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DISSERTATION ABSTRACT
Shelby A. Weiss
Doctor of Philosophy
Department of Geography
December 2022
Title: Modeling Future Fire, Vegetation, and Carbon Trajectories Under Climate Change
in Interior Alaska Boreal Forest

Fire activity has increased in interior Alaska in recent decades and these trends are
projected to continue under climate change. A greater frequency and severity of wildfires
have been found to favor broadleaf-deciduous species across numerous field and
modeling studies, impacting the resilience of black spruce forests and potentially
impacting the carbon storage capacity in the region. This dissertation explores potential
future trends in boreal forest fire regimes, vegetation composition, and carbon storage
under climate change through three studies using the spatially explicit landscape
simulation model, LANDIS-II. The modeling framework represented wildfire
dynamically using the SCRPPLE fire extension and captured belowground carbon,
hydrologic, and permafrost dynamics in addition to vegetation growth using the DGS
succession extension. All three studies relied on simulations of a 380,400-hectare
landscape (4-ha resolution) under both historic and future (RCP 8.5) climate projections.
The first study explored impacts of wildfire under different climate change scenarios and
found that annual area burned and average fire size were greater under climate change;
climate change scenarios also resulted in a greater rate of areas burning multiple times

during the simulation period. The second study focused on quantifying and identifying
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drivers of potential shifts in dominant forest type following different numbers of
wildfires. It showed that initially-conifer-dominated areas on the landscape that
experienced greater numbers of fires more often shifted to broadleaf-deciduous
dominance, and this effect was exacerbated by climate change. Vegetation type
transitions away from conifer dominance were most strongly driven by percentage of
biomass removed in the most recent wildfire. The third study quantified differences in
carbon pools and vegetation productivity under different climate scenarios and found that
while carbon and net primary productivity overall increased across the landscape under
climate change, the amount of soil carbon available for decomposition also increased and
associated increases in heterotrophic respiration led to the landscape being a net source of
atmospheric carbon. Altogether these results reflect the importance of accounting for key
ecosystem processes when modeling future change in interior Alaska and how climate
change and wildfire behavior can interact to drive change in vegetation composition and

future carbon storage.
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CHAPTER 1

INTRODUCTION

The boreal forest biome is a critically important global carbon reservoir, storing
an estimated one-third of the world’s forest carbon (Pan et al. 2011). The balance
between carbon sequestration and carbon emissions has important implications for
climate change; when ecosystems that have historically been net storers of carbon
become net emitters, this contributes to greater atmospheric greenhouse gas
concentrations and leads to further warming. Most of the carbon in boreal ecosystems is
stored belowground, where slow decomposition due to cool annual temperatures,
substrate quality, and sometimes waterlogged soils allows organic, carbon-rich material
to accumulate over time (Bradshaw and Warkentin 2015; Hobbie et al. 2000).
Aboveground, vegetation communities also sequester carbon and their ability do so is
influenced by climatic patterns and plant community age and composition. These critical
carbon stores held in boreal forests are now vulnerable to a variety of climate change-
mediated threats. For instance, in North American boreal forests, wildfires are becoming
more frequent and severe (Kasischke et al. 2010). Numerous field studies have shown
shifts in species dominance from conifers to hardwoods following high severity and/or
short-interval fires (fires that burn the same area on the landscape twice with a shorter
than typical interval in between events; Hart et al. 2019; Johnstone and Chapin 2006a;
Whitman et al. 2019), prompting a growing concern that a changing fire regime will alter
forest communities and prompt a large scale state shift that could impact how much

carbon boreal forests in North America may be able to store in the future. However, there
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is large uncertainty and disagreement on whether such shifts will result in a change in net
carbon stored in the region (Bradshaw and Warkentin 2015).

Understanding how climate-driven changes in fire regime will impact boreal
forest species composition at a large scale and how those potential changes may alter
boreal forest carbon source-sink status in western North America require an integrated
understanding of key ecosystem processes and how they interact. In Alaska, process-
based models have generated valuable predictions of shifts to greater deciduous broadleaf
dominance with greater fire activity (Foster et al. 2019; Mann et al. 2012; Mekonnen et
al. 2019; Hansen et al. 2021). However, modeling efforts have yet to represent the full
suite of woody plant species present on the landscape and some key belowground
processes (e.g. soil CN dynamics) in a way that is spatially explicit and interactive at a
landscape scale. The three studies presented here represent an effort to model a landscape
in interior Alaska using a newly developed and sophisticated module to the LANDIS-II

forest landscape simulation model (Scheller et al. 2007).

Study Region

Interior Alaska is characterized by a continental climate with cold winters
reaching average temperatures of -23.5 degrees Celsius in January and warm, dry
summers with average July temperatures of 16.3 degrees Celsius (Hinzman et al., 2006).
The growing season is short, from early May to mid-September (Hinzman et al., 2006).
Average precipitation in Fairbanks is 287 mm annually, with about 35% falling as snow

(Hinzman et al., 2006).
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Interior Alaska is dominated by black spruce forests, which account for ~ 44% of
the area (Van Cleve & Dyrness, 1983). These forests are often underlain by permafrost,
particularly on cool, northern aspects (Van Cleve & Dyrness, 1983; Viereck, 1983).
Black spruce stands occur in a range of contexts from closed-canopy upland forests with
feathermoss (Pleurozium schreberi, Hylocomium splendons) to more open lowland
muskeg with Sphagnum moss and sedge tussocks (Van Cleve & Dyrness, 1983).
Intermixed across the landscape with black spruce are stands of Alaska paper birch
(Betula neoalaskana), quaking aspen (Populus tremuloides), and white spruce (Picea
glauca), which typically occur on well-drained, permafrost-free south-facing upland sites
and floodplain forests with balsam poplar (Populus balsamifera) and white spruce (L. A.
Viereck et al., 1983).

Simulations were run on a modeling domain of 380,400 hectares in interior
Alaska at a 0.2 km x 0.2 km resolution. The specific area was chosen to encompass field
sites where reference data for validating the performance of the DGS extension (Figure
1). At the start of the simulation period, the dominant forest vegetation type across the
landscape was mature black spruce, although the domain did include younger forest

patches created by fires that had occurred within the past two decades.

Study Themes

The first chapter aims to quantify the impact of climate change on wildfire
activity in the region of study and examine potential negative feedbacks to continued fire
activity. The second chapter examines drivers of forest type transitions following

different numbers of fires experienced through the simulation period. Finally, the third
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chapter quantifies differences in carbon pools and fluxes between different climate
change scenarios. Together, these three studies give a broad picture of how climate
change may impact large-scale and interacting above and belowground ecosystem

processes across a large landscape that is currently poised for change.
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Figure 1. Map of modeling domain (black square) within interior Alaska and general
location of reference field sites (red) for validating model behavior following multiple
simulated fires. Percent tree cover is noted in shades of green.
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CHAPTER 2
MODELING WILDFIRE DYNAMICS UNDER CLIMATE CHANGE OVER A
LARGE LANDSCAPE IN INTERIOR ALASKA

Introduction

Under climate change, fire activity, i.e., fire occurrence, fire season length, and
area burned, is increasing across many regions worldwide (Flannigan et al., 2009). This is
of particular concern in boreal forests due to the large carbon reserves contained within
these high-latitude ecosystems (Bradshaw & Warkentin, 2015; Pan et al., 2011). While
wildfires have played an integral role in shaping and maintaining ecosystem dynamics
across boreal regions for thousands of years (Hoecker & Turner, 2022; Kasischke et al.,
2010), deviations in established fire regimes may translate to cascading effects on
ecosystem processes. Current dominant species assemblages are not necessarily well-
adapted to maintain dominance with more frequent and severe fire activity, thus making
large-scale shifts in dominant vegetation type possible (Hoy et al., 2016; Johnstone et al.,
2016). Such shifts have already been observed at small scales (J. F. Johnstone & Chapin,
2006; Viglas et al., 2013) but there is potential to alter regional vegetation composition
(Mekonnen et al., 2019) and carbon pools and fluxes, potentially switching boreal forests
from net carbon storers to emitters (Kurz et al., 2008; Turetsky et al., 2011; Walker et al.,
2019). Understanding how patterns in fire activity interact with changing vegetation
dynamics under continued climate change in boreal forest ecosystems is of great interest.

In North America, fire plays a central role in vegetation community assembly,
both responding to and driving changes in fuel type. North American boreal forests are

dominated by flammable and fire-intolerant conifers and fires are typically stand-
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replacing every 70-130 years with high overstory mortality (>90%) (Johnstone et al.,
2010; Van Cleve and Viereck 1981). Fire severity, in terms of the total consumption of
carbon (inclusive of the soil organic layer), can be more variable (Boby et al., 2010).
Around 10300-8250 years BP, the climate was warmer and drier and favored species as
the dominant vegetation type (Higuera et al., 2009; Hu et al., 2006). Under these
conditions, fires were relatively infrequent (>300-year fire return interval; Hu et al.,
2006). However, after ~5500 years BP, the climate became cooler and wetter, and the
dominant vegetation type shifted to white and black spruce (Higuera et al., 2009). Despite
there being a cooler, wetter climate, the greater flammability of spruce, in particular black
spruce, is thought to have driven an increase in wildfire frequency (Higuera et al., 2009;
Hu et al., 2006; Kelly et al., 2013). In this way, shifts in climate can spur vegetation
change and shifts in vegetation can also override climate influence on fire regime.

Under the current pressure of increasing global temperatures, boreal forest fire
regimes are again undergoing significant change. In interior Alaska annual area burned in
the 2000s was 50% higher than any prior decade (going back to 1940; Kasischke et al.,
2010) and has been increasing more rapidly in areas defined as suppression zones in the
1980s, when the U.S. Forest Service institution instituted a fire suppression policy (Calef
et al., 2015). Large-scale projections of future fire behavior support the idea that
increases in annual area burned, fire size, and lightning ignitions are expected to continue
in North American boreal forests with climate change (Bachelet et al., 2005; Hessilt et
al., 2022; Mann et al., 2012; Wang et al., 2020). With greater overall wildfire frequency
and more frequent large fire years, areas of forest are reburning within the typical 100-

200 years recovery period that forests in the region have experienced for the past 5000-
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6000 years. The greater presence of younger stands across the landscape due to reburning
is thought to exert a negative feedback on fire spread due to their lower fuel levels, at
least for a short period (Héon et al., 2014). Buma et al. (2022) quantified short-term
negative feedback on short-interval fires (those areas which experienced > on fire < 20
years apart), which declined with time since the fire and the negative feedback
disappeared after 20 years postfire. Similarly, should projected changes in vegetation
communities occur as a result of greater fire activity, transforming the dominant
vegetation type to broadleaf deciduous species, it is thought that a negative feedback to
wildfire spread may be expected due to the lower flammability of broadleaf deciduous
forest communities. This fuel-driven influence on broad-scale fire regime in boreal
forests has occurred in the past periods prior to the modern establishment of conifer forest
dominance in boreal western North America (ca. 10,300-8,250 years BP). During this
time, deciduous species were the dominant vegetation type at a landscape scale and fire
activity was relatively lower (Higuera et al., 2009).

Some process modeling efforts have sought to capture these complex feedbacks
between vegetation, climate, and wildfires in North American boreal forests, but with
conflicting results and differences of scale. While some recent work has captured fire in
mechanistic ways that capture climate change influence and differences in flammability
between fuel types (Foster et al., 2022), capturing a high level of detail in modeling the
process of wildfire was done at the cost of interactivity. A study by Foster et al. (2022)
lacked spatial propagation of wildfire, and so could not describe the extent to which
feedbacks drove patterns of wildfire at larger scales. Larger scale models, in contrast,

have captured enormous extents (i.e., the entirety of interior AK), but modeled the
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process of fire at coarser spatial (1 km) and temporal (monthly- annual) resolutions
(Bachelet et al., 2005; Mann et al., 2012; Mekonnen et al., 2019). This study attempts to
strike a balance between these two ends of the modeling spectrum, by simulating daily
dynamic wildfire (which interacts with weather, fuel, and topography) across a 380,400-
hectare landscape with a 0.2 x 0.2 km resolution in interior Alaska, while doing so in a
spatially-explicit and interactive manner to answer the following questions:
1. How may projected climate change affect the fire regime of a large landscape
in interior Alaska?
2. To what extent do bottom-up drivers of fire, vegetation type and stand age,
impact subsequent wildfire occurrence under climate change?
3. Will projected changes in climate affect the contexts in which wildfires occur

in interior Alaska?

Materials and Methods

Study Area

The modeling domain for this study consists of a 380,400-hectare landscape in
interior Alaska. The specific area was chosen to encompass field sites where reference
data for validating the performance of the DGS extension (Figure 1). The total area of the
domain is ~ 4 times the area of the largest recorded fire size in eastern interior Alaska, so
it was thought to be appropriate for capturing potential changes in future fire regime
characteristics. The elevation within the domain ranges from 93 - 950 m, with a mean
elevation of 331.4 m (SD = 140.01 m). It is situated within the intermontane basin and

plateau region of Alaska, which lies between the Alaska and Brooks mountain ranges; it
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features rolling hills intersected with river valleys (Begét et al., 2006). The region falls
within the discontinuous permafrost zone, and cool and wet lowland areas as well as
north facing slopes are often underlain with permafrost Stralberg et al., 2020). Within the
study area, the mean slope is 6.28 degrees (SD = 5.01 degrees) and ranges up to 36.13
degrees. Between 1992 and 2015, the study area experienced 1.05 wildfires per year
(SD=1.12) with an average fire size of 3,794.53 hectares (SD=9,872.60 ha) and a fire
rotation of 119 years (Karen Short). Wildfires in interior Alaska are typically large,
stand-replacing events, and historically, forests experienced wildfires with a return

interval of 50-100 years (L. A. Viereck, 1983).

LANDIS-II Model

I used LANDIS-II (v. 7), an open-source spatially explicit forest landscape
simulation model (R. M. Scheller et al., 2007). LANDIS-II is modular, with a variety of
extensions available to represent ecosystem processes such as forest growth as well as

disturbances such as wildfire (https://www.landis-ii.org/extensions), which offers

flexibility in the complexity that can be captured. Multiple extensions may be
implemented with LANDIS-II simultaneously to simulate multiple processes. It operates
on grid cells populated with species-age cohorts, and these cohorts may grow and
compete with one another within a cell over time and based on species-specific attributes,
which include longevity, reproductive ages, shade tolerance, seeding distances, and post-
fire regeneration strategies (e.g., serotiny and resprouting). Individual cells may have
multiple cohorts of each species, allowing for complex species age structures. The

processes captured within LANDIS-II extensions are typically calibrated using historical
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reference data, however, simulations have no single pathway once, executed, as processes
such as regeneration (e.g. seed dispersal and resprouting) and disturbances (e.g., fire,

wind, insects) are stochastic and interact spatially across the landscape.

Description of DGS Extension
[ used the DAMM-GIPL-SHAW Succession (DGS) extension to LANDIS-II

(https://github.com/LANDIS-II-Foundation/Extension-DGS-Succession; Lucash et al. in

prep) to simulate plant growth, hydrological dynamics, and the soil temperature regime
over time and under both historic and future climate scenarios. The DGS extension was
designed specifically for use in the boreal regions, as it includes the below ground water
and temperature dynamics unique to high latitude systems. DGS couples together the
Simultaneous Heat and Water (SHAW) model and the Geophysical Institute Permafrost
Laboratory (GIPL) heat flow model within the LANDIS-II framework. The SHAW
model is a physically based model which simulates soil profiles and the vertical transfer
of heat, water, and solutes down to 30m which is influenced by live and dead vegetation
and snow. SHAW captures evapotranspiration, snow accumulation and ablation, and
surface runoff and infiltration (Flerchinger, 2000). The GIPL model simulates ground
temperature down to 75m and active layer thickness and receives water and ice content
values from SHAW. GIPL calculates the solution to a nonlinear heat equation that was
developed to simulate permafrost dynamics across a variety of contexts in Alaska

(Marchenko et al., 2008; Nicolsky et al., 2017) and simulates phase changes. lower
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Vegetation Inputs

To make a map of the initial tree, shrub, and moss species composition for the
simulation landscape, U.S. Forest Service Forest Inventory and Analysis data (FIA) from
the Tanana region surveys in interior Alaska (USDA-Forest Service 2019) were used in
combination with the Alaska Center for Conservation Science Mosaic Landcover Map of
Alaska (AKCCS, 2019). Six tree species, three shrub genera, and three moss functional
types were initiated on the landscape (Appendix A). Following the methodology of
Lucash et al., 2017, FIA plots were associated with cover types from a detailed landcover
map (AKCCS, 2019), an elevation map (USGS, 2020a), and a climate region map (see
below). Tree ages within FIA plots were estimated using site index curves (Carmean et
al., 1989). Then, species-age cohort data from FIA plots were imputed within each cell on
the landscape according to which plots most closely matched the cell’s corresponding
characteristics and stand age (estimated from a fire history dataset; FRAMES, 2016).
When multiple FIA plots were a match, a random plot was selected from the pool of
potential matches. The FIA database did not contain biomass information for shrub
species but included percent cover by height class for each plot, so biomasses were
inferred based on percent cover, height class, and associated stand ages. I developed
linear models relating shrub biomasses at specific height classes and associated percent
cover using Bonanza Creek LTER data archive datasets (Viereck et al., 2005, 2010) and
allometric equations provided by Berner et al. (2015). The product was a map where age
cohorts of each tree species, shrub species, and select moss function types and their

relative biomasses were defined for each cell.
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Biophysical Inputs

Maps of soil texture, soil depth, soil drainage class, field capacity, wilting point,
and organic matter were created using the State Soil Geographic data available from
USDA-NRCS for the state of Alaska at a 1:1,000,000 scale. A map of dead coarse root
biomass was created using published relationships between dead coarse roots and live
belowground biomass data provided in the FIA-Tanana dataset (USDA-Forest Service,
2018). A map of woody debris was created using the downed wood table in the FIA-

Tanana dataset and linking it to the corresponding imputed FIA plot for each cell.

Climate Inputs

Daily weather inputs were needed to provide necessary climatological
information for the succession and fire extensions of LANDIS-II. Climate data from two
GCMs were used to create historical (1970-2000, NCAR-CCSM4 only) and RCP 8.5
future (2000-2100, GFDL-CM3 and NCAR-CCSM4) climate streams. The source dataset
was downloaded from the Scenarios in Arctic Planning Group (SNAP) and had been
dynamically downscaled at a 20 km resolution (Bieniek et al., 2016; Lader et al., 2017).
Relative to other CMIP5 GCMs, NCAR-CCSM4 and GFDL-CM3 GCMs exhibit patterns
that are close to the average across models (NCAR CCSM4) as well as the high end of
both temperature and precipitation out of CMIP5 models (GFDL-CM3; Marshall et al.
2021, Figure S2; Figure 2). While finer-scale downscaled climate data are available for
Alaska, this source both included all required variables at a daily temporal resolution to

run the fire extension.
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Figure 2. Climate data from two GCMs used in simulations. The vertical line indicates
the division between historical scenario data (1970-1999) and future scenario data (2000-
2100).

LANDIS-II uses ‘climate regions’, which group areas on the landscape which
have similar climates to one another and provide the same climate stream to all cells
within a given region. This is more computationally efficient than using gridded climate
data. Following the methodology of Lucash et al., 2019, a k-means cluster analysis of
climate normal was done to identify areas of similar climate. Average monthly projected
precipitation and temperature from 2000-2100 (PRISM Climate Group: Oregon State
University, 2021) was used with the package ‘cluster’ in R (Maechler et al., 2021) to
inform the aggregation of cells into noncontiguous climate regions. Temperature
inversions often form in valley bottoms in interior Alaska, making these areas common
refugias for permafrost (Jorgenson et al., 2010). To allow for this phenomenon to be
captured within the model and capture greater climatic variation due to winter
temperature inversions, I ran an additional cluster analysis for each region, grouping each

into two subregions (warmer and cooler) based on mean winter temperature from 30-year

normals from PRISM. Altogether, this process resulted in ten climate regions.
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The climate data had not been bias-corrected to ensure that the climate outputs are
relatively more consistent with historical observations; therefore, I used a quantile
mapping approach using the qmap package in R (Gudmundsson & Gudmundsson, 2012)
with ERA-Interim reanalysis data (downscaled and provided by the same SNAP data
source) to bias correct each variable for each climate region on the landscape. Values
were then extracted from each climate region for all climate variables at the cell center of
the cell with data residing closest to the center of each k-means cluster. Lastly,
precipitation was further adjusted to limit the effect of spatial aggregation which creates
days where there are exceptionally small amounts of precipitation: days where
precipitation fell below one mm, were set to zero and the aggregate precipitation lost due
to this correction was proportionally distributed across days where precipitation fell

above 1 mm.

Description and Parameterization of SCRPPLE Extension

I modeled fire dynamically using the SCRPPLE fire extension (v. 3.2; R. Scheller
et al., 2019). This extension allows for fire behavior to respond to climatic variables (e.g.,
fire weather index, wind velocity) and changes in fuel loading throughout the simulation
period. Fire ignition probability is based on a (zero-inflated) Poisson model (Zuur et al.,
2009) of historic daily ignitions and fire weather index (FWI), which were fit using
records of historic ignitions specific to the region (Short, 2021; Appendix B) and
corresponding daily fire weather derived from met station data. Fire spreads from cell-to-
cell based on a probability function of daily fire spread, which calculates spread success

based on the FWI, effective wind speed, and fine fuels (Scheller et al., 2019; Appendix

35



B). Parameters within this function were fit using historic daily fire perimeter data
(GeoMAC 2019, GeoMAC 2020), met station data (Menne et al., 2012), topographic data
(USGS, 2020a), and fine fuels data(USGS, 2020b). Each fire may spread until the
maximum daily spread area is reached (Scheller et al., 2019). This area is calculated for a
given day based on a generalized linear model of historic daily fire areas versus FWI and
effective wind speed. The mortality from fires is driven by two functions, one
determining the site-level mortality and one the cohort-level mortality. Site-level
mortality is determined by an inverse link function of the percentage of clay in the soil,
evapotranspiration in the year prior, effective wind speed during the fire, climatic water
deficit the year prior, and fine fuels present during the fire. Cohort-level mortality is then
determined by a combination of the site level severity value, cohort age, and individual
species’ bark thicknesses. More information on the SCRPPLE fire extension v. 3.2 may

be found on GitHub (https://github.com/LANDIS-II-Foundation/Extension-SCRPPLE).

Simulations

I ran a total of 30 simulations; 10 were replicates of the historic climate data
stream, which served as the reference historic climate forcing scenario in the analysis.
Ten replicates each of NCAR-CCSM4 (hereafter ‘NCAR’) and GFDL-CM3 (hereafter
‘GFDL’) RCP 8.5 scenarios were run to represent potential future conditions. Here,
GFDL is interpreted as the more extreme (highest temperature and precipitation values by
end of the century) of the two future scenarios (Figure 2). Simulations were run for 100

years, with historic scenarios randomly sampling one year of data from the 30 available
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years in the stream annually. RCP 8.5 scenarios used sequenced climate data. All

simulations were run on the CyVerse computing cluster (cyverse.org).

Analysis

Fire regimes across the three climate scenarios were characterized based on the
number of fires per year, annual area burned, fire size distribution, and fire rotation.
These statistics were calculated for each replicate and the distributions of these
characteristics were compared between scenarios using Wilcoxon rank sum test statistics,
chosen because fire size and annual area burned data did not fit a normal distribution.

I compared spread probability between scenarios and examined differences based
on vegetation type, stand age, and burn history (previous fire(s)). Four vegetation types
were used in the analysis based on relative tree species dominance: conifer dominant,
mixed broadleaf deciduous-conifer dominant, broadleaf deciduous dominant, and non-
forest. Cells were classified as broadleaf deciduous dominant if the percentage of total
tree biomasses of paper birch, quaking aspen, and balsam poplar together exceeded
66.66%; mixed conifer-broadleaf deciduous if the percentage of those same species out
of the total were in between 33.33% and 66.66%, and conifer dominant if broadleaf tree
species percentage was less than 33.33%. If tree biomass for a given cell was equal to
zero, that cell was classified as non-forest. These dominance categories are similar to
those adopted by Mack et al. (2021), though do not include any relative tree species
density information because individual stems are not tracked within the LANDIS-II

model framework.
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To compare the relationship between fire and stand age, I also examined patterns
in stand age over time and compared landscape stand age to the stand ages of cells in the
year before their burning (i.e., pre-fire stand age). Stand age was defined by the age of the
oldest cohort in each cell. Landscape stand age was calculated by averaging the
calculated stand age for all cells in each year and each replicate.

To better understand which cells were tending to burn and reburn, I analyzed data
from cells the year before they burned in the simulation, extracting both the pre-fire
vegetation type and stand age. The percentage of burned or reburned area that had been
classified as each vegetation type was then calculated, and the average stand age in the
year before the fire. Overall differences in stand age and percentage vegetation type were
compared between scenarios using Wilcoxon rank sum test statistics as well as plotted by
simulation year to examine temporal trends.

The annual reburn rate was calculated for each replicate by isolating cells at each
time step that burned and which had already burned in a previous time step. This number
of cells was then divided by the total number of cells to give a percentage of the
landscape that experienced a reburn. These percentages were plotted over time and

examined differences in temporal trends between scenarios.

Results

There was no significant difference in the average number of fires per year
between the historical scenario and both climate change scenarios (GFDL and NCAR;
Figure 3), however, exceptionally large fires happened with greater frequency under

climate change (Figure 4). The largest fire years occurred in the latter half of the century
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across all/most replications (Figure 5). The historical scenario had greater numbers of ‘no
fire’ years or years where there was no fire activity, whereas, under climate change, there
were more years with back-to-back fires on the landscape. Average fire size was larger
under climate change as well (p < 0.05), however, the overall magnitude in mean
differences in fire size was relatively small, so this difference was largely driven by a
large number of outlier (exceptionally large) fires present under climate change. The
annual area burned was larger and fire rotation was shorter under climate change (Figure

6, 7), further illustrating the outcome of a greater frequency of large fires.

Average Number of Fires Per Year

Number of Fires
-

Historical Future-NCAR Future-GFDL
Scenario

Figure 3. Boxplots of average number of fires per year experienced across the landscape
across all ten simulation replicates for each scenario.
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Figure 4. Fire size frequency distributions (hectares) across all ten simulation replicates
for each scenario.
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Figure 5. Annual area burned (hectares) by simulation year of one replicate from each
scenario. One replicate was used for plotting to illustrate temporal patterns in annual area
burned over time.
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Figure 6. Boxplot of average annual area burned (hectares across all replicates for each
scenario.
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Fire Rotation
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Figure 7. Distribution of fire rotation across all replicates between scenarios. P-value
shown is the result of a Wilcoxon rank sum test statistic.

Changes to the annual burned area and frequency of large fire years prompt
questions of what factors play the greatest role in influencing fire spread. Average spread
probability across the landscape held relatively static through time and was similar across
vegetation types (Fig 8). However, cells that burned under climate change exhibited
slightly higher spread probabilities than under historic climate. I examined patterns in
stand age within cells before burning and across the landscape as a whole and found that
overall stand age increased throughout the simulation. Compared to the landscape
average stand age, fires tended to burn cells that were greater in age than the overall
landscape average under all scenarios, but there was an interaction with climate forcing;
the most extreme climate scenario (Future-GFDL) tended to burn cells that were

relatively younger than under historic climate forcing (Fig 9).
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Figure 8. Average spread probability calculated from SCRPPLE spread probability
output maps. Vegetation types represent the dominant vegetation type present in the year
before a fire. Bands represent 95% confidence intervals.
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Figure 9. Average stand age over time for the overall landscape (left) and the stand age of
cells one year before they burned (right) for each scenario with bands representing 95%

confidence intervals.

There were also differences in the vegetation types that tended to burn and their
relative frequency of being burned was different with different climate forcing. The

highest percentages of area burned across scenarios were in conifer vegetation (Fig 10),
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however, this percentage declined throughout the simulation and became lowest under
climate change (Figure 11). Conversely, deciduous broadleaf vegetation type accounted
for a greater proportion of the area burned over time and was greatest under climate
change (Figure 11). It is possible, however, that these trends are at least in part reflective

of the overall relative proportions of these vegetation types on the landscape.
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Figure 10. Boxplots of percent area burned within four vegetation type groups across all
replicates and compared between scenarios. Significance was evaluated using Wilcoxon
rank sum pairwise tests at a 0.05 significance level.
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Figure 11. Trends in the percentage of area burned within different vegetation types over
time. Trend lines represent a linear model fit to each climate scenario over time and
ribbons represent 95% confidence intervals.

All three scenarios saw increases in reburn rates throughout the simulation period
(Figure 12), which was calculated here as the percentage of the landscape at each
timestep that had experienced two or more fires. Given, this, an increase in reburn rate
was expected in the later years of the simulation as the opportunity for fire overlap
increases over time. While reburn rates increased in all three scenarios, the slope of these
rates diverged through time. Under the most extreme climate change scenario, annual
reburn rates increased the most rapidly over time and were greatest by the end of the
simulation period. The variation in the reburning rate from year to year also increased

with time. In the final decade of the simulation, the reburn rate ranged from

approximately 0.1% to over 2%.
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Figure 12. Annual reburn rate across the landscape over the simulation period averaged
across all replicates for each scenario. Trend lines represent a linear model fit to each
climate scenario over time and ribbons represent 95% confidence intervals.

Short-interval fire trends were evaluated at two thresholds; those areas that burned
with less than 10 years since the last fire, and those that burned with 11-20 years since the
last fire. Neither threshold showed increasing trends in short-interval fires, with the
relative proportions of the burned area experiencing a short interval fire staying relatively
consistent, and even modestly declining over the course of the simulation period (Figure

13). Under the climate change scenarios, short-interval proportion was consistently

higher than the historical scenario.
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Figure 13. Proportions of short-interval burned area relative to total burned area at each
timestep across all ten replicates, evaluated at two short-interval fire thresholds: < 10
years since last fire and 11-20 years since last fire.

There were differences in vegetation types that reburned as well. Different from
the general burn patterns across all fire frequencies, conifer was not the most prevalent
pre-fire vegetation type for reburns; proportions of reburned area were shared more
evenly by conifer, deciduous broadleaf, and non-forest vegetation types (Figure 14). The
conifer vegetation type accounted for less of the reburned area under climate change
while deciduous broadleaf vegetation and non-forest vegetation accounted for more.
There were also temporal patterns to which vegetation types experienced reburning and
these patterns differed by climate forcing (Figure 15). The percentage of reburns in both
conifer and deciduous broadleaf forests increased over the simulation period, however,
the more extreme climate change scenario yielded a less rapid increase in conifer reburn

percentage compared to the increases in deciduous broadleaf reburn frequency. Non-

forest reburned area declined over time across all climate scenarios. Surprisingly, mixed
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broadleaf deciduous-conifer accounted for the least amount of reburned area and this

remained consistent over time.

Percentage of Reburned Area Occurring in Different Vegetation Types
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Figure 14. Boxplots of the percentage of area that reburned within different vegetation
types averaged across replicates for each scenario and vegetation group. Significance was
evaluated using Wilcoxon rank sum pairwise tests at the 0.05 level.
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Figure 15. Percentage of the area that reburned within each vegetation type at each time
step for all replicates within each scenario. Trend lines represent a linear model fit the
data with ribbons delineating 95% confidence intervals.
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Discussion

I found that climate change scenarios resulted in greater annual area burned and
larger average fire size. This continues observed trends from recent decades in Alaska,
where the region has seen increases in annual area burned that are 50% higher than in
decades before the 2000s (Kasischke et al., 2010). Consistent with these results, climate-
driven increases in North American boreal fire behavior across a variety of metrics have
been projected to continue under numerous empirical and process modeling frameworks
(Bachelet et al., 2005; Balshi et al., 2009; Hessilt et al., 2022; Mann et al., 2012; Wang et
al., 2020) and this study further supports this.

While climate-driven changes in fire regimes have paleoecological precedent,
shifts in dominant vegetation type have also been known to override climate drivers when
a new vegetation regime is less flammable (Higuera et al., 2009). While fires tended to
occur more in cells with older stand ages, pointing to more fuel-driven fire behavior,
these simulations lend contrary support to a strong and persistent negative vegetation
feedback, and instead, over time, fires increasingly began burning younger vegetation
under climate change. Within this the parameterization of SCRPPLE for this study, the
probability of spread is influenced by both fine fuel loads and FWI (Appendix B), both of
which appear to be at play here, where fuels greater fuels in older stands tend to increase
their probability of burning, but more extreme fire weather can increase the probability of
younger stands burning under the climate change scenarios.

Reburned areas were also distributed more evenly across vegetation types rather
than occurring predominantly within the conifer forest type as they do in single-burned

locations. In simulations, large fire events continued to be common even toward the end
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of simulations, despite the accumulation of previously burned areas over time. Mann et
al. (2012) also found a shift in dominant vegetation type was not a strong enough
negative feedback to limit future fire activity due to climate change influence, and
consistent with these results, found that annual area burned increased despite vegetation
change. Wang et al. (2020) modeled continued increases in annual area burned as well,
and attribute this to the continued potential for fire-conducive weather conditions under
climate change that support sustained high fire potential.

Overall reburning rates and the proportion of short-interval burned area under
climate change simulations surpassed those simulated with a historical climate, further
supporting the idea that climate drivers are strong enough to at least modestly override
negative vegetation feedbacks. Rather than fire behavior (i.e. fire size, annual area
burned) increasing linearly, however, a greater frequency in exceptionally large fire years
was observed; this is a trend that has been observed in past studies as well; Wang et al.
(2020) project that the potential for extreme fire years will increase by over four-fold by
the end of the century across Canada. Whitman et al. (2022) also document an increase in
specifically large wildfires (> 200 ha) in Alberta, CA. This increase in fire size variability
rather than only the mean fire size points to a complex interplay between top-down and
bottom-up drivers that are impacted by context, location, and scale. Héon et al. (2014)
found that fuel age overall exerts a negative feedback to higher burn rates, however, they
also note that extreme weather conditions have pushed the ecosystems in boreal Canada
to sustain higher than expected burn rates. Additionally, paleo fire records show evidence
that biomass burning increased during warm periods throughout the Holocene, even

during periods of substantial vegetation change, demonstrating strong past climate
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controls on fire (Hoecker & Turner, 2022). Buma et al. (2022) found that while boreal
forests in interior Alaska are resistant to reburning within the first decade following a
fire, this fuel-driven resistance to reburning declines with time (between 10-20 years),
thus allowing additional fires to reburn areas after a couple of decades recovery time and
giving way to climate drivers. Within the modeling domain this study, reburns were able
to occur at short intervals as well and remained a consistent proportion of the total burned
area each year throughout each scenario, so while they had a decreasing trend, potentially
indicating a negative fuel feedback, their occurrence was elevated under climate change,
indicating that a reduction in fuels in these areas was not entirely limiting.

Interestingly, there was not a significant increase in the overall number of
ignitions. This study’s modeling framework models ignition probability as a function of
the fire weather index and uses records of historic ignitions and met station data to fit
internal algorithms governing SCRPPLE. Recent work has suggested that lightning
ignition frequency (i.e., the likelihood that a lightning ignition will start a fire) will
increase with warming due to greater drying of fuels allowing for more successful
ignitions (Hessilt et al., 2022). While there was not as strong of an effect on ignitions in
the simulations, the coupling between fire weather index and specific ignition locations
used to estimate this parameter was coarse due to the low availability of weather station
data in the region, so it is possible that the strength of the relationship between fire
weather index and ignition probability was underestimated, muting stronger emergent
increases.

This study had a few limitations that are important to consider when interpreting

the results. The parameterization of SCRPPLE relies heavily on empirical data on past
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fires and associated weather and fuel variables, making it a valuable tool for realistically
replicating the real-world relationships between these feedbacks within the model.
However, these parameterizations are then limited by data quality and the availability of
data necessary to fit them. In interior Alaska, options for fire and weather station data are
limited, and so the behavior of SCRPPLE on this landscape will be limited by the
constraints of available data. SCRPPLE also requires daily climate projections from
GCMs for its weather inputs, which in Alaska, strongly limits the options and quantity of
GCM data to use. For this reason, this study was only able to capture two GCMs
representing one RCP scenario (8.5). Lastly, flammability within SCRPPLE is
represented in the probability of spread from cell to cells, which is driven by FWI and
fine fuel loads and does not distinguish between the specific geometries of leaf litter
between species that could affect flammability at a finer scale. Some have argued that the
higher moisture content and geometry of broadleaf deciduous tree litter make them less
likely to carry fire, and so able to limit future fire activity should broad-scale shifts to
broadleaf deciduous dominance occur (Chapin et al. 2010). However, this version of
SCRPPLE (v. 3.2) is not able to capture this component of the fuel feedback, if present.
Overall, simulations captured not only increases in overall fire activity in the model
but also consistent proportions of short-interval fires through time and relative increases
in the rate of reburning under climate change projections. While stand age influenced
where fires primarily took place across the landscape overall, the more extreme climate
change stream burned relatively younger vegetation, indicating that increases in more
fire-conducive weather in the region could counteract the strength of vegetation

feedbacks in the future.
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CHAPTER 3
DRIVERS OF VEGETATION STATE SHIFTS IN RESPONSE TO INCREASING

FIRE FREQUENCY UNDER CLIMATE CHANGE IN INTERIOR ALASKA

Introduction

In interior Alaska, there is growing concern that black spruce (Picea mariana)
forest communities will undergo a state shift from spruce- to broadleaf deciduous-
dominance due to climate-driven changes in fire regime. Such a shift has global
implications due to the large carbon sink contained within boreal Alaska forest
ecosystems and whether a state shift would reduce carbon sink strength (Berner et al.,
2011). Black spruce has been the dominant forest type in interior Alaska for the past
5,000-6,000 years (Higuera et al., 2009; Lynch et al., 2002) and several mechanisms have
helped maintain its long-term dominance. The serotinous cones of black spruce allow for
prolific seed dispersal and rapid regeneration post-fire (Zasada et al., 1992). In mature
black spruce stands, thick soil organic layers often develop due to slow decomposition
and slow nutrient turnover that are promoted by and help maintain moist, cool soils
(Johnstone et al., 2016). Post-fire residual organic matter can inhibit seedling
establishment for most tree species in the region, however, the relatively larger size of
black spruce seeds allows them to regenerate with greater success on poorer quality
seedbeds (Greene et al., 2007; Johnstone, Chapin, et al., 2010; Johnstone & Chapin,
2006a). The shallow rooting depths of black spruce also allow it to grow on top of
permafrost while most other species in the region cannot (Van Cleve et al., 1983). These

competitive advantages allow for early establishment at the exclusion of would-be
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competitors and continued dominance as stands mature. Successional trajectories in black
spruce communities are typically self-replacing following disturbance for these reasons
(Fastie & Ott, 2006; Johnstone et al., 2020; Kurkowski et al., 2008).

Fires recurring every 70-130 years (Johnstone et al., 2010) have allowed black
spruce to retain competitive advantages over other species. However, feedbacks between
fire and climate change are altering dynamics such that those advantages may no longer
operate as effectively. In recent decades, annual area burned, fire season length, and fire
severity has increased while fire return intervals have decreased and these changes in
Alaska’s fire regime are projected to continue (Flannigan et al., 2009; Kasischke et al.,
2010). Wildfire events in black spruce forests, while stand-replacing, are typically
characterized as low severity concerning the depth of soil consumption (Johnstone et al.,
2010). High-severity fires have been documented as promoting persistent shifts from
black spruce to deciduous dominance via consumption of the soil organic layer
(Johnstone et al., 2010; Johnstone & Chapin, 2006a; Shenoy et al., 2011). Declines in fire
return interval similarly disrupt successional pathways in black spruce forests in several
ways. First, multiple fires with less recovery time in between prevent the soil organic
layer from building up between fires, such that when areas reburn, the soil organic layer
is more readily consumed, exposing mineral soil much in the same way a single high
severity fire might (Hayes & Buma, 2021; Johnstone et al., 2016; Shabaga et al., 2022).
Second, a reduction in fire return interval reduces seed availability of black spruce for
post-fire regeneration. Black spruce sexual maturity is ~30 years, and often does not
maximize seed productivity until much later (e.g., >100 years; Viglas et al., 2013) so a

reduction in fire return interval may prevent black spruce from reaching maturity in the

54



time between fires, preventing seed dispersal via aerial seedbanks post-reburn (Johnstone
& Chapin, 2006b).

The size, shape, and distribution of wildfires within previously burned areas also
has important implications for future stand composition. If a second fire occurs within a
relatively young former black spruce stand and the distance to the burn perimeter exceeds
the seeding distance, this limits opportunities for reestablishment within burn perimeters
(Johnstone et al., 2016). As such, the size and shape of individual fires and where reburns
occur within previous burn scars are also likely influential to future black spruce
reproductive success within reburns. Additionally, while black spruce are semi-serotinous
and burned mature stems act as a seed source within fire scars, nearby reserves of
unburned trees are an important contributor to total viable seed rain, particularly when
high severity fires compromise the aerial seed bank (Johnstone et al., 2009).

While much of the work in interior Alaska on vegetation compositional shifts has
focused on overstory functional groups, understory components such as shrubs play an
important role as well. Shrub expansion linked to warming temperatures at high latitudes
has been well documented, specifically in tundra ecosystems and in response to the
degradation of permafrost and subsequent mineralization of nutrients (Bret-Harte et al.,
2002; Chapin et al., 1995). In boreal forest ecosystems, shrub growth has been noted as
responding more positively to climate change than its overstory counterparts (Yang et al.,
2020). However, other climatic and biotic factors interact with the direct effects of
increasing annual temperatures (e.g., insect outbreaks; Boyd et al., 2019; Williams et al.,

2011), making the direct effects of increasing annual temperatures on growth rates
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difficult to disentangle. Nonetheless, climatic variables may influence interspecific
dynamics between functional groups throughout succession.

Impacts from fire and climate change are not felt uniformly across the landscape
and local site conditions can buffer climate and wildfire impacts. Past work has found site
variables related to higher soil moisture tend to be associated with greater reproductive
success and growth following a fire in black spruce forests. Less consumption of the soil
organic layer and a lesser decline in black spruce regeneration has been observed
following two short-interval fire events in wetter, lowland areas, compared to drier
upland sites (Hayes & Buma, 2021). Patterns in annual primary productivity over time
have been found to diverge between dry and mesic sites, increasing linearly on mesic
sites over time, while peaking mid-succession before declining on drier sites where
deciduous species and willow become dominant midway through in succession (Mack et
al., 2008). These findings are consistent with those of Johnstone et al. (2010), who found
that sites with higher moisture initially had greater densities of black spruce and greater
black spruce re-establishment post-fire.

Several modeling studies from interior Alaska have examined potential shifts in
forest composition and while they have used different models to do so, they commonly
predict greater relative deciduous dominance triggered by climate-driven fire regime
change (Foster et al., 2019; Hart et al., 2019; Mann et al., 2012; Mekonnen et al., 2019).
Hansen et al. (2021) used the forest stand model, iLand to investigate the persistence of
stands converted from conifer to deciduous in Alaska and found that continued short
intervals between fires maintained stands in a deciduous state. While prior modeling

work has made significant progress toward improving our predictive capacity in North
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American boreal forest ecosystems, several areas have remained unexplored. Past large-
scale modeling efforts have largely operated at coarser resolutions (e.g., 1 km? or larger;
Mann et al., 2012; Mekonnen et al., 2019) and studies have limited the species
represented to the functional group-level (Mann et al., 2012; Mekonnen et al., 2019) or
limit the number of species represented to tree species (Hansen et al., 2021). Those
modeling efforts focused at finer scale interspecific dynamics have also largely lacked
spatial interactivity (i.e. allowing processes to overlap spatially, tracking their cumulative
effects; (Foster et al., 2019; Hansen et al., 2021), and so do not capture how impacts of
climate change and wildfire on vegetation composition trajectories may be mediated by
spatial contagion effects from the surrounding landscape. This study aims to fill these
gaps by using a spatially explicit, spatially interactive forest landscape model to explore
how climate change and increasing fire frequency alter species composition, dominance,
and spatial arrangement, and quantify the relative influences of fire history, seed source

patterns, climate, and soil conditions on future post-fire successional trajectories.

Materials and Methods

Study Area

For this study, a modeling domain of 380,400 ha in interior Alaska was used.
Simulation study area and replicates used in analysis were identical to those used in
Chapter 2 and encompasses locations where reference data from multiple short-interval

fires were collected (Figure 1).
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Model Description

This study used the DGS extension to LANDIS-II (https://github.com/LANDIS-

II-Foundation/Extension-DGS-Succession; Lucash et al. in prep), which simulates

vegetation succession, hydrology, and ground temperature across a large range of depth,
and carbon and nitrogen dynamics. The extension was created to capture boreal processes
and in the case of this study, was used in conjunction with the SCRPPLE fire extension.
Within the DGS extension, climate zone, vegetation type, topographic information, and
time-since-fire are used to assign cells at each time step to a specific temperature-
hydrology unit (THU). Each THU has specific sets of SHAW and GIPL inputs. Based on
the THU assigned at each timestep in combination with climate data inputs, GIPL
computes a soil temperature profile (Nicolsky et al., 2017), the lower boundary of which
is shared with SHAW, and this information is used in combination with THU assignment
to compute soil moisture and the soil temperature profile (Flerchinger, 2000). Soil
moisture and temperature information are then shared with the vegetation in DGS,
aggregated to two depths: from 10cm to the surface, and from 10cm to a species-specific
rooting depth. LANDIS-II uses this integrated soil moisture and temperature information
in its calculations of species cohort growth. Within the DGS extension, growth is
simulated monthly based on life-history attributes which are specified for each species as
well as temperature, age, competition, water availability, nitrogen availability, and
disturbances. Regeneration is influenced by species attributes, light, and water
availability. Soil CN dynamics rely upon the DAMM-McNiP model (Abramoff et al.,

2017), which simulates seven measurable soil pools (soil organic C, dissolved organic C,
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dissolved organic N, microbial biomass C, microbial biomass N, and extracellular

enzymes).

Model Inputs
The same model runs from Chapter 2 were used for analysis here. For full details

on vegetation, climate, and soil inputs used, see Chapter 2.

Calibration of DGS Model Extension

Inputs to the SHAW module of DGS were sourced from a combination of
literature values and GLUE analyses conducted by Marshall et al. (2021). Inputs to the
GIPL soil temperature module of DGS were sourced from literature values and
observations of ground temperatures across a range of soil depths across interior Alaska
and when necessary, calibrated to ground temperature data from two Ameriflux sites
representative of black spruce (Smith Lake 2) and paper birch dominance (UPA1).
Greater detail of parameterization and validation of these model components will be
described in Chapter 4.

Maximum relative gross primary productivity data across a range of soil water
contents and soil temperature at 10cm depth from Ameriflux sites (Kobayashi et al.,
2019; Ueyama et al., 2019b, 2018b, 2018a) in interior Alaska were used to fit nonlinear
temperature and soil moisture response functions for four species functional groups:
conifer, hardwood, shrubs, and mosses. Ameriflux sites were chosen based on a

predominance of a particular functional group to serve as representatives (Appendix C).
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The individual growth of each species was calibrated by running single-cell
simulations populated with single young (cohort age of one year with 100 gm biomass)
cohorts for 200 years under historic climate forcing. Biomass trends from each single cell
simulation were compared with FIA tree biomass data plotted against stand age, as a
proxy for a reference growth trajectory. Simulations were repeated with a set of variables,
selected based on their having high uncertainty around their values (KLAI, MaxANPP,
FCFRAC, MAXLALI, K) being adjusted iteratively within acceptable ranges using a
particle swarm optimization algorithm approach with the hydroPSO package in R
(Zambrano-Bigiarini & Rojas, n.d.) to find a solution where species single cohort
trajectories best-matched tree reference data (Appendix D).

To validate that the simulated biomass trajectories were consistent with field data,
a 20,000-ha test landscape was populated using field reference data of woody plant
composition from plots measured at sites that had not experienced a fire for 12-15 years.
Simulations of 200 years were run under historic climate forcing with wildfires. Trends in
species biomass from cells that experienced a fire history consistent with reference plots
from two sites (one categorized as upland and one as lowland) were analyzed and

compared.

Simulations

The same model output was analyzed for this study as in Chapter 2. Ten
simulations each of a historical climate stream (NCAR 1970-2000) and two RCP 8.5
(2000-2100, NCAR and GFDL) climate streams were run for a total of 30 simulations.

Simulations were run for 100 years, with historic scenarios randomly sampling one year’s
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data from the 30 available years in the stream annually to build the climate stream. RCP
8.5 scenarios used sequenced climate data. All simulations were run on the Cyverse

computing cluster (cyverse.org).

Analysis

Average landscape biomasses for each species were summarized over time to
examine broad, landscape-level trends for each scenario type across replicates. To
analyze which cells changed vegetation state from a conifer-dominant condition and the
site-specific variables associated with those cells, species biomass maps output from the
Output Biomass extension (Scheller & Mladenoff, 2004) were used to create datasets of
vegetation type biomasses for each cell at every timestep. Time series datasets of cell-
level vegetation type were used to calculate at each time step, the proportions of cells
transitioned from the conifer dominant state.

Random Forests were trained to classify whether cells on the landscape would
change vegetation state different from conifer dominant within the 10 years following the
most recent wildfire and to assess the relative importance of potential drivers. Predictors
included a combination of continuous and categorical variables related to climate, climate
variability, biomass loss from fire, the proportion of starting broadleaf biomass,
topography, and the mature conifer biomass in adjacent cells (Table 1). The 10-year post-
fire benchmark was selected because boreal forest communities most commonly follow a
species replacement successional trajectory (Kurkowski et al., 2008) and those species
which establish dominance within the first decade following a fire are likely to retain

dominance until subsequent disturbances are experienced (Johnstone et al., 2020;
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Johnstone & Chapin, 2006b). The Random Forest algorithm was chosen because it can be
reliably used when predictors are highly correlated, and predictors may also be a
combination of categorical and continuous as is the case for this study and can handle

high-order interactions well (Strobl et al., 2008).

Variable

Percent biomass removed (i.e., vegetation killed)
Starting deciduous fraction

Aspect

Lowland vs Upland status

Percent total carbon removed

Variance in total annual precipitation postfire
Variance in mean annual temperature postfire
Time 1 soil temperature at 3 m

Variance in soil temperature at 3m postfire
Soil temperature at 3m postfire

Mean annual temperature change

GCM

Mean annual temperature all years

Total annual precipitation variance

Scenario

Total annual precipitation postfire

Number of adjacent mature black spruce cells
Scenario

Average total annual precipitation all years
Mean annual temperature postfire

Change in total annual precipitation

Mean annual temperature variance all years
Time 1 soil moisture at 0.55m

Soil moisture at 0.55m

Number of adjacent mature black spruce cells
Soil moisture variance at 0.55m postfire

Fire year

Table 1. Predictor variables included in Random Forest analyses.

Raster cells within the modeling domain that began the simulation with the

majority of mature biomass coming from conifer species (and so classified as conifer-
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dominant at the start of the study) were isolated and their fire histories (the number of
fires experienced) were determined using output maps of wildfires that are produced at
each timestep by the SCRPPLE extension. 478 cells each (10% of those that began the
simulation as mature conifer) were then sampled from three fire categories: once burned,
twice burned, or three times burned throughout the simulation up until the 90th year. This
stratification was done to ensure a more balanced sampling from each fire category.
While the time between fires for twice and thrice burned cells was not controlled for, the
100-year model duration, naturally drives the fire return interval down for reburns.

Input datasets of predictors were then constructed by extracting associated values
for variables of interest from sampled cells. Three random forest analyses- one for each
fire history type (one, two, and three wildfires) were run for each replicate of the three
simulated climate scenarios (Historical, Future NCAR, Future GFDL) for a total of 30
random forests. Forests of 500 trees were trained for each with five variables sampled as
candidates at each split. Forests were trained on 80% of each random forest dataset set
and prediction accuracy was determined using the remaining 20%. Conditional variable
importance was extracted for each variable from the random forests and distributions of
those values were plotted for comparison. Conditional variable importance gives higher
values to those variables that are most important in successfully classifying the variable
of interest (here, the transition from or retention of conifer dominance), while accounting
for shared contributed importance (i.e., collinearity) among variables, thus ranking
variables that offer information above that which is shared higher. Lastly, additional
exploratory analyses were conducted on variables that were identified as most important

for each fire history model classifier to better understand the direction of those variables
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concerning post-fire retention or transition of conifer dominance. Vegetation type
classifications used in this exploratory analysis were consistent with the thresholds

defined for vegetation types in Chapter 2.

Results
Validation of Successional Trends

Simulated post-fire biomasses of broadleaf, coniferous trees, and shrubs matched
field data within one standard deviation for all woody species groups except shrubs at the
lowland sites after two and three fires, where biomasses were elevated above plot data.
Simulations yielded more variable post-fire biomasses in most cases, although they were
the least variable for lowland broadleaf trees postfire. In general, simulated tree

biomasses were the most variable following one fire relative to subsequent fire events

(Figure 16).
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Figure 16. Comparisons of biomass of different functional groups in upland vs. lowland
locations measured at field sites to test simulations. Test simulations were initiated with
data from unburned reference plots (Number of Fires=0) and had a most recent fire 12-15

years ago for burned sites.
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Landscape Trends

The greatest increases in landscape biomass occurred under climate change, and
this was primarily driven by increases in willow and alder biomass, which increased more
than 43-fold and 26-fold, respectively between the start and end of the simulation (Figure
17). However, tree biomass for all tree species except for tamarack experienced declines
of 45% (black spruce) up to 69% (paper birch).

Changes in relative extent occurred most often in cells on the landscape which
experienced wildfire; cells that did not experience any fire retained their relative
proportions of vegetation types across the landscape, regardless of the climate scenario
used (Figure 18a). Type changes overall were more common for those cells which
experienced one or more wildfires during the simulation period across all scenario types,
both historic and climate change. Rates of transition away from a conifer vegetation type
increased in the latter half of the century under climate change (Figure 19). In cells that
experienced fire(s), the largest declines in vegetation type occurred within the conifer
under climate change and were most dramatic when more than one fire took place (Figure
18b-d). The largest increases in vegetation occurred for the broadleaf group, with the

greatest increases taking place under the GFDL climate change scenario.
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Figure 17. Trends in biomass (gm™) for each species averaged across replicates for each
scenario over time.
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Figure 18a-d. Plots of proportions of cells within each vegetation type for each scenario
at years 0, 50, and 100, with pathways taken to the next consecutive vegetation type

noted for cells that experienced zero (a), one (b), two (c), and three (d) fires throughout
the simulation period.
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Figure 19. Proportions of cells that transitioned to a new vegetation state from conifer at
each timestep for each scenario. Lines represent the averages across replicates and the
band represents the stand deviation.
Burned Cell Trends

The random forests were able to classify conifer retention vs. transition with good
accuracy on the independent test set and performed best on the one-time fires, and least
well on the three-time fires (1x accuracy= 85.7% (+/- 1.6%), 2x accuracy= 77.0% (+/-
2.0%), 3x accuracy= 76% (+/- 2%)). Across all scenarios, rates of conifer retention
declined with the number of fires experienced, while the number of cells which converted
to an alternative vegetation type increased (Figure 20). Conversion rates to a mixed
broadleaf deciduous-conifer vegetation type remained relatively constant between two
and three fires after increasing between one and two fires (Figure 20). Climate change
scenarios yielded more dramatic increases in cells which converted to broadleaf
vegetation types, and when three fires were experienced under climate change, cells that
had converted to a broadleaf vegetation type outpaced those where conifer dominance

was maintained.
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Using random forest classification models for each fire history type, similar
variables played an important role in predicting conifer retention vs. transition for once
burned, twice burned, and thrice burned. However, there were differences in the relative
importance between them. Across all random forest analyses, the variable with the
highest conditional importance for predicting the vegetation state of a cell 10 years post-
fire was the percent biomass loss (i.e. vegetation mortality) during the fire (Figures 21a-
c). This variable was most important by a large margin across all analyses; however, this
margin was greatest for the single fire random forest classifier, and for two and three fire
classifiers, the importance of additional variables became relatively closer in importance
to the percent biomass lost. Additional variables that were important to the prediction of
the post-fire vegetation state included starting deciduous fraction, percent of total carbon

removed (post- - pre-fire carbon), and the number of adjacent cells containing mature
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conifer biomass (Figures 21a-c). For a full list of variables and their conditional

permutation importance values, see Appendix E.
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Figures 21a-c. Boxplots of the top five conditional permutation importance values for
each variable from random forest classifiers of vegetation transition 10 years following
one (a), two (b), and three (c) fires.

Cells that did not maintain conifer dominance postfire tended to experience higher

percentages of aboveground biomass loss from fire than those where conifer was

retained. However, this difference in biomass loss was most distinct for single fire cells
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(Figure 22). The percent aboveground biomass removed also interacted with the number
of surrounding cells with conifer biomass across the range of fires experienced. Two and
three fire cells that retained conifer dominance tended to have greater numbers of
surrounding mature conifer cells (i.e., potential seed sources) when they had lost more
biomass (percent biomass removed; Figure 23). This trend was not found for single fire
cells, however, which tended to have greater overall numbers of surrounding mature cells

than those cells which experienced multiple fires (Figure 23).
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Figure 22. Density plot of percent biomass removed for cells that experienced one, two,
and three fires and whether vegetation status changed 10 years post-fire.
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Figure 23. The average percentage of biomass removed of those cells that either retain
conifer or transitioned, depending on the number of fires experienced and how many
adjacent cells had mature black spruce. Bands represent standard deviation.

For single fires, having a lower starting deciduous fraction was more associated
with conifer retention, however, this effect smoothed out with multiple fires (Figure 24).
For reburns, state transitions happened more when starting deciduous fraction was lower,
especially in thrice burned cells that transitioned to non-forest. The percentage of total
carbon removed was also an important predictor across the number of fires experienced.
For single fire cells, cells that transitioned to non-forest had higher levels of total carbon
removal (Figure 25). Cells, where conifer was retained, exhibited a bimodal pattern

regarding total carbon removed, peaking at around 20% and 40%. Cells that experienced

multiple fires in general had lower percentages of carbon removed.
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Figure 24. Density plots of cell values for starting deciduous fraction based on the
number of fires experienced and the cell’s associated vegetation type.
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Figure 25. Density plots of cell values for the percentage of total carbon removed based
on the number of fires experienced and the cell’s associated vegetation type.
Discussion

The increase in biomass, largely driven by the increase in shrub biomass
landscape-wide, observed here is consistent with studies documenting and projecting
woody species expansion into tundra landscapes under climate change. Winter warming
in the tundra has been linked to increases in shrub abundance and greening patterns in
boreal North American and Russia (Bunn & Goetz, 2006; Forbes et al., 2010; Sturm et
al., 2005; Tape et al., 2006). These patterns are attributed to feedbacks from shrubs being

positively correlated with greater snow depths, and thus greater winter soil temperatures
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and soil microbial activity, allowing for greater levels of plant-available nitrogen in the
soil which then spurs shrub growth in the subsequent growing season (Myers-Smith et
al., 2011; Sturm et al., 2005). While these studies have focused on these trends and
relationships within the tundra, similar interactions may be taking place in Alaska’s
interior as well.

Important to note, is the increase in shrub biomass even under historic climate
conditions. This could point to a potential process being absent from this modeling
experiment that would otherwise limit the large accumulation of the willow and dwarf
birch biomass in all three scenarios. Not represented in this study, is the process of
herbivory by moose (4lces alces) and snowshoe hare (Lepus americanus), and which is
known to influence boreal shrub communities (Bryant et al., 2014; Christie et al., 2015;
Myers-Smith et al., 2011), though the relative strength of their influence how this may
transpire under climate change warrants greater study (Christie et al., 2015). One study
evaluated shrub radial growth in northern interior Alaska to examine the effect of browse
pressure on climate-driven enhanced shrub growth and found that the positive warming
effect on shrubs was in part, offset by browsing, though not entirely (Frank, 2020).
Without the inclusion of this process within the modeling framework, it is difficult to
conclude what the potential effect and interaction of this additional disturbance would be,
or how the herbivores would be impacted by direct and indirect effects of climate,
vegetation, and fire processes. However, it is possible that they would at least, partially
moderate the strong growth response observed in this functional group.

Conifer forest type extent declined most when there were multiple fires and under

climate change and most frequently transitioned to a broadleaf vegetation type by the end
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of the simulated century. These findings are consistent with field studies that examined
the effects of multiple and/or short-interval fires, which have consistently found that
when fires have burned with greater frequency (Hayes & Buma, 2021), severity
(Johnstone et al., 2020; Johnstone, et al., 2010), or with shorter than typical intervals
(Brown & Johnstone, 2012; Johnstone & Chapin, 2006c; Whitman et al., 2019),
transitions from a conifer dominant state occurred. These transitions have been tied to a
decline in seed availability (Brown & Johnstone, 2012) and changes in the post-fire depth
of the soil organic layer (Hayes & Buma, 2021; Johnstone et al., 2020; Johnstone et al.,
2010), as well as interactions with climate (e.g., drought; Whitman et al., 2019).

Drivers of transition were similar regardless of the number of fires experienced
during the simulation period, and most important was the percentage of aboveground
biomass killed during the most recent fire, which can be thought of here as a dimension
of fire severity in boreal forests. Fire severity in field studies is often defined using
composite burn indices in remote sensing work or by measuring the consumption of the
soil organic layer in field studies (Boby et al., 2010). Overall, studies have found that
higher severity wildfire tends to promote the recruitment of broadleaf deciduous species
postfire. These findings reflect the importance of residual aboveground biomass postfire
in shaping relative dominance. Across simulations, the percent vegetation mortality from
wildfire was high (mean= 80.3%, sd=27.3%), which is characteristic of wildfire in black
spruce ecosystems (Boby et al., 2010; Hollingsworth et al., 2013). Variation in those
levels of biomass loss, however, appears to have a strong predictive power of postfire

composition. This is consistent with the findings of Hollingsworth et al. (2013)who found
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that postfire community composition was primarily related to severity gradients, as
measured via combustion of biomass and residual vegetation.

Beyond vegetation consumption, total carbon removed by wildfire, which is
inclusive of the belowground carbon pool, was also found to be an important conditional
predictor of postfire black spruce retention/transition in the twice burned and three times
burned random forest models. While the DGS extension does not capture the effect of
soil organic matter depth on seedling establishment (via exposed mineral soil), it does
give greater access to soil moisture to species with adventitious roots (in this study only
black spruce), and in this way gives those species a competitive advantage when growing
on top of permafrost. The importance of total carbon loss could indicate other effects of
belowground organic matter consumption, such as soil temperature and subsequent
permafrost freeze/thaw dynamics, on top of aboveground reductions. Reduction in soil
organic matter postfire has been found to contribute to permafrost degradation and
increase soil microbial activity, releasing nutrients and moisture and providing an
advantage to species with greater rooting depths and nutrient needs that would otherwise
be restricted by permafrost and a shallow active layer (e.g., broadleaf deciduous species;
Sturm et al., 2005). Within DGS, vegetation type, associated soil characteristics, and
landscape position influence the belowground thermal dynamics. Rooting depths are
specified for each species and a cohort’s ability to access water and nutrients is limited to
unfrozen soil layers, such that those species with deeper rooting depths would be
advantaged by permafrost degradation on a site they occupy. It is possible that these
dynamics represented in the model encouraged vegetation transitions when fire severity

was high and would promote permafrost thaw.
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Other important factors for predicting conifer retention or transition were cell
adjacency of mature black spruce in the most recent fire year and starting proportion of
broadleaf deciduous biomass. When additional fires were experienced (reburns), these
additional factors beyond biomass removal alone became relatively more important in
determining whether self-replacement of the conifer vegetation type. Black spruce does
not have a great seeding distance (typically within 80 m; Tuskin and Laughlin 1991;
Johnston, 1971) exceeded by the straight-line distance of the 4-ha cells (200-283 m) used
in this study, and making it so that within the model, for seed dispersal to take place from
a source outside of a given cell, it must come from an adjacent cell. This relatively short
seeding distance makes the species vulnerable to seed source limitation and immaturity
risk, should existing nearby seed sources become less available or are below the age of
sexual maturity (Johnstone & Chapin, 2006b; Viglas et al., 2013). Results show that cells
that have more potential seed sources as neighbors (adjacent mature conifer cells) are
buffered against the effect of higher biomass loss events more than their counterparts
with fewer adjacent seed sources. Additionally, when broadleaf deciduous species have
less of a foothold (i.e., lower relative biomass) at the start of the simulation, this increases
conifer retention postfire. This result is consistent with field studies, which have found
that high densities of prefire black spruce are advantageous for postfire reestablishment
(Johnstone, Chapin, et al., 2010; Johnstone & Chapin, 2006b).

Under climate change, transitions to a broadleaf deciduous forest type were
observed at greater rates following wildfire than a mixed-deciduous forest type, which
includes levels of conifer biomass and broadleaf biomass both within 33-66% of total tree

biomass. This indicates that under combined pressures of multiple fires and/or climate
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change, when conifer-dominated forest transitions to an alternate state, it does so by
swiftly transitioning into a broadleaf-dominated forest, rather than gradually shifting
species' relative dominance over time. This type of abrupt transition is characteristic of
nonlinear behavior and a system approaching an ecological tipping point (Lenton, 2012;
Scheffer & Carpenter, 2003). Tipping points imply that there are positive feedbacks
internal to the system promoting self-amplification of a given state (Lenton, 2012). In
interior Alaska, past work has supported the existence of these internal feedbacks
promoting either conifer or broadleaf dominance as each given state creates and
perpetuates specific soil temperature, nutrient, and microbial feedbacks (Chapin et al.,
2004; J. F. Johnstone et al., 2016; Kurkowski et al., 2008). Under the singular pressures
of greater numbers of fires (which necessitates a lower mean fire return interval in these
100-year simulations) under historic climate, transition rates to broadleaf forest type
nearly doubled after two fires (increased by 84%) and increased an additional 24% after
three fires. With climate change, those rates of transition to broadleaf increased even
more aggressively and outpaces conifer retention rates after three fires in the Future-
GFDL climate scenario. This combination of climate pressure and multiple fires could
represent a threshold whereupon the broadleaf forest type transitions become equally or
more likely.

Other process modeling work from interior Alaska boreal forests have projected
state shifts from conifer to broadleaf deciduous dominance at large scales when
simulating climate change and wildfire, finding that the interaction of these two pressures
to be critical drivers of forest type change (Foster et al., 2019; Hansen et al., 2021; Mann

et al., 2012; Mekonnen et al., 2019). Mekonnen et al. (2019) and Foster et al. (2019)
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included below-ground dynamics in their simulations and found climate-induced changes
on these processes were a key mechanism for reinforcing changes in vegetation
composition. Similarly, in this study, climate change was an exacerbating factor in
accelerating transitions to the alternate broadleaf forest state, likely due to increases in
soil temperatures that both increase thaw depths (i.e., increasing the potential rooting
zone) and accelerate nitrogen mineralization. Hansen et al. (2021) tested the stability of a
newly transitioned deciduous state in their simulation study, and consistent with findings
that the broadleaf deciduous forest state was highly resilient. This further supports the
idea of there being a critical threshold between conifer and deciduous dominated states,
with mixed-conifer forest types being a relatively less common transition, as was
observed in this study.

As in Chapter 2, this study was limited by data available to use as model inputs
for interior Alaska. One example of this is climate data. The daily temporal resolution
required to run the SCRPPLE extension constrained options for downscaled GCM data
sources, and available climate data were relatively coarse in spatial resolution (20 km).
This may be one reason for the low importance of climate variables in the random forest
classification; there may have been a mismatch between the scale at which climate
influences operate on some postfire successional processes that were not able to be
captured here.

Overall, I observed increases in landscape biomass over time, and especially large
increases in willow and dwarf birch, pointing toward the potential for shrubs to play an
increasing role in interior Alaska boreal forest communities under a warming climate,

though the role that herbivory could play in moderating these potential increases remains
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an unknown. I also observed vegetation transitions from a conifer-dominant state to
deciduous dominance accelerate under climate change and with increasing pressure from
wildfires, with factors related to fire severity and vegetation community context (e.g.
starting relative dominance and seed source) being important to predicting these
transitions. These findings have potential implications for identifying areas at particular
risk for conifer dominance loss under climate change and illustrate the potential for
continued large fire years and high severity fires to exert a strong influence on future

forest composition in this region.
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CHAPTER 4
FUTURE IMPACTS ON CARBON POOLS AND PRODUCTIVITY UNDER

CLIMATE CHANGE AND INCREASING FIRE ACTIVITY IN INTERIOR ALASKA

Introduction

The boreal forest biome is a critically important global carbon (C) sink, storing an
estimated one-third of the world’s forest C (Pan et al., 2011). In these regions, most of the
carbon is concentrated belowground in soils and peat, where decomposition proceeds
slowly due to the cool annual temperatures, substrate quality, and often waterlogged
soils, allowing organic material to accumulate over time (Bradshaw & Warkentin, 2015;
Hobbie et al., 2000). Where permafrost is present, heterotrophic soil respiration is limited
to the portion of soil near the surface, which thaws each growing season, only to refreeze
again in winter. This portion of the soil is called the ‘active layer’ (Schuur et al., 2008).
This results in boreal forests accumulating more carbon each year than they emit and
holding vast quantities of carbon in its below ground pools, with only a small fraction of
those pools available to be decomposed and released back into the atmosphere each year
(Van Cleve et al. 1991, Schuur et al., 2008).

Carbon storage in boreal forests is sensitive to temperature, making it susceptible
to change as global temperatures continue to increase into the 21st century; Van Cleve &
Yarie 1986). High latitudes are experiencing warming at a faster rate than more temperate
regions so arctic and boreal ecosystems are particularly vulnerable to the effects of
climate change (McGuire et al. 2009). At locations where permafrost occurs, the depth of

thaw is impacted by climate change and as thaw depths increase, this also increases the
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amount of soil carbon that is available for decomposition and release into the atmosphere
(Goulden et al., 1998; Schuur et al., 2008). Losses in soil carbon associated with higher
soil temperatures in North American boreal forests have been documented across
numerous field studies (Shabaga et al., 2022; Eliasson et al. 2005; Melillo et al. 2017) as
well as simulated (Euskirchen et al., 2006; Genet et al., 2013; Koven et al., 2011).

Changes in fire frequency also threaten belowground processes that promote
carbon storage. When adequate time is allowed between fires, fires will leave behind
residual organic material (Harden et al., 2000; Melvin et al., 2015). These unburned
stores of accumulated soil organic carbon within the residual soil organic layer have been
termed ‘legacy C’ (Walker et al., 2019). These older carbon stores increase with stand
age and are more common at mesic or wet sites, where incomplete combustion of the soil
organic layer is more likely. Legacy C is vulnerable when multiple fires are experienced
with inadequate time for the soil organic layer can rebuild or when burn depths are high
(Walker et al., 2019). When legacy C combusts, this can tip the balance from a site being
a net sink for carbon to a net source (Walker et al., 2019). Turetsky et al. (2011) analyzed
black spruce and peatland sites in interior Alaska and found that carbon loss was twice as
high for sites that burned in years with a greater annual area burned and/or in late-season
fires due to increased burn depths that occur under these conditions (Turetsky et al.,
2011). Increases in annual area burned, fire season length, and fire severity is expected
under climate change in the circumboreal zone (Flannigan et al., 2009) increasing the
probability of soil carbon loss from future fires. Fire regime changes are also likely to
alter vegetation dynamics in boreal forests, and subsequent changes in aboveground

composition impact belowground processes. Trends toward greater broadleaf deciduous
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dominance across the North American boreal landscape driven by greater wildfire
activity, have been observed and are predicted to continue under climate change (Beck et
al., 2011; Mekonnen et al., 2019). Deciduous species are favored by shorter fire return
intervals and greater consumption of the soil organic layer during fires (Hayes & Buma,
2021; Johnstone & Chapin, 2006).

These shifting vegetation trajectories post-fire impact soil temperature dynamics
and decomposition rates. Conifer and broadleaf deciduous-dominated forests tend to have
opposite patterns in soil temperature, carbon pools, and nutrient turnover. Black spruce-
dominated stands are often associated with cooler soil temperatures, often growing atop
permafrost soils, and have slower rates of decomposition and primary productivity
(Nossov et al., 2013; Yoshikawa et al., 2003). Moss cover is particularly important to
ground temperature dynamics because in winter months because higher moisture content
causes moss to conduct heat, allowing it to escape the ground, while in summer when
moss is dry, it insulates and prevents heat from moving into the soil (O’Donnell et al.,
2009). These seasonal patterns keep soils cool and slow decomposition, leading to lower
heterotrophic respiration rates and greater retention of permafrost and carbon stores
belowground (Fisher et al., 2016). Broadleaf deciduous stands tend to have more rapid
nutrient cycling, higher nutrient concentrations in foliage and litter, and higher rates of
productivity (Johnstone, Chapin, et al., 2010; Melvin et al., 2015). Without the thick
insulating layer of organic material, broadleaf deciduous soil temperatures tend to be
warmer and have more rapid turnover of nutrients (Johnstone et al., 2010). At sites where
transitions from a stand previously dominated by black spruce to one dominated by

broadleaf deciduous species, there have been greater carbon losses from the soil
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(Euskirchen et al., 2006; Melvin et al., 2015) and higher temperatures (Shabaga et al.,
2022). Despite these differences, overall ecosystem stocks between these two forest types
have been found to be similar (Melvin et al., 2015). There is uncertainty, however,
around whether net ecosystem exchange would remain unchanged at larger scales should
shifts in vegetation occur and persist. Mack et al. (2021) found that there was rapid
accumulation of carbon via high rates of net primary productivity following high severity
fire along a chronosequence in interior Alaska that overall counteracted soil carbon
losses. However, fire history has also been found to impact this balance; one study found
that when multiple fires occurred with short return intervals (< 50 years) separating them,
biomass and primary productivity of understory plants were significantly reduced and
ultimately made sites unable to offset the high rates of heterotrophic respiration driven by
warmer postfire soils (Shabaga et al., 2022).

A variety of large-scale models have been used to project carbon dynamics under
climate change in boreal regions including TEM, ecosys, and ALFRESCO (Euskirchen et
al., 2006, 2009; Genet et al., 2013; Mekonnen et al., 2019; Rupp et al., 2007). These
efforts have captured effects on soil temperature, active layer depth, and respiration as
well as vegetation-driven changes in primary productivity. While many of these past
studies have also included wildfire effects and associated feedbacks (Genet et al., 2013;
Mekonnen et al., 2019; Rupp et al., 2007), these focused on broader regional patterns at
coarse spatial scales (e.g., quarter or half a degree) and often without individual
vegetation species being represented, instead using plant functional types). These studies
have largely converged in their simulated outcomes for carbon in boreal forest

ecosystems; agreeing that climate change can produce meaningful changes in net primary
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productivity across plant functional types, with particularly high increases for broadleaf
deciduous species, and increases in microbial decomposition associated with higher
temperatures and permafrost degradation (Euskirchen et al., 2006; Mekonnen et al.,
2019), both of which can be exacerbated by fire activity (Genet et al., 2013). Building on
this work, this study also seeks to capture these processes and drivers within a spatially
explicit modeling framework, but at a finer spatial scale, inclusive of individual plant
species and their competitive interactions, and with analysis focused on how fire history
can mediate outcomes for carbon stocks in interior Alaska boreal forests. In doing so I
ask:

1. How do carbon pools change over time across a large landscape in interior Alaska

under climate change and greater fire activity?; and
2. How does fire history (reburning) impact postfire vegetation productivity and

carbon storage?

Materials and Methods

Modeling Domain and Simulations

As in prior chapters, I used the landscape simulation model, LANDIS-II. The
same modeling domain and simulation experiments were used for this study as those used
in chapters one and two, a total of 380,400 ha in interior Alaska, encompassing locations
of reference plots from field studies of short interval fire effects on vegetation and soil
dynamics (Hayes & Buma, 2021; Shabaga et al., 2022; Figure 2). The same simulation
outputs as were used in chapters one and two were analyzed here as well. They represent

three climate scenarios- one historical (using back casted NCAR-CCSM4 climate data
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from 1970-2000) and two climate change scenarios representing the RCP 8.5 scenario
(NCAR-CCSM4 and GFDL-CM3) for 2000-2100, with 10 replicates each for a total of

30 simulations.

Parameterization and Validation of Soil Temperature, Nutrient, and Moisture Dynamics
The DAMM-GIPL-SHAW Succession (DGS) extension of LANDIS-II is the
module responsible for simulating carbon-nitrogen dynamics as well as soil moisture and
temperature. The Damm-McNIP module is responsible for soil carbon and nitrogen
cycling; it tracks multiple soil pools which are sensitive to soil moisture, soil temperature,
oxygen concentrations, and substrate CN stoichiometry. The GIPL module is responsible
for modeling ground temperature and active layer thickness within DGS and does so
using a nonlinear heat equation with phase change, and phase changes are influenced by
daily air temperatures and snow variables. The SHAW module simulates energy and
water fluxes along a soil-vegetation-atmosphere continuum and the snow, surface
vegetation, and litter that it simulates affect these dynamics. While each of these modules
are separate models in themselves that are applied outside of the DGS model, within
DGS, they are coupled to provide relevant information to one another. For example,
SHAW provides the water and ice content values used by GIPL. Damm-McNIP and
GIPL parameters were derived from a combination of field estimates and published
literature values. SHAW module (hydrology) parameters were initiated using literature
estimates and field data and then optimized from a GLUE analysis conducted by

(Marshall et al., 2021).
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The performance of DGS was calibrated and tested using field data specific to
three sites representing different vegetation and successional states (a burned site, a black
spruce-dominated site, and a deciduous site) and running single cell simulations as
representations of each site. The performance of DGS was tested against a similar
LANDIS-II extension, NECN, which lacks the complexity in its representation of soil
pools and fluxes, and dynamics with soil moisture and ground temperature. DGS has
been shown to outperform NECN at sites in interior Alaska in representing seasonal
trends in soil moisture and temperature (Lucash et al. in prep).

Vegetation growth is also simulated within the DGS extension. Details on the
parameterization and validation of the vegetation growth parameters within the DGS

extension can be found in Chapter 2.

Analysis

Analysis was aimed at examining differences in carbon pools between scenarios
and how different levels of fire activity impact these patterns. At the landscape level,
patterns in average annual net primary productivity, net ecosystem exchange, and
heterotrophic respiration were aggregated across replicates and compared between
climate scenarios. The DGS extension tracks individual carbon pools at the landscape
level, including which components of the soil are frozen and thus unavailable for
decomposition and heterotrophic respiration. The difference between total soil carbon
and unfrozen soil carbon was taken at each time step and plotted over simulation time to

examine changes in unfrozen soil carbon across scenarios. Soil pools representing
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average live and dead woody material, and total soil organic matter were aggregated
across replicates, and trends over simulated time were summarized.

In addition to examining overall changes in carbon pools and fluxes across the
entire simulated landscape, specific variables are tracked at the cell level within DGS,
including total carbon, annual net primary productivity, and net ecosystem exchange.
Within DGS, Net ecosystem exchange represents the difference between heterotrophic
respiration and net primary productivity within each cell. These cell-level data were
matched to their respective vegetation type and fire histories (the cumulative number of
fires) for each time step within every replicate. To better understand how fire impacted
changes in carbon storage and postfire productivity across the simulated landscapes, cells
that had burned between one and three times before year 75 in the simulation were
isolated, and their values for total carbon, net ecosystem exchange, and annual net
primary productivity were compared at 25 years postfire across scenarios and fire
histories up to three fires. The statistical significance of pairwise comparisons was tested

using Wilcoxon rank sum test statistics, evaluated at a 0.05 threshold for significance.

Results
Landscape Trends

Rates of net primary productivity, heterotrophic respiration, and net ecosystem
exchange all show seasonal variation, peaking during the growing season across all three
scenarios (Figure 26). Monthly values across these fluxes were also higher during the last

25 years of the simulations, including the winter months. This was also true for the
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simulations run with historical climate, indicating that these changes in flux may be

responding both to the effect of cumulative fires over time as well as climate.
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Figure 26. Average monthly net primary productivity (gC m?mo™), heterotrophic
respiration (gC m?mo™!), and net ecosystem exchange (gC m?mo™!) across all years (top)
and the average for just the last 25 years of simulations (bottom) by scenario.

Under climate change, the average available soil carbon, or the amount of total
unfrozen soil carbon that is available for respiration, across the landscape increases and
eventually converges with total soil carbon, indicating great amounts of permafrost thaw
under climate change (Figure 27). This happens most rapidly under the GFDL scenario,
which had the strongest warming and largest increase in precipitation (Chapter 2, Figure
2). Unfrozen soil carbon converges with total carbon by year 25 across replicates, while
under the NCAR scenario, this convergence occurs after 60 years. Under historical
climate, soil carbon difference remains constant, though it is more variable than in
climate change scenarios. It is important to note that these values represent landscape
averages, so while they indicate that there is rapid permafrost degradation, they do not

necessarily imply a total loss of permafrost in the climate change scenarios.
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Figure 27. Total landscape soil carbon (gC m, black) and unfrozen soil carbon (gC m™?,
blue) over time.

Dead and alive aboveground wood carbon pools increase over time at the
landscape level across all simulations, as does soil organic matter (Figure 28). The Future
GFDL climate scenario yields the largest increases across all groups, followed by Future
NCAR. Carbon from live woody material plateaus after mid-century across scenarios and
does so earliest in the Future GFDL scenario before beginning to decline by the end of
the century. Dead woody material, however, continues to increase for the duration of the

simulation, though at a slower rate by the end of the century. Increases in soil organic

carbon are continuous throughout the simulation.
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Figure 28. Average carbon across the landscape in soil carbon, dead woody carbon, and
live woody carbon pools (gC m™) over time and compared across scenarios.
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Burned Cell Trends

Twenty-five years postfire, within cells that burned one to three times, average
annual aboveground net primary productivity was lower than net primary productivity for
the overall landscape for each scenario (p < 0.001; Figure 29). When comparing trends
between cells that had experienced differing amounts of fire (controlling for time since
fire) during the simulation, there were significant differences in overall aboveground net
primary productivity between cells that burned once and those that burned twice, across
all climate change groups (all p-values < 0.001), with the single burn having the highest
net primary productivity among numbers of fires. However, there were no significant
differences between the two-burned and three-burned (phist=0.56, pncar=0.83, pgfai=0.12;
Figure 29). Future scenarios had higher rates of net primary productivity relative to the
historic scenario, regardless of the number of fires experienced (all p values < 0.01), and
there were no significant differences between the two future climate groups for any

number of fires (pifire=0.19, p2fires=0.72, p3fires=0.07).
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Figure 29. Aboveground net primary productivity for cells experiencing different
numbers of fires across scenarios. Thin lines between boxplots connect median values
between climate scenarios, and thick horizontal lines are equal to the overall landscape
average aboveground net primary productivity for each scenario (gCm2yr™!).

On average, the overall landscape had greater amounts of carbon than burned
cells 25 years postfire within each scenario (all p-values < 0.001; Figure 30). Within
burned cells, total carbon was greater under climate change regardless of the cumulative
number of fires (all p-values < 0.001) and was greatest under the most extreme climate
change scenario (GFDL,; all p-values < 0.05). The reburned areas had the greatest
variability in total carbon observed across all simulations, pointing toward varied
trajectories in carbon storage within reburns. Overall, however, total carbon across

reburns was mostly similar between numbers of fires, though there were significant

differences between the one and three fire cells for the historic and Future-GFDL
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scenarios (p=0.01 and p=0.03, respectively); increasing under historical climate and

decreasing under Future-GFDL.
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Figure 30. Boxplots of total carbon density for cells experiencing different numbers of
fires across scenarios. Thin lines between boxplots connect median values between
climate scenarios, and thick horizontal lines are equal to the overall landscape average
total carbon for each scenario (gCm).

Average annual rates of net ecosystem exchange within burned cells 25 postfire
were in some cases similar to average landscape net ecosystem exchange within each
scenario (Figure 31); rates were similar between the landscape average and a single fire
under historical climate (p=0.74), and under both climate change scenarios, landscape

averages were similar to all three burn frequencies (all p values > 0.1). Annual average

rates of net ecosystem exchange increased with between one and two fires for all
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scenarios (all p-values < 0.01) and one and three fires for all scenarios (all p-values <
0.05) but were similar between two and three fires for all scenarios (all p values > 0.1).
Where significant differences did occur, there were increases in net ecosystem exchange
between historical and climate change scenarios. Within each burn group, rates of net
ecosystem exchange were significantly different between each pair of scenarios and
increased from historical to future NCAR, and from future NCAR to future GFDL
scenarios (all p-values < 0.001). Variability in the net ecosystem exchange also increased

with the number of fires, especially for future scenarios.
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Figure 31. Boxplots of net ecosystem exchange for cells experiencing different numbers
of fires across scenarios. Thin lines between boxplots connect median values between
climate scenarios, and thick horizontal lines are equal to the overall landscape average net
ecosystem exchange for each scenario (gCm2yr!). Note that values are plotted on a log
scale. This was done due to a large number of outliers which made comparison difficult

to observe.
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Discussion

Interior Alaska’s boreal forest is temperature-limited in terms of productivity,
with low temperatures that restrict biological activity and nutrient availability (Van Cleve
& Yarie 1986). This study showed increases in net primary productivity under climate
change scenarios, consistent with results from other modeling studies from northern
temperate and boreal ecosystems (Duveneck & Thompson, 2017; Euskirchen et al., 2006;
Peng & Apps, 1999; Reyer et al., 2014). Net primary productivity in boreal forests is
influenced by multiple complex and interacting factors including climate change.
Growing season length is one such factor, and past work found that under climate change,
an increase in growing season length led to overall increases in annual primary
productivity (Duveneck & Thompson, 2017; Euskirchen et al., 2006). There was not an
increase in the growing season observed in this study, although growth rates in April
were higher under climate change (Figure 25). In field experiments (Binkley et al., 1994;
Hobbie et al., 2000) and modeling studies (Mekonnen et al., 2019; Peng & Apps, 1999),
enhanced nitrogen mineralization from warming has also been linked to increased growth
rates. This may have played a role here as warming increased thaw depths in permafrost-
affected areas, freeing up stocks of soil organic material for mineralization. Stand age
dynamics also play a role in the productivity of forest ecosystems. While very young
stands tend to have relatively lower rates of productivity, net primary productivity tends
to peak as they reach maturity (Goulden et al., 2011) and so the distribution of
disturbances, temporally and spatially, can alter forest stand age composition at a

landscape-scale, affecting overall net primary productivity.
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Some past modeling work has incorporated positive effects of CO: fertilization
into their modeling frameworks (Duveneck & Thompson, 2017; Euskirchen et al., 2006;
Peng & Apps, 1999), which is not included in this study. Increasing concentrations of
COz are associated with increased growth rates and greater water use efficiency in plants
until the point that the optimum growth temperature is surpassed (Eamus, 1991);
however, enhanced growth can also reduce nutrient availability, slowing gains (Elmore et
al., 2016). Peng & Apps, 1999 found that including CO: fertilization effects increased
NPP by 35% for simulated forests in central Canada. However, there are still
uncertainties as to whether and the extent to which elevated COz levels will increase
carbon sequestration in high latitude ecosystems, and where this is more likely to occur
(Pefiuelas et al., 2011). If NPP does increase significantly in response to increased CO:
concentrations, this study could be underestimating carbon sequestration which would
further counterbalance potential future soil carbon losses due to changes in the regional
temperature regime and associated permafrost thaw.

Despite increasing fire activity across the landscape and increasing rates of soil
respiration, live and dead woody carbon as well as total soil organic carbon increased
over the simulation period and increase the most under climate change. This corresponds
with elevated rates in primary productivity that were also observed under climate change,
accelerating the accumulation of live carbon, which then contributes to the dead woody
carbon pool once live vegetation dies, and eventually the soil organic carbon pool as that
material beaks down. These carbon sources accumulated over the simulation period. This
is in part, likely due to forest age also increasing over the simulation period, where on

average stand age landscape-wide increases from less than 50 years at the start of the
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simulation to between 73 and 82 years by the end of the century, depending on the
scenario (Chapter 2, Figure 9, left panel). This is consistent with patterns of carbon
accumulation in boreal landscapes, where older stands tend to hold more carbon
(Alexander & Mack, 2016) and cool annual temperatures tend to allow material to
accumulate more rapidly than it breaks down (Bradshaw & Warkentin, 2015; Hobbie et
al., 2000), a pattern that was sustained in the simulations, even under climate change
scenarios. Dead woody material comprised about 35% of aboveground carbon under
historical climate, 40% under Future-NCAR, and 48% under Future-GFDL climate,
ranging from approximately four to 10 kgm, depending on the scenario (Figure 27).
These values are consistent with field data from Manitoba, Canada, which found that
dead woody material makes significant contributions to carbon storage, and they modeled
that 10-60% of the deep carbon pool at upland sites, which contained an estimated 7-10
kgm™, was derived from dead woody biomass, although these levels of contribution are
moderated by fire frequency, net primary productivity, and decay rates (Manies et al.,
2005). Studies within the last decade have observed comparable amounts of carbon
storage between different forest types in interior Alaska along chronosequences, with the
rapid growth of broadleaf deciduous species compensating for belowground soil carbon
losses over time (Alexander & Mack, 2016; Mack et al., 2021). Simulations in this study
projected an increase in broadleaf deciduous dominance by the end of the century under
climate change, a decline in non-forest vegetation type, and noted large increases in shrub
and moss biomasses, all of which together could be driving increases in aboveground live

carbon pools. Mosses and shrubs are two vegetation groups that are frequently neglected
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from analyses of stocks in field modeling work in this region, though these findings lend
support that they will potentially account for a substantial portion of total future carbon.

Despite overall increases in net primary productivity and corresponding increases
in carbon stocks at the landscape scale, high rates of heterotrophic respiration
counteracted this, ultimately resulting in a positive net ecosystem exchange across all
scenarios. High rates of respiration were not only higher in the growing season but also
persisted into the winter months in the climate change scenarios, reflecting higher winter
temperatures under climate change. Early winter soil respiration has been quantified on
the North Slope of Alaska as an increasing source of carbon emissions (Commane et al.,
2017). Winter soil respiration across both the tundra and boreal Alaska was recently
quantified in a separate study as accounting for 15% of regional soil respiration (Watts et
al., 2021). Simulations indicate that these trends are likely to continue, making winter soil
respiration an increasing source of COz that should be accounted for in Earth System
Models (Commane et al., 2017).

Also likely contributing to these increases in heterotrophic respiration were large
increases in the amount of available soil organic carbon, which by the end of the century,
converged with total soil carbon landscape-wide under climate change. This trend
indicates large-scale permafrost thaw and a deepening of the active layer, freeing up a
large and previously unavailable source of organic material. As deeper soil layers become
unfrozen, this becomes an additional source of carbon that is susceptible to accelerated
decomposition rates with increasing soil temperature (Davidson & Janssens, 2006; Fang
& Moncrieft, 2001; Lloyd J., Taylor, 1994). These newly available deep soil carbon

pools are particularly vulnerable to loss under climate change. Across a reburn gradient in
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interior Alaska, Shabaga et al. (2022) noted that multiple fires resulted in increased soil
temperature and soil respiration within these reburned sites. They found that reburn sites
were more sensitive to temperature relative to mature sites, indicating that multiple fires
accelerate the availability of deeper, more sensitive, soil pools to decomposition.
Simulations from this study showed rates of net ecosystem increase with the number of
fires and under climate change, indicating that respiration rates in this study are
consistent with the accelerated rates of carbon loss within reburns observed in the field.
Large-scale losses of permafrost and increasing active layer depth under climate change
have been projected elsewhere at high latitudes using other models (Lawrence et al.,
2008; McGuire et al., 2018) and a recent field study quantified the effect of including
permafrost subsidence in estimates of thaw depths finding that accounting for subsidence
increased estimated thawed carbon by between 37 and 113 percent (Rodenhizer et al.,
2020). This lends further support to the concern that rapid degradation of permafrost will
be a potentially large source of carbon emissions in the future.

Surprisingly, carbon stocks did not as a rule decline with a greater number of fires
in these simulations; they become more variable and in under historic conditions were
slightly elevated after the third fire when compared to one fire. One contributing factor to
this was the higher rates of net primary productivity observed under climate change and
given the large increases in shrub and moss biomasses also observed in the climate
change simulation (Chapter 3, Figure 16), the levels of net primary productivity across
the landscape include not only tree species, but also the understory. This trend toward
increased shrub productivity under climate change is also reflected in field studies of

shrub expansion on the North Slope of Alaska (Bunn & Goetz, 2006; Forbes et al., 2010;
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Sturm et al., 2005; Tape et al., 2006). The understory may be driving a substantial
proportion of the increases in net primary productivity following multiple fires within the
boreal forest under a changing climate as well. These understory components in the
boreal forest are increasingly proving to play important roles in overall carbon cycling
and in areas that are experiencing a shifting disturbance regime. Shabaga et al. (2022)
noted that understory plants were responsible for a large proportion of ecosystem
productivity in recently burned and reburned sites, in part driven by greater light
availability for understory plants postfire. They found that understory productivity was
highest following one fire, even compared to a mature site. However, following the first
fire event, subsequent fires yielded lower levels of productivity. Aboveground net
primary productivity for burned cells in this study was found to be lower in reburned
cells as well, although lacked the magnitude of the initial bump in productivity postfire
that Shabaga et al. (2022) quantified, although it should be noted that their study
accounted only for understory and ground vegetation productivity and respiration. These
findings overall underscore the importance of assessing species and community dynamics
and accounting for the effects of a broad range of vegetation types present when
modeling the effects of climate change and fire on carbon balance.

Lastly, it is important to note that overall rates of soil respiration and net
ecosystem exchange were exceptionally high across simulation scenarios, with
respiration rates exceeding those of field studies from the region. For example, a recent
study that used random forest modeling to impute soil respiration levels based on eddy
covariance tower data found maximum levels of soil respiration around 400 gCm™2yr! for

the 2016-2017 year (Watts et al., 2021), while within historical climate scenarios,
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estimates of respiration averaged close to 500 gCm-2 month™! in June and July, alone.
Such high simulated rates of respiration prompt concerns over whether model calibration
of this process has yielded results that sufficiently capture this process. Soil respiration
was calibrated at the single-cell scale, which is a commonly accepted practice, and
calibration results aligned well with flux measurements from field data (Lucash et al. in
prep), however, issues of scaling up processes can present challenges to modelers,
especially when complex parameter sets interact in a non-linear manner to drive
processes (Gustafson, 2013; Urban, 2005). Therefore, it is recommended that respiration
results presented here be interpreted with caution and the parameter set used in this study
should be investigated further to better understand and report on the sensitivities of these
model parameters.

This study had several limitations that should be considered along with the
results. The interpretation of these simulation results is constrained by the assumptions
inherent in the LANDIS-II modeling framework and DGS model extension. For example,
DGS does not capture the effect of COz2 fertilization on primary productivity, so estimates
of net primary productivity exclude that potential influence. Additionally, DGS model
outputs at the cell level do not separate carbon pools into above and belowground C
stocks, so the cell-level analysis here is confined to examining differences between total
carbon between different fire histories, making it difficult to determine how each pool at
each site has responded to wildfire activity within these simulations and further
understand what is driving the landscape level increases in carbon. For this reason,

additional site-specific analysis should be undertaken upon the further development of
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the DGS extension to verify and better understand the patterns in soil carbon from this

experiment.
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CHAPTER 5

CONCLUSIONS

These studies used the SCRPPLE and DGS model extensions to LANDIS-II to
simulate above and belowground forest landscape processes that are currently underway
within interior Alaska boreal forests: wildfire, vegetation succession, permafrost
dynamics, and carbon dynamics. DGS captures these processes in a spatially explicit and
interactive manner that is necessary for better understanding the relative importance of
these processes and how they may respond to the pressures of climate change and
increasing wildfire frequency.

Simulations of wildfire agree with other studies predicting increasing wildfire
activity in western North America (Flannigan et al. 2005, Foster et al. 2022) as well as
other large-scale modeling studies; that climate change promotes greater fire activity in
this region. This study further builds on this understanding by examining the potential for
continued fire activity in areas that have already burned within the last century. While
pointed toward a negative vegetation feedback to fire based on stand age, more extreme
climate change scenarios were more likely to burn within relatively younger stands that
under less extreme climate scenarios and overall reburn rates increased under climate
change.

This study also sought to model future successional trajectories in areas
experiencing greater fire activity using random forest classification to predict shifts away
from the dominant forest type at the start of the simulation, black spruce, following

different numbers of fires. The percentage of biomass removed in the most recent fire
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emerged as an important predictor variable of forest transition, and high levels of starting
conifer biomass, as well as seed sources from surrounding cells, were important in
moderating the impact of increasing fire activity. These simulations also showed large
increases in willow and dwarf birch biomass across the landscape, indicating that
interspecific dynamics with shrubs may play an increasingly important role in these
ecosystems in the future. While shrub expansion under climate change has been noted in
the tundra, it has been less explored in the boreal forest zone of interior Alaska, but future
work could focus on better understanding the role of shrubs in a landscape undergoing
change driven by an interacting combination of climatic factors and wildfire.

Simulations predicted increases in net primary productivity that are in part
promoted by a large-scale shift to an alternative forest type (see Chapter 3). However,
this was coupled with large increases in heterotrophic respiration, promoted by the
thawing of permafrost and accelerated decomposition of deep, previously unavailable soil
layers, which ultimately led to a positive net ecosystem exchange. Fire activity further
exacerbated this effect and lowered net primary productivity after single fires and reburns
even after more than two decades post-fire. Soil microbial feedbacks are an important
process to include in earth system models, however, their representation is often
relatively simplistic (e.g., confined to broad soil carbon pools representing ‘passive’,
‘slow’, and ‘active’ components with decomposition represented as a first-order decay
function; Luo et al., 2016; Peng & Apps, 1999). The DGS model is the first to simulate
temperature and soil moisture at user-defined depths down to 75 meters, and integrate
those measurements with vegetation, fire, and soil with measurable C and N pools

(including microbial pools). This is an important step in modeling this region and making

105



valuable predictions of future interactions and impacts of climate change. Future work
refining the calibration of these processes will be useful to confirm the findings of this

study and further explore underlying drivers of future trends.
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APPENDIX A: SPECIES SIMULATED

Scientific Names Common Names
Picea mariana Black spruce

Picea glauca White spruce
Betula neoalaskana Alaska paper birch, resin birch
Populus tremuloides Quaking aspen
Populus balsamifera Balsam poplar
Larix laricina Tamarack

Salix spp. Willow

Alnus spp. Alder

Betula nana Dwarf birch
Sphagnum spp. Sphagnum peatmoss
Feathermoss functional group includes: Hylocomium spp., Feathermoss
Pleurozium spp., Thuidium spp., Kindbergia spp.,

Brachythecium spp.

Turfmoss functional group. Includes: Bryum spp., Mnium Turfmoss

spp., Polytrichum spp.

Appendix Table 1. Species simulated in this study.
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APPENDIX B: SCRPPLE PARAMETERIZATION GRAPHS
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Appendix Figure 1. Comparison between reference lighting ignitions data (Short, 2021)
and the number of ignitions modeled using a Poisson model relating fire weather index to
the probability of ignition.

Counts
d 11453
10737
10022
15000 L -
- 9306
8590
o . 7874
8 7158
D 10000 =
T . . 6443
5 ¢ 5727
wn
§ ..y . * 5011
i . 4296
5000 * b - 3580
2864
L I 4 - "
. 2148
. .
. 1432
o0 c. T L 77
1
T T T T T
10 20 30 40 50

Fire Weather Index

Appendix Figure 2. Modeled expansion (area of fire increase) response relative to the fire
weather index for estimating SCRPPLE spread parameters. Expansion data was sourced
from the GeoMac daily fire perimeters database (GeoMAC, 2019, 2020).
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Appendix Figure 3. Modeled expansion (area of fire increase) response relative to wind
speed for estimating SCRPPLE spread parameters. Expansion data was sourced from the
GeoMac daily fire perimeters database (GeoMAC, 2019, 2020).
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Appendix Figure 4. Modeled expansion (area of fire increase) response relative fuel
biomass for estimating SCRPPLE spread parameters. Expansion data was sourced from a
daily fire perimeters database (GeoMAC, 2019, 2020).
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Appendix Figure 5. Resulting fire size distribution from all ten simulated historical
replicates (“Simulated”) compared with reference data from the Alaska Large Fires
Database for the years 1970-2000 (“Historical”, FRAMES, 2016).
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APPENDIX C: SOIL TEMPERATURE AND SOIL MOISTURE RESPONSE CURVES
FOR SPECIES FUNCTIONAL GROUPS
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Appendix Figure 6. Conifer species functional type soil moisture (left; %) and soil
temperature (right; Celsius) response curves (black), fit to Ameriflux data (blue) sampled
at 10 cm from sites dominated by black spruce (US-Prr and US-Uaf; Kobayashi et al.,
2019; Ueyama et al., 2018b).
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Appendix Figure 7. Broadleaf deciduous species functional type soil moisture (left; %)
and soil temperature (right; Celsius) response curves (black), fit to Ameriflux data (blue)
sampled at 10 cm from a site dominated by deciduous trees and shrubs (US-Rpf;
(Ueyama et al., 2019a).
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Appendix Figure 8. Shrub species functional type soil moisture (left; %) and soil
temperature (right, Celsius) response curves (black), fit to Ameriflux data (blue) sampled
at 10 cm from a site dominated by deciduous trees and shrubs, and open shrubland (US-
Rpf and US-Fecr; Ueyama et al., 2019a, 2019b).
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Appendix Figure 9. Moss species functional type soil moisture (left, %) and soil
temperature (right, Celsius) response curves (black), fit to Ameriflux data (blue) sampled
at 10 cm from a site dominated by mature black spruce, with the assumption that mosses
would be associated with this forest type (US-Prr and US-Uaf; Kobayashi et al., 2019;
Ueyama et al., 2018b). Soil water content curve was adjusted such that productivity does
not substantially decline with greater soil moisture, with the understanding that mosses
are often found in sites of very high moisture (e.g., bogs).
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APPENDIX D: CALIBRATION OF SPECIES’ GROWTH

To calibrate species growth trajectories, I ran a series of single-cell simulations
populated with just a single, one year old cohort of the species of interest. The species of
interest included one species from each modeled functional group (conifer, broadleaf
deciduous, shrubs, mosses). The resulting biomass trends for each species were plotted
and evaluated iteratively while adjusting variables with a range of uncertainty around
them due to lack of data or literature values (KLAI, MaxANPP, FCFRAC, MAXLAI,
and a competition index (K)) using an automated particle swarm optimization algorithm
to choose the values on each run using the hydroPSO package in R (Zambrano-Bigiarini
& Rojas, n.d.). Biomass trends were compared to the maximum relative biomasses of the
species of interest plotted by stand age from FIA plot data, with the aim of the modeled
trajectory matching the top edge of the FIA data. This method best captures the
maximum growth potential, which will then be subject to internal factors (e.g.,

competition, moisture stress) during full-scale model runs.
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Appendix Figure 10. Biomass growth trajectory (green) for black spruce compared to
relative maximum biomasses of black spruce within FIA plots plotted by stand age.
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Simulated Paper Birch biomass from one cell (green) over
FIA plot maximum Paper Birch biomasses (black)
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Appendix Figure 11. Biomass growth trajectory (green) for paper birch compared to
relative maximum biomasses of paper within FIA plots plotted by stand age.
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Appendix Figure 12. Biomass growth trajectory (green) for willow compared to relative
maximum biomasses of willow within FIA plots plotted by stand age.
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Simulated Feathermoss biomass from one cell (green) over
FIA plot maximum Feathermoss biomasses (black)
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Appendix Figure 13. Biomass growth trajectory (green) for feathermoss compared to
relative maximum biomasses of feathermoss within FIA plots plotted by stand age.
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APPENDIX E: RANDOM FOREST CONDITIONAL PERMUTATION
IMPORTANCE VALUES

Conditional Permutation Importance

Variable One Fire Two Fires Three Fires
Percent biomass removed 0.032402135 | 0.049814947 | 0.012085409
Starting deciduous fraction 0.002179715 | 0.000272598 | 0.000782918
Aspect 9.36E-05 -2.21E-05 3.91E-06
Lowland vs Upland 1.78E-05 3.31E-05 -2.03E-05
Percent total carbon removed 1.71E-05 | 0.000982562 5.00E-04
Variance in total annual precipitation postfire 1.46E-05 4.38E-05 2.88E-05
Variance in mean annual temperature postfire 1.28E-05 1.67E-05 1.87E-19
Time 1 soil temperature at 3 m 1.25E-05 2.35E-05 3.56E-06
Variance in soil temperature 3m postfire 9.25E-06 -1.32E-05 3.06E-05
Soil temperature 3m postfire 3.91E-06 -2.31E-05 -3.56E-07
Mean annual temperature change 3.91E-06 -7.12E-07 -1.42E-06
GCM 2.85E-06 -3.56E-07 -1.78E-06
Mean annual temperature all years 2.49E-06 6.41E-06 4.27E-06
Total annual precipitation variance 7.12E-07 7.47E-06 5.69E-06
Scenario 7.12E-07 3.56E-07 0
Total annual precipitation postfire 7.12E-07 7.12E-06 7.47E-06
# Adjacent mature black spruce cells 3.56E-07 3.56E-07 1.60E-05
Scenario 3.56E-07 -7.12E-07 3.56E-07
Average total annual precipitation all years -7.12E-07 -2.14E-06 -2.85E-06
Mean annual temperature postfire -1.78E-06 -8.54E-06 -2.85E-06
Change in total annual precipitation -2.14E-06 3.56E-07 -7.83E-06
Mean annual temperature variance all years -2.85E-06 1.10E-05 -2.49E-06
Time 1 soil moisture at 0.55m -2.85E-06 1.64E-05 -1.10E-05
Soil moisture at 0.55m -9.61E-06 -3.91E-06 2.24E-05
Number of adjacent mature black spruce cells -1.57E-05 | 0.000542705 | 0.000618861
Soil moisture variance at 0.55m postfire -2.14E-05 -2.85E-06 -6.05E-05
Fire year -3.63E-05 -2.31E-05 -2.49E-06

Appendix Table 2. Table of input variables for random forest models and corresponding

conditional permutation importance values.
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