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Recruitment of Picea mariana, Pinus banksiana,
and Populus tremuloides across a burn severity
gradient following wildfire in the southern boreal
forest of Quebec
D.F. Greene, J. Noël, Y. Bergeron, M. Rousseau, and S. Gauthier

Abstract: Most studies of postfire tree recruitment have occurred in severely burned portions, despite the fact that partial burning is common. In this study we examined regeneration following a 1997 fire in the boreal forest of Quebec.
A model of postfire recruitment was elaborated using parameters such as the proportion of trees killed (severity), the
proportions of postfire seedbed types and their associated juvenile survivorship, the available seed supply, the available
bud supply (for Populus tremuloides Michx.), and the granivory rate. All three species had peak recruitment in the first
or second summer, and the recruitment episode was essentially finished after the third year. Mineral soil and surviving
Sphagnum were the best seedbeds for both conifer species. Seedbed frequency was essentially independent of crown
fire severity except for surviving Sphagnum, which was concentrated primarily where severity was light. Conifer
fecundity was much lower in the lightly burned stands, a result we attribute to a higher granivory rate. The fecundity (seedlings/basal area for the conifers or suckers/basal area for Populus) in the severe sites was typical of the few
other North American studies of postfire recruitment, where the published data permit us to make the comparison.
Résumé : La plupart des études sur le recrutement après feu ont été réalisées dans des zones sévèrement brûlées, malgré le fait qu’il y ait fréquemment des zones légèrement brûlées. Dans cette étude, nous avons examiné la régénération
qui s’est établie après un feu survenu en 1997 dans la forêt boréale québécoise. Nous avons élaboré un modèle de recrutement après feu à l’aide de paramètres tels que la proportion d’arbres tués (sévérité), la proportion de types de lits
de germination après feu et la survie des jeunes tiges associées à ces lits de germination, le stock de graines disponibles, le stock de bourgeons disponibles (pour le Populus tremuloides Michx.) et le taux de prédation des graines. Les
trois espèces ont connu un pic de recrutement durant le premier et le second été, et l’épisode de recrutement était à
toute fin pratique terminé après la troisième année. Le sol minéral et la sphaigne qui avait survécu étaient les meilleurs
lits de germination pour les deux espèces de conifères. La fréquence des lits de germination était essentiellement indépendante de la sévérité du feu de cime, à l’exception de la sphaigne qui avait survécu, laquelle était principalement
concentrée aux endroits où la sévérité du feu était légère. La fécondité des conifères était beaucoup plus faible dans les
peuplements légèrement brûlés; un résultat que nous attribuons à un plus haut taux de prédation des graines. La fécondité (nombre de semis/surface terrière pour les conifères ou nombre de drageons/surface terrière pour les peupliers)
dans les sites sévèrement brûlés était typique de celle observée dans les quelques autres études nord-américaines sur le
recrutement après feu dont la publication des résultats nous permet d’établir une comparaison.
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Introduction
In most of the boreal forest, the most likely way for a canopy tree to die is via a large crown fire. Recruitment following a fire consists of two broadly defined cohorts (Johnson

1857

1992). Typically, for almost all species, the subsequent canopy and subcanopy is composed of stems that arrived almost
immediately following the fire, and within a severely burned
area this initial regeneration episode is brief because (1) aerial seedbanks (Pinus banksiana Lamb. and Picea mariana
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(Mill.) BSP) are soon exhausted (Charron and Greene 2002);
(2) suppression of dormant buds is rapidly reattained by
auxins produced from the asexually established hardwoods
(Lavertu et al. 1994); (3) the best seedbeds (mineral soil,
thin humus) are quickly covered by the leaf litter of the developing stand and thus become much poorer substrates
(Chrosciewicz 1974; Charron and Greene 2002); and more
speculatively, (4) quick reinvasion of the more severely
burned parts of the fire by granivores (Ahlgren 1966) may
lead to a strong reduction in the initial survivorship of later
cohorts.
But what would happen after fire in a less severe burn?
The question is of interest, because the great variation in the
severity (defined here as proportional canopy mortality)
within individual crown fires has been emphasized recently
by Turner and Romme (1994), Kafka et al. (2001), and
Bergeron et al. (2002). In western Quebec, for example, the
severely burned fraction in fires greater than 10 000 ha ranged
from 17% to 95% (Bergeron et al. 2002). Nonetheless, there
have been no studies of recruitment across a burn severity
gradient in the boreal forest. One surmises that four factors
involved in regeneration would be affected: (1) the frequency distribution of seedbed types; (2) preabscission seed
mortality and the abscission schedule of the species with aerial seedbanks; (3) the initial density of granivores; and
(4) ramet production in response to loss of hormonal control
by burnt trees.
Seedbeds
Given the tremendous importance of seedbeds for
small-seeded boreal species (Chrosciewicz 1974; Schimmel
1993), clearly it is important to understand how seedbed frequency might change across the gradient. It is well known
that the worst seedbeds for small-seeded species are thick
organic layers (for clearcuts, Chrosciewicz 1974; Greene and
Johnson 1998; for wildfires, Charron and Greene 2002;
Thomas and Wein 1985), with Sphagnum on hydric sites
constituting an exception. Simplistically then, we might assume that postfire organic layer depth decreases with severity
and thus conifer regeneration density would be directly proportional to severity.
Preabscission seed mortality and the subsequent
abscission schedules
While it is known that no boreal tree species have
long-lived soil seedbanks (Johnson 1992), there has been
very little work on preabscission seed losses from the aerial
seedbank during a fire. Reviewing the thin literature, Greene
and Johnson (1999) concluded that black spruce seeds were
seriously depleted, while pine was undamaged.
With regard to the abscission schedule, pine should show
a more dramatic response across the severity gradient than
spruce. This is because, while the abscission schedule of the
semi-serotinous Picea mariana is accelerated by fire (Zasada
1979), we expect virtually all prefire cones to have been
opened by the fourth year following fire (wildfire: Charron
and Greene 2002; clearcutting: Fleming and Mossa 1996) regardless of whether the tree burned or not. By contrast, unburned serotinous Pinus banksiana trees are expected to
abscise only a small fraction of their seeds over 4 years.

Can. J. For. Res. Vol. 34, 2004

Granivory rates
The tremendous loss of seeds and seedlings to rodents in
intact vegetation and their effect on plant community composition has been frequently documented (e.g., Schnurr et al.
2002; Manson et al. 2001). While we know of no studies of
granivory or herbivory across a burn severity gradient, there
has been a great deal of work by zoologists on small mammal mortality and subsequent postfire reinvasion. The primary cause of mortality appears to be asphyxiation, with the
mortality rate approaching 100% in the severe parts of wildfires (Erwin and Stasiak 1979; Tevis 1956; Chew et al. 1958;
Motobu 1978; Lawrence 1966) and prescribed burns
(Ahlgren 1966; unpublished data of J. Zasada for the Alaska
boreal forest). Surviving rodents find refugia in unburned residual stands, in lightly burned areas, and at the nominal
burn perimeter (Gashwiler 1970; Motobu 1978; Howard et
al. 1959). Rodent populations appear to suffer much less
mortality in areas of patchy burning (Motobu 1978). Subsequently, as the developing vegetation provides ever more
cover from predators, recovery of rodent populations is rapid
during the first 4 years (Ahlgren 1966; Sims and Buckner
1973; Tevis 1956).
In short, within the severe parts of burns, we expect essentially no granivory (Charron and Greene 2002) except by
birds. By contrast, at the edges in lightly burned areas, rapid
reinvasion within a few weeks of the fire (Tevis 1956), adequate cover to offer protection from carnivores (Lawrence
1966), and low initial rodent mortality (Motobu 1978)
should combine to produce a granivory rate that will be as
high as in the intact forest.
Ramet production
Ignoring layering, only the hardwoods will reproduce
asexually after fire. In North America Populus tremuloides
Michx., Populus balsamifera L., and Betula papyrifera Marsh.
produce basal sprouts, while only the first two species can
also produce root suckers. Buds remain dormant primarily
because of hormones produced by living crowns; death of
the crown terminates the dormancy (Greene et al. 1999).
Clearly, one expects then that the density of suckers and
sprouts at the stand scale should increase with the amount of
basal area per area killed by the fire (i.e., with fire severity).
However, smoldering combustion of the duff may complicate this tendency somewhat if depth of burn is correlated
with severity. Reduction of overtopping organics can stimulate the production of suckers (Maini and Horton 1966;
Lavertu et al. 1994) while too deep heat conduction can be
lethal to roots and buds (Schimmel and Granström 1996).
In summary, we hypothesize that the net effect of these
factors on the sexually recruiting stems is that regeneration
density will increase with burn severity for both aerial seedbank species. The difference in seedling density ought to be
greater for Pinus banksiana than Picea mariana because,
with the former, abscission will be much more constrained
in lightly burned areas. For the asexually recruiting hardwoods, it is expected that ramet density per basal area will,
likewise, rise with severity.
The two objectives of this paper are (1) to develop a
model of the initial population dynamics of Populus
tremuloides, Picea mariana, and Pinus banksiana, the three
most common species in the North American boreal forest,
© 2004 NRC Canada
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across a fire severity gradient using data from a recent fire
in Quebec; and (2) to ascertain at this fire whether recruitment increases with severity.

Models
The aerial seedbank model
The conifer species, Pinus banksiana and Picea mariana,
and the suckering Populus tremuloides require two separate
models. We begin with the conifers. Greene and Johnson
(1999) proposed a model where seedling density was a function merely of seed supply (in particular, of its proxy, basal
area). Here we expand their approach to include the effects
of severity-mediated (1) seedbed proportions (and thus one
aspect of early survivorship); (2) granivore consumption of
seeds (the other aspect of juvenile survivorship);
(3) preabscission seed mortality; and (4) the subsequent abscission rate. For the sexually recruited Pinus banksiana and
Picea mariana, we assume that any surviving soil seed bank
is negligible (Johnson 1992) and write the model for recruitment density (FD = seedlings/m2) as
[1]

FD = QDSCpQ S

The mean weighted survivorship (S) is given by
S = Σ (S i p i )
In eq. 1, QD is the germinable seeds per square metre in
the aerial seed bank, SC is the fraction of seeds in the cones
surviving the passage of the flaming front, pQ is the proportion of seeds abscised, Si is the juvenile survivorship (from
seed abscission to the end of the second summer for a cohort), and pi is the fraction of the forest floor occupied by
the ith seedbed type. We discuss these terms in turn below.
QD, the prefire density of germinable seeds, will be estimated by first obtaining a regression of cone number (QC)
on basal area (B) for individual nonburned trees with the intercept forced to pass through zero.
[2]

QC = bB

with b as an empirically determined slope. (Note: insisting
that the intercept is 0 greatly facilitates the modeling. However, the fact that trees have a minimum size for sexual reproduction (Greene et al. 1999) means that eq. 2 will lead us
to exaggerate the contribution of very small stems.) Next, we
determine the mean number of germinable seeds per cone,
NC. We can now readily scale up to the stand level by converting germinable seeds per tree to seeds per square metre,
and basal area per tree to basal area per area (BD, the dimensionless quantity m2/m2).
[3]

QD = bBDNC

The next term, SC, is the survival of seeds during the passage of the flaming front through the crowns (i.e., prior to
abscission). For conifers, we know that burnt Picea mariana
seeds suffer a 42% loss in seed viability (Zasada 1979). An
experiment with the better-insulated Pinus banksiana indicated no loss when ovulate cones were subjected to a tem-
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perature and duration similar to the passage of a flaming
front (Beaufait 1960). We know of no other studies than
these. We write
SC = 1.0

(Pinus banksiana)

SC = (0.58pM) + (1 – pM)

(Picea mariana)

where pM is the fraction of trees killed in a stand.
We turn next to the proportion of seeds abscised after the
fire, pQ. Although the model could be altered for nonserotinous genotypes, nonetheless in the boreal forest of western Quebec such genotypes are exceedingly rare and will be
ignored here. Unencumbered by a deep empirical literature,
we will assume that for Pinus banksiana the stand-scale
abscission rate is merely the fraction of trees burning (pM)
because, as pointed out by Charron and Greene (2002), there
is little abscission within intact stands, whereas fire leads to
an emptying of cones from burnt pine within approximately
3 years. By contrast, for Picea mariana, while fire may accelerate the abscission schedule (Zasada 1979), nonetheless
most seeds would still be abscised within 3 years in the absence of burning (Fleming and Mossa 1996). Thus, grossly
pQ = pM

(Pinus banksiana)

pQ = 1.0

(Picea mariana)

Seedbed-specific survivorship
Finally, we turn to the seedbed-mediated survivorship. We
will estimate seedbed-specific and severity-specific survivorship using sowing data from a severe part of the fire and
from an adjacent intact forest to ascertain Si, the survivorship on the ith seedbed type.
Small-seeded species such as Pinus banksiana and Picea
mariana necessarily have small germinants (Charron 1998;
Simard 1999). Consequently, they have poor germination
rates and poor first-summer age specific survivorship on porous seedbeds that can dry out quickly. By the beginning of
the third summer, all cohorts have an age-specific survivorship near 1.0 regardless of the initial substrate (Charron and
Greene 2002). We generalize the seedbed types as follows.
Good postfire seedbeds include mineral soil (with or without
a thin cover of the quickly colonizing moss Polytrichum) and
thin humus. Sphagnum mosses that survive the fire are also a
good seedbed when they are found in close proximity to the
water table and thus tend to remain wet (Groot and Adams
1994: clearcuts).
Poor seedbeds include charred wood (essentially impervious to radical penetration) and thick burnt organic material
(either humic or fibric) derived from either leaf litter or
mosses. We will therefore divide seedbeds into the following
four types: (1) exposed mineral soil; (2) thin burnt organics
<10 cm to mineral soil; (3) thick burnt organics >10 cm to
mineral soil (note: this includes dead Sphagnum); charred
wood, and nonburnt abscised leaves (in the partially burned
stands); and (4) surviving Sphagnum.
Severity-specific survivorship
Generalizing from the literature mentioned in the introduction, we expect that granivore density is greatest in intact
forest and essentially zero in the severely burned area. Further, granivore densities should also be quite high in the
© 2004 NRC Canada
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lightly burned portion. Thus, we want a severity-specific
survivorship function that is independent of severity up to a
critical point, beyond which juvenile survivorship is positively correlated with tree mortality.
Lacking any literature to guide us in choosing this critical
value, we will use a rate of 60% (pM = 0.6) canopy tree mortality (our upper limit for the lightly burned category) as the
cut-off point. Using our experimental sowing results on the
seedbeds of interest (above) to obtain Si0 and Si100, the survivorship on the ith seedbed for intact forest (pM = 0) and
the severely burned area (pM = 1), respectively, we tentatively define survivorship (Si) on the ith seedbed type at the
stand scale for each species as
[4a]

Si = (Si100 – g) + gpM

[4b]

Si = Si0

[6]

SRi =

(1 / N ) ∑ FD
BD pi[1 + ( pFOTH / pFi)]

where pi is the proportion of ground occupied by the ith substrate type, pFOTH is the proportion of suckers found on all
other (non-i) substrates, and pFi is the proportion of suckers
on the ith substrate. Note that the relative survivorship will be
directly proportional to the absolute survivorship (i.e., the ratio:
inventoried sucker per dormant bud) if bud density is truly
proportional to basal area per area.

(for pM ≥ 0.6)

(for pM < 0.6)

and g = (Si100 – Si0)/(1 – 0.6). Note that eq. 4 assumes first
that the granivore density is inversely proportional to the tree
mortality rate (above 60% mortality of trees), and second
that there is a linear relationship between juvenile survivorship and granivore density. This second assumption is an
argument for constancy in the granivory rate; that is, the proportion eaten is independent of the seed abundance. While
this is undoubtedly incorrect for the tropics at a very local
scale (e.g., Harms et al. 2000), density dependence at the
stand scale in the mid-latitudes appears to be much more
modest (e.g., Greene 2000), and thus the latter assumption is
probably not as problematic as our speculative value for the
cut-off point.
The Populus tremuloides asexual recruitment model
While Populus tremuloides can certainly recruit sexually
(e.g., Turner et al. 1997; Greene and Johnson 1999), nonetheless in the boreal literature it is clear that the great majority of recruiting stems are derived from buds along the roots.
Let us assume that the density of buds is a function of the
density of the basal area (i.e., basal area per area). Reasonably, assume that dormancy is maintained by the downward
flow of auxins from living shoots. It follows then that, at the
stand scale, Populus tremuloides sucker density (as with
seedling density we will use the symbol FD) ought to be proportional to the burnt basal area per area (the product of BD
and pM).
[5]

cannot estimate the survivorship in the transition from prefire
dormant bud to inventoried sucker. Nonetheless we can estimate the relative survivorship (SRi) as

FD = hBDpM

where h is an empirical constant of proportionality.
A serious problem with this model is that significant mortality usually begins by the third year following disturbance
(Greene and Johnson 1999), as the shade-intolerant suckers
compete for light and the shared starch reserves in the communal root system. However, our estimation of sucker density
will not be problematic so long as we declare that eq. 5 applies only to stands that are younger than about 4 years old.
A deep burn in the forest floor may kill many Populus
tremuloides roots at a very local scale, and thus the local
sucker density would be less than expected. However, we argue that the product BDpM is of such overriding importance
that substrate differences can be reasonably ignored. As we
have not attempted to estimate the prefire bud density, we

Methods
Site description
The fire occurred in 1997 near Val Paradis (49°10 ′N,
79°17′W) in the northwest of the Abitibi region of Quebec
and has been described by Bordeleau (1998). From 9 to 11
June, it burned 12 540 ha. Following a cold spring, parts of
the burn (especially the lowlands) still had some interstitial
ice and water in the mineral and organic horizons. The fire
was extinguished by rain. Hély (2000) has demonstrated that
the intensity of this fire ranged from 348 to 669, 371 to 2965,
and 7807 to 8126 kW/m2, respectively, for lightly, moderately,
and severely burned stands, with the intensity invariably
greatest for the conifer-dominated sites.
Within the burn area, about 95% of the canopy trees were
Picea mariana, Pinus banksiana, and Populus tremuloides
(Table 1). There were very minor amounts of Populus
balsamifera (balsam poplar), Betula papyrifera (paper birch),
Larix laricina (Du Roi) Koch. (larch), Picea glauca (Moench)
Voss (white spruce), and Abies balsamea (L.) Mill. (balsam
fir). Lacustrine clay soils derived from the postglacial Lake
Barlow (Vincent and Hardy 1977) are the primary surface deposits in the lower areas; tills and sandy fluvio-glacial soils
(Tremblay 1974) dominate the higher ground. Climatic information comes from the closest meteorological station, at La
Sarre (48°47 ′N, 79°06′W). Total precipitation is 857 mm, and
the average yearly temperature is 0.8 °C, while the average
frost-free period extends from 17 June to 21 August for a total of 64 days (Environment Canada 1998).
Though there had been some scattered harvesting in the
area before the fire event, the vast majority of the forest had
not been harvested prior to 1997. Most of the area burned in
the 1997 fire dates from a much larger fire in the early 20th
century (Fig. 1; Table 1; Bergeron et al. 2001). Around 5%
of the stands we sampled were even older than this, and they
were probably residual stands unburned by that earlier fire
(Fig. 1).
Site selection process
Immediately after the fire in 1997, an agreement was reached
with two forestry companies to cordon off 36 one-hectare
stands that were not to be salvaged. Harvesting outside these
stands began almost immediately and was concluded within
about 12 months. The 36 nonsalvaged sites were selected using the following criteria. We initially chose 12 stands each
for their preburn canopy composition (basal area per area):
© 2004 NRC Canada
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Table 1. The 36 nonsalvaged stands at Val Paradis.
Populus tremuloides
Stand
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

Pinus banksiana

Picea mariana

FD

BD

FD

BD

FD

BD

1.24
1.17
1.99
1.14
2.00
3.43
0.41
1.86
8.88
4.62
0.36
3.71
1.72
3.22
1.74
1.79
1.37
1.86
1.55
2.76
5.55
1.83
1.98
3.47
0
0
0
0
0
0
0
0.01
0
0.22
0
0.08

23
29
23
20
29
35
29
25
28
49
0.8
25
18
9
6
21
10
17
25
22
34
19
18
19
0
0
0
0
0.2
0
0
0
0
0
0
0

0.04
0.01
0.29
0.01
0.06
13.5
0
0.16
2.24
11.0
0.2
0.19
0.06
0.17
0.13
0.07
0.23
0.08
0.08
0.42
11.9
0.11
0.04
0.77
0.01
0
0.11
0
0.97
0.14
0.3
3.36
1.44
1.07
0.76
2.31

0
0
0.4
0
0.2
11
0
0
2
12
0.1
0
0
17
16
0.4
8
0
0
0
22
0
0
7
0
0
14
0.7
9
18
5
18
9
1
4
6

0.02
0.06
0
0
0.01
1.78
0.11
0.01
0.07
0.76
0.07
0.08
0.04
0.05
0.69
0.02
0.02
0.27
0.24
0.06
1.32
0.53
0.33
0
0.96
0.97
0.31
0.90
1.41
0.53
0.03
1.29
2.72
0.68
0.35
0.59

0
4
0
0
0
6
0.1
0
1
5
0.7
7
5
14
27
15
8
21
15
7
17
13
6
1
25
29
13
5
33
18
5
18
19
26
27
15

% dead
trees
30
26
64
20
59
85
30
90
100
100
100
100
89
63
46
6
90
58
76
93
100
100
100
100
46
49
40
48
88
91
48
81
100
100
100
100

Mean organic
depth (cm)
5.4
5.3
9.1
4
10.7
10
9.5
10.6
6.0
9.5
10.7
6.0
8.1
15.0
9.1
1.4
6.7
14.1
8.2
6.5
9.7
7.5
8.5
9.2
25.2
12.2
8.3
22.7
16.1
15.9
5.0
13.7
11.5
7.0
13.9
9.3

Stand age
(years)
77
84
75
—
69
86
70
75
86
86
63
76
81
81
72
81
72
72
85
76
86
85
69
75
150
—
—
136
—
—
—
—
—
76
85
—

Note: FD is seedlings or suckers per square metre and BD is basal area per area expressed in square metres per hectare. In the equations,
we use the dimensionless square metre per square metre for the latter measure.

Populus tremuloides dominated (>70% Populus tremuloides),
mixed (10%–70%), and coniferous (<10% Populus tremuloides).
In turn, we required that the 12 stands in each compositional
class be subdivided into three severity classes: lightly
burned (<25% canopy mortality), moderately burned
(25%–75% mortality), and severely burned (100%). Having
selected these 36 stands, they were well flagged in the midsummer of 1997 to avoid accidental salvage.
As salvage was beginning immediately, we could not delay stand selection until the final mortality levels of the canopy trees had become evident. The initial ranges for the
severity classes necessarily changed as a great deal of mortality occurred during the next 2 years among those trees
with partially burned crowns. Maintaining 12 stands in each
class, as of 1999 (see the data in Table 1) our census of dead

individuals led us to redefine the severity categories as: light
(<59% dead), moderate (59%–95% dead), and severe (100%
dead). This involved the transfer of two stands originally
classed as light into the moderate class, and two initially
moderate stands into the light category. Ultimately, these peculiar class limits do not matter greatly, as in much of the
following analysis we will use the interval scale value pM.
As yet, the literature offers no consensual meaning for words
like “moderate”, etc.
In the middle of each nonsalvaged 1-ha stand, a 20 m × 20 m
plot (4% of 1 ha) was used for sampling. Within this 400-m2
plot we measured diameter at breast height (DBH) for every
burnt stem, ignoring trees that were clearly already dead at
the time of the fire. The only exceptions to this were four
stands where the 20 m × 20 m plot had a strikingly different
© 2004 NRC Canada
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Fig. 1. Fire history map of the Val Paradis area. The 1999 burn is represented by the solid line, and the dots represent the sample
sites.

prefire composition from the adjacent area (at the scale of
30 m). In these four stands only, we sampled a 40 m × 40 m
area for tree diameters.
At each 20 m × 20 m plot (including the four stands mentioned above), we sampled seedbeds using a 30 m long (1 m
wide) transect centered within the plot. Seedbeds (or perhaps
we should call them substrates for the Populus tremuloides
suckers) were sampled in two ways. First, at the edge of
each 1-m2 segment of a 30-m transect, we noted the seedbed
(thus, 31 points sampled per stand). Second, for every seedling or sucker within this 30-m2 transect, we recorded the
seedbed type at the base of the stem. Thus, from these data
we can calculate in eq. 4, for each stand, the pi (proportion
of ground occupied by seedbed type i) and pFi (proportion of
stems occurring on the ith seedbed type).
Finally, in twenty-five 1-m2 randomly selected quadrats
within each 20 m × 20 m stand we established permanent
plots. Recruit density was enumerated each year from 1997
through 1999 in the late summer. When it became apparent
that recruitment had effectively ended after 1999, we examined only 10 of the 36 stands in 2000 and 2001 to ensure
that, indeed, very few recruits were being added.
Cone production and seeds per cone
In July 2000, at 10 areas just outside of the burn edge of
the Val Paradis fire, we sampled three trees of both conifer
species for a total of 30 trees/species. In each area, we measured DBH for a dominant, a codominant, and a subcanopy
stem. These trees were then cut down at a time when the relative humidity had been low for at least 2 consecutive days.
Cones that were fully opened were ignored, as were
just-ripening green cones. The remaining cones for each tree
were then classified as closed (=1.0) or partially opened
(= 0.5). The cone count per tree, intended to be directly pro-

portional to seed availability at the time of a June fire, was
simply the summation of these values (1; 0.5).
We also randomly selected 50 trees of each conifer species to cut down outside the fire perimeter. Subsampling 100
cones, we estimated the number of filled seeds per cone via
a cutting test. Subsampling these filled seeds, we determined
germinable seeds per cones with trials on wetted paper in
the lab (70% for Picea mariana; 75% for Pinus banksiana).
Sowing experiments
Using seeds provided by the Quebec Ministry of Natural
Resources, we sowed, in 1998, 800 seeds of each of the two
conifer species on each of four seedbed types in a severe
part of the Val Paradis fire far from any residual stand or
edge. The seedbed types were the following: exposed mineral soil; surviving Sphagnum; thin burnt organics <10 cm to
mineral soil; and thick burnt organics >10 cm to mineral soil
(this includes dead Sphagnum). Granivores were not excluded. We measured the germinable fraction of the seed lots
using wetted paper in the lab. In the late summer of 1999,
we inventoried the seedlings to determine the juvenile survivorship. As with our own permanent plot results from the severe parts of the Val Paradis fire (see also the permanent plot
results of Charron and Greene 2002), we assumed that about
20% of these first-summer seedlings from the sowing experiment would die in the next 2 years, as the age specific
survivorship asymptotically approached 1.0. Our adjusted
sowing results (the initial survivorship results multiplied by
0.8) become the estimation of the seedbed-mediated survivorship (Si100) in eq. 4.
We also sowed seeds of the two conifer species on the
same four seedbed types in an intact forest near Val Paradis
in late August of 2000. As these seeds were derived from the
cone study, we will use the same germination fractions as
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Fig. 2. Cone availability as a function of basal area (m2) for individual unburnt stems of Picea mariana (a) and Pinus
banksiana (b).

previously mentioned in that section. We sowed 400 seeds
per species per seedbed type. Survivorship was estimated via
a census in August 2002. The age-specific survivorship
should be approaching 1.0 (Charron and Greene 2002) after
the second summer, and so we will not multiply by 0.8.
These values become the survivorship estimates Si0 in eq. 4.
Ages of burnt stands
In 2000, at 27 of the 36 unsalvaged 1-ha stands, we sampled five living Populus tremuloides or Pinus banksiana by
extracting disks from stems we cut with a chainsaw as low
to the ground as possible. We ignored the slow-growing
Picea mariana stems.

Results
Cone production
Regression results for ovulate cone production as a function of basal area are shown in Fig. 2. Both correlations
were significant (p < 0.05; r2 = 0.54 and 0.71 for Picea
mariana and Pinus banksiana, respectively; N = 30 for both
species). As mentioned in the Modeling section, for ease in
the subsequent quantification, we have forced the regression
line to pass through the origin, and this leads to a slight
overprediction of the crop production of very small trees.
Since the intercepts are forced to equal 0 in Fig. 2, we can
substitute basal area per area (BD = m2/m2) for basal area in
the cone production equations, thus yielding cone density
(cones/m2). Our germination tests on wet paper indicated
19.6 or 16.4 germinable seeds/cone for Picea mariana and
Pinus banksiana, respectively. Multiplying cone density by
these seeds per cone values, we arrived at the expected number of germinable seeds per square metre (QD):
[7a]

QD = 41 115 BD

(Picea mariana)

[7b]

QD = 146 566 BD

(Pinus banksiana)

Seedbeds and juvenile survivorship for the two conifer
species
Frequency distribution of seedbeds
Table 2 shows the relative frequencies of seedbed types by
severity class. The three severity classes had different seedbed representation (χ2 test; p < 0.05), but inspection of Table 2 indicates that the primary difference was the greater
proportion of surviving Sphagnum (and, consequently, less
of the thick burnt organics) in the lightly burned area. Quantifying this observation, the χ2 test was no longer significant
if we added the Sphagnum, which was quite deep, to the
thick organic category. Likewise, a regression of mean organic depth on proportion of trees killed (data in Table 1)
was not significant. Thus, contrary to intuition, there is no
obvious gradient in exposed mineral soil, or exposed humus,
as a function of the burn severity measured among the canopy trees. Likewise, mean postfire organic thickness (Table 2) was not related to burn severity. Pair-wise t tests for
the three crown fire severity classes yielded no probability
smaller than 0.37. In summary, there was a decoupling of
fire effects between the canopy and the forest floor. For
seedbeds, however, a fraction of the thick organic layer comprised surviving Sphagnum, and this seedbed was limited almost entirely to the lightly burned area.
Table 3 shows the frequency distribution of seedbeds versus prefire canopy species composition. As with canopy burn
severity, the mineral soil proportion is relatively constant.
The surviving Sphagnum was primarily in coniferous stands,
especially the Picea mariana dominated lowland sites. For
the nine stands with surviving Sphagnum, Picea mariana averaged 19.7 m2/ha of basal area, while Pinus banksiana had
7.4, and Populus tremuloides had 0.70. Given that the surviving Sphagnum was quite thick, one might reappraise Table 3 as a gradient where postfire organic thickness increased
with the proportion of Picea mariana. Pair-wise t tests indicated a significant difference in organic thickness for the conifer stands versus the hardwood stands (p = 0.003) but not
for the conifer versus the intermediate stands (p = 0.06).
Thus, our major conclusion is merely that the conifer stands
had thicker organic layers and more surviving Sphagnum,
and this difference was dictated primarily by the Picea
mariana dominated stands that occupy the wetter portions of
the landscape.
Sowing experiments
Results of the sowing experiments on the severely burned
sites and in the intact forest are shown in Table 4. In both
cases the results for Sphagnum and mineral soil were so similar that we have lumped them together. At both the severely
burned and intact sites, mineral soil was a much better seedbed than thick burnt fibric material (burn) or fresh thick
organics (intact forest). While the absolute difference between mineral soil and thick organics in the intact forest is
unclear as no seedlings survived in our experiment there,
Simard (1999) and Duchesneau and Morin (1999) reported a
roughly 10-fold difference for Picea glauca (a species with a
germinant size intermediate between our two conifers).
Greened-up (i.e., surviving) Sphagnum was also a good seedbed as in clearcut studies such as Groot and Adams (1994).
Our thinner duff layers (<10 cm) were a reasonable seedbed
for Pinus banksiana but somewhat poor for Picea mariana.
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Table 2. Proportional cover of seedbed by fire severity class (12 stands per class) where the severity class is determined by the proportion of canopy trees killed.
Burn class

Thick burnt organics
and wood

Mineral
soil

Sphagnum

Thin burnt
organics

Mean organic
thickness (cm)

Light
Moderate
Severe

0.46
0.64
0.68

0.04
0.06
0.04

0.19
0.01
0.00

0.31
0.28
0.27

10.9
10.2
9.1

Note: The severity classes, based on a third-summer canopy tree mortality census, are the following: light
(<59% killed), moderate (59%–95% killed), and severe (100% killed). For seedbeds, “wood” included both
charred downed wood present before the fire as well as charred wood that fell after the fire. Mineral soil included both Polytrichum-colonized mineral soil as well as uncolonized mineral soil. “Sphagnum” comprised
only surviving (green) moss; dead Sphagnum was assigned to either of the appropriate organic classes. Thick
organics was defined as >10 cm, while thin organics was <10 cm. The mean organic thickness (cm) is also
given.

Table 3. Proportional cover of seedbed types by prefire species composition.
Composition

Thick burnt organics
and wood

Mineral
soil

Sphagnum

Thin burnt
organics

Hardwood
Intermediate
Conifer

0.47
0.67
0.67

0.03
0.07
0.04

0
0.01
0.19

0.50
0.26
0.10

Organic layer
thickness (cm)
8.5
8.2
13.4

Note: The categories comprise a gradient from pure Populus tremuloides to pure conifers (Picea mariana
and Pinus banksiana). The classes were defined as hardwood dominated (0%–29% conifers); intermediate
(30%–90% conifers); and conifer dominated as >90% conifers. The organic layer thickness (cm) is also given.
There were 12 stands in each category.

Table 4. Survivorship estimates (2-year-old seedlings per germinable seed sown) from the sowing experiments.
Severe burn
Substrate

Pinus
banksiana

Mineral and surviving Sphagnum
Thin organic (<10 cm)
Thick organic (>10 cm) and charred wood

0.194
0.080
0.0014

Intact forest
Picea
mariana
0.184
0.011
<0.0019

Pinus
banksiana

Picea
mariana

0.023
0.010
<0.003

0.020
0.011
<0.004

Note: Where no germinants survived, we present a maximum survivorship estimate (i.e., <1/n, where n is the number of
germinable seeds sown).

The difference between the survivorship on mineral soil or
Sphagnum in the severely burned area versus intact forest is
about what we would expect given the estimate of Simard
(1999), who calculated the granivory rate as 0.8 in intact
stands about 100 km from Val Paradis. Multiplying the
survivorship values for the best seedbeds in Table 4 by 0.2,
we obtain values similar to the same seedbeds in the intact
forest. Likewise, if we multiply the survivorship obtained on
thin organics for Pinus banksiana by 0.2, we obtain approximately the same result as in the intact forest (but this would
not be true for Picea mariana, where the survivorship on
thin organics is about the same for both sites). Speculatively,
then, we ascribe to granivory the difference in these sowing
results for the burn versus the intact forest.
The effect of fire severity on conifer fecundity
Table 5 presents the scalar Σ FD / Σ BD (a mean fecundity:
recruits per square metre of parent basal area). The value of
this scalar increases with increasing fire severity for both
species, and, as we hypothesized, the difference is much
more dramatic for Pinus banksiana than for Picea mariana.

Table 5 also shows the regression results for the observed
FD versus the predicted FD (from eq. 1) by species and by
severity class. All correlations were significant except for
Pinus banksiana on lightly burned sites. For the five significant correlations, the intercept was not significantly different
from 0, nor was the slope significantly different from 1.0.
Lumping all 36 stands together for each species, the correlation was significant for both species, and again 0 and 1.0 fell
within the confidence intervals of the observed intercepts
and slopes, respectively, (Fig. 3). To see how well the model
performed, consider a regression (all 36 stands for each
species) of observed FD on BD (basal area per area) alone.
While both regressions were significant (r2 = 0.26 for
Pinus banksiana and 0.29 for Picea mariana), the variance
explained is only half of that explained by the full model
(Table 5).
As this is the first study to include seedbeds and a gradient in severity in a model of postfire recruitment, we cannot
directly compare our results with other publications. We can,
however, ask whether our results are similar to other studies
undertaken in severe fires, as there are a few papers that pro© 2004 NRC Canada
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Table 5. The mean fecundity ΣFD / ΣBD (sum of the recruits per
square metre divided by the sum of the basal area per square
metre) and regressions of observed FD on predicted FD (eq. 1)
by severity class.
Burn class

Picea mariana

Pinus banksiana

Light

ΣFD/ΣBD = 290
a = 0.05 (–0.12, 0.21)
b = 0.92 (0.59, 1.24)
r2 = 0.80
ΣFD/ΣBD = 393
a = 0.12 (–0.33, 0.57)
b = 1.01 (0.16, 1.88)
r2 = 0.41
ΣFD/ΣBD = 540
a = 0.053 (–0.43, 0.54)
b = 1.50 (0.58, 2.4)
r2 = 0.57
a = 0.075 (–0.13, 0.28)
b = 1.15 (0.76, 1.53)
r2 = 0.51

ΣFD/ΣBD = 198
a = 0.05 (–0.01, 0.11)
b = 0.06 (–0.06, 0.17)
r2 = 0.10
ΣFD/ΣBD = 2415
a = –0.07 (–2.50, 2.36)
b = 0.90 (0.15, 1.65)
r2 = 0.42
ΣFD/ΣBD = 4961
a = 0.39 (–1.09, 1.86)
b = 0.82 (0.54, 1.11)
r2 = 0.81
a = 0.06 (–0.70, 0.82)
b = 0.86 (0.64, 1.53)
r2 = 0.66

Moderate

Severe

Total

Note: FD is the recruited stems per square metre, and BD is the basal area
per area (m2/m2). Burn severity (light, moderate, severe) is defined in relation
to tree canopy mortality (see text) with 12 stands for each category. “Total”
is the combination of the 36 stands from the three severity classes (N = 12
stands in each). For the regressions, “a” is the intercept, “b” is the slope (with
confidence interval in parentheses), and r2 is the variance explained. Acceptable prediction requires that the intercept is near 0 and the slope is near 1.

Fig. 3. Regressions of observed recruit density (FD: recruits/m2)
on predicted recruit density for the three fire severity classes.

sion of FD on BD in a power-law form (ignoring stands
where FD or BD = 0):
[8a]

FD = 279BD0.65
(Pinus banksiana; r2 = 0.63; N = 9; p < 0.05)

[8b]

FD = 83BD0.75
(Picea mariana; r2 = 0.57; N = 11; p < 0.05)

Neither the exponents nor the intercepts in eq. 8 were significantly different (t test; p < 0.05) from the power-law results
obtained at two separate recent fires for these same species
by Greene and Johnson (1999) in Saskatchewan.
Figure 4 shows results from other studies, where we restricted ourselves to examples with fires 3–5 years old at the
time of the census: Heinselman (1981: Minnesota) and St-Pierre
et al. (1992: Quebec). Additionally, we add three stands from
each of two Saskatchewan fires studied by Greene and Johnson
(1999) evaluating their power-law regressions across the broad
range BD = 0.000 025, BD = 0.000 25, and BD = 0.0025. Likewise, for the Val Paradis fire, we draw from our regressions
(eq. 8) using the same BD values as mentioned in the previous sentence. The recruitment responses were quite similar
(Fig. 4). Therefore, it follows that Val Paradis is a typical
southern boreal forest fire, and it implies that the mean survivorship in an early summer fire does not vary greatly across
regions, if we examine only the severely burned portions of a fire.
Age structures
Our age structures (Fig. 5), based on the fifth year since
fire, show a peak in the first or second summer with little
added after the third summer. The window is narrow because
of exhaustion of the seed bank for both species. A cursory
examination of 20 cones on standing burnt trees of each species in 2001 (the fifth growing season since the fire) indicated that only about 2%–5% of the filled seeds remained in
the cones.
Aspen asexual recruitment
Table 6 shows our estimates of the substrate-specific relative survivorship (eq. 6) of Populus tremuloides assuming, as
in the model (eq. 5), that only dead boles were sponsoring
suckers. Unlike the conifers, Populus tremuloides recruit
density was only mildly affected by substrate (compare with
Table 4). Clearly, mineral soil was the worst substrate for all
three severity classes. The recruitment was limited to the
first 3 years (Fig. 5).
Comparing a power-law regression with only the severely
burned stands (eq. 9a) or lumping stands from all three severity classes (eq. 9b) we can see that the r2 rises significantly (t test; p < 0.05) if we include severity (pm):
[9a]

FD = 35BD0.46
(r2 = 0.27; p < 0.05; N = 24)

or
vide both BD (basal area/area) and FD (recruits/m2) for severe parts of burns in a power-law relationship. Let us first
recast our results for the severely burned stands as a regres-

[9b]

FD = 95(BD p M)0.58
(r2 = 0.53; p < 0.05; N = 24)
© 2004 NRC Canada

1854

Can. J. For. Res. Vol. 34, 2004

Fig. 4. Comparison of the Val Paradis power-law regressions of recruit density (recruits/m2) on basal area per area (m2/m2) at Val
Paradis (severely burned sites only) for Pinus banksiana and Picea mariana with the other available results in the literature.

Discussion
Cone production
The Picea mariana coefficient values (eq. 7a) were near the
low end of forestry estimates. For example, with BD = 0.0025
(25 m2/ha) we predicted 1.3 × 106 seeds/ha, whereas the reported range for fully stocked stands is 1 × 106 seeds/ha
(LeBarron 1948) in Minnesota to 5 × 106 seeds/ha (Skeates
and Haavisto 1987) in Ontario. Of course, much will depend
on the basal area per hectare, which those authors do not
provide.
By contrast, the Pinus banksiana results were higher than
most other reports. For BD = 0.0025, we predicted 2.6 × 106
seeds/ha, with the reported range being 0.6 × 106 seeds/ha
(Roe 1963) to 3 × 106 seeds/ha (Bruce and Walker 1965).
Substrates
Postfire organic thickness was independent of fire severity
at Val Paradis. There are two possible explanations. First, the
canopy and belowground processes (flames and smoldering
combustion, respectively) may not be closely related
(Myanishi 2001). Note, however, that this conclusion concerning decoupling might well be modified if we had examined many stands with very few dead trees (we only had one
stand with <20% mortality) where, presumably, some areas
of duff would not combust at all. The second possible explanation for our result is that combustion may be more intense

or prolonged where crown fire intensity is greatest, but
initial prefire differences in duff thickness (due to topography-dictated moisture gradients and differing stand ages) are
so great as to override this effect. Clearly with the data set in
hand, we are unable to distinguish between these two arguments.
With the exception of surviving Sphagnum, seedbed types,
like organic layer thickness, were independent of either severity or prefire tree species composition. The living
Sphagnum was found primarily at lightly burned sites dominated by Picea mariana; in turn, these sites tended to be
confined to the wetter parts of valley floors. We were surprised by the low amounts of mineral soil: typically about
5% of the seedbeds. This value is much lower than the typical value (35%–50%) reported by Lutz (1956) for severe
fires in Alaska. It is possible that our value is this low, because ice was still present in the soil in some parts of the
area during the fire.
Juvenile survivorship of conifers
Mineral soil and surviving Sphagnum were, as expected,
the best seedbeds for both species. While the relative ranking of seedbed-specific survivorship was typical of fires,
clearcuts, and intact forests (Greene et al. 1999), the absolute values in our severely burned area were much higher
than have been reported for the latter two site types. We
speculate that this difference is due to granivory. Sowing
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Fig. 5. Age structures (percentage of inventoried recruits versus
year of their origin) for the three tree species at Val Paradis as
of the late summer, 2001, the fifth growing season since the fire.
By this point, cohorts were being inventoried in only 10 of the
original 36 plots.

Table 6. Estimates of the “relative survivorship” (from eq. 9) for
Populus tremuloides in relation to fire severity (see text for definition) and substrate type.
Burn class

Thick organics
and charred wood

Thin
organics

Mineral
soil

Light
Moderate
Severe

1588
842
1094

2115
1624
2525

825
322
993

Note: Sphagnum is not included among the substrates, as it almost exclusively occurred in Picea mariana stands lacking burnt Populus
tremuloides boles.

studies have shown repeatedly that rodent exclusion leads to
sharp increases in seedling density (reviewed in Simard
1999). At a site in intact forest near Val Paradis, Simard
(1999) reported a granivory rate of 80%. By contrast,
Charron and Greene (2002) argued that they found no evidence of granivory in a severe part of a Saskatchewan fire.
Nonetheless, while studies of rodents leave little doubt that
the immediate postfire rodent density is inversely proportional to severity (Motobu 1978; Ahlgren 1966), the argument that the granivory rate is likewise proportional remains
to be tested. One imagines that sowing for 3 consecutive
years across a severity gradient in a recent fire would provide an adequate test of the hypothesis.
The aerial seedbank recruitment model
As expected, the density of conifer recruits was a function
of burn severity and basal area per area. Similarly, for Pinus
contorta (closely related to our Pinus banksiana), Turner et
al. (1997) found that postfire regeneration densities were
greater in severely burned than in lightly burned parts of the
Yellowstone fire. (Direct comparison with their study is
hampered by the fact that their severity gradient is qualitative, and their recruit densities are not corrected for basal
area per area or seedbeds.)
Ignoring the lightly burned sites for Pinus banksiana, we
showed that the recruitment model was a good predictor of
regeneration density at Val Paradis. Further, we showed that
our results, at least for the severely burned areas, were typi-

cal of the few other North American fire studies available in
the literature (Heinselman 1981; St-Pierre et al. 1992; Greene
and Johnson 1999). Why should there be this generality? At
the scale of a few metres there are of course tremendous differences in seedbed type and therefore seedbed-mediated
survival (Charron and Greene 2002). But at the stand scale
(and all our data have been stand-level averages), these differences are largely averaged out. Meanwhile at the landscape scale, a tentative argument for similarity in results
among studies is that the proportion of mineral soil and thin
organics is relatively constant on upland sites among fires.
On lowland sites, there may be a simple trade-off where
modest combustion promotes Sphagnum survival, but more
intense combustion provides more mineral soil or thin
organics. Thus, ignoring granivory, the mean seedbed-mediated
survivorship across stands may be relatively constant among
burns.
In conclusion, the single most important factor in the
model is basal area per area (the proxy for seed supply).
Alone, it predicts about 25% of the variance in recruitment
across the severity gradient and a good deal more within a
severity category (Greene and Johnson (1999) using only severely burned stands). As we showed, the full model could
double the explained variance compared with using basal
area per area alone as a predictor. But most of that increase
in explanatory power was due to our presumed gradient in
granivory. Seedbeds were less important because they varied
less across the landscape.
Aspen recruitment across the severity gradient
Mineral soil was the poorest of the substrates for aspen
asexual recruitment, although the substrate effect was mild
compared with the conifers. One surmises that some fraction
of the local dormant buds was killed by deep penetration of
the smoldering front. This echoes the conclusion of
Schimmel and Granström (1996) for postfire shrubs in the
Swedish boreal forest, although the effect here was much
more muted than they found.
Prediction of Populus tremuloides recruitment was adequate for all the severity categories. By far the most important predictor is burnt basal area per area, as the response of
this species conforms to the severity gradient.
There are only two other burns with Populus tremuloides
sucker density examined as a function of basal area per area
(Greene and Johnson 1999, both in Saskatchewan) within
the age range 3–5 years. At these two fires, mortality was
100% (pM = 1). Their power-law results are similar to our
Val Paradis results. With a stand of aspen having 25 m2/ha,
we predict (eq. 9b) 2.9 recruits/m2, whereas they predict 6.4
(Trolley fire) or 5.6 stems/m2 (Muskeg fire). At the other extreme, if burnt aspen had only 0.25 m2/ha, then we would
expect 0.20 recruiting stems/m2 versus 0.19 (Trolley) or 0.37
stems/m2 (Muskeg). We conclude that aspen regeneration is
largely controlled by burnt basal area per area, and that this
relationship is generally the same across North American
fires.
Age structures
Earlier studies (e.g., Sirois and Payette 1989) of conifer
recruitment as well as some recent literature (Payette et al.
2000) derived ages from increment cores extracted long after
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the fire. They concluded that the immediate postfire seedbeds engendered such high mortality that the peak recruitment year, especially for Picea mariana, occurred well after
the burn, and then continued for decades subsequently. By
contrast, St-Pierre et al. (1992), using bud scale scars in a recent burn, argued that recruitment for both conifer species
was immediate and brief. Likewise, but using permanent
plots, Charron and Greene (2002: Picea mariana and Pinus
banksiana) and Cayford (1963: Pinus banksiana) argued
that the episode was brief with a peak in the first or second
growing season. Outside the boreal forest, Turner et al.
(1997) reported little additional regeneration of P. contorta
by the third summer following fire. Clearly, our results echo
these latter studies; aerial seed banks are soon depleted. Recently, it has become clear that ages based on coring have
greatly underestimated the real ages of those species (e.g.,
Picea, Abies) that have characteristically slow height extension during the juvenile phase (e.g., Desrochers and Gagnon
1997; Parent et al. 2001).
As for Populus tremuloides, there has been no debate. To
the best of our knowledge, this is the first postwildfire permanent plot study of Populus tremuloides recruitment, and
our data showed that Populus tremuloides recruited asexually as promptly after a fire as after clearcuts (>95% of recruits within three summers: e.g., Bella 1986).

Acknowledgements
We thank Danielle Charron, who established the sampling
pattern in 1997. We also thank the companies Norbord and
Tembec, as well as the Quebec Department of Natural Resources, forest branch, for their collaboration during the research.
Thanks to all field collaborators: Mark Purdon, Stéphane
Auger, Nadia Nadeau, Rémi Maltais, Mélanie Bédard, Annick
Maletto, and Peter Sutherland. This work was funded by the
Sustainable Forest Management Network of Centres of
Excellence, the Natural Sciences and Engineering Research
Council of Canada (NSERC), and the Canadian Forest Service.
It constitutes a contribution of the NSERC-UQAT-UQAM
Industrial Chair in Sustainable Forest Management.

References
Ahlgren, C.E. 1966. Small mammals and reforestation following
prescribed burning. J. For. 64: 614–618.
Beaufait, W.R. 1960. Some effects of high temperature on the
cones and seeds of jack pine. For. Sci. 6: 194–199.
Bella, I.E. 1986. Logging practice and subsequent development of
aspen stands in east-central Saskatchewan. For. Chron. 62: 81–83.
Bergeron, Y., Gauthier, S., Kafka, V., Lefort, P., and Lesieur, D.
2001. Natural fire frequency for the eastern Canadian Boreal
forest: consequences for sustainable forestry. Can. J. For. Res.
31: 384–391.
Bergeron, Y., Leduc, A., Harvey, B., and Gauthier, S. 2002. Natural fire regime: A guide for sustainable management of the Canadian boreal forest. Silva Fenn. 36: 81–95.
Bordeleau, P. 1998. The Val-Paradis fire #332/97 case study.
Société de Protection des Forêts contre le feu, Val-d’Or, Quebec.
Bruce, N.G., and Walker, N.R. 1965. Studies of the morphology of
jack pine cone opening and the phenology of seed dispersal and
germination. Canadian Department of Forestry, Forest Research
Branch, unpublished MS No. 65-MS-14.

Can. J. For. Res. Vol. 34, 2004
Cayford, J.H. 1963. Some factors influencing jack pine regeneration after fire in southeastern Manitoba. Can. Dep. For. Publ.
No. 1016.
Charron, I. 1998. Sexual recruitment of trees following fire in the
southern mixedwood boreal forest of Canada. M.Sc. thesis, Department of Biology, Concordia University, Montréal, Que.
Charron, I., and Greene, D.F. 2002. Post-fire seedbeds and tree establishment in the southern mixedwood boreal forest. Can. J.
For. Res. 32: 1607–1615.
Chew, R.M., Butterworth, B.B., and Grechman, R. 1958. Effects of
fire on the small mammal populations of chaparral. J. Mammal.
40: 235.
Chrosciewicz, Z. 1974. Evaluation of fire-produced seedbeds for
Jack Pine regeneration in central Ontario. Can. J. For. Res. 4:
455–457.
Desrochers, A., and Gagnon, R. 1997. Is ring count at ground level
a good estimation of black spruce age? Can. J. For. Res. 27:
1263–1267.
Duchesneau, R., and Morin, H. 1999. Early seedling demography
in balsam fir seedling banks. Can. J. For. Res. 29: 1502–1509.
Environment Canada. 1998. Canadian climate normals, 1961–1990.
Available from www.cmc.ec.gc.ca/climate/normals/QUEL006.html.
Erwin, W.J., and Stasiak, R.H. 1979. Vertebrate mortality during
the burning of a reestablished prairie in Nebraska. Am. Midl.
Nat. 101: 247–249.
Fleming, R.L., and Mossa, D.S. 1996. Seed release from black
spruce cones in logging slash. Can. J. For. Res. 26: 307–318.
Gashwiler, J.S. 1970. Plant and mammal changes on a clearcut in
west-central Oregon. Ecology, 51: 1018–1026.
Greene, D.F. 2000. Sexual recruitment of trees in stripcuts in eastern Canada. Can. J. For. Res. 30: 1256–1263.
Greene, D.F., and Johnson, E.A. 1998. Seed mass and early survivorship of tree species in upland clearings and shelterwoods.
Can. J. For. Res. 28: 1307–1316.
Greene, D.F., and Johnson, E.A. 1999. Modelling recruitment of
Populus tremuloides, Pinus banksiana, and Picea mariana following fire in the mixedwood boreal forest. Can. J. For. Res. 29:
462–473.
Greene, D.F., Zasada, J.C., Sirois, L., Kneeshaw, D., Morin, H.,
Charron, I., and Simard, M.-J. 1999. A review of regeneration
dynamics of North American boreal forest tree species. Can. J.
For. Res. 29: 824–839.
Groot, A., and Adams, M.J. 1994. Direct seeding black spruce on
peatlands: fifth-year results. For. Chron. 70: 585–592.
Harms, K.E., Wright, S.J., Calderon, O., Hernandez, A., and Herre,
E.A. 2000. Pervasive density-dependent recruitment enhances
seedling diversity in a tropical forest. Nature (London), 404:
493–495.
Heinselman, M. 1981. Fire and succession in the conifer forests of
northern North America. In Forest succession, concepts and applications. Edited by D.C. West, H.H. Shugart, and D.B Botkin.
Springer-Verlag, New York. pp. 347–405.
Hély, C. 2000. Influence de la végétation et du climat dans le
comportement des incendies en forêt boréale mixte canadienne.
Ph.D. thesis, Université du Québec à Montréal, Montréal, Que.
Howard, W.E., Fenner, R.L., and Childs, H.E., Jr. 1959. Wildlife
survival in brush burns. J. Range Manage. 12: 230–234.
Johnson, E.A. 1992. Fire and vegetation dynamics: studies from
the North American boreal forest. Cambridge University Press,
Cambridge, UK.
Kafka, V., Gauthier, S., and Bergeron, Y. 2001. Fire impacts and
crowning in the boreal forest: study of a large wildfire in western Quebec. Int. J. Wildl. Fire, 10: 119–127.
© 2004 NRC Canada

Greene et al.
Lavertu, D., Maufette, Y., and Bergeron, Y. 1994. Effects of stand
age and litter removal on the regeneration of Populus
tremuloides. J. Veg. Sci. 5: 561–568.
Lawrence, G.E. 1966. Ecology of vertebrate animals in relation to
chaparral fire in the Sierra Nevada foothills. Ecology, 47: 278–291.
LeBarron, R.K. 1948. Silvicultural management of black spruce in
Minnesota. US Dep. Agric. Circ. No. 791.
Lutz, H.J. 1956. Ecological effects of forest fires in the interior of
Alaska. US For. Serv. Tech. Bull. 1133.
Maini, J.S., and Horton, K.W. 1966. Reproductive response of
Populus and associated Pteridium to cutting, burning and
scarification. Can. Dep. For. Rural Dev. For. Branch Dep. Publ.
No. 1155, pp. 1–20.
Manson, R.H., Ostfeld, R.S., and Canham, C.D. 2001. Long-term
effects of rodent herbivores on tree invasion dynamics along
forest-field edges. Ecology, 82: 3320–3329.
Motobu, D.A. 1978. Effects of controlled slash burning on the
mountain beaver (Aplodontia rufa rufa). Northwest Sci. 52: 92–99.
Myanishi, K. 2001. Duff consumption. In Forest fires: behavior
and ecological effects. Edited by E.A. Johnson and K. Myanishi.
Academic Press, San Diego, Calif. pp. 437–475.
Parent, S., Morin, H., and Messier, C. 2001. Balsam fir (Abies
balsamea) establishment dynamics during a spruce budworm
(Choristoneura fumiferana) outbreak: an evaluation of the impact of aging techniques. Can. J. For. Res. 31: 373–376.
Payette, S., Bhiry, N., Delwaide, A., and Simard, M.-J. 2000. Origin of the lichen woodland at its southern range limit in eastern
Canada: the catastrophic impact of insect defoliation and fire on
the spruce-moss forest. Can. J. For. Res. 30: 288–305.
Roe, E.I. 1963. Seed stored in cones of some jack pine stands in
northern Minnesota. USDA For. Serv. Lakes State For. Exp. Stn.
Res. Pap. LS-1.
Schimmel, J. 1993. On fire. Fire behavior, fuel succession, and
vegetation response to fire in the Swedish boreal forest. Ph.D.
thesis, Department of Forest Vegetation Ecology, Swedish University of Agricultural Sciences, Umea, Sweden.
Schimmel, J., and Granström, A. 1996. Fire severity and vegetation
response in the boreal Swedish forest. Ecology, 77: 1436–1450.
Schnurr, J.L., Ostfeld, R.S., and Canham, C.D. 2002. Direct and
indirect effects of masting on rodent populations and tree seed
survival. Oikos, 96: 402–410.

1857
Simard, M.-J. 1999. L’établissement initial de la régénération
résineuse en sous-bois dans le sud-ouest de la forêt boréale
québécoise et l’influence du substrat forestier. Ph.D. thesis,
Université du Québec à Montréal, Montréal, Que.
Sims, H.P., and Buckner, C.H. 1973. Effect of clear cutting and
burning of Pinus banksiana forest on the population of small
mammals in southeastern Manitoba. Am. Midl. Nat. 90: 228–231.
Sirois, L., and Payette, S. 1989. Postfire black spruce establishment in subarctic and boreal Quebec. Can. J. For. Res. 19:
1571–1580.
Skeates, D.A., and Haavisto, V.F. 1987. Black spruce cones and
seed production: yields from Ontario collections. Ontario Ministry
of Natural Resources, Forest Resources Report No. 119.
St-Pierre, H., Gagnon, R., and Bellefleur, P. 1992. Régénération
après feu de l’épinette noire (Picea mariana) et du pin gris
(Pinus banksiana) dans la forêt boréale, Québec. Can. J. For.
Res. 22: 474–481.
Tevis, L. 1956. Effects of slash burning on forest mice. J. Wildl.
Manage. 29: 405–409.
Thomas, P.A., and Wein, R.W. 1985. The influence of shelter and
the hypothetical effect of fire severity on the postfire establishment of conifers from seed. Can. J. For. Res. 15: 148–155.
Tremblay, G. 1974. Géologie du Quaternaire, Région Rouyn-Noranda
et l’Abitibi, comté Abitibi-est, Québec. Rapport intérimaire.
Ministère des Richesses naturelles, Québec.
Turner, M.G., and Romme, H.W. 1994. Landscape dynamics in
crown fire ecosystems. Landscape Ecol. 9: 59–77.
Turner, M.G., Romme, R.H., Gardner, R.H., and Hargrove, W.W.
1997. Effects of fire size and pattern on early succession in
Yellowstone National Park. Ecol. Monogr. 67: 411–433.
Vincent, J.S., and Hardy, L. 1977. L’évolution et l’extinction des
lacs glaciaires Barlow et Ojibway en territoire québécois. Géogr.
Phys. Quat. 31: 357–372.
Zasada, J.C. 1979. Quantity and quality of dispersed seeds. In Ecological effects of the Wickersham Dome fire near Fairbanks,
Alaska. Edited by L.A. Viereck and C.T. Dyrness. USDA For.
Serv. Gen. Tech. Rep. PNW-90. pp. 45–50.

© 2004 NRC Canada

