








Table of Contents

ACKNOWIBAGMENES. ... .ottt et e e ae et e e se e s beenbeanaesaeeeesneesreeneens 2
Y 01 - Yo oo TSP TSTP TR 5
Section 1.0- Introduction/ Site BaCKQrOUNG............ceiieiiieiieiieieeie et 6
RegIONaAl TOPOGIAPNY ...ttt bbbttt e bbb 7
S Yo] | @0 a1 Tl OF: Ty o o] 1SS 7
Permafrost Dynamics and ThermokKarst PrOCESSES ........c.civeveieereeieseeseesie e e esie e sra e 9
Forest Composition & SUCCESSION DYNAMICS .........oiviiiiieieieie et 11
HUmMan INFIUENCES/ LANG USE......c.eiiieieiieiieeie ettt enne e 14
Relevance to Environmental Management ............cooiiiiiieiie i 17
SECtioN 2.0 METHODS ..o bbbttt bbb 19
2.1 DALASELS ...ttt R et E e e e R e e e e Re e e n e e nne e are e rn e nne e 19
2.1.1 PermMafTOSt DALA ......ccveieiiiiiiieiie ettt sttt sttt ettt st bennenneas 20
2.1.2 Northern Circumpolar Soil Carbon and Thermokarst Data............c.coovveieienenieneninenns 21
2.1.3 AlaSKa WIlUTFIFE DA .....ccveiveiiiiiiiiiiiieieie ettt sttt nresrenneeneas 22
2.2 GIS TOOIS & MELNOUS ..ottt eneas 22
2.2.1 Clip GeoproCesSING TOOI ........oiiiiiiiiiieieie e 23
2.2.2 Intersect GEOProCesSING TOON .......coiiiiiiiiiiese e 24
2.2.3 Dissolve GeoproCesSiNg TOO! ........ccoiiiiiiiiiiiiiieee e 25
SECLION 3.0- EVIAEINCE ...ttt sttt ettt et sbentesbeeneeneas 26
3.1 SOil Carbon DYNAMICS ....cveeieiiieiiecie ettt sttt e bt e e b e sbeesbeennesreesteeneesneennas 26
Soil Taxa and Carbon Storage CharaCteriStiCS..........ouuveierererene i 27
Climate INFIUBNCES 10 SOIL......ociiiiiiiieee et eneas 30
Topographical Influences on Soil Carbon DYNaMICS ........ccccveiieiiiieiieecece e 33
3.2 PermafrOSt DYNAIMICS......cc.eiiiiieie ettt sttt e e e s be e sbe e s teesreeneesneennas 35
PermafroSt RECOVErY CAPACITY .....c.ueiviiuiriiiiieieie ittt ettt 38
Thermokarst Effects on Topography and Carbon Cycling ..........ccceveiiiininininieiee e 39
Loss of Organic Soil Layers Effect on Permafrost and Ecological Recovery Processes ............. 42
Fire Interactions With PErmafrOSt..........cooo i 44
3.3 Climate Change Influences on Carbon and Fire CyYCIES ..........ccccoviiiiiiinieiiieresc e 46

Influences of Temperatures and the Pacific Decadal Oscillation (PDO) on Carbon/ Fire Cycles46
Climate Change Impacts 0N VEGELatION .......cccveiieiiiiiiie it ae e 49



Climate Change Impacts on Fire Cycles & Soil Carbon Dynamics..........ccccoevvevvevesieeneerieseee 51

3.4 Role of Wildfire and FOrest SUCCESSION. .......ccuiiuiiiiiriiieieie et 54
Post-Fire SUCCESSIONAl DYNAMICS .......c.ciuiiiiiiieiiesie i 58
Fire Effects 0N SO CarbON ..o e 60
S0il Carbon EFfECtS ON SUCCESSION......ccuviiiiiieiieii ettt snee e 64

3.5 HUMAN INTIUBNCES ... bbbttt bbb neas 65
Human 1gnitions from Land USE...........cueiiiiiiiiiiiiieeee e 66

SECHION 4.0- DISCUSSION.....cvieuiiitieitieieetiestee e eseestee e et este e teaseesbeesbeeneeabeeabeasbesseesbeeneesbeenaeeneenneennas 68
SOil CarbON DYNAIMICS ....oeeveiiciieeie ettt e e sre e te e e teenteenaesneenrs 69
PermafroSt DYNAMICS .......ccuiiiiieeie e re e e s e s te et e e naesreesaeeneesnaeeeas 70
Successional Trajectory and SUDSISLENCE SPECIES.......cccviiieiieiicie e 71
Data Gaps, Spatial Modeling Limitations, and Influencing Factors.........c.ccoccvvvevivnveiinnivennns 74
Significant CouNEr-FINAINGS .......covoiiie e 77
Regional SIGNITICANCE .....ccveiiiiie e te e neesreete s 78

Section 5.0- RECOMMENAALIONS .......couveiiiieieeieiie st e e ettt e e sreeneesreenbeeneesneenns 79
1. Fire Suppression POIICIES/ ACHIONS .......ccoiviiiiiiiiiiieee e 80
2. Forestry Management/ Land USe ChangesS ..........ccoeverieierenininisieeeee e 81
3. Ongoing Monitoring & Data NEEAS............ciiiiiiiiiieere e 83

SECLION 6.0 CONCIUSIONS ...vviiieiecie sttt st bttt ne et et e b sbesbesbeeneaneas 84

R (=T =] Aot L N O 1 < USSR 87

GIS Data Resources/ ReferenCes CIte.........cooiiiiiiiiiiiieieeie e 94

Supporting Figures & Tables (from LIterature) ..........ccocveveieeieeie e 95



Abstract:

The boreal region of Alaska has vast forests spanning hundreds of thousands of square
kilometers in the central portion of the state that is prone to large stand replacing summer
wildfires. The region stores considerable quantities of terrestrial carbon sequestered in soil
horizons down to 1 meter in depth that are strongly influenced by a combination of climate
change, permafrost dynamics, vegetative composition, and fire regimes. Data and literature
establish that the boreal region of Alaska (and the rest of the Arctic) has been steadily warming
at a rate nearly double that of lower latitudes. This warming has resulted in larger fires defined
by shorter return intervals. This altered fire regime places the vast stocks of organic soil carbon
at risk to greater degrees of combustion, potentially contributing millions more tons of CO2to
the atmosphere in the Arctic region.

Between 2000-2015 roughly 5% (~28,000 km?) of the over 560,000 km? of the boreal
region burned, raising CO> levels and supporting a positive feedback loop between climate and
fires; when considering that this region of Alaska is larger than the state of California (~420,000
km?) these emissions are significant. Mean summer temperatures have risen by 1.4° C over the
last 100 years, resulting in shorter fire return intervals characterized by more severe and intense,
longer fire seasons. This warming is driving more pronounced permafrost degradation that is
altering both the extent and depth of regional permafrost layers, increasing labile carbon stocks
that serve as additional fuel pools for fires. While permafrost layers are fluctuating more
frequently, the warmer temperatures are supporting increased vegetation growth with expansion
of the boreal forest into landscapes that were previously hostile, increasing novelty in these
area’s fire regimes and subsequent emissions. As fire activity increases in the region, forest
composition is being altered toward a greater dominance by deciduous rather than coniferous
trees, a development that is increasing soil carbon levels as these stands mature. Human
suppression policies, despite being well intentioned, are driving more frequent and severe fires
due to an unnatural buildup of fuels, especially around regional population centers. Because of
these findings, | recommend closing critical data gaps with further data additions, changing

timber harvesting and forest management policies, and reexamining fire suppression policies.



Section 1.0- Introduction/ Site Background:

Boreal forests comprise the largest ecoregion of Alaska and encompass over 560,000 km?
in the central, north central, and southwestern portions of the state (Figure 1-1). The widely
variable climate of Alaska (the
coldest temperature on record
was -62.2° C, the hottest
temperature on record was 37.8°
C), coupled with long and
formidable winters creates an

environment that fosters a

unique and highly variable fire
season in the boreal forest
region of the state

(http://www.weather.gov/arh/

, http://afs.ak.blm.gov/).

The boreal forest region
of Alaska has a record of small

to large scale wildfires (Figure
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the region. During the first

decade of the 21% century an

average of 767,000 hectares per  Figure 1-1: Map of the eco-regions of the state of Alaska. From: Nowacki et. al.
2001 and the U.S. Geological Survey Open-File Report 02-297.

year burned, representing

approximately 50% more terrestrial area consumed by fire than in decades since the 1940’s

(Kasischke et. al. 2010). Per Wendler and Martha (2009), the Fairbanks area (the largest city

within the boreal region) has experienced an average 1.4° C increase in average summer

temperatures throughout the region since the early part of the 20" century. Given that average

temperatures in the interior portion of the state seem to be steadily increasing it is reasonable to

conclude that there is a direct link between climate change and wildfire activity and carbon

emissions within this region.


http://www.weather.gov/arh/
http://afs.ak.blm.gov/

Climate/ Soil Conditions

Alaska is home to three primary climates—Holarctic in the south central and
southwestern portions of the state, Maritime in the Southeastern panhandle and Arctic on the
northern edge of the boreal forest region (Johnson & Myanishi 2012; Alaska Interagency Fire
Management Plan 2016). The boreal forest region is primarily Holarctic with the northern
portion lying inside the Arctic Circle. Regionally this area has experienced a warming climate
for the last century that has extended the growing season- expanding forest boundaries (Tape et.
al. 2016) and altering phenological cycles of many endemic plant species (Root et. al. 2003).
Additionally, ocean influenced atmospheric conditions like the Pacific Decadal Oscillation (PDO
[Hartman & Wendler 2005]) have exerted noticeable influences on temperature and precipitation
patterns of the region. While the region is defined by extremely cold winters with prolonged
inversion periods that drive average temperatures well into double digit negative ranges, the
winters are becoming shorter with the transition to spring and breakup seasons happening more
rapidly. As summers get warmer and longer in the region, the literature postulates that the boreal
forests that dominate the central portion of the region could migrate northward over taking

tundra areas and altering the fire and carbon dynamics of these sub-regions.

Regional Topography

The boreal forest region in the central portion of Alaska (Figure 1-1) is bordered in the north by
the Brooks Range, and on its southern and southwestern most portion by the Alaska and
Talkeetna Ranges. Several major rivers flow through the region including the Yukon (in the
north) and the Tanana and Nenana Rivers (central). These waterways serve as major
transportation corridors for downed trees and other organic matter (Ding et. al. 2014) trapped in
silt that are distributed by spring river swells that accompany the thawing period known as break
up season. These rivers also form low lying areas that are generally more susceptible to fire
influences than higher elevations such as foothills and alpine regions near the mountains
(Turetsky et. al. 2014).

Soil Organic Carbon

The boreal region of Alaska contains carbon rich soils that range in concentration from

one patch to another, and overall the region is defined by soils that store large amounts of carbon
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stocks (Hugelius et. al. 2013) that are the result of both the accumulation of detritus over time,
slow decomposition rates, and permafrost stabilized deeper layers (B. Young et. al. 2016). Low-
lying areas, are deposition zones of large amounts of organic carbon (USDA 1999) that tend to
pool in certain soil taxa. These soil carbon layers are of concern as climate warming pushes
permafrost layers deeper down into the soil horizon (Jorgenson et. al. 2015) with the result that
greater quantities of labile carbon may become feed stock for future aggressive fire regimes.
Fire’s secondary influence on permafrost retreat and increased active layer depth will only
become more pronounced in coming decades as warming temperatures favor increased fires,
albedo changes, and greater radiative forcing that results in larger stocks of carbon from
permafrost retreat (Randerson et. al. 2006; Shenoy et. al. 2011).

Currently substantial and rapid shifts in fire activity are occurring across the globe
(Moritz et. al. 2012) and in boreal Alaska (McGuire et. al. 2009). The importance of fire cycles
in driving carbon cycling and other ecosystem services is well documented within the body of
researched literature; fire cycle vulnerabilities to climate change and fire’s importance in
terrestrial carbon cycling are well understood (A. Young et al. 2016). Wildfire is a major
dynamic controlling long term soil carbon dynamics (Tas, 2014), and fires of sufficient severity
discharge large quantities of soil bound carbon into the atmosphere (Brown et. al. 2016).
Warming temperatures favor trends toward more very large wildfires (Stavros et al. 2014) that
can cause habitat degradation over time. Severe ground level fires favor a receding of
permafrost levels that liberate greater stocks of labile soil carbon available for combustion in
proportion to the severity and size of wildfires (Moritz et. al. 2012). Although carbon stock
densities are highly dependent on landscape type (Chien Liu et. al. 2008) the potential for these
stocks to be at risk due to wildfire induced depletion has increased substantially in response to
climate change (Brown, 2016). As more severe fires occur and more soil carbon stocks are
released to the atmosphere, the potential exists to create a positive feedback loop (Stavros, 2014)
in warming arising from the greenhouse effect that increased atmospheric CO2 concentrations in
the polar region may cause (Lorianty et. al. 2014). These greenhouse gasses could continue to
alter future climate (Allen et. al 2010), and seasonal changes such as longer summers (Wendler

& Shulski 2008) will contribute to a greater amount of carbon emissions in the coming decades.



Permafrost Dynamics and Thermokarst Processes

The boreal region is underlain by various extents of permafrost layers that interact with
surface and shallow horizon soil carbon stocks. Per the permafrost map generated by Jorgensen
and colleagues (2008), the permafrost extents present in the boreal region are continuous (>90%
of underlain area), discontinuous (50-90%), sporadic (10-50%), isolated (0-10%) and absent.
Permafrost distributions in this area is defined by patches and landscapes, since the entire region
is not contiguously underlain by permafrost (Jorgenson et. al. 2008). Loss of permafrost because
of climate and fire influences may result in landscape conversions to collapse scar bogs and
muskeg due to thermokarst (Olefeldt et. al. 2015; Lara et. al. 2016). These permafrost layers that
underlie the Central Tanana region and can be deleteriously affected by increased temperatures
due to climate warming and are susceptible to effects from large, severe fires (Brown et. al.
2016). Permafrost layers are large stores of potentially labile soil carbon (Tas et. al. 2014) but are
insulated by the overlaying organic soil layers. Fires of sufficient intensity can eliminate these
layers (Tas, 2014) and although low intensity fires may result in ecosystem recovery to full pre-
fire condition (Lorianty et. al. 2014), large severe wildfires can favor an absence of permafrost
(Brown et. al. 2016).

Permafrost behavior can determine soil carbon content because retreating permafrost
exposes new layers of soil carbon that are susceptible to more rapid drying during warmer
summers (Ping et. al 2008). Continued warming may dry out these layers (Brown et. al. 2016)
making them more vulnerable to combustion that will cause these layers to decrease in size and
insulating capability (Harden et. al. 2000). The importance of the insulating soil organic carbon
layer cannot be overstated since this layer can take thousands to tens-of-thousands of years to
regenerate (Mack et. al. 2011), and store vast quantities of carbon that can contribute to the
atmospheric greenhouse gas cycle, and alter the carbon cycle of the entire Arctic/ Holarctic
biome (Lorianty et. al. 2014). The warming climate extends the summer and in some areas,
decreases the amount of summer precipitation creating longer dry periods conducive to more
frequent fires, and a loss of the insular organic layer overlaying permafrost (Tas et. al 2014,
Wendler & Shulski 2008).

Permafrost layers provide a stabilizing influence on soil carbon stocks by inhibiting
microbial decomposition, and freezing in soil strata limiting nutrient pools that are essential for

surface biomass growth (N2 being the primary nutrient followed by bioavailable labile carbon



[Boby et. al. 2010]). Permafrost layer integrity relies on two key factors: organic soil carbon
layers and climatic influences, although fires exert a secondary influence, usually at the patch
scale. Soil organic carbon layers are formed by biomass deposition of detritus that forms an
insulating layer over the active layer (the soil stratigraphy directly over the permafrost layer that
seasonally freezes and thaws), and these layers are most directly affected by fire activity
(O’Donnell et. al. 2011). It should be noted that permafrost retreat proportionate to fire severity
is not very well understood or the models for projecting such volumes are lacking in the ability
to completely account for future climate trends.

Climate induced reduction in permafrost levels results in topographical distortions in
landscapes (Olefeldt 2015). This topographical transformation process is called thermokarst and
is directly influenced by permafrost dynamics, causing surficial deformation caused by the
sudden or widespread decrease in permafrost (and thus the loss of associated frost heaving
[Jorgenson et. al. 2015]). Thermokarst affects not only the obvious surface topography, often
transforming affected areas into a network of streams and vernal pools called muskeg or collapse
scar bogs, but it affects vegetation, and thus soil carbon stocks (Schuur et. al. 2009). Areas
where thermokarst has occurred can become concentration points for carbon, and under the right
climatic conditions, can become a short-term carbon source rather than a carbon sink (Balshi et.
al. 2009). The altered hydrology of these areas can support novel successional trajectories that
favor novel biomass composition profiles and thus affect either the rate and quantity of detritus
deposition that forms the insulating layer of soil carbon that protects permafrost (Smith et. al.
2015). Permafrost areas directly correlate with thermokarst occurrence and vegetative and
landform transformation. Thermokarst can significantly change ecosystem services by altering
habitat and topography that species depend on (A. Young et. al. 2016), or change biomass
composition within affected areas entirely (Brown et. al. 2015). However, over time the literature
indicates that stabilization of the soil carbon cycle if effected by thermokarst alone, and under the
right climatic conditions (conditions that favor stable permafrost cycles) these areas can recover
on a patch scale to pre-thermokarst conditions (with native biomass composition and structure).

Landscape changes due to thermokarst are becoming more common in the boreal region
(Jorgensen et. al. 2015; Olefeldt, 2016) as climate warms and increased mean summer
temperatures become the norm (Wendler & Shulsky 2009). Thermokarst is somewhat related to
carbon content as areas with higher soil carbon levels tend to be areas where thermokarst

landscape changes occur more frequently (Tamocai et. al. 2009). When permafrost thaws and
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soil carbon levels increase (Schuur 2009) these regions can become fire prone over time because
of the greater fuel load that increased soil carbon levels support (Mack et. al. 2004). Global
circumpolar carbon levels that Olefeldt and fellow researchers (2016) and Hugelius and fellows
(2013) compiled illustrate just how much soil carbon is stored in Arctic and Holarctic regions
globally (Figure 5 in Appendix A). A relationship between soil carbon levels and regional
susceptibility to thermokarst induced topographic deformation appears to exist, and areas with
higher carbon levels are at a greater susceptibility to landscape transformation (Routh et. al.
2014; Liu et. al. 2014).

Forest Composition & Succession Dynamics

Because of the network of smaller rivers and streams and the soil characteristics, this area
has broad dense forests of mixed dominance regionwide despite the harsh climate prevalent in
the area (Natcher 2004). The northern edges of this region are predominantly tundra defined by
grasses, shrubs, and forbes that flourish in the peat soil (Mack et. al. 2011). The boreal region is
primarily dominated by black spruce (Picea mariana) stands that over lay some of the most
carbon rich areas of the region (Johnstone et. al. 2010; B. Young et. al. 2016; Gaglioti et. al.
2016). These stands are vulnerable to influences from fire because of their flammability
characteristics, shallow root systems, and clonal reproduction post-fire (LIoyd et. al. 2005).
While these stands are well adapted to fire regimes with long return intervals defined by lower
intensity (combustive energy) fire, they are ill adapted to fire regimes defined by high intensity
and short return interval (Kelly et. al. 2013). The region is also home to smaller stands or mixed
codominant stands of deciduous-conifer or deciduous species (Norris et. al. 2011). Many of
these stands are found in areas where burn intervals have changed markedly over the last 1,000
years and constitute valuable habitat for vital big game species that residents depend on for
subsistence (Nelson et. al. 2008). Tundra comprises the majority composition of northern areas
of the boreal region (Hu et. al. 2006; Loranty et. al. 2014). Although spruce stands occur in
patches in tundra areas, these areas are composed of mostly peatlands dominated by grasses and
forbs and store significant quantities of carbon (Bret-Harte et. al. 2013). These areas are
important to consider because as climate warms there is a potential for the northern expansion of

forest lands into these areas (Tape et. al. 2016) and a novel fire regime could cause a pronounced
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increase in carbon emissions from these portions of the landscape that convert patches into
carbon sources (Mack et. al. 2011).

Fire behavior itself is unique in Alaska in that crown (canopy fires that burn above the
ground level) and ground fires can behave very differently than in other locations, particularly
the lower 48 United States (Allen et al. 2010). Large “holdover” fires can continue to burn over
the winter, insulated in the soil organic layer despite being covered by snow (Alaska Forest
Service). This can cause permafrost to retreat to lower soil horizons such that during the spring
thaw, a greater horizon layer of organic combustible material is exposed to drying in the spring
and more vulnerable to fire over the warmer summer months

(nttp://www.amidst.alaska.edu/pdf/forest_fires.pdf). These smoldering holdover fires can also be

source points for new ignitions when weather conditions become favorable during the late
spring- early summer months.

Stand replacing wildfires are a keystone disturbance in boreal forests of Alaska (Gaglioti
et. al. 2016), and drive important biogeochemical and ecological cycles such as soil carbon
cycling and ecological succession; however, these disturbances are becoming more frequent and
erratic as climate changes (Moritz et. al. 2012; A. Young et. al. 2016). Wildfire is closely tied to
climate (and to some lesser extent, vegetative) parameters, and shifting climatic conditions are
contributing to novel fire cycles, particularly in the central boreal forest regions of the state
(Gaglioti. 2016). Warming trends within the state are expected to drive more frequent and
severe fires (Kasischke et. al 2010) despite the regional variability associated with fires (Stavros
et. al. 2014). In 2004 and again in 2009, the state experienced exceptionally large fires when
compared to previous years (Barrett et. al. 2011; Johnstone et. al. 2009). There is considerable
research to show that soil carbon cycling is closely related to the severity of wildfire, whether it
be in forest or adjacent tundra regions (Mack et. al. 2011), however a proportional relationship is
poorly understood since there is no uniform measure of fire severity (Boby et. al 2010) that can
be correlated to soil carbon loss due to fire.

While forest composition is influenced to an extent by climate change, composition is
most effected by fire dynamics (Johnstone et. al. 2010). The dominant tree species of the boreal
region are adapted to the general climatic conditions of the region, and do not show dramatic
shifts in composition due to minor climatic fluctuations (Allen et. al. 2010). They are also
adapted to a specific fire regime defined by return interval, severity, and intensity, and are more

sensitive to changes in this cycle than to those from climate (Jain et. al. 2012) Fires that are more
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intense expose broader areas of mineral soils (Wang & Kemball 2010) that favor deciduous
dominated forest stands in the near term, altering the flammability profile of the region for
several hundred years as successional trajectories toward these types of forests progress (Chapin
et. al. 2003). Where deciduous dominated stands become prevalent they reduce the flammability
of these forest stands and exert positive influences on essential regional megafauna (Nelson et.
al. 2008; Natcher et. al. 2007). Although fires may strip away insulating soil layers (thus
affecting permafrost), deciduous favoring trajectories exert a stabilizing influence over the
region’s carbon stocks (Liu et. al. 2014) by quickly replenishing the feedstock for soil carbon
(ground detritus). However, when these forest stands are codominant with black spruce stands,
the more flammable black spruce can act as an accelerant (DeWilde & Chapin 2006) causing
these stands to burn, with subsequent greater carbon emissions.

In addition to combusting large quantities of soil carbon which can alter carbon cycling
throughout the arctic (Lorianty et. al. 2014), increased wild fires may favor successional
trajectories that result in the partial replacement of conifer stands with deciduous and shrub
dominated stands (Shenoy 2011). More severe fires tend to occur in stands that are of a
homogenous composition or largely dominated by coniferous tree species (Calef et. al. 2015).
Stands that have been homogenized by human activities tend to be at a greater risk of fires
during longer drier summers than stands where there is a mix of native deciduous species (Calef,
2015). During severe fires, many stands show earlier recruitment of deciduous tree species and
bushes during early successional stages (Boby et. al. 2010) which makes recovering stands less
fire prone to future fire incidents, as the deciduous dominated stands are more fire resistant
(North & Hurteau 2011), and when fires do occur there is a higher mortality among young
conifers that are more susceptible to ground level fire activity (Dash et. al. 2016). In the short
term, slightly modified successional trajectories favoring deciduous over conifer species may be
beneficial to stabilizing soil carbon stocks, as these stands are less prone to frequent fires which
can give the landscape time to stabilize carbon levels post-fire (Kelly et. al. 2013). This
succession can also be beneficial to providing a vegetative control to fire occurrence (Kelly,
2013; Young, 2016). That is not to say that eventually fire prone areas will be entirely dominated
by deciduous species, some areas have shown an adaptation to cycles of extreme fire seasons or
regimens that may last decades or centuries with conifer stands remaining the dominant tree
species (Kelly, 2013).

13



Fire Cycle Influences on Climate

The boreal region fire season was previously defined by long return interval, low
intensity, and moderately severe fires (Kelly 3013). Fires in this region tend to be a mix of both
canopy and ground fires, with the former being the cause of increased tree mortality (Bret-Harte
et. al. 2013) and ground fires being the source of the greatest carbon emission from these
disturbance events. Fires are becoming more frequent in this region (Moritz et. al. 2012) and
thus emitting more CO> to the atmosphere in the polar region. Current data (Alaska Fire
Service) indicates that fire occurrences have increased from previously severe fire events in the
1950’s, and if this trend continues, then emissions can be expected to increase dramatically by
2100. More frequent and severe fires, and affect the overall health of the forest, because as
temperatures rise, forest stands become increasingly vulnerable to background mortality (Allen
et. al. 2010) which can lead to a greater quantity of understory fuel. As previously stated,
warming can cause permafrost layers to retreat and surface soils desiccate, adding an additional
source of combustible materials (Mack et. al. 2011). Connectivity between large patches may
also be increased as higher levels of “dead and down” trees coupled with drier shrubs and grasses
can create a large surficial under-burden of available fuels that can contribute to larger than
expected fires (A. Young, 2016). This spatial alteration of the landscape fuel load can change
fire regime dynamics proportionate to the level of alteration (Dash et. al. 2016) such that novel
fire regimes may emerge and become a new reality with the stresses of continued climatic shift
(Kasischke et. al. 2010).

Human Influences/ Land Use

The boreal region is home to several groups of Athabaskan native peoples and residents
of European or Russian descent that all depend on local resources and game to survive (Nelson
2008). Increased quantities of CO2 in the atmosphere (a result of greater fire activity that
combusts larger stocks of soil organic carbon) that encourages formation of positive feedback
loops between fire activity and climate warming will have noticeable effects on regional
populations (Johnson & Myanishi 2012). These affects can be negative through the loss of forest
land and associated ecosystem services to fire, economic losses from decreased recreational land
use, or increased risks to life and property in remote areas where fire suppression crews have

little or no access. Effects to regional populations can also be positive—fires in remote areas
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that burn with sufficient intensity can increase forage for big game animals (through deciduous
favoring succession) harvested for subsistence, effective forest management can preserve
majority percentages of recreational tracts, and firefighting can provide much needed income to
smaller communities. Effective suppression polices can serve to protect habited areas while
preserving the appropriate disturbance cycle in the ecosystem without letting it get out of control.

The largest number of human caused fires often occur within certain distances of habited
towns, major roads, and recreational use areas (Calef et .al 2008). Human land uses can support
increasing fire regimes, or they can inhibit the spread of large fires through management
practices that support the removal of fuel pools. Human suppression activities that focus on total
suppression or critical suppression (suppressing more than 95% of fires [Alaska Interagency Fire
Management Plan 2016]) can result in fuels build up over time that support large, catastrophic
wildfires that pose direct risks to communities, and particularly remote or isolated communities
such as Galena and Fort Yukon. In contrast where these fuels can be removed through
unrestrictive permitting, timber harvesters can bring out dead and down or remove older dying or
sick trees for firewood use, thus the forest stand can be effectively thinned to prevent large fires
(Natcher 2004). In agricultural areas (such as Delta Junction) limited use of burning to clear
grain fields or encouraging planting of less flammable native deciduous species to diversify
forest composition may help to decrease fire risks in these communities (although such measures
would have only a limited local effect on fire reduction potential).

Wildfire effects the regional megafauna through degradation of ecosystem services
(habitat) and changes in biomass composition (forage) that can initially decrease essential game
populations (although these tend to recover in the long term) (Nelson et. al. 2008; Tape et. al.
2016). Affects to this megafauna directly impact human populations in the region that practice
total and semi-subsistence lifestyles (Natcher 2004) and will undoubtedly contribute economic
losses in the form of lost revenue from limited hunting licenses in the future if these game

populations become less stable due to increased fire activity.

Geospatial Analyses & Data

The relationship between wildfire severity and geography has been geospatially analyzed

in the literature, but few articles deal with a direct correlation between the spatial relationship
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between fire severity and soil carbon release from a technological modeling and hence predictive
stand point. High latitude ecoregions are key carbon storage areas in the global carbon cycle
(Mack, 2011), however, estimates of global carbon stocks have not adequately addressed
estimates of soil organic carbon (SOC) in permafrost affected regions, or the unique pedogenic
processes that affect these soils (Hugelius et. al. 2013). Spatial modeling is a valuable tool to
assess the relationships between soil carbon and wildfire on both a local and global scale and
despite inefficiencies in some models, provides an overall understanding of climate induced
changes to fire and soil carbon cycles (Rogers et. al. 2014; Prentice et. al. 2011).

Modeling of forest stand compositions and fire’s affect thereto accounts for fire spread
from the ground to the canopy using empirical relations between burn intensity, scorch height,
and percent crown burned and is able to show fire effects under a range of fire intensity
conditions (Miquelajauregui et al. 2016). The result of this model shows that forest stand
structure is one of the factors influencing boreal fire severity variations (Miquelajauregui; 2016).
Dash and fellow researchers used geospatial modelling and anlysis to show that land cover
spatial arraingement exerted greater influences on boreal fire regimes when climatic shifts
favored increased burning (Dash et. al. 2016) and Kasischke and Turetsky (2006) showed that
seasonal burning patterns differd across ecozones influenced by climate warming. This GIS
(Geospatial Information Systems) analysis ultimately showed that large fires burn in coniferous
stands and that fuel arrangement was a deciding factor in the length and breadth of individual
fires (Dash, 2016). Satellite data is also quite useful in locating ignition points and thus
contributing to the efficiency of suppression efforts—filling data gaps in understanding fire
dynamics and dates of ignition in regions with scant fire data and correcting inconsistencies in
fire databases (Benali et. al. 2016).

Modeling of carbon also identifies trends over time and is useful in predicting future
emissions based on present soil carbon and fire data (Rogers, 2014). Although the Northern
Circumpolar Soil Carbon Database (NCSCD [Hugelius et. al. 2013]) lacks annual carbon level
depth measuements, it is still useful for informing predictions of future relationships and
behaviors between fire and soil carbon. Goetz and fellow researchers (2007) showed with
modeling that a positive feedback loop between soil carbon combustion by fire and future
warming is a distinct possibility (Goetz et. al. 2007) but a negative feedback loop caused by
increased albedo (radiative forcing of solar energy to the ground) is potentially likely as well

(2007). Modeling has also shown that terrestrial carbon storage at present is 821PgC less than in
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the last glacial maximum, with vegetation expanding rapidly into areas where glacial retreat has
occurred, thus increasing terrestrial carbon storage (Kaplan et. al. 2002). Interestingly, modeling
has supported the conclusion that fire regimes did not differ noticeably with the arrival of
European settlers to the region, in fact the introduction of European type agriculture (albeit on a
limited scale given Alaska’s climate) contributed to a decrease in burning coincident with
agricultural monoculture (Prentice et. al. 2011).

GIS tools are valuable assets to determine how land cover mosaics can decrease fire
spread when these mosaics act as natural fire breaks by their composition (again deciduous
dominated stands tend to be less fire prone under normal conditions [Benali et. al. 2016]). Given
this relationship to spatial arrangement, understanding where a fire is initially ignited and its
projected path can save millions of dollars in loss of property, ecosystem services, and can
mitigate risks to human life (Benali, 2016). To that end, satellite data is a very effective point
(Prentice et. al. 2011) tool for initial tracking of fires, but unfortunately does not provide much
information regarding a relationship between fuels, stand composition, and fire behavior (Benali,
2016). Satellite imagery is also useful in determining how human management activities may
have caused fuel build ups that make certain regions more prone to fire activity in the future
(Gaglioti et. al. 2016). Wildfire is defined by complex interactions between vegetation, terrain,
climate, and human factors such as management and suppression strategies (Chapin et. al. 2003).
Technology can provide the capabilities to analyze such complex interactions to drive or alter
policy for the greatest benefit of the surrounding landscape. Monitoring of such factors as
vegetation to determine if excessive fuel build up is occurring, or if human fire management
activities are suppressing fires in some areas while encouraging it in others, are invaluable in
establishing factors that may determine the level of soil carbon cycling (Dash, 2016). There are
limitations though as gaps in atmospheric carbon monitoring require higher density monitoring
of soil carbon stocks, as currently these stocks can only be inferred from atmospheric CO and

CHg concentrations, and then at the continental scale (Birdsey et. al. 2009).

Relevance to Environmental Management

Greater levels of carbon emissions from climatically and anthropogenically induced
increases in wildfire activity will have a pronounced effect on ecosystem services and

functioning in the coming century (Davidson & Janssens 2006). Changes in biomass
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composition and expansion of the current range of boreal forests will affect human and animal
populations alike thus requiring altered management strategies to insure abundance for coming
generations (Tape 2016). The potentially self-sustaining positive feedback loop created between
climate and soil carbon emissions driven by increased fires (Liu et. al. 2014) will negatively
affect land usability and thus negatively impact both current and future human populations.
Regional flora diversity is essential to healthy habitat (Natcher et. al. 2007) and this biodiversity
will be threatened in the near term by increased wildfire, thus necessitating understanding of the
interrelational dynamics of climate on soil carbon loss due to wildfire.

Human fire suppression has altered regional (Calef et. al. 2015) fuel stocks by favoring a
buildup of fuels in and around populated areas (2015). This is concerning because the areas
defined as the most economically valuable or the most sensitive based on current human use, are
also the most vulnerable areas of the region to fire (DeWilde & Chapin 2006). Finding the most
practical, effective, and implementable forest management methods based on an understanding
of this relationship is critical to forest preservation and the protection of economic interests and
human life (Calf et. al. 2008). Using the best available geospatial data and tools to gain further
understanding of this relationship is not only interesting for the increase of knowledge, but
essential for the effective management towards abundance of the boreal region ecosystem and
services.

The goal of this paper is to evaluate the interrelationship between more frequent seasonal
fires and increased carbon emissions from soil stocks to answer my primary research question:

“How will key terrestrial processes susceptible to climate change influence soil carbon

emissions resulting from novelty in fire distribution and frequency in the boreal region

of Alaska?”
To evaluate my general research question, | will answer the following five more concise
supporting questions using literature reviews and GIS data:
1. What is the carbon storage capacity of regional soils and does fire or climate exert the
greatest influence on carbon emissions and alter soil organic carbon storage capacities?
2. How do permafrost dynamics influence soil carbon stocks, landscape transformation
through thermokarst, surface vegetation composition, and carbon emissions from fire

activity on patch and regional scales?
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3. How will an altered climate as defined by longer, warmer summers alter biomass
composition, wildfire, and permafrost dynamics to increase or decrease carbon emissions
on a patch and regional scale?

4. Can patch and landscape scale successionary shifts in forest stand structure and
associated ecological forces act to increase or limit fire regime novelty, restore
permafrost integrity (thus reversing thermokarst), and limit fire induced carbon
emissions in the region?

5. How do human land use practices and suppression activities influence fire cycles on the
patch and landscape scale and do specific, regional unique land use practices increase,
decrease, or result in a net neutral output of carbon emissions from fire and/ or landscape
alteration?

Evidence that answers these sub-questions will support recommendations for future land use and
forestry management to produce abundance for human populations in the region, preserve
instrumental and intrinsic regional forest value, and mitigate carbon emissions that spur climate

change by supporting positive feedback loops created by fires and carbon emissions.

Section 2.0 METHODS

2.1 Datasets

Specifically addressing the five main sub questions was accomplished through an
exhaustive literature review that was supported by geospatial analyses using ArcGIS® software.
To address the first and second questions regarding the carbon storage capacity of regional soils
(USDA soil taxonomy was primarily used to answer this sub question) and how permafrost
dynamics influence soil carbon stocks, landscape transformation through thermokarst, surface
vegetation composition, and carbon emissions from fire activity on patch and regional scales, |
utilized data from the Northern Circumpolar Carbon Database compiled by Hugelius et. al.
(2013), and data from Olefeldt et, al. (2016) regarding thermokarst areas in Alaska. Data from
Jorgenson et. al. (2008) was the most critical dataset showing permafrost extents and spatial
locations within the Alaskan boreal region. To answer the third and fourth questions of how
warmer, longer summers will affect biomass composition and extent, permafrost levels, and
regional carbon dynamics and fire driven emissions, | relied primarily upon data from literature

reviews that directly addressed climate change. These data allowed me to elucidate relationships
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between increased mean temperatures and permafrost retreat or aggradation, and how this
process affects and is affected by soil carbon layers. These data also informed the response of
soil carbon layers to altered vegetation profiles, i.e., changes in both composition and expansion
of forest landscapes. Literature data were compared to GIS data on fires containing spatial and
temporal attributes to illustrate the time and location of fire occurrence to show relationships to
fire induced carbon emissions. These data were particularly useful in answering my fourth
question of how patch and landscape scale successionary shifts in forest stand structure and
associated ecological forces act to increase or limit fire regime novelty, restore permafrost
integrity (thus reversing thermokarst), and influence fire induced carbon emissions in the region.
| also used data from the Alaska fire service to show the relationship between increased
temperatures and fire occurrence and size.

To answer my final question of how human land use practices and suppression activities
influence fire cycles on the patch and landscape scale and whether specific, regionally unique
land use practices increase, decrease, or result in a net neutral output of carbon emissions from
fire and/ or landscape alteration, | relied on literature and infrastructure data. Data from the
Alaska Department of Transportation and the United States Census bureau provided spatial
information about road and town locations and when geoprocessed, showed buffer zones around
these areas that provide visual aids in understanding my primary recommendations for decreases
in suppression activities farther than 10 km away from roads and towns, and changes in forest

management policies regarding timber harvesting and forest floor clearing.

2.1.1 Permafrost Data

Data regarding permafrost extents throughout the boreal region of Alaska (current to
2008) was obtained from the Permafrost Characteristics Map of Alaska (Jorgenson et. al. 2008).
These data were used to spatially define permafrost locations and extents throughout the area of
analysis in central Alaska to support answering the question of how permafrost dynamics
influence carbon cycles. Attributes of permafrost classifications as continuous (>90%
permafrost cover by area), discontinuous (50-90%), sporadic (10-50%), isolated (>0-10%), and
absent (non-detectable) and are delineated as GIS polygons (shapefiles) and contain areas and
perimeters of permafrost. As a stand-alone dataset, this provides a qualitative representation of

the location and regional extent of boreal permafrost. The primary weakness of this shapefile is
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a lack of a temporal aspect (the data do not contain a time aspect that would allow for

quantification of extent changes over time).

2.1.2 Northern Circumpolar Soil Carbon and Thermokarst Data

Soil carbon concentrations throughout the entire circumpolar region of the globe are
contained as data in the Northern Circumpolar Soil Carbon Database (NCSCD) (Hugelius et. al.
2014). GIS analysis of these data showed the dynamic relationship between soil carbon and
wildfire, and support conclusions about carbon emissions due to fire activity. This shapefile
contains data regarding soil carbon concentration (SOCC) and soil carbon mass (SOCM) in
differing soil taxa at 30 and 100 cm depths. These data were homogenized to U.S. Soil taxonomy
based on polygons of different regional soil maps. Although the data address SOCC and SOCM
to depths of 3 meters, the data for 30 and 100 cm were primarily used as surface fires (even very
intense ones) are unlikely to penetrate soil layers to a depth of 3 meters. There is cross over
analytical value between the shapefiles from the NCSCD and the thermokarst areas shapefile
(the thermokarst shapefile uses the same SOC data as the NCSCD). Like the permafrost dataset,
the primary weakness of this dataset is the lack of a temporal component to the data that inform
conclusions about the rate of carbon lost due to fires annually.

The thermokarst landscape data provides the distribution of risk for topographical
deformation in the boreal and tundra ecoregions within the central Alaskan region (Olefeldt et.
al. 2016). These data were compared with areas of permafrost extent and NCSCD data to
elucidate potential relationships between soil carbon mass or concentration and the susceptibility
to surface deformation within boreal permafrost locations as caused by thermokarst. This
answers the question of thermokarst’s effects on carbon levels on the landscape and patch levels,
and how those altered carbon contents alter regional emissions profiles. Numerical estimates
based upon the best available remote sensing technology, provide a quantifiable measurement of
subsided areas in the boreal landscape. Soil organic carbon (SOC) content associated with
wetland, lake, and hillslope landscapes were calculated using available SOC data (30 cm and 100
cm SOC data are from the NCSCD [Olefeldt; 2016]). As with permafrost and NCSCD data, the
primary weakness of these data is the lack of temporal information, so analyses conducted with
these data will be a “snapshot” of the thermokarst areas as of 2015 and require assumptions of

future landscape behavior.
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2.1.3 Alaska Wildfire Data

Wildfire shapefiles were obtained from the United States Department of Agriculture
(USDA), United States Forest Service (USFS) and from the Alaska Fire Service (USDA.gov;
USFS.gov; AFS.ak.blm.gov). These shapefiles contain a multitude of data on Alaskan wildfires
from 1942 until present; however, for the purposes of this paper, the fire data that were used to
generate predictive map models, and geospatial analyses were data from 2000 until present. The
reason for the exclusion of previous data is while the boreal region had severe wildfires recorded
in the region since the 1860°s when Alaska was purchased from Russia, only the records from
2000 until present can be considered of sufficient reliability to be used in this study because of a
previous lack of uniform reporting procedures prior to recent decades, and possible inaccuracies
in original estimations of fire areas and sizes (afsmaps.blm.gov). Current data addresses fire size
by acreage, month and year of occurrence, location of occurrence, date of ignition and
extinguishment, and final disposition of the fire (whether the fire developed into a “holdover”
fire or was completely extinguished). Monitoring trends in burn severity data will also be used
in concert with Alaska fire perimeters to analyze fire’s influence on permafrost dynamics and
soil carbon combustion. Although this dataset contains much of the same information as the
Alaska Fire Service dataset, burn severity data will be used to evaluate trends in burn severity
and help develop and assess the effectiveness of land management recommendations (mtbs.gov).
This dataset will be the most useful in representing the relationship between wildfire, soil carbon
emissions, and vegetative composition shift within the boreal region. This data does not contain
information regarding predominant species of tree or other vegetation and biomass burned;
however, shapefiles from the U.S. Forest Service do provide a limited dataset on the extent of
black spruce (the most flammable forest type in the boreal region), which can be geoprocessed to
support literature findings regarding fire severity and areas of black spruce dominated forest

stands.

2.2 GIS Tools & Methods
More in depth analysis of the described data are required to provide quantitative insights
into the relationships between soil carbon, wildfire, permafrost and thermokarst and therefore

geoprocessing of the data is necessary to extrapolate information that elucidates these
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relationships through spatial analyses. The geospatial analyst allows data to be spatially
“transformed” to better quantify spatial relationships between points, lines, or polygons of
interest. This allows extracted tables and graphs of information on wildfire and its spatial
relationship with soil carbon pools, permafrost, and thermokarst areas that can be statistically
analyzed (using summary statistics, regression, and correlation analyses) to provide a better
understanding of area values (Allen 2009). These values can be used to show a “point in time”
relationship since fire polygons are the only data set with a temporal aspect. Although
relationships illustrated with data are static because of the lack of temporal attributes, these data
can still inform relationships that support evidentiary conclusions from reviewed literature. An
explanation of the functioning and theory behind these tools will assist in making subsequent
conclusions in later sections of this paper clearer, and will provide a basis for understanding how

these conclusions were arrived at based on the data.

2.2.1 Clip Geoprocessing Tool

The data for thermokarst and soil carbon encompass the entire northern hemisphere of the earth
and since the area of interest for this project is limited to just the boreal forest region of Alaska,
the dataset requires considerable truncation, while maintaining geospatial integrity. The clip tool
extracted and overlaid the desired feature class into a specified area (in this case the boreal
region of Alaska). This tool cuts out a piece of one feature class using one or more of the
borders in another feature class as a “cookie cutter” (Allen 2010). This is will create a new
feature class—the study area or area of interest (AOI)—that contains the desired geographic

perimeters (ArcGIS 10.3.1 Help). The following is a graphic illustration of the functionary

A

+ | .

process:

INPUT CLIP FEATURE OUTPUT

Figure 2-1: A process illustration of how the clip function transforms a shapefile consisting of points, lines, and polygons
(Hlustration from ArcGIS 10.3.1 help).
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The clip features can be points, lines, and polygons, depending on the Input Features type. The
resultant output feature class will contain all the attributes of the input features, for instance
clipping the soil organic carbon (SOC) from the NCSCD to just the boreal region of Central
Alaska (using the ecoregions shapefile [Figure 1-1]).

2.2.2 Intersect Geoprocessing Tool
The attributes of soil organic carbon concentration and permafrost extent are critical elements of
determining the amount of total SOC concentration in the various permafrost types by region.
To effectively analyze this relationship, these shapefiles had to be brought together to provide a
geometric union of critical data points in a spatial relationship. This is accomplished using the
intersect geoprocessing tool. This tool determines a geometric intersection of the input features,
and overlapping features become part of a new output shapefile (Allen 2009; ArcGIS 10.3.1).
This is represented by the following illustration:

INPUT

OUTPUT

INTERSECT
FEATURE

Figure 2-2: The resulting feature class from the intersect tool consists of a geometric union of the input feature classesand

contains attributes of interest for analysis (image from ArcGIS 10.3.1 help).

When this tool runs, features or portions of features that overlap in the two datasets (layers) are
written to the output feature class (Allen 2009). In the instance of intersecting the fire polygon
with the permafrost extent polygon, the resulting feature class shows where fires have occurred
within the region of permafrost extent, and creates a feature class with the necessary data to

perform simple summary statistical analysis.
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2.2.3 Dissolve Geoprocessing Tool

Summary statistical analysis is possible by using the dissolve tool to calculate a statistical
parameter of interest against another field within the feature class. As part of the dissolve
process, the aggregated features can also include summaries of any of the attributes present in the
input features (Allen 2009). For example, the total amount of SOC within a specified area can be
analyzed by selecting the appropriate statistical function (sum, mean, median, etc.) in
comparison to the total area of discontinuous permafrost as measured in hectares. This will yield
a result that shows the average SOC within all extents of permafrost areas. The dissolve tool
creates a new coverage by merging adjacent polygons, lines, or regions that have the same value
for a specified item (Allen 2009), and the specified fields are aggregated (dissolved) into a single
feature. A multipart feature is a single feature that contains noncontiguous elements and is
represented in the attribute table as one record (ArcGIS 10.3.1). The following is a graphic

illustration of the functionary process:

INPUT COVERAGE OUTPUT COVERAGE

Figure 2-3: The dissolve tool process. Adjacent polygons with the same feature become one larger polygon while preserving
spatial integrity of the original feature class(es) (Allen 2009; Mitchell 2009).

It should be noted that the merging of polygons with this tool is the counterpart of intersecting
polygons in overlays; dissolve will remove the boundaries of the shapefiles being dissolved
(ArcGIS 10.3.1). Also, while the input coverage may contain information concerning many
feature attributes, the output coverage contains information only about the dissolved item
(ArcGIS 10.3.1). This is the tool I used to conduct my primary analyses of soil carbon
concentrations within permafrost areas and thermokarst areas, and to determine the locations and
sizes of wildfires by year and acreage within these same areas to determine fire’s influence on

these phenomena. This tool will also provide analytical data on the relationship between soil
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carbon and wildfires, elucidating those areas of greatest carbon concentration in relation to the
largest wildfires as defined by GIS acres (the GIS acres is a more accurate measurement of fire
size as it comes primarily from LANDSAT data).

Where datasets lack certain analytically essential attributes (like soil carbon concentration
in a certain unit of area), fields can be added to these datasets that can show the desired
information. Creating a new field and using the appropriate mathematical or systemic operators
allows for information to be either collated from different attributes within the data table or
concatenated to extract a specific value. This adds additional fields based on simple calculations
to existing shapefiles that contain more precise data that useful to conducting analyses. Simple
geoprocessing tools will create the necessary data tables to determine what variables are
independent and which are dependent. These GIS processes and datasets provide supporting
analyses to strengthen the evidence propagated from the literature that discuss the complex
interrelationships of climate, fire, soil carbon, and resultant increased carbon emissions that are
the chief consequence of a longer more aggressive fire season. The literature synthesis and
geospatial analyses used to answer the central question of climate’s effect on fire activity and

resulting carbon emissions are outlined in the following evidence section.

Section 3.0- Evidence

3.1 Soil Carbon Dynamics

Soil organic carbon (SOC) as defined in the literature is the layer of organic carbon found
within soil strata due to deposition of plant and animal residues, root exudates, living and dead
microbial organisms, and miscellaneous soil biota (Hugelius et. al. 2013; USDA 1999). There
are two main pools of terrestrial carbon in the boreal region: vegetative biomass (trees, shrubs,
grasses) and surface soils (near surface horizons with decomposable detritus stocks) (McGuire
et. al. 2009). Soil carbon cycling is a function of soil nutrients, horizon profiles, temperature,
and hydrologic capacity and is interlinked to permafrost dynamics (Jorgenson et. al. 2015).
Generally, the upper 1 m of soil stores as much as 14-1600 PgC throughout the Arctic regions
and up to 2400 PgC at a depth of 2 m cumulatively (McGuire, 2009; Hugelius, 2013). Soils in
tundra and boreal forest regions hold as much as twice the amount carbon present in the
atmosphere in depths of 1-2 m (Bret-Harte et. al. 2013), and soil types determine the level of

carbon storage (Table 3 in Appendix A). To understand the carbon storage capacity of regional
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soil taxa, and how topography, fire cycles, and climate changes influence regional carbon storage
capacity (and thus emissions because of disturbances in these influences), it is necessary to
support literature findings with GIS data to elucidate the larger, interconnected relationship these
factors have with soil organic carbon stocks. It should be noted that for soil analyses using
ArcGIS software®, the data collected and compiled was published in 2013, and as stated in
Methods Section 2.0, there is no temporal factor. Therefore, to establish relationships between
the changes in the quantity of soil carbon and area, and relationships between other independent
variables such as fire (acreage), permafrost extent, and thermokarst, an assumption must be made
that regional soil carbon concentrations (MgC Ha™*) do not drastically fluctuate over short

intervals of time (decadal periods or less).

Soil Taxa and Carbon Storage Characteristics

Soil taxa is a determining factor in regional SOC storage capacity, and although there are
many cryogenically influenced soil taxa, three soil types prevalent in the region store the greatest

mass of carbon (Figure 3-1).
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Figure 3-1: Soil taxa by depth and the quantity of SOC stored therein. Gelisol, Turbel, and Inceptisol soils at 30 cm (blue bars)
and 100 cm (brown bars) store the greatest quantities of regional soil carbon in Kg. Data extrapolated from ArcGIS®
geoprocessing of the Northern Circumpolar Soil Carbon Database (NCSCD) as compiled from Hugelius et. al. 2013.

Turbel and gelisol soil types are the most abundant soil species within this region and are
defined by the greatest carbon storage potential (Jain et. al. 2012). Gelisol type soils are found
throughout the boreal region (Figure 3-2) and are defined by their unique attribute in that they
are formed by the processes of freezing and thawing and almost always have well defined
permafrost layers (USDA 1999). The freezing and thawing processes produce granular and
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vesicular structures (fine grains marked by pockets within the grains themselves) throughout the

soil horizon layers,
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Figure 3-2: The three predominant soil taxa by percent of the total soil composition that are within the boreal region by percent
composition of the total soil matrix (Hugelius, 2013).

And these soils pool large carbon stocks particularly near the permafrost interface. The second
most prevalent species of soil is turbel soils. Turbel soil types (Figure 3-2) are the most
dominant sub-species of gelisol soils and exhibit many of the same characteristics of gelisol
soils; they have broken or irregularly defined horizon layers (a result of freezing and thawing
cycles), they store stocks of soil carbon in near permafrost layers, and they are composed of
similar granular composition and size (USDA 1999). Additionally, this dominant suborder of
gelisols accounts for almost half of global gelisol soil mass (USDA 1999) and thus composes a
considerable portion of the Alaskan boreal regions soil profile. The primary difference between
turbels and gelisols is that turbels do not have SOC stocks that are saturated for more than 30
(continuous) days a year and have 80% or more, by volume, organic soil materials from the soil
surface to a depth of 50 cm (USDA 1999). Both soil species have considerable carbon storage
capacity and the larger granule size of turbels (coupled with interspersed rock) means this soil
species stores more water throughout the horizon layers and forms ice wedges that can preserve
permafrost (O’Donnell et. al. 2011; Jorgenson et. al. 2015). Inceptisol soils (Figure 3-2) in the
Alaska boreal region are glacially formed soils and occur in areas of young and old deposit
(USDA 1999). These mineral soils are common in unfrozen areas and do not have permafrost
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benefit from the positive shift of the PDO (through greater precipitation that reduces
flammability and number of fires) while areas in the northern portion may be adversely affected
over longer time periods (drier conditions that favor increased numbers of fires).

Hartman & Wendler (2005) found similar mean annual temperature departures while
analyzing regional temperature variations in interior Alaska (Figure 1 in Appendix A). Although
data exhibit seasonal fluctuations from year to year, the trend of the mean is toward regional
increase. Excepting the 1950’s, the data show the sharpest increase in mean seasonal fluctuation
around the mid 1970’s—in accordance with the positive shift in the PDO (Hartman & Wendler
2005). These shifts cause varied impacts to fire regimes and soil carbon stocks based on spatial
distribution (B. Young et. al. 2016), however, if temperatures continue to rise, the net result will
be increased biomass net primary production (NPP) with larger fuel volume (Harden et. al.
2000). Warmer temperatures and altered precipitation rates (both rain and snow fall) strongly
affect carbon deposition by altering NPP (Amiro et. al. 2010), biomass composition, and soil
thermal dynamics. Warmer temperatures favor increased decomposition rates altering soil
chemical composition (greater quantities of nitrogen and metabolic carbon [McGuire et. al.
2009]) resulting in favorable growing conditions (Prentice & Harrison 2009). Initially warming
climate is thought to cause an increase in carbon cycling (through increased decomposition
[North & Hurteau 2010]), releasing more soil carbon stocks into the atmosphere because of

increased fires (Flannigan et. al. 2009) and decomposition (a source of CHa).

Climate Change Impacts on Vegetation
Increases in mean temperature and increases in precipitation patterns (in the southern

extent of the region) create conditions favorable to the northward spread of black spruce and
deciduous dominated forests that can change carbon cycles and fire dynamics throughout the
region (Goetz et. al. 2007) altering vegetative composition and regional fire cycles. Warmer
regional climatic conditions favor novel shifts in spatial distribution and connectivity (B. Young
2016). Paleo-ecological literature generally supports a potential latitudinal advance of the tree
line in the face of warmer mean temperatures, ultimately leading to replacement of large areas of
tundra with coniferous forest stands (Bachelet et. al. 2005). This can be problematic as these
extents are not well adapted to the kinds of fires that generally burn in the southern forest regions

and may result in spikes in carbon emissions from that landscape (Mack et. al. 2011).
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Much of the literature concurs that ground temperatures directly influence the potential
for surface vegetation (and near surface carbon stocks) to become fuel sources for novel fire
regimes (Barrett et. al. 2011). The effects of ground temperature shifts are dependent on spatial
relationships between low lying and mountainous areas; landscapes defined by mountainous
terrain will experience less fire regime novelty (due to more steady mean temperatures) and thus
less pronounced emissions. Warmer average temperatures favor more vegetation growth and an
increased spatial variability of forests in the boreal region. Ground temperature data (Jafarov et.
al. 2012) illustrate mean ground level temperature increases based on A1B emission scenarios
(Figure 3-13). Jafarov’s (2012) model predicts between a 2.4-3.7% increase in mean ground
temperatures over the coming century—temperatures that will lead to more snow free days,
particularly in the boreal region. When comparing these maps with the boreal ecoregion (Figure
1-1), increases in vegetation density and successional trajectories that favor increased fire risk
will become more likely in the 21% century. These warmer temperatures will increase above
ground fuel pools (and labile carbon stocks due to permafrost retreat) with resultant increases in

regional GHG emissions.

Figure 3-13: Changes in Alaska ground temperatures within the range of -15 to 10.5° C, with blue areas ranging from -15 to 0°
C and pink to red areas representing a change of 0 to 10.5° C. (A) shows the average predicted change in ground temperatures
in 2010. (B) is the average predicted change in ground temperatures by 2050, and (C) shows predicted change in ground
temperatures by 2099. If current prediction models represent an accurate rise in ground temperatures, areas as far north as the
Arctic tundra on the North Slope could be warm enough to favor considerably altered biomass composition. Maps created by the
UAF Geophysical Institute, Fairbanks, AK from data found in Jafarov et. al. 2012.
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Climate Change Impacts on Fire Cycles & Soil Carbon Dynamics

Climate is the primary regional influence on frequency of fire in the boreal region and
related SOC loss; however, other factors influence fire spatial variability and SOC cycling on the
landscape and patch scales. Altering spatial arrangements of fuels shift fire regimes and soil
carbon cycles with concomitant patch and landscape influences on climate. Timing of fire
ignitions is critical—fires that begin early in the summer have a greater chance of either being
extinguished by late spring rainstorms or remaining small scale due to unfavorable ground
conditions (saturation with snow melt that keeps ground level flora damp); or they may become
large fires if an early spring marked by lower than average precipitation occurs (Hardin et. al.
2000). These types of fires can also be suppressed more readily (given their proximity to human
settlements) provided access is not an issue.

Conversely, fires that start in the later summer months can quickly become large and
severe since drier summers favor large fires (Flannigan 2009), and severity can increase
dramatically since forest stands that are most prone to combustion (primarily black spruce
dominated stands) have dried out sufficiently to make them ideal fuel pools (Lloyd et. al. 2005).
If large fires are ignited in later summer months (the primary ignition sources of these fires are
lightning strikes from late summer storms) they have the potential to become holdover fires
(Alaska Interagency Wildland Fire Management Plan 2016) and produce more GHG emissions
than surface fires alone. Late season fires can increase surface erosion if fires burn past periods
of increased spring and early summer rainfall that promotes floral growth (Keeley 2009). As
surface carbon stocks decrease and mineral soils become exposed, successional changes that
favor deciduous species occur (Bond-Lamberty et. al. 2007) and phenological changes occur that
favor more rapid replacement of these deciduous forest stands (Yigi Luo 2007; Root et. al.
2003).

Post fire carbon layer recovery is largely driven by intensity, and severity of fire as well
(Keeley 2009). The literature broadly establishes that more intense fires (defined by greater than
normal combustive energy outputs) cause higher rates of tree mortality (severity). The increased
quantities of combusted biomass can account for 4-6% of annual carbon emissions during active
fire years (Hurteau & Brooks 2011). Plants are sensitive to CO> concentrations in the 200-300
ppm range (Prentice & Harrison 2009) and when atmospheric concentrations of COz increase by

200 ppm NPP increases on the order of 23+2% (2009). The increased CO, concentrations may
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increase NPP despite soil nutrient limitation (specifically N2) that demonstrably limits regional
biomass growth (Prentice & Harrison 2009). Although sensitive to atmospheric CO>
concentrations, plant photosynthesis and metabolic activity is a strong sequestering influence on
atmospheric carbon. This metabolic activity may offset initial carbon pulses (Hurteau & Brooks
2011) with a neutral net effect to climate considering energy transfers with respect to carbon
outputs (Randerson; 2006).

Fire’s Influence on Climate

Fire cycles are predominantly influenced by climatic factors; however, fire asserts
influence on regional climate warming through two main pathways: first the increased levels of
atmospheric CO2 due to above ground biomass and SOC combustion, and second, through the
output of large quantities of fine carbonaceous particulate matter that increases surface and near
surface atmospheric albedo. When fires occur more frequently in this region following increases
in biomass density, a greater portion of fine particulates are released into the upper atmosphere
contributing to a reduction in surface temperatures and cloud cover suppression (which can lead
to localized weather anomalies such as droughts [Liu et. al. 2014]). Damoah et. al. (2006) used
FLEXPART modeling (from satellite imagery and data) to show that fire can propel combusted
particulates deep into upper levels of the atmosphere through pyro-convection. This results in a
shading effect from particulates and concentrations of combustion gasses causing cool spots in
stratospheric layers (Damoah 2006). The heat from large fires causes water vapor in the soil to
be propelled up toward these “cool spots” with subsequent condensation and cloud formation.
The clouds cause moderate shading that temporarily lowers surface temperatures in the period
immediately following fire extinguishment (Damoah et. al. 2006). Airborne microscopic black
carbon particles absorb considerable quantities of solar radiation, again causing a localized
cooling effect immediately following fire (Liu et. al 2014; Ding et. al. 2012).

Warmer climate fueled frequent fires have burned significant quantities of soil bound
carbon—Ding (2012) found that fires spurred on by warmer mean temperatures released up to 6
TgC over a period from 1960-2006. Had warming not induced greater fire activity, 125 TgC
would have been stored in the Yukon River Basin (which transects the northern central edge of
the boreal region) instead for 119 TgC (Ding et. al. 2012). This loss of carbon from the soil ends

up in the polar region atmosphere where concentrations of GHG’s and related warming effects
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can occur twice as fast as in lower latitudes (B. Young et. al. 2016). A. Young et. al. (2016)
found a correlation between mean temperature and precipitation as driving factors of fire and
thus soil carbon loss projected into the 21% century. When large quantities of COz are input into
the atmosphere due to increased regional fire activity, a positive feedback loop between warmer
temperatures (that directly contribute to fire activity) and shorter fire return intervals is created
that becomes self-sustaining once climatic thresholds are crossed.

When current regimes were compared with paleo-records of fires (extrapolated from
analysis of charcoal layers in soil horizons) patterns showed that current warming is driving
more frequent and severe fires (Kelly et. al. 2013). The frequency of return and the intensity of
burning has surpassed the fire regime limits of the previous 10,000 years (Kelly; 2013). Fire
regimes as a variable are dependent on climatic conditions—climate change causes warmer and
longer summers, with increased flammability in fuel pools. At a regional scale, higher summer
temperatures support novel landscape connectivity (B. Young et. al. 2016) regardless of fuel
type. Warmer temperatures cause changes in ecological processes that can both offset fire effects
and support increased fire activity. The result is a novel fire regimen (when compared with
previous millennia) defined by more intense and severe fires at broader regional scales.
Although there is much spatial variability due to topography and other natural barriers (rivers,
lakes, and streams) the literature indicates an overall increase in areas burned although some
smaller landscape patches showed decreases in burning or no change at all (Flannigan; 2009).
There is a complex interrelationship between fire and climate (Figure 3-14), that is complicated
by the addition of the factor of the terrestrial influences of permafrost dynamics; however, on a
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regional scale climate exerts the dominant influence on fire cycles.
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Figure 3-14: Diagram of physical processes for fire’s impacts on weather and climate and feedbacks. Diagram image and
caption from Liu et. al. 2014. Fire is primarily influenced by climate, fuel temperature and moisture, and fuel load. Fire
however can exert influence on climate as increased particulates and CO2 contribute to warming that supports a positive
feedback loop between fire activity and climate.

3.4 Role of Wildfire and Forest Succession

Soil carbon and related emissions cycles are complicated by complex fire and forest
succession dynamics that occur at all ecosystem levels (patch, landscape, and region) within the
study area. The literature generally agrees that black spruce dominated forest stands are the most
susceptible to large stand replacing wildfires, and are the greatest source of carbon emissions
during unprecedented fire events (Allen et. al. 2010; Miquelajauregui et. al. 2016; Wang &
Kemball 2010). Novel fire regimes affect fire (and associated carbon cycles) by fostering
increased connectivity of dry surface fuel stocks or large pools of combustible soil carbon in near
surface horizons (Stavros et. al. 2014). Increases in summer temperature ranging from 0.73-1.19°
C from 2010-2039, and 2.33-3.08° C from 2070-2099, coupled with increasing spatial variability
of precipitation will lead to shorter fire return intervals on the regional scale (A. Young et. al.
2016). Fire perimeters are susceptible to warmer temperatures and altered weather conditions in
the days and weeks following ignition (Abatzoglou & Holden 2011) and can spread more
aggressively if favorable temperature and wind conditions are prevalent. Unprecedented fire
activity of previous decades (Kelly et. al. 2013) will drive novel forest structure, connectivity,

and ecosystem services into the 21% century (Johnstone et. al. 2009 Young, B. et. al. 2016).
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