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In  this  paper,  we model  the  post-fire  recruitment  dynamics  of two  aerial  seedbank  species,  Picea  mariana
and  Pinus  banksiana,  in response  to salvage  logging.  The  model  incorporates:  (1)  initial  seed  availability
as  a  function  of  source  tree  basal  area  and proportion  of  stand  salvaged;  (2)  seed  abscission  as a  function
of  time;  (3)  seedling  survivorship  as a function  of seed  mass,  seedbed  proportion,  and  granivory;  and  (4)
seedling  and  seed  mortality  as a function  of salvage  operations.  We  also elaborate  a  simulation  of  the  effect
of direct  seeding  via  cone-bearing  branches  fed  into  a moving  chipper.  The  model  performed  adequately
when  tested  against  data  sets  from  two fires  in  Quebec  and  one  in  Saskatchewan.  In  particular,  it showed
egeneration
ecruitment
bscission
TELLA

that  P. mariana  was more  adversely  affected  by  early  salvage  than  P.  banksiana  because  of its  far  slower
seed  abscission  rate.  The  model  predicted  that  a delay  in  salvage  or a  decrease  in salvage  proportion
would  enhance  tree regeneration  densities,  especially  for P. mariana.  Finally,  model  projections  indicate
that  the  use  of  a chipper  to  disseminate  seeds  during  the  harvesting  would  permit  either species  to  be
adequately  regenerated  cheaply  even  with  low  pre-fire  basal  area  per area  or very  early  salvage.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Fire is the dominant disturbance in most of the boreal for-
st (Stocks et al., 2002; Schmiegelow et al., 2006), driving the
tructure, composition, and function of boreal forest stands, and
ausing significant losses in viable timber. In Canada, the fire
eturn time ranges from 100 years in much of the southern
oreal to 250 years in the taiga, and this has resulted in the
ominance of pyrophilic tree species adapted to this disturbance
egime (Greene and Johnson, 1999). Forestry companies and gov-
rnments have responded to fire by increasingly using salvage
o avoid a reduction in the annual allowable cut (Lindenmayer
nd Noss, 2006; St-Germain and Greene, 2009). However, large-
cale post-fire salvage is such a new silvicultural practice that it
s presently poorly regulated, and its effects on plants, animals,

nd soil properties have barely been broached by researchers (St-
ermain and Greene, 2009). In addition, in Canada, companies are
purred to salvage burns by provincial rules that both require and
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subsidize the practice. Indeed, subsidies are almost always neces-
sary because most of the affected stands will not be at the optimal
size (age) for profitable harvesting (St-Germain and Greene, 2009).

Current salvage procedures generally remove all accessible tim-
ber in a burn, and can therefore be both more extensive and
intensive than conventional harvest techniques where the empha-
sis is on the more marketable and larger stems, and where clear-cut
size is often limited by statute (Lindenmayer and Noss, 2006).
Salvage usually occurs as rapidly as the initial road network can
be constructed, typically within a few months of the fire, and is
normally completed within 6–10 months. Companies salvage so
quickly because of the expected degradation of xylem due to wood-
boring insects, stain fungi, wood-decay fungi, and checking (wood
splitting due to drying of the boles) (St-Germain and Greene, 2009).
A more minor reason for celerity is that the standing dead trees
continue to fall with time since fire (Angers et al., 2011). These
degradation agents vary in their effect on wood value; in particu-
lar, wood affected by checking, stain fungi, and insect damage can
still be used for pulp.
Salvage negatively impacts the natural regeneration of Pinus
mariana and Pinus banksiana,  two  common boreal forest tree
species that rely on aerial seedbanks to re-establish after fire
(Charron and Greene, 2002; Greene et al., 2006; St-Germain and

dx.doi.org/10.1016/j.ecolmodel.2014.03.007
http://www.sciencedirect.com/science/journal/03043800
http://www.elsevier.com/locate/ecolmodel
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolmodel.2014.03.007&domain=pdf
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reene, 2009), as early salvage removes the aerial seedbank before
any of the seeds have abscised (Greene et al., 2013). Further, up

o 30% of the first-summer cohort of seedlings will be crushed by
he machinery as the skid paths created by the harvesters disturb
bout a third of the substrate (Greene et al., 2006). Additionally,
reene et al. (2006) speculated that the drier conditions resulting

rom removal of the shade-casting burnt stems were a contribut-
ng factor to the reduced recruitment in salvaged sites. While a
eedling density of ∼1/m2 or greater is considered adequate to fully
e-stock a stand (Greene et al., 2002), post-salvage natural regen-
ration densities of P. mariana and, to a lesser extent P. banksiana,
re typically well below this density, and therefore forest compa-
ies are required to plant trees at an average cost of USD 750/ha
St-Germain and Greene, 2009). In addition to delaying salvage to
enefit natural regeneration, an unexplored alternative is partial
utting; e.g. parallel strips of burned trees might be left behind. This
ught to benefit the conifer species that are so negatively affected
y salvage-related seed removal.

Suitable seedbeds, which are crucial for the successful establish-
ent of small-seeded species such as P. mariana and P. banksiana

re affected by both the fire and subsequent salvage (Miyanshi and
ohnson 2002; Greene et al., 2007). Fire increases the frequency
f the better seedbeds by reducing organic layers (Miyanishi and
ohnson, 2002). Ironically, salvage can further increase the fre-
uency of suitable seedbeds in an area now denuded of seed
ources; Greene et al. (2006) observed five times more mineral
oil and humus (both are very favorable seedbeds for small-seeded
pecies) in salvaged stands than non-salvaged (but burned) because
o much organic material had been pushed to the sides of the skid
ath by the harvesting equipment. In other cases, of course, the
arvesters might merely produce water-filled ruts.

There is at present no model of the effect of salvage timing on
egeneration. While Greene and Johnson (1999) modeled post-fire
ree regeneration and Greene et al. (2006) modeled the regenera-
ion of trees after the salvage of burnt stands, neither could take into
ccount the effect of the timing of the salvage operation because
hey did not know the seed abscission schedules of the species.
ur primary objective is to simulate the impact of both salvage

iming and the proportion of stand area salvaged on natural recruit-
ent densities of two common aerial seedbank species, P. mariana

nd P. banksiana.  We  will first validate the model using data from
hree fires in the boreal forest of North America. Then, we  will use
he model to explore how the timing and proportion of salvage
ffects the subsequent recruitment density of each species. At one
f these fires, we have experimentally used partial cutting to leave
esidual trees in parallel strips, and thus our second objective is to
erify that partial cutting will increase the regeneration by leaving

 fraction of the aerial seed-bank available. This silvicultural alter-
ative has never been tested before. Lastly, we will use the model
o examine the potential effect of redistributing seeds (by feeding
one-bearing branches into a chipper that follows the harvester)
ather than either hauling them off-site along with the boles or sim-
ly leaving the branches on-site. Dispersal of seeds from branches

eft on-site on the ground is not effective because they tend to be
patially concentrated and there is little seed dispersal once the
ones are at or very near the ground (Greene et al., 2004).

. The model

.1. General approach
This model simulates the establishment (density) of P. mariana
nd P. banksiana seedlings from aerial seedbanks following fire and
alvage using the modeling software STELLA (Costanza et al., 1998).
t models seed availability, the delay of germination until the spring,
odelling 282 (2014) 35–43

and age-specific juvenile survivorship as a function of seedbed type
and proportion, seed mass, tree basal area per area, and granivory.
Finally, the model includes the effect of salvage timing and propor-
tion of stand area salvaged. This model ignores exogenous factors
such as differences in weather from 1 year to the next, and compe-
tition with other plant species. It does not include cone-bearing
branches (and thus seeds) that fall onto the ground as a direct
result of salvage operations; indeed, it is assumed that all branches
are hauled away along with the boles. A simulation period of 72
months (6 years) is used, which is expected to permit abscission of
all post-fire seeds in the absence of salvage (Greene et al., 2013).
The following sections address the assumptions and functions of
the model, all of which are empirically documented and used solely
for model calibration, and not in the model validation process.

2.2. Seed availability before and during the fire

As argued empirically by Greene and Johnson (1999) for these
two species in Saskatchewan, seed production per m2 (QD) is
directly proportional to tree basal area per area (m2/m2):

(1) QD = 163, 400 (0.53) B0.95
D (P. mariana)

(2) QD = 35,  097 B0.86
D (P. banksiana)

While it is understood that individual basal area typically explains
only about 20–50% of the variation in seed production among
local conspecifics in any 1 year, it has been repeatedly emphasized
that it is the only simple measure of seed production available
(Calogeropoulos et al., 2003; Viglas et al., 2013). However, at the
stand scale, as in our approach here, much of this individual varia-
tion is averaged out, and basal area/area is a very good predictor of
seeds/area (Greene and Johnson, 1999). In Eq. (1) we follow Greene
and Johnson (1999) and De Groot et al. (2004) in assuming that only
53% of the seeds of P. mariana survive passage of the flaming front
while the P. banksiana seeds are not harmed by the fire. It is further
assumed that the overlapping dispersal curves of individual trees
result in a spatially random distribution of deposited seeds.

2.3. Seed abscission

The seed abscission schedules of P. mariana and P. banksiana
following fire have been empirically documented (Greene et al.,
2013). Expressing the cumulative proportion, Ft, of seeds abscised
by time t since fire as a two-parameter Weibull distribution, we
have:

Ft = 1 − exp

(
−
[

t

a

]b
)

(1)

where a is the scale parameter, and b, the shape parameter,
indicates whether the probability of abscission is increasing or
decreasing with t. With t expressed in months, Greene et al. (2013)
found that the coefficients a and b in Eq. (1) were 17.84 and 0.633,
respectively, for P. mariana, and 2.05 and 0.472, respectively, for P.
banksiana. These values lead P. mariana to abscise seeds far more
slowly than P. banksiana.

2.4. Seasonal availability of seeds for germination

While seed abscission occurs year-round, germination occurs

only in late spring and summer. This model assumes that seeds
abscised from June to August are able to germinate during this
period while those abscised between September and May  must
wait until the following summer to germinate (Greene et al., 1999).
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.5. Granivory and cumulative juvenile survivorship

Substrates such as exposed rocks, firm logs, charred logs, and
tanding puddles are considered lethal for seeds. As for non-lethal
eedbeds, we  estimate the cumulative survivorship (S) of a cohort
ver its first three summers from deposited seed to seedling, fol-
owing the approach of Greene and Johnson (1998), where they
ollated the results of numerous empirical studies (albeit the
reat majority were in clear-cuts rather than burns). They divided
eedbeds into good (with proportion, w)  and poor (1 − w), with
he difference in the survivorship created by either type increas-
ng rapidly and inversely with seed size. These two  proportions
um to the total non-lethal proportion of the ground. For this study
f a fire, the good seedbeds were similar to those of Greene et al.
2006): exposed mineral soil and living (surviving) mosses. The
oor seedbeds had residual duff or a thick layer of leaves or dead
osses, or, more rarely, were lichens. We  assumed that the sur-

ivorship on either type was dependent on germinant size, with the
atter, in turn, dependent upon seed mass (m) in g. Their equation
s:

 = gw[1 − exp(−fLmb)] + g(1 − w)[1 − exp(−fHmd)] (2)

eed mass was 0.0012 g for P. mariana and 0.0045 g for P. banksiana
Greene and Johnson, 1999). As in Greene and Johnson (1998), b
nd d in Eq. (2) were set at 0.43 and 0.76, respectively; fL and fH
re set at 1.83 and 0.33, respectively. Finally, g, the survivorship
hrough the granivory stage, is set at 0.95 for the summer of the fire
tself, following the observation of Charron and Greene (2002) that
ranivory is extremely rare initially in the boreal fire they studied
hen the site is far from the fire edge or from a residual stand.
e know of no other study of first-summer granivory rates after
ildfire in forests that makes clear the distance to a source of small
ammal  dispersants. Subsequent to that first summer, g is reduced

o 0.43 (as in Greene and Johnson, 1998) for the remainder of the
imulation. Finally, it is assumed that after the third summer, the
ge-specific survivorship for any cohort is essentially 1.0 (Charron
nd Greene, 2002).

Salvage affects the seedbed proportions. Greene et al. (2006)
bserved a 30% increase in mineral soil and thin humus in a 100%
alvaged site due to organic layer removal by harvesters. All of
his increase was on the skid paths; i.e. the skid paths occupied
bout 30% of the burn. In the model we reduce both pre-salvage
eedbed proportions (multiplying w and (1 − w) by 0.70) and then
dd 0.3 to the category w.  This is far too simple as in some cases the
achinery is merely baring rocks (a lethal substrate) or creating

epressions (ruts) that are filled with water part of the time. That
s, the assumption that 30% is added to the “good substrate” cat-
gory is optimistic, however it was chosen as this is the standard
mount of area expected to constitute skid paths in Quebec if sal-
age operations are properly executed. Spacing of skid trails during
he course of operations will undoubtedly vary from site to site;
herefore, given the lack of empirical data, we use this estimate.

.6. Seed removal by salvage

Seeds not yet abscised at the time of salvage are removed during
he harvest. Thus, if for example, 50% of the stand area is salvaged,
t is assumed that 50% of the remaining seeds have been removed.
his approach does not take into account that some cone-bearing
ranches will be knocked off the boles during the operation, but as

here are no data available on the number of seeds per area inside
ones remaining on-site immediately after salvage, we can only
cknowledge that this aspect of our model will underestimate the
ecruitment density.
odelling 282 (2014) 35–43 37

2.7. Seedling and seed mortality from salvage

Seedling and seed mortality results from the passing of machin-
ery along skid paths. It is set at 30%, the percentage of the burn
covered by the parallel skid paths (Greene et al., 2006). If for exam-
ple there were 10 germinants/m2 after the first summer and 100%
salvage occurred between September and May, then the first sum-
mer  cohort is reduced by 30% to 7.0 seedlings per m2. As for
seeds that fell onto the ground between September and the salvage
date (and had therefore not yet germinated), these likewise were
reduced by 30% because the machinery heaps the organic material
into “windrows” along the two  sides of the skid path, and thus the
vast majority of these seeds will be irremediably buried. When the
salvage proportion is less than 1, then the mortality rates endured
by first-summer seedlings and ungerminated seeds are reduced
accordingly. Thus, for example, if 50% of the area is salvaged, then
the deposited (but not yet germinated) seeds and post-germination
recruits will be multiplied by 0.15 (i.e. 0.5 × 0.3).

2.8. Model validation

Simulated seedling densities were compared to observed den-
sities obtained from (1) the present study conducted in the
2005 Lebel-sur-Quevillon (Quebec) wildfire, (2) the 1997 Val Par-
adis (Quebec) wildfire (Greene et al., 2004, 2006), and (3) the
1989 Muskeg (Saskatchewan) wildfire (Greene and Johnson, 1999;
Fig. 1).

2.9. Sensitivity analysis

A sensitivity analysis was performed for four parameters under
two scenarios (burned intact and 100% salvaged). First, basal area
per area for the species of interest was analyzed using a minimum
value of 0.001 m2/m2 and maximum value of 0.003 m2/m2, reflect-
ing the fact that below 0.001, the species is an increasingly minor
component of a stand while values >0.003 are very unlikely to be
encountered. Second, the seedbed-mediated survival from seed to
germinant and granivory rate were analyzed using values of 0, 25,
50, 75, and 100% of the default value (as discussed above) as there
are far too few studies to permit us to estimate the 95% confidence
interval as a guide to the sensitivity analysis; and finally, seed mass
was varied using the 95% confidence interval based on our original
samples.

3. Field observations

The Lebel-sur-Quevillon fire was  located in northwestern Que-
bec (48◦49.52′ N, 77◦00.07′ W)  approximately 80 km from the town
of Lebel-sur-Quevillon. Ignited by lightning in the early summer of
2005, it burned 4113 ha of forest until it was extinguished by rain.
Salvage by the company Tembec began in October 2005 within
the burn and continued until February 2006 with each month
accounting for a specific area harvested. Prior to fire and salvage,
selected stands within this fire were dominated by mature P. mar-
iana or, more rarely, P. banksiana.  Stands dominated by the former
exhibited a large variation in organic layer depth depending on
proximity to the water table; many had a ground cover dominated
by Sphagnum while others were mantled with feathermosses (Ptil-
ium crista-castrensis, Hylocomium splendens,  Pleurozium schreberi)
and Dicranum spp. The single P. banksiana stand had thinner and
dryer seedbeds dominated by feathermosses and, in a few patches,

lichens (mainly Cladina spp.). Ericaceous species were common
understory components in almost all the stands, and consisted
mainly of Vaccinium spp., Kalmia angustifolia, Ledum groenlandicum,
and Gaultheria procumbens.
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Fig. 1. The location of the Lebel-sur

All stands sampled within the burn had 100% tree mortality.
even sites were selected within the burn, five of these within
he salvaged portion, and each representing a different month of
alvage (October to February). The stand representing October sal-
age was dominated by P. banksiana.  At Lebel-sur-Quevillon for the
imulations, we used the salvage date that corresponded to the
articular stand sampled after fire.

Tembec conducted a partial harvest in an area dominated by P.
ariana. Salvage occurred in parallel strips: a 10 m wide portion

f forest was salvaged leaving to the side a 10 m wide residual
and. Thus, approximately 50% of the burned trees remained. One
ite was selected within this linear residual salvage zone for study
December salvage). Tembec also established some areas where
hey did not salvage. The seventh site was located in one of these
ntact burned areas.

At each of the seven sites, ten randomly oriented transects were
stablished at the end of the summer of 2008. Each transect was
5 m long and 2 m wide. Along the transects we recorded seedling
requency, seedbed type (based on a point every 0.5 m along the
enterline of the transect; n = 51 per transect), and basal area for any
ole more than 50% within the transect. Basal area was recorded
t breast height in the burned intact stand whereas in the 100%
alvaged stands it was recorded using tree stumps. In the linear
esidual stand basal area was recorded using the standing burned
rees in the residual bands. Stump diameters were converted to
he slightly smaller breast height diameters using the regression in
reene et al. (2006).
Seedbed proportions (lethal; w; and 1 − w for the non-lethal
roportion) were determined using field data from the Lebel-
ur-Quevillon wildfire. These seedbed data were obtained from

 burned intact black spruce site using transects. Seedbed data
illon, Val Paradis, and Muskeg fires.

were unavailable for the salvaged stands (both P. mariana and P.
banksiana); therefore, we  substituted the values from the burned
intact P. mariana site.

Details on study area and sampling design for the early summer
Val Paradis fire are available in Greene et al. (2004, 2006). The orig-
inal studies and subsequent results included deciduous, coniferous
and mixed stands subjected to low, moderate, and severe fire. For
the purpose of this study we were only interested in mixed (i.e.
>25% coniferous component) and pure coniferous stands subjected
to moderate or severe fire. This gave us 16 intact and 19 salvaged P.
mariana stands, and 10 intact and 17 salvaged P. banksiana stands.
Data on species-specific pre-fire basal area/area, recruit densities,
seedbed proportions, and salvage and fire date were available.
Seedling densities from the 3-year study were corrected follow-
ing the age-specific argument presented by Charron and Greene
(2002); i.e. we included subsequent age-specific mortality for the
germinant and 1-year-old cohorts; the expected cumulative sur-
vivorship (from the end of the first summer to the end of the
third winter) on good seedbeds was  73.34% for P. mariana and
60.82% for P. banksiana,  and 37.88% and 16.44%, respectively, on
poor seedbeds. Average intact seedbed proportions for P. mariana
and P. banksiana stands were used for the sites that would sub-
sequently be salvaged. Salvage month for the Val Paradis wildfire
for use in the simulations was set at 9. In reality, salvage began in
August and lasted until December; we chose October (the median
month), since specific dates were not available.

The 5-year-old early summer Muskeg fire of Greene and Johnson

(1999) occurred on much drier sites than the two Quebec fires.
None of the 18 P. mariana and 19 P. banksiana stands they exam-
ined had been salvaged; and they developed regressions for the
two conifer species relating seedling density (recruits/m2) to
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Table  1
Observed seedling densities, treatments, and basal area/area at the stands sampled at the Lebel-sur-Quevillion wildfire.

Site Treatment Salvage month Basal area/area (m2/m2) Observed seedling density/m2

P. mariana Burned intact N/A 0.0015 1.02
P.  mariana 50% salvaged December 0.001 0.23
P.  mariana 100% salvaged November 0.001 0.1
P.  mariana 100% salvaged December 0.001 0.07
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value (1.16/m2).
Observed seedling densities for P. mariana and P. banksiana from

the Val Paradis wildfire (Greene et al., 2004, 2006) were com-
pared to model predictions. The model predicted intact P. mariana
P.  mariana 100% salvaged January 

P.  mariana 100% salvaged February 

P.  banksiana 100% salvaged October 

re-fire basal area per area. Their observed seedbed proportions
ere quite different from the two Quebec fires: mineral soil and
umus 17%, living Sphagnum and feathermoss 0%, thick duff 74%,

ethal substrates 9%, nonetheless if we regard these proportions
erely as being good, poor, and lethal seedbeds, then they are sim-

lar to the Quebec fires. Complete methods for the Muskeg fire study
re available in Greene and Johnson (1999).

Data were collected at the Lebel-sur-Quevillion fire specifically
or use in this study. The data from both the Val Paradis and Muskeg
res were obtained from previous unrelated studies.

.1. Statistical analysis

Linear regressions were used to compare simulated versus
bserved seedling densities, by fire and by species. This was done
o test the accuracy of simulated densities by determining whether
lopes were significantly different from 1 and intercepts signifi-
antly different from 0. At the Lebel-sur-Quevillion fire only one P.
anksiana stand was sampled; for that stand we examined whether
he simulated seedling density fell within the 95% confidence inter-
al of the observed density.

. Prescriptive simulations

Exploring the model, we conducted three additional sets of
imulations. First, we ascertained for each species the effect of
elaying salvage. We  ask: what is the pre-fire basal area per area
hat will provide adequate stocking (>1 seedling/m2) given a 100%
alvage operation in the winter (December) within the first 6
ears after fire. The second set of simulations was  like the first
xcept we additionally asked what would be the effect of reducing
alvage intensity to values less than 100%. It is assumed for this
econd scenario that, with less than 100% salvage, residual stands
ill be in parallel rows and seed dispersal need not be explicitly

xamined. Third, we asked what would happen if cone-bearing
ranches were fed into a chipper that followed the harvester along
he skid path and sprayed the mix  of seeds and chips across the
urrounding area behind the advancing harvester. In particular, for
his third scenario we imagine that (1) the seeds are redistributed
andomly across the site (including the good seedbeds created by
he harvester) and (2) 75% of the residual seeds were available
or redistribution, the remaining 25% being accounted for by seed

ortality inside the chipper or by small branches that were not
hrown into the machine.

In these simulations it is assumed that the species of interest
s the only component of the stand that has commercial value and
gures in the stocking calculation. We  also assume the following
ost-fire (but pre-salvage) seedbed percentages: mineral soil 17%,

iving Sphagnum and feathermoss 10%, the poor seedbeds are solely
igh-porosity burnt duff 60%, and lethal substrates 13%. The total

raction of good seedbeds (mineral soil plus living mosses equals

7%) is higher than seen generally in the eastern North American
oreal forest but lower than in the west (Greene et al., 2007).

For pre-fire basal area per area, we only examine the range
.001–0.003. Below 0.001, the species is an increasingly minor
0.001 0.11
0.001 0.06
0.002 1.16

component of a stand and one should not expect full stocking no
matter the prescription. Meanwhile, values >0.003 are very unlikely
to be encountered, especially for P. mariana.

5. Results

5.1. The Lebel-sur-Quevillon fire

Observed P. mariana and P. banksiana stand seedling densities,
per-fire basal area per area, and salvage date can be found in Table 1.
In all cases at Lebel-sur-Quevillion, there was  insufficient basal
area/area to warrant harvesting had these been unburned forests.
All harvesting at these sites was done within 8 months of fire. In
only two cases at Lebel-sur-Quevillion did recruitment exceed 1
seedling m2, our normative threshold for adequate stocking.

Post-fire exposed mineral soil and thin humus did not occur
at these low-lying sites. Living Sphagnum and feathermoss were
relatively common with 11% coverage, while high-porosity burnt
duff accounted for 76%. Lethal seedbeds (almost entirely charred or
unburned but firm wood, the latter resulting from the splintering
of wood during cutting) comprised 13% of the ground.

5.2. Model validation

The results of log-transformed regressions of the simulated
versus observed seedling density for all fires and treatments are
shown in Table 2. At the Lebel-sur-Quevillion fire the P. mariana
sites were lumped due to the small sample size. Observed natural
regeneration densities of P. mariana from non-salvaged, salvaged
(100%) and partially salvaged (50%) treatments were well predicted
by the simulations (r2 = 0.901; p = 0.002) (Fig. 2). The intercept was
not significantly different from 0 and the slope not significantly
different from 1. The single predicted P. banksiana seedling den-
sity of 1.09/m2 from a 100% salvaged burn at Lebel-sur-Quevillion
within the 95% confidence interval (0.80–1.52) of the observed
Fig. 2. Log–log plot of observed vs. simulated Lebel-sur-Quevillon P. mariana
seedling densities (treatments lumped); detailed information on regression fit can
be  found in Table 2.
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densities reasonably well (r2 = 0.277; p = 0.021) (Fig. 3a), the inter-
cept not significantly different from 0 and the slope not significantly
different from 1. It failed however at predicting salvaged P. mari-
ana densities (r2 = −0.059; p = 0.964; Fig. 3b). The mean observed
recruit density for black spruce was 0.63/m2 at the intact stands
and 0.13/m2 at the salvaged stands.

For P. banksiana at Val Paradis the opposite trend was  observed.
While the model failed to predict intact seedling densities
(r2 = −0.122; p = 0.891; Fig. 3c), it predicted salvaged seedling densi-
ties relatively well (r2 = 0.385; p = 0.005; Fig. 3d), with the intercept
not significantly different from 0 and the slope not significantly dif-
ferent from 1. The mean observed recruit density for jack pine was
2.12/m2 at the intact stands and 1.69/m2 at the salvaged stands.

The model performed reasonably well predicting seedling den-
sities for both intact P. mariana (r2 = 0.54; p = 0.000; Fig. 4a) and
P. banksiana (r2 = 0.468; p = 0.001; Fig. 4b) stands at the Muskeg
fire in Saskatchewan. In the case of P. mariana the intercept was
significantly different from 0 while the slope was not significantly
different from 1, indicating that the model tended to under-predict.
By contrast, for P. banksiana neither the intercept nor slope was
significantly different from 0 or 1.0, respectively.

5.3. Prescriptive simulations

The simulations indicated that, not surprisingly, delaying
salvage increased the regeneration density. For P. mariana to min-
imally achieve full stocking (>1.0 seedling/m2) with 100% salvage
required a delay in harvesting until the fourth winter with basal
area per area as low as 0.00125; below this basal area 100% sal-
vage would never result in minimal stocking (Fig. 5). A delay until
only the third winter permitted full stocking with a minimum basal
area per area of 0.00175. First winter salvage did not provide full
stocking at any reasonable (<0.003) value of basal area per area.

By contrast, P. banksiana required no delay to achieve adequate
stocking (Fig. 5). A basal area per area of only 0.001 would fully
stock the site with a December (i.e. first winter) salvage (Fig. 5).

The second set of simulations looked at the additional fac-
tor of salvage intensity. Of course, as the intensity of salvage
decreased, the regeneration was  augmented because fewer seeds
were removed from the site and better seedbeds were available
after the passage of the harvesters. For P. mariana only a basal area
≥0.00175 will allow for partial salvage in the first winter following
fire; anything lower will require a delay until the second or third
winter (Fig. 6). For P. banksiana,  full stocking could be achieved at
any pre-fire basal area from 0.001 to 0.003 with 100% salvage.

The third and final simulations examined the effect of the redis-
tribution of seeds (via a chipper) on final seedling density. The
expected amelioration is more pronounced for P. mariana (Fig. 7a)
than P. banksiana (Fig. 7b) because there were more seeds to redis-
tribute due to its slower abscission schedule. For both species, any
basal area per area value as low as 0.001 was  sufficient to achieve
adequate stocking, even with a first winter harvest.

5.4. Sensitivity analysis

A sensitivity analysis was  performed for three parameters: basal
area per area, seedbed-mediated survival from seed to germinant,
and the granivory rate. In these three cases, the parameter values
ranged from 0.25% of the expected mean to 4 times the expected
mean. In all cases, the output (seedlings m−2) was  merely a linear
function of the parameter value. For a fourth parameter, seed mass,

we calculated the 95% confidence interval based on our original
samples, and examined the range of seedling densities as mean seed
mass varied from about two  standard deviations to either side of the
mean mass. Not surprisingly, given the relatively invariant nature
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Fig. 3. Simulated versus observed seedling densities for intact (a) and salvaged (b) P. mariana, and intact (c) and salvaged (d) P. banksiana stands at the Val Paradis wildfire;
detailed information on regression fit can be found in Table 2.

Fig. 4. Simulated versus observed intact P. mariana (a) and P. banksiana (b) seedling
densities for the Muskeg fire; detailed information on regression fit can be found in
Table 2.

Fig. 5. The year of 100% winter salvage in which minimally full stocking can be
obtained given the pre-fire basal area/area.

Fig. 6. The maximum proportion of a stand that can be salvaged for P. mariana to
achieve 1 seedling/m2 given a winter salvage date (first through third years) and
the prefire basal area per area.
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Fig. 7. (a) P. mariana and (b) P. banksiana seedling density vs. the dimensionless
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asal area/area following 100% salvage and 75% re-dispersal of salvaged seeds in
he first 3 winters following fire (note: for P. banksiana year 3 has similar values to
ear 2 and is therefore masked).

f seed mass within a species, there was only an 8% difference in
eedling density over this range.

. Discussion

Generally, the model performed well, for either species and for
he range of 0 to 100% salvage. As expected, both observed and sim-
lated seedling densities declined as the proportion of the forest
hat was salvaged increased, there was no tendency for the model
o over-predict or under-predict. In two cases (both at Val Paradis;
ig. 3b and c) the regression between observed and simulated den-
ities was not significant. In both these cases however the mean
imulated density was close to the observed value; the problem
as that neither pre-fire basal area per area nor seedbed quality

eemed to greatly affect the observed recruit densities. What other
actors were masking the effect of these two drivers?

There are five likely causes of the unexplained variation in the
bserved recruitment densities. The first involves seed mortality
ccurring during the fire. This remains a poorly explored topic, with
xperiments ranging from the use of a blowtorch to placing cones
ithin a campfire to direct observations before and after an exper-

mental burn (Beaufait, 1960; Despain et al., 1996; De Groot et al.,
004). A more systematic study than attempted to date may  reveal

 great deal of variation, due perhaps to differences in cone mois-
ure as this will greatly affect the thermal connectivity, within and
etween stands in the seed survival during flaming front passage.

A second potential source of the unexplained variation is
ndoubtedly that basal area/area is a poor estimator of the pre-
re seeds per area. While it has the merit of being a quick measure

e.g. one could appeal to pre-fire inventory maps), nonetheless field

easurements have shown that the r2 values for seed density vs.
asal area/area are typically only around 0.3 (Calogeropoulos et al.,
003; Viglas et al., 2013).
odelling 282 (2014) 35–43

A third likely source of variation in recruitment densities is that
the rainfall in the first summer will undoubtedly greatly affect the
first-summer age-specific survivorship of each cohort. This lack of
realism in our model will be mitigated somewhat by the fact that
each species at each site has more than one cohort.

A fourth and quite serious source of variation in the final seedling
density is the assumption that an invariant amount of granivory
occurs within each stand. In reality, even given equal distances from
a source of dispersants, small mammal  granivory rates can vary
enormously (e.g. Côté et al., 2003; Greene and Johnson, 1998).

A final source of error in the modeling effort is that the sur-
vivorship conferred by seedbed types are on a gradient and not so
easily reduced to our categories of good, bad, and lethal. Likewise,
even the same seedbed type may  be on a southern vs. northern
aspect and thus differ greatly in moisture availability in the first
summer for a cohort (Alexander, 1983). Finally, the same seedbed
may  differ markedly in how rapidly angiosperm leaf litter accrues
(and thus changes the expected survivorship) or even if the litter
has allelopathic effects (e.g. Inderjit and Mallik, 2001).

As a cautionary example, Greene and Johnson (1998) showed
that, even with a single species (Picea glauca,  white spruce) on a
single seedbed type (mineral soil) and known seed input (hand
sowing), 30 separate studies of juvenile survivorship from across
North America revealed a range of almost 3 orders of magnitude.
Further, they found that a single study with repeated annual sow-
ings at the same site revealed almost as much variation as their
cross-continental survey. Nonetheless, while seedbed type and
basal area per area are both easily measured, they also can be used
simply as givens (with the former taken from regional averages of
seedbed type proportions as in Greene et al. (2007) and the latter
read from inventory tables). By contrast, for the additional sources
of variation listed above, we  have neither default values nor easy
field methods. In short, whatever the shortcomings of our approach,
it is clear that more research is needed before the model can be
elaborated further.

Turning now to the exploratory simulations, we saw that P.
banksiana was much less harmed by early salvage than was  P. mar-
iana, a conclusion that tallies with observations made by Greene
et al. (2006). For example at Lebel-sur-Quevillon, for the 100% sal-
vage stands, and with similar pre-fire basal area per area, the former
had 10 times more seedlings per m2 than the latter. This is to be
expected because, as expressed in our abscission function, much
of the aerial seedbank of P. mariana is still on the tree when early
salvage occurs, whereas P. banksiana will have few seeds left in the
cones by that point (Greene et al., 2013).

While there are many commercially valid reasons to salvage
early (St-Germain and Greene, 2009), according to our model one
cannot obtain adequate regeneration of P. mariana unless salvage is
delayed until at least, depending on pre-fire basal area per area, the
second or third winter following fire. By contrast, P. banksiana can
be fully stocked after a first winter salvage with all but the very low-
est basal area/area values. We  cannot however recommend delay
to foresters until there is a direct comparison of the cost of artifi-
cial regeneration vs. the cost in lost or devalued wood given that
delay. There is at present no published work useful for making such
a comparison.

Salvage negatively affects other species such as saproxylic bee-
tles and woodpeckers (Lindenmayer and Noss, 2006; Morissette
et al., 2002). More than 80% of saproxylic insects, and most
pyrophilous ground-dwelling insects, are abundant only for 2–3
years following fire. Predators such as woodpeckers have rapid
increases in population abundances in these recent burns (St-

Germain and Greene, 2009). Not surprisingly, Schmiegelow et al.
(2006) observed that the woodpecker species common to burned
areas were absent from recently salvaged sites. As previously
explained, however, the goal of forestry companies is to harvest
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s quickly as possible; i.e. to truncate the already-short interval in
hich many animal species would normally sharply increase their

bundances. A delay in salvage would therefore permit more of the
re-dependent insect taxa to successfully complete their life cycles,
ith consequent benefits for predators such as woodpeckers.

An alternative (or addition) to the strategy of delaying would
e to harvest a fraction of the area. This should be done in par-
llel strips so that dispersal of seeds is not a constraint. As we
aw, the recruitment from our partially salvaged stand at Lebel-sur-
uevillion was intermediate between intact and 100% salvaged P.
ariana stands. With partial stands, the good seedbeds created by

he harvester would be available for a diminished but nonetheless
n-site seed source. Ideally, the care is taken to minimize rutting:
e over-predicted the recruitment at our partially salvaged stand

ecause much of the skid path surface was reduced to water-filled
uts. For example, for P. mariana, a basal area per area of 0.0015
ould have very low recruitment and require planting if it was

00% salvaged in the first winter, while a 59% salvage under these
ame circumstances would lead to full stocking.

Finally, while never tested in the field, the redistribution of seeds
ia a chipper is a promising method that would encourage high
eedling densities of both species even when initial pre-fire basal
rea per area was low. Especially this technique could be useful
ith P. mariana as this species, when mature, clusters the cones at

he top of the stem. Our suggested technique would require that the
arvester remove the top of the tree before skidding the trunk to
he landing. Subsequently an individual walking behind the chip-
er on the skid path would grab individual cone-laden tops and
hrow them into the chipper. The machine will easily scatter the

aterial across 20 m,  more than enough to insure adequate disper-
ion of seeds across adjacent pairs of skid path and inter-skid path
reas. Note however that our guess concerning the seed loss during
assage through the chipper was unsupported by any empirical evi-
ence and thus a field experiment is called for. Further, one would
eed to calculate the cost of the chipping operation relative to the
ost of delay, partial salvage, and artificial regeneration.

In summary, our model offers a promising method for exploring
ecruitment following wildfire. Introducing salvage intensity and
iming permits the model to generate silvicultural prescriptions.
ndeed, the most obvious and quick utilization would be to couple
he model with pre-fire GIS-based inventory maps and an assump-
ion of seedbed-type coverage from the regional values of Greene
t al. (2007) so that, for example, stands requiring planting could
e identified early in the salvage planning process. For example,
parse P. mariana stands would be salvaged after 3 years (or perhaps
ot at all), while denser P. mariana and sparse P. banksiana stands
ould be salvaged at a shorter interval, and finally the most dense

. banksiana sites could be salvaged immediately. The model would
urther be useful for depicting how delays could be shortened as the
alvage became partial rather than complete.
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