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THESIS ABSTRACT

Gabriel A. Abreu-Vigil

Master of Science in Geography

Title: Forecasting Alaskan Boreal Ecosystem Changes: A Landscape Analysis of Permafrost
Thaw and Hydrological Trajectories Resulting from Climate-Driven Change in the Fire Regime

and Conifer Decline

Boreal forests, covering about 30 percent of Earth's forested area, are dominated by
coniferous forests and deemed crucial reservoirs of permafrost and belowground carbon.
Undergoing rapid ecological changes from a warming rate nearly three times the global average,
questions remain about future interactions of increased wildfire, vegetation shifts, permafrost
thaw, and soil moisture for tree growth. Utilizing the LANDIS-II landscape forest model, we
simulated soil temperature and moisture, forest succession, and disturbance regimes over a
century across 380,400 hectares in interior Alaska under historical and future RCP 8.5 climate
scenarios. This integrated approach marks a significant advancement in simulating the dynamic
and interconnected processes that define boreal forest resilience and response to climate change.
[It would be good if there can be statements here about the predictive capacity of the
model...calibration and validation studies, for example]. Under future climate change,
permafrost at near-surface levels (3 m) is projected to disappear by mid-century with a thaw rate
of 26 cm/year and 18 cm/year under extreme and moderate climate forcing respectively.
Exacerbated by a changing fire regime and landscape-level shifts from insulative coniferous to

less insulative hardwood coverage, these shifts are accompanied by increased soil temperatures



and decreased moisture levels. The complex interplay between these dynamics in the face of a

changing climate has profound implications for boreal forests and the global system alike.
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INTRODUCTION

Boreal forests under a changing climate

Boreal forests, also known as taiga, cover around 30% of the world's forested area and
are renowned for their vast wilderness and significance as the largest soil reservoir of global
terrestrial carbon, locked within ‘permanently’ frozen soil (Pan et al., 2013; Apps et al., 1993).
This carbon has incredible potential to change the global system, with this pool containing
roughly twice the carbon in the atmosphere (Baillargeon et al., 2022). Overlaying much of the
world's permafrost zones, climatic and ecological changes in these northern landscapes are
critically important for both the Arctic and global climate. High-latitude regions, particularly
Alaska, have become focal points due to their heightened vulnerability to rapid climate changes,
primarily through wildfire, permafrost thaw, and shifts in post-fire successional trajectories
(Helbig et al., 2016; Johnstone et al., 2010; Wolken et al., 2011). Over the past six decades,
Alaska has experienced a warming trend three times faster than the contiguous U.S., especially
in winter, leading to unprecedented regional changes (Chapin et al., 2014; Taylor et al., 2013).
Alongside temperature increases, precipitation in this region is projected to rise in all seasons,

notably as rain (Douglas et al., 2020).

The uncertainties of these climatic shifts necessitate comprehensive ecological modeling
to simulate the complex dynamics of these systems under various future climate scenarios. While
the impact of these changing climate variables on the presence and thickness of permafrost is
profound, other critical drivers of permafrost vulnerability include wildfires and alterations in
overlying vegetative cover. These elements threaten the stability of permafrost and amplify the
feedback loops, contributing to further climate change (Loranty et al., 2016). The losses of

permafrost carbon are irreversible at centennial timescales, and there remains significant
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uncertainty regarding the timing and magnitude of emissions from permafrost (IPCC, 2023).
Most climate models still do not include permafrost processes. However, the remaining carbon
budgets featured in AR6 WG include emissions from permafrost for the first time, using a
simplified estimate that assumes a linear relationship between warming and permafrost
emissions. This estimate excludes critical thaw processes such as abrupt thaw and fire-permafrost
interactions, potentially underestimating permafrost carbon emissions (IPCC, 2023).
Understanding and mitigating these drivers is essential for preserving the integrity of boreal
forests and their role in the global carbon cycle. Each assessment report highlights the increasing
urgency to reduce carbon emissions to avoid the most catastrophic impacts of climate change,
emphasizing the need to address the magnitude of permafrost carbon emissions and incorporate

them into models (IPCC, 2023).

Wildfire

Wildfire research in North American boreal forests underscores the pivotal role of fires in
shaping these ecosystems (Johnstone et al., 2010; Hollingsworth et al., 2013; Weiss et al., 2023).
Fires are frequent and essential for maintaining the health of boreal forests, clearing away the
organic layer, and stimulating the growth of fire-adapted, early seral species like black spruce
and birch (Roland et al., 2019; Shabaga et al., 2022). This process releases stored nutrients,
enriching the soil and supporting new vegetation growth (Sturm et al., 2005). This nutrient

enrichment is a natural fertilizer, enhancing the ecosystem's regenerative capacity.

However, recent fire patterns indicate that rising temperatures and altered precipitation
have increased the frequency and size of fires in the region (Kasischke et al., 2010;

Hollingsworth et al., 2013). These intensified wildfires exacerbate permafrost thaw in near-
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surface (0-3 meters deep) by imputing heat into the soil and removing the insulating coniferous
vegetation (Helbig et al., 2016). As fires become more frequent and intense, the processes that
historically rejuvenated the ecosystem now pose significant challenges to its equilibrium. This
shift highlights a critical juncture for the resilience and stability of boreal forests, with far-

reaching implications for their future under changing climatic conditions.

Vegetation

Coniferous forests, dominated by black spruce in lowlands/northern aspects and white spruce
in uplands, have been both keystone and legacy species in Alaska for millennia, shaping the
ecosystem with their unique adaptations (Lynch et al., 2002; Higuera et al., 2009). These species
are well adapted to fires, with features such as semi-serotinous cones and fast post-fire
regeneration. However, the changing fire regime, exacerbated by climate change, increases their
vulnerability due to uniform age structures, high flammability, and susceptibility to pests
(Johnstone et al., 2020). In contrast, hardwood deciduous species like birch and aspen, with rapid
growth, high seed dispersal rates, and higher moisture content, are often found in southern
aspects and are less prone to fire. Increased temperatures and storm activity leading to higher fire
occurrence can dry out and ignite coniferous forests before they reach sexual maturity,
interrupting their historical cycle (Hoecker & Turner, 2022). This shift in fire frequency and

intensity increasingly favors the spread of hardwood forests (Weiss et al., 2023).

The interplay between permafrost-driven conditions, water use, and fire adaptation shapes
the intricate mosaic of the boreal landscape in interior Alaska. Producing and maintaining a thick
insulating layer of organic material, coniferous forests are vital in maintaining permafrost and

influencing hydrological dynamics (Zasada et al., 1992). This organic layer, more pronounced in
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coniferous forests due to slow decomposition rates, retains moisture and insulates the ground,
impeding the establishment of hardwood species (Johnstone & Chapin, 2006; Greene et al.,
2007). Hardwood trees, requiring better-drained soils and having smaller seeds, struggle to
penetrate this deep, moist layer of decomposing material in mature, unburned stands (Sturm et

al., 2005).

This natural barrier helps maintain higher soil moisture level conditions less conducive to
hardwood growth. Conifer species, with efficient water-use strategies and needle leaves that
reduce water loss, thrive in these water-limited conditions. In contrast, hardwoods with broader
leaves face higher water loss through transpiration (Krause & Lemay, 2022). The distinct water-
use strategies of conifers and hardwoods underscore the complexity of forest dynamics and their
intricate relationship with the environment. A warming climate and variable precipitation
threaten to unbalance this relationship, potentially disrupting legacy ecosystem functions and

further driving permafrost thaw.

Permafrost

In interior boreal Alaska, permafrost is extensive yet discontinuous (Jorgenson et al., 2010;
Fisher et al., 2016; Nicolsky et al., 2017). This perennially frozen rock, soil, and ice, modulated
by temperature (<0°C for at least two consecutive years), is a critical foundational layer for the
ecosystem. The ecological impacts of permafrost thaw are acute and dynamic, both responding to
and influencing many processes. Recent observations indicate substantial and accelerated
changes in permafrost due to warming temperatures and increased rainfall (Jorgenson et al.,
2010; Douglas et al., 2020; Hansen et al., 2023). As permafrost thaws, carbon from organic

matter is released into the atmosphere as carbon dioxide or methane following decomposition
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(Schuur et al., 2018). Once considered a slow and gradual process, permafrost thaw is now

rapidly advancing due to changing climatic conditions.

Much of the boreal vegetation has adapted to the presence of permafrost over time. As
permafrost becomes unstable, vegetation dynamics are disrupted. Black spruce, covering
approximately 40% of the landscape, particularly faces challenges as the ground beneath it shifts
and becomes less supportive (Cleve & Viereck, 1983; Jafarov et al., 2013). The relationship
between this species and near-surface permafrost is outlined in Fryer et al. (2014) and Osterkamp
et al. (2000), which describes a spatial signature of the presence of black spruce aligning with
that of permafrost, making them spatial proxies for each other. The interplay between permafrost
thaw, driven by climate and landscape change, has far-reaching consequences on the boreal

forest ecosystem and beyond.

Hydrology

A critical factor in boreal hydrology is the delicate balance between permafrost, water storage
in the landscape, and its uptake by vegetation. Altered precipitation amounts and forms under
future climate change will further influence boreal hydrological and biological cycles, extending
to below-ground attributes (Jones et al., 2006). As permafrost thaws, it triggers several cascading
effects, particularly in hydrology. The once-frozen ground, which acts as a natural barrier to
water infiltration, weakens, allowing increased water infiltration (Ebel et al., 2019). These
changes affect drainage patterns and the stability of the entire ecosystem, impacting both surface
and subsurface flows. This shift in soil moisture influences tree growth, with more variable
precipitation conditions impacting overall forest composition. Shallow-rooted trees face

challenges in establishment and growth under these variable hydrological conditions. Moreover,
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periods of variable precipitation influence moisture conditions at the near surface and fire
ignition and spread by drying vegetation and ground fuels (Beck et al., 2011). These fires, in
turn, impact hydrology by altering streamflow patterns, increasing sediment transport, and
potentially compromising water quality (Potter et al., 2020). This interlinked dynamic
underscores the complexity of boreal forest ecosystems and the critical role of permafrost in

maintaining their stability.

Interconnected dynamics and modeling

At the precipice of profound changes to Alaska's climate and ecology, modeling tools are
essential for accurately representing and simulating these dynamics under various emissions
pathways. Comprehensive and robust models are crucial for understanding how climate,
vegetation, hydrology, permafrost, and wildfire interactions will evolve in response to ongoing
and future climatic shifts. While models for permafrost exist, they often lack the integration of
wildfire and vegetation influences within a spatially interactive framework. These integrative
tools enable researchers to illuminate how climate change and landscape disturbances impact

boreal ecosystems' resilience in Alaska.

Using the model LANDIS-II, Weiss et al. examined the influence of multiple fire events
and changing climatic conditions on the boreal landscape. Their findings reveal that conifer-
dominated forests risk significant declines, especially under scenarios characterized by frequent
and severe fires combined with pronounced climate change. The study highlights substantial
declines in conifer dominance when multiple fires coincide with extreme (hot and wet) climate
change scenarios. These abrupt transitions indicate non-linear behavior and potential ecological

tipping points (Scheffer et al., 2012). This aligns with ecological theory, emphasizing that
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positive feedback loops could lead to rapid shifts from conifer to hardwood dominance (Chapin
et al., 2004; Kurkowski et al., 2008). Compounding with increased climate change, wildfire and
vegetation drivers of permafrost thaw are crucial for understanding the future conditions of this

boreal system.

The intricate relationship between fire, vegetation dynamics, and climate change
underscores the delicate balance between natural processes and ongoing anthropogenically
forced environmental changes. The evolving fire regime and its implications for ecosystem
resilience highlight the pressing need for comprehensive research, management strategies, and
policy considerations to ensure the sustainable coexistence of natural processes and human

activities in this changing landscape.

Research question
How do climate change and wildfire modulate changes in permafrost thaw, soil

temperature, and moisture in boreal Alaska?

Hypothesis
H1: Changes in the fire regime under future climate scenarios will significantly shift vegetation
from conifer-dominated to hardwood-dominated forests, influencing near-surface soil

temperature and site water balance dynamics.

H2: Under future climate change scenarios (NCAR and GFDL) (2000-2100), permafrost will

thaw more rapidly than under historical conditions (years 1970-1999).
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H3: Rising soil temperatures and altered precipitation under climate change will lead to

decreased soil moisture, especially under conditions of enhanced permafrost thaw.

METHODS

Study area

The scope of this research focuses on a boreal landscape spanning 380,400 hectares in
interior Alaska, divided into 4-hectare (0.2 km x 0.2 km resolution) grid cells (Figure 1). Interior
boreal Alaska experiences a continental climate with cold winters with average January
temperatures of -23.5°C and warm, dry summers with average July temperatures of 16.3°C. With
a growing season lasting from May to September, the average annual precipitation in Fairbanks
is 287 mm, with around 35% of it as snowfall. This landscape lies within Alaska's intermontane

basin and plateau region, between the Alaska and Brooks Mountain ranges.

Study Area

! | Study Landscape
[ ] Alaska
Land Cover
Conifer
Deciduous/Shrub
Water
Other
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Figure 2: Map of the study area (purple) with forest functional types on the landscape classified from 2022 Landsat
8 image.

The study landscape falls within the extent of North America’s boreal forests (Figure 2a),
generally associated with the discontinuous permafrost zone where 50-90% of the land has near-
surface permafrost (Figure 2b). In this permafrost extent, much of the ‘permanently’ frozen
ground is found beneath coniferous land cover in cool, wet lowlands and at the base of north-
facing slopes (Fryer et al., 2014; Stralberg et al., 2020). This area displays various surface
hydrology features ranging from oligotrophic lakes and ponds to braided streams and rivers. In
the past 40 years, the area in the study landscape has seen 13 fires (Figure 2¢), and during the
period from 1992 to 2015, the study area encountered an average of 1.05 wildfires annually. With
the typical fire size being 3,795 hectares on average and a fire rotation of 119 years (Short,

2023), the forest on the landscape would historically burn once every century.
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Figure 2: Alaskan reference maps of boreal forest extent (A), permafrost zones (B), fire history (C), and elevation

(Brandt, 2009, Jorgenson et al. 2008; MTBS; Porter et al., 2023)

It showcases a variety of topographic complexity with undulating hills, river valleys, lake

plains, and other post-glacial landscape features (Begét et al., 2006). This area's elevation (Figure

2d) ranges from 92 to 976 meters, with an average elevation of 331.4 meters. The study area is

generally flat, with an average slope of 6.3 © (standard deviation: 5.0 ©), although the steepest

slope measures 36.13 °.
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LANDIS-II model

This study employed LANDIS-II (version 7.0), a modular, open-source forest landscape
model that spatially simulates dynamic landscape ecological processes and interactions (Scheller
et al., 2007). LANDIS-II operates on a grid-based system where each cell is populated with
species-age cohorts, allowing for detailed representations of forest succession and the
interactions of multiple ecological processes within and across these cells. The model's core
strength lies in its flexibility to incorporate various extensions that simulate different ecosystem
processes and disturbances (e.g., wildfire, succession, harvest). These account for the complexity
of forest conditions, enhancing the model's applicability to diverse forest dynamics scenarios.
Forests are modeled with species-aged cohorts that grow and compete over time, with cells
possibly containing multiple cohorts of each species. Within LANDIS-II, specific ecological
parameters are assigned to these various groups, including species longevity, reproductive
maturity, shade tolerance, seeding distance, and post-disturbance regeneration strategies like
serotiny or resprouting. These are crucial for modeling the succession and survival of cohorts
within a cell and in interaction with neighboring cells. The model's extensions leverage various
deterministic and stochastic processes, allowing for simulations that reflect both expected and
random ecological outcomes. This dual approach captures the unpredictable nature of ecological
responses to climatic and environmental changes. Spatial heterogeneity is represented through
the concept of “ecoregions” on the modeled landscape, areas with homogeneous climate and site
characteristics that influence the transmission of disturbances and the biological responses of the
forested landscape. To address the impacts of climate change, LANDIS-II integrates climate

scenarios via a Climate Library (Lucash & Scheller, 2021), which provides synchronized climate
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inputs across all modules, ensuring that the model reflects up-to-date and region-specific climate
conditions. Through this sophisticated modeling approach, LANDIS-II provides a
comprehensive framework for understanding and predicting the complex interactions and
feedback mechanisms that drive forest landscape dynamics under varying environmental and

climatic conditions.

DGS succession extension

The DGS (DAMM-McNiP GIPL SHAW) extension, integrated within the LANDIS-II model,
simulates vegetation succession, hydrology, carbon and nitrogen dynamics, soil temperature, and
soil moisture. we implemented this extension on our landscape to simulate boreal forest
successional dynamics, improving on its succession extension predecessor (NECN), particularly
in modeling belowground processes, which are crucial in high-latitude systems affected by
permafrost and freeze/thaw dynamics (Lucash et al., 2023). A notable advancement is DGS’s
ability to model soil temperature and soil moisture at various user-defined soil depths. This
extension incorporates two key models for below-ground processes: SHAW (Simultaneous Heat
and Water) and GIPL (Geophysical Institute Permafrost Laboratory) 2.0 (Nicolsky et al., 2009).
SHAW, a physically based model, simulates vertical heat, water, and solute transfer through the
soil-vegetation-atmosphere continuum (Flerchinger, 2000). It simulates evapotranspiration, snow
accumulation and melting, surface runoff, infiltration, and soil moisture. GIPL 2.0, on the other
hand, solves a nonlinear heat equation with phase change and is specialized for simulating
permafrost dynamics down to 75m (Marchenko et al., 2008; Nicolsky et al., 2017). It receives

total water and ice content values from SHAW. It computes ground temperature profiles used to

24



calculate the presence of permafrost, active layer (depth to permafrost) thickness, and talik

(unfrozen layer within permafrost) thickness.

Within the DGS extension, cells are assigned to Temperature-Hydrology Units (THUs) based
on climate zone, vegetation type, topography, and time since disturbance. Each THU has a
specific set of input parameters for SHAW and GIPL, defining soil thermal and hydrological
properties. GIPL computes soil temperature profiles, which informs the lower boundary
condition for SHAW. SHAW then computes soil moisture, which is shared with vegetation
succession within DGS. The DGS extension uses this information to assess water and
temperature limitations for species cohort growth. Vegetation growth is simulated monthly in
DGS based on species-specific life history attributes, temperature, age, competition, water and
nitrogen availability, and disturbances. Additionally, the simulation of leaves, wood, fine roots,
and coarse roots ensures the comprehensive modeling of vegetation attributes critical in the
interaction with above- and below-ground interactions such as fire and water/nutrient uptake
from soil. Regeneration is influenced by species attributes, light, and water availability and is
also captured with the simulation of vegetation reproduction and subsequent seed
production/dispersal. DGS models mortality as a result of senescence (the continual shedding of
trees and branches), age (to capture the rise in mortality as a species nears its life expectancy),
and disturbances (particularly fire in this study). Soil carbon and nitrogen (CN) dynamics in
DGS rely on the DAMM-MCNIiP model, which simulates seven soil pools that can be compared
to in-situ observations. These soil pools are sensitive to soil moisture, temperature, oxygen
concentration, substrate CN stoichiometry, and other factors (Lucash et al, 2023; Abramoft et al.

2017).
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SCRPPLE fire extension

The SCRPPLE (Social-Climate Related Pyrogenic Processes and their Landscape Effects)
extension, designed to simulate wildfire behavior and its effects on landscapes, was used to
simulate the primary disturbance in this landscape (v. 3.2; R. Scheller et al., 2019). This
extension uses a data-driven approach to parameterize fire behavior based on climatic variables
and landscape characteristics. It allows for the simulation of fire regimes that respond
dynamically to changes in climate, including temperature, precipitation, wind direction, and
wind speed. The extension's core algorithms include ignition, fire spread, fire intensity, and fire
mortality, and it can simulate three types of fires: lightning, human unintentional (accidental),

and prescribed fire (RxFire).

The SCRPPLE extension models ignition using a "supply and allocation" approach in which
maps of fire ignition probability are fed into the extension. These probabilities are calculated
using the map of ignitions integrated with the Fire Weather Index (FWI). The spread of fire
occurs from cell to cell, and the probability of spread is based on the FWI, effective wind speed,
and fine fuels. Fire spread continues until it reaches a maximum daily spread area, which is
determined by empirical relationships between daily fire spread areas, FWI, and Effective Wind
Speed. The extension defines three classes of fire intensity: Low, Moderate, and High. These
intensity levels correspond to flame lengths and are used to categorize fire behavior. Fire
intensity influences mortality and is determined by various factors, including fine fuels, ladder
fuels, and neighboring fire intensity. Fire mortality varies based on this intensity, as well as tree
species, and tree age. Mortality tables are defined for each fire intensity class and tree species,

specifying the probability of mortality for different age ranges for each species.
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Parameterization and calibration

Vegetation inputs

To establish initial ecological and environmental conditions in our simulation landscape, we
relied on a combination of data sources to parametrize various key components, including
vegetation, biophysical, and climate inputs. U.S. Forest Service Forest Inventory and Analysis
(FIA) data from the Tanana region surveys in interior Alaska (USDA-Forest Service, 2018)
served as a foundational resource for the initial vegetation composition. Complementing this
data, we incorporated information from the Alaska Center for Conservation Science Mosaic
Landcover Map of Alaska (AKCCS, 2019) to establish initial spatial vegetation patterns. Six tree
species, three shrub genera, and three moss functional types were modeled on our simulated
landscape, as outlined in Appendix Table 1. Methodology from Lucash et al. (2019) and Weiss et
al. (2023), where FIA plots were associated with specific land cover types, elevation data
(USGS, 2020), and climate region mapping were used to establish initial conditions. Notably,
tree ages within FIA plots were estimated using site index curves, while species-age cohort data
from FIA plots were assigned to individual cells on the landscape. This was based on site
characteristics such as elevation categories and hierarchical land cover type classifications. For
shrub species, since the FIA database lacked biomass information, constructed estimates based
on percent cover, height class, and associated stand ages were made (Weiss et al 2023).
Specifically, linear models were developed to relate shrub biomasses at specific height classes to
percent cover, leveraging data from Bonanza Creek Long-Term Ecological Research (LTER)
datasets (Viereck et al., 2010) and allometric equations provided by Berner et al. (2015). The
result was a comprehensive map detailing the age cohorts of tree species and shrub species, as

well as select moss functional types, along with their relative biomasses, for each cell on the
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landscape. Details regarding the construction of this initial vegetation map can be found in Weiss

et al. 2019 and the appendices of Lucash et al. (2023).

Biophysical and climate inputs

Biophysical inputs encompass critical factors such as soil texture, soil depth, soil drainage
class, field capacity, wilting point, and organic matter, all of which are essential for modeling
below-ground and vegetation and below-ground dynamics at the landscape scale. These inputs
were derived from the State Soil Geographic data provided by USDA-NRCS, (National
Cooperative Soil Survey). Inputs to the SHAW module of the DGS extension were sourced from
a combination of literature values and GLUE analyses conducted by Marshall et al. (2021), while
the GIPL soil temperature module inputs were obtained through the assimilation of temperature

observations from various sites across interior Alaska (Lucash et al., 2023).

Daily weather inputs were pivotal in providing climatological information for the succession
and fire extensions within the LANDIS-II framework. We utilized climate data from two General
Circulation Models (GCMs) to establish historical (1970-1999, NCAR-CCSM4) and future
(2000-2100, GFDL-CM3 and NCAR-CCSM4) climate streams. These data were obtained from
the Scenarios in Arctic Planning Group (SNAP) and dynamically downscaled to a 20 km
resolution using the Weather Research and Forecasting (WRF) model (Bieniek et al., 2016;
Lader et al., 2017). Following the methodology of Lucash et al. (2019), k-means cluster analysis
was employed to identify areas with similar climate patterns, utilizing average monthly
precipitation and temperature data from 2000 to 2100. The optimal number of clusters was
determined based on average silhouette values and the sum of squares errors, resulting in a five-
cluster solution. By employing the climate regions of LANDIS-II to group areas with similar

climates, a consistent climate stream to all cells within each region was achieved. A map of
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climate regions used in this study can be seen in Appendix Figure 2. A quantile mapping
approach was adopted to ensure the consistency of climate outputs with historical observations,
using the ERA-Interim reanalysis data to bias correct each variable for each climate region on

the landscape.

Parameterization and calibration of DGS succession extension

Parameters for the GIPL module of DGS were derived from a combination of published
literature values and field estimates in Interior Alaska. The latter of these are from ground
temperature data from two Ameriflux sites representative of black spruce (Smith Lake 2) and
paper birch dominance (UPA1). SHAW module parameters were initially set using literature
estimates and field data, then optimized through a Generalized Likelihood Uncertainty
Estimation analysis conducted by Marshall et al. (2021). SHAW provides water and ice content
values to GIPL. In the DGS model, these modules are coupled to provide interdependent
information. For instance, SHAW provides water and ice content values used by GIPL and GIPL
soil temperature for SHAW, iteratively linking the dynamics of soil attributes. The performance
of DGS was calibrated and tested using field data from three sites representing different
vegetation and successional states: a burned site, a black spruce-dominated site, and a hardwood
deciduous site. Single-cell simulations were used to represent each site. DGS's performance was
compared to a similar LANDIS-II extension, NECN, which has a less complex representation of
soil pools, fluxes, and dynamics related to soil moisture and ground temperature. DGS
outperformed NECN in representing seasonal trends in soil moisture and temperature at sites in

interior Alaska (Lucash et al., 2023).

Vegetation growth within the DGS extension is also simulated using inputs and

calibration specific to various species' functional groups. Maximum relative gross primary
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productivity data across a range of soil water contents and soil temperature at 10cm depth from
Ameriflux sites in interior Alaska (Kobayashi et al., n.d-a, 2019b; Ueyama et al., n.d.-a, 2018b,
2018a) were used to fit nonlinear temperature and soil moisture response functions for conifers,
hardwoods, shrubs, and mosses. To calibrate individual species growth, single-cell simulations
were run with single young cohorts (one year with 100 gm-2 biomass) for 200 years under
historic climate forcing. Biomass trends from these simulations were compared with FIA tree
biomass data plotted against stand age, serving as a reference growth trajectory. Simulations
were iteratively adjusted using variables with high uncertainty (KLAI, MaxANPP, FCFRAC,
MAXLALI K) through a particle swarm optimization algorithm with the hydroPSO package in R
(Zambrano-Bigiarini & Rojas, 2018) to match species single cohort trajectories with reference
data. For validation, simulated biomass trajectories were compared with field data by populating
a 20,000-ha test landscape with 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, and trends in species biomass from cells with a fire history consistent with

reference plots from an upland and lowland site were analyzed and compared.

Parameterization and calibration of SCRPPLE fire extension

Parameterization and calibration of the SCRPPLE model involved utilizing climatic
variables and landscape-specific attributes to align simulations closely with observed fire
behaviors and effects. Calibration was performed by comparing the modeled results, such as
ignition rates and fire spread, against established databases like the GeoMac daily fire perimeters
and the Alaska Large Fires Database. These comparisons, detailed in the supplemental graphs of
Weiss 2023 dissertation, helped pinpoint discrepancies and adjust parameters like ignition

probability and fire spread dynamics linked to fire weather indices and fuel biomass. Around

30



90% of fires in Alaska started from lightning ignition, which was the only fire source in our
study. The zero-inflated Poisson model for fire ignition probability and the probabilistic model
for fire spread was calibrated using historical ignition (Short, 2021) and perimeter data
(GeoMAC, 2019; GeoMAC, 2020), alongside meteorological (Menne et al., 2012),
topographical (USGS, 2020a), and fine fuels data (USGS, 2020b). This calibration ensures
accurate simulation of wildfire dynamics on the virtual landscape, facilitating robust ecological
analysis of future trajectories in boreal Alaska. Each fire's spread is limited by a maximum daily
area, determined by historical fire area data and effective wind speed. Fire mortality is assessed
on two levels: site-level and cohort-level. Site-level mortality is influenced by soil
characteristics, the previous year's climate, and available fuels during the fire. Cohort-level
mortality factors include fire severity at the site level, age of the vegetation cohort, and specific
traits such as the bark thickness of the species involved. Accurately simulating wildfire on this
virtual landscape, paired with the DGS extension for vegetation succession, facilitated robust

landscape ecological analyses of boreal Alaskan future trajectories.

Simulations

A total of 30 simulations were conducted, with 10 of them serving as replicates for the
‘historical’ climate data stream using NCAR-CCSM4 historical data from SNAP, and 10
replicates for each of the RCP 8.5 scenarios using both NCAR-CCSM4 (NCAR) and GFDL-
CM3 (GFDL). Each simulation spanned 100 years, during which the historic scenarios randomly
selected one year of data from the 30 available years in the data stream annually. This random
selection ensured that each historical replicate had a unique sequence of climate inputs for the

100 years. The GFDL scenario was considered the more extreme of the two future climate
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change, characterized by higher end-of-century temperature and precipitation values (Figure 3).
While each replicate shared identical input parameters within its respective scenario, inherent
stochastic processes such as wildfire and seed dispersal led to unique end-of-century outcomes
across replicates. In subsequent analyses, averages and variability were computed across
replicates to offer insights into the range of model outcomes resulting from these stochastic
processes. Particularly, R (version 4.2.3) was used to process the SHAW and GIPL output to
determine landscape attributes related to permafrost and its thaw from driving forces of

vegetation change, climate, and related disturbance (R Core Team, 2021).

Analysis

We investigated transition states between conifer vegetation dominance and that of hardwood
functional groups using the Output Reclass extension (Scheller & Mladenof, 2004). Annual maps
of forest type were used to determine the prevailing vegetation type within each grid cell at
yearly time intervals. Three primary vegetation categories were considered: conifer-dominant,
hardwood dominant, and non-forest. Changes in these categories were also used in tandem to
understand shifts in the permafrost extent, active layer depth, and hydrological aspects of the

landscape.

The spatial correlation of raster output from DGS and Output Reclass was calculated using
Pearson’s correlation in R to validate the relationship between permafrost presence and the
occurrence of conifer vegetation. This relationship, highlighted in Jafarov et al. (2013)
investigates the association between these two variables. The binary data of these rasters (1 for
conifer, permafrost; 0 for hardwood, no permafrost) were tested with a correlation coefficient to

quantify the degree of spatial relationship between permafrost and conifer presence.
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An effect size analysis was carried out to assess the influence of multiple environmental factors
on soil temperature and moisture (volumetric water content, VWC) in this landscape. This
statistical method was chosen to understand the main effects and interaction effects between four
key independent variables: climate region, time since disturbance (greater or less than 10 years),
vegetation type (conifer or hardwood), and climate scenario. These factors were hypothesized to
influence changes in soil temperature and moisture, an essential indicator of ecological shifts due
to climate change. This method allows for examining each factor independently (main effects)
and the interaction between factors (interaction effects). This is crucial in ecological studies
where the combined influence of multiple factors differs from the sum of their individual effects.

The model was specified as follows:

ST mean ~ ClimateRegion % TimeSinceDisturbance x VegetationType % ClimateScenario

and

VWC mean ~ ClimateRegion x TimeSinceDisturbance x VegetationType x ClimateScenario

Each factor was treated as a fixed effect. The dependent variables, mean soil temperature

(ST _mean) or mean VWC, were obtained from annual model output. Partial eta-squared values
were calculated to quantify the magnitude of the effects observed in the factorial ANOVA. This
measure of effect size indicates the proportion of total variation attributable to each factor and
their interactions after accounting for the variation explained by other factors in the model. Effect
sizes were calculated using the effectsize package in R, which provides a standardized measure
of how much variance each predictor is responsible for in the response variable, independently of
other predictors (Ben-Shachar et al., 2020). Partial eta squared values identify which factors most

affect the dependent variables, thereby guiding further analysis and interpretation. This method
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was chosen over others, such as multifactorial ANOVA, since p-values are inappropriate for this
type of data in modeling studies that can be replicated under different simulations to achieve
optimal results. Effect sizes were particularly important in this study to distinguish between
statistically significant results that may have limited ecological impact versus those that explain a

substantial portion of the variance in soil temperature and moisture.

RESULTS

Climate, wildfire, and forest type

Under a historical climate, our baseline forcing shows stable trends in both precipitation
and temperature throughout the simulation period with relatively low year-to-year natural
variability (Figure 3). Under moderate climate change (NCAR), average precipitation increased
by 33%, and temperature increased by 6.5 °C. Under the extreme future climate (GFDL)
scenario, precipitation and temperature increased more rapidly by 77% and 10 °C, respectively.
Year-to-year variation in both future climate change scenarios was higher than in historic climate

forcing.
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Figure 3: Climate forcing for century-long model simulation under three climate pathways: historic (baseline) and
two future climate change scenarios (NCAR, moderate; GFDL, extreme). Yearly variations in precipitation and
temperature are seen as transparent points and thin lines, and trends are seen in thick lines with standard error

ribbons.

Aspects of an altered fire regime under future climate change are seen in relative changes
in number of fires, fire size, area burned, and rotation period between scenarios. An annual
number of wildfires was comparable across scenarios, but historic conditions predicted less
variability in max fires per year and average mean fire per year (Figure 4a). Both mean and
maximum fire sizes increased under future conditions. Max fire size with NCAR and GFDL was
up to 7,000 and 18,000 ha (9 and 19%) larger than historic baselines (Figure 4b, Figure 4c).
Throughout the century, the NCAR scenario saw a significant increase in cumulative hectares
burned, with a 75,000 ha (9%) increase (Figure 4d) than historic. GFDL projected the steepest
rise in area burned, exceeding historic conditions by approximately 125,000 ha (15% higher).

Fire rotation periods dropped significantly in both future climate change scenarios, with a decline
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from 110 to approximately 85 years (p = 0.0039; Figure 4e).
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Figure 4: Changes in the fire regime of boreal Alaska through multiple aspects of fire activity by climate scenario:
cumulative hectares burned (a), fire rotation (b), the annual number of fires (c), mean fire size (d), and maximum fire

size (e). Ribbons in the Cumulative area burned represent stand error.

Conifers, the dominant forest type at the beginning of the simulation (~70% coverage),
declined on the landscape by at least 20% throughout all the climate scenarios (Figure 5). This
dynamic between conifers and hardwoods under historic climate conditions saw an exacerbated
shift under future climate change, notably in the Future GFDL scenario. By the end of the
simulations, conifer presence as a percentage of the landscape plummeted to about 25% (NCAR)
and 20% (GFDL) of the landscape, while hardwoods surged to almost 75% and 80%

respectively.
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Figure 5: Tree coverage by functional type (conifer and hardwood) shown as a percentage of the landscape through

the simulation period and by climate scenario. Ribbons represent stand error.

Given that maps of permafrost are not accurate at the scale of our simulations, we
validated permafrost at the start of the simulation by comparing our map of permafrost to forest
type with a spatial correlation index (Figure 6). We found that permafrost was present primarily
in areas with coniferous forest coverage. Model agreement between the presence/absence of
permafrost and vegetation type was relatively high (R? = 0.85). The biomass of specific modeled

species can be found in Appendix Figure 1.
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A Permafrost presence at year 3 B Vegetation type at year 3

Figure 6: Initial condition maps of permafrost presence at 3m depth (A) and vegetation functional groups of conifer
and hardwood tree-dominated cells (B) at year 3 of the simulation. Year 3 was chosen because the calculation of

permafrost requires 2 consecutive years.

Belowground trends

Soil temperature profiles showed minimal differences between scenarios in the first
decade of the simulation; climate change conditions were only 0.25 °C warmer in the top meter
of soil (Figure 7). Temperatures of all scenarios converged at around 10 m depth, averaging
below zero. By the end of the century, significant divergence occurred between the climate
scenarios. Under historic conditions, there was a half a degree of cooling, while Future NCAR
and GFDL warmed, the latter by approximately 3 and 6 °C, respectively, at the near-surface. It is

not until around 30 and 40 m that both future forcings drop to below freezing.
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Figure 7: Soil temperature by depth profile down to 75 m, showing average first (solid line) and last (dashed line)

decade mean soil temperatures by climate scenario.

Depth profiles for soil moisture showed minimal differences between historic and NCAR
scenarios in the first decade, with GFDL having 8% higher VWC at the soil surface (Figure 8).
All scenarios followed similar patterns of decreasing moisture with depth, converging at a depth
of approximately 6 m. Historic conditions during the final decade were similar to initial levels of
VWC at 10 cm depth. However, at 1-3 m of depth, VWC levels were lower than in the first
decade, and then higher VWC levels were past 3 m down to 6 m. NCAR and GFDL decreased
VWC by 10 and 20%, respectively, at shallow depths by the end of the decade, but deeper than 2
m, consistently moister with depth than the first decade, with GFDL around 2% drier than

NCAR.

39



N

In—ground Depth (m)
1\_\?{\ S .-
R "“"ﬂ-..____\

T R R R

e

S TT—
B

e m—

.15 0o 025 030

Figure 8: Soil moisture by depth profile down to 6 m, showing average first (solid line) and last (dashed line) decade

mean VWC by climate scenario.

Declines in landscape permafrost coverage at the near surface (up to 3 m depth) were

seen at all depth intervals and across climate scenarios (Figure 9). At I m below the surface,

Climate Scenario

—#— Historic
NCAR
- GFDL

Decade
— First Decade
-— - Last Decade

presence under historic forcing began around 50%, rapidly declining in the first 10 years to

nearly 10% before variably oscillating between 5% and 20% for the rest of the simulation with a

slight increase in the rate of percent over time (Figure 9a). Future forcing saw lower initial

presence of permafrost with NCAR forcing, beginning at approximately 12% and declining to

nearly 0% around 2060. GFDL, with a higher initial landscape coverage at 40%, declined the

quickest, reaching 0% around 2012.
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At 2m depth, initial permafrost coverage on the landscape was similar between scenarios.
Historic forcing again declined till the year 2025 before stabilizing between 15% and 40% on the
landscape (Figure 9b). The NCAR scenario, with the quickest initial decline, slowed this rate
around 2010, effectively disappearing from the landscape at this depth just before 2060. Under

the GFDL climate, coverage declined consistently, reaching 0% around the year 2015.

Permafrost at 3m depth initially covered 60% of the landscape across all scenarios, with
declines commencing within the first few decades (Figure 9c). Historic climate conditions saw
permafrost levels stabilize after 25 years, oscillating between 20 and 40% on the landscape.
Future NCAR and GFDL diverged after two decades; NCAR's permafrost declined more
gradually, with GFDL reaching near zero just past the 25-year mark. NCAR's more moderate
warming and precipitation rates allowed permafrost persistence until nearly 75 years into the

simulation.
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Figure 9: Permafrost presence (as a percentage of landscape) at 1 m (a), 2 m (b), and 3 m (c) depths through the

simulation period and by climate scenario. Ribbons represent stand error.
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The results of the ALD simulations indicate an exacerbated deepening of the seasonally
thawing thickness under future climate change compared to our baseline climate (Figure 10).
Showing an increased average of around ALD of 2 m, historic climate conditions increase this
depth slowly till the end of the century. Under moderate warming with NCAR, average depths
increase rapidly, ending the simulation period approximately 18 m deeper than historic (22 m
total). The substantial increase in this thawing thickness was seen under GFDL climate

conditions, with ALD nearly 24 m deeper on the landscape on average than baseline (28m total).
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Figure 10: Mean landscape active layer depth over the simulation period by climate scenario. Error bars represent

95% confidence intervals.
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Running a linear regression through the simulation period to show the rate of change in
ALD returned a rate of 3.4 cm/year under a historic climate. This rate increased to a rate of 18.3

cm/year and 25.9 cm/year under NCAR and GFDL climate change forcing.

Table 1: Rates of increase in ALD by climate scenario

Climate scenario Rate of thaw (cm/year)
Historic 34
NCAR 18.3
GFDL 259

Soil temperature and moisture dynamics by vegetation type

Soils under historic forcing showed little temperature change during the three decades
following the post-fire, with soil under conifers and hardwoods staying just above and below
freezing, respectively (Figure 11a). This stability after disturbance was similar in the NCAR
scenario, with conifers just below 2°C and hardwoods warmer at around 3.5°C. Under the GFDL
scenario, soil temperatures under conifers and hardwoods start at 3.5°C and 6°C each, warming a

degree in the 30 years following fire.

While soil temperature levels were similar between vegetation types under historic
forcing and diverged with more intense climate change scenarios, the opposite was seen for soil
moisture, which had greater differences under historic than under the GFDL future climate
scenario (Figure 11b). Soil moisture under a historic climate saw substantial differences between
vegetation types, with conifers maintaining higher VWC and hardwoods slightly drying in the 30

years post-fire (Figure 11b). Under future NCAR, these trends were reversed, with the moister
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soil under conifers declining overall by almost 2% with drier but more stable conditions under
hardwood vegetation. GFDL forcing soil moisture under both vegetation types is similar in the
decades after fire, with conifers fostering slightly higher levels of VWC yet declining at a faster

rate.
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Figure 11: Soil temperature (a) and moisture (b) at I m depth over time since last fire colored by vegetation type and

grouped by climate scenario. Ribbons represent stand error.

At a soil depth of 0.5 m, soil temperatures for both conifers and hardwoods oscillated
around 0°C under historical climate conditions, with low variability (Figure 12a). However,
under future climate change, soil temperatures increased, especially with GFDL. By the end of
the simulation, areas dominated by hardwoods warmed by an additional 2 °C compared to

conifers.

Under historic conditions, soil moisture (VWC) levels for conifers were relatively
constant over time, while hardwoods exhibited slight drying (Figure 12b). Under future forcing,

conifers saw similar decreases in VWC by scenario, initially higher than historic, but ending
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lower. Under hardwoods, moisture trends for NCAR matched historic, while GFDL saw a
downward trend. The future GFDL scenario began at approximately 10% higher than others but
dropped significantly in the simulation's first 25 years before a more stable decline, continuing to

maintain higher levels than both historic and NCAR scenarios throughout the century.
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Figure 12: Soil temperature (a) and VWC (b) time series split by vegetation functional group and climate scenario.

Ribbons represent stand error.
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Our analysis of effect sizes shows that climate scenario, climate region, vegetation type,
and age (or time since last disturbance) exert differential impacts on soil temperature and VWC
(Table 1). Climate change scenario emerged by far as the predominant factor affecting soil
temperature, with an effect size of 0.38 np?. Climate region also played a significant role, with a
smaller yet notable effect size of 0.05 np?. Vegetation type and age had lesser but still measurable
impacts on soil temperature, with effect sizes of 0.03 np? and 0.01 np?, respectively.

Table 2: Results of relative effect sizes on soil temperatures and VWC showing factorial ANOVA partial eta squares.

Large effect size = ***, medium = **, small = *.

Factor Soil temperature np? VWC np?
Climate Scenario (0.38%** 0.07%*
Climate Region 0.05* 0.19%**
Vegetation Type 0.03* 0.12%*
Vegetation Age 0.01* 0.04*

The effect sizes of experimental variables on soil moisture diverged from that of soil
temperature, pointing towards distinct interactions between climatic factors and soil attributes.
The climate scenario retained the highest effect size at 0.19 np? for VWC, underscoring its
influence, while climate region and vegetation type effect sizes of 0.12 np? and 0.07 12,
respectively, indicated significant contributions to soil moisture variability. Interestingly,
vegetation age had a more pronounced impact on VWC than on soil temperature, suggesting that
factors like forest structure, biomass, root systems, and ground cover might be more integral to

soil moisture than to temperature dynamics.
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DISCUSSION

Boreal resilience is profoundly affected by the interactions among increasing temperature
and precipitation, changing fire regimes, and vegetation shifts. These findings highlight the
importance of incorporating these dynamic feedbacks into broader ecological and climate
strategies to better predict and manage the impacts of climate change on these critical
ecosystems. Addressing these challenges requires a nuanced understanding of both the ecological
and climatic variables at play and concerted efforts to integrate these findings into broader

ecological and climate strategies.

Key insights

(1) Permafrost completely thawed under climate change by 2025 (GFDL) and 2060 (NCAR)

Permafrost under historical conditions shows an initial decline, then stabilizes, oscillating
between 20% and 40% coverage at 3 m depth. This partial thaw suggests that 'historical’
conditions already embody some effects of anthropogenic climate change even under late 20th-
century 1970-2000 climate or a point towards a state of disequilibrium in our baseline period.
Under future climate change, permafrost presence at the near-surface (3 m) experiences a steep
decline over time on the landscape, leading to a total loss by 2060 (NCAR) and 2025 (GFDL),
respectively. At shallower depths (1 m and 2 m), coverage across scenarios saw similar trends
with steeper initial declines, stabilizing at lower percentages on the landscape. Similarly,
landscape mean ALD increased by 16 m and 22 m under future climate change, greater than the
increase observed under historic forcing. The rate of ALD increase under NCAR GFDL reaches

as high as 18.3 cm/year and 25.9 cm/year, starkly contrasting with the 3.4 cm/year observed
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under historic climate, highlighting the profound impact of enhanced warming and precipitation
changes. Ground-truthing in the region shows that current permafrost depths are still within 1 m
in many areas, implying the GFDL climate forcing may be too aggressive. This points towards
trends of permafrost degradation under the NCAR, the more modest of the RCP 8.5 scenarios, as

possibly being more accurate.

(2) Higher future soil temperatures and moisture decline across vegetation types post-fire

As climate scenarios intensify, particularly under the GFDL model, we observed a
notable divergence in soil temperatures, resulting from shifts in vegetation type and increased
temperature and precipitation. This shift leads to higher soil temperatures under hardwood
dominance, particularly noted in the decades following fire disturbances, where hardwood areas
show rapid warming trends. Interestingly, while soil temperature responses to vegetation type
become more pronounced under severe climate change scenarios, the patterns of soil moisture
show an inverse trend. Under future climate change, the differences in soil moisture between
vegetation types converge, unlike the significant differences between the types under historic
forcing. Under the GFDL scenario, despite starting with higher moisture levels, both conifers and
hardwoods experience similar rates of moisture decline, highlighting a uniform response to

increased temperatures and altered precipitation patterns.

(3) Climate scenario and region drive soil temperature and moisture, respectively

Our findings reveal that variations in soil temperature are predominantly influenced by
the overarching climate scenarios, while regional climatic variations (bioclimatic zones) exert a
more pronounced impact on soil moisture. The disproportionate influence of climate scenarios on

soil temperature stems from its role in defining broader atmospheric conditions, such as air
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temperature and precipitation patterns, which directly affect soil thermal regimes. In contrast,
regional climatic variations influencing soil moisture may relate to more localized factors, such
as topography, soil type, and localized weather patterns, which can vary significantly within
different bioclimatic zones. These regional differences can lead to varied water retention
capacities and evapotranspiration rates, thus affecting soil moisture levels more distinctly than

temperature.

Future of boreal forests in a changing climate

The boreal forests of the interior of Alaska, nestled between the Alaska and Brooks
Mountain ranges, showcase a patchwork mosaic of various vegetation types responding to
environmental and topographic features of the landscape. Despite a limited species diversity,
dominated by relatively few species of coniferous and hardwood trees and shrubs, the vegetation
here has an extensive influence back on the landscape. Understanding and projecting this crucial
aspect of boreal forest is then critical for understanding the implications of a changing climate

and fire regime on global carbon cycling and permafrost thaw (Jafarov et al., 2013).

The resilience of boreal forests in the face of climate change is intricately tied to the
stability of permafrost, which serves as a critical component of the forest's foundational structure
and health. Here, we show that permafrost diminishes under all scenarios, with the most severe
thawing under future NCAR and GFDL conditions leading to its disappearance near-surface
within the next century. Changes in permafrost coverage and shifts towards conifer dominance
even under historic forcing point towards to possibilities or a mix of them: (1) A state of
disequilibrium under our historic climate forcing where boreal forest conditions are already

beginning to shift; this shift is further exacerbated by future climate change. This is similar to
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findings in other studies where historic climate conditions still led to significant ecological
changes (Serra-Diaz et al., 2018). And (2) substantial thaw in the first few decades in our
scenarios is due to issues with parametrization or model functionality. This could include higher
rates of soil conductivity during the summer, too little modeled snow interception from trees, or
overly dried soil conditions at the surface. Differences in the timing of surface thawing on the
landscape heavily depend on top-down climate forcing orchestrating ecological dynamics and
the mechanisms within the DGS model framework. This thaw, though, is not only influenced by
the marked increase in air temperatures and precipitation (particularly as rain) but by the not-
unrelated substantial changes in fire regimes and shifts in vegetation type from coniferous to less

insulative hardwood species, which exacerbate permafrost vulnerability.

The increased frequency and size of fires, particularly evident under the GFDL scenario,
introduce significant heat into the soil, exacerbating permafrost thaw and altering vegetation
patterns. The transition from coniferous to hardwood dominance affects the landscape's capacity
to insulate permafrost effectively and impacts the forest's carbon sequestration capabilities.
Additionally, the convergence of post-fire soil moisture levels under future climate scenarios, as
observed in our study, suggests a potential homogenization of soil conditions across different
vegetation types. This could diminish existing distinct ecological niches between coniferous and
hardwood forests, potentially impacting biodiversity and forest structure. As hardwood species
exhibit different phenological responses and rooting depths, they may adapt differently to
increased temperatures and drier soil conditions, potentially affecting their growth rates, water
uptake efficiency, and overall ecosystem services. Questions remain about whether increases in
hardwood dominance will sustain itself longer than the simulation period presented in this study,

given drier projected soil conditions. Given higher water requirements, there is potential for
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negative feedback interactions and a return to an increased coniferous presence on the landscape

or a decrease in tree vegetation overall.

The soil temperature profile plays a pivotal role in defining the presence and stability of
permafrost, affecting microbial activity, decomposition rates, and overall nutrient cycling.
(Jorgenson et al 2010). As our results indicate, increasing soil temperatures correlate with
decreased moisture levels, especially at shallow depths where permafrost was previously stable.
This interaction between rising temperatures and diminishing moisture levels is crucial as it not
only facilitates the degradation of permafrost but also impacts the hydrological dynamics
essential for forest stability. The dynamics presented in this study are particularly critical as they
suggest a nuanced interaction between soil properties and vegetation types under changing
climatic conditions. As soil properties are each affected by different climate drivers, models like
LANDIS-II are needed to carefully consider regional and scenario-specific inputs to accurately

predict changes in boreal landscapes.

The thawing of permafrost has significant global implications, particularly through the
release of carbon and methane from decomposing organic materials previously trapped in frozen
soil (Schuur et al., 2009). This process underscores the critical role of permafrost in the global
carbon cycle and its potential to exacerbate global warming (Hayes et al., 2011; Yuan et al.,
2012). The dynamics between climate, fire regimes, and vegetation types are complex, pointing
towards interrelated feedbacks seen in other studies (Johnstone et al., 2016; ref). The feedback
mechanisms from permafrost thaw, coupled with other changes in boreal forests, are likely to

drive substantial transformations in forest structure and function.
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Comparison with other modeling studies in boreal Alaska

Our research findings contribute to the growing body of literature on the impacts of
climate change on boreal ecosystems, aligning with several key studies and offering new insights
into the dynamics of soil temperature, moisture, and vegetation shifts. Consistent with other
studies (Johnstone et al., 2011; Young et al., 2016; Mekonnen et al., 2019), our findings predict
increased fire size and frequency across boreal ecosystems due to climate change. These
forecasts of fire on the boreal landscape indicate a fire regime altered from the one that has been

in place for millennia.

Our analysis demonstrates trends similar to those observed in Mann et al. (2012),
Jorgenson et al. (2015), Mekonnen et al. (2019), and Mack et al. (2021) studies concerning the
future shifts in vegetation from conifer- to hardwood-dominated landscapes. Under historic
forcing, the decline in coniferous coverage to around 50% can be seen as the result of either the
landscape responding to modern climate with a lag, or the model parameterization results in
more deciduous, or some combination of the two. As boreal forests experience shifts from
coniferous to hardwood species, we observe corresponding changes in soil temperature and
moisture levels. Hardwoods, which generally provide less ground insulation than conifers, lead

to increased soil temperature fluctuations and accelerated moisture depletion.

Our permafrost estimates for the current century under GFDL forcing showed premature
disappearance compared to other studies on the landscape. However, compared with Pastick et
al. (2015), our estimates of permafrost coverage at 1 m under the NCAR forcing align with their
permafrost probability projections around 50% and under 20% at mid and end-century,
respectively. This similarly aligns with the results of Jafarov et al. (2012), who simulated

permafrost at 2 m depth, also till the end of the 21% century. These studies also use GIPL 2.0 or
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decision and regression trees informed by remote sensing to predict substantial thawing within
the next century in interior boreal Alaska. Additionally, estimates of permafrost thaw by the
International Panel on Climate Change predict a decrease in permafrost volume (top 3 meters) of
90% by 2100 with 3° C temperature increases, somewhat aligning with our estimates of
complete thaw by this time. Anderson et al. (2020), who compared eight models of soil moisture
in permafrost regions, saw that projected conditions depended greatly on model type. Our results
agreed with four of these models (CLM, TEM, ORCHIDEE, and UWVIC) that simulated drying
conditions to the end of the century. However, a careful comparison of this study and others is

needed to account for differences in scale, model capabilities, and climate forcing.

Limitations and future research

Although we calibrated soil temperatures at five depths at multiple field sites (Lucash et
al., 2023) and found a high correlation between permafrost and forest type, we could not validate
future trends in permafrost with observed data. With no continuously updated wall-to-wall
permafrost map in this discontinuous region, permafrost model validation was limited for our
future estimates. Additionally, the lack of precise depth and temperature profiles for permafrost
also constrained our ability to validate these key outputs fully. Another challenge is our model's
capacity to comprehensively capture all aspects of the boreal ecosystem. While LANDIS-II
effectively simulates vegetation dynamics and fire regimes, it does not fully incorporate the
intricate interactions within the soil, such as microbial activities crucial for emission estimates
from permafrost thaw. Moreover, detailed hydrological processes such as a water table or lateral
flow, crucial for a complete ecosystem simulation, are also not integrated within the SHAW

model. For this reason, lowlands sites with poor drainage are not accurately simulated (Marshall
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et al, 2021). Furthermore, the LANDIS-II framework does not simulate feedback processes such
as the input of greenhouse gasses into the atmosphere from wildfire and release from permafrost
thaw. With the higher probability of a lightning-ignited wildfire in boreal forests with warming
(Hessilt et al., 2022), this increase was also not reflected in the model over time. Additionally,
while socioeconomic factors and human influence are pivotal in many ecological studies, they
were not incorporated into our simulations. With little land management occurring in the region,
the effects of the construction of infrastructure, such as roads and buildings that have been shown

to affect permafrost, are not simulated (Jiang et al., 2020).

Future research will extend this modeling work to a larger landscape, enhancing the
simulation of spatial variability and interactions within boreal ecosystems, including a detailed
focus on talik layers and organic matter such as mosses crucial for permafrost dynamics.
Participating in a model intercomparison project with other researchers in Alaska, other
ecosystem models with differences in scale, levels of vegetation representation, and modeled

processes will be used to understand boreal forest landscape dynamics better.

Novel modeling approach

This study is among the first to apply the LANDIS-II DGS extension, integrating GIPL
2.0 within a spatial interactive, process-based forest model. This integration facilitates a
comprehensive analysis of both above-ground and below-ground ecological dynamics, marking a
pioneering application of the DGS extension for landscape studies in boreal forests. Unlike
previous studies that often utilize physics-based heat flux models to examine permafrost
dynamics in isolation or vegetation models focused solely on fire and vegetation shifts, this study

captures the interactive effects of vegetation changes, fire regimes, and heat inputs into the soil
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on permafrost stability. By simulating the complex interplay between these factors, our model
provides a more realistic representation of how above-ground disturbances influence spatial
permafrost thawing patterns. Additionally, the model's capability to handle soil moisture and
temperature across many depths up to 75m offers a nuanced view of how these variables interact
spatially and temporally, further enhancing our understanding of boreal forest ecosystems under

changing climatic conditions.

CONCLUSION

This study, leveraging the advanced and novel capabilities of the DGS extension of the
LANDIS-II model extension, which couples permafrost (at ~55 depths down to 75m), soil
moisture (~20 depths down to 6 m), species-level succession, and wildfire offers a detailed
glimpse into the future of boreal landscapes under the stress of further anthropogenic climate
change. Our simulations over the next century depict the disappearance of permafrost at the near-
surface by mid-century with a rapid increase in ALD catalyzed by profound changes in soil
temperature and moisture dynamics. Additionally, striking shifts from coniferous to hardwood
deciduous and shrub-dominated vegetation are seen, driven by an escalation in wildfire
disturbance. Baseline ecosystem stability under future climate scenarios is disrupted, with soil
temperatures rising and moisture levels declining markedly, particularly in burned areas

transitioning from coniferous to less insulative hardwood coverage.

The projected disappearance of permafrost has critical implications for the global carbon

cycle and the regional hydrology of boreal forests. As permafrost thaws, previously trapped
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organic carbon is released, accelerating global warming in a feedback loop that further threatens

these and other ecosystems worldwide.
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APPENDIX

Focal Species

Appendix Table 2: Vegetation species modeled. Conifers in yellow, broadleaf hardwood trees/shrubs in green,

mosses in blue.

Scientific Names Common Names
\Picea mariana Black Spruce

Picea glauca 'White Spruce

Larix laricina Tamarack, Larch
Betula neoalaskana Alaska Paper Birch, Resin Birch
Populus tremuloides Quaking Aspen
\Populus balsamifera Balsam Poplar

Salix spp. Willow

Alnus spp. Alder

Betula nana Dwarf Birch
Sphagnum spp. Sphagnum Peatmoss
Feathermoss functional group: Hylocomium Feathermoss

spp., Pleurozium spp., Thuidium spp.,

Kindbergia spp., Brachythecium spp.

Turfmoss functional group: Bryum spp., Mnium [Turfmoss

spp., Polytrichum spp.
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Appendix Figure 1: Species biomass over time by climate scenario

Appendix Figure 2: Climate regions of interior boreal Alaskan landscape

Alaska Climate Regions Map

66

2075

2100

2000

2025

205 2075 2100
Climate Region
0
1
2
6
7
s
9
1

Species
| e
W vinitespruce
Tamarack
ShrubBirch
[ uskinghspen
[ Papertinen
BalsamPopiar
fiser
Wilow
|
B Festremoss

Turfmoss



	INTRODUCTION
	Boreal forests under a changing climate
	Wildfire
	Vegetation
	Permafrost
	Hydrology
	Interconnected dynamics and modeling
	Research question
	Hypothesis

	METHODS
	Study area
	LANDIS-II model
	DGS succession extension
	SCRPPLE fire extension
	Parameterization and calibration
	Vegetation inputs
	Biophysical and climate inputs
	Parameterization and calibration of DGS succession extension
	Parameterization and calibration of SCRPPLE fire extension

	Simulations
	Analysis
	Climate, wildfire, and forest type
	Belowground trends
	Soil temperature and moisture dynamics by vegetation type

	DISCUSSION
	Key insights
	Future of boreal forests in a changing climate
	Comparison with other modeling studies in boreal Alaska
	Limitations and future research
	Novel modeling approach

	CONCLUSION
	WORKS CITED:
	APPENDIX

