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Abstract wWe examined the effects of fire disturbance on permafrost degradation and thaw settlement
across a series of wildfires (from ~1930 to 2010) in the forested areas of collapse-scar bog complexes in
the Tanana Flats lowland of interior Alaska. Field measurements were combined with numerical modeling of
soil thermal dynamics to assess the roles of fire severity and climate history in postfire permafrost dynamics.
Field-based calculations of potential thaw settlement following the loss of remaining ice-rich permafrost
averaged 0.6 m. This subsidence would cause the surface elevations of forests to drop on average 0.1 m below
the surface water level of adjacent collapse-scar features. Up to 0.5 m of thaw settlement was documented
after recent fires, causing water impoundment and further thawing along forest margins. Substantial
heterogeneity in soil properties (organic layer thickness, texture, moisture, and ice content) was attributed
to differing site histories, which resulted in distinct soil thermal regimes by soil type. Model simulations
showed increasing vulnerability of permafrost to deep thawing and thaw settlement with increased

fire severity (i.e., reduced organic layer thickness). However, the thresholds of fire severity that triggered
permafrost destabilization varied temporally in response to climate. Simulated permafrost dynamics
underscore the importance of multiyear to multidecadal fluctuations in air temperature and snow depth in
mediating the effects of fire on permafrost. Our results suggest that permafrost is becoming increasingly
vulnerable to substantial thaw and collapse after moderate to high-severity fire, and the ability of permafrost
to recover is diminishing as the climate continues to warm.

1. Introduction

Permafrost degradation is expected to become more widespread in response to changes in climate [Jafarov
et al.,, 2012] because of the directional changes in air temperature and snow cover, which are the principal
climatic controls over soil thermal regimes [Osterkamp and Romanovsky, 1999; Zhang, 2005]. When ice
volume exceeds the pore space of permafrost soils, thawing will result in the vertical subsidence of the
ground surface. In flat lowland areas, the resulting thermokarst features usually impound water unless water
can drain through coarse subsurface materials. The presence of surface water can substantially increase
surface energy gains [Eugster et al., 2000], raise the temperature of the underlying soil, and accelerate permafrost
thaw [Jorgenson et al,, 2010]. Lowland forests on ice-rich soils may thus become wetland or aquatic systems as a
result of thaw settlement, with associated changes in vegetation, productivity, and carbon and nutrient cycling
[Camill et al., 2001; Johnston et al.,, 2014; Jorgenson et al,, 2001, 2013; Myers-Smith et al,, 2008; O'Donnell et al.,
2012; Olefeldt et al., 2013; Turetsky et al., 2007].

The expansion of wetland ecosystems through thermokarst has been attributed to interactions of climate and
hydrology, as well as to wildfire [Camill and Clark, 2000; Jorgenson et al., 2001; Kuhry, 1994; Myers-Smith et al,,
2008; Thie, 1974; Vitt et al., 1994; Zoltai, 1993]. Wildfire is a widespread disturbance influencing boreal forest
ecosystems, and the severity, frequency, and spatial extent of fire may be increasing with climate warming
[Gillett et al., 2004; Kasischke et al., 2010; Turetsky et al,, 2011]. Here we consider fire severity to be analogous
to the reduction in surface organic layer thickness [Barrett et al,, 2010; Genet et al,, 2013] and the thickness of
the residual surface organic layer after combustion [Yoshikawa et al., 2003]. The removal of insulating surface
organics increases soil heat flux and causes permafrost degradation after severe fire [Burn, 1998; Mackay,
1995; Nossov et al., 2013; Viereck et al., 2008; Yoshikawa et al., 2003]. Deep and sustained permafrost degradation
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is associated with the development of a talik, a portion of the soil bordered by permafrost that remains unfrozen
year-round. The talik buffers underlying permafrost from freezing winter air temperatures and may facilitate
continued degradation [Osterkamp and Burn, 2003].

After fire, reaccumulation of the surface organic layer may initiate permafrost recovery [Jafarov et al., 2013;
Jorgenson et al., 2010; Shur and Jorgenson, 2007; Viereck et al., 2008]; or changes in climatic conditions,
hydrology, or plant successional trajectories may cause further degradation [Genet et al., 2013; Jafarov
et al., 2013; Johnstone et al., 2010; Jorgenson et al., 2010; Shur and Jorgenson, 2007; Viereck et al., 2008]. In
addition to the temporal controls over permafrost dynamics, the spatial variations in microclimate, snow
depth, vegetation, topography, soil texture, and soil moisture contribute to the heterogeneity of the
permafrost response to fire [Genet et al., 2013; Harden et al., 2006; Johnson et al., 2013; Jorgenson et al.,
2013; Nossov et al., 2013; Pastick et al., 2014].

The enhanced climate warming at northern latitudes, the high frequency and spatial extent of wildfires in
boreal regions, and the potential for major ecosystem shifts with permafrost thaw necessitate a better
understanding of the vulnerability of lowland permafrost to degradation and collapse as a result of wildfire
disturbance, and how this vulnerability may be changing over time. Here we focused on the effects of fire
on permafrost within the Tanana Flats lowland of interior Alaska, a landscape characterized by organic-rich,
fine-grained soils associated with flat, abandoned floodplain deposits. We employed a chronosequence
study design with fire scars ranging from ~1930 to 2010 to infer the history of permafrost dynamics
after fire and in relation to ecological succession over time. We recognize in our interpretation of results,
however, that factors other than time contributed to the variability among fire scars. Through the field
study, we compared vegetation and soil characteristics and assessed the magnitude of permafrost degradation,
thaw settlement, and water impoundment across fire scars. Finally, we utilized a numerical soil thermal model
to evaluate the influence of fire severity and historic climate variation on permafrost dynamics.

2. Methods
2.1. Study Area and Design

Our study area was within the Tanana Flats of interior Alaska, which extends north from the foothills of the
Alaska Range to the Tanana River, encompassing an area of approximately 6000 km? (Figure 1). The area is
characterized by a gentle elevation gradient of approximately 1 m/km that declines from the southeast
to the northwest, with surface and subsurface water flowing in this direction [Racine and Walters, 1991].
The Tanana Flats is situated in a large alluvial fan and abandoned floodplain complex, formed by the
deposition of fluvial and glaciofluvial sediments from the Alaska Range, up to hundreds of meters
thick [Péwé, 1975]. The history of channel migration, deposition, and permafrost dynamics creates a fine
topographic relief within this landscape that is associated with differences in vegetation, permafrost, and
hydrology [Jorgenson et al., 1999, 2001]. Forested areas typically occur on ice-rich permafrost plateaus
elevated above bogs and fens that occur in thermokarst depressions. These relative elevations can shift
with the formation or thawing of ice-rich permafrost. The climate of this region is continental, with low
precipitation and a wide variation in seasonal air temperatures. From 1971 to 2000, mean annual air
temperature was —3.7°C and mean annual precipitation was 323 mm in interior Alaska [Alaska Climate
Research Center, 2013].

Study sites were established in the forested portions of collapse-scar bog complexes in five fire scars (~1930s,
1975, 1988, 2001, and 2010; Figure 1). The fire years were ascertained using a combination of fire perimeter
maps [Alaska Interagency Coordination Center, 2011], tree ring dating, and interpretation of air photos and
satellite imagery, since some of the fires have not been mapped or were mapped imprecisely. The 1988 fire
scar had also previously burned in the 1950s, likely in the 1950 Salchaket Slough Fire (Figure 1).

Field sampling was conducted from May 2011 to October 2014. Within each fire scar, a 200—300 m linear
transect was established that was oriented to cross both burned forest patches and old thermokarst bogs.
One exception was the 1975 fire transect, which did not cross a thermokarst feature. Along each transect,
three permanent intensive plots (5 x 10 m) were established in separate patches of burned forest (separated
by thermokarst bogs) for monitoring vegetation and soils. For vegetation, two additional extensive plots
were established along each transect to increase sample size.
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Figure 1. Map of study sites (open circles) identified by fire year and name, and perimeters of associated fires from the Alaska
Interagency Coordination Center [2011], when available, overlain on satellite image. The Landsat 8 image (acquired 18 June
2013) is displayed as a color composite of bands 6 (SWIR), 5 (NIR), and 4 (red). Inset shows location of the Tanana Flats study
area, just south of Fairbanks, within the discontinuous permafrost zone of Alaska [Jorgenson et al., 2008].

2.2, Vegetation

Percent cover of each plant species was estimated in each plot using a point-sampling technique employing
a 100-point grid [Kent, 2012]. At each point, the first occurrence of each species encountered was recorded.
Litter, charred organic soil, or mineral soil was recorded when no live plants were present. The plots
were examined for additional species and a cover of 0.1% was assigned to all species that were present
but not captured in the point sampling. Plant community composition was analyzed with nonmetric
multidimensional scaling (NMDS), a multivariate ordination technique, using PC-ORD 6.0 (MjM Software,
Gleneden Beach, OR) [McCune and Grace, 2002; McCune and Mefford, 2011]. The ordination axes represent
the dominant patterns of species composition. Correlation analyses of the ordination axes scores with species
and environmental data were conducted. Species and environmental data were assessed for normality and
transformed prior to analysis as needed.

2.3. Soil Physical Characteristics

Soils were sampled at each permanent plot (three plots per fire scar). For unfrozen surface soils, a soil
plug (~40 cm diameter) was extracted with a shovel and a cross section was cut with a knife. Frozen soils
were cored to 3—4 m depths using a 7.5 cm diameter SIPRE (Snow, Ice, and Permafrost Research
Establishment) corer. Soil stratigraphy was described according to Natural Resources Conservation
Service methods. Coarse-fragment (>2mm) percentage was visually estimated. Cryostructures were
described using the system by French and Shur [2010]. Total carbon content was determined at the
Colorado State University Soil, Water, and Plant Testing Lab using a LECO TruSpec CN combustion
furnace (St. Joseph, MI) following methods of Nelson and Sommers [1996]. For samples with pH < 6.5, it
was assumed that total carbon content was equivalent to total organic carbon (OC) content. For samples
with pH>6.5, CO3-C was subtracted from total carbon to derive OC content. OC stocks (kg/mz) were
calculated by multiplying OC concentration by bulk density and by the thickness of the stratigraphic
layer. Several samples were also taken at distinctive breaks in peat stratigraphy for radiocarbon dating
at the National Ocean Sciences Accelerator Mass Spectrometry Facility (Woods Hole, MA) and Geochron
Laboratories (Chelmsford, MA).
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Volumetric soil samples were obtained every ~20 cm vertically. For the unfrozen soil plugs, either a serrated
knife was used to cut blocks of organic material or a volumetric ring was used for less compressible soils. The
SIPRE cores were used for the frozen soil samples. The samples were weighed before and after oven drying at
60°C for determination of moisture/ice content and bulk density. Volumetric soil moisture was calculated for
each unfrozen stratigraphic layer and was weighted by the thickness of each layer to calculate the weighted
mean volumetric water contents of the active layer in late summer. Volumetric ice content of the permafrost
to 3 m depth was calculated using the same methods, and water-equivalent depth of moisture in permafrost
was determined.

2.4. Thaw Depths, Thaw Settlement, and Water Impoundment

Thaw depth, ground surface elevation, and water surface elevation were measured at 1 m intervals along each
transect. Thaw depth was measured near the time of maximum seasonal thaw in late August-September using
a metal probe. The elevation of the permafrost table was calculated by subtracting thaw depth from the ground
surface elevation. Elevations of the ground surface and of the water level of adjacent bogs were determined
using high resolution differential GPS (dGPS) and differential leveling. Thaw settlement was measured at the
2010 fire by comparing ground-based surface elevations over multiple years (2011-2014) and by comparing
dGPS elevations (August 2012) with airborne LiDAR-derived elevations (May 2014). A companion study utilized
electrical resistivity tomography to characterize permafrost distribution along these transects to depths up to
30m (T. A. Douglas et al., Degrading permafrost mapped with electrical resistivity tomography, airborne ima-
gery and LiDAR, and seasonal thaw measurements, Geophysics, in review, 2015).

The horizontal and vertical precision of ground-based dGPS measurements averaged 1.9cm and 2.9cm,
respectively. Airborne LiDAR imagery were collected by Quantum Spatial Incorporated (Anchorage, Alaska)
using a Leica (Wetzlar, Germany) ALS70 system (1064 nm) mounted in a Partenavia aircraft with an average
pulse density of >25 pulses/m? at an altitude of 1000 m. The measurement accuracy yielded a root-mean-square
(RMS) error of <9.2 cm and a spatial resolution of 0.25 m.

Potential thaw settlement at each plot was calculated from thaw strain estimates for each layer of permafrost
in the upper 3 m of soil and represents the predicted vertical surface settlement following the thawing of
existing permafrost to this depth [Crory, 1973; Pullman et al., 2007]. Thaw strain of each permafrost layer
(T)) was calculated:

Ty = (Du — Ds) /Dy M

where D, is the estimated dry density of the unfrozen soil (estimated using the average dry density of
unfrozen samples of similar horizons and soil textures as the permafrost soil), Ds is the measured dry
density of permafrost soil. Potential thaw settlement of each permafrost layer (P) was then calculated:

P1:T1><t1 (2)

where T, is thaw strain of the layer and t; is the thickness of the soil layer. The total potential thaw settlement is
the sum of the potential thaw settlement for each layer in the upper 3 m of the soil column.

Potential thaw settlement was subtracted from current surface elevations at the soil sampling sites to derive
post-thaw surface elevations. The current and post-thaw elevations of the ground surface relative to the bog
water level were calculated to infer the potential for water impoundment.

2.5. Soil Thermal Regimes

At each of the 15 intensive plots (three per fire scar) soil temperatures were recorded at 2 h intervals
using two-channel data loggers (HoboProV2, Onset Corp.) with a thermistor probe installed at 5cm
and 100 cm depths. One data logger at the 2001 burn malfunctioned; therefore, data from a total of
14 plots (n=2 or 3 per fire scar) were used in statistical analyses comparing thermal metrics and related
soil characteristics among the five fire scars. Mean annual surface temperatures (MAST), mean annual
deep temperatures (MADT), thawing degree-day sums (TDD), and freezing degree-day sums (FDD) were
calculated based on hydrological year, named by the calendar year of the end date. After assessing
variables for normality and homoscedasticity, comparisons between fire scars were conducted with
one-way analysis of variance (ANOVA; JMP 10.0.0, SAS 2012, Cary, NC). Least squares mean differences
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iO.SOA The Geophysical Institute Permafrost
£ 0.25 ] Laboratory (GIPL) thermal model was
%_ used to compare the sensitivity of perma-
3 0201 frost to variations in surface organic layer
2 0157 thickness (OLT), a proxy for fire severity,
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0.05 ables [Nicolsky et al, 2007; Romanovsky

19%:0 ' 19‘40 ' 1950 ' 19}50 ' 1950' 19‘80' 19‘90 ' ZdOO ' 2610 ' and Osterkamp, 2000; Sergueev et al.,
Year 2003]. The GIPL numerical transient
Figure 2. Mean annual air temperatures and snow depths at the Fairbanks ~model uses daily air temperature and
International Airport, computed by hydrological year (1 October to 30 snow depth forcing data and subsur-
September) from 1930 to 2013 [Alaska Climate Research Center, 2014]. face soil properties to simulate ground
Dotted lines indicate mean values over the specified time period. temperatures by solving nonlinear heat
diffusion equations, taking into account
the effects of unfrozen water during
freezing and thawing to accurately represent phase change. Climate data for the Fairbanks International
Airport from 1930 to 2013 were used in the simulations [Alaska Climate Research Center, 2014] (Figure 2).
The airport is located on lowlands north of the Tanana River at a similar elevation and within 30 km of our field
sites. The model was parameterized to reflect the observed soil stratigraphy and moisture profile at one of our
field sites (TF01-075) with silt loam-dominated soils (Table 1). It was assumed that the deepest observed soil
type extended to 100 m depth. The model was calibrated using the measured soil temperature record from
21 May 2011 to 24 September 2013. Volumetric water content, thermal conductivity (frozen and unfrozen),
heat capacity (frozen and unfrozen), and unfrozen water content curves for each soil layer were adjusted
through the calibration process and were within the range of expected values by soil type [Farouki, 1981;
Jafarov et al., 2013; O'Donnell et al., 2009; Romanovsky and Osterkamp, 2000]. Modeled thaw depths were
within 10 cm of measured thaw depths, and modeled mean annual temperatures were within 0.2°C of the

measured values.

The levels of OLT that were tested were 30 cm (unburned), 15 cm (low-severity fire), 7cm (moderate-severity
fire), and 0 cm (high-severity fire). The same thermal and moisture properties as in the model calibration were
assumed (Table 1). The surface organic layer thickness and soil moisture were assumed to be constant.
Simulations were run with a spin-up, in which climate forcing data from 1930 were repeated for 30 years
to allow the soil temperatures to stabilize prior to time zero. We report the results of the simulations from
1930 to 2013, summarizing soil temperature data to depict the boundaries of the permafrost tables and taliks
in the upper 10 m of soil.

The GIPL model output was used in conjunction with the mean thaw strain estimates by soil horizon from
borehole sampling to simulate annual thaw settlement. Mean thaw strain values of 0.42 and 0.05 were used

Table 1. Subsurface Soil Parameters Used in Model Simulations With Varying Levels of Organic Layer Thickness (OLT)?
Thickness of Layers for Each Simulation (m)

Soil layer OLT=30cm OLT=15cm OLT=7cm OLT=0cm VWC ky/ke G/CG (1 06)
Organic 0.30 0.15 0.07 0.00 0.20 0.20/0.60 2.6/2.2
Silt loam and organic 0.09 0.09 0.09 0.09 0.60  0.70/2.10 2.5/1.7
Silt loam 2.74 2.74 2.74 2.74 0.57 1.30/2.10 25/1.7
Sand and gravel 96.87 97.02 97.1 97.17 033  1.90/2.50 1.8/1.6

®Thickness, volumetric water content (VWC), thermal conductivity (W m~! K71) of thawed (k) and frozen (k) soil, and
heat capacity Jm™~ K_1) of thawed (Cy) and frozen (Cj) soil are shown for each soil layer.
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for the silt loam and sandy soil horizons, respectively. Annual simulated thaw depths were adjusted to
reflect the relative changes in the position of the soil surface as a direct result of reductions in organic layer
depth. The simulated thaw depth (0.6 m) for the year 1930 of the unburned scenario was considered the
baseline permafrost condition. The thickness of each layer of thawed permafrost, by soil type, was then
multiplied by the thaw strain and summed for the 10 m vertical soil profile to calculate thaw settlement.
Thaw settlement was subtracted from the baseline surface elevation of O0m to represent the surface
elevation changes resulting from thaw settlement. There are several assumptions and limitations to this
approach, however. First, the effects of thaw settlement, water impoundment, and accompanying positive
feedbacks were not considered in the GIPL model simulations. Second, the effects of refreezing thawed
permafrost on surface elevation are not realistic, as the newly formed permafrost would not have the same
ice content as the older permafrost it replaced because ice aggrades slowly in permafrost over the course
of many years [Nossov et al., 2013; Shur et al., 2005] and the thermal effects of ice migrating to the freezing
front were not incorporated. Third, we assumed sandy soils extended to 10 m depth, although gravel is
likely present. Even with these limitations the simulations were useful to couple the thermal and physical
soil characteristics and to assess the relationships among climate, burn severity, and permafrost dynamics
on surface topography. In our interpretation of these results we emphasize potential thaw settlement
rather than the effects of refreezing.

The GIPL model has previously been used to explore the effects of fire on permafrost [Jafarov et al., 2013;
O'Donnell et al., 2011; Yoshikawa et al., 2003]. Yoshikawa et al. [2003] utilized the GIPL model to reconstruct
site-based permafrost history after a 1983 fire. O'Donnell et al.[2011] and Jafarov et al. [2013] used the model
to simulate permafrost response to fires of different severities under theoretical future climate scenarios. Our
approach is unique in that we test the effects of fire severity on permafrost dynamics using historic climate
data to drive the simulations. Our use of measured climate data enables us to assess how short to long-term
variations in air temperature and snow depth have influenced the sensitivity of permafrost to fire throughout
the last century.

3. Results
3.1. Vegetation

Complete species cover data at our vegetation plots were averaged by fire scar and detailed in Table S1
in the supporting information. The dominant vegetation cover differed across the fire scars. In the oldest
fire scar (~1930), the canopy was dominated by Picea mariana (black spruce), with understory ericaceous
shrubs (Ledum groenlandicum, Vaccinium uliginosum, and Vaccinium vitis-idaea), herbs (Equisetum sylvaticum
and Geocaulon lividum) and groundcover consisting primarily of feather mosses (Hylocomnium splendens
and Pleurozium schreberi). The vegetation canopy of the 1975 burn was a mixture of evergreen and deciduous
trees, including black spruce, Betula neoalaskana (birch), Populus tremuloides (aspen), and Picea glauca
(white spruce). The dominant shrubs were Salix spp., Rosa acicularis, Shepherdia canadensis, and Linnaea
borealis, and dominant herbs were Equisetum pratense and Chamerion angustifolium. Leaf litter and feather
mosses were the predominant ground cover. The 1988 burn was a closed birch forest, with ericaceous
shrubs, Spirea beauverdiana, and Betula glandulosa, abundant grasses (Calamagrostis canadensis), and leaf
litter groundcover. The 2001 fire, a burned black spruce stand, lacked mature trees but had black spruce,
birch, aspen, and Populus balsamifera (balsam poplar) seedlings. Shrub cover was predominantly ericaceous
with Betula spp., Salix spp., and Chamaedaphne calyculata. Graminoid cover consisted primarily of sedges
(Eriophorum vaginatum tussocks, Carex spp.) and grasses. The moss layer included colonizing mosses
Ceratodon purpureus and Polytrichum juniperinum. In the 2010 burn, vegetation varied across the transect.
The primary prefire vegetation from ~0-80m was a closed black spruce forest with a feather moss
groundcover, whereas vegetation from ~160-200 m was an open black spruce forest with dense sedge
tussocks (Eriophorum vaginatum). The postfire vegetation of the closed forest was characterized as a forb
meadow, with recruitment of birch, poplar, and black spruce seedlings, high Chamerion angustifolium
and Equisetum spp. cover, abundant Marchantia polymorpha and Ceratodon purpureus, and exposed
mineral and charred organic soils. The postfire vegetation of the open forest was dominated by recover-
ing tussocks, low shrubs (Betula glandulosa, ericaceous shrubs), and grasses, with some recruitment of
birch and black spruce seedlings.
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Figure 3. NMDS ordination of vegetation plots by fire year and correlations
of ordination axes with cover of plant species/functional type and site

variables. Vector direction and length represent the direction and

strength of correlations. Symbols are scaled to individual site variables

in bottom panels.

The clustering of plots by fire year in
the NMDS ordination showed that vege-
tation composition was more similar
within burn scars than among burn scars
(Figure 3). Axis 1 represented 47% of the
variation in plant community structure
and Axis 2 accounted for 19%. Axis 1
was negatively correlated with black
spruce cover (r=—0.86), and Axis 2 was
negatively correlated with birch cover
(r=-0.90). Axis 1 was correlated with
stand age (r=-0.79), indicating that
vegetation succession was an important
factor influencing the ordination of
communities. However, the plant spe-
cies composition itself suggests that
the burn scars did not all represent dif-
ferent stages of the same successional
sequence. The strong linear relation-
ship between Axis 1 and soil moisture
(r=0.79) indicates that plant commu-
nity composition is most reflective of
this soil parameter. Although surface
OLT and thaw depth were not corre-
lated with either ordination axis, there
were similarities in these variables
within fire scars. The 1975 fire scar
had relatively dry sandy soils and deep
thaw; the ~1930 and 1988 fire scars had
thick surface organics and shallow
thaw depths; and the 2001 and 2010
fire scars had saturated silty soils and
thawing permafrost.

3.2. Soil Physical Characteristics

Surface OLT was highly variable across
all sites, ranging from 0 to 260cm.
The soils at the 1930 and 1988 fires
were similar in that they typically
had thick peat layers greater than
1 m, with mean surface OLT of 89 cm
and 176.cm, respectively (Figures 4
and 5a). Mean organic carbon (OC)
stocks in the upper 3 m of the soil pro-
file were likewise greatest in the 1930
and 1988 fire scars (141kg/m? and

125 kg/m?, respectively) (Figure 5b). In contrast, the soils in the 1975, 2001, and 2010 burns had thinner
organic layers (7cm, 14cm, and 2cm, respectively) and less organic carbon in the upper 3m (18kg/m?,
52 kg/mz, and 55 kg/mz, respectively) (Figures 4 and 5b).

Soil texture of the underlying mineral soil varied across fire scars (Figure 4). The upper mineral soils of the
2001 and 2010 fire scars were fine-textured silt loams approximately 2 m thick, whereas the near-surface soils
of the 1975 fire scar were typically sandy loams, sands, or thin layers of silt loams underlain by sandy soils,
with gravels occurring at depths less than T m.
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Mean soil volumetric moisture content of the active layer
varied fivefold across fire scars (Figure 5c). Mean soil moist-
ure in the 1975 fire scar with sandy soils (13%) was signifi-
cantly lower than those in the 2001 and 2010 fire scars
with silty soils (56% and 65%, respectively), and the 1930
and 1988 sites with thick peat had intermediate soil moist-
ure (37% and 43%, respectively). We attribute the higher
active layer moisture in the recent fire scars to the surface
being nearer to the water table and to moisture released
from the thawing permafrost.

Soil stratigraphy descriptions revealed complex sediment
deposition, organic matter accumulation, and permafrost
histories that contributed to the large differences among
sites. The 2001 and 2010 sites were similar in that they
had a moderately thick eolian silt cap over fluvial inter-
bedded silts, sands, and gravels. They had relatively thin
surface organics with no evidence of herbaceous peat
associated with previous thermokarst. The thick silt caps
contributed to the prevalence of braided and layered ice
morphologies within high ice contents in the frozen soils.
In contrast, the 1930 and 1988 sites had thick peat with
buried layers of herbaceous peat (Menyanthes trifoliata)
indicative of past thermokarst fens. At the 1988 fire scar,
the ice-poor lenticular ice morphology at 1.1 to 2.8 m depth
suggests that soils had previously thawed to 2.8 m (from the
current surface) and have subsequently refrozen. The pre-
vious thawing of ice-rich permafrost presumably contributed
to the thermokarst microtopography prevalent within the
birch forest at this site. At the 1930 site, the basal hemic peat
(116 cm depth) had an age of 3040 + 25 B.P. (before present),
and the fibric and hemic peat transition (48 cm depth) was
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Figure 6. (a) Thaw depth, (b) permafrost ice content,
(c) water-equivalent depth of ice in permafrost,

(d) potential thaw settlement, and (e) ground surface
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Permafrost characteristics and subsequent calculations
of thaw settlement and relative elevation changes
are based on the upper 3 m of the soil column.
The 1975 fire scar was omitted due to lack of
permafrost. Mean + SE, n=3.

dated at 920 + 20 B.P. In the 1988 burn, the base of the fibric
peat layer (48 cm depth) was aged at 1550+ 25 B.P. Large
portions of these peat layers comprised the permafrost
layer. Dates from the interbedded silt and sandy and grav-
elly sand layers (6390+40 and 9820+35 B.P.) indicate
fluvial activity on the flats ended in early to mid-Holocene.
The 1975 site was an outlier with eolian sand over fluvial
sandy gravel. Overall, the stratigraphy shows that aban-
doned floodplains have complex histories involving
disparate fluvial environments ending at differing times,
sand deposits developing near channels, eolian silt being
deposited over wide areas after the end of fluvial activity,
and complex histories of organic accumulation related to
patchy thermokarst.

3.3. Thaw Depths, Thaw Settlement, and
Water Impoundment

Thaw depths in late summer of 2012 were compared
across all soil intensive plots. Mean thaw depths were
relatively shallow in the 1930 (57 cm) and 1988 (52 cm)
fire scars compared to the 2001 (119cm) and 2010 fire
scars (119cm), and in the 1975 fire scar with sandy soils,
no permafrost was found in the upper 2.5 m or 3 m of soil
(Figures 4 and 6a). Permafrost was absent within the
~2.5m depth of probing within the collapse-scar bogs
(Figures 7a and 8).

Ice content is critical in determining potential thaw settle-
ment. Mean ice content of permafrost within the upper
3m of soil ranged from 55 to 79 vol %. (Figure 6b).
The equivalent depths of water contained in the ice at
the 1930 and 1988 sites were nearly double those of the
2001 and 2010 fire scars, in part due to the shallower
permafrost table (Figure 6c). For both the 1930 and 1988
fire scars, calculated potential thaw settlement from thaw-
ing the remaining permafrost in the upper 3m was 0.9 m, 2
to 4 times greater than the potential thaw settlement at
the 2001 and 2010 burns (0.4 m and 0.3 m, respectively)
(Figure 6d). Some of the reduced potential thaw settle-
ment in the recent burns can be attributed to the deeper
thaw already having removed some of the excess ice.
The measured surface elevations at the 1930 and 1988
boreholes (+0.7 m and +0.8 m, respectively) were about
twice as high above the water level of adjacent bogs than
those of the 2001 and 2010 fires (+0.3m and +0.4m,

respectively) (Figure 6e). On average, predicted post-thaw elevations were below or equal to water level at
the 1930, 1988, and 2001 burns, and were 0.1 m above water level at the 2010 burn (Figure 6e), although
thaw settlement and water impoundment were observed in the recent burns (Figures 7a and 7b). Overall,
these results suggest that permafrost thaw can lower the ground surface to approximately water level
over most areas, with 77% of our 13 plots with permafrost predicted to collapse to water level or below

with thawing.

The elevation profile of the burned closed black spruce forest portion of the 2010 fire transect (Figure 7a)
shows the lowering of the permafrost table from 2011 to 2014 (mean=1.04 m, max > 1.57 m), the thaw
settlement of the ground surface (mean=0.27 m, max=0.54m), and the water inundation of the forest
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Figure 7. Transect through burned black spruce forest and collapse-scar bogs in the 2010 fire scar. (a) A cross section of
a portion of the transect depicts the elevations (m) of the ground surface, surface water, permafrost table, and maximum
observed depths of unfrozen ground over time. Measurements for 2013 from transect meters 0-25 were excluded
due to dGPS inaccuracy. (b) A bird’s-eye view of the transect, overlain on prefire imagery (WorldView2, 21 May 2010),
shows an independent comparison of surface elevation over time using ground-based dGPS (August 2012) and airborne
LiDAR (May 2014).

margins from adjacent collapse-scar features (at transect locations ~0-10 m and ~70-80 m). An independent
comparison between ground-based dGPS measurements from August 2012 and airborne LiDAR-derived
elevations from May 2014 showed similar spatial patterns of thaw settlement, with maximum subsidence
found near 0-15 m and 30-50 m of the transect (Figure 7b). These data sets also extended into the burned
open black spruce forest/tussock portion of the transect (~165-200 m), which did not experience significant
thaw settlement between fall 2012 and spring 2014 (Figure 7b).

The cross section of the 2001 transect showed that the permafrost table in most portions of the burned
black spruce forest (~0-190 m) declined substantially between 2011 and 2014, with the greatest changes
(>1m) occurring along the edges of the large bog (Figure 8). The large increases in thaw depth between
2012 and 2013 could be due either to the abrupt thawing of the original prefire permafrost, or to the
thawing of a thin frozen layer which remained or reformed after fire. With only 1 year of surface elevation
measurements at this transect, we were unable to assess the magnitude of thaw settlement from 2011 to
2014, though previous thaw settlement was evident by burned and submerged black spruce along the
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Figure 8. Cross section of the 2001 fire transect through burned black spruce forest and collapse-scar bogs, showing the
elevations of the ground surface, permafrost table, and maximum observed depths of unfrozen ground over time.

bog margins. As of 2012, the elevations of the burned forest with thawing permafrost were similar to bog
surface elevations. In fall 2014, almost the entire low-lying burned forest area from ~0-190 m was flooded
(mean water depth =24 cm). In 2014, a total of 241 mm of precipitation fell during the wettest June and
second wettest July on record since 1930, and prolonged flooding was subsequently observed at several
of our sites [Alaska Climate Research Center, 2014].

3.4. Observed Soil Thermal Regimes

Mean annual surface temperatures (MAST, 5 cm depth) were 2—3°C higher in the most recent burns
(Figure 9a). In particular, the 2010 burn had the highest MAST (2.6°C), whereas the 1975 burn had the lowest
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Figure 9. Box plots of (a) mean annual surface temperature (MAST), (b) mean annual deep temperature (MADT), (c) surface
thawing degree days (TDD), (d) surface freezing degree days (FDD), (e) deep thawing degree days (TDD), and (f) deep
freezing degree days (FDD), by fire scar. Surface and deep measurements were from 5 cm and 1 m depths, respectively,
in hydrological year 2013. Tukey- Kramer HSD post hoc tests were conducted following one-way ANOVAs. Significant
differences (p < 0.05) are denoted by lettering. n=2-3.
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Figure 10. Measured daily soil temperatures at 1 m
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3.5. Thermal Model Simulations

MAST (—0.6°C). Mean annual deep temperatures (MADT,
1 m depth) were also higher in the most recent burns,
though only the 2010 burn had MADT (0.6°C) significantly
warmer than the coldest sites, the 1930 and 1988 burns
(—0.7°C, for each) (Figure 9b). MADT was inversely corre-
lated with OLT (n=14, r=—0.73, p=0.003), but was not
well correlated with active layer soil moisture (n=14,
r=041, p=0.151).

Surface thawing-degree days (TDD) were similar among
fire scars (Figure 9c). Surface freezing degree days (FDD)
were lowest (coldest) in the oldest stands (1930 and
1975), and highest (warmest) in the youngest stands
(2001 and 2010) (Figure 9d). The 1930 and 1988 burns
were frozen at 1Tm depth and had TDD equal to 0
(Figure 9e). Mean deep TDD sums were highest in the
2010 and 1975 burns (Figure 9e). At 1T m depth, mean
FDD sums were generally higher in the two youngest
stands (Figure 9f). The 1975 burn was unique in that it
had both relatively high deep TDD and low deep FDD
(Figures 9e and 9f).

The 1930 and 1988 sites showed soil thermal patterns simi-
lar to each other, with soils remaining at or below 0°C year-
round and maximum permafrost temperatures from —0.3
to 0°C (Figures 10a and 10c). Seasonal soil temperature
dynamics at 1 m depth were distinct at the 1975 burn,
which exhibited the greatest seasonal fluctuation of soil
temperature (Figure 10b). These soils were the first to freeze
in the winter and thawed rapidly in the summer. The 2001
and 2010 sites had similar thermal regimes (Figures 10d
and 10e). Within the 2001 fire scar, one plot (OLT=6cm)
showed the progressive thawing and warming of soil from
2011 to 2013, with winter soil temperatures constrained at
0°C. This observed warming trend was consistent with the
thaw depth monitoring at this plot, which showed
increases in thaw depth from 99 cm to 179 cm between
2011 and 2013. At the other plot in the 2001 fire scar
(OLT=13cm), warm permafrost remained at 1 m depth,
and thaw depths likewise were similar over the three
years, remaining between 59 and 64 cm. In the 2010 fire
scar, all three plots lacked permafrost at 1 m depth, and
all exhibited increasing summer temperatures over the
2—3 year record (Figure 10e). Winter soil temperatures at
two of the three plots in the 2010 burn (in the closed
burned black spruce forest) did not fall below 0°C. The
coldest of the three plots was in the open burned black
spruce forest with a tussock understory.

The impacts of fire severity (OLT) and climate history (air temperature and snow depth) on permafrost dynamics
were evaluated using the GIPL thermal model calibrated using soil properties of a silt loam-dominated plot
(Table 1 and Figures 11a-11d). The GIPL model did not account for thaw settlement; however, the simulated
thaw depths were combined with thaw strain calculations from borehole measurements to estimate changes
in surface elevation as a result of thaw settlement (Figure 12).

BROWN ET AL.

FIRE AND CLIMATE EFFECTS ON PERMAFROST 12



@AGU Journal of Geophysical Research: Biogeosciences  10.1002/2015/G003033

A) Unburned OLT=30cm

©o o A N O

10

19301940 1950 1960 1970 1980 1990 2000 2010

B) Low-severity fire OLT=15cm

o o o A N O

19301940 1950 1960 1970 1980 1990 2000 2010
C) Moderate-severity fire OLT =7 cm

Depth (m)

o o A~ N O

10

19301940 1950 1960 1970 1980 1990 2000 2010
D) High-severity fire OLT=0cm

o o A N O

10
1930 1940 1950 1960 1970 1980 1990 2000 2010
Year

- = Active layer - = Talik
|:| = Permafrost

Figure 11. Simulated permafrost dynamics from 1930 to 2013
in a silt loam-dominated site under varied levels of organic
layer thickness (OLT) representing (a) unburned conditions,
(b) low-severity fire, (c) moderate-severity fire, and (d) high-
severity fire.

The reduction of OLT between simulated
unburned conditions (OLT=30cm), low-
severity fire (OLT =15 cm), moderate-severity
fire (OLT=7cm), and high-severity fire
(OLT=0cm) caused increases in permafrost
table depth (Figures 11a-11d) and surface
subsidence (Figure 12). In the unburned and
low-severity fire simulations, permafrost
remained relatively stable from 1930 to 2013
(Figures 11a and 11b). However, in the low-
severity fire simulation, a temporary increase
in thaw depths from 1990 to 1995 (Figure 11b)
was associated with additional thaw settlement
up to 0.7m (Figure 12). In the moderate-
severity fire simulation (Figure 11c), permafrost
was stable from the 1930s to the 1960s but
began to thaw rapidly beginning in the 1970s.
In the 1980s, a talik formed and increased the
rate of permafrost thawing. The original per-
mafrost table dropped to about 7.6 m and sta-
bilized at that depth. In the early 2000s, new
permafrost began to aggrade with the refreez-
ing of the uppermost portions of the talik. In
the 2010s, this new permafrost reverted back
to a talik. The thawing from the 1970s to
the early 1980s in the moderate-severity fire
was associated with a rapid decline in surface
elevation up to 1.0 m (Figure 12). Despite the
rapid thawing from the early 1980s to the
mid-1990s (Figure 11c), the rate of thaw settle-
ment slowed (Figure 12) as thaw depth
reached beyond the ice-rich silt loam layer at
about 3 m depth into the ice-poor sandy layer
(Figure 4). The final surface elevation at the
end of the moderate-severity fire simulation
was 1.3 m lower than in the unburned simula-
tion (Figure 12). In the high-severity fire simu-
lation, the permafrost table was below 10 m
depth for the entire simulation period, except
for a thin layer of near-surface permafrost that
formed in the mid-1950s and disappeared in
the early 1970s (Figure 11d). The deep thawing
in the high-severity fire simulation resulted in
1.4 m of thaw settlement (Figure 12), equivalent
to the maximum difference of 1.39m in surface

elevations that we observed between burned forest soon after fire and the adjacent collapse-scar bogs
(Figure 7a). Overall, the reduction of OLT consistently caused increased permafrost thawing; however,
the sensitivity of permafrost to OLT thresholds, the magnitude of change, and the vulnerability to talik
development and thaw settlement varied over time and in relation to climate.

When comparing climatic periods, simulated thaw depths and thaw settlement were generally deeper in the
1976—2013 period overall compared with the 1930—1975 period (Figures 11a-11d and 12). Mean annual air
temperature was significantly higher in the 1976—2013 period (—2.3°C) relative to the previous 46 years
(—3.4°C) (t ratio=5.14, df=82, p < 0.0001), whereas mean annual snow depths were similar (t ratio=0.05,
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Figure 12. Simulated surface elevation changes resulting from thaw settlement from1930 to 2013 in a silt loam-dominated
site under different fire severity levels, relative to unburned conditions.

df=82, p=0.96) (Figure 2). The permafrost dynamics in the simulation of a moderately severe fire in particular
appeared to be closely related to short-term to multidecadal weather patterns (Figures 11c and 13). Increased
thaw depth and initial talik development began during 1976—1989, a period with relatively high air temperatures
and average snow depths. Extensive talik development and rapid declines in the permafrost table occurred from
1990 to 1995, coincident with generally above average snow accumulation and relatively high air temperatures.
Despite relatively high air temperature during 1996—2010, thaw depths decreased and the partial refreezing of
taliks occurred in conjunction with low snow depths. From 2011 to 2013, the thawing of the upper newly
aggraded permafrost above taliks corresponded with increased snow accumulation, despite relatively low air
temperatures. These observations suggest that permafrost stability can be significantly impacted by either
increases in air temperature or snow accumulation, but especially by their interaction.

4. Discussion
4.1. Heterogeneity of Soils and Vegetation

Our field monitoring of the response of permafrost to fire across a series of fire scars found that the 2001 and
2010 fires caused substantial permafrost thaw, whereas the 1930 and 1988 fires had relatively stable perma-
frost. Assessing the response to fire, however, was complicated by heterogeneous soil conditions, which
limited the utility of the chronosequence study design. The soil thermal patterns observed among burn ages
appeared to be more closely related to variations in organic layer thickness, soil moisture, and mineral

soil texture than time since fire. Overall,

the observed soil physical and thermal
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found in the 1988 peaty sites suggest that permafrost thawed after either the 1950 or 1988 fire to at least
2.8 m depth (not accounting for thaw settlement), creating thermokarst microtopography and subsequently
recovered. This progression of permafrost degradation and recovery after fire in lowland peatlands is
consistent with the theoretical results of Jafarov et al. [2013]. The younger silty sites had thinner postfire
(and presumably prefire) organic layers (0-15 cm) underlain by thick layers of moist to saturated silt loams.
The relatively thin organic layers corresponded to relatively thick active layers in these soils, which are still
changing in response to the recent fires. Several of the plots showed potential talik development, with
minimum soil temperatures constrained at 0°C, suggesting the presence of an unfrozen layer year-round.
Such talik development buffers the underlying soils from freezing air temperatures and can cause a positive
feedback to permafrost thawing [Osterkamp and Burn, 2003]. The 1975 burn scar was distinct due to the presence
of sandy loams or sands near the surface and low soil moisture content. Consequently, the dry soils with thin
organic layers exhibited large thermal amplitude, with early and deep thawing and rapid freezing.

Plant community composition among the burn scars indicated that the sites did not all represent stages of
the same postfire successional sequence, and soil stratigraphy revealed that prefire environmental and
successional histories also were quite different. The present vegetation composition was most closely related
to soil moisture, which is associated with soil texture. The mixed forest (1975) with dry sandy soils, a thin
organic layer, and deep thaw had unique soil thermal regimes. The birch forest (1988) and black spruce forest
(~1930) alike were underlain by thick peats and thin active layers. The most recently burned black spruce
stands (2001 and 2010) had early successional vegetation and thawing permafrost in most cases. Within
the 2010 fire scar, a greater impact of fire on permafrost was observed in the closed black spruce forest-feather
moss vegetation type versus the open black spruce forest-tussock vegetation type, despite similar fire severity
and organic layer thickness. We hypothesize that the tussock growth form has a cooling effect on subsurface
soils and contributes to the resilience of permafrost.

The heterogeneity in soil and vegetation within the Tanana Flats reflects the legacy of complex ecological
histories. The temporal variation in historic floodplain abandonment has left a legacy of fluvial and eolian
sediment deposition that is manifested in spatial heterogeneity of mineral soil stratigraphy and subsequent
soil development. Vegetation establishment promotes accumulation of soil organic material, which reduces
soil heat flux. In fine-grained soils with high soil moisture, this cooling results in the aggradation of ice-rich
permafrost and the uplift of peat plateaus, upon which forested ecosystems continue to develop. In our peaty
sites, historic permafrost degradation and thaw settlement led to the conversion of forests to aquatic
systems. Subsequent peat accumulation and aggradation of ice-rich permafrost reformed peat plateaus,
which returned to a forested state. The long-term history of sediment deposition, permafrost aggradation
and degradation, hydrology, organic accumulation, and vegetation succession thus created heterogeneous
soil environments within current forests in the Tanana Flats. Other lowland areas exhibit similar inherent
patchiness resulting from these dynamic processes, complicating generalizations and predictions across
these landscapes [Jorgenson et al., 2013; Kanevskiy et al., 2014].

4.2. Thaw Settlement, Feedbacks, and Wetland Expansion

Minor differences in elevation are related to major differences in hydrology, permafrost, vegetation, and
ecosystem properties in the lowlands [Jorgenson et al., 2001]. The Tanana Flats landscape is a mosaic of forest,
scrub, and meadow ecosystems interrupted by numerous collapse-scar bogs and fens. Moderate changes in
microtopography due to the thawing of ice-rich permafrost in forests and subsequent collapse of the soil
surface can result in significant changes in hydrology. Water impoundment greatly alters the surface energy
balance and can cause a strong positive feedback to permafrost degradation, in addition to altering vegetation
composition and ecosystem function [Camill et al., 2001; Hayashi et al., 2011; Jorgenson et al., 2001, 2010;
Myers-Smith et al., 2008; O’'Donnell et al., 2012; Turetsky et al., 2007].

We found that the upper permafrost (within 3 m of soil surface) within our study area was generally ice-rich
(55—79 vol %) and that the thawing of the remaining upper permafrost could cause up to 0.9 m of thaw set-
tlement, resulting in the soil surface collapsing on average to 0.1 m below the water level of the adjacent
collapse-scar bogs. This minimization of relative elevations between forest and bog suggests the potential
for water impoundment through collapse-scar expansion or the creation of new thermokarst depressions
at many of our sites. Thaw settlement and lateral collapse-scar bog expansion were observed after the
2010 and 2001 fires. The effects of the 2010 fire were particularly notable for the rapid collapse of some of

BROWN ET AL.

FIRE AND CLIMATE EFFECTS ON PERMAFROST 15



@AGU Journal of Geophysical Research: Biogeosciences  10.1002/2015/G003033

the ground surface in the burned forest to below the water level, with up to 0.5m of subsidence recorded
between 2011 and 2014. The magnitude of permafrost thawing was typically greatest along the forest-bog inter-
face, suggesting the importance of hydrologic feedbacks to fire-initiated permafrost thaw. In the absence of fire,
collapse-scar bogs in this region have expanded at rates of 0.1—0.5 m/yr [Jorgenson et al., 2001], whereas lateral
expansion averaged 2 m/yr in the first 3 years after the 2001 fire [Myers-Smith et al., 2008].

In addition to these observations, our simulations of thaw settlement at a silt-dominated site showed substantial
surface subsidence of up to 1.3 m or 1.4m after moderate-severity (OLT=7cm) and high-severity fires
(OLT=0cm), respectively. Our simulations also suggest that significant thaw settlement may even result
from low-severity fires (OLT =15 cm) when air temperatures and snow accumulation are relatively high.
The magnitude of thaw settlement was greatest from the thawing of the upper 3 m of soil, which was
characterized by ice-rich silt loam. Our observations and modeling results suggest that the interaction
between climate, fire, ground ice, surface topography, and hydrology is a significant mechanism accelerating
the decline in forested ecosystems and the expansion of collapse-scar bogs across this landscape.

The thawing of permafrost and subsequent ecosystem shifts have important implications for carbon cycling.
Permafrost stores large stocks of organic carbon which can become remobilized upon thawing and released
into the atmosphere [Schuur et al., 2015]. The inundation of forests following collapse leads to a shift from
predominantly aerobic to anaerobic pathways of respiration, increasing the release of methane, a potent
greenhouse gas [Frolking et al., 2011; Johnston et al., 2014; Olefeldt et al., 2013; Turetsky et al, 2007;
Wickland et al., 2006]. The increased radiative forcing resulting from these carbon losses, however, may be
offset by enhanced organic matter accumulation over time following thaw in collapse-scar bogs [Camill
et al., 2001; Turetsky et al., 2007], though some studies report a net reduction in carbon storage [O'Donnell
etal, 2012].

4.3. Permafrost Dynamics After Fire and Relationship to Climate

We assessed the influence of fire severity (through related changes in OLT) and climate history (1930—2013)
on permafrost dynamics by conducting several simulations using the GIPL soil thermal model and thaw strain
estimates. The simulations showed the increased vulnerability of permafrost to talik formation, deep thawing,
and thaw settlement with increased fire severity (i.e., reduced OLT). The simulations suggest that there are
thresholds of OLT below which permafrost will destabilize, but the thresholds vary over time in response
to climate. With a low-severity fire (OLT =15 cm), thaw depth increased slightly, but underlying permafrost
remained stable in the absence of talik development. With a high-severity fire (OLT = 0 cm), permafrost could
not be sustained within the upper 10 m of soil. With a moderate-severity fire (OLT =7 cm), the permafrost
dynamics were more complex and dependent on climatic variations. In this simulation, permafrost remained
stable from the 1930s through the 1960s, until rapid thawing beginning in the 1970s led to the development
of a deep talik, the upper portion of which temporarily refroze, developing a thin layer of short-lived permafrost.
The original permafrost table eventually stabilized beneath the talik at 7.6 m depth.

The complex permafrost dynamics under the simulated moderate-severity fire underscore the importance
of short-term to multidecadal fluctuations in weather in influencing the impact of fire on permafrost.
The vulnerability of permafrost to degradation after moderate-severity fire increased sharply in the
1970s, coincident with multidecadal increases in air temperatures after a major shift in the Pacific
Decadal Oscillation in 1976 [Hartmann and Wendler, 2005]. Since the 1970s, permafrost appeared to be
sensitive to short-term variations in snow accumulation. The pronounced thawing of permafrost during
1990—1995 and 2011—-2013 was associated with periods of high snow accumulation, whereas a period
of permafrost recovery during 1996—2010 occurred during a period of low snow accumulation, despite
relatively high air temperatures. Increased air temperatures, increased snow accumulation, and their
interactive effects contribute to the instability of permafrost after moderate-severity fire. The warming
effect of increased snow depth during 2011—2013 may have also contributed to the rapid increase in thaw
depths and soil temperatures that we observed at the 2001 and 2010 fire scars in these years. Though a
significant impact of fire on permafrost often occurs within just a few years of disturbance, these findings
suggest that the full impact of OLT reduction on permafrost may not be realized for many years until
climatic conditions are conducive to thawing, unless sufficient organic layer recovery inhibits thaw.

Permafrost monitoring after a 1983 fire in the nearby lowlands at the Bonanza Creek Long Term Ecological
Research site documented a progression of deep permafrost thawing, talik formation, stabilization of the
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original permafrost table at depth, refreezing of the upper talik, and recent degradation of the new permafrost,
similar to our simulation results for the moderate-severity fire [Romanovsky, 2014; Viereck et al., 2014]. In
the 36 years after a 1971 fire in the Yukon-Tanana Uplands of interior Alaska, the degradation of permafrost,
development of a talik, and recovery of permafrost were observed [Viereck et al., 2008]. The initial permafrost
recovery was attributed to low snowfall combined with cold temperatures in the winter of 1995-1996, which
led to persistence of frost and the eventual freezing of the entire talik. These short- to long-term climatic
controls interact with fire severity, plant succession, organic layer recovery, and hydrologic changes to
create complex temporal dynamics of permafrost change, which also vary across the landscape in response
to local controls. Under future climate scenarios with projected increases in air temperatures and snowfall
[Romero-Lankao et al., 2014], the thresholds of OLT needed to protect permafrost would increase (i.e., less severe
fires will have greater impacts on permafrost in a warmer climate with increased snowfall), and the likelihood of
permafrost recovery will be reduced.

5. Conclusions

Fire can increase soil heat flux and trigger permafrost thaw in boreal lowland forests, but the magnitude of this
response is dependent on interactions between fire severity, soil properties, and climatic conditions. These con-
trols vary spatially and temporally, contributing to the complexity of postfire permafrost dynamics. We found
that substantial permafrost thaw, surface collapse, and water impoundment have occurred on the more recent
burns with silty soils, whereas the burns with peaty soils had relatively stable or recovered permafrost.
Variations in long-term environmental and successional history gave rise to substantial heterogeneity in soil
properties and vegetation within the lowland forests. Given this spatial heterogeneity and temporal variation
in air temperature and snow conditions, we used thermal modeling to better evaluate the effects of fire severity
and climate history on permafrost. Simulated moderate- to high-severity fires led to talik formation, deep
permafrost thawing, and thaw settlement in silty soils. Permafrost dynamics in moderate-severity fires
were controlled by climatic fluctuations, with taliks forming during periods of warmer air temperatures
and/or deeper snow and permafrost aggrading under colder and/or lower snow conditions. Together,
the field observations and soil thermal modeling indicate that ice-rich lowland-forested ecosystems in
interior Alaska may be reaching a climatic tipping point where they are increasingly vulnerable to deep
permafrost thawing and severe collapse after fire, with the potential for permafrost recovery diminishing
as the climate continues to warm.
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