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Abstract: Wildfire activity is increasing in boreal forests as climate warms and dries, increasing
risks to rural and urban communities. In black spruce forests of Interior Alaska, fuel
reduction treatments are used to create a defensible space for fire suppression and
slow fire spread. These treatments introduce novel disturbance characteristics, making
longer-term outcomes on ecosystem structure and wildfire risk reduction uncertain. We
remeasured a network of sites where fuels were reduced through hand thinning or
mechanical shearblading in Interior Alaska to assess how successional trajectories of
tree dominance, understory composition, and permafrost change over ~20 years after
treatment. We also assessed if these fuel reduction treatments reduce modeled
surface rate of fire spread (ROS), flame length, and fireline intensity relative to an
untreated black spruce stand, and if surface fire behavior changes over time. In
thinned areas, soil organic layer (SOL) disturbance promoted tree seedling recruitment
but did not change over time. In shearbladed sites, by contrast, both conifer and
seedling density increased over time and broad-leaved deciduous seedlings were 20
times more abundant than spruce. Thaw depth increased over time in both treatments
and was greatest in shearbladed sites with thin a SOL. Understory composition was
not altered by thinning but in shearbladed treatments shifted from forbs and horsetail to
tall deciduous shrubs and grasses over time. Modeled surface fire behavior was
constant in shearbladed sites. This finding is inconsistent with expert opinion,
highlighting the need for additional fuels-specific data to capture the changing
vegetation structure. Treatment effectiveness at reducing modeled surface ROS, flame
length, and fireline intensity depended on the fuel model used for an untreated black
spruce stand, pointing to uncertainties about the efficacy of these treatments at
mitigating surface fire behavior. Overall, we show that fuel reduction treatments can
promote low flammability, deciduous-dominated successional trajectories, and that
shearblading has strong effects on understory composition and permafrost degradation
that persist for nearly two decades after disturbance. Such factors need to be
considered to enhance the design, management, and predictions of fire behavior in
these treatments.
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Editors and Reviewer comments:
[our response in blue]

The paper has properly addressed the comments provided by previous reviewers.
Reviewer #1:

Overall, the authors have presented interesting results from a study about a topic that
is relevant for fire prevention. The manuscript is generally well-written, but it is very
long.

Keywords. | think that the first three words are included in the title. | would change
these words to other keywords.

These words are changed to: climate change; disturbance; forest regeneration;
permafrost

Line 89: some references are needed in this sentence
Added Johnstone et al. 2010b

Line 156, line 499 and line 557. What type of thinning was implemented (heavy, light)?
Added “Thinning consists of stem reduction to a ~ 3 m spacing and pruning of ladder
fuels to ~2 m height on the bole.”

Line 170. | don’t understand this idea. If larch is also coniferous, why larch is not
included in this group?

Added “Larch is a deciduous conifer, but few were observed in our study sites (0.3% of
all seedlings). Grouping them into conifers or removing them from analyses did not
change our findings (results not shown). Hereafter, our reference to deciduous trees
refers to broad-leaved deciduous trees.” We have also added the term “broad-leaved
deciduous trees” to several key sections to clarify this difference.

Line 181: How was measured the SOL?

Added “In each quadrat, we cut a 10 x 10 cm block of organic soil with a bread knife,
removed it to the mineral soil or permafrost interface, and measured total SOL depth
from the surface of the soil, including moss, to mineral soil or permafrost surface.”

Line 276: Why is used a wind speed of 8.5 km/h?

Added “This wind speed was the summer average (May-September) from 1984-2018
for the Fairbanks International Airport (NOAA 2021). A wind adjustment factor for
thinned sites was calculated based on site-specific canopy cover, a canopy height of
10 m, and a crown ratio of 0.5.”

Table S10: What is NA in some plots? WAF should change based on the fuel treatment
What about fuel moisture change after fuel treatments? | think that thinning could affect
fuel moisture based on solar radiation

Please see above.

Line 364: the authors make an assertion that | believe is not supported by the data.
It may be that the line numbers we are seeing are different and we are not identifying
the right line. Line 364 says “In thinned and shearbladed sites SOL depth increased
over time (0.84 £ 0.19 cm yr-1 in thinned and 0.33 + 0.16 cm yr-1 in shearbladed;
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Figure 4; Table S8).” These are results.

Line 433: some references are needed in this sentence
Added Melvin et al. 2018.

Line 438: some references are needed in this sentence
I must be off in line numbers, because this sentence describes our findings in this
paper.

Line 613. The fuel model selection is only based on one case, but fire behavior is
strongly dependent on the fuel (line 612)

We have revised this to: “The Alaska Fuel model guide recommends TU3 for closed
black spruce stands under moderate weather conditions but suggests that SH5 is more
applicable in dry conditions (Alaska Fuel Model Guide Task Group 2018). Both SH5
(Drury 2019) and TU4 (Horschel 2007) have been used to predict black spruce fire
behavior. Because our fire behavior analyses focused primarily on the comparison
between treated and unmanaged stands, we compared treated stands to all three fuel
types commonly used to model fire behavior in black spruce (e.g., Drury, 2019,
Saperstein et al., 2014), holding moisture conditions and fire weather constant across
categories.”

Line 617. After fuel treatment, | don’t think that fuel model will be constant because of
the vegetation dynamics

We have revised this to: “In both thinned and shearbladed stands, fire behavior did not
change over time. This makes sense in thinned stands because understory vegetation
and assigned fuel types were constant. In shearbladed stands, however, we were
surprised that changes in understory vegetation and assigned fuel types did not impact
fire behavior over time. Specifically, because we observed a temporal change from
forb and horsetail to a greater abundance of grasses, tall deciduous shrubs, litter, and
woody debris, which should increase fire behavior.”

It is said that conifer seedling density increased over time, but this increase is very
small. Was it significant (statistical analysis)?

Yes, this is significant as reported in the results section: “In shearbladed sites,
deciduous tree seedling density did not change over time (Figure 2b; Table S6) but
conifer tree seedling density significantly increased (~0.2 + 0.06 stems m-2 yr-1; Figure
2c; Table S6).” Over a decade, this increase is substantially more than we see in self-
replacing black spruce stands recovering from wildfire (Johnstone et al. 2020).

| think that the authors should disclose the limitations of their sampling methods and
size of the sampling

The size of the sampling is disclosed in the methods section. We have added some
sentences to the methods to emphasize the relatively large spatial scope that these
sites cover here: “In the summer of 2018, we re-sampled 11 hand thinned and 14
shearbladed sites in Interior Alaska that were previously measured in 2012 or 2013
(Melvin et al. 2018), and one thinned site where tree seedling density was measured in
2011 (Figure 1; Table S1). When these sites were originally selected, they comprised
all accessible fuel reduction treatments in Interior Alaska that were located on the road
system. From north to south, the sites were spread across approximately 500 km of
Interior forests.”

We also highlighted our small sample size but broad spatial scope in the conclusions
to prevent extrapolation beyond the constraints of our study. “. In Interior Alaska, large-
scale fuel treatments were initiated in the decade after the record 2004 wildfire season.
Our study focused on decadal change and was thus limited to the relatively few
spatially independent fuel treatments of this age: 12 thinned 14 shearbladed sites.
Although our sample size was small, sites were spread out across approximately 500
km, covering a large range of Interior Alaska forest and distinct, statistically significant
patterns emerged across these sites.”

Thank you for the opportunity to review this paper

We really appreciate your willingness to review, and your helpful comments!
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treatments on ecosystem structure and fire behavior in Alaskan boreal forests” by Melissa A.
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NAU NORTHERN ARIZONA UNIVERSITY



Response to Reviewers

Editors and Reviewer comments:
[our response in blue]

The paper has properly addressed the comments provided by previous reviewers.
Reviewer #1:

Overall, the authors have presented interesting results from a study about a topic that is
relevant for fire prevention. The manuscript is generally well-written, but it is very long.
Keywords. | think that the first three words are included in the title. | would change these words
to other keywords.

These words are changed to: climate change; disturbance; forest regeneration; permafrost

Line 89: some references are needed in this sentence
Added Johnstone et al. 2010b

Line 156, line 499 and line 557. What type of thinning was implemented (heavy, light)?
Added “Thinning consists of stem reduction to a ~ 3 m spacing and pruning of ladder fuels to ~2
m height on the bole.”

Line 170. | don’t understand this idea. If larch is also coniferous, why larch is not included in this
group?

Added “Larch is a deciduous conifer, but few were observed in our study sites (0.3% of all
seedlings). Grouping them into conifers or removing them from analyses did not change our
findings (results not shown). Hereafter, our reference to deciduous trees refers to broad-leaved
deciduous trees.” We have also added the term “broad-leaved deciduous trees” to several key
sections to clarify this difference.

Line 181: How was measured the SOL?

Added “In each quadrat, we cut a 10 x 10 cm block of organic soil with a bread knife, removed it
to the mineral soil or permafrost interface, and measured total SOL depth from the surface of
the soil, including moss, to mineral soil or permafrost surface.”

Line 276: Why is used a wind speed of 8.5 km/h?

Added “This wind speed was the summer average (May-September) from 1984-2018 for the
Fairbanks International Airport (NOAA 2021). A wind adjustment factor for thinned sites was
calculated based on site-specific canopy cover, a canopy height of 10 m, and a crown ratio of
0.5.”

Table S10: What is NA in some plots? WAF should change based on the fuel treatment

What about fuel moisture change after fuel treatments? | think that thinning could affect fuel
moisture based on solar radiation

Please see above.



Line 364: the authors make an assertion that | believe is not supported by the data.

It may be that the line numbers we are seeing are different and we are not identifying the right
line. Line 364 says “In thinned and shearbladed sites SOL depth increased over time (0.84 +
0.19 cm yrtin thinned and 0.33 + 0.16 cm yr! in shearbladed; Figure 4; Table S8).” These are
results.

Line 433: some references are needed in this sentence
Added Melvin et al. 2018.

Line 438: some references are needed in this sentence
| must be off in line numbers, because this sentence describes our findings in this paper.

Line 613. The fuel model selection is only based on one case, but fire behavior is strongly
dependent on the fuel (line 612)

We have revised this to: “The Alaska Fuel model guide recommends TU3 for closed black spruce
stands under moderate weather conditions but suggests that SH5 is more applicable in dry
conditions (Alaska Fuel Model Guide Task Group 2018). Both SH5 (Drury 2019) and TU4
(Horschel 2007) have been used to predict black spruce fire behavior. Because our fire behavior
analyses focused primarily on the comparison between treated and unmanaged stands, we
compared treated stands to all three fuel types commonly used to model fire behavior in black
spruce (e.g., Drury, 2019, Saperstein et al., 2014), holding moisture conditions and fire weather
constant across categories.”

Line 617. After fuel treatment, | don’t think that fuel model will be constant because of the
vegetation dynamics

We have revised this to: “In both thinned and shearbladed stands, fire behavior did not change
over time. This makes sense in thinned stands because understory vegetation and assigned fuel
types were constant. In shearbladed stands, however, we were surprised that changes in
understory vegetation and assigned fuel types did not impact fire behavior over time.
Specifically, because we observed a temporal change from forb and horsetail to a greater
abundance of grasses, tall deciduous shrubs, litter, and woody debris, which should increase
fire behavior.”

It is said that conifer seedling density increased over time, but this increase is very small. Was it
significant (statistical analysis)?

Yes, this is significant as reported in the results section: “In shearbladed sites, deciduous tree
seedling density did not change over time (Figure 2b; Table S6) but conifer tree seedling density
significantly increased (~0.2 + 0.06 stems m™ yr!; Figure 2c; Table S6).” Over a decade, this
increase is substantially more than we see in self-replacing black spruce stands recovering from
wildfire (Johnstone et al. 2020).

| think that the authors should disclose the limitations of their sampling methods and size of the
sampling



The size of the sampling is disclosed in the methods section. We have added some sentences
to the methods to emphasize the relatively large spatial scope that these sites cover here: “In
the summer of 2018, we re-sampled 11 hand thinned and 14 shearbladed sites in Interior
Alaska that were previously measured in 2012 or 2013 (Melvin et al. 2018), and one thinned
site where tree seedling density was measured in 2011 (Figure 1; Table S1). When these sites
were originally selected, they comprised all accessible fuel reduction treatments in Interior
Alaska that were located on the road system. From north to south, the sites were spread across
approximately 500 km of Interior forests.”

We also highlighted our small sample size but broad spatial scope in the conclusions to prevent
extrapolation beyond the constraints of our study. “. In Interior Alaska, large-scale fuel
treatments were initiated in the decade after the record 2004 wildfire season. Our study
focused on decadal change and was thus limited to the relatively few spatially independent fuel
treatments of this age: 12 thinned 14 shearbladed sites. Although our sample size was small,
sites were spread out across approximately 500 km, covering a large range of Interior Alaska
forest and distinct, statistically significant patterns emerged across these sites.”

Thank you for the opportunity to review this paper

We really appreciate your willingness to review, and your helpful comments!



Highlights

Highlights:

e Thinned and shearbladed treatments can promote tree recruitment

e Shearblading has greater long-term impacts on understory composition and thaw depth
e Fire behavior modeling did not capture temporal shifts in shearbladed understory

e Treatments did not consistently reduce fire behavior relative to an untreated stand
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Abstract

Wildfire activity is increasing in boreal forests as climate warms and dries, increasing risks to
rural and urban communities. In black spruce forests of Interior Alaska, fuel reduction treatments
are used to create a defensible space for fire suppression and slow fire spread. These treatments
introduce novel disturbance characteristics, making longer-term outcomes on ecosystem
structure and wildfire risk reduction uncertain. We remeasured a network of sites where fuels
were reduced through hand thinning or mechanical shearblading in Interior Alaska to assess how
successional trajectories of tree dominance, understory composition, and permafrost change over
~20 years after treatment. We also assessed if these fuel reduction treatments reduce modeled
surface rate of fire spread (ROS), flame length, and fireline intensity relative to an untreated
black spruce stand, and if surface fire behavior changes over time. In thinned areas, soil organic
layer (SOL) disturbance promoted tree seedling recruitment but did not change over time. In
shearbladed sites, by contrast, both conifer and broad-leaved deciduous seedling density
increased over time and deciduous seedlings were 20 times more abundant than spruce. Thaw
depth increased over time in both treatments and was greatest in shearbladed sites with a thin
SOL. Understory composition was not altered by thinning but in shearbladed treatments shifted
from forbs and horsetail to tall deciduous shrubs and grasses over time. Modeled surface fire

behavior was constant in shearbladed sites. This finding is inconsistent with expert opinion,
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highlighting the need for additional fuels-specific data to capture the changing vegetation
structure. Treatment effectiveness at reducing modeled surface ROS, flame length, and fireline
intensity depended on the fuel model used for an untreated black spruce stand, pointing to
uncertainties about the efficacy of these treatments at mitigating surface fire behavior. Overall,
we show that fuel reduction treatments can promote low flammability, deciduous tree dominated
successional trajectories, and that shearblading has strong effects on understory composition and
permafrost degradation that persist for nearly two decades after disturbance. Such factors need to
be considered to enhance the design, management, and predictions of fire behavior in these
treatments.

Keywords: climate change; disturbance; forest regeneration; permafrost; vegetation composition

Introduction

Wildfire activity is increasing in North American boreal forests as the climate warms and
dries (Balshi et al. 2009, Kasischke et al. 2010, Hoecker et al. 2020), posing a serious threat to
human communities and infrastructure (Berman et al. 1999, Trainor et al. 2009). Over the last
two decades, large fire years and increasing wildfire risk have prompted implementation of fuel
reduction treatments in the wildland-urban interface of Interior Alaska. Through removal of
crown and ground fuels, these treatments are designed to slow fire spread and reduce risks to
firefighters (Ott and Jandt 2005, Saperstein et al. 2014, KPB 2018, Jandt et al. 2019). However,
there is uncertainty in how the composition and structure of treated forests, and thus their fire
behavior, change over time. Understanding how fuel treatment characteristics shift over decadal

time scales is crucial for determining the maintenance schedule of older treatments and
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optimizing the construction of new treatments to promote long-term, cost-effective wildfire risk
mitigation.

In Interior Alaska, black spruce (Picea mariana) forests dominate the landscape (Viereck
et al. 1986) and pose the greatest wildfire threat to both rural and urban communities. The long-
term impacts of wildfire disturbance on these forests are well studied and provide a framework
for understanding how fuel treatment effects may play out over decadal timescales. Black spruce
forests are highly flammable, have large ground and crown fuel loads, and experience high-
intensity, stand-replacing fires (Hély et al. 2000) with a fire return interval of approximately 100
years in Interior Alaska (Johnstone et al. 2010a, Fire Effects Information System 2021).
Historically, post-fire conditions have favored self-replacement successional trajectories. Seeds
released from semi-serotinous black spruce cones recruit on partially combusted organic soils
within the first few years after fire, establishing a single-aged cohort that dominates until the next
fire (Johnstone et al. 2010a). Rapidly resprouting vascular understory species give way to mosses
as stands age, promoting re-accumulation of a thick soil organic layer (SOL; Hart and Chen
2006, Johnstone et al. 2010a, Jean et al. 2017). While combustion of the insulating SOL deepens
the active layer in permafrost-affected soils, re-accumulation of the SOL drives permafrost
recovery (Shur and Jorgenson 2007, Viereck et al. 2008, Jafarov et al. 2013), with the active
layer returning to its original depth 25-50 years after fire (Van Cleve and Viereck 1981).

Increased fire severity that burns deeply into the SOL disrupts historical post-fire
recovery patterns of these forests and promotes alternative successional trajectories (Johnstone et
al. 2010b). Deep burning and exposure of mineral soil favors recruitment of broad-leaved
deciduous tree species, such as trembling aspen (Populus tremuloides) and Alaska paper birch

(Betula noealaskana; Johnstone et al. 2020, Mack et al. 2021). Stands dominated by deciduous
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trees have little moss cover (Jean et al. 2017), shallow SOLs, and deeply thawed soils (Van
Cleve et al. 1983, Melvin et al. 2015; Alexander and Mack 2016). The low flammability of
deciduous forests (Cumming 2001) can reduce landscape fire activity (Hély et al. 2000,
Johnstone et al. 2011, Girardin and Terrier 2015).

The primary fuel reduction treatments applied to black spruce forests in Alaska are
manual thinning and shearblading. Thinning consists of stem reduction to a ~ 3 m spacing and
pruning of ladder fuels to ~2 m height on the boles. Shearblading consists of mechanical
removal of aboveground biomass with a sharp blade attached to a bulldozer. Although these
treatments differ qualitatively from wildfires in disturbance characteristics, there are some
impacts that are similar: removal of aboveground biomass that impacts seed sources and SOL
disturbance that impacts seed beds. Similar to fire, loss of seed sources and exposure of mineral
seed beds in fuel reduction treatments could promote a shift from high flammability black spruce
to low flammability alternative deciduous successional trajectories. In thinned stands, impacts on
stand regeneration through seedling recruitment, understory plant community composition, and
SOL depth are minimal (Little et al. 2018, Melvin et al. 2018). Shearblading, by contrast, is more
comparable to stand-replacing fire; it removes all aboveground tree biomass and may
significantly disturb soils (Ott and Jandt 2005, Butler et al. 2013, Little et al. 2018). Shearblading
is also more likely to expose mineral soil, resulting in high deciduous tree recruitment,
establishment of early successional forbs and grasses, and large increases in soil thaw depth
(Melvin et al. 2018).

To date, there is no published information on how ecosystem characteristics and fire
behavior change over decadal timescales in treated forests of Interior Alaska. High deciduous

tree recruitment and survival may shift treated areas towards deciduous-dominated forests that
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act as persistent living fuel breaks (Johnstone et al. 2011), yet dense thickets of deciduous trees
or shrubs could impede firefighter access. Continued permafrost degradation in fuel treatments
could modify hydrology and plant composition (Schuur and Mack 2018) and make these areas
dangerous to access due to ground instability and collapsed trees (Osterkamp et al. 2000).
Modeled fire behavior results show contrasting impacts of fuel treatments in Interior Alaska
(DeFries 2003, Theisen 2003, Horschel 2007, Little et al. 2018), and empirical observations of
wildfire behavior in fuel reduction treatments are limited (Butler et al., 2013). Research in other
regions of the boreal biome also report conflicting impacts of fuel treatments on fire behavior
(e.g., Mooney 2013, Beverly et al. 2020, Thompson et al. 2020). Knowing how potential fire
behavior changes as treatments age will improve the design and maintenance schedule of fuel
treatments that foster long-term wildfire risk mitigation.

To improve our understanding of how key ecosystem characteristics change over time
after fuel reduction treatment, we remeasured a network of different aged thinned and
shearbladed sites that were established ~20 years ago in Interior Alaska. We documented how
successional trajectories of tree dominance, understory composition, and active layer depth
changed over decadal timescales. We used these data to model surface ROS, flame length, and
fireline intensity between treatment types and assessed if they were effective in reducing surface
fire behavior relative to untreated black spruce stands. We also examined how surface fire
behavior changed over time after treatment. Our results provide insight into fuel treatment
impacts on temporal changes in ecosystem structure and thus how well the goals of reduced fire

risk are likely to be met as these treatments age without further intervention.

Materials and Methods
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Field Methods

In the summer of 2018, we re-sampled 11 hand thinned and 14 shearbladed sites in
Interior Alaska that were previously measured in 2012 or 2013 (Melvin et al. 2018), and one
thinned site where tree seedling density was measured in 2011 (Figure 1; Table S1). When these
sites were originally selected, they comprised all accessible fuel reduction treatments in Interior
Alaska that were located on the road system. From north to south, the sites were spread across
approximately 500 km of Interior forests. In 2018, time after initiation of fuel reduction
treatments ranged from 7 — 17 years. Each site was paired with an adjacent, unmanaged, black
spruce-dominated stand to serve as a reference stand (see Melvin et al. 2018). See Table S2 for
site level summaries of tree density, DBH, and basal area measured in 2012 or 2013. Overstory
trees, vegetation, and ground cover were not re-measured in unmanaged sites as the slow pace of
succession in these mature forests (Van Cleve et al. 1991, Hollingsworth 2004) indicates little
potential for substantial vegetation change from 2012 or 2013 to 2018. Harvested biomass was
burned on site in piles or windrows (see Table S1) in all treated areas except Chena Hot Springs
Road North, Badger Road, Delta Junction, and Toghotthele. If harvested biomass was not burned

on site, it was either removed from the site or piled and left at the site.
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We used GPS coordinates to relocate and sample transects at each treated and adjacent
unmanaged site measured in 2012 or 2013. There were two 20 m transects per treated or
unmanaged area that were approximately 20 m apart. Three thinned areas required a different
sampling design because they were smaller in area than the other sampling locations (Table S1).
Each of these three areas consisted of two unmanaged 9 x 9 m plots that were paired with 9 x 9
m plots that had been either thinned to 2.4 x 2.4 m or 3 x 3 m tree spacing (see Ott and Jandt
2005). Within each 9 x 9 m plot we sampled two 7 m transects, 1 m from the plot edge, and 2 m
apart in each of the two thinned and paired unmanaged plots. Within these areas, plots with
different tree spacing were handled as individual sites. We also sampled transects at a thinned
site where only tree seedling data was collected in 2011 (Table S1). We did not have transect
coordinates for this site from 2011, and thus established two 20 m transects at the managed and
paired unmanaged site.

To estimate the density of tree seedlings and trees (< 1.4 m in height), we placed five 1 x
1 m quadrats at random locations along each 20 m transect. In each quadrat all seedlings and
trees were counted and identified as conifer (black spruce and white spruce (Picea glauca)) or
broad-leaved deciduous (trembling aspen (Populus tremuloides), Alaska paper birch (Betula
neoalaskana), and Larix laricina (larch)). Larch is a deciduous conifer, but few were observed in
our study sites (0.3% of all seedlings). Grouping them into conifers or removing them from
analyses did not change our findings (results not shown). Hereafter, our reference to deciduous
trees refers to broad-leaved deciduous trees. We did not differentiate between deciduous tree
suckers and seedlings, but the lack of deciduous trees in surrounding, unmanaged stands suggest
that these were seedlings. Black spruce layers (asexual clones established from rooted branches)

were included in regeneration measurements in 2012 and 2013, so in 2018 layers were counted
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in all quadrats but recorded separately from seedlings. To obtain a seedling count for 2012 and
2013 that did not include black spruce layers, we corrected for layers that were included in the
2012 and 2013 seedling counts using the ratio of seedlings to layers measured in 2018 at the
transect level. We then standardized all seedling counts (excluding black spruce layers) by type
(conifer and deciduous) to stems m prior to statistical analysis.

In each quadrat, we cut a 10 x 10 cm block of organic soil with a bread knife, removed it
to the mineral soil or permafrost interface, and measured total SOL depth from the surface of the
soil, including moss, to mineral soil or permafrost surface. Adjacent to each soil sampling
location, late summer thaw depth (an index of active layer depth) was measured using a 2 m steel
probe, which was pushed into the ground until hitting ice. At thinned sites where the transects
were 7 m, seedling density, SOL depth, and thaw depth were measured at two random locations
along each transect. See Table S3 for site level summaries of SOL depth and thaw depth
measured in 2018.

We used a point intercept method to measure plant and ground cover types in treated sites
(Goodall 1952). A pin was dropped every 1 m along each transect and the number of hits were
recorded for key plant genera (Salix spp., shrub Betula spp.) and plant functional types (horsetail,
clubmoss, evergreen shrub, sedge, grass, forb, other deciduous shrub). At each point we also
recorded ground cover, which included sphagnum moss, other moss, lichen, plant litter,
liverwort, burned and unburned coarse woody debris (CWD), and burned and unburned organic
soil. Prior to analysis, values were standardized by dividing the total number of hits for each
plant and ground cover type by the number of sampling points along each transect.

Lastly, each treated site in every sampling year was assigned a fuel type as described in

the Fuel Model Guide to Alaska Vegetation (henceforth 'Fuel Model Guide'; Alaska Fuel Model
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Guide Task Group, 2018) using a combination of site photos, field observations, and
measurements of understory composition from point-intercept data. These fuel types were then
cross walked to a standard 40 fuel model (Scott and Burgan 2005) as described in the Fuel
Model Guide. We typically assigned the default fuel model that best represented conditions in
the treatments, although suggested alternates in the Fuel Model Guide were chosen when site-

specific characteristics could affect fire behavior.

Statistical Methods

Our analyses were performed in R statistical software version 4.0.0 (R Development Core
Team 2021) and included measurements taken in all sampling years (2011, 2012, 2013, and
2018). To infer change over time in tree seedling density, understory vegetation composition,
SOL depth, and thaw depth, we combined repeated surveys (remeasurement of treated and
unmanaged sites) and elements of a space-for-time substitution (i.e., where different-aged sites
are used to represent change over time; Walker et al. 2010). We used a mixed modeling
framework to account for repeated measures within a site (Zuur et al. 2009).

For most of our analyses we fit generalized linear mixed effects models (GLMMs) using
the package ‘glmmTMB’ (Brooks et al. 2017) or linear mixed effects models (LMMs) using the
package ‘nlme’ (Pinheiro et al. 2021). For these models we: (1) included the random intercept of
site to account for spatial non-independence of repeated measurements within a site (Zuur et al.
2009), (2) tested for collinearity of covariates when there was more than one predictor using
variance inflation factors (VIF < 5; Sheather 2009) in the ‘car’ package (Fox and Weisberg
2019), (3) determined the significance of fixed effects using maximum likelihood ratio tests

comparing the full model to a reduced model and confirmed covariate importance with small
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sample corrected Akaike Information Criterion (AICc; Zuur et al. 2009). When interaction terms
were significant, we performed post-hoc tests comparing factors or trends in the ‘emmeans’
package (Lenth et al. 2021) using a Bonferroni p-value adjustment for multiple comparisons
(Haynes 2013). For GLMMs we determined the optimal model structure (Appendix 1) and
examined residual diagnostics and verified model assumptions were met using the ‘DHARMa’
package (Hartig and Lohse 2021). For LMMs we visually inspected model residuals to verify
that model assumptions were met and calculated optimal model coefficients using restricted
maximum likelihood estimation (Zuur et al. 2009).

As was done with the 2011, 2012, and 2013 data in Melvin et al. (2018), we compared
the measured variables (i.e., seedling density, SOL depth, thaw depth etc.) between treated and
unmanaged sites using the 2018 measurements. Our findings were similar with the measured
variables differing between treatments and compared with the unmanaged sites (Appendix 2).
Given the treatment differences, we built models separately for thinned and shearbladed
treatments in the analyses that follow.

Tree seedlings

We used GLMM s to test whether tree seedling density (stem m2) changed over time in
fuel reduction treatments and if it was influenced by SOL depth using seedling density (stem m
2) as the response variable and fixed effects of years after treatment, seedling type
(deciduous/conifer), their interaction, and SOL depth. For thinned sites, we used a type |
negative binomial distribution and for shearbladed sites a type Il negative binomial distribution.
A single zero-inflation parameter was applied to all observations for both models (Appendix 1).

Understory vegetation composition and ground cover
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We applied the Bray-Curtis dissimilarity index to understory vegetation and ground cover
types, separately for thinned and shearbladed treatments, using the ‘metaNMDS’ function in the
‘vegan’ package (Oksanen et al. 2020). For thinned treatments, these indices were calculated
from an initial matrix of 21 samples (one mean value per site in each sampling year) and the 10
vegetation and nine ground cover types described above. For shearbladed treatments, these
indices were calculated from an initial matrix of 28 samples (one mean value per site in each
sampling year) and the vegetation and ground cover types. We visually evaluated the
dissimilarity indices using non-metric multidimensional scaling (NMDS) ordination. For both
ordinations, the best NMDS solution was based on 20 random starts with 200 iterations and was
well represented in two-dimensions (stress < 0.2; McCune and Grace 2002). To assess if years
after treatment influenced the observed differences in plant composition and ground cover, we fit
years after treatment as an environmental vector onto each ordination using the ‘envfit’ function
in ‘vegan’ with site as a random effect (‘strata’; Oksanen et al. 2020).

SOL depth

To determine if SOL depth changed over time in fuel reduction treatments, we fit LMMs
with SOL depth as the response variable and the fixed effect of years after treatment. For
shearbladed sites, we square root transformed SOL depth to ensure normality and included a
variance structure (varExp) to allow for differences in residual spread along years after treatment
as revealed by diagnostic plots.
Thaw depth

To determine if soil thaw depth changed over time in fuel reduction treatments and if it
was influenced by SOL depth, we fit LMMs with thaw depth difference (ATD; treated-

unmanaged) as the response variable and the fixed effects of years after treatment and SOL
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depth. We determined ATD by calculating a mean thaw depth value for each adjacent
unmanaged site and subtracting this from individual thaw depth measurements taken at the
paired, treated site. We used ATD for this analysis to have a comparable measurement of thaw
depth across sites as depths were measured in different years and times of year. Two shearbladed
sites measured in 2018 (FTG1 and FTG2) were excluded from this analysis as thaw could not be
measured due to high soil resistance.
Surface fire behavior

We evaluated potential surface fire behavior (ROS, flame length, and fireline intensity) at
our study sites using the BehavePlus 6 (Andrews et al. 2005) fire modeling system (www.
firelab.org/project/behaveplus). Model inputs included the Scott and Burgan (2005) fuel type, a
slope steepness of zero, and a 20-ft wind speed of 8.85 km/hour. This wind speed was the
summer average (May-September) from 1984-2018 for the Fairbanks International Airport
(NOAA 2021). A wind adjustment factor for thinned sites was calculated based on site-specific
canopy cover, a canopy height of 10 m, and a crown ratio of 0.5. Site-level canopy cover was
calculated using measurements of tree diameter at breast height (DBH) and stand density
measured in 2012 or 2013 (Melvin et al. 2018) and species-specific equations derived from
Eastern US and Canada for crown diameter (Bechtold 2003). A canopy height of 10 m was
included as black spruce height in Interior Alaska generally ranges from 9-11 m (Hegg 1967).
One thinned site (NRTH2) was excluded from this analysis because we lacked tree inventory
measurements. For shearbladed treatments, wind adjustment factors were based on the assigned
fuel model.

Fire behavior modeling was performed under three fuel moisture scenarios to represent a

range based on the Scott Compare Models spreadsheet (Pyrologix 2018): (1) below average
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(“dry’; 1 hour=3%, 10 hour=4%, 100 hour=5%, live herbaceous=30%, and live woody=60%),
(2) average (‘average’; 1 hour=6%, 10 hour=7%, 100 hour=8%, live herbaceous=60%, and live
woody=90%), and (3) above average (‘wet’; 1 hour=9%, 10 hour=10%, 100 hour=11%, live
herbaceous=90%, and live woody=120%).

We chose to compare surface fire behavior in treated sites to a typical, untreated boreal
black spruce stand as it is the most widespread forest type in Interior Alaska (Viereck et al. 1986)
and the most likely forest type to be treated (e.g., Ott and Jandt, 2005). To model fire behavior in
a typical black spruce forest, we used three commonly applied or recommended Scott and
Burgan (2005) fuel types: SH5 (Shrub), TU3 (Timber-Understory), and TU4 (Horschel 2007;
Alaska Fuel Model Guide Task Group 2018; Little et al. 2018; Drury 2019). A wind adjustment
factor was calculated based on typical black spruce stand characteristics: a canopy cover of 60%,
a canopy height of 10 m, and a crown ratio of 0.8 (Hegg 1967, Viereck et al. 1992, Little et al.
2018).

To compare surface fire behavior between treated sites, we fit LMMs separately for each
fuel moisture category, with surface ROS, flame length, or fireline intensity as the response
variable and the fixed effect of treatment (thinned and shearbladed). We could not statistically
compare surface fire behavior between the treated sites and an untreated black spruce forest, so
we visually compared the mean and variability of all fire behavior characteristics. To assess if
surface fire behavior increased over time, we fit LMMs, separately for each moisture category
and treatment (thinned and shearbladed), with ROS, flame length, or fireline intensity as the
response variable and the fixed effect of years after treatment. We modeled flame length at
average moisture as a function of years after treatment in thinned areas with a simple linear

regression.
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Results
Tree seedlings

In thinned sites, conifer and deciduous tree seedling densities did not change over time
but were negatively associated with SOL depth, and deciduous seedlings were prevalent at SOL
depths < 10 cm (Figure 2a; Table S4). Conifer tree seedlings were about three times more
abundant than deciduous tree seedlings (Table S5). In shearbladed sites, deciduous tree seedling
density did not change over time (Figure 2b; Table S6) but conifer tree seedling density
significantly increased (~0.2 = 0.06 stems m yr'!; Figure 2c; Table S6). However, deciduous
tree seedling density was nearly 20 times greater than conifer tree seedling density in
shearbladed treatments (Figure 2a; Table S6). SOL depth had no effect on seedling density in
shearbladed sites (Table S4), likely because in this treatment the SOL was generally shallow in
all sampling years (Melvin et al., 2018; Appendix 2). Compared with paired unmanaged sites,
the density of conifer and deciduous seedlings in shearbladed sites in 2018 was significantly
greater (~78 and 6.5 times greater, respectively; Appendix 2). While only conifer seedling
density was significantly higher in thinned than unmanaged sites in 2018 (~6.5 times greater),

deciduous seedlings were also more prevalent in thinned areas (~4 times greater; Appendix 2).
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Figure 2. Results of generalized linear mixed models (GLMMs) depicting response of broad-
leaved deciduous (yellow points) and conifer (purple points) tree seedling density to variation in
(a) soil organic layer (SOL) depth in thinned sites and years after treatment for (b) deciduous and
(c) conifer seedling density in shearbladed sites. Note that values on the y-axis differ among
panels. Shading indicates the 95% confidence interval, each point is a seedling density
measurement along a transect, and significant relationships are represented by solid lines. See

Table S4 for model results and Table S4 for estimated marginal means of linear trends between
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Understory vegetation composition and ground cover

In thinned sites, the multivariate composition of understory plant and ground cover types
did not change over time (Table S7). Understory composition in thinned sites in 2018 was
analogous to that in unmanaged areas (Appendix 2). In shearbladed sites, the multivariate
composition of understory plant and ground cover types shifted over time (Table S7), from a

high abundance of forbs, horsetail, and a ground cover of burned organic soil and mineral soil in
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young sites to grasses, Salix spp., Betula spp., and a ground cover of litter and CWD in older

sites (Figure 3). Understory composition differed between shearbladed sites in 2018 and

unmanaged areas, with grasses, Salix spp., Betula spp., and litter dominating shearbladed sites

and evergreen shrubs, lichen, and moss dominating unmanaged sites. This was influenced by

SOL depth, such that differences in plant and ground cover types were associated with shallow

SOLs in shearbladed sites and deep SOLs in unmanaged sites (Appendix 2).
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Figure 3. Non-metric multidimensional scaling ordination of plant and ground cover types in

shearbladed sites (stress=0.178). Each point is a site and point colors represent years after

treatment. The mean location in ordination space of plant and ground cover types is illustrated by

the gray text and the arrow points in the direction of compositional change with years after

treatment (Table S7). CWD = coarse woody debris.
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Depth of SOL

In thinned and shearbladed sites SOL depth increased over time (0.84 = 0.19 cm yr! in thinned
and 0.33 + 0.16 cm yr'! in shearbladed; Figure 4; Table S8). At these rates, SOL depths would
reach pre-treatments levels 17 years after thinning and 65 years after shearblading given similar
environmental conditions. In 2018, SOL depth was greatest in unmanaged sites, followed by

thinned and then shearbladed treatments (Appendix 2).

Thaw depth

Thaw depth difference (ATD; the difference between treatment and unmanaged)
increased over time at a similar rate in thinned and shearbladed treatments (2.8 = 0.89 cm yr'! in
thinned and 2.8 = 0.84 cm yr! in shearbladed; Figure 5a and 5c; Table S9). Shearbladed
treatments thawed most rapidly in the immediate years post-treatment as indicated by the higher
intercept for shearbladed than thinned treatments (Figure 5c; Table S9). In both treatments, SOL
depth influenced ATD, such that ATD declined as SOL depth increased (Figure 5b and 5d; Table
S9). That is, the depth of thaw in treated sites approached that of unmanaged stands as the SOL
reaccumulated. In 2018, thaw depth was greatest in shearbladed sites, followed by thinned

treatments and then unmanaged sites (Appendix 2).
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Figure 4. Results of linear mixed models (LMMSs) depicting the influence of years after
treatment on soil organic layer (SOL) depth in (a) thinned and (b) shearbladed treatments.
Shading indicates the 95% confidence interval, each point is a SOL depth measurement along a
transect, and significant relationships are represented by solid lines. See Table S8 for model
results. Blue point and error bars at the 0 mark of years after treatment indicate the mean (£SD)

of SOL in paired unmanaged sites.
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relationships are represented by solid lines. See Table S9 for model results.
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Surface fire behavior

Thinned sites were classified as one of three fuel models (TU4, GS2, or GR2; Table S10),
with the majority classified as the Timber-Understory (TU) fuel model. Our classification of
shearbladed site fuel types varied more widely, and included Grass (GR1, GR2), Grass-Shrub
(GS1, GS2), Timber Understory (TU1), and Shrub (SH1) fuel models (Table S10). Fire behavior
in an untreated black spruce was modeled with SH5, TU3, or TU4. On average, thinning was
effective at reducing surface ROS, flame length, and fireline intensity under all fuel moisture
conditions compared with an untreated, black spruce stand represented by the SH5 fuel model
(Figure 6). However, surface fire behavior characteristics were generally similar, and in some
cases greater, in thinned sites relative to an untreated black spruce stand represented by TU3 or
TU4 fuel models (Figure 6). Shearbladed treatments were, on average, effective at reducing
surface fire behavior characteristics, besides ROS at dry and average fuel moisture, compared
with an untreated black spruce stand represented by the SHS fuel model (Figure 6). When using
the TU3 or TU4 model for an untreated black spruce stand, surface fire behavior tended to be
greater or similar in shearbladed treatments, except flame length and fireline intensity under wet
fuel moisture (Figure 6). ROS was significantly lower in thinned than shearbladed treatments
under dry fuel moisture, whereas flame length and fireline intensity were less in shearbladed than
thinned treatments at average and wet fuel moisture (Figure 6; Tables S11 and S12). In both
treatments, ROS, flame length, or fireline intensity did not significantly increase over time under

any fuel moisture condition (Figure 7; Figures S1 and S2; Tables S13 and S14).
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Figure 7. Predictions of surface rate of fire spread (top), flame length (center), and fireline
intensity (bottom) at average fuel moisture over time faceted by treatment (left=thinned,
right=shearbladed). The dashed, dotted, and dot-dash line indicate the value in an untreated black
spruce stand using the SH5, TU3, and TU4 fuel model, respectively, for the relevant fire
behavior variable. Point colors indicate the Scott and Burgan (2005) fuel model used in fire
behavior predictions. In both treatments, there was no change in any characteristic of surface fire
behavior over time (Tables S13 and S14). See Figures S1 and S2 for the same depiction of

results at dry and wet fuel moisture, respectively. Points are slightly jittered to better see the data.
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Discussion

Fuel reduction treatments used to create a defensible space for fire suppression and slow
fire spread can introduce novel disturbance characteristics (Melvin et al. 2018), making longer-
term outcomes on ecosystem structure and wildfire risk reduction uncertain. In this study, we
assessed how successional trajectories, understory composition, active layer depth, and surface
fire behavior changed over time across a network of thinned and shearbladed treatments in
Interior Alaska. We found that disturbance to the SOL in both thinned and shearbladed fuel
reduction treatments can promote alternative successional trajectories dominated by low-
flammability broad-leaved deciduous trees. Shearblading had a greater impact on understory
composition and permafrost degradation, as indexed by active layer depth, than thinning, and
these effects persisted for the full two decades of measurement after treatment. Whether
treatments reduced modeled surface fire behavior was dependent upon the fuel model used for an
untreated black spruce stand, with treatments showing the greatest effectiveness when using the
SHS fuel model for untreated black spruce. Finally, surface fire behavior was predicted to be
constant over time in shearbladed treatments despite documented changes in vegetation and
therefore changing fuel dominance, highlighting the need for additional fuels-specific data to
capture the unique structure of fuel treatments when modeling fire behavior.
Tree seedlings

Thinning promoted the recruitment of conifer tree seedlings, which remained constant
over time at densities within the range of those seen after wildfire (Johnstone et al. 2020). This
suggests that most establishment occurred in the first years after disturbance, which is consistent
with tree seedling recruitment after wildfires. Both deciduous and conifer seedling density was

negatively related to SOL depth. In five of the 11 sites, slash piles were burned; we observed the
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highest recruitment of seedlings in treatments where pile burning occurred (Table S15). Pile
burning combusts patches of underlying SOL, which may have exposed mineral soil safe sites
for seedling establishment (Johnstone et al. 2008). These observations raise the possibility that
thinning with pile burning could drive development of multi-aged stands, which would be more
flammable, have greater ladder fuels, and be less accessible to firefighters than mature, even-
aged conifer stands. Three of the five piled burned stands had deciduous seedling establishment;
more study of why these stands showed this pattern could provide insight into prescriptions that
promote the establishment of low flammability deciduous trees.

Conifer recruitment in shearbladed treatments persisted over two decades, highlighting
the novelty of this disturbance for successional dynamics as post-fire conifer establishment is
greatest in just the first few years after fire in black spruce forests (Johnstone et al. 2020). Like
thinned areas, the burning of harvested trees on site may have been a seed source initially after
treatment. However, the low yet persistent conifer recruitment (~0.2 stems m™! yr'!) in
shearbladed areas was likely from seed produced by mature black spruce on the edges of the
treatments, as it was the dominant conifer species in the surrounding, unmanaged forest. Black
spruce cones release seed without fire, albeit less rapidly than when heated by fire (Zasada et al.
1992, Greene and Johnson 1999). The shearbladed treatments we sampled were much smaller in
area than typical boreal fire scars (Calef et al. 2015), yielding a larger edge to area ratio and
shorter distance to unmanaged areas with mature black spruce (Turner and Chapin 2005).

Despite persistent conifer recruitment, there were about 20 times more deciduous than
conifer seedlings within shearbladed sites due to high deciduous tree recruitment initially
following disturbance (Melvin et al. 2018). This recruitment did not continue over time, thus

following more typical post-fire tree recruitment dynamics (Johnstone et al. 2020). Deciduous
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seedlings dominated these sites in all sampling years (Appendix 2; Melvin et al. 2018) and the
density of conifers relative to all trees and seedlings was lower in each shearbladed than paired
unmanaged site (Appendix 2). Shearblading removes most or all organic soil, providing a viable
seedbed for deciduous tree species (Johnstone et al. 2010b). Similarly, substantial site
disturbance from mechanical clear-cut logging can shift black spruce forests to deciduous
dominance (Carleton and Maclellan 1994). Because of high deciduous seedling dominance, these
treatments may not return to black spruce and instead will be effective in mitigating fire risk as
they mature into deciduous stands. However, the persistent recruitment of conifers indicates that
there is still some uncertainty about the final trajectory of shearbladed treatments. Mixed stand
trajectories may emerge that have a flammable conifer component that may, like thinned stands,
benefit from conifer removal. Also, thick deciduous stands could impede firefighter access and
fire mitigation efforts, indicating re-treatment of these areas to reduce deciduous tree density
may be needed, especially if the intent of the treatment is to provide a defensible space for
firefighters.
Vegetation composition and ground cover

Understory plant and ground cover composition did not change over time in thinned
treatments while grasses, tall deciduous shrubs, litter, and woody debris increased in shearbladed
treatments. Thinned areas also had a similar understory structure to unmanaged sites, which had
low plant diversity where feather mosses dominated the ground cover and evergreen shrubs, such
as Vaccinium vitis-idea and Rhododendron groenlandicum, were often present. Because SOL
removal is an important driver of species composition change after fire in boreal forests
(Hollingsworth et al. 2013) and as SOL disturbance was minimal and generally dispersed in

patches where fuels were burned in thinned treatments, there was no detectable change in
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understory structure. Thinning is in part implemented rather than other fuel reduction methods to
limit understory change (NPS 2021), and our findings indicate that thinning is effective at doing
so, at least within the first two decades after treatment.

In shearbladed treatments understory composition shifted from high forb and horsetail
abundance to grass and tall deciduous shrub dominance over time, similar to post-fire
community succession (Duchesne and Hawkes 2000). Ground cover also changed over time with
this treatment, from primarily burned organic soil and mineral soil to woody debris and plant
litter. As deciduous trees and shrubs annually produce litter (Hart and Chen 2006, Melvin et al.
2015), this change in ground cover can be attributed to the high density of deciduous tree
seedlings and increase in deciduous shrub abundance in shearbladed treatments. Such a temporal
shift in understory composition could be expected to increase surface fire behavior. For example,
grass accumulation would increase ROS as these fuels are highly flammable and readily carry
fire (Pausas 2015), especially during dry conditions when these fuels quickly dry out (Knowling
2016). Increased dominance of tall shrubs would increase fireline intensity and flame length as
these fuels give off more intense heat than herbaceous plants (Scott 2012). Dense thickets of
deciduous shrubs could also impede firefighter access, but further research on this topic is
needed as we did not directly measure shrub density. Lastly, understory composition consistently
differed between shearbladed and unmanaged areas (Melvin et al. 2018; Appendix 2). This
difference was influenced by the shallower SOL in shearbladed than unmanaged sites,
highlighting the significant and persistent impacts of extensive SOL removal on understory
composition. Overall, we show that hand thinning does not alter understory vegetation

composition. Shearbladed treatments, by contrast, with widespread SOL disturbance have
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longer-term impacts on understory structure, with understory fuel composition changing within a
few decades following treatment.
SOL depth

SOL depth increased over time in both thinned and shearbladed treatments and was
consistently shallower than SOL in unmanaged areas. As thinning does not directly result in SOL
removal, a decrease followed by a positive trend in SOL depth was unexpected. This could be
explained by initial death of feathermoss (Little et al. 2018, Jandt et al. 2019) recovering over
time combined with plant litter inputs (Lang et al. 2009; Turetsky et al. 2010), leading to SOL
reaccumulation (Van Cleve and Viereck 1981). Recovery from treatment-related compaction
may have also influenced this trend, as disturbances such as fuel treatments (Melvin et al. 2018),
logging (Ivanov 1976), and seismic lines (Dabros et al. 2018, Davidson et al. 2020) can result in
soil compaction in high-latitude forests.

While shearblading does not always result in significant soil disturbance (Nicholls 2006),
it significantly decreased the SOL in our study sites (Figure 2; Appendix 2). Thus, the increase in
SOL depth over time that we observed likely reflects recovery of the SOL that was partially or
completely removed through shearblading. High deciduous tree establishment, extensive litter
ground cover, and minimal moss presence in shearbladed treatments suggests SOL depth will not
return to pre-treatment levels and will remain more like deciduous stands (Johnstone et al.
2010a).

SOL recovery could be further inhibited in any treated areas that are following a
trajectory of deciduous dominance. Deciduous forests have shallower organic layers than black
spruce stands (Van Cleve et al. 1983) since deciduous leaf litter inputs inhibit moss accumulation

through shading or crushing (Jean et al. 2020) and litter quality (Natalia et al. 2008).
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Furthermore, compared with black spruce forests, soils in deciduous stands are warmer and
decomposition and nutrient turnover are more rapid (Melvin et al. 2015), which limits SOL
accumulation (Van Cleve et al. 1986). We conclude that organic soil depths will likely recover to
pre-treatment levels in thinned areas that maintain black spruce dominance whereas deciduous
litter accumulation could constrain the temporal increase in SOL depth in thinned and
shearbladed areas that are following a deciduous trajectory.

Thaw depth

Depth of thawed soil above the permafrost layer was greater in both treatments compared
with unmanaged areas, increased over time, and was negatively associated with SOL depth. In
thinned areas the positive trend in thaw depth over time was contrary to our predictions but could
be attributed to slow recovery from SOL compaction in areas within this treatment or patchy
SOL combustion from biomass burning that decreased the insulative properties of this layer
(Viereck et al. 1983, Jorgenson et al. 2010, Williams and Quinton 2013). Canopy removal could
be another important driver of increasing thaw across all thinned treatments, as greater solar
radiation reaches the ground when the canopy is removed, heating the soil and in turn increasing
thaw (Blok et al. 2010). Furthermore, a reduction in the crown layer via thinning increases the
amount of snow that reaches the ground, which acts as an insulator and can reduce freezing
depth (Sturm et al. 2001, Zhang 2005).

In shearbladed treatments thaw depth increased significantly over time, consistent with
partial or complete removal of the SOL (Appendix 2; Melvin et al. 2018) and a slower rate of
SOL accumulation than in thinned areas. Complete canopy removal in shearbladed areas also
likely contributed to soil thaw due to greater solar radiation and snow cover as discussed above.

Thaw was substantially greater in shearbladed than both thinned and unmanaged areas
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(Appendix 2; Melvin et al. 2018), further highlighting the negative impacts of shearblading on
permafrost stability. Considering that shearblading more substantially disturbs soils than
thinning, our results highlight that a greater initial impact of treatment results in a longer period
of recovery for soils and permafrost.

Permafrost degradation has widespread impacts on ecosystem structure (Jorgenson et al.
2001, Schuur and Mack 2018, Jin et al. 2020), including surface subsidence (Nelson et al. 2001,
Rodenhizer et al. 2020) and decreased water table depth in areas of ice-rich permafrost
(Jorgenson et al. 2013). Subsided areas are extremely difficult to navigate and could impede
firefighter access. In many of the shearbladed sites we sampled, subsided areas and shallow
water table depths were observed. Moreover, ground subsidence can disrupt the root zone and
lead to tipping of trees (Schuur and Abbott 2011), creating hazards for firefighter egress. If these
treatments are applied around or near buildings or other structures, thawing permafrost could
substantially impact their integrity. By modifying soil hydrology, biogeochemical processes, and
nutrient availability, soil thaw incites changes in plant community composition (Jin et al. 2020)
such as increasing the dominance of deciduous shrubs and trees (Schuur and Mack 2018).
Finally, permafrost soils store a considerable amount of carbon, and the emission of this carbon
acts as a positive feedback to climate warming (Schuur et al. 2015). Yet it is also important to
consider that permafrost-related carbon emissions would likely be greater after fire due to the
greater area generally impacted by fire than by fuel treatments. As shearblading resulted in the
greatest disturbance to the SOL and permafrost, we conclude that thinning is a better fire
management choice in areas of relatively ice-rich permafrost to limit permafrost degradation and
the associated impacts on ecosystem structure.

Surface fire behavior
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Model results showed that treated stands reduced surface fire behavior compared with
untreated black spruce stands, but only for the SH5 fuel type: not for the TU3 or TU4 fuel types.
The Alaska Fuel model guide recommends TU3 for closed black spruce stands under moderate
weather conditions but suggests that SHS is more applicable in dry conditions (Alaska Fuel
Model Guide Task Group 2018). Both SH5 (Drury 2019) and TU4 (Horschel 2007) have been
used to predict black spruce fire behavior. Because our fire behavior analyses focused primarily
on the comparison between treated and unmanaged stands, we compared treated stands to all
three fuel types commonly used to model fire behavior in black spruce (e.g., Drury, 2019,
Saperstein et al., 2014), holding moisture conditions and fire weather constant across categories.
Our study focuses on surface fire behavior, not crown, because it is comparable among all
treatments, including sherabladed sites where the crown has been removed. Thus, our
interpretation is limited to relative differences in surface fire behavior across treatments and
black spruce fuel types rather than absolute values.

The relative differences we found are consistent with other fire modeling studies in
boreal Alaska. For example, Little et al. (2018) showed that, relative to a black spruce stand
modeled with SHS, surface ROS, flame length, and fireline intensity were less in thinned
treatments and a single shearbladed treatment at low 20-ft wind speeds. By contrast, when black
spruce fire behavior was modeled with TU4, ROS was greater in thinned areas (Horschel 2007).
Observations of fire behavior in fuel treatments in Interior Alaska are very limited. The single
study showed reduced overall surface fire behavior in a thinned stand and reduced fireline
intensity and flame length in a shearbladed stand relative to untreated forest (Butler et al. 2013).
Our results show that treatment effectiveness for reducing surface fire behavior is dependent on

the fuel type chosen for untreated stands. Drury (2019) observed that SH5 may more accurately
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represent fire behavior in black spruce than TU3 or TU4, but this is based on one fire. More
observations of fire are needed in fuel treatments.

In both thinned and shearbladed stands, fire behavior did not change over time. This
makes sense in thinned stands because understory vegetation and assigned fuel types were
constant. In shearbladed stands, however, we were surprised that changes in understory
vegetation and assigned fuel types did not impact fire behavior over time. Specifically, because
we observed a temporal change from forb and horsetail to a greater abundance of grasses, tall
deciduous shrubs, litter, and woody debris, which should increase fire behavior. One implication
of these results is that vegetation change in shearbladed sites is not well represented by the fuel
types in the Alaska Fuel Model Guide. Additionally, fuel-specific measurements (e.g., live
herbaceous fuel load, live woody fuel load) may be needed to be included in BehavePlus model

inputs to better characterize shearbladed sites.

Conclusions

With increasing wildfire activity in boreal forests, rural and urban communities are
looking towards fuel reduction treatments to mitigate wildfire risk. In Interior Alaska, large-scale
fuel treatments were initiated in the decade after the record 2004 wildfire season. Our study
focused on decadal change and was thus limited to the relatively few spatially independent fuel
treatments of this age: 12 thinned 14 shearbladed sites. Although our sample size was small, sites
were spread out across approximately 500 km, covering a large range of Interior Alaska forest
and distinct, statistically significant patterns emerged across these sites. In thinned treatments,
we showed that patchy disturbance to the SOL can promote the establishment of conifer

seedlings at greater densities than deciduous seedlings, which could lead to conifer infilling over
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time. In shearbladed treatments, conifer recruitment was slow and deciduous tree seedlings were
20 times more abundant, suggesting stand conversion to deciduous tree dominance. Active layer
depth increased over time in both treatments but was greater in shearbladed sites, indicating that
thinning instead of shearblading could reduce permafrost degradation. Our modeling results
show uncertainty about treatment effectiveness for reducing fire behavior over time, highlighting
the need for new fuel type characterizations and fuel model inputs to adequately model surface

fire behavior in fuel treatments.
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Supplementary material

APPENDIX 1
Determining model error distribution and zero inflation

Methods

To determine the error distribution and zero-inflation parameter for generalized linear
mixed effects models (GLMMs) that were fit with seedling density as the response variable and
years after treatment as a fixed effect (see Statistical Methods), we built models with a 1)
Poisson distribution where the variance is equal to the mean, 2) a type I negative binomial
distribution where the variance increases linearly with the mean, 3) and a type Il negative
binomial distribution where the variance increase quadratically with the mean (Hardin and Hilbe
2007). Each model was fit without zero-inflation and with a zero-inflation parameter applied to
all observations. For each analysis, the best fitting model was determined by calculating small
sample corrected Akaike Information Criterion (AICc; Brooks et al. 2017). We then used the
‘DHARMa’ package (Hartig and Lohse 2021) for residual diagnostics of GLMMs.

Results

For thinned areas, seedling density was modeled with a type I negative binomial
distribution and a single zero-inflation parameter applied to all observations because this was the
model with the most support and model misspecification was not apparent in residual plots
(Table A1.1). In the model with more support (Model 1; Table A1.1), model assumptions were
violated as revealed by patterns in residual plots. For shearbladed areas, seedling density was
modeled with a type II negative binomial distribution and a single zero-inflation parameter
applied to all observations because this was the model with the most support and residual plots

did not indicate model misspecification (Table A1.2).



Table Al.1. Small sampled corrected Akaike Information Criterion (AICc) of generalized linear
effects mixed models for thinned sites with seedling density as the response variable, the fixed
effects of years after treatment, seedling type (deciduous and conifer), their first order
interaction, soil organic layer (SOL) depth, and the random intercept of site. Final model selected
in bold.

Model Family Zero- AICc | ® AIC | Loglik | weight

number inflation
1 I negative binomial No 427.4 10.000 |-206.5 |0.728
2 I negative binomial Yes 429.3 |1.980 |-206.5 |0.271
3 II negative binomial No 442.1 | 14.75 |-213.9 |0.000
4 II negative binomial Yes 4422 | 14.84 |-212.9 | 0.000
5 Poisson Yes 490.6 |63.28 |-238.2 |0.000
6 Poisson No 682.0 |254.7 |-334.9 |0.000

Table A1.2. Small sampled corrected Akaike Information Criterion (AICc) of generalized linear
effects mixed models for shearbladed sites with seedling density as the response variable, the
fixed effects of years after treatment, seedling type (deciduous and conifer), their first order
interaction, soil organic layer (SOL) depth, and the random intercept of site. Final model selected
in bold.

Model Family Zero- AICc | ® AIC | Loglik | weight

number inflation
1 I1 negative binomial Yes 1595.5 | 0.000 | -789.6 | 0.976
2 II negative binomial No 1603.0 | 7.526 |-794.4 |0.023
3 I negative binomial No 1608.9 | 13.46 |-784.8 | 0.001
4 I negative binomial Yes 1611.0 | 15.58 |-797.4 | 0.000
5 Poisson Yes 2142.5 | 547.0 | -1064 0.000
6 Poisson No 3012.3 | 1417 | -1488 0.000




APPENDIX 2
Comparison of treated and unmanaged stands

Methods

To compare conifer and deciduous seedling density within and between unmanaged,
thinned, and shearbladed sites in 2018, we fit a generalized linear mixed effects model (GLMM)
using the methods described in the main text (see Statistical Methods). The full model included
seedling density as the response variable, the fixed effects of stand type
(unmanaged/thinned/shearbladed), seedling type (deciduous/conifer), their first order interaction,
and the random intercept of site. The optimal model structure was determined by comparing
models with various error distributions and the presence or absence of zero inflation as described
in Appendix 1. This model was fit with a type I negative binomial distribution and a single zero-
inflation parameter applied to all observations (Table A2.1).

We compared tree seedling and mature tree composition in unmanaged sites to treated
sites using seedling measurements from 2018 and live, mature tree (2 1.4 m tall)
measurements taken in 2012/2013. The density of mature trees was measured differently than
seedlings such that all mature trees within 1 m of either side of the transect line were counted and
identified by species (see Melvin et al. 2018 for details). Thus, to calculate conifer and deciduous
seedling and tree density at each site, mature tree measurements were standardized to the total
area in which seedling measurements were taken for each treated and paired unmanaged stand.
Seedling and mature tree density measurements were then added to obtain site-level density of
conifer and deciduous seedlings and trees, and this was used to calculate conifer density relative
to total seedling and tree density each unmanaged and treated site. Site NRTH2 was excluded
from this analysis as tree density was not measured.

To compare understory composition between unmanaged sites in 2012/2013 and thinned
and shearbladed sites in 2018, we applied the Bray-Curtis dissimilarity index to understory
vegetation and ground cover types, and visually evaluated the dissimilarity indices using the
statistical methods described in the main text. These indices were calculated from an initial
matrix of 48 samples (one mean value per site and treatment) and the 10 vegetation and nine
ground cover types also described in the methods (see Understory vegetation composition and

ground cover in Statistical Methods). The unmanaged site paired with NRTH2 was not included



in this analysis as plant and ground cover were not measured. To determine if plant and ground
cover types differed between stand types and if soil organic layer depth (SOL) influenced the
observed differences, we fit stand type and SOL as environmental vectors onto the ordination
using the ‘envfit’ function in ‘vegan’ (Oksanen et al. 2020). Post-hoc tests comparing stand types
were then performed using the ‘pairwise.factorfit’ function in ‘RVAideMemoire’ (Hervé 2021)
with a Bonferroni p-value correction for multiple comparisons (Haynes 2013). The best NMDS
solution was based on 20 random starts with 200 iterations (McCune and Grace 2002). Results
are presented in two-dimensions although the stress was slightly high (stress=0.201) because the
addition of a third dimension did not change the interpretation of these results.

To compare SOL depth and thaw depth between unmanaged, thinned, and shearbladed
sites in 2018 we fit linear mixed effects models (LMMs) using the methods described in the main
text (see Statistical Methods). Models were fit with SOL depth or thaw depth as the response
variable, stand type (unmanaged/thinned/shearbladed) as a fixed effect, and the random intercept
of site. SOL depth was square root transformed to ensure normality. We also compared thaw
depth difference (ATD) between thinned a shearbladed sites in 2018 by fitting a LMM with ATD
as the response variable, stand type (thinned/shearbladed) as a fixed effect, and the random
intercept of site. Sites FTG1 and FTG2 were excluded from thaw depth analyses as thaw could
not be accurately measured at these sites due to high soil resistance. In the SOL depth, thaw
depth, and ATD model a variance structure (varldent) was included to account for different

variances per treatment as revealed by residual plots (Zuur et al. 2009).

Results
There was no difference in conifer or deciduous seedling density in thinned treatments,

but deciduous seedlings dominated shearbladed treatments. Additionally, there were more
conifer seedlings in both treatments than in unmanaged areas, and more deciduous seedlings in
shearbladed than thinned or unmanaged areas (Table A2.2 and A2.3). All shearbladed sites were
following a trajectory of deciduous dominance while conifer dominance was maintained in 80%
of thinned sites (Figure A2.1). Stand type had a significant influence on understory plant and
ground cover types (Table A2.4), which were different in shearbladed than thinned and
unmanaged sites (Table A2.5). Thinned and unmanaged sites were dominated by evergreen
shrubs, moss, and lichen whereas shearbladed sites were dominated by grass, tall deciduous

shrubs, and litter (Figure A2.2). SOL depth was correlated with plant composition and ground



cover (Table A2.4). Deeper SOLs were positively correlated with thinned and unmanaged sites
(Figure A2.2). The deepest SOLs were in unmanaged sites, followed by thinned and then
shearbladed sites. Thaw depth was greatest in shearbladed sites followed by thinned and then
unmanaged sites. Thaw depth difference was also greater in shearbladed than thinned sites

(Table A2.3)



Table A2.1. Small sampled corrected Akaike Information Criterion (AICc) of generalized linear
effects mixed models for all sites in 2018 with seedling density as the response variable, the
fixed effects of stand type, seedling type, their first order interaction, and the random intercept of
site. Final model selected in bold.

Model Family Zero- AICc ®AIC | Loglik | weight

number inflation
1 I negative binomial Yes 1331.1 | 0.000 | -656.4 | 0.735
2 I negative binomial No 133.4.4 13310 |-659.1 |0.141
3 II negative binomial Yes 1334.7 | 3.590 |-658.3 | 0.122
4 II negative binomial No 1343.5 | 12.39 | -663.7 | 0.001
5 Poisson Yes 1607.0 | 276.0 |-795.4 | 0.000
6 Poisson No 2310.5 [ 979.4 |-1148 0.000




Table A2.2. Results of the final generalized linear mixed effects model for modeling seedling
density and linear mixed effects models for modeling soil organic layer (SOL) depth, thaw depth,
and thaw depth difference (ATD; treated — unmanaged) in 2018. Seedling results are on the log
scale and SOL depth is square root transformed.

If)fzsrgzgli ¢ Fixed effects Estimate + SE z‘:a‘;:;z- p-value
Intercept (unmanaged) -2.95+0.58 -5.11 <0.001
Treatment (shearbladed) 4.31+0.54 8.00 <0.001
Treatment (thinned) 1.41+0.72 1.96 0.05
Seedling | Seedling type (conifer) 0.85+0.61 1.40 0.16
density | Treatment (shearbladed) x seedling type -2.45 + 0.65 -3.78 <0.001
(conifer)
Treatment (thinned) x seedling type 0.46 £ 0.81 0.57 0.57
(conifer)
Intercept (unmanaged) 5.15+0.16 32.0 <0.001
SOL depth | Treatment (shearbladed) -1.78+£0.11 -15.0 <0.001
Treatment (thinned) -0.64+0.12 -5.20 <0.001
Thaw Intercept (unmanaged) 47.5+5.26 5.06 <0.001
depth Treatment (shearbladed) 24.7+£4.78 4.51 <0.001
Treatment (thinned) 49.2 +4.89 4.89 <0.001
ATD Intercept (thinned) 250+12.2 0.02 0.839
Treatment (shearbladed) 77.5+10.6 7.32 <0.001

Table A2.3. Estimated marginal means of site measurements in 2018. Different letter denotes
significant differences in seedling density within and between stand types and in thaw depth, soil
organic layer (SOL) depth, and thaw depth differed (ATD) between stand types from post-hoc
tests of estimated marginal means based on final models (Table A2.2). Estimated marginal
means for SOL depth are square root transformed.

Variable Treatment
Thinned Shearbladed | Unmanaged
Conifer seedling density (stems/m?) 0.79 +0.33° 0.78+0.27° | 0.12+0.05°
Deciduous seedling density (stems/m?) | 0.21 £0.12%° | 3.89+1.23° | 0.05+0.03?
SOL depth (cm) 4.51 +0.19° 337+0.19° | 5.15+0.16°
Thaw depth (cm) 72.3 £ 6.30% 96.7+6.74° | 47.5+5.06°
ATD (cm) 2.5+12.2° 80.0+12.2° NA




Table A2.4. Significance of soil organic layer (SOL) depth and stand type on the ordination of
vegetation and ground cover composition in thinned, shearbladed, and unmanaged sites. See
Figure A2.2 for depiction of results.

Variable NMDS1 | NMDS2 R’ p-value
Soil organic layer (SOL) depth -0.76 -0.65 0.21 0.005
Stand type (Thinned) -0.16 -0.14
Stand type (Shearbladed) 0.37 -0.02 0.26 0.001
Stand type (Unmanaged) -0.15 0.08

Table A2.5. Pairwise comparisons of vascular plant composition and ground cover between
stand types.

Shearbladed Thinned
Thinned 0.002 NA
Unmanaged 0.002 0.155
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Figure A2.1. Relative conifer tree and seedling density at each unmanaged and treated stand
faceted by treatment type (thinned and shearbladed). Lines connect each paired unmanaged and
treated site. Green points and lines denote an increase, orange points and lines denote a decrease,
and purple points and lines denote no change in relative conifer tree and seedling density in the
treated versus unmanaged stand. There are 14 shearbladed and 10 thinned sites plotted.
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Figure A2.2. Non-metric multidimensional scaling ordination of plant and ground cover types in
unmanaged sites in 2012/2013 and thinned and shearbladed sites in 2018. Each point is a site and
thinned sites are represented by brown triangles, shearbladed sites by yellow circles, and
unmanaged sites by blue squares. In (a) the mean location in ordination space of plant and
ground cover types is illustrated by the gray text and circles indicate 95% confidence intervals
for each treatment centroid type. In (b) the arrow points in the direction of the most rapid change
in soil organic layer (SOL) depth (Table A2.4). See Table A2.5 for results of pairwise
comparisons between stand types. CWD = coarse woody debris.



Table S1. Name, abbreviation, location, treatment year, sampling year, and how fuels were
burned at each area sampled. Table is modified from Melvin et al. (2018).

. . Cut | Sampling Burn
Name Latitude Longitude Year Years Method
Thinned
Badger Rd. o ' " o ' "
(BADSP & BADI0P)* 64° 49' 22.55" | -147° 32' 58.75 2001 | 2013, 2018 None
Delta (DEL8P & DEL10P)* | 63°49'49.00" | -144° 58'26.34" | 2002 | 2013,2018 None
Eielson Air Force Base o A1 " o cr " )
(EAFB) 64° 41'38.83" | -146° 56' 13.86" | 2008 | 2012, 2018 Piles
Fort Greely Thinned o can " 0 Am " .
(FTGTH) 63°59'22.83" | -145°37'59.66" | 2005 | 2013, 2018 Piles
Harding Lake 3 (HDL3) 64°26'48.51" | -146° 54' 11.82" | 2010 | 2012, 2018 Piles
Nenana Ridge 1 (NRTH1) 64° 37'41.02" | -148°43' 18.85" | 2006 | 2013, 2018 Piles
Nenana Ridge 2 (NRTH2)® | 64°37'31.08" | -148°42'37.19" | 2006 | 2011, 2018 Piles
Toghotthele o A " o As "
(TOGSP & TOG10P)* 64° 43' 7.47 -148° 46'42.44" | 2001 | 2013, 2018 None
Shearbladed

Cache Creek Rd. 1 (CCR1) | 64°52'44.97" | -148° 19' 7.94” 2007 | 2012,2018 | Windrows
Cache Creek Rd. 2 (CCR2) | 64°52'44.31" | -148° 18'59.97” | 2007 | 2012, 2018 | Windrows
Cache Creek Rd. 3 (CCR3) | 64°52'46.51" | -148° 18'36.61” | 2007 | 2012, 2018 | Windrows
Chena Hot Springs Rd. o £ " o 1.1 "
North (CHSRN) 64° 53'59.17" | -147° 16'31.47" | 2007 | 2012, 2018 None
Chena Hot Springs Rd. o o " 0 141 " )
South (CHSRS) 64° 52'46.42" | -147° 13'7.26 2010 | 2012,2018 | Windrows
Eielson Air Force Base 0 A1 " 0 e " .
(EAFB) 64°41'41.02" | -146° 56' 24.59" | 2008 | 2012, 2018 Piles
Fort Greely 1 (FTG1) 63°59' 18.25" | -145°37'48.29" | 2007 | 2012, 2018 Piles
Fort Greely 2 (FTG2) 63° 58'21.09" | -145° 36' 50.20" | 2005 | 2012, 2018 Piles
Fort Greely 3 (FTG3) 63°59'10.31" | -145° 38' 14.99" | 2005 | 2012, 2018 Piles
Harding Lake 1 (HDLI) 64° 26'33.37" | -146° 49' 57.09" | 2009 | 2012, 2018 | Windrows
Harding Lake 2 (HDL?2) 64° 26'42.74" | -146° 47'20.21" | 2009 | 2012, 2018 | Windrows
Harding Lake 4 (HDL4) 64° 25'48.90" | -146° 48' 28.10" | 2008 | 2012, 2018 | Windrows
Old Murphy Dome Rd. East o = " o A1 " .
(OMDE) 64° 57'44.45" | -148° 2'39.44 2008 | 2012,2018 | Windrows
Old Murphy Dome Rd. - " o 111 " )
West (OMDW) 64° 57'11.79" | -148° 11' 15.75 2007 | 2012,2018 | Windrows

A9x9 m plots thinned to 2.4 x 2.4 m or 3 x 3 m tree spacing; plots with different tree spacing

were handled as individual sites

B Tree seedling data collected in 2011




Table S2. Biometrics for the overstory species for each area sampled. We report the number of
trees per site (Density) and the Cumulative Basal Area (BA) per site in cm2/m2. We also report
both the mean and standard deviation of the Diameter at Breast Height measurements (DBH) in
cm as well as the range (minimum to maximum). Species only shown in table if recorded at area

sampled.

DBH
Name Species Treatment | Density Basal Mean DBH
Area Range
(SD)
Thinned
Badger Rd. (BADSP Picea Treated | 30 | 73 | 58(23) | 22-144
BADI10P)* j
& o) markand - conrol | 70 | 49 | 2.8(1.9) | 04-82
T 1 1 (1. 1 -13.
Delta (DELSP & Picea reated 9 8 8.1(1.9) 6 3.9
DEL10P)* j
) MArand | control | 58 | 120 | 52(24) | 06-92
T ) 7 (2. 4.0-8.2
Picea reated 3 0.9 6.7 (2.3) 0-8
mariana
Eiclson Air Force Control 159 11.6 3(1.6) 02-8.1
B
ase (EAFB) Treated - - - -
Betula
neoalaskana | o1 | 2 0.5 | 63(23) | 46-79
T 14 . 10.1 (3.1 4.8 —16.
Picea reated 9.6 0.1(3.1) 8-16.9
ariand Control - - - -
T - - - -
Betula reated
neoalaskana
1 1 12.2 (4.1 .8-18.2
Fort Greely Thinned Contro 7 717 4.1) | 5.8-18
FITGTH
(FIGTH) Treated - - - -
Picea glauca
Control 40 11.3 53-43 0.7-2.8
T - - - -
Populus reated
; .
remuloides Control 6 11 8.0 (4.8) 20 15.0
Harding Lake 3 Picea
(HDL3) mariana | Treated 9 8.8 | 122(2.7) | 9.8-18.7




Control 47 11.9 5.1(3.8) | 0.2-120
Betula Treated 1 07 | 10.9(0) _
neoalaskana | ol | 04 | 7.9(0) 0
: Treated 9 4.2 8.5(2.1 49-11.6
Nenana Ridge 1 Picea reate @1
(NRTHI) MAnAana | control | 33 | 109 | 63(3.6) | 1.0-19.5
Treated 34 6.2 52(1.4 2.1-8.5
Nenana Ridge 2 Picea reate (1.4)
RTH2)® ]
(NRTH2) MAAnG | control | 65 | 138 | 49(3.1) | 0.7-19.6
Toghotthele Ppi Treated 22 10.9 82(3.6) | 23-16.6
(TOGEP & mariana
TOG10P)A Control 60 6.2 3.1(2.7) 0.4-12.5
Shearbladed
Piced Treated - - - -
mariana
trol 25 15.5 8.5(5.3 1.0-23.0
Cache Creek Rd. 1 Contro (5-3)
(CCR1)
T - - - -
Betula reated
neoalaskana | ool |30 99 | 66(32) | 1.3-125
Cache Creek Rd. 2 Picea Treated i i i i
R2 ]
(CCR2) ARG\ control | 60 78 | 4023) | 05-10.0
Cache Creek Rd. 3 Picea Treated i i i i
R3 J
(CCR3) mAnand - control | 11 46 | 7.1(43) | 1.4-13.8
T 1 .02 2 -
Piced reated 0.0 (0)
Chena Hot Springs mariana
Rd. North (CHSRN) Control 57 13.2 51(34) | 02-164
Betula Treated - - - -
neoalaskana




Control 3 0.5 4.6 (2.9) 29-8.0
Chena Hot Springs Picea Treated : 0.002 05 (0) i
Rd. South (CHSRS ]
outh ( ) | mariana |l |88 48 | 23(1.8) | 02-13.6
Treat - - - -
Picea reated
mariana
Eielson Air Force Control 159 11.6 3(1.6) 0.2-8.1
Base (EAFB) Treated ] ] ] ]
Betula
neoalaskana | ol 2 05 | 63(23) | 46-79
pi Treated - - - -
Fort Greely 1 (FTG1) ma’rclf;a
Control 202 21.3 34(24) 0.2-15.7
pi Treated - - - -
Fort Greely 2 (FTG2) reed
mariana
Control | 47 73 | 462.0) | 04-86
pi Treated - - - -
Fort Greely 3 (FTG3) reed
mariana
Control 135 18.5 412.3) | 04-11.6
Treated - - - -
Picea glauca
trol 8 21.0 18.6 (9.3 49-30.3
Harding Lake 1 Contro ©-3) )
(HDL1)
T - - - -
Betula reated
lask
MEOAIASEANA | ontrol 6 13.6 | 18.7(4.2) | 13.6-23.6
Treat - - - -
Harding Lake 2 Picea reated
HDL2 1
(HDL2) MANAnG | control | 69 | 21.1 | 6.0(3.6) | 03-153
Harding Lake 4 Picea Treated i i i i
HDL4 ]
( ) MANAna - control | 90 | 114 | 4.0(2.0) | 03-95




Treated

Old Murphy Dome Picea
Rd. East (OMDE) martand Control 103 10.0 3.4 (2.0) 0.3-84
Picea Treated - - - B
mariana
trol 2 2 4034 3-11.
Old Murphy Dome Contro ’ i e - i
Rd. W
est (OMDW) Treated ) _ . -
Betula
laski
feoaraskana | - htrol 3 0.64 | 55(25) | 29-78

A9x9 m plots thinned to 2.4 x 2.4 m or 3 x 3 m tree spacing; plots with different tree spacing
were handled as individual sites
B Tree seedling data collected in 2011




Table S3. Mean and standard deviation (SD) for the soil organic layer depth and thaw depth in

cm for each area sampled.

Soil Organic Layer | Thaw Depth
Name Treatment Mean (SD) Mean (SD)
Thinned
Badger Rd. Treated 18.0 (6.6) 117.2 (49.6)
(BADSP & BADI10P)* Control 24.6 (6.2) 72.5 (15.1)
Treated 15.3(5.6 72.8 (7.3
Delta (DELSP & DEL10P)* Control 395 Ez.7§ 75.6((5))
. . Treated 29.3 (6.9 100.5 (18.3
Eielson Air Force Base (EAFB) Control 399 23. 9§ 104 (27.2))
. Treated 11.8 (3.5 81.5(9.4
Fort Greely Thinned (FTGTH) Control 13.6 El .5% 64.5 E8.6§
. Treated 13.6 (9.6) 61 (11.7)
Harding Lake 3 (HDL3) Control 251(62) 555 (9.3)
. Treated 37.2(5) 144 (28.7)
Nenana Ridge 1 (NRTHI) Control 304 (7.5) 1685 (20.4)
: B Treated 30.4 (3.4) 105 (10.8)
Nenana Ridge 2 (NRTH2) Control 292 (6) 123 (24.5)
Toghotthele Treated 38.6 (8.7) 60 (10)
(TOGSP & TOG10P)* Control 31.5 (11.9) 53.8(3.5)
Shearbladed
Treated 6.2 (3.5) 104.5 (54.2)
Cache Creek Rd. 1 (CCR1) Control 174 (9.7) 65 (33)
Treated 17.9 (7.9) 106.5 (51.9)
Cache Creek Rd. 2 (CCR2) Control 39 (4.8) 51(10.7)
Treated 15.8 (4.8) 150.5 (26.5)
Cache Creek Rd. 3 (CCR3) Control i51(32) 80 (11.5)
Chena Hot Springs Rd. North Treated 11.1(6.3) 180.5 (27.1)
(CHSRN) Control 21.5 (6) 77 (20.6)
Chena Hot Springs Rd. South Treated 29.9 (16.2) 124.5 (59.2)
(CHSRS) Control 32 (4.8) 62.5(7.9)
. . Treated 21.6 (14.3 182 (25.3
Eielson Air Force Base (EAFB) Control 79 9((3' 9)) 104 E 47.2§
Treated 5.4 (6) 79 (26.7)
Fort Greely 1 (FTG1) Control 6.8 (4.1) 144 (42.5)
Treated 7.6 (4.8) 109.5 (6.9)
Fort Greely 2 (FTG2) Control 149 (3) 93 (10.3)
Treated 2.1(2.2) 71.5 (7.8)
Fort Greely 3 (FTG3) Control 19.9 (2.2) 89.5 (5.5)
. Treated 8(5.8) 53.5(6.3)
Harding Lake 1 (HDL1) Control 509 (6.1) 58 (10.9)
: Treated 4.6 (3.3) 49.5 (9.3)
Harding Lake 2 (HDL2) Control 379 (4.6) 875 (10.3)




. Treated 17.4 (8.6) 189 (19.3)
Harding Lake 4 (HDL4) Control 40.4 (9.9) 60 (3.3)
Old Murphy Dome Rd. East Treated 9.3 (4.9) 96.9 (15.1)
(OMDE) Control 21.5 (4.3) 56.8 (12.1)
Old Murphy Dome Rd. West Treated 7.2 (2.4) 83(9.2)
(OMDW) Control 20 (5.9) 54.5 (11.9)

A9x9 m plots thinned to 2.4 x 2.4 m or 3 x 3 m tree spacing; plots with different tree spacing
were handled as individual sites
B Tree seedling data collected in 2011



Table S4. Results of the final generalized linear mixed effects models selected based on small
sample corrected Akaike Information Criterion (AICc) for modeling seedling density in thinned
and shearbladed sites. The random intercept of site was included. Full models included the fixed
effects of soil organic layer (SOL) depth, years after treatment, seedling type
(deciduous/conifer), the first-order interaction between years after treatment and seedling type,
and random intercept of site. Results are given on the log scale.

Response variable Fixed effects Estimate + SE z-value p-value

Seedling density Intercept 0.44 +0.80 0.55 0.59
(Thinned) SOL depth -0.14 £ 0.03 -5.11 <0.001

Seedling type (conifer) 1.21 £0.38 3.18 0.001

Intercept (deciduous) 1.83 £0.38 4.76 <0.001

. . Seedling type (conifer -4.70 + 0.58 -8.11 0.33
Seedling density Vears afier trf(:atment) -0.03 £ 0.03 -0.98 <0.001

(Shearbladed) Seedling type (conifer) x
0.23 +0.06 3.59 <0.001
Years after treatment




Table S5. Estimated marginal means of seedling density when SOL depth is held constant in the
model in thinned sites (Table S4). Means were estimated from the final model selected for
modeling seedling density in thinned sites (Table S4) and back transformed from the log scale.
Different letters denote significant difference in means between seedling types.

Means
Seedling type mean = SE df lower CL upper CL
Deciduous® 0.09 £ 0.06 370 0.020 0.372
Conifer” 0.29+£0.19 370 0.077 1.072




Table S6. Estimated marginal means of seedling density when years after treatment is held
constant in the model and estimated marginal means of linear trends between seedling density
and years after treatment in shearbladed sites (Table S4). Means and trends were estimated from
the final model selected for modeling seedling density in shearbladed sites (Table S4) and back
transformed from the log scale. Different letters denote significant differences in means or trends
between seedling types.

Means
Seedling type mean = SE df lower CL upper CL
Deciduous® 4.95+1.43 553 2.81 8.74
Conifer® 0.25 £0.09 553 0.13 0.48
Trends
Seedling type trend = SE df lower CL upper CL
Deciduous? -0.03 £0.03 553 -0.09 0.03
Conifer” 0.20 £ 0.06 553 0.08 0.31




Table S7. Significance effects of years after treatment on ordinations of vegetation and ground
cover composition in thinned and shearbladed sites.

Treatment Variable NMDS1 | NMDS2 R’ p-value

Thinned Years after treatment 0.86 0.51 0.04 0.160
Shearbladed Years after treatment 0.88 0.47 0.33 0.001




Table S8. Results of the final linear mixed effects model selected based on small sample
corrected Akaike Information Criterion (AICc) for soil organic layer (SOL) depth in thinned and
shearbladed areas. The random intercept of site was included. The full model included the fixed
effect of years after treatment. Estimates for shearbladed sites are square-root transformed.

Response variable Fixed effects Estimate + SE t-value p-value
. Intercept 12.1 +£3.38 3.59 <0.0001
SOL depth (Thinned) ™01 after treatment | 0.84 % 0.19 4.48 <0.0001
SOL depth Intercept 2.06 = 0.40 5.15 <0.0001
(Shearbladed) Years after treatment 0.11+£0.03 4.33 <0.0001




Table S9. Results of the final linear mixed effects model selected based on small sample
corrected Akaike Information Criterion (AICc) for modeling thaw depth difference (ATD;
treated — unmanaged) in thinned and shearbladed areas. The random intercept of site was
included. Full models included the fixed effects of soil organic layer (SOL) depth and years after

treatment.

Response variable Fixed effects Estimate + SE t-value p-value
Intercept 10.8 £14.6 0.74 0.461
ATD (Thinned) Years after treatment 2.77+0.89 3.12 0.002
SOL depth -1.08+£0.33 -3.27 0.001
Intercept 41.0+114 3.59 <0.001
ATD (Shearbladed) Years after treatment 2.76 £0.84 3.30 0.001
SOL depth -0.92 + 0.28 -3.25 0.001




Table S10. Fuel model and canopy cover or wind adjustment factor (WAF) used in fire behavior
modeling for each site, treatment, and sampling year. For shearbladed treatments we used the
provided WAF from BehavePlus 6. See Table S1 for treatment descriptions and ages. A 20-ft
wind speed of 8.85 km/hour was used for modeling fire behavior in each site.

Year Canopy
Site Treatment Fuel Model cover WAF
Measured (%)

BADSP Thinned 2012/2013 TU4 453 NA
BADSP Thinned 2018 TU4 45.3 NA
BADI10P Thinned 2012/2013 TU4 27.4 NA
BADI10P Thinned 2018 TU4 27.4 NA
DELSP Thinned 2012/2013 TU4 44.8 NA
DELSP Thinned 2018 TU4 44.8 NA
DEL10P Thinned 2012/2013 TU4 20.5 NA
DEL10P Thinned 2018 TU4 20.5 NA
EAFB Thinned 2012/2013 GR2 5.81 NA
EAFB Thinned 2018 GR2 5.81 NA
FTGTH Thinned 2012/2013 TU4 37.9 NA
FTGTH Thinned 2018 TU4 37.9 NA
HDL3 Thinned 2012/2013 TU4 42.4 NA
HDL3 Thinned 2018 TU4 42.4 NA
NRB3 Thinned 2012/2013 TU4 20.9 NA
NRB3 Thinned 2018 GS2 20.9 NA
TOGS8P Thinned 2012/2013 GS2 34.5 NA
TOGS8P Thinned 2018 GS2 34.5 NA
TOGI10P Thinned 2012/2013 GS2 46.2 NA
TOGI10P Thinned 2018 GS2 46.2 NA
CCR1 Shearbladed 2012/2013 GR1 NA 03
CCR1 Shearbladed 2018 GRI1 NA 0.3
CCR2 Shearbladed 2012/2013 GS2 NA 04
CCR2 Shearbladed 2018 GS2 NA 04
CCR3 Shearbladed 2012/2013 GS1 NA 0.4
CCR3 Shearbladed 2018 GS2 NA 0.4
CHSRN Shearbladed 2012/2013 GR2 NA 0.4
CHSRN Shearbladed 2018 GR2 NA 04
CHSRS Shearbladed 2012/2013 GR2 NA 0.4
CHSRS Shearbladed 2018 GR2 NA 0.4
EAFB Shearbladed 2012/2013 GS1 NA 0.4
EAFB Shearbladed 2018 GS1 NA 04
FTG1 Shearbladed 2012/2013 GR2 NA 0.4
FTG1 Shearbladed 2018 GRI1 NA 0.3




FTG2 Shearbladed 2012/2013 GS2 NA 0.4
FTG2 Shearbladed 2018 GS1 NA 0.4
FTG3 Shearbladed 2012/2013 GR1 NA 0.3
FTG3 Shearbladed 2018 GR1 NA 0.3
HDLI1 Shearbladed 2012/2013 GR2 NA 0.4
HDLI1 Shearbladed 2018 GR1 NA 0.3
HDL2 Shearbladed 2012/2013 GR1 NA 0.3
HDL2 Shearbladed 2018 GS2 NA 04
HDL4 Shearbladed 2012/2013 GR1 NA 0.3
HDL4 Shearbladed 2018 GR2 NA 0.4
OMDE Shearbladed 2012/2013 GR1 NA 0.3
OMDE Shearbladed 2018 TU1 NA 03
OMDW Shearbladed 2012/2013 SH1 NA 0.4
OMDW Shearbladed 2018 TU1 NA 0.3
NA Unmanaged NA SH5, TUS, 60 NA

or TU4




Table S11. Linear mixed effects model results with surface rate of fire spread, flame length, or
fireline intensity as the response variable effect and treatment type (thinned and shearbladed) as
the fixed effect. Models were built separately for each fuel moisture category. The random

intercept of site was included.

If:;’;g;: lsee g:;::)’:s Explanatory variable | Estimate = SE t-value | p-value
Dry (below Intercept (Thinned) | 2.19+0.53 4.17 <0.001
average) Shearbladed 1.44 +0.67 2.15 0.042
Intercept (Thinned 1.32+0.28 4.64 <0.001
Rate of spread Average Shezrl()laded : 0.66 + 0.36 1.83 | 0.080
Wet (above Intercept (Thinned) | 0.53 =0.05 10.6 <0.001
average) Shearbladed -0.06 + 0.06 -0.97 0.340
Dry (below Intercept (Thinned) 1.03 +£0.08 12.8 <0.001
average) Shearbladed -0.19£0.10 -1.86 0.075
Intercept (Thinned) | 0.77 £0.06 13.7 <0.001
Flame length Average Shearbladed 2020+ 0.07 281 | 0.010
Wet (above Intercept (Thinned) | 0.44 =0.05 10.7 <0.001
average) Shearbladed -0.18 £ 0.05 -3.81 <0.001
Dry (below Intercept (Thinned) | 286 + 37.3 7.66 <0.001
average) Shearbladed -68.3 +47.4 -1.44 0.163
o , Intercept (Thinned) 157+£19.2 8.16 <0.001
Fireline intensity Average Shearbladed 533+ 243 219 0.038
Wet (above Intercept (Thinned) | 56.8 + 8.08 7.03 <0.001
average) Shearbladed -41.7+9.74 -4.28 <0.001




Table S12. Mean (+SE) of the raw data or estimated marginal mean (+SE) for surface rate of fire
spread, flame length, and fireline intensity for each treatment and fuel moisture category.
Estimated marginal means (£SE) are in italics and were only compared between treatments when
the fixed effect of treatment type was significant (Table S11). Different letters denote significant
differences in surface rate of fire spread, flame length, or fireline intensity between treatments
within each fuel moisture category based on post-hoc tests. Untreated, black spruce surface fire

behavior, although not included in the models from Table S11, is presented for reference.

Fire characteristic Fuel moisture Treatment

Unmanaged Thinned | Shearbladed
(SH5, TU3, TU4)

Rate of spread Dry (below average) 3.8,1.7,0.8 2.19+0.53% | 3.63+0.45"
(m/min) Average 24,1,0.5 1.22+0.19* | 2.10 £0.23?
Wet (above average) 1.7,0.7,0.4 0.49 +0.04* | 0.50 +0.03?%
Flame length (m) Dry (below average) 2.1,1.1,09 1.04 £0.03* | 0.84 +£0.07%
Average 1.6,0.8,0.7 0.77 +0.06° | 0.57 +0.05°
Wet (above average) 1.3,0.6,0.5 0.44 £ 0.04* | 0.26 +0.04
Fireline intensity Dry (below average) 1361, 327, 187 284 +18.5* | 220+ 32.8°
(kW/m) Average 718,161, 108 157+£19.2 | 103+16.3°
Wet (above average) 456, 93, 59 56.8+8.08 | 15.1+6.99°




Table S13. Results of linear mixed effects models with surface rate of fire spread, flame length,
or fireline intensity as the response variable at average, below average, and above average
moisture conditions, and years after treatment as the explanatory variable in thinned treatments.
Models were built separately for each moisture category. None of the trends were significant.
The random intercept of site was included. Flame length at average moisture was modeled as a
simple linear regression (see Statistical Methods).

IZ%ZZ ;;e C{Z:’;Z;:s Explanatory variable | Estimate + SE t-value | p-value
Dry (below Intercept 1.72+0.79 2.17 0.058
average) Years after treatment | 0.03 +0.05 0.52 0.613
Intercept 1.07+0.41 2.60 0.029
Rate of spread Average Years after treatment | 0.01 + 0.03 0.51 0.620
Wet (above Intercept 0.51 +£0.06 8.62 <0.001
average) Years after treatment | -0.00 = 0.00 -1.02 0.336
Dry (below Intercept 1.01 +0.05 20.1 <0.001
average) Years after treatment | 0.00 = 0.00 0.84 0.422
Flame length Average Intercept 0.80 £0.07 11.5 <0.001
Years after treatment | -0.00 £+ 0.00 -0.30 0.700
Wet (above Intercept 0.56 £0.11 5.23 <0.001
average) Years after treatment | -0.01 = 0.01 -0.85 0.420
Dry (below Intercept 270 +£30.9 8.76 <0.001
average) Years after treatment | 1.14+1.29 0.88 0.401
Fireline intensity Average Intercept 156 £15.5 10.0 <0.001
Years after treatment | -0.04 = 0.04 -0.96 0.364
Wet (above Intercept 78.5+£25.3 3.11 0.013
average) Years after treatment | -1.31 + 1.81 -0.72 0.488




Table S14. Results of linear mixed effects models with rate of surface fire spread, flame length,
or fireline intensity as the response variable at average, below average, and above average
moisture conditions, and years after treatment as the explanatory variable in shearbladed
treatments. Models were built separately for each moisture category. None of the trends were
significant. The random intercept of site was included.

Response

Moisture

variable conditions Explanatory variable | Estimate = SE t-value | p-value
Dry (below Intercept 4.64+0.99 4.70 <0.001
average) Years after treatment | -0.11 +0.11 -0.95 0.358
Intercept 2.44 £0.53 4.59 <0.001
Rate of spread Average Years after treatment | -0.05 + 0.06 075 | 0.464
Wet (above Intercept 0.56 = 0.07 7.63 <0.001
average) Years after treatment | -0.01 =0.01 -1.06 0.310
Dry (below Intercept 0.89+0.18 5.03 <0.001
average) Years after treatment | -0.01 + 0.02 -0.30 0.769
Flame length Average Intercept 0.57+£0.12 4.92 <0.001
Years after treatment | -0.00 = 0.01 -0.02 0.987
Wet (above Intercept 0.21 +£0.02 9.30 <0.001
average) Years after treatment | 0.00 = 0.00 0.10 0.923
Dry (below Intercept 230+ 79.4 2.90 0.012
average) Years after treatment | -1.38 £ 9.28 -0.15 0.884
Fireline intensity Average Intercept 105 £39.3 2.68 0.019
Years after treatment | -0.20 = 4.59 -0.04 0.967
Wet (above Intercept 8.64 £2.22 3.90 0.001
average) Years after treatment | 0.00 +£0.26 0.00 0.999




Table S15. Deciduous and conifer seedling density per meter squared (mean + SE and sum) for
each site, treatment, and burn category (Yes=fuels burned on site, No=fuels not burned on site)

averaged across all years that a site was sampled. See Table S1 for full treatment area

descriptions.
. Deciduous Conifer
Subsite Treatment Burned Mean (- SE) um Mean (= SE) am
BADSP Thinned No 0.00+0 0 0.00+0 0
BADIOP | Thinned No 0.00+0 0 0.13+0.13 2
DELSP Thinned No 0.00+0 0 0.00+0 0
DEL10P | Thinned No 0.00+0 0 0.00+0 0
EAFB Thinned Yes 0.85+0.58 17 0.00+0 0
FTGTH Thinned Yes 1.75+0.90 35 0.35+0.17 7
HDLS3 Thinned Yes 2.45+1.53 49 3.50+1.88 70
NRTH1 Thinned Yes 0.00+0 0 320+ 1.04 64
NRTH2 Thinned Yes 0.00+0 0 0.20+£0.2 2
TOGS8P Thinned No 0.00+0 0 0.31+£0.20 5
TOGI10P | Thinned No 0.00+0 0 0.06 £0.06 1
CCR1 Shearbladed Yes 3.25+1.05 65 0.30+0.13 6
CCR2 Shearbladed Yes 0.20+0.12 4 0.05+£0.05 1
CCR3 Shearbladed Yes 0.15+1.11 3 0.15+0.08 3
CHSRN Shearbladed No 5.55+3.65 111 0.00+0 0
CHSRS Shearbladed Yes 1.35+0.68 27 0.10 £0.07 2
EAFB Shearbladed Yes 2.40+0.73 48 0.10 £0.07 2
FTGI1 Shearbladed Yes 925+3.16 185 0.15+0.11 3
FTG2 Shearbladed Yes 2.50 £0.69 50 0.25+0.12 5
FTG3 Shearbladed Yes 19.9 +£2.58 397 0.40+0.18 8
HDL1 Shearbladed Yes 5.10+1.36 102 0.20 £ 0.09 4
HDL2 Shearbladed Yes 4.55+1.76 91 0.45+0.29 9
HDL4 Shearbladed Yes 4.00+1.30 80 0.20+0.12 4
OMDE Shearbladed Yes 14.3+3.33 285 0.85+0.37 17
OMDW Shearbladed Yes 0.60+04 12 0.40+0.13 8
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Figure S1. Surface rate of fire spread (top), flame length (center), and fireline intensity (bottom)
at below average (‘dry’) fuel moisture conditions over time faceted by treatment (right=thinned,
left=shearbladed). The dashed, dotted, and dot-dash line indicate the value in an untreated black
spruce stand using the SHS, TU3, and TU4 fuel model, respectively, for the relevant fire
behavior variable. Point colors indicate the Scott and Burgan (2005) fuel model used in fire
behavior predictions. In both treatments, there was no change in any characteristic of surface fire
behavior over time (Tables S11 and S12). Points are slightly jittered to better see the data.
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Figure S2. Predicted surface rate of fire spread (top), flame length (center), and fireline intensity
(bottom) at above average (‘wet’) fuel moisture conditions over time faceted by treatment
(right=thinned, left=shearbladed). The dashed, dotted, and dot-dash line indicate the value in an
untreated black spruce stand using the SHS5, TU3, and TU4 fuel model, respectively, for the
relevant fire behavior variable. Point colors indicate the Scott and Burgan (2005) fuel model used
in fire behavior predictions. In both treatments, there was no change in any characteristic of surface
fire behavior over time (Tables S11 and S12). Points are slightly jittered to better see the data.
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