each tree
species.

recruitment (Fig. 2C). Spruce parameter estimates for Model 6 with
support intervals (upper S.I., lower S.I.) were: b1 = 0.119 (0.046–
0.242) and l1 = 0.044 (0.024, 0.073).
The total seedling counts of all regeneration <130 cm tall were
much higher (Fig. 3) than the amounts of regeneration established
post-MPB attack (Fig. 1A and B). This larger dataset was much
better suited to model ﬁtting and testing than the smaller postMPB recruitment dataset. Interestingly, results from both datasets
were similar in terms of factors affecting seedling abundance
(Tables 2 and 3). The total seedling count for subalpine ﬁr was best
explained by local seed-source availability (Model 2; Table 3) with
increased seedling counts as local parent tree basal area increased
(Model 2 parameters with support intervals: a = 2.335 (1.751,
3.005); b1 = 9.800 (5.264, 18.355); b2 = 0.252 (0.079, 3000)).
Lodgepole pine and interior spruce total seedling counts were
found to increase with decreasing total local overstory basal area
(Model 6; Table 3) (Model 6 parameters with support intervals:
b1pine = 3.701 (3.071, 4.446), l1pine = 0.0374 (0.0325, 0.0421),
b1spruce = 2.251 (1.936, 2.608) and l1spruce = 0.012 (0.008, 0.016).
There was no evidence of spatial autocorrelation at the stand
level (Moran’s I of approximately zero) in the total seedling count
data for interior spruce and lodgepole pine. This suggests spruce
and pine seedlings had a fairly regular distribution in the
understory of MPB-disturbed forests. In contrast, data for all
subalpine ﬁr seedlings had a positive spatial autocorrelation, with
values of Moran’s I close to one at all distance intervals between 0
and 1000 m. Unlike pine and spruce, subalpine ﬁr was clumped in
its distribution. Results from the spatial autocorrelation analysis
were consistent with our model ﬁtting analysis where subalpine ﬁr
abundance was strongly inﬂuenced by proximity and amount of a
seed source.
5. Discussion
The mountain pine beetle epidemic in the northern forests of
western Canada, although vast in extent, has been a low intensity
disturbance in terms of impacts on the forest ﬂoor. Our study
clearly demonstrated that recruitment of new seedlings after MPB
canopy mortality was substantially lower than observed after
wildﬁres in northern forests (e.g. Greene et al., 1999; Charron and
Greene, 2002; Johnson et al., 2003). We observed no signiﬁcant

Table 3
Comparison of models for total seedling counts for all seedlings less than 130 cm
tall
Model

Interpretation

Subalpineﬁr

Lodgepolepine

Interiorspruce

Model 1
Model 2
Model 6

Null Model
Local parent trees
Total overstory

31
0
33

18
5
0

2
2
0

Values are DAICC and bold values indicate the best approximating model for each
tree species.

Fig. 2. The predicted effects of seed-source availability on post-MPB seedling
recruitment. (A) Recruitment of subalpine ﬁr as a function of seed-source stand
basal area and distance to seed-source stand. (B) The effect of local parent-tree basal
area on recruitment of subalpine ﬁr. (C) The effect of total (all species) local
overstory basal area on recruitment of lodgepole pine and interior spruce. The xaxes vary to cover the approximate range of the observed data.

post-disturbance pulse in regeneration shortly after MPB disturbance as is commonly seen after ﬁre.
A key difference between ﬁre and MPB disturbance for seedling
recruitment is the impact on substrate availability and favorability.
Our results illustrated that in the ﬁrst 10-years after beetle
disturbance, the substrate distribution undergoes limited change
and remains dominated by moss as in an undisturbed forest. The
effect of MPB canopy mortality on forest ﬂoor conditions is similar
to that found in gap-phase dynamics forests (Coates and Burton,
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Fig. 3. Histograms of total seedling counts for all seedlings less than 130 cm tall. (A), (C) and (E) contain all observations, including plots with zero observations while (B), (D)
and (F) exclude non-zero observations. Comparison of plots A–B, C–D, and E–F illustrate the magnitude of plots without seedlings for subalpine ﬁr, lodgepole pine and interior
spruce, respectively. Note that y-axis values change between comparisons.

1997). In contrast, after wildﬁre, seedbed substrates are generally
more variable with a higher proportion of substrate types
considered favorable for regeneration establishment (e.g. Miyanishi and Johnson, 2002). This is also the case after logging
disturbance such as gap cuts or clear cuts where seedbed
substrates are more variable than observed in adjacent undisturbed forests (LePage et al., 2000; Coates, 2002). The importance
of substrate type for regeneration in northern forests has been well
established (Farmer, 1997; LePage et al., 2000). In our tested
models for MPB-disturbed forests, information about seedbed
substrates was not found to improve model predictions. Our data
contained little inter-plot variation in substrate types and this is
likely the major reason for the poor predictive ability of seedbed
substrate type in our analysis. Continuous and undisturbed mossdominated forest ﬂoors are relatively unfavorable for establishment of seedlings in northern forests (Wright et al., 1998; LePage
et al., 2000; Coates, 2002). The low levels of post-MPB recruitment

observed in the ﬁrst 10 years after MPB attack are likely due to poor
seedbed substrate availability.
Even though post-MPB recruitment was sparse, there were
some evident trends in regeneration success. Regeneration
abundance varied by species and strong species-speciﬁc differences in canopy inﬂuences on regeneration success were evident.
Subalpine ﬁr post-MPB recruitment was substantially higher than
that of lodgepole pine and interior spruce. In part, this can be
explained by the superior ability of true ﬁr species, compared to
spruce and pine, to regenerate on the moss forest ﬂoors that
dominated all study sites (Day, 1964; Cui, 1991; Wright et al.,
1998; LePage et al., 2000). The large seed size of subalpine ﬁr
relative to other species is thought to explain its superior ability to
regenerate on moss-dominated substrates (Day, 1964; Cui, 1991;
Wright et al., 1998). The post-MPB regeneration of subalpine ﬁr
was very patchy and our analysis illustrated that recruitment of
subalpine ﬁr was seed-source limited. The dispersal limitations of
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subalpine ﬁr may be due to the larger seed size of the species (e.g.
Greene et al., 1999). We did not ﬁnd any evidence of dispersal
limitation for post-MPB recruitment of pine and spruce and the
abundance of pine was negatively correlated with total canopy
basal area above regeneration plots. This was also the case for
spruce but the effect was much stronger for pine. The speciesspeciﬁc effects of local overstory on regeneration abundance relate
well to common shade-tolerance rankings where subalpine ﬁr is a
shade-tolerant species, interior spruce is mid-tolerant species, and
lodgepole pine is a shade-intolerant species.
Interestingly, the processes inﬂuencing the abundance and
distribution of the post-MPB recruitment were the same as those
inﬂuencing the abundance and distribution of all seedlings less
than 130 cm tall. Seedling bank trees can grow very slowly in the
undisturbed understory and may have recruited over an extended
time period. During the period of this study, there has been little
substantial change in the factors that control recruitment in these
forests. In the analysis, this can be seen directly from the low level
of support for the model that includes time since attack (Table 2).
Up to 10 years post-beetle disturbance, the seedbed substrates are
still moss-dominated and all seed sources are virtually unchanged.
The serotinous cones of lodgepole pine still contain seeds and the
other trees species have survived the pine mortality event. The
overstory pine snags, which maintain needles for approximately 5
years, still shade the forest ﬂoor. It is unknown if seedbed substrate
type distribution will substantially change in the future or whether
a later major recruitment pulse might still occur. At this time, it
appears that the seedling bank established prior to the MPB
disturbance is the tree layer most likely to control future stand
dynamics of these forests.
In the northern forest of eastern North America, there is a long
history of large scale outbreaks of spruce budworm (Choristoneura
fumiferana (Clem.)) that kills overstory balsam ﬁr (e.g. Johnson
et al., 2003). After budworm outbreaks, the balsam ﬁr stands often
re-establish from well developed seedling banks (e.g. Ghent, 1958;
Dechesneau and Morin, 1999; Johnson et al., 2003). In western
Canada, the seedling bank is generally less well developed and has
a smaller proportion of true ﬁrs than in eastern Canada (Messier
et al., 1999). Recruitment of new seedlings post-MPB attack has
been very slow. The composition and dynamics of MPB-disturbed
forests will to a large extent be determined by the species
composition, density and size of trees established in the
understory prior to the MPB epidemic unless a future regeneration
pulse occurs.
Our study has illustrated that both the existing seedling bank
and new post-MPB recruitment are patchy in the MPB-disturbed
forests of northern British Columbia. This is primarily due to the
dominance of subalpine ﬁr in both regeneration categories and the
clear seed-source limitation of this species. While subalpine ﬁr
dominates the regeneration layers, other species are present in
varying amounts resulting in diverse species mixtures. The patchy
structure of regeneration and the various species combinations
developing in these stands has future forest management
implications. For example, stand level means, so commonly used
in forestry (Puettmann et al., 2008), may be poor descriptors of
stand development after MPB disturbance. Non-spatial singlespecies growth models will not be able to represent future stand
development. Either repeated inventories or spatially explicit
mixed-species growth models will be required for prediction of
future stand dynamics.
The high proportion of subalpine ﬁr regeneration in the postMPB recruitment layer and in the seedling bank further suggests a
substantial shift in the landscape-level species composition of
MPB-disturbed forests. Our results indicate that MPB-disturbed
stands that had well developed seedling banks will be much more
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likely to rapidly develop into reasonably stocked stands while a
substantial regeneration delay can be expected where seedling
banks are absent.
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