
Contents lists available at ScienceDirect

Forest Ecology and Management

journal homepage: www.elsevier.com/locate/foreco

Early white spruce regeneration treatments increase birch and reduce aspen
after 28 years: Toward an integrated management of boreal post-fire
salvaged stands

Andrew C. Allabya, Glenn P. Judaya,⁎, Brian D. Youngb

a Department of Forest Sciences, University of Alaska Fairbanks, Fairbanks, AK 99775, USA
b Department of Natural Science, Landmark College, Putney, VT 05346, USA

A R T I C L E I N F O

Keywords:
Salvage harvest
Alaska
Picea glauca
Betula neoalaskana
Assisted regeneration
Site preparation

A B S T R A C T

Post-harvest regeneration failure of white spruce (Picea glauca Moench [Voss]), has led to concerns of “de-
coniferization” on productive site in the Alaskan boreal forest. Forest management in the region sought his-
torically to increase spruce composition after harvest through silvicultural practices such as site preparation and
assisted regeneration; however, successful reforestation requires the effects of these practices to persist over time
and control non-target tree species. In order to identify the enduring effects of silvicultural regeneration prac-
tices, we sampled a large (26.7 ha) white spruce regeneration trial established immediately following a stand-
replacing wildfire and subsequent salvage harvest in a productive upland forest. The original regeneration
treatments followed a split-split plot experimental design on two landform types (LF), four ground scarification
treatments (GST) plus a non-scarified control, and five artificial white spruce regeneration treatments (WSRT)
plus a natural seedfall control (Densmore et al., 1999). Here we analyze the total biomass, stand density, and
basal area for all tree species within each of the regeneration treatments 28 years post-establishment, and cal-
culate seed dispersal distances. Our results show that compared to natural seedfall control plots, white spruce
basal area was six times greater in planted seedling plots, and white spruce stem density (dbh ≥ 1.0 cm) was
nearly three times greater in broadcast seeding plots. White spruce stem density from natural seedfall averaged
944 stems ha−1, but was dependent on both topographic position and distance to wind-dispersed seed sources.
Our results also indicate that GST had few significant effects on white spruce basal area or stem density.
However, scarification nearly doubled Alaska birch (Betula neoalaskana Sarg.) stem density and basal area
compared to non-scarified control plots. Planted white spruce plots supported 19% less birch basal area, except
in the most intensive scarification treatments in which birch basal area did not differ. Intensive scarification
reduced quaking aspen (Populus tremuloides Michx.) basal area by half on slope plots. Our results demonstrate
that early regeneration practices profoundly influence stand development beyond the stem initiation stage, but
pre-fire stand type, post-fire configuration of unburned seed sources, and topographical variation play a med-
iating role in determining species assemblages and competitive relationships. A fire-killed stand must be con-
sidered within its ecological and landscape context to determine the probable success of a management action
such as salvage and tree regeneration.

1. Introduction

Silvicultural practices employed in slow-growing northern forests
aim to influence future forest composition by emulating typical post-
disturbance successional processes (Drever et al., 2006). Stand-repla-
cing wildfire, the principal disturbance in the boreal forest, kills most
sexually mature trees and initiates secondary succession (Heinselman,
1981). Boreal forest communities have adapted to particular fire fre-
quencies, sizes, and severities (Weber and Flannigan, 1997), and

individual tree species display reproductive strategies suited to post-
wildfire conditions (Greene et al., 1999). Wildfires combust forest floor
organic layers that hinder seedling establishment (Johnstone and
Chapin, 2006), remove competing vegetation (Zasada et al., 1992), and
leave a heterogeneous burn mosaic that permits remnant trees and le-
gacy rootstocks to reproduce (Greene et al., 2006). Following a dis-
turbance, seedling recruitment is especially constrained by propagule
availability and seedbed receptivity to a short period of time (Zasada,
1986). Successful reforestation, whether natural or actively managed,
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must be achieved during the boreal forest’s brief stem initiation stage
before canopy closure and organic layer accumulation significantly
reduce the probability of further tree establishment (Johnstone et al.,
2004; Johnstone and Chapin, 2006).

Boreal forest management activities not only aim to reestablish tree
seedlings after a stand-replacing disturbance, but also to channel site
productivity into preferred species and reduce rotation length (Hawkins
et al., 2006; Cortini et al., 2010). Similar to post-fire effects, site pre-
paration such as mechanical scarification reduces overtopping vegeta-
tion and exposes mineral soil, which increases rooting zone tempera-
tures and reduces competition faced by small tree seedlings (Zasada and
Grigal, 1978; Bella, 1986). Another common boreal silvicultural prac-
tice is the introduction of seed or planted seedlings to re-establish de-
sired tree species (Youngblood and Zasada, 1991), which may other-
wise decline in abundance or growth. The addition of seed or seedlings
to a site post-harvest can be similar to the effect that residual seed trees
produce in a patchy post-fire mosaic. Silvicultural practices which re-
liably produce the desired lasting effects on forest composition are
especially critical in boreal forest ecosystems, where low productivity
and thin economic margins place great importance on efficient, low-
intensity management (Wurtz et al., 2006).

Boreal silvicultural research historically addressed the regeneration
challenges of non-serotinous conifers following harvest (see Gärtner
et al., 2011; Juday et al., 2013), focusing especially on the stem in-
itiation stage of forest development for a single tree species: white
spruce (Picea glauca Moench [Voss]) (see for example Zasada and
Grigal, 1978; Wurtz et al., 2006). However, the stem exclusion stage
that follows, during which trees grow into saplings and the canopy

closes, involves intense competition between individuals and species for
light, moisture, and nutrients (Zasada and Packee, 1995), has not been
well evaluated. Ingrowth of non-crop species may compromise the ef-
fectiveness of silvicultural practices meant to foster a single species, for
example the reversion of cutover spruce sites in Alberta to high-density
hardwoods (Henderson, 1988).

Within minimally tended boreal mixed forests, crop tree char-
acteristics measured early in a stand’s development may not account for
future stand conditions for three reasons. First, early regeneration
treatments may attenuate over time as the competitive environment
changes (see for example Bedford et al., 2000, Boateng et al., 2006).
Second, unintended results of treatments may become apparent later in
stand development (see for example Wurtz and Zasada, 2001). Third,
boreal mixedwood stands may experience extended recruitment periods
of shade-tolerant conifers, including continued recruitment on decom-
posing logs further into the life of the new stand. For example, quaking
aspen (Populus tremuloides Michx.) canopies can let in sufficient light to
permit continued white spruce establishment, typically reaching max-
imum stem density more than 20 years post-fire (Youngblood, 1995;
Lieffers et al., 1996). Confirming truly effective regeneration practices
in the boreal mixed forest requires an examination of the durability of
initial results in later stages of stand development for all tree species
present.

The goal of this study was to reevaluate whether early assisted re-
generation practices typically used in western North American boreal
forests meet two objectives: increase forest composition of target tree
species and decrease non-target species in the stem exclusion stage. We
analyzed an assisted regeneration trial established following a stand-

Fig. 1. Overview map of RCFTRI with unburned forest types and GIS-classified wind-dispersed seed sources. Pre-fire forest types classified by AHAP (1988). Seed source regions and
burned area classified by authors using ArcMap 10.1 (ESRI, Redlands, CA). Prevailing wind during fall seed abscission comes with equal likelihood from the northeast and southwest
(Youngblood and Max, 1992).
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replacing wildfire in 1983, which was subsequently salvage harvested
(Densmore et al., 1999). The regeneration trial, the Rosie Creek Fire
Tree Regeneration Installation (RCFTRI), was designed to examine “the
survival, distribution, and growth of white spruce seedlings…among
five site preparation methods and six regeneration methods” (Densmore
et al., 1999). The RCFTRI is the largest operational comparison of sil-
vicultural practices in boreal Alaska known to the authors, with a well-
replicated and controlled experimental design (Juday et al., 2013). The
post-fire salvage sites comprising the RCFTRI present a relatively
homogeneous environment to test differing practices while minimizing
confounding factors. The initial RCFTRI study located white spruce
seedlings one year after treatment, and reported subsequent growth and
stocking up to 12 years post-treatment (Densmore et al., 1999). In the
present study, we extend these results to 28 years post-treatment and
examine basal area and stem density for all dominant tree species in
Interior Alaska’s productive upland forest type. We also analyze spa-
tially explicit topographic and seed dispersal measures to understand
the contribution of geographic position to regeneration outcomes. In
addition to individual tree species performance, we also examine
whether regeneration treatments resulted in significant differences in
total aboveground live woody biomass. Biomass as a forest product was
not envisioned at the time of the experimental design, but now re-
presents an important part of the demand in Alaska (Nicholls et al.,
2010).

2. Methods

2.1. Study area

The boreal forest of Interior Alaska supports only a few tree species,
whose distribution are strongly influenced by disturbance history, re-
gional climate, parent material, topography, and local biota (Van Cleve
et al., 1991; Chapin et al., 2006; Kurkowski et al., 2008). South-facing
uplands support some of the most productive forest ecosystems, parti-
cularly white spruce, mixed white spruce-hardwood, and hardwood
stands (Viereck et al., 1983). These forest types comprise 63% of state-

managed forest lands in Interior Alaska (Crimp et al., 1997), but only
15% of Interior Alaska forest (Hammond, 1996). Upland forests are the
focus of much harvest activity, in which the principal commercial tree
species are white spruce, Alaskan birch (Betula neoalaska Sarg), and
quaking aspen (Populus tremuloides Michx.) (Wurtz et al., 2006).

The Rosie Creek Fire Tree Regeneration Installation (RCFTRI) is a
26.7 ha experiment established in 1985–6 to examine white spruce
seedling recruitment under a variety of stand initiation practices within
two distinct upland topographic types (Densmore et al., 1999). RCFTRI
is located 30 km southwest of Fairbanks, Alaska at 64.74 °N 148.31 °W,
in the Bonanza Creek Experimental Forest (Fig. 1). The area is com-
prised of the interior forested lowlands and uplands ecoregion of the
boreal forest (Gallant et al., 1995). Rolling hills and valleys marked by a
cold continental climate, discontinuous permafrost, and high wildfire
frequency form a mosaic of ecosystems (Beget et al., 2006). The RCFTRI
extends across mostly south-facing uplands above the Tanana River,
and has deep, permafrost-free, silt-loam soils of aeolian origin (Soil
Survey Staff, 2011). The site experiences an average July temperature
of 16.1 °C, an average January temperature of −19.0 °C, and annual
rainfall of 200 mm (Van Cleve et al., 2013a,b). An estimated 35% of
annual precipitation falls as snow (Viereck and Slaughter, 1986).
RCFTRI experienced stand-replacing high severity crown fire on 2 June
1983 as part of the greater 3482 ha Rosie Creek wildfire (Juday, 1985).
Subsequent clearcut salvage logging operations took place on the entire
installation during the snow-free season ending in August 1985
(Densmore et al., 1999).

2.2. Experimental design

The RCFTRI was designed as a blocked split-split plot experiment,
comprising four hierarchical nested levels (Fig. 2) (Densmore et al.,
1999). The first level involved two upland landform types (LF), Ridge
and Slope, corresponding to the whole plot factor (approximately
13.3 ha each). Each LF whole plot was partitioned into three blocks
(approximately 4.4 ha each). Each block was further divided into five
equal split plots (approximately 0.9 ha each) where one of five ground

Fig. 2. RCFTRI experimental design, consisting of four hierarchical levels organized in a blocked split-split plot design. LF = landform, GST = ground scarification treatment,
WSRT = white spruce regeneration treatment. Each ellipsis represents an identical array of nested treatments as treatments at the same level.
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scarification treatments (GST) were randomly assigned. Each GST split
plot was subsequently further divided into six equal split-split plots (S/
SP; approximately 0.15 ha each, or 40 × 40 m) where one of six white
spruce regeneration treatments (WSRT) were randomly assigned
(Densmore et al., 1999). Each unique combination of the three factor
levels represented by a split-split plot (S/SP) was replicated three times
(n = 3).

Though only one kilometer apart, the Ridge and Slope LF have
distinct topography and spatial configurations with important silvi-
cultural implications typical of managed sites. The Ridge split-split
plots (S/SPs) are higher in elevation and more uniform (311–344 m)
than those on the Slope (194–291 m). On the Ridge, 59 of 90 S/SPs
have a slope angle< 5°, compared to only 10 of 90 Slope S/SPs. The
Ridge and Slope LFs have similar cumulative growing season solar ra-
diation (ridge = 624,622 ± 2117 watt-hours m−2, slope =
625,475 ± 4282). However, the Slope site contained the 13 S/SPs
with the highest incoming solar radiation values, while the Ridge ex-
perienced a narrower range of solar input. Within both LFs, S/SPs have
similar distances to the unburned forest edge, but many Ridge S/SPs are
much further from wind-dispersed seed sources (Table 1). Prevailing
wind direction during autumn seed dispersal was quantified for a
nearby floodplain site with equal frequency from northeast and
southwest (Youngblood and Max, 1992).

The ground scarification treatments (GST) involved mechanical
disturbance of the residual organic layer of the forest floor and exposure
of mineral soil seedbeds. Establishment of the five GSTs within each
block occurred in August/September 1985: one non-scarified control
and four types of mechanical scarification. Control S/SPs were not
scarified, and mineral soil exposure was estimated at 0% in 1985
(Densmore et al., 1999). Organized from most to least mineral soil
exposed, the four scarification types included: (1) bulldozer blading in
parallel strips (29% mineral soil exposed), (2) double-disc trenching
with a TTS-35 Disc Trencher in perpendicular passes (25%), (3) single-
disc trenching in parallel passes (15%), and (4) patch scarification with
a Bracke-type scarifier (10%). The mineral soil exposed within each of
the GSTs did not significantly differ between the Ridge and Slope, nor
did the percent of vegetation cover or treatment depth (for details see
Densmore et al., 1999).

The white spruce regeneration treatments (WSRT, see Fig. 2) in-
troduced white spruce propagules collected in 1983 from nearby un-
burned stands. Each of the six different WSRTs were carried out during
1986 on every split plot, and these included: natural seedfall (control),
planted seedlings, broadcast seeding, spring unsheltered spot seed, fall
unsheltered spot seed, and spring sheltered spot seed. The control
WSRT was stocked by natural white spruce seed dispersal, which is
highly episodic (Greene et al., 1999). Two-year-old containerized
seedlings were planted at 2.4-m spacing (one tree every 6 m2) in June
1986; seed was collected from mature trees located adjacent to planting
sites and grown at the Alaska State Forest Nursery in Palmer, Alaska.
The planted seedling stock in Ridge Blocks 2 and 3 were stunted due to
contamination with a common greenhouse fungus (Densmore et al.,

1999). Broadcast seeding occurred at a rate of 1 kg ha−1.

2.3. Data collection

Sampling took place from July to September 2013, with supple-
mental sampling in early June 2014. The dataset consists of the three
most commonly practiced WSRTs – natural seedfall, broadcast seeding,
and planted seedlings – balanced across all six blocks (90 S/SPs). We
did not examine the three spot seeding methods from the original ex-
periment.

Each S/SP was systematically sampled by establishing a two-by-two
crosscutting pattern of four 1-m wide belt transects on each S/SP to
account for of heterogeneous forest composition within each plot. Key
site characteristics may demonstrate gradients or a patchy distribution
even at small scales (Reed et al., 1993). A robust sampling pattern is
necessary to minimize heterogeneity due to variations in light en-
vironment (Deutschman et al., 1999), burn severity (Johnstone and
Chapin, 2006), soil nutrient characteristics (Lechowicz and Bell, 1991),
legacy effects such as sprouting from birch or aspen root stock (Greene
et al., 1999), differential vegetative competition within patches (Cater
and Chapin, 2000), or the orientation of ground scarification treatments
in parallel strips.

Transect layout (Fig. 3) was established by (1) identifying the plot
boundary on an azimuth of between 0 and 90°, and dividing it into
thirds, (2) along the selected boundary at the one-third and two-thirds
positions, transects one and two were placed perpendicular to the se-
lected plot boundary, (3) the northernmost transect was then divided
into thirds, and transects three and four were placed perpendicular to
transects one and two. On average, we sampled 10.1% of a S/SP’s total
area with this method. Validation of this transect method was con-
ducted by a complete census on one S/SP within each block (n = 6),
representing each of the five GSTs and four of the six WSRTs.

Within the 1-m belt transects, we recorded species and diameter-at-
breast-height (dbh = 1.37 m) for every live tree or shrub where (1)
≥50% of root collar was within the belt transect, and (2)

Table 1
Summary of landform (LF) whole plot characteristics across 180 S/SPs. The slope and ridge LFs represent a number of topographical gradients that typify Alaska’s upland boreal forest.
Standard deviation indicated in parentheses.

Ridge Slope Whole experiment

Area 13.3 ha 13.4 ha 26.7 ha
Pre-fire Forest Type (AHAP, 1988) White Spruce-Birch-Aspen,

Birch-Aspen
White Spruce-Black Spruce-Birch-Aspen Mixed spruce-Hardwood

Soil Type (Soil Survey Staff, 2011) Gilmore Silt Loam 3–7% slope Minto-Chatanika Complex 3–7% slope, Steese Silt
Loam 20–30% slope

mod.-deep silt loam

Distance from Fire Edge 119.2 m (49.4) 151.6 m (85.9) 135.4 m
Southwest Seed Shadow Mean distance from wind-

dispersed seed source
408.6 m (306.7) 163.7 m (85.9) 286.1 m

Northeast Seed Shadow Mean distance from wind-
dispersed seed source

482.8 m (342.8) 297.7 m (169.0) 390.2 m

Fig. 3. Depiction of typical 1-m width belt transect layout. This layout procedure pro-
vided a representative sample of the entire S/SP. Note that diagram is not to scale.
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dbh ≥ 1.0 cm. Shrubs were identified to genus and included willows
(Salix spp.) and alders (Alnus spp.). Measurement protocols followed
those previously established within the region (Malone et al., 2009).

In order to account for the effects of topography on tree growth and
stand composition (Viereck et al., 1986; Kurkowski et al., 2008), we
derived elevation, slope, and aspect from a 5-m pixel size digital ele-
vation model (Alaska, 2010) in ArcMap 10.1 (ESRI, 2012). At high la-
titudes like the RCFTRI, forest community types are significantly in-
fluenced by aspect, with east- and west-facing slopes hosting different
tree assemblages than south-facing aspects (Kurkowski et al., 2008).
However, this experiment had almost exclusively east- or south-facing
aspects, with only four north-facing S/SPs and six west-facing (and
those in one block only). Since the experiment does not include a ba-
lanced representation of aspects, we incorporated the influence of as-
pect by deriving cumulative growing season solar radiation. Solar ra-
diation aggregates the effects of latitude, slope angle, and slope aspect
into a single figure: the amount of usable energy in watt-hours m−2

(Hinzman et al., 2006). We calculated cumulative solar radiation in
ArcMap 10.1 using the ‘Area Solar Radiation’ tool for the period 1 April
– 30 September (calculated at 14-day intervals, using 0.5 h interval
during sampled days, and with 30% cloud cover) (ESRI, 2012).

Seed dispersal distance is also an important factor controlling sexual
regeneration of boreal tree species, and total dispersal distance is a
function of prevailing wind direction (Zasada, 1985; Greene et al.,
1999). Seed sources for this experiment were defined as mature un-
burned forest downwind of the study areas. We classified a 22 August
1986 color infrared image into burned and unburned areas (USGS,
1986), then partitioned unburned areas into northeast and southwest
seed sources relative to each LF whole plot in line with previously es-
tablished prevailing wind directions (Youngblood and Max, 1992).
Wind-dispersed seed sources were further classified as containing
hardwoods only, or mixed spruce/hardwood communities (AHAP,
1988). We calculated several measures of seed dispersal distance to S/
SP centroid: (1) distance to nearest unburned seed source, (2) mean
distance from southwest and northeast seed sources, (3) minimum
distance to closest wind-dispersed seed source, and (4) minimum dis-
tance to closest spruce seed source.

2.4. Data analysis

To assess the validity of our transect method, we used paired t-tests
to evaluate the presence of mean bias in the sample transect estimates
compared to the census results, similar to methods employed by Huang
et al. (2000). Given no systematic bias in the transect method, we then
evaluated the effects of the experimental factors in three ways. First, a
blocked split-split plot design ANCOVA (Analysis of Covariance) model
was constructed and the effects of the three experimental factors – LF,
GST, WSRT – as well as the two- and three-way interactions were tested
(Kuehl, 2000). Second, we evaluated the differences between treatment
means using Dunnett’s test (Dunnett, 1955). Third, we selected a set of
relevant treatment contrasts (e.g., scarified vs. non-scarified) and tested
whether the assembled groups demonstrated a significant difference in
the response variables (i.e., stem density). We carried out two linear
contrasts for each response variable, and used the Bonferroni method to
control Type 1 error rates (significance level: p = 0.05/k for k con-
trasts) (Kuehl, 2000). Statistical analysis was performed within SAS
software, Version 9.3, using Proc GLM (SAS, 2012).

We assessed the inclusion of split-split plot covariates in the final
model in three steps: (1) the covariate is independent of the experi-
mental treatments, (2) a simple linear regression between the response
variable and the covariate indicates a significant linear relationship,
and (3) the covariate term achieves significance in the overall ANCOVA
(Kuehl, 2000). We tested eight spatial covariates: (1) elevation, (2)
slope angle, (3) cumulative solar radiation, (4) distance to unburned
seed source, (5) natural logarithm of distance to unburned seed source,
(6) distance to nearest wind-dispersed seed source, (7) mean distance to

wind-dispersed seed sources, and (8) natural logarithm of spruce dis-
tance to spruce seed source. We used log-transformed variables to test
seed dispersal relationships found by Densmore et al. (1999). All S/SP
response variables were calculated on a per hectare basis, and values
are reported as mean± 1 SE unless noted otherwise. All response
variables were power-transformed using the Box-Cox method (Box and
Cox, 1964) and constant variance was evaluated using the Brown-For-
syth Test (Brown and Forsythe, 1974). We analyzed eight response
variables: stem density (stems ha−1) and basal area (m2 ha−1) in-
dividually for aspen, birch, and white spruce; total stem density for all
species; and total aboveground woody plant biomass (kg ha−1) for all
species. We calculated aboveground biomass dry weight using national
allometric equations from Jenkins et al. (2003) for all species except
alder. Alder biomass was derived from locally calibrated equations
(Wurtz, 1995).

3. Results

3.1. Census and transect comparisons

No significant difference was detected between transect versus
census data in terms of stem density and basal area for all the different
tree species (p > 0.05) (Table 2). However, five of the six census S/SPs
contained fewer alder stems ha−1 than the transect estimates, though
differences between the two methods were not significant (p = 0.082
for alder stem density, and p = 0.095 for alder basal area). Alders ac-
counted for 0.8% of estimated total biomass across the measured S/SPs.

3.2. Spatial covariates

3.2.1. Effects of topographical covariates on experimental results
Though each response variable was significantly correlated with

some spatial covariates in a simple linear regression, none of the S/SP
covariates were significant in the ANCOVA model. However, cumula-
tive growing season solar radiation was significantly related to both
birch and aspen basal area, and explained about 5% of the variation.
Birch basal area was negatively correlated with solar radiation while
aspen was positively correlated. White spruce basal are was not sig-
nificantly related to radiation. A simple linear regression comparing
birch and aspen biomass to each other excluding planted seedling S/SPs
indicates a significant negative relationship (F1,103 = 113.81,
p < 0.0001), with 52% of the variation in aspen biomass explained by
birch biomass (Fig. 4a).

3.2.2. Effects of distance to seed source on experimental results
Log distance to nearest wind-dispersed spruce seed source was the

best predictor, in terms of R2, for white spruce stem density on the 30
natural seedfall S/SPs (Table 3). The 30 natural seedfall S/SPs averaged
944 white spruce stems ha−1, but the 12 natural seedfall S/SPs within
200 m of a wind-dispersed white spruce seed source averaged 1512
stems ha−1. The seven natural seedfall S/SPs with no recorded white
spruce seedlings averaged only 111 m from the unburned forest edge,
well within typical spruce dispersal distances (Greene et al., 1999), but
were located an average of 649 m from wind-dispersed spruce seed
sources Fig. 1). The strongest predictor of birch stem density as

Table 2
P-values of census and transect estimates by ten response variables.

Stem density Basal area

All species 0.583 0.757
Alder 0.082 0.095
Aspen 0.439 0.186
Birch 0.736 0.534
White Spruce 0.431 0.667
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measured by R2 was log distance to the unburned forest (Table 3,
Fig. 1). The 79% of S/SPs within 200 m of the unburned edge supported
an average of 6958 stems ha−1, compared to the 21% of S/SPs that
were further than 200 m and supported only 1586 birch stems ha−1.
While for aspen, there was no significant relationship found for any of
the distance to seed source measures.

3.3. Biomass and stem density of all species combined

The LF factor had a marginally significant influence on total bio-
mass (p = 0.0737, Table 4), where values were on average less on the
Slope (72,146 ± 2782 kg ha−1, n = 45) than on the Ridge
(81,582 ± 2422, n = 45). The LF factor had no significant influence
on total stem density.

Total aboveground biomass was significantly influenced by the GST
factor (Table 4). Biomass was greater (30%) on scarified S/SPs com-
pared to non-scarified S/SPs (Table 5; 80,607 kg ha−1 compared to
61,890 kg ha−1). Total biomass from every type of scarification treat-
ment was significantly greater than the non-scarified control with the
exception of blade scarification (Fig. 5a). Ground scarification affected
biomass differently based on hardwood composition: S/SPs established
greater birch basal area (a correlate to biomass) with scarification
(Fig. 5c), while aspen basal area responded neutrally (Fig. 5d). Ex-
cluding blade scarification, birch had 70% more biomass on scarified S/
SPs compared to non-scarified S/SPs, while aspen had 14% less. Bio-
mass in blade scarification treatments was not significantly different
from controls, largely because of a 63% reduction in aspen and a si-
multaneous 82% increase in birch biomass compared to non-scarified
controls.

The WSRT factor did not have a significant effect on total biomass
(Table 4), nor did we detect a significant effect of the planted seedling
treatment on total biomass (Table 5). However, two countervailing
trends were observed: the planted seedling treatment was associated
with an increase in white spruce biomass by a factor of 7 but decreased

Fig. 4. Biomass trade-offs between tree species, by block. (a)
Hardwood (aspen + birch) biomass as a linear function of
white spruce biomass for 30 planted seedling S/SPs
(Y = 78,761 − 1.041 * X; R2 = 0.61, p < 0.0001).
Planted seedlings in R2 and R3 were stunted due to infection
with a greenhouse fungus. (b) Aspen biomass as a linear
function of birch biomass for 105 unplanted S/SPs
(Y = 70,014 − 0.88 * X; R2 = 0.52, p < 0.0001).

Table 3
P-values for the linear relationship between distance to seed source and stem density, by
species. White spruce figures calculated only with the subset of S/SPs receiving natural
seedfall WSRT (n = 30). Birch and aspen calculated with all sampled plots (n = 90). All
distances log-transformed except for mean distance to wind-dispersed seed source (R2 in
parentheses).

Species Ln (Dist. to
Nearest
Unburned
Forest)

Mean Dist. to
Wind-
Dispersed Seed
Source

Ln (Dist. to
Nearest Wind-
Dispersed Seed
Source)

Ln (Dist. to
Nearest Wind-
Dispersed Spruce
Source)

White 0.6661 0.0200* 0.0789 0.0056*

Spruce (0.01) (0.18) (0.11) (0.24)
Birch 0.0001* 0.0235* 0.0023* n/a

(0.23) (0.06) (0.10)
Aspen 0.0518 0.1258 0.2371 n/a

(0.04) (0.03) (0.02)

* Significant result (α < 0.05). Bold values represent Bonferroni-adjusted significant
result at 97.5% confidence level (α = 0.05/2 = 0.025).
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birch biomass by 23% compared to natural seedfall S/SPs (Table 5) and
decreased aspen biomass by 46%. A simple linear regression of white
spruce to hardwood tree biomass in S/SPs receiving the planted seed-
ling WSRT demonstrates a significant negative relationship (Fig. 4a),

suggesting a tradeoff between hardwood and white spruce biomass.
The GST factor alone did not have a significant effect on total stem

density (p = 0.0719, Table 4). However, when taken as group all
scarified S/SPs (combination of all treatment types) exhibited

Table 4
ANOVA table. LF = landform whole plot factor, GST = ground scarification split plot factor, and WSRT = white spruce regeneration split-split plot factor.

All species White spruce

Biomass Stem density Basal area Stem density

df F p F p F p F p

LF 1 12.09 0.0737 0.66 0.5014 4.48 0.1686 10.10 0.0864
GST 4 4.15 0.0171* 2.65 0.0719 0.52 0.7247 0.16 0.9541
GST * LF 4 0.34 0.8447 0.67 0.6207 1.63 0.2157 1.42 0.2732
WSRT 2 0.40 0.6714 3.99 0.0262* 69.61 0.0001* 21.61 0.0001*

WSRT * LF 2 0.89 0.4170 1.11 0.3403 3.85 0.0295* 6.16 0.0046*

WSRT * GST 8 1.03 0.4304 0.35 0.9423 0.39 0.9188 0.44 0.8922
WSRT * LF * GST 8 1.49 0.1899 0.52 0.8330 1.06 0.4125 1.13 0.3635

Birch Aspen
basal area stem density basal area stem density

df F p F p F p F p
LF 1 71.82 0.0136* 5.51 0.1435 9.62 0.0901 13.2 0.0681
GST 4 2.05 0.1358 2.15 0.1215 0.82 0.5335 2.06 0.1336
GST * LF 4 0.98 0.4476 0.78 0.5526 2.46 0.0875 3.53 0.0300*

WSRT 2 3.35 0.0450* 1.45 0.2476 0.8 0.4546 0.05 0.9554
WSRT * LF 2 0.41 0.6693 1.52 0.2314 0.65 0.5280 0.55 0.5799
WSRT * GST 8 2.49 0.0271* 1.69 0.1299 1.28 0.2815 0.76 0.6381
WSRT * LF * GST 8 1.34 0.2543 0.79 0.6111 0.81 0.5975 0.74 0.6559

* Significant result (α < 0.05). Bold values represent Bonferroni-adjusted significant result at 97.5% confidence level (α= 0.05/2 = 0.025).

Table 5
Linear contrast results for all response variables. Group A corresponds to the first category listed in the contrast name, Group B the second. Where applicable, references that prompted a
contrast are given. All values reported as mean ± 1 SE. ‘scar’ = all scarification treatments, ‘nonscar’= non-scarified control treatment, ‘intscar’ = intensive scarification treatments
(i.e., blade and double-disc), ‘plant’ = planted seedling WSRT, ‘natseed’ = natural seedfall control WSRT, ‘others’ = two WSRTs not named in group A.

Response variable Contrast (group A vs group B) Reference F P Group A Group B

Total biomass (kg ha−1) Scar vs nonscar 26.63 0.0001* 80,607 ± 1972 61,890 ± 3623
n = 72 n = 18

Plant vs others Man and Lieffers (1999) 0.59 0.4465 78,303 ± 2849 76,144 ± 2481
n = 30 n = 60

Total density (stems ha−1) Scar vs nonscar 26.42 0.0001* 9684 ± 473 6415 ± 739
n = 72 n = 18

Broadcast vs others Densmore et al. (1999) 7.24 0.0103* 9942 ± 673 8574 ± 540
n = 30 n = 60

White spruce basal area (m2 ha−1) Scar vs nonscar 1.16 0.2871 3.79 ± 0.54 3.80 ± 0.81
n = 72 n = 18

Plant: intscar vs nonscar Boateng et al. (2009) 0.83 0.3672 7.22 ± 1.49 7.80 ± 1.01
n = 12 n = 6

White spruce density (stems ha−1) Scar vs nonscar DeLong et al. (1997) 0.18 0.6708 1712 ± 204 1445 ± 257
n = 72 n = 18

Natseed: scar vs nonscar Rupp (1997) 0.12 0.7312 916 ± 177 1055 ± 656
n = 24 n = 6

Birch basal area (m2 ha−1) Scar vs nonscar Zasada (1980) 45.04 0.0001* 13.29 ± 0.92 7.60 ± 0.72
n = 72 n = 18

Plant: scar vs nonscar 23.34 0.0001* 12.02 ± 1.47 5.58 ± 2.18
n = 24 n = 6

Birch density (stems ha−1) Scar vs nonscar Zasada et al. (1983) 104.39 0.0001* 6454 ± 537 3262 ± 679
n = 72 n = 18

Plant vs others 2.31 0.1364 5438 ± 816 6014 ± 785
n = 30 n = 60

Aspen basal area (m2 ha−1) Scar vs nonscar 2.10 0.1549 4.24 ± 0.85 4.72 ± 1.40
n = 72 n = 18

Intscar vs nonscar Peltzer et al. (2000) 4.95 0.0317 2.84 ± 0.91 4.72 ± 1.40
n = 36 n = 18

Aspen density (stems ha−1) Scar vs nonscar Stone and Elioff (1998) 4.20 0.0471 687 ± 162 647 ± 228
n = 72 n = 18

Intscar vs nonscar Peltzer et al. (2000) 7.12 0.0109* 437 ± 178 647 ± 228
n = 36 n = 18

* Bonferroni-adjusted significant result (α= 0.05/2 = 0.025). Bold values represent Bonferroni-adjusted significant result at 97.5% confidence level (α= 0.05/2 = 0.025).
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significantly greater stem density (an increase of 51% from 6415 stems
ha−1 to 9684 stems ha−1) when compared to non-scarified S/SPs
(Table 5). Blade-scarified S/SPs in particular supported significantly
greater stem density (78%) compared to non-scarified S/SPs (Fig. 5a).

Total stem density was significantly influenced by the WSRT factor
(Table 4). Total stem density on broadcast seed S/SPs was greater
(9943 ± 673 stems ha−1, n = 30) compared to the combination of
planted seedling and natural seedfall S/SPs (8574 ± 540, n = 60)
(Table 5). The higher total stem density (all species) on broadcast S/SPs
compared to natural seedfall treatments appears to be accounted for
largely by the 1234 stem ha−1 increase in white spruce stems in
broadcast seeded S/SPs.

3.4. Shrub and other tree species biomass and stem density

Averaged across all study plots, willows comprised 1.4% of stems
and 0.1% of biomass. Alders comprised 8.9% of stems and 0.8% of
biomass. None of the experimental treatment factors had a significant
effect on biomass or stem density for either shrub species. In addition,
we recorded 11 balsam poplar (Populus balsamifera L.) among the
12,216 trees that were tallied in the 90 sampled S/SPs, a negligible
fraction of total stem density and basal area. Poplars were included in
the total biomass figures for all species combined, but did not receive
additional analysis.

3.5. White spruce basal area and stem density

The LF factor by itself did not significantly influence either white
spruce basal area or stem density, but LF had a significant interaction
with WSRT (Table 4). In general, there was greater magnitude of white
spruce basal area and stem density on Slope S/SPs compared to Ridge
S/SPs, although the rank-ordering of WSRTs within both LF types was
the same (Fig. 6b). Stem densities of planted seedling S/SPs on both
Ridge and Slope were comparable, but white spruce stem density in
absolute terms was more than three times greater on the Slope for both
broadcast seeding and natural seedfall S/SPs. However, on both the

Ridge and Slope, the broadcast seed WSRT resulted in proportionally
similar increases in stem density compared to natural seedfall (152%
increase on the Ridge, 159% increase on the Slope).

The GST factor alone did not have a significant impact on white
spruce stem density (Table 4, Fig. 5b), nor did we detect any differences
between scarified and non-scarified GSTs (Table 5). However, broad-
cast seeding following any type of scarification treatment produced
significantly higher stem densities than the non-scarified natural seed-
fall controls (Fig. 7b). Broadcast seeding of non-scarified S/SPs resulted
in similar white spruce stem densities compared to the natural seedfall
control (Fig. 7b). The positive response of white spruce stem density to
the combination of broadcast seeding and scarification was especially
pronounced on the Slope, where broadcast seeding following scar-
ification resulted in nearly three times the stem density than on non-
scarified S/SPs (4355 ± 655 stems ha−1, n = 12, versus 1727 ± 449,
n = 3). However, the same trend did not occur on the Ridge, where
broadcast seeded, scarified S/SPs averaged 925±284 (n = 12) com-
pared to non-scarified S/SPs with 1465 ± 740 (n = 3).

The GST of double-disc scarification was associated with reduced
white spruce basal area on non-planted S/SPs. Broadcast seeded S/SPs
supported less white spruce basal area (29%) on double-disc scarified
sites compared to the non-scarified controls, and natural seedfall S/SPs
receiving the double-disc treatment supported 54% less basal area
compared to the non-scarified controls, although the effect was not
significant in either case Fig. 7b).

White spruce basal area was significantly influenced by the WSRT
(Table 4). Broadcast seeding and planted seedling treatments sig-
nificantly increased basal area relative to the natural seedfall control
(Dunnett, p < 0.0001). Planted seedling S/SPs supported an average
of 7.44 ± 0.93 m2 ha−1 (n = 30) white spruce basal area, broadcast
seeding resulted in 2.67 ± 0.52 (n = 30), while natural seedfall had
the lowest basal area at 1.25 ± 0.25 (n = 30) (Fig. 6b). The planted
seedling S/SPs located in the two blocks impacted by greenhouse
fungus at the time of planting (Densmore et al., 1999) supported only
38% of the white spruce basal area compared to planted seedling S/SPs
in the four unaffected blocks.

Fig. 5. Untransformed ground scarification treatment (GST) group means for all species (a), white spruce (b), birch (c), and aspen (d). Error bars are ± 1 SE. *Basal area significantly
different from non-scarified control using Dunnett (p < 0.05). †Stem density significantly different from non-scarified control using Dunnett (p < 0.05).
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WSRT had a highly significant effect on white spruce stem density
(Table 4), with both planted seedling and broadcast WSRTs producing
significantly greater white spruce stem densities compared to natural
seedfall (Dunnett, p < 0.0001). Broadcast seeding resulted in
2431 ± 412 stems ha−1 (n = 30), compared to planted seedling S/SPs
with 1601 ± 161 (n = 30) and natural seedfall with 944 ± 187
(n = 30) (Fig. 6b).

3.6. Birch basal area and stem density

All three levels of experimental factors influenced birch basal area
and stem density (Table 4). The LF effect on basal area was consistent
(no interaction) regardless of GST and WSRT. Slope S/SPs supported
less birch basal area (7.82 ± 1.12 m2 ha−1, n = 45) than Ridge S/SPs
(16.48 ± 0.81, n = 45).

The WSRT factor significantly influenced birch basal area in the
overall ANOVA (Table 4). The planted seedling WSRT resulted in lower
birch basal area overall (10.74 ± 1.33, n = 30) compared to broad-
cast seeding (12.93 ± 1.48, n = 30) and natural seedfall
(12.78 ± 1.49, n = 30) treatments (Fig. 6c). Birch basal area was
significantly lower (19%) on S/SPs receiving the planted seedling
WSRT compared to the combination of broadcast and natural seedfall
(Table 5).

Although the GST factor alone did not significantly influence birch
basal area, the effect of GST was mediated by a significant interaction
with WSRT (Table 4). Scarified S/SPs had significantly greater (75%)
birch basal area than non-scarified S/SPs (Table 5). More intensive
scarification was associated with greater birch basal area, particularly
the double-disc S/SPs which supported significantly greater (105%)
birch basal area compared to non-scarified controls (Fig. 5c).

Birch stem density tended to be higher on the Ridge LF

(8208± 3587 stems ha−1, n = 45) than on the Slope (3439± 3507,
n = 45), though the LF factor was not significant in the overall ANOVA
(Table 4). Although GST was not significant in the overall ANOVA
(Table 4), the contrast of all scarification treatments combined com-
pared to the non-scarified treatment was significant; scarification of any
kind increased birch stem density by 98% (Table 5). Intensive GSTs
were associated with significantly more birch stems than the non-
scarified control (Fig. 5c), but the less intensive scarification methods of
patch and single-disc were not significantly different from the non-
scarified control. WSRT was not a significant factor influencing birch
stem density in the overall ANOVA (Table 4).

The presence of a significant interaction between GST and WSRT
interaction indicated that scarification treatments produced different
effects based on the WSRT (Table 4). In particular, birch basal area on
planted seedling S/SPs depended on the intensity of scarification
Fig. 7c). Non-scarified planted seedling S/SPs supported less than half
the birch basal area of scarified planted seedling S/SPs (Table 5). On the
planted seedling S/SPs, only the double-disc treatment produced sig-
nificantly greater birch basal area than the non-scarified, natural
seedfall controls (Fig. 7c). In addition, on planted seedling S/SPs, the
intensive GSTs (i.e., blade and double-disc) were associated with
greater birch basal area (13.86± 2.06 m2 ha−1, n = 36) than on
moderate GSTs (i.e., patch and single-disc; 10.19±2.05, n = 18). Al-
though intensive scarification produced the greatest birch basal area on
planted seedling S/SPs, white spruce did not show any concomitant
reduction in basal area (Table 5).

3.7. Aspen basal area and stem density

Aspen distribution was extremely variable across the study area. On
the Ridge LF, no aspen were recorded in the sample transects for 21 of

Fig. 6. Untransformed plant by landform group means for all species (a), white spruce (b), birch (c), and aspen (d). Error bars are± 1 SE.
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45 S/SPs, and on the Slope 15 of 45 lacked aspen. The data for both
aspen stem density and basal area were highly right skewed, with 20 of
90 S/SPs exceeding mean stem density (5 of which were on the ridge)
and 22 of 90 S/SPs exceeding mean basal area (6 of which were on the
ridge). Nonetheless, transformed data conformed to parametric as-
sumptions.

The experimental factors had limited impacts on aspen basal area
and density. The LF factor was a marginally significant predictor of
aspen basal area (p = 0.0901, Table 4). The Ridge LF supported less
aspen basal area (2.37±0.76 m2 ha−1, n = 45) than the Slope
(6.31±1.18, n = 45).

The GST factor did not significantly influence aspen basal area
(Table 4), though some trends merit reporting. Intensive GST (i.e.,
blade and double-disc scarification) tended to reduce aspen basal area
by 40% on average compared to non-scarified controls, though these
effects were not significant possibly due to limitations of the dataset
(Table 5). Intensively scarified S/SPs on the Slope supported less than
half the aspen basal area (3.61±1.68 m2 ha−1, n = 18) compared to
non-scarified S/SPs (8.00± 2.28, n = 9).

Aspen basal area on natural seedfall S/SPs (5.41±1.51 m2 ha−1,
n = 30) tended to be nearly twice the level of planted seedling S/SPs
(3.03±0.93, n = 30). However, the WSRT factor did not exert sig-
nificant influence over aspen basal area (Table 4). In addition, when
compared directly, aspen basal area on planted seedling S/SPs was not
significantly different from the natural seedfall control (Dunnett,
p > 0.05).

Aspen stem density was affected by similar experimental factors as
basal area. Stem density was higher on Slope S/SPs (1055± 230 stems
ha−1, n = 45) than on Ridge S/SPs (303± 129, n = 45), and the

difference was marginally significant (p = 0.0681, Table 4). GST alone
was not a significant predictor of aspen stem density, but a significant
interaction term indicated GST effects depended on LF type (Table 4).
Intensive GST decreased aspen stem density significantly on both LFs
together (Table 5). Slope S/SPs receiving intensive scarification had
approximately half the aspen stem density (665±345, n = 18) of non-
scarified S/SPs (1204± 378, n = 9). The effect appeared to be reversed
on the Ridge, with intensively scarified S/SPs (209±75, n = 18)
compared to non-scarified S/SPs (90± 27, n = 9).

4. Discussion

4.1. Strengths and limitations of the experimental design

The belt transect sampling method provided unbiased estimates of
tree species density and basal area. To evaluate such a large experiment
with confidence, it was a key pre-condition to establish the unbiased
nature of our sampling method.

Lack of significance for spatial covariates indicated the original
experimental design of Landform (LF) whole plots and blocks accounted
for topographical and seed dispersal variables efficiently, indicating
that within-whole plot and within-block variances of these variables
were much smaller than those over the entire experiment. RCFTRI was
designed to explicitly test specific assisted regeneration silvicultural
treatments, and the original researchers minimized exogenous factors
through careful temporal control of treatment implementation, spa-
tially-sensitive blocking, and precise survey techniques to delineate
treatment boundaries (Juday et al., 2013).

The inherited experimental design had some limitations for our

Fig. 7. Untransformed WSRT by GST group means for all species (a), white spruce (b), birch (c), and aspen (d). Error bars are ± 1 SE. *Basal area significantly different from non-
scarified, natural seedfall control using Dunnett (p < 0.05). †Stem density significantly different from non-scarified, natural seedfall control using Dunnett (p < 0.05).
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analysis. There was only one replicate of a LF on a slope and one on a
ridge, so hypothesis testing about LF was limited to 1 degree of
freedom. However, it was important to include this variable because
blocks in the same whole plot have a correlated error variance.
Otherwise, blocks in the same whole plot (LF) would be treated as in-
dependent replicates, constituting a case of pseudo-replication resulting
in unjustifiably narrower confidence intervals (Hurlbert, 1984). Fur-
thermore, the parent experiment was not explicitly designed to test a
balanced, continuous distribution of topographic gradients (e.g., ele-
vation, slope angle, and distance from seed sources), and therefore
generalizations cannot be made about how topographic variation would
affect treatment outcomes. The original experimental design also did
not control for legacy effects, such as root sprouting from aspen clones
and the widely variable proximity to wind-dispersed seed sources. Fi-
nally, the experiment was not tended after establishment, so that nat-
ural reproduction and successional processes complicated the effects of
treatments on recruitment. Still, a lack of tending activities, such as pre-
commercial thinning or ongoing vegetation management, typifies forest
practices in Alaska’s boreal forest (Morimoto, 2016).

4.2. Biomass

The moderate positive effect on total biomass from ground scar-
ification treatments (GST) may be understated by the opposite response
of birch- and aspen-dominated forest types, both present in RCFTRI.
Scarified S/SPs dominated by birch were associated with much higher
basal area (a correlate of biomass) than controls (Table 5), while aspen-
dominated S/SPs tended to show less basal area in response to in-
creasingly intensive scarification (Fig. 5d). We found the biomass of
these two upland hardwood species was significantly negatively cor-
related (Fig. 4b), and though they may co-occur, differences birch and
aspen abundance is naturally driven by a preference for different site
types and the legacy of pre-fire stand composition. In general, in In-
terior Alaska birch tolerates lower levels of insolation than aspen, and is
more prevalent on cooler, moister sites (Chapin et al., 2006), which can
be reinforced through subsequent competition. On severely burned
sites, small-seeded species such as birch are at a competitive dis-
advantage compared to re-sprouting aspen connected to an established
legacy root system (Johnstone and Chapin, 2006). Birch regeneration is
very sensitive to reduced light levels from vegetative competition
(Perala and Alm, 1990), and overtopping by fast-growing aspen shoots
can prove deleterious (LaBonte and Nash, 1978). High levels of initial
aspen abundance may have constrained birch recruitment from seed.
We conclude that all types of scarification continued to influence total
stand biomass 30 years after fire and salvage harvest, but a stand’s
composition of hardwood species determines whether the biomass will
increase or decrease.

Although WSRT had a neutral effect on total biomass, there ap-
peared to be a trade-off between hardwood biomass and white spruce
biomass on planted seedling S/SPs (Fig. 4a). Establishing well-posi-
tioned seedlings soon after a disturbance while suppressing competition
channels more of a site’s productivity into the preferred species
(Wagner et al., 2005). White spruce seedlings are quite shade-tolerant
compared to aspen or birch, and as sapling size increases the mortality
due to competition also rises (Kneeshaw et al., 2005). The successful
establishment and growth of planted seedlings may have decreased
hardwood vigor through competition. We interpret our result to in-
dicate that planting seedlings shifts biomass production from hardwood
seedlings to white spruce, but does not increase aggregate biomass
(Fig. 4a).

Biomass of all species combined was marginally greater on the
Ridge LF than the Slope (Fig. 6a). This apparent tendency would require
testing in another study due to lack of replication of the LF whole plots
in this design. One explanation for the productivity difference between
LFs is that ridgetop sites may be buffered against high evaporation
associated with decreased tree growth (Yarie, 2008).

4.3. White spruce crop Trees: Basal area and stem density

4.3.1. Effects of ground scarification treatments
The initial results which spanned a 12 year period at RCFTRI sug-

gested a positive trend in seedling survival with scarification (Densmore
et al., 1999). In our data, spanning 28 years, this trend for increased
white spruce recruitment (as measured by stem density) by scarification
did not hold: scarification alone appeared to exercise no influence over
white spruce recruitment from either natural seedfall or planted seed-
ling treatments (Fig. 7b). However, scarified S/SPs did respond posi-
tively to broadcast seeding with significantly elevated white spruce
stem density (Fig. 7b), similar to white spruce results from Yukon
Territory (Gardner, 1983). We conclude that scarification substantially
increased stem density provided that a large, even distribution of seed
occurs after canopy removal.

White spruce did not accumulate significantly more basal area on
scarified plots compared to the non-scarified controls, consistent with
the results found after 12 growing seasons (Densmore et al., 1999) and
on a nearby experiment in northern British Columbia 15 years post-
treatment (Bedford et al., 2000). Scarification apparently did not pro-
vide a lasting vegetative control on natural ingrowth of hardwood
seedlings, which compete with white spruce seedlings for site resources.
White spruce increases in height more slowly than birch or aspen, so
competing vegetation must be suppressed for a longer time period to
increase its growth significantly over hardwood competitors (Cole
et al., 2003; Thiffault et al., 2003; Wiensczyk et al., 2011). On harvest-
only sites, mechanical scarification seldom suppresses competing ve-
getation sufficiently to allow spruce growth rates to increase (Cole
et al., 1999; Boateng et al., 2009). Initial blade scarification across In-
terior and south-central Alaska has been shown to increase planted
seedling growth for some locations (Youngblood et al., 2011), but
percentage of mineral soil exposed in those treatments was double that
of the most intensive (blade) treatment in this experiment, suggesting
that the stronger disturbance controlled of competition longer than in
our study.

The more intensive scarification treatments applied in our study
may have stimulated hardwood competition with white spruce. Double-
disc scarification had a neutral effect on white spruce basal area com-
pared to no scarification, while double-disc scarification increased birch
basal area significantly (Fig. 5c). Stands with a substantial regenerating
birch component, especially stands in which the initial accumulation of
birch basal area was accelerated by early scarification treatments, will
almost certainly support lower levels of white spruce basal area due to
the early birch canopy dominance and reduced light transmittance
(MacIsaac and Navratil, 1995; Comeau et al., 2003). Early establish-
ment of planted white spruce seedlings appears to be an effective way
to avoid early birch competition in burned and salvaged stands. The
relative dominance of birch versus white spruce in young stands as
mediated by scarification merits additional research, especially given
the considerable expense of scarification.

4.3.2. Effects of white spruce regeneration treatments
The superior growth and initiation of dominance by white spruce

seedlings within planted S/SPs compared to all other WSRTs was one of
our clearest results (Fig. 6b). We found that planted seedling S/SPs
accumulated substantially more basal area than any other WSRT re-
gardless of GST or LF type (Fig. 6b), even allowing for the stunted
growth due to fungal infection of spruce planting stock in two of the six
blocks. Strong growth of planted white spruce at 28 years is consistent
with observation after 10 years (Densmore et al., 1999). Other studies
have established that the success of planting white spruce seedlings on
unburned sites depends on a number of factors, especially the type and
amount of ground cover (Eis, 1981; DeLong et al., 1997), which can be
managed through site preparation such as herbicide or mechanical
scarification (Boateng et al., 2009; Youngblood et al., 2011). Our study
establishes that planted white spruce seedlings consistently succeeded
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in establishing a substantial basal area advantage on this burned and
salvaged site, which may approximate the advantages of scarification
seen on unburned harvested sites.

Broadcast seeding also succeeded in establishing large numbers of
white spruce on the study area compared to natural seedfall Fig. 6b).
We observed many small tree seedlings on broadcast S/SPs that did not
meet the measurement inclusion criteria (dbh ≥ 1.0 cm), suggesting
particularly high stem density. It appears that there will be a substantial
time lag for these seedlings to reach the canopy, if they are able to at all.
These results are similar to a nearby upland experiment, in which
scarification following a mast-seeding year resulted in a high input of
viable seed in conjunction with suitable seedbeds, ultimately resulting
in severely overstocked stands (Wurtz and Zasada, 2001). The broad-
cast seeding WSRT appears prone to establishing overly dense stands on
fire-prepared seedbeds, resulting in a crowded, slow-growing white
spruce understory. By contrast, planting compared to broadcast seeding
channels site productivity into fewer preferred stems and accelerates a
stand’s basal area accumulation of white spruce (rather than non-crop
species).

The Slope LF appeared to be more hospitable to white spruce re-
cruitment arising from seedfall than the Ridge, with a threefold greater
stem density coming from both natural seedfall and broadcast seeded S/
SPs (Fig. 6b). White spruce survival, measured five years after estab-
lishment, was slightly greater on the Slope than the Ridge for the direct
seed treatments, and the difference increased on the subset of S/SPs
measured after 10–12 years (Densmore et al., 1999). One reason for
differential spruce survival by LF appears to have been the greater cover
and persistence of the grass Calamagrostis canadensis across the ridge.
Two years after treatment, disc scarification was not as effective at
reducing vegetation on the Ridge compared to the Slope (Densmore
et al., 1999). C. canadensis grows vigorously after disturbance, cools the
soil, and may suppress spruce seedling recruitment and growth (Hogg
and Lieffers, 1991; Collins and Schwartz, 1998). Conversely, the slope
had greater herb cover, which is positively correlated with spruce
survival and growth (Cater and Chapin, 2000). The differences in to-
pography between the two LFs are consistent with environmental fac-
tors that facilitate the different ground cover vegetation types. These
two different vegetation covers are associated with micro-scale differ-
ences in soil temperature and light environment (Cater and Chapin,
2000; Purdy et al., 2002), and we infer that these factors reduced white
spruce establishment from seed on the Ridge. Hypothesized boreal
forest succession processes, in which slow-growing conifers eventually
replace same-aged hardwood associates (Awada et al., 2004; Chapin
et al., 2006; Kurkowski et al., 2008), appear unlikely to occur on the
Ridge due to the very low levels of spruce recruitment (Fig. 6b).

4.3.3. Natural regeneration considerations
The simplest method to recruit spruce stems is from natural seedfall.

However, regeneration from natural seedfall requires both a significant
seed source input and suitable seedbeds for germination (Gärtner et al.,
2011). Our study area had high levels of both factors favoring white
spruce establishment: historically large mast-seeding episodes im-
mediately following fire, which provided a strong seed source (in 1983
and 1987; see Zasada, 1985; Roland et al., 2014), and highly favorable
seedbed conditions compared to nearby unburned and harvested sites
(Densmore et al., 1999). We infer that the combination of these factors
favored substantial white spruce recruitment throughout RCFTRI at
distances up to 265 m downwind from unburned stands with a mature
spruce component (see Section 3.2.2), in line with local prevailing
winds (Youngblood and Max, 1992).

Even though the Slope and Ridge LFs are similar in distance to
unburned edge (Table 1), the Slope whole plot is oriented perpendi-
cular to the prevailing wind direction within a burned finger bordered
on three sides by unburned mature spruce-hardwood forest (Fig. 1). By
contrast, the Ridge is parallel to the prevailing wind and less of its area
is within the wind-dispersed seed shadow. As a result, the less favorable

position of the Ridge S/SPs with respect to surviving white spruce seed
sources and prevailing winds appears to have contributed to lower
average spruce density compared to the Slope (Fig. 6b).

Depending on wind-dispersed seed sources for natural regeneration
also requires timely seed masting events, but the timing of salvage
harvest is tied to the fire season and not the masting cycle per se. White
spruce masting in Interior Alaska is both infrequent (Juday et al., 2003)
and irregular (Zasada and Viereck, 1970; Fox et al., 1984). Environ-
mental factors that control the initiation, viability, and magnitude of
periodic white spruce seed crops in Interior Alaska apparently max-
imize the probability that seeds, and especially mast crops, will be re-
leased into landscapes in which fires have recently occurred (Juday
et al., 2003; Roland et al., 2014). In addition, seedbed receptivity to
white spruce seedling establishment is considerably improved by fire
consumption of the upper organic layer of the forest floor (Purdy et al.,
2002). However, established white spruce seedling density following
fire is not necessarily explained by masting events alone, because fac-
tors such as immediate post-fire weather and fire severity effects on the
seedbed may also exert a controlling influence (Peters et al., 2006).
Overall, because of post-fire seedbed receptivity and the synchrony of
large seed crops to fire, burned stands are likely to experience higher
natural white spruce regeneration success than stands originating from
arbitrarily scheduled harvest of green stands. As a result, natural re-
generation is often a robust regeneration strategy in post-fire salvage
stands.

4.4. Birch ingrowth: Basal area and stem density

The experimental regeneration treatments of the RCFTRI were de-
signed to increase white spruce establishment and early growth.
However, all the factors we analyzed continued to exert a large influ-
ence on birch basal area and stem density into the stem exclusion stage
of development, with implications for white spruce establishment and
growth. Birch dominated the Ridge, contributing 84% of total basal
area compared to only 44% on the Slope. Birch establishment likely did
not generally face a seedbed limitation on either landform, because the
thick organic layers that typically inhibit birch recruitment (Densmore
and Page, 1992) were greatly reduced by the combined effects of severe
burning and salvage logging. Nonetheless, birch basal area was doubled
with any form of ground scarification (Table 5), which would constitute
direct competition with a white spruce crop. Birch density and basal
area also did not appear to be limited by the higher levels of C. cana-
densis on the Ridge measured after initial treatment (Densmore et al.,
1999), even though birch stem density has been inversely related to C.
canadensis cover (Densmore and Page, 1992). Apparently, organic layer
thickness on a burned and salvaged site exercises greater control over
birch abundance than grass cover.

Birch stem density decreased with greater distance from the nearest
unburned edge (Table 3). Birch seed is typically wind-dispersed with
peak dispersal occurring in the fall (Safford et al., 1990). However,
variation in birch stem density in our study was not improved by in-
corporating the prevailing wind direction during the fall months. Birch
seed dispersal may be less reliant on fall winds to reach suitable seed-
beds than white spruce in our study area: birch seeds have been re-
corded up to 200 m from the seed source irrespective of wind direction
(Zasada, 1985), may be latent in soil seedbanks even in burned sites
(Archibold, 1979), and continue to abscise from the parent at reduced
rates throughout the winter (Safford et al., 1990). Though birch can
also reproduce asexually from root collar sprouting, sprouting ability
begins to decline after a stem reaches 55 years (Safford et al., 1990), the
burned stands that comprise the study area originated between the late
18th and early 19th centuries (Juday et al., 2013). As a result, we be-
lieve that birch largely reproduced in our study area from seed, and that
birch seedfall was not as wind-dependent as white spruce. Forest
managers should expect birch regeneration in post-fire salvage sites if
unburned birch stands are nearby.
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4.5. Aspen sprouting: Basal area and stem density

In order to make statistically robust inferences about aspen in a
silvicultural installation such as RCFTRI, the experiment would need to
be applied on post-fire sites that had a more even pre-fire aspen com-
ponent than the patchy distribution which characterized our site (for
example, Paragi and Haggstrom, 2007). Nevertheless, we observed
strong tendencies that are highly indicative of aspen’s probable re-
sponse to the experimental treatments. Aspen was more prevalent on
the Slope LF, with approximately three times as much aspen basal area
and stem density compared to the Ridge. Although both landforms had
the same average amount of insolation (see Section 2.2), the Slope site
had a much greater variance in incoming solar radiation during the
growing season, and contained those S/SPs with the highest incoming
solar radiation, which relatively favors aspen establishment.

Aspen stem density was not correlated significantly with any seed
dispersal measure, which suggests that many aspen in the study area
sprouted asexually. Alternatively, aspen’s plumose seeds, which are
capable of long-distance dispersal (Perala, 1990), may have allowed for
a more uniform distribution across the study site. Generally, sexual
reproduction of aspen is less effective than asexual sprouting in Interior
Alaska due to stringent mineral seedbed and microclimatic germination
requirements (Johnstone and Chapin, 2006; Paragi and Haggstrom,
2007). Surveys conducted following the Rosie Creek fire found aspen
self-replacement to be the norm, due in part to the early spring timing
of the fire and the availability of unused root carbohydrate reserves at
that time of year (Foote and Viereck, 1985). Within the burn scar of the
Rosie Creek Fire, aspen regenerated in all pre-fire forest types, but re-
generated aspen stem density was up to two orders of magnitude
greater in pre-fire aspen stands (MacCracken and Viereck, 1990). Cer-
tain site types are more suitable to aspen growth due to earlier snow
melt, higher solar radiation, and higher rates of evapotranspiration that
put potential competitors at a disadvantage (Chapin et al., 2006;
Kurkowski et al., 2008). Site types inherently favorable to aspen often
have high levels of aspen basal area that readily regenerate following a
disturbance. These adaptive mechanisms for aspen persistence suggest
that when considering silvicultural regeneration treatments in stands
dominated by aspen prior to disturbance, a significant legacy effect can
be expected.

Fire or moderate forms of ground scarification have the potential to
increase aspen basal area and stem density via the reduction of thick
moss layers or slash removal which increases soil warmth and stimu-
lates aspen sprouting (Bella, 1986; Paragi and Haggstrom, 2007).
However, scarification methods that cause deep disturbance to the soil
can damage the shallow root systems which subsequently reduces aspen
density and growth (Haeussler and Kabzems, 2005). For example, in
northern Saskatchewan, disc and blade scarification reduced aspen
biomass and stem density by over 70% compared to non-scarified sites,
likely due to the elimination of regenerating shoots rather than de-
creasing the vigor of remnant shoots (Peltzer et al., 2000). Vigorous
competition from birch and quick-growing shrub species has also been
observed to reduce aspen sprouting densities (Paragi and Haggstrom,
2007). Similarly in our study, competition from the prolific establish-
ment of birch following scarification have further reduced aspen re-
generation already weakened by scarification-induced soil disturbance.
In evaluating our results at the RCFTRI, it is noteworthy that the Rosie
Creek Fire significantly reduced the organic layer before site prepara-
tion or regeneration treatments. As a result, we believe that lower aspen
recruitment on S/SPs receiving an intensive GST was likely a function
of elimination of below-ground buds, compacted soil that reduced the
growth potential of surviving buds, and vigorous competition. Aspen
stem density was negatively related to the intensity of scarification,
suggesting that seedbed at the time of treatment was not a key lim-
itation, and therefore the majority of reproduction was from clonal root
suckering. Intensive scarification works against renewal of vigorous
aspen stands in Interior Alaska.

4.6. Management implications

4.6.1. Large dimension white spruce
The findings from this study can be summarized in a synthesis of key

decision points that incorporate multiple species management poten-
tials (Fig. 8a). Traditionally, one of the most common forest manage-
ment goals in Interior Alaska was producing large dimension white
spruce (Wurtz et al., 2006). However, meeting this goal following fire
and salvage harvest requires both establishing vigorous spruce re-
generation and suppressing other competitors from the earliest years of
stand establishment. Among the practices evaluated in this study, the
single most effective way to establish spruce and increase early basal
area and biomass was to plant white spruce seedlings. Planted seedlings
succeeded on sites even where the grass C. canadensis apparently sup-
pressed direct seeding efforts. Planted white spruce seedlings also ex-
perienced reliably high survival on a nearby floodplain study site
(Youngblood and Zasada, 1991), and our finding now demonstrate si-
milar high survival on upland landforms. In addition, our results de-
monstrate that although several techniques for initial establishment of
spruce were successful (Densmore et al. 1999), planted seedlings sub-
sequently obtained a significant advantage in early growth.

Some studies have suggested scarification as an effective way to
reduce grass competition and enhance spruce establishment (Collins
and Schwartz, 1998), but the scarification methods employed in the
RCFTRI were not intensive enough to increase white spruce basal area
on sites with substantial pre-existing grass cover. Achieving increased
basal area growth of white spruce usually requires suppression of
hardwood competitors over a more extended period than the initial
mechanical site preparation provides (Thiffault et al., 2003; Wiensczyk
et al., 2011). In fact, a British Columbia study found that patch scar-
ification stimulated an increase in vegetative competition and reduced
spruce seedling growth (Bedford et al., 2000), and based on our results
we expect that a similar competitive mechanism following scarification
will favor birch regeneration and reduce white spruce on similar sites.
Fire-thinned forest floor organic layers likely are sufficiently suitable
seedbeds to establish white spruce from seed, provided grass cover is
low to minimal. Where grass cover is vigorous and dense, for example
on the Ridge landform, even scarification apparently did not improve
spruce establishment due to rapid grass regrowth. Broadcast seeding,
although it represents less investment than planted seedlings, resulted
in many smaller stems that undoubtedly will have delayed entry into
the canopy (and thus longer rotation lengths) if they are able to at all.

The least-cost method to recruit spruce stems is from natural seed-
fall. Nonetheless regeneration from natural seedfall requires both a
significant seed source input and suitable seedbeds for germination
(Alden, 1985; Rupp, 1997). Our study area had both factors, and we
found white spruce recruitment sufficient to meet statutory require-
ments of 1111 stems ha−1 for stocking under the Alaska Forest Prac-
tices Act (DOF, 2007) at distances up to 265 m downwind from un-
burned stands with a mature spruce component. However, several
factors likely elevated the natural recruitment above what could be
reliably expected in other post-fire salvage situations. First, the study
area experienced multiple masting episodes within a few years of dis-
turbance, including the 1987 record high seedfall in 60 years of mea-
surement. Second, all spruce seed sources were uphill at higher eleva-
tion than the study area, which may increase horizontal glide path
distance travelled before a seed reaches the ground. Finally, even
mortally injured trees, which might be salvaged logged in other cir-
cumstances, contributed viable seed (Zasada, 1985). Other literature
suggests a reliable downwind dispersal distance for effective seed rain is
approximately 100 m (Greene and Johnson, 2000). In sum, the unique
factors of this study area suggest managers may not be able to depend
on the long dispersal distances we found.

In addition to establishing white spruce seedlings, management for
large dimension white spruce must also reduce the effects of hardwood
competition on white spruce volume and height growth in order to
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minimize rotation length. Stands with a substantial regenerating birch
component, especially stands in which the initial accumulation of birch
basal area was accelerated by early scarification treatments, will almost
certainly support lower levels of white spruce basal area (originated
from seed) due to the early birch canopy dominance. If mature birch
seed trees are nearby, care must be taken not to stimulate birch re-
generation through intensive scarification methods. Similarly, an aspen
overstory can decrease white spruce growth (Wright et al., 1998), but
intensive forms of ground scarification may disrupt the aspen clonal
root systems sufficiently to enhance early white spruce growth. De-
pending on hardwood reproduction potential, mechanical ground
scarification may facilitate birch and reduce aspen competition.

4.6.2. Wood biomass in Alaska
An emerging alternative to the production of large dimension white

spruce is production of above ground biomass, irrespective of species or
dimension of the woody material (Nicholls et al., 2010). If biomass is to
be produced from post-fire salvage harvested stands under a con-
strained budget, effective management decisions will need to account
for legacy effects following fire (Fig. 8b). Legacy effects of particular
importance for upland forests include the post-fire configuration of
unburned stands near the salvaged stand, the autumn prevailing wind
direction, as well as the pre-fire basal area of asexual sprouting species
(e.g., aspen).

The least cost management approach to reforest a site would involve
neither scarification nor artificial stocking. On sites with a substantial
pre-fire aspen component, doing nothing appears to maximize stand
biomass (particularly avoiding intensive scarification methods such as
bulldozer blading or multiple passes with a disc-trencher). However,
this management approach requires selecting sites that are conducive to
aspen (Kurkowski et al., 2008), particularly with substantial pre-dis-
turbance root systems (Frey et al., 2003). Warmer forest floors

following the removal of logging slash were correlated with an increase
in aspen sucker reproduction (Bella, 1986). High-severity wildfire si-
milarly reduces ground-cooling organic layers, ground layer vegetation
cover, and woody debris while killing the aspen canopy that suppresses
root-sprouting (Ilisson and Chen, 2009). Aspen regenerated prolifically
after the Rosie Creek Fire, with estimates between 71,600 and 138,150
stems ha−1 on pre-fire quaking aspen sites (Foote and Viereck, 1985;
MacCracken and Viereck, 1990). However, the highly intensive scar-
ification methods employed in this experiment reduced aspen stem
density, and high-severity fire alone is likely sufficient to regenerate
aspen (Paragi and Haggstrom, 2007).

By contrast, on sites with a large pre-fire birch component and
nearby birch seed sources, scarification will increase total biomass
(specifically birch biomass). Birch abundance in our study was related
to distance to unburned edge (with autumn prevailing wind direction
not significant), emphasizing the need for a proximate seed source
before considering scarification. Increasing scarification intensity, as
measured by mineral soil exposed, likely increases birch on a site up to
a critical point where overcrowding may occur. Double-disc plowing
(which initially exposed 25% mineral soil) increased birch basal area
the most (Fig. 5c), an effect that may be related to the depth of scar-
ification and the soil horizons exposed (Densmore and Page, 1992).
Scarification for birch reproduction may also increase moose browsing
activity due to the increase of young trees (Cole et al., 1999), and
should therefore be undertaken with full knowledge of local wildlife
dynamics.

Though planting white spruce seedlings had a neutral effect on total
biomass in this study after 28 years, this practice may increase total
woody biomass over a longer period by creating a multi-species stand.
Some boreal silviculture systems actively cultivate a spruce understory
beneath a birch canopy (Navratil, 1996), which protects young spruce
from frost and herbivory as well as improves soil qualities (Simard and

Fig. 8. Decision trees for (a) producing large diameter white spruce, and (b) maximizing on site biomass production.* represents a management decision that may lead to slower-growing
crop trees and longer rotation lengths compared to planting seedlings.
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Hannam, 2000; Wurtz and Zasada, 2001). Small spruce seedlings do not
impact birch growth, and eventual removal of the birch overstory re-
leases the shade-tolerant spruce (Simard and Hannam, 2000). White
spruce and aspen mixed stands in Alberta also show higher gross pro-
ductivity when considered for rotation ages over 80 years due to par-
titioning of site resources in space and time (Man and Lieffers, 1999).
Our results indicate that planting white spruce seedlings shifts more of
a site’s early productivity from hardwood to white spruce growth, but
could be a viable strategy to produce more biomass over a long period.

5. Conclusions

• Early silvicultural treatments targeted in this study to improve white
spruce survival continue to have profound effects on the density and
growth of boreal tree species, even after nearly three decades
without tending.

• Contrasting with green-harvest management findings, ground scar-
ification on this burned and salvaged site had a neutral effect on
white spruce growth, while planted white spruce seedlings was
particularly successful regardless of landform type or groundcover
vegetation.

• Treatment effects did not attenuate over time for white spruce, and
we found statistically significant effects that the original researchers
could only describe as tendencies.

• Total biomass was increased on birch dominated areas that received
scarification, but planting spruce merely shifted site biomass away
from hardwoods largely into canopy-dominant spruce.

• Site differences, such as we found between the Slope and Ridge
landforms, are a key consideration for implementing effective sil-
vicultural practices. Statistically significant interactions between the
regeneration treatments and landform types proved to be critical to
meet specific reforestation objectives, likely through the mechanism
of differing herbaceous vegetation cover types, presence/absence of
aspen clonal rootstocks, and spatial configurations regarding seed
sources.

• Reforesting mixed species stands, which are common in the lightly
managed portions of the boreal forest, requires not only the con-
sideration of the future crop tree, but also the interacting effects of
silvicultural practices on all tree species.
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